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Abstract

This work is concerned with the hetero-epitaxial growth adtatlic films whose crystal structure
differs from their bulk equilibrium structure. Apart fromntiing techniques of producing these films
on metal substrates and uniquely identifying their striesta large portion of the studies is focused
on understanding the initiation, growth and stability aftb non-equilibrium structures.

Pseudomorphic growth within the first few monolayers (MLEa@eposited film represents a com-
mon phenomenon of metal on metal epitaxy. It can lead to thevyrof ultrathin films that dis-
play body-centred (bct) or even face-centred tetragomd) ¢tructure. However, after the initial
pseudomorphic-growth the films turn typically to the forroatof their natural phase. Surprisingly,
there exist cases where the films develop beyond the pseugbimarowth a crystal phase differ-
ent from their natural structure. The present work analyzetetail this peculiar non-equilibrium
growth, in addition to the general phenomenon of pseudomosgrowth. In particular it will be
shown that metals whose natural phase is face centred dabjacén grow in body centred tetrago-
nal (bct) phase by pseudomorphy in the form of thin films orij@friented surfaces of suitable cubic
substrates. Beyond the thickness-range of pseudomorpgividlgand for certain absorbate/substrate
combinations the films develop a hexagonal close-packea) @tcucture rather than forming their
natural fcc-lattice.

The appearance of centred patterns in LEED and RHEED aferdosnorphic-growth constitutes
a common feature of many fcc metals deposited on (001)<sesfaf cubic substrates. This just re-
flects the presence of a hexagonal phase as we shall expliataih

The insight that pseudomorphy can provide a route to nofilequm structures is well established.
If the film-substrate bonding is strong enough the film is éorto grow pseudomorphically beyond
the first monolayer, provided that the array and spacingdahsa in the substrate surface differ
sizably from the respective natural properties of the adjaatomic plane of the adsorbate. Con-
versely, if the atomic arrays in the planes of contact ardélainas in the case of fcc-Au deposited on
a W(110) surface, for example, where the (111)-plane of Agally resembles the W(110)-surface
plane, one observes a transition into the unperturbeddg{structure of Au already within the first
monolayer. This contrasts with the situation when Au is dged on a W(100)-surface where the
atomic packing density is considerably less than that ofca(ilD0)-plane of the Au adsorbate. In
that case of pivotal pseudomorphic growth conditions tleieed body centered tetragonal pseudo-
morphic Au-structure persists up to 10 monolayers.

An important result of our studies consists in the obseovathat the tetragonal ratio c/a of the
pseudomorphic-film (a for the square base and c for the heighe two-atom bct cell) determines
which phase of the film develops after the pseudomorphieAlro For tetragonal-ratios cfal a
(1120) oriented hcp phase appears immediately after 2 pseudoimdviils, whereas for c/a 1 the
pseudomorphic phase persists in the film up to a thicknes® dfllls, merging afterwards in the
equilibrium (001) oriented fcc-structure.

This behaviour is, of course, governed by the energy balemfmeming the respective lattices. For
c/a=1 one is dealing with the undistorted bcc-lattice wihikesinteratomic distance is larger than in
the equilibrium fcc-lattice of the same lattice paramefgne total energy per atom is correspond-
ingly larger than that of an atom in the fcc-lattice. As hasrbpointed out by Bain 80 years ago it is
possible to smoothly transform a bcce-structure into arstcaeture by a tetragonal distortion. When
c/a increases beyond 1, one gains successively energythisrsp-called Bain-path until an energy
minimum is reached at c/a#2 associated with the fcc-structure. When c/a decreasewtebne
also gains energy as follows from ab initio calculationsisThwering of the total energy per atom
has to be expected because the atomic array in the bct(1daf3gresembles that of the close-packed
planes in an hcp-lattice, i. e. they display closest packirthe pseudomorphic-lattice. Hence, they
gain interaction energy at shortening their distance. & altows below c/a=0.82, besides the tetrag-
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onal distortion, for an additional degree of freedom thaisists in a small displacement of every
second close-packed atomic plane the energy gain furtbezases until one has reached the mini-
mum at the hcp-structure. Thus, c/a=1 marks a maximum alossilple transition paths, a kind of
a“watershed”. If the (001)-substrate surface forces agetnal ratio c/a1 on the first two adlayers
(at constant specific volume of the adsorbate), it wouldetoee require an additional energy per
atom to overcome this maximum in the direction of forming p-structure. The total amount of this
additional energy would increase layer by layer as the fiickéms. For that reason the film chooses
to transform along the path toward the fcc-minimum. But lnsesof the large misfit of the fcc-lattice
with respect to the (001)-substrate surface, connectddtivt much higher packing density in the
fcc(001)-plane, the adlayers maintain their bct-striectuhose higher energy is outweighed by the
gain in adsorbate/substrate interaction energy. The lettestitutes a fixed quantity, as opposed to
the adsorbate bct-distortion energy which increases laydayer. At a certain thickness the two
energies of opposite sign cancel. The film can now start grgwn its natural fcc-structure. It
should be noticed that the changeover to the fcc-structoregahe Bain-path is purely displacive,
that means it does not require atomic motion across intietgipsitions and therefore conserves the
initial domain topology of the film.

If the substrate imposes a ratio €/a on the first two adlayers the energy balance favours the for-
mation of hcp-growth. In analogy to the previous case a ps@adphic-film associated with a
tetragonal ratio of c/a1 would need additional energy to overcome the bcc-maximiamgathe
transformation path toward the fcc-structure. The pseumphic-growth develops a set of close-
packed hexagonal planes which stay perpendicular to thi@csurThat means, the stacking axis lies
in the (001)-surface of the substrate and is locked by its Blet of close-packed hexagonal planes
starts forming immediately when the conditions for a reageament of already deposited atoms are
given, viz. at the formation of the third ML. Its in-planewwtture (parallel to the surface) is still con-
trolled by pseudomorphy and therefore favours a relaxatiomugh mutual shifts of close-packed
planes into the positions of the close-packed structuszetly conserving the density of the atomic
planes parallel to the surface.

The pseudomorphic bct(001) phase orders its close-paa@d ®) planes in an ABAB... stacking
mode which is identical to that of the hcp-phase. Hence,asdllaxation of the pseudomorphic-film
into the (1120) oriented hcp-structure proceeds, the stacking mode ranmiaffected. As already
mentioned above, the transition is achieved by merelyisgiftvery second close-packed bct(110)
plane over only 1/6 of the interatomic distance in th&Q] direction. In actual fact this sliding will
not happen as a cooperative process involving all atoms d&rmepsimultaneously, but rather by
largely uncorrelated small displacements of the individiems of that plane. Along the path of a
displacive transition thus described the total energyeaBs®s continuously. The non-occurrence of
an energy barrier in shifting the close-packed planes ispafse, connected with the absence of a
change in the stacking mode. Such a change is inevitablyvguanied by a considerable intermedi-
ate atomic overlap, and would hence cause an energy baroectir.

For c/a<1l one has to overcome an energy maximum in performing a displghase transition
from the pseudomorphic bct(001) phase to the fcc-structuoan be traced back to a change of the
stacking mode effecting such an energy barrier to show upenransformation path. But there are
actually two kinds of transition paths where intermediatarac overlaps are either small or large.
The path associated with a large atomic overlap displayespondingly an enormous energy bar-
rier, larger than the film desorption energy. Thus, this gathbe excluded for physical reasons. The
alternative path is connected with low atomic overlap, agade the associated energy barrier is so
low that it can be overcome at room-temperature. Howeveseelinspection reveals that the restruc-
turing of the film along this path requires a shift of closelgd planes over large distances involving
a reshuffling of atoms in the film-substrate interface, a@sschat is strongly inhibited. This remains
to be true even for films that are stripped off their subssraléne non-occurrence of atomic motion
over more the fractions of inter-atomic distances is shawlmeta consequence of domain formation
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on top of the substrate during the epitaxial growth of theaihatisorbate. It leads to a pattern of
evenly shaped mutually orthogonal rectangular patchesggeometry is dictated by the four-fold
symmetry of the substrate surface. Their occurrence iseeced by various experiments. These
domains define a particular topology that excludes certagsipilities of reordering atoms. Changes
of the film structure can only take place along transitiorhpdhat conserve this orthogonal domain
pattern. Consequently, the only physically admissableipdgy to relax the pseudomorphic-film
into a close-packed structure consists in ordering cl@sxgx planes in a non-fcc stacking sequence
(hcp or dhcp).

When at large film thicknesses (e.g. more than 100 MLs) thefitopfinally merges in the fcc-
structure, this transition is not initiated by a gradualrapeover to fcc-stacking, which, as mentioned
previously, destroys the domain topology of the film, bubeatoy inducing a tetragonal deformation
of the lattice which conforms to requirement of topology servation. In a first step the (2Q) ori-
ented hcp-film undergoes a minute shift of every second glasked plane ending up in the (001)
oriented bct symmetry. This is followed then by a sizableaggdnal deformation of the (001) ori-
ented bct structure that finally leads to the atomic array(604) oriented fcc film. Such a transition
conserves the orthogonal pattern of rectangular domaasléfines the primary topology of the film.

The displacive transition from hcp- to dhp-order presenistizer structural change where the do-
main topology stays unaffected. It is also associated witlwaenergy barrier that can be overcome
by annealing the films at moderate temperatures or even vnbpm temperature. The double-hcp
stacking is found in film metals with a high stacking fault eyyelike Rh and Pd. However, either
stacking sequence can occur with the same metal dependitige @trength of the bond to the sub-
strate. For examplé,1120) oriented hcp Ni grows on Fe(001), whereas if the bond betWéemd
substrate is weaker, e.g. for Ni on Au(001), one observe§liti?0) oriented dhcp-structure in Ni.

Apart from discussing the epitaxial growth behaviour of awvered metal films and their phase sta-
bility, a large portion of the present work is devoted to teehiniques of film preparation and char-
acterization of their structure: electron diffraction gptibtoelectron spectrocopy. We compile and
critically review the entire material concerning epitdxXiams of (1120) hexagonal or pseudomor-
phic (001) bct structure obtained from our studies and bgroduthors within our concept of non-
equilibrium growth of metal films.
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1 Introduction

A common feature of epitaxial growth of metals on substragtats is that in many cases pseudo-
morphic growth occurs during the first monolayers beforefilihe converts into its generic crystal
structure. In the case of strong adsorbate-substrate hgnitiere are many film/substrate combi-
nations for which epitaxial strain is large enough to indga@vth into a non-equilibrium structure.
This is due to the fact that the structural modifications ohynanetals differ only little in total
energy so that the additional strain energy induced by trefitngian tilt the energy balance to a
non-equilibrium structure. Examples are the bct and fatcstres [1, 2, 3, 4, 5, 6, 7, 8] in vari-
ous systems but a more dramatic one is the formation of a lyep &iter the initial pseudomorphic
growth [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22].

The objective of this work is to investigate the conditiomgler which substrates fcc metals can
be grown in hexagonal close packed (hcp or double-hcp (Yitleedody centred cubic (bcc) phase
modifications. The bcc lattice (fig.1.1a,b,c) is four-foldranetric with respect to three orthogonal
axes, but it does not contain close-packed atomic planesoBiyast, the fcc-lattice (fig.1.1d,e,f) is
conspicuous by the exceptional property of containingesioascked atomic planes and yet displaying
four-fold symmetry around analogous axes. To illustragedbcasionally dramatic effect of a non-

a)bec UM b) (110) ¢) bee(110)
o F [001]
/o """" [ [110]
[100]
e) (111) f) fee(111)
[112]
// \\\ T
d ....... e —» [110]
); N /
/

Figure 1.1: The cubic unit cell of the bcc-lattice (shown in panel (a)htains two atoms as distinct from
the fcc-lattice where the unit cell contains four atoms. émhstant atomic density the cubic unit cell of the
bcc-lattice is therefore by a factor of two smaller than tbfthe fcc-lattice. Of all the atomic planes of
the bcc-lattice the rectangularcentered (110)-planesgsssthe largest packing density, different from the
fcc-lattice where close-packing occurs in the (111)-psafpanel (e,f)) which are closely stacked along the
<111>-direction in an ABCABC...fashion.

equilibrium crystal structure on the electronic properié the material we briefly discuss the case
of some transition metals.
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Figure 1.2:Close-packed metals consist of close-packed hexagomai@pdanes. They are stacked accord-
ing to the following rules: the atoms of a plane lie on-top ehters of triangles formed by three equidistant
atoms (on ’hollow’ sites) of the two adjacent close-pack&hes. If the stacking periodicity is two (panels
(b,e)), three (c,f) or four (d,g) close-packed planes, tienhcp, fcc and double-hcp lattice, respectively, is
formed. Only the stacking periodicity of three hexagonddoup a lattice with four-fold-symmetry. A plane
which contains the stacking axis is the 20) atomic plane (e,f,g).

a) Hexagonal lattice. The [0001[1¢l Ttc¢), [1100] (112)sc) and [120] ([110%c) directions are orthogonal to
each other. The fI00] (112)sc) and [120] ([110+) directions lie within the close-packed hexagonal layers.
The (120) (110)5c) plane is marked in grey. b,c,d) The hcp- (ABAB...) (b), f¢&BCABC...) (c), and
dhcp- (ABCB...) stacking (d) of close-packed hexagonah@a These are the only possible ways to stack
the planes with a stacking periodicity of two (hcp), threee)fand four (dhcp) close-packed hexagonal planes.
e,f,g) The (120) (110)«c) planes for a hcp- (e), fce- (f) and dhep-stacking (9).



The physical properties of bulk transition metals are wefilered and known. A particularly well
studied property that reflects pecularities of the eledtrgtructure, consists in the ferromagnetic
order of the elemental 3d metals Fe, Co and Ni. Cr metal is krtowrder antiferromagnetically [23,
24] and Mn metal displays a kind of non-collinear order ofspgn moments [25, 26]. The other 3d
metals display a spin symmetric electronic structure. Timevth of metastable phases opens the
possibility to induce various new physical properties of atathwhich do not exist in its natural
crystal phase. For example, Fe in the hexagonal close patiest [27] and Ni in the body centered
cubic phase [28] are not ferromagnetically ordered at thguilibrium lattice constants.

By contrast, late 4d transition metals which do not exhipinsorder in their natural fcc crystal
structure, are ferromagnetically ordered in the bulk abgmum lattice constant of a crystal phase
different from the natural one, as predicted by self coesisab-initio calculations [29]. Results are
given below. Panel (a) of Fig.1.3 gives the total energy ofrPtthe bcc, fcc, hcp and dhep crystal
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Figure 1.3:a,b) The total energy (a) and magnetic moment (b) of bulk RHerbcc (squares), fcc (circles),
hcp (stars) and dhcp (triangles) structure as a functiontahi@ volume expansion (+) or contraction (-)
obtained from DFT spin-polarised calculations with spibibcoupling included. c,d,e,f) d-projected DOS of
bulk Pd in the bcc (c), fcc (d), hep (e) and dhep structure t(ha equilibrium lattice constant obtained from
DFT non-spin-polarised calculations with spin-orbit ctog included ([13]).

structures as a function of the lattice constant. The optinatomic densities for which the total
energies attain minima, are the same for all four crystacstires. The value for fcc Pd corresponds
to a nearest neighbour distance ot 27A which is by 1% smaller than the experimental on&g2).
Because of their different symmetries and since the neaneshext-nearest neighbour distance are
different in the bcc- and fcc-structures, the total enerfjpar Pd is much higher than that of its
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Figure 1.4:a,b) The total energy (a) and magnetic moment (b) of bulk Rhenbcc (squares), fcc (circles),

hcp (stars) and dhcp (triangles) structure as a functiontahi@ volume expansion (+) or contraction (-)

obtained from DFT spin-polarised calculations with spibibcoupling included. Note, that the total energy
of dhcp Rh does not drop like that of dhcp Pd (Fig.1.3a) at thélierium lattice constant, because dhcp Rh
is not ferromagnetically ordered there ([21]).

natural fcc structure. On the other hand, the total enefiésp and dhcp Pd are slightly smaller
than that of fcc Pd. It should be stressed that this resulilis wnly at @ K and does not mean that
hcp and dhcp Pd are energetically more favourable than fadedat finite temperatures. Similarly,
first principles non-spin-polarised calculations carr@d for Ag show that, at 0K, hcp Ag is
also energetically more favourable than fcc Ag [33]. It ddoalso be noticed that the hexagonal
close-packed structures of Pd (hcp,dhcp) have the samecab@arest and next-nearest neighbour
distance as its fcc structure. Since these lattices diifdy m the stacking sequence of the most
densely-packed hexagonal atomic monolayers, they argeteally nearly equivalent. The total
energy of dhcp Pd drops markedly at the onset of ferromagoeder (Fig.1.3a), which occurs at the
equilibrium lattice constant.

Fig.1.3b shows the calculated magnetic moments as a funofithe lattice constant. In the fcc
structure a magnetic moment occurs only at the lattice esiparof 10 %, saturating at 32% ex-
pansion where it attains the value aB6ug. The magnetic moment in hcp and dhcp Pd reaches
the same saturation value, but at a smaller lattice expangtay.1.3b shows that the dependence
of the magnetic moment on the lattice constant of dhcp andPlacys shifted toward smaller lattice
expansion. As a result, a residual magnetic momentdfiiy for dhcp Pd and of A6ug for hcp Pd
remains at the respective equilibrium lattice constant I3}.

The spin-order behavior of Pd can be understood in termseoSthner-criterion which requires for
ferromagnetic order to occur the product of the density afest at the Fermi-level N(EF ) and the



Stoner parameter | to be larger than unity:

| -N(Eg) > 1

(1.1)

The Stoner-parameter | describes the response of the egettanrelation potentials of the two spin-
subsystems to an infinitesimal, respectively increase anckdse of the associated spin densities. If
one changes only the array of neighboring atoms around a éltkgatom, | remains essentially
unaffected. One is therefore justified in discussing thdeery of building up spin-order by solely
comparing the various densities of state commonly abbiediato DOS. As follows from inspection
of the calculated DOS’s in Fig.1.3 (c-f), the DOS of bcc-Pdydar smaller than those of the other
lattices of Pd that have been studied. Moreover, it canreathdy be enlarged by extending the
lattice which is reflected in the absence of magnetic ordemégative changes of the atomic volume
in Fig.1.3 b which also shows results of first-principles slgnfunctional calculations. Although
the DOS of fcc-Pd at its equilibrium lattice constant is byaatbr of two larger, that increase is
not sufficient to fulfill the Stoner-criterion, again refledtin the absence of ferromagnetic order in
Fig.1.3 b. However, in the case of hcp- and dhcp-Pd the DO®v#asly large enough so that
spin-order occurs that gives rise to a magnetic moment afoxppately 0.15 Bohr magnetons per
atom at the associated equilibrium lattice constants.
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Figure 1.5: d-projected DOS of bulk Rh in the bcc (a,b,c), fcc (d), hcpdell dhep structure (f) at the
equilibrium lattice constant obtained from DFT non-spoigpised calculations. The DOS presented in pan-
els (a,b,d,e,f) were obtained in the LSDA approximationhw#,d,e,f) and without (b) spin-orbit coupling
included. Panel (c) presents a GGA result ([21]).

The dependence of the total energy on the lattice constarthéocrystal phases of Rh (Fig.1.4a)
is similar to that of Pd (Fig.1.3a). However, the behaviouthe magnetic moment of Rh in these
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crystal phases (Fig.1.4b) is completely reversed in coisparto that of Pd (Fig.1.3b): bcc Rh is
ferromagnetically ordered at the equilibrium lattice dan$ whereas fcc, hcp and dhcp Rh is not
ferromagnetic even at a lattice expansion of up to 40% [2lhE Striking difference in the behavior
of Rh metal is connected with the different position of itgsrReenergyer in the density of states
(DOS). Figure 1.5 shows that the change of symmetry fromeepzcked (i.e. fcc, hcp, dhcp) to
body centred cubic places the Fermi-level of Rh within thiergg peak of the bcc DOS. This peak
appears due to a flat band which in the case of Rh lies arounBeahmi-energy [21]. We could
clearly attribute the flatness of this band to the symmetithefbcc-phase [22]. As a consequence,
ferromagnetism in bulk Rh is induced even in a compressédddR1, 22].

The present work shows, that metals whose natural phasg isdic be grown in bee or hep phases as
thin films deposited on (001) surfaces of suitable cubicsates. The thesis is organised as follows:
In Section 2 the experimental methods and preparation tggés are described. Section 3 is devoted
to the determination of film thicknesses. Section 4 presgetsils on the growth of late transition
metals on (001) surfaces monitored with the aid of electifiradtion. Section 5 is concerned with
analyzing the diffraction patterns. It is found that the tced patterns of many films deposited on
(001) oriented substrates originate from {i420) oriented hexagonal phase. Section 6 reviews alll
epitaxial systems whose diffraction pattern can be expthioy the thg1120) oriented hexagonal
or pseudomorphic (001) oriented bct phase. In Section 7tamat is made to explain and predict
the growth of films in hcp, dhcp, and bce phase modificationgyleying elastic and a geometric
misfit criteria. Using these considerations, the energyidyarin the competing phase transition
paths will be predicted and compared with those calculateah DFT first-principle calculations.
The experimental findings will be explained by the effectlud substrate and of the film domain
topology on the energy barriers of the discussed phasdaramation paths. Section 8 explains ways
to enlarge the thickness range of the pseudomorphic phasein$ights gained by the present work
are summarized in Section 9.
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Figure 2.6: Vertical section through the RHEED-chamber. (1) RHEED g(2). magnetic deflection and
focusing systems. (3) sample. (4) Faraday-cup. (5) RHE&Bes. (6) quadrupol mass spectrometer. (7)
water cooled ovens for molecular beam epitaxy. (8) titaplimation pump. (9) LN cooling systems (Cu-
tubes). (10) adjustment system for the Faraday-cup.

2 Experimental setup

The films were grown by evaporating the constituent atonma freetallic ovens onto a substrate sur-
face in ultra high vaccum. This procedure is known as 'mdedoeam epitaxy’ (MBE). Ultra high
vacuum conditions are indispensable to ensure the absésobsirate contamination and contam-
ination of the growing film. To fully characterise the filmsetfollowing properties were analyzed:
(i) crystal structure and surface orientation; (ii) morfggy (shape) and (iii) electronic structure. As
for (i) diffraction of primary and secondary electrons pedvto be the most valuable tool, whereas in
the case of (iii) photoelectron spectroscopy was the medhatoice.

2.1 The apparatus

The experiments were performed in a VG-ESCA-LAB MKII speateter [35] (ESCA = Electron
Spectroscopy for Chemical Analysis) which was connecteal thamber equipped with reflection
high-energy electron diffraction (RHEED). A vertical sectthrough the RHEED-chamber is shown
in fig.2.6. RHEED was not only used to determine substrateaaltayer structure, orientation, and
morphology but also to monitor the growth rate via specuarnb intensity oscillations. RHEED
patterns were obtained by a home-build ([36, 37]) magniti¢acused high resolution RHEED
gun (sketched in fig.2.6 at the position marked by (1)). TheeEB gun was equipped with sev-
eral deflection systems (2) for beam alignment and polareaafjincidence control. The 20keV
beam with an emission current ofi8 was used at grazing angles of incidenre®.3° on the sam-
ple (marked with (3) in fig.2.6) which makes RHEED very sewsito the surface morphology. A
Faraday cup detector (marked by (4) in fig.2.6) was employeddasure the intensity of the specu-
larly reflected electron beam. The Faraday cup could be miovady desired position in the central
part of the RHEED pattern which was simultaneously obseorethe fluorescent screen (marked
by (5)). A quadrupole mass spectrometer placed in posityr{fig.2.6) served as an analyser of
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Figure 2.7:Vertical section through the ESCA-chamber. (1) hemisglaérnalyzer. (2) X-ray monochro-
mator. (3) AlK, X-ray source. (4) Leybold capillary noble-gas resonanseldirge lamp. (5) VG-Microtech
EXO05 ion source. (6) sample. (7) electrostatic lens. (8tislits (aperture). (9) Ti-sublimation pump. (10)
ion-pump.

the gas composition and the stability of the evaporatersk@aaby (7) in fig.2.6). The home-build
water-cooled metal evaporaters allowed deposition r&t808 — 10 monolayers (ML) per minute.
The RHEED-chamber was pumped by a titanium sublimation p(mgsked by (8) in fig.2.6) with

a liquid nitrogen (LN) cooled wall (marked by (9)) and via the main (ESCA) systenmaliyN,-
baffled diffusion pump which produces a base pressure of 3Xtibar after bakeout at500K

for 24 hours. The pressure rose to 7x}mbar during the metal deposition from the pre-outgased
evaporators situated in both chambers. The adsorbatesdeposited by thermal desorption from
high-purity metal piecesX 99.999%) accommodated in well shielded ovens. Metals of CoRdy,
Ag, and Au were evaporated from BeO crucibles, resistivelgtéd by tungsten coils. By contrast,
Rh metal was vaporized from a thin Rh-foil heated by elecrombardment.

The main (ESCA) chamber (fig.2.7) contained a hemispheaicalyser (marked by (1) in fig.2.7)
with 60meV resolution at a pass energy of 2eV, a monochra@@a@iimarked (2)) Allg (14866eV)
X-ray source (3), an electron gun (whose position is perjpehat to the vertical cut of fig.2.7) for
Auger electron spectroscopy (AES). This electron gun dpdrat an emission current of-13uA
and a beam energy of8keV with a beam diameter of. 1 mm at the sample. The Auger sig-
nal was differentiated by modulating the target potentigihw& 3 V peak-to-peak amplitude for the
detection of impurities (like the oxygen O-KLL Auger tratish (510eV)) and with a 1 V peak-to-
peak amplitude fom situ monitoring of the film growth. For ultraviolet photo-eleatr spectroscopy
(UPS) measurements a Leybold capillary noble-gas diseHargp (marked by (4) in fig.2.7) with
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an optional polariser has been used. The energy of the phstmhwas 21.22eV (Hel) and 16.85eV
(Nel). For ARUPS measurements up to temperatures of 600kdhgle was heated by thermal
radiation from resistively heated W filaments below the samplder. A chopper ensured periodic
heating with a period of 60ms of which 20ms were off in ordeelioninate magnetic fields dur-
ing the measurement. The W-Re thermocouple spotweldedtedfe of the sample was used for
temperature stabilization via filament current control.ef@by an accuracy of the temperature of
about+ 20K could be achieved. UPS data were collected continualigiyng the overlayer (film)
deposition at very low deposition rates of about 2 monolggethour. This allows one to determine
the complete energy and coverage dependence of the phe®emieatures during deposition. For
a higher coverage resolution of certain ARUPS featuresitemsities at several fixed energies were
measured quasi-simultaneously during the overlayer digmoby switching the analyser energy typ-
ically every 2s between up to 5 different interesting eresgiFor AES and XPS (X-ray photoelectron
spectroscopy) the angular acceptance of the analyzer wasis&2°, for XPD (X-ray photoelectron
diffraction) and angle resolved UPS (ARUPS)#d°. A VG-Microtech EX05 ion source (marked
by (5) in fig.2.7) whose beam could be deflected, rastered @cuséd on the sample, served as a
sputtering device. The ion optical column for focusing tleafmm onto the sample consists of two
lenses, followed by two pairs of plates for beam scanninge Fdmple (marked with (6) in fig.2.7)
was mounted on a home-build exchangable specimen cartwtgd was inserted into a manipu-
lator with translation and rotational degrees of freedoreatihg by electron bombardment made it
possible to reach temperatures as high as the melting ddim sample, cooling with liquid nitrogen
temperatures as low as 150K were possible. The temperaagrenwasured by a W-3%Re/W-25%Re
thermocouple which was calibrated at high temperaturesdigappearing filament pyrometer. The
sample could be transferred between the two subsystemisBithinutes, what ensured a relatively
save correlation between the deposition rates determip&HEED and by electron spectroscopy,
respectively.

2.2 The techniques

The surface quality and the growth mode was examined by RHEHS and ARUPS. The geo-
metric structure was determined by RHEED and XPD, the aaatrstructure by AES, XPS and
ARUPS. AES also proved to be the main tool in checking the eb@momposition of the sample.

2.2.1 Reflection High Energy Diffraction (RHEED)

RHEED [39, 40, 41, 42] is, beside LEED [43, 44], the standadhhique to study the structure of
surfaces and thin films. This technique is based on the wattgenaf the electron and its strong
interaction with matter. RHEED makes use of electrons whinke been accelerated to 10—100keV.
The geometry of a RHEED experiment is shown in fig.2.8. Thé leigergy electrons are directed
onto the surface of a single crystal under grazing incidem;e to the small angle of incidence (less
then P), the penetration depth of the electrons is just a fewin contrast, for normal incidence,
electrons with an energy of 25 keV are expected to penetrate200A into the sample. Of course,
the penetration depth is also material dependent. At ggaamdence the electron beam is diffracted
at the surface, either directly on the top surface or closthéosurface region of the crystal. At
a fluorescent screen the kinetic energy of the electronsrigajya transformed into light, and a
diffraction pattern in form of light spots or streaks formiarcs (Laue-circles) is visible on the screen,
if the surface are atomically flat (see figs.2.8b,2.9a). H@wef the surface is covered with small
three dimensional islands the electron beam will penethetse protrusions and give rise to a spotty
transmission diffraction pattern originating from thelbof the islands and not from the surface. In
contrast to LEED is RHEED in general not an exclusive surfaoeess. Most surfaces are rough
and the diffraction pattern is produced in transmissioaulgh the surface asperities, making RHEED
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Figure 2.8:a) Experimental set-up for RHEED measurements. b,c,d,ga&imorphology and expected
RHEED-patterns. Panels c,d,e) shows the influence of thetairghape on the form of the transmission
pattern.

more useful than LEED in determining the crystal structudreoagh surfaces where LEED fails to
work.

An example of a 'true’ reflection pattern is presented in fi@g2and sketched in fig.2.8b. A diffraction
pattern obtained in transmission is presented in fig.2.9bséatched in fig.2.8c,d,e. The latter show
the influence of the crystal shape on the form of the transamgsattern. The light spots or streaks
are called beams since they originate from the electron bduatting the screen. A RHEED pattern
consists, in analogy to LEED, of a map of the reciprocal sgfattice if the surface is smooth; in
case of a rough surface the electrons probe essentiallyuiRdattice. Probing the reciprocal lat-
tice means that, e.g., a small interplanar distance in ty&alrcorresponds to a large separation of
neighbouring beams in the diffraction pattern and vicesaeiThe beam undergoing a mirror reflec-
tion (fig.2.8a) is called the specular beam. RHEED-elestrespecially those of the specular beam,
provide a powerful tool in the study of various features gfstal growth. The grazing incidence of
the primary electron beam makes RHEED very sensitive todateughness. For example, mea-
surements of the specular beam were used to study the suntapdology of the growing film and
to calibrate the deposition rate of the adsorbate flux in owé beam epitaxy [39]. We now turn to
a phenomenological description of RHEED intensity ostidlas and refer to fig.2.11. To keep the
discussion as simple as possible, only pure electron rigfteutill be considered which means that
one only concentrates on the intensity variation in the glaedeam.
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a) reflection

b) transmission

Figure 2.9:a) RHEED pattern observed from a flat surface. It refers to2a2)(true-RHEED reflection
pattern obtained from a 9 ML thick Ag-film grown on a Nb(001)fage. b) RHEED-transmission pattern
from an Ag film of 24 ML thickness deposited on a Nb(001) swfac

Table 2.1: Typical RHEED settings.

acceleration voltage 20kV
primary e-beam intensity ~ 3UA
grazing angle ~0,3°
specular beam currént ~ 3nA
transfer width parallel to the e-beajm~ 35004

In many molecular beam epitaxy studies the RHEED-intermstyllates as a function of the deposi-
tion time. There are two simple models that are thought tée@xphis phenomena [42]. One model,
favoured by the 'channeling school’, is based on the idegtti®electrons that impinge on a rough
surfaces are scattered in many directions different froensggecular beam thereby reducing the in-
tensity of the specular beam. Steps provide a mechanisnifo$eiscattering of the electron beam.
As the step density increases the specular reflected itevilidecrease. If the surface morphology
cycles from islanded to flat, the RHEED-intensity variescadimgly as depicted in fig.2.11. In this
picture, the strength of the oscillations, i.e. the ratighef peak maximum to minimum, should be
independent of the angle of incidence of the primary eledam, contrary to what was measured.
Measurements have shown that the strength of RHEED-aswuiilare very well dependent on the
angle of incidence [36]. This finding strongly supports tih@wof the 'interference school’ which
explains the occurrence of the RHEED-oscillations by therference of electron beams reflected
from the top and bottom faces of the growing layer. Here thenisity is thought to decrease because
the path length from the RHEED-source to the RHEED-screanaffay-cup) is different for elec-
trons reflected from the top of the filled layer of atoms coregdo those which are reflected from the
tops of the growing layer. It could indeed be verified thathe tase of constructive interference the
RHEED-oscillations are suppressed, whereas in the déstucterference case the strength of the
RHEED-oscillation are maximised [36, 42]. In the situatadrestructive interference (see fig.2.10)
RHEED-intensity oscillations appear due to the continuthenge of the terrace occupation during
deposition (see fig.2.11). As each growing layer proceeaxus frero coverage through half filling and
finally to a complete layer (see fig.2.11) the specular intgegcles through one period. However,
in both models (i.e. diffuse scattering or destructiverieieence) the period of a oscillation corre-
sponds to the time needed to deposit a layer. Table 2.1 stypicsat parameters used in RHEED
experiments. The calibration of the evaporation rate watuskely based on RHEED intensity
oscillations recorded at very low grazing incidence (asdg@ = 0.3°). The latter condition guaran-
tees that the reflected RHEED-beam penetrates less than Efiidto the sample and hence picks
up information only from the bottom and the top of the growiager [42, 36].

For reflection at a smooth W(001) surface.



12 Experimental setup

) N

7 X,
d-sin® d-sin®

path-difference: 2d-sin@
phase-difference: k-2d-sin®

constructive interference: k-2d-sin® = 2nTt
destructive interference: k-2d-sin® = (2n+1)7C

Figure 2.10: Schematic representation of electron reflection at twoldewé a layer (top and bottom
faces). The quantity 'd’ denotes the thickness of the lagethe angle of incidence and 'k’ the wave vec-
tor of the RHEED-electrons. The latter is given by= (2rv/2meU)/h, where m and e are the electronic
mass and charge, respectively, 'U’ stands for the acc@earabltage and 'h’ for Planck’s constant. At
6 = arcsin2nrt/(2kd)) constructive interference occur8,= arcsin((2n+ 1)17/(2kd)) refers to destructive
interference, and 'n’ denotes an integer.

2.2.2 Auger Electron Spectroscopy (AES)

Auger electrons result from an atomic de-excitation preeesich is independent of the type of ex-
citation and is caused either by photon absorption or bytreledmpact. (In exceptional cases Auger
emission can also occur as a secondary process followirgpittere of an electron from the K-shell
by the atomic nucleus .) In this work electrons of 1.8 keV @iynenergy are used throughout to
create holes in the core-levels of surface atoms. Figuzshws two possibilities of re-occupying
a core-state that has been depleted by a primary excitadtonoth transitions the hole is filled by
a first electron from an upper level (i.e. by a more weakly labalectron). The energy gain is ei-
ther transferred to an X-ray photon (left side in fig.2.12)used to excite a second electron which
then escapes into the vacuum. This electron is called anéAalgctron’. The kinetic energy of the
emitted Auger electron is determined by the binding enerffgrénce of the above mentioned first
and second electron, reduced by the work function of the tasypface. This binding energy differ-
ence is specific to the chemical nature of the respective .aldrarefore, AES constitutes the main
technique in determining the chemical composition of th#ase. Checking the cleanliness of the
surfaces under study represents an important examplee présent work AES was used to examine
the growth mode and the deposition rate. AES is also usedtandasd method to characterise the
composition and to measure the thickness of thin films. Ttierlapplication exploits the damping
of the AES-signal by energy losses of the outgoing electnoough electron-electron interaction as
it traverses the respective material toward the detectjr [ffhe determination of film thickness in
terms of monolayers (MLs) makes use of the fact that the AlgBas changes in a characteristic
way during film growth. The Auger signal of a deposited film xpected to continuously increase
whereas that of the substrate should continuously decrkag®y film growth as (i) it becomes less
directly exposed to the primary electrons and (ii) —as nogretil above— the emitted Auger signal is
damped as it traverses the respective film material towardi¢hector. In the case of a monolayer-
by-monolayer growth these competitive effects result imegrall-dependence of the AES-signal on



2.2 The techniques 13

t=0.00 ML /

v

»

v

»

v

»

h
t=0.25 ML 2 M\
St &y 1
t=0.50 ML
e o\
k= .
5 »
L[ L~ g\m
t=0.75 ML - / g‘\/
o P 4 ,e
&
Ef‘ >
t=1.00ML: / 5-\/
g
g .
8 »
] J:A
t—1.25ML 2
aw 3
2 R
Qllk
- =’ = 2 E
t=1.50 ML 7 == m_\/\
P av L 4 M

t=2.00 ML; ’

Figure 2.11:Dependence of the RHEED specular beam intensity on thecgucfaverage in the range of 1-2
ML coverage ([39]).

»
L

deposition time




14 Experimental setup

Two recombination ways of an atom
ionised in the (K-shell) core-level
A

k —
oC

||| —e—0—o—to——
L | —eo—o|—
| —o—o+——

K —e— o0

X-ray Auger

Figure 2.12: Transition possibilities of re-occupying an empty cordehstate in the K-shell: 1. Optical
transition associated with the emission of an X-ray photar;-K transition of an electron transferring the
energy gain to an outgoing (Auger-) electron.

the deposited material such that time-linear segmentsaappach are separated by distinct break-
points upon the completation of full monolayers and disf@aglope that decreases from segment
to segment. Table 2.3 summarizes the typical parametedsing®ES. An AES intensity curve is
sketched in fig.2.13 in the case of a layered growth mode.

Chemical shifts in the energy position of the Auger-sigodiserved mostly as a change in the shape
of the Auger signal) can be caused by a change of the bondeéetiie Auger emitting atom and
neighbouring atoms. This change, however, is much bettasadle by photoelectron spectroscopy
(PES) which probes the energy spectrum of the valence etectr

2.2.3 Photo-electron spectroscopy (XPS, ARUPS)

Photoelectron spectroscopy (PES) [46] has emerged asatigesti method in the study of occupied
electronic states of surfaces and thin films. In the photbeda emission process the electronic sys-
tem absorbs a photon and emits an electron, the so-callédgdactron. Clearly, the energy of the
photon must be greater than the binding energy of the statssibnized. Thus, core-levels are only
accessible with X-ray photons. More information and a muettdo energy resolution [46] can be
obtained by using ultraviolet photoelectron spectros¢@#3S) which probes the energy bands of the
valence and conduction electrons. In its angle resolvesim@i(angle resolved photoelectron spec-
troscopy (ARUPS)) a maximum in an ARUPS-spectrum corregptma transition from an occupied
to a non-occupied band, a process in which the energy anayk@acmomentum (thek-vector’) is
conserved. Figure 2.14 sketches a 'vertical’ interbanasiteon in photoelectron spectroscopy. The
transition is called 'vertical’ because the wave vectort@ initial bound state is identical with the
wave vector of the unoccupied state into which the transiiades place. The electron of the initial
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Table 2.2: Typical settings used in AES.

kinetic energy of primary electrons 1.8 keV
electron-gun| sample current 1-3uA

primary e-beam diameter on the sample 0.2-1mm

- E <100eV| 1-1.5eV

sample modulation voltage for E > 100eV| 3.5 eV
electron angle resolution +12°
analyzer inlet-/exit slits (apertures) 22mm(o)
Lock-In- sweep-rate 0.2-1eV/s
amplifier integration-time 0.1-3s
data acquisi{ energy step-wide 0.2eV
tion settings | time per energy step 1-3s

state is promoted to an unoccupied band at a k-point for which

hv = g5 — ¢ (2.2)
holds. Heréhv denotes the energy of the phote@nthe energy of the initially occupied state asd
refers to the final state that becomes occupied at the ena dfethsition. Actually, the conversation
of the crystal momentum has the form

ki =kj+ ky

wherek, denotes the wavevector of the photon. For visible and utifeMight the absolute value of

this vector ranges from 3-10-3A—1 to 10- 10-3A—1 whereas the absolute values of the electronic
k—vectors within the associated Brillouin zone are typicalya factor of 100 larger. Henck, may
be neglected in the equation of momentum conservation.
In general Eq.(2.2) applies only very roughly. The so-chlEne-particle energiesks, &, are cus-
tomarily obtained from self-consistent calculations lobbse density functional theory (DFT). The
salient point in this approach to the many-electron probdemsists in mapping the interacting N-
electron system under study onto a non-interacting systeaseelectronic density is identical with
the original density(r). To achieve this conservation pfr ) one has to mimic the effect of electron-
electron interaction by modifying the ‘external’ Couloralotential (set up by the atomic nuclei).
Surprisingly, this simulation of the electronic pair-irdetion can rigorously be accomplished by sim-
ply adding a certain (local) one-particle potential whidmsists of a Poisson integral formed with
p(r) and the so-called exchange-correlation potential. Theint@nacting substitute system can be
described by a Slater determinant built frdynBloch-states if one is dealing with a perfect solid
(crystal). The Schrodinger equation of the substitutéesysan be decomposed iftbone-particle
equations, the so-called ‘Kohn-Sham-equations’ of whieh Bloch-states are solutions. They are
associated with eigenvalueg k) of which g andg; are just two representatives.
As has been shown by Fritsche [47, 48] the DFT-scheme, thatoniginally devised only for the
electronic ground-state, can be extended to excited sfateexample, to those which are created
by photon absorption. However, as has already been alludabldve, the excitation energy cannot
simply be expressed &s — ¢;. In actual fact the photon energy equals the difference &etvihe
initial electronic total energ¥; the respective enerdy; after completion of the transition:
hv = Ef — E (2.3)
As has been shown by Fritsche [48] and by Fritsche and Gu 9iight-hand side of Eq.(2.3) can
be rewritten so that

hv =gt —g+A (2.4)
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Figure 2.13:Schematic graph of the intensities associated with Augmtrens from a film and its substrate
(top panel) and of the RHEED intensity (bottom panel) as ation of the film coverage for a layer-by-layer

growth mode.

whereA is kind of a relaxation energy connected to the rearrangenféhe electrons as the system
undergoes the transition. Clearly, this relaxation eng@gyyatom is conceivably minute and will in
general be of the order of 183eV if the fundamental volum¥ of the solid contains: 10°° atoms.
In PES, however, one measures the total energy diffefepeeE; to which all 1¢3 atoms contribute.
So,A may well be of the order ofav.
The various contributions tBs — E; are illustrated in fig.2.14. The quantifyis commonly termed
‘many-body correction to the one-particle energy diffexn If the unoccupied state lies above the
vacuume-level where an electron can escape into the vacinenphioto-electron can be detected and
analyzed with the aid of an energy analyzer. The kineticggnefthe emitted photo-electron is given
by:

Exin = v — (&rermi— &) — Bsample— A (2.5)

where®sampleis the work function of the sample. When the analyzer is bnbugo electric contact
with the sample the measured kinetic energy can be broken tiothe following contributions:

Elfi% = hv — (&rermi— &) — Panalyzer— A (2.6)

where®,na1y2¢riS the work function of the analyzer. The interconnectiothefse quantities is illus-
trated on the left-hand side of fig.2.15. The binding energy-Eremi— & of the initial band state
can be determined if one knovBynalyzerand4. In the practical application of PES (for example
ARUPS) the kinetic energy of the electrons is measuredivelat the Fermi-level of the sample. It
is hence common practice to identify the origin of the enexgg in a recorded spectrum (where the
kinetic energy is given by equation (2.6)) with the Fermgedeyond which the PES-signal drops
to zero. The kinetic energy of the electrons emitted fromRé&eni-level is according to eq.(2.6):

Al
Ekin,Fermi = hv — (&rermi — Erermi) — Panalyzer— Arermi = hv) — ®analyzer— Arermi (2.7)
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Figure 2.14:Left side: Vertical inter-band transition in photo-el@rtrspectroscopy. Right side: Relation
between the combined density of states and a peak in UPS.

whereAgermi is the respective many-body correction. If we cho&4 .., as the origin of the
energy scale (i.e. as energy zero), the measured kinetigyeoan be decomposed then into:

EPET= Eg — (A — Arerm) (2.8)

Thus, the energy measured in PES differs from the bindingggne the depleted state by the dif-
ference of the many-body corrections referring to the deplstate and that at the Fermi-level. For
Gd the energy>P*“"Mwas shown to differ by eV from Eg [50]. In the case of transition metals
and noble metals the correctidhis smaller than &V. The difference\; — Arermi is therefore of the
order of a tenth’s of a Volt. The energy differenfie— Arermi iS zero by definition if one measures
photoelectrons that originate from the Fermi-level.

The procedure of shifting the energy scale of the analyzehn shat the kinetic energy of electrons
from the Fermi-level refers to zero energy can simply beeaad. One only has to shift the analyzer

potential by an amow so that

e-U = Danalyzert Arermi (2.9)
The measured kinetic energy is then given by:
Elﬁﬁ = hv — Eg — (A — Arermi) (2.10)

Hence, the binding energy of the initial band state can beessed as:
Eg = hv — E2 — (A — Drermi) (2.11)
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Figure 2.15:Left: interconnection of the quantities relevant to thelgsia of ARUPS.
Right: Correlating the energy scales of the interband-guettron emitter and the analyzer.

Eq.(2.10) reveals a fact which remains rather unclear irettige literature on photoelectron spec-
troscopy. Obviously, the ener@fﬁ measured by a photoelectron spectrometer can only bedetate
the electronic binding enerdsg if A — Arermi = 0. Only for states close to the Fermi-level Arermi
may be expected to remain negligibly small.

Another problem of ARUPS is the refraction of photoelectran the insufficiently known surface
barrier as a result of which the, -component is only known within a considerable margin [46].
However, the in-plane componeqt of the photo-electron is conserved in the photoemissiocge®
[46] (see fig.2.16), making ARUPS a good technique to detegitiie Ek ) dispersion of the emitted

photoelectrons. Thk-values of the initial states can be calculated frignm= %\/ZmeEkin -sinf =

%\/Zme(hv — @ — |Eg|) - sin@ wheref is the emission angle.
Table 2.3 and 2.4 summarise the parameters used in UPS andae&p8ctively.

2.2.4 Auger and photo-electron diffraction (AED and XPD)

In Auger (AED) and (X-ray) photo-electron diffraction [463, 54, 55] the electrons are detected in
the forward direction of their propagation as they leavedioenic source. This contrasts with LEED
where the current to the detector is essentially in the dppdsection of the primary beam. More-
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Table 2.3: Typical settings for ARUPS

o Hela | 21.217%V
excitation photons Nela | 16,8476\
angle resolution +1°
electron constant pass-energy (CAE) with/without polarizet.0/5.0eV
analyzer inlet-/exit slits 6x15mm(@)
energy-resolution whit/whitout polarizer60/150meV
data acquisi{ width of the energy step whit/whitout polarized0/60meV
tion settings | time per energy step whit/whitout polarize@ — 3/10s

over, in contrast to LEED, Auger or photo-electron diffiantprovides more directly information
on the crystal structure in real space. Typical settings<foay photoelectron diffraction are given
in Table 2.5. The main features of the scattering mechanisnilastrated schematically in fig.2.17.
Electrons, escaping from the near surface region aftegregth Auger emission or an atomic photoe-
mission process, are strongly scattered (diffracted) enfeinward direction by the potentials of the
atoms along their path if the kinetic energy of the electrexeed some hundred eV. If these atoms
form a regular array, as in a crystalline solid, this stroagviard scattering focuses the outgoing
electrons into beams along directions of high crystallyrametry. Thus, if one measures Auger or
photo-emitted electrons for example as a function of angtess a crystal surface, one observes a
very non-uniform distribution, strongly peaked along 8r&f densely packed atoms. Furthermore,
since Auger-electrons or photo-electrons emitted frone-devels are element specific one can col-
lect only those which are emitted from the atoms depositetthersubstrate and determine the array

Table 2.4: Typical XPS settings.

X-ray source AlKa 1486V
angle resolution | +£12°

electron constant pass-energylO eV

analyzer inlet-/exit slits 6x15mm(@)

energy resolution | leV
data acquisi-| energy step width | 0.2—0.5eV
tion settings | time per energy step 1 — 10s
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Table 2.5: Typical XPD settings.

X-ray source AlKa 14866eV
angle resolution | £1°

electron constant pass-energy40eV

analyzer inlet-/exit- slits 6x15mm(@)
energy resolution | 5eV

data acquisi- angle step 1°

tion settings | time per angle-step| 60— 120s

of these atoms. As fig.2.17 shows, a perfect 1 ML coveragddigote a featureless uniform angular
distribution, in a perfect (001)fcc film of 2 ML the outgoingrcent will be peaked around 2%vhen

the current is scanned along thel00 > azimuth. Finally, as one has completed a 3 ML coverage,
there will be an additional central [001] peak from elecg@mitted along the surface normal.

2.3 The W(001) and Nb(001) substrates

Because the key requirement for growing films with a hexagphase modification consist in a
strong bonding to the substrate, | have paid great attetdgitime preparation of suitable substrates.
The tungsten samples used in the present experiments veesealia single crystal with a diameter
of 10 mm and a thickness of ®mm which were polished to mirror quality and oriented tohuvit
0.05° of the (001) orientation. The orientation was checked witha} Laue photographs. The
sample was gently held by thin and small tantalum sheetseoWtlupport disc of the crystal holder.
The W-support was subject to prolonged heating up to a tesiyrer of 2500K before the W(001)-
sample was mounted on it. The tungsten crystals were claareedsual manner [56] by prolonged
heating in oxygen followed by flashing to 2500 K until any ABi§nal from impurities had faded.
(The AES-signal ratio W:O and W:C was then about 300:1.) TmenoW(001) surface seemed to
be more reactive to oxygen than the dense W(011) surfaceetheval of the last traces of oxygen
contamination from the W(001) surface proved to be quiteadilt. The (001) surface of tungsten
displays a four-fold symmetry and is ca&lled an 'open surfédeezause of its low atomic density
that results from a lattice constant oftlBA. As we shall discuss in the main sections, this large
lattice constant is of crucial importance for growing filnmsain unusual hexagonal stacking mode
of materials like Cu and Pd. However, in order to grow alsodilmh Ag and Au in such a stacking
mode, one needs an even larger lattice constant of a suafithta four-fold symmetry.

The (001) surface of Nb has that desired periodicity, butpranately, the preparation of a flat Nb
surface without any traces of contamination, turned outealvery difficult task. In contrast to
W(001), Nb(001) could not be cleaned by flashing. This is gusbnsequence of the lower melting
temperature of Nb and, moreover, it is more reactive thaggtem. The removal of oxygen from Nb
and also Ta surfaces without seriously damaging the supadection has been a major problem in
nearly all the studies of these surfaces in the past [57].dIffieulty of removing oxygen from those
surfaces originates in the high solubility and diffusivitiyoxygen in these metals and, in addition,
in the low vapour pressure of its suboxides. For example inthdd solubility has a maximum of 6
atomic percent at about 2050 K and decreases in the abseaoeoal/gen-containing environment
only above this temperature due to desorption in the form®MNnd NbGQ. Even in UHV clean
Nb absorbs oxygen at partial pressures [58] abovédMbar. Thus, there is always an equilibrium
concentration of oxygen in the Nb-bulk which acts as a soofserface oxygen upon re-cooling the
heated Nb sample.

It took a considerable experimental effort to find a methodfaddricating welloordered, flat,
contamination-free Nb(001)-like surfaces with the reeditateral periodicity (3.3@) of the bulk
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Figure 2.17:Schematic view of the electron forward scattering proceskthe relative positions of atoms
in the first, second and third monolayer for (001) orienteglzgh in a (100) cross section of an fcc- crystal.
Auger- or photoelectrons are focused along interatomis,ayieing rise to characteristic peaks in the outgoing
current density that indicate occupation of sites in th@sdand third monolayer.

material [18]. As already emphasized above, a squaredatfithis mesh size is necessary to grow
films of Ag and Au in the envisaged hexagonal non-equilibrmaodification.

The method that finally complied with that requirement isdahen altering the chemical environ-
ment of the near surface region to such an extent that thawmants (mainly oxygen) were de-
pleted from the surface (deep into the Nb-bulk), while thera periodicity of the Nb(001)-surface
was maintained. The depletion of oxygen from the substnatiace was achieved by depositing
thick films, i. e. more than 10 MLs of Au or Pd on the surfaceldiwkd by annealing up to 1400 K.
This process led to flat surfaces covered with a pseudonmmbnolayer of Au or Pd which was
free of contamination. (The C:Nb and O:Nb AES-signal ratioved to be as low as 1:500). That
monolayer displayed the desired lateral periodicity of @l oriented Nb crystal.
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3 Film thickness determination

The properties of thin films such as the electronic strucamafilm stability are strongly influenced
by film thickness [59]. Hence, its measurement is of vitalami@nce to a correct interpretation of the
experimental results. A standard method used in the datetian of the thickness of thin films is
Auger electron spectroscopy (AES) [45]. As mentioned intiSa@, the measurement consists here
in monitoring the change of the slope of the AES-signal asatfan of deposition time. In the case
of a monolayer-by-monolayer growth, the AES-signal insesalinearly with time until a breakpoint
has been reached beyond which the increase continues atllarssh@pe. A breakpoint reflects
the completion of a layer. However, in some cases the diffaxen the slopes of two consecutive
segments of an AES-curve is so small that it becomes exaglgdikifficult to identify the slope
discontinuity. For that reason AES may be limited in its Usanie wants to determine the absolute
thickness of films. By contrast, in UPS the photoelectromenirruns through well defined maxima
and minima as the film forms layer by layer. These maxima andma can easily be discerned
and analysed. They are connected with the drastic changie @lectronic structure as the film
grows. Photoelectron currents from Hel-ARUPS are pauditylsuited because their small escape
depth puts a strong weight on the contribution of the film fayeSince UPS is used anyway as a
standard method in the study of the electronic structureidéses, it may be convenient to exploit
this pronounced side effect for a determination of the filickthess. But for this particular task
RHEED has proved to be superior in every practical respeue detection of thickness-dependent
RHEED-oscillations is much simpler, it does not require a@rgy analyzer and is easier to interpret.
It is this practical advantage which has made RHEED the é@sséool in calibrating the flux from
MBE sources [39, 42].

The ensuing sections are concerned with the applicationeofbove three methods to films of Au,
Ag, Pd, Cu and Co metal which were of particular interest edhjective of the present work.

As already emphasized, the layer-by-layer growth corteta precondition for the application of

the three methods. All five transition metals bind strongiytite substrates W(001) and Nb(001)
which ensures a complete wetting of the substrate surfacaslbast one pseudomorphic adlayer of
the deposited metal. In fact, low-energy electron micrpsdd EEM-) studies reveal that Co and Pd
wet W(001) at least by two pseudomorphic MLs [60]. Our RHEERestigations indicate that the

latter seems to be a general feature of metallic heterogpma\W(001) and Nb(001) substrates. This
is actually not surprising since the atoms of the first tw@agdis have direct bonds to the substrate.

Once the deposition time for the completion of one or two pgseworphic-MLs of a film has been
measured, the deposition rate may be considered calibi@tbdd been verified by quadrupole mass
spectrometer measurements that the respective metalmesor ensured a constant flux of atoms.)
Since the first two adlayers grow with a density differentirthat of the respective bulk metal, one
has to determine the ratio of these two densities if one wantalculate the film thickness beyond
those two adlayers from the deposition time and the evaiporaate. Moreover, if one wants to
measure the growth rate in terms of layers, one needs to kmoarientation of the film in addition.
This information has been obtained in my experiments byguRIHEED and XPD.

3.1 Films of Au metal

As stated above, the deposition of the various metals on ¥y(@@s monitored by AES, UPS and
RHEED. The RHEED chamber, as well as the main (spectrosamicamber, were equipped with
evaporators. For a comparison and an illustration of thferdifit behaviour of (011) and (001) sur-
faces, | have also included data on changes of the work fumétfp which refer to a cylindrical
crystal [61]. The results are shown in fig.3.18.
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Figure 3.18:Changes during deposition of Au on W(001): a) of the Au AESkgeapeak height, b) of
the UPS intensity at -1.6 and -2.6 eV binding energy, c,dhefRHEED specular beam in W [110] direc-
tion, and e) of the work function of (011) and (001) surfaceadfylindrical crystal. The AES, UPS and
RHEED intensities are normalized to their highest valuelse WFertical dashed lines interconnect correlated
features. The correlation was established in the followitay. The deposition in the RHEED chamber was
stopped immediately after the maximum of the first, secombtthind oscillation period, respectively, had been
reached. Then the sample was transferred quickly to therggeopic chamber where Auger-electron and
photo-electron spectra were taken. This means that the ABESJRS spectra were obtained from samples
in which the amount of absorbed Au or Ag corresponded to la littore than one, two and three RHEED
oscillation periods, respectively. This is shown in fig&8(&nd fig.3.22) with vertical dashed lines. The cases
a), b) and c) refer to a substrate temperature ofk,50 the case of d) and e) the substrate temperature was
300K ([5]).
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Figure 3.19:Photoelectron intensity vs. coverage recorded at selentedyies from the growth of Cu on
W(001) at 150K. The bottom panel shows the intensity of trecafar RHEED beam parallel to the W [011]
azimuth. The maximum of the second RHEED-oscillation ddies with the UPS-maxima which occurs at
the -3.1 eV binding energy curve ([112]).

Although RHEED oscillations provide the most reliable enibn for layer-by-layer growth and for
the number of deposited layers, cross-checking these RHEEDts by AES and UPS is indis-
pensable. To organise an effective cross-checking thefolg strategy was pursued. Once the data
acquisition on the dependence of the AES-, UPS- and RHEE ity vs. deposition time had been
completed, the generated plots were searched for certactstes that appear in one of the plots and
have counterparts in the other plots. Figure 3.18c showistéesity oscillation of RHEED specular
beam during the growth of Au on W(001) at 150K. Up to 25 ostidias can be observed, indicating a
layer-by-layer growth mode [39, 42]. The experimental petllowed the sample to be moved under
UHV-conditions from one chamber to the other within 8 mirsutBecause of this technical feature
the three methods could be applied to the same sample attain@osame time which constitutes
a vital prerequisite for the sought-for correlation of stures in the generated plots. In detail the
procedure was executed along the following lines.

The deposition in the RHEED chamber was immediately stogpedy time after the maximum of
the first, second and third oscillation, respectively. Tampgle was then quickly transferred to the
spectroscopic chamber where Auger-electron and photiretespectra were recorded. The situ-
ation at the three intermissions is indicated in fig.3.181(f9.3.22) by vertical dashed lines. To
check the absolute position of the dashed lines on the axabsfissae the AES-plot was carefully
inspected. As is evidenced by fig.3.18, two breaks can bgreped in the AES amplitudes during
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Figure 3.20:Photo electron intensity from Cu on W(001) recorded at $eteenergies at 300K ([112]).

the Au deposition. This is confirmed by Bauer et al [63] whadstd the same system Au/W(001).
Results obtained from a simultaneous measurement with dzgocrobalance support the inter-
pretation that the first break corresponds to the completi@npseudomorphic Au monolayer (0
atoms per crf), and the second break to 4 absorbed Au monolayers. To makehttk even more
trustworthy, the first break in the AES curve (fig.3.18a) wagitionally compared to the first break
in the AES-curve recorded during Au deposition ofi®0] oriented cylindrical single crystal of W
metal. The surface of such a crystal comprises both the (8dd)(001)-face. If one rotates the
crystal with a constant angular velocity, a uniform layeof can be deposited on both surfaces at
the same rate. During deposition the change of the work ilmm¢t\p) is monitored continuously.
As for the W(011) face, the dependences\gf and the AES- signal on the Au coverage are well
studied [64, 65, 66]. The first break in the AES-curve has la¢gibuted to the completion of 1 ML.
This amounts to a deposition of 140 atoms/cr. In the case of the Au/W(001)-system the work
function attains a maximum at 0.9 pseudomorphic ML whichiesponds to 10104 atoms/crd and
may be attributed to the completion of the first ML. The workdtion runs through a minimum at
about the same abscissa where the second break in the cedeendence @ of the Au/W(011)
system occurs. This abscissa is associated witl @4 atoms/crd and corresponds te 1.4 ML.
Just at this abscissa the specular RHEED-intensity runsigffirits second and deepest minimum in-
dicating that a large change occurs at this coverage. Biitdrom this situation the first maximum
in the RHEED-oscillations can be linked to a clear strudtpraperty: the completion of the first
ML.
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Figure 3.21.Ultra violet photoelectron spectra of Cu films deposited of®®1) at room temperature and for
different annealing conditions: a) 2 ML film exposed to ariimggfor 90 s at 650K and b) 4 ML film exposed
to annealing for 300 s at 400K. The UPS maxima at -3.0 eV bmdimergy represents the main structure in
the spectrum of a thermally stable Cu overlayer ([112]).

3.2 Films of Cu metal

Figure 3.19 and 3.20 show plots of the RHEED- and UPS- intensi. Cu-coverage on W(001).
Obviously the maximum of the second RHEED-oscillation caes with the maximum of UPS
intensity that corresponds to an electronic binding enefg$.05 eV. As can seen from Fig.3.21 that
maximum represents the main structure in the spectrum adranily stable Cu overlayer.

Using a quartz microbalance for the determination of the fitmckness, Bauer et al [64] could
demonstrate in their study of the Cu/W(001)-system thaeaiggemorphic double ML of Cu is ther-
mally stable. This corroborates our conclusion that theseéenaximum in the RHEED-oscillations
has to be attributed to the absolute coverage of two pseugidmedviL of Cu.

3.3 Films of Pd, Co and Ag metal

In growing Pd films on W(001) we have proceeded along the lofethe preceding subsections
. Again, we search for corresponding features in the depwrdef the RHEED/UPS-signal on
the Pd coverage which fig.3.22 refers to. Here the secondmmuemiin the RHEED-oscillations

coincides with the maximum of the UPS-intensity associat#d an electronic binding energy of
-1.32 eV. Figure 3.23 shows that around this binding energjyd¢V) the main UPS-peak of the
thermally stable Pd layer develops. Previous investigatiof Pd on W(001) [67] had led to the
conclusion that a pseudomorphic double layer of Pd is stabi&(001). The maximum of the second
RHEED-oscillation may therefore be associated with themetion of the second pseudomorphic
ML of Pd on W(001). In the case of Pd films this can be corrolemtdtty following up the growth
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to considerably larger thicknesses. At a deposition teatpez of 150K more than 40 RHEED
oscillations can be observed. The oscillation period radtai stable value approximately beyond the
fourth maximum. As will be discussed in the ensuing sectibe,Pd film grows in a direction that
is different from a stacking axis so that the deposited mayeis do not consist of close-packed Pd
atoms. Hence, if one wants to correlate the deposition ratethe number of ML’s per second, one
has to know the orientation of the film with respect to the salbs. How this has been done will
also be the subject of the next section. But once the orienta known, one can use the rate ML/s
obtained from the stable oscillation regime to scrutinize tesult on the first two ML's. This has
been done and yielded very good agreement.

In the case of Ag and Co films the deposition rate was deteanmech the same way.
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Figure 3.22:Dependence of the RHEED/UPS-signal on the coverage of Pal metV(001): a) RHEED-

oscillations with the incident beam along the tungsten [@kimuth. Substrate temperature: 150K. b) and c)
UPS-intensity in normal emission upon Pd-deposition akl&bthe binding energies indicated. d) Same as
c) but at 300K substrate temperature. Monolayer scale its wfithe substrate atomic density. The vertical
dashed lines are a guide for the eyes to locate correlatbaésa[11]).
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Figure 4.24:a) The RHEED transmission pattern obtained from a lightlyttgped Nb(001)-surface. b)
RHEED-transmission pattern originating from a Pd film of 2Q Ehickness deposited on Nb(001). This
diffraction pattern occurs typically with the epitaxy ofdaransition metals and noble metals on open (001)-
surfaces of cubic substrates. In the two cases (a,b) th#eintbeam was parallel to the [011]-direction of the
Nb(001)-surface.

4 The growth of late transition and noble metals on (001)-
oriented cubic substrates.

4.1 Diffraction of primary electrons (RHEED,LEED)

The hetero-epitaxial growth of Co, Cu, Pd on W(001) is simitathat of Cu, Rh, Pd, Ag and Au
on Nb(001). At the deposition temperature of 300K a Strakskistanov growth mode occurs. The
substrates are wetted by two pseudomorphic ML's, followethle growth of 3-dimensional islands,
which produce the centred RHEED-transmission patternepted in Fig.4.24b. An exception to
this is the growth of Au on Nb(001), where the ML-by-ML growttode extends over more than
two ML's, but with a poor long range order providing less stwral information in RHEED. By
contrast, a bright RHEED diffraction pattern from smooth, ®d, and Ag films can be obtained
when the films are deposited at low temperatures and subsiéygaanealed up to 500K. As the
present work is strongly focused on the analysis and int¢gmpon of these diffraction patterns, a
detailed discussion of their appearance seems to be in order

4.1.1 The pseudomorphic range

As mentioned above, if one deposits late transition or nafd¢als on W(001) or on Nb(001) the

first two ML's form a pseudomorphic (1x1)-array (the blackiaces in fig.4.25). This becomes ob-
vious from inspection of the RHEED-patterns. The adatontupy lateral hollow-site positions

of the (001) substrate surface. These first pseudomorphis 8k strongly dilated in the surface
plane compared to the mesh size of their natural fcc (00d9-f&or example, the pseudomorphic
Pd MLs on Nb(001) are expanded by 44% which results in a nesrest-neighbour distance of
(anp = 3.30A), quite different from its value in bulk Pd. This reflectsetBtrength of the adsor-

bate/substrate bonding.

4.1.2 Beyond the pseudomorphic range.
Growth between 2 and 3 monolayers.

The pseudomorphic range is characterized by the occur@madrHEED pattern that consists of
(1x1) true reflections [68] . They are caused by (1x1) ordel@uains that possess a pronounced
long-range order. If the linear extension of this range eases in one dimension, the pattern ele-
ments begin to elongate considerably in that direction.[BSRctly this happens after the deposition
of the first two pseudomorphic ML's addressed above. As tip@siEon continues beyond comple-
tion of those two ML’s, the RHEED background increases aedix1) patterns gradually turn into
straight lines (streaks) perpendicular to the surfacep@aticular to the RHEED-horizon [39, 40])
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when the primary beam is oriented along the [110]-directibtihhe substrate-surface. If the primary
beam is oriented along the [100]-direction of the substsatéace, then ellipses (parabolic arches)
appear connecting the Laue-reflexes from different zond4EBED-patterns of this kind were ob-
served and explained by Hopkins et al. [69], Stalder et dl],[#Mahan et al. [40] and Dulot et
al. [70]. The straight lines and the parabolic arches arge@naf a set of parallel sheets in the 3d-
continuation of the 2d-reciprocal lattice whose 3rd dimem&xtends perpendicular to the surface.
These sheets develop from the (1x1) rods of the 3d-contomaf reciprocal lattice of the surface
by gradually turning into planes whose intersection linethwhe 2d-reciprocal lattice are in the
<110>-direction of the substrate. These lines are shown in Figus. Their distance is given by
2V/211/(2aycc) Where @ denotes the side length of the primitive mesh of the (001fpsarand of
the adjacent pseudomorphic ML's. This distance is by a faot® smaller than the length of the
diagonal of the primitive unit cell. Because of the fourdfadymmetry of the latter the110- and
[110]-directions of the pseudomorphic ML's are equivalent, as@sequence of which two sets of
equidistant planes (and associated lines) occur (s. flepdo2 Au films on Nb(001) were grown
up to 25 ML'’s and subsequently annealed up to 500K. The limesabserves here may be viewed
as if they had developed from a hypothetical pseudomorpinay af Au atoms where only every
next nearest hollow site of the substrate is occupied. T$tanite of the corresponding lines (planes)
that develop in going beyond 2 ML's must hence be shorter thariength of the diagonal of the
primitive unit cell by a factor of 4. Fig.4.25d refers to thesaciated pattern of lines.

The RHEED patterns can be visualized be employing the deecBlwald-construction [69, 39, 40,
70]. This requires to draw the Ewald-sphere in the 3d-coratiion of the 2d-reciprocal lattice of
the substrate surface and to find the intersections of thegrspwith the above mentioned rods or
planes. The radius of that sphere is given by the absolutealthe wavevectdt,, of the incident
(primary) electrons. The sphere center is defined by the eimd of the vector—k, which is drawn
from the origin of the 3d-continuation of the 2d-reciproledtice of the substrate surface. Because of
the grazing incidence of the electrons the center of thersghelightly above th&, /ky-plane of the
3d-reciprocal lattice (ik is perpendicular to the substrate surface). Consequéméyntersections
of the rods with the sphere lead to dots forming circles. Amnsas the planes have developed, the
intersections display different shapesk jfis in the<001> direction there are now intersecting lines
at the sphere that have the form of parabolic arches whichbeagewed as joining the zeroth and
and first Laue zones [69, 40, 39, 41, 70]. Changing the vievleaingm the<100> direction to the
<110> direction the lines of intersection now turn into segmeifits circle which appear as straight
lines in the projection onto a screen that is approximatelpendicular tdp.

The described changes in the RHEED pattern are, in facthad$@nd give strong support to our
interpretation that the growth of the films beyond 2 ML’s isacdcterized by a departure from the
square mesh structure of the pseudomorphic layers and Hdpriation of layers where the inter-
atomic distances are getting closer to the natural equihibdistances as the build-up of additional
layers proceeds. But a distinct periodicity perpendictdahe directions<110> or < 110 > of the
substrate survives for the following reason: if one compahne interatomic distances of the natural
fcc-lattice in the< 211 >-direction of that (fcc) film material with the interatomidcsthnces in the
<110> or < 110> directions of the (bcc) substrate surface, one noticeghleanisfit perpendicular
to these directions is considerably smaller. This appkaseill to the (actually identical) interatomic
distances in the< 1100 >-direction of a conceivable hcp-lattice of the same film matef one
retains the interatomic distances of its fcc-lattice. The KL responds to the competing effect of
a large misfit along the alternative directiond10> and< 110 > and a small misfit perpendicular
to these directions by forming a set of parallel atomic rovith\a well defined periodicity in the
respective directions of a small misfit and by dispensingpaitegular distance of these rows. This
is because adjacent atoms of neighbouring rows try to comigeoon getting close to their natural
atomic distance orthogonal to the atomic chains and simedtasly optimizing the energy gain by
bonding to the atoms of the 2nd layer underneath. The atieenaf forming sets of parallel rows
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Figure 4.25:Surface reciprocal lattice observed in RHEED reflectiomfiftat surfaces: Black squares cor-
respond to the (1x1) reciprocal lattice of a pseudomorpiyer of adatoms. These streaks may be associated
with rods in the 3d-continuation of the surface reciproedtide. They are perpendicular to the surface, and
their lines reflects the absence of periodicity in that dicec The cases a,b,c) refer to the situation when the
rods are elongated in the 110 > direction, that is, when a periodicity in this direction lezased to exist. In

a 3d-continuation of that structure in the reciprocal 2tida they correspond to walls (sheets) which contain
the < 110> direction. They may be associated with one-dimensionardes along this direction. Because
of the four-fold symmetry of the (001) surface, there are s&ts of walls (a,b). One set is connected with
the [110-direction (a), the other one with tH&10] direction (b). Panel (c) is just a superposition of (a) and
(b). The lines one observes with annealed Au films are shovwamel (d). The streaks and extra dots that
are schematically indicated in panel (e) and (f) come abgpgrradually discretizing the walls of panel (a,b,c)
so that one ends up with walls of a finite length along th&10 >-direction. The associated structures in
the reciprocal surface lattice are a centr¢2hfi2 x v2)R45 @ p(v/2 x 2v/2)R45 structure (e) and a c(2x2)
(p(v/2 x v/2)R45) structure (f) which one observes with thin films of Pd (e) avith thin Cu and Ag films

(f), respectively.
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perpendicular to<110> or < 110 > gives rise to the occurrence of two corresponding types of
domains in real space.

All this is confirmed to the fullest by scanning tunneling nogcopy (STM) on samples that are
associated with RHEED-patterns of this kind (e.g. see thge9FH0,11 in Stalder et al. [41] and the
figures in Dulot et al. [70]).

4.1.3 Centered diffraction pattern

As may be expected from the picture we have painted abovendeye 3rd layer the energy opti-
mization drives the atoms of the film into taking their natlatice sites, as a consequence of which
periodicity builds up in these directions orthogonal to thains where one formerly had disorder
for 3 ML. This process transforms into a break-up of the cardus lines into streaks as shown in
fig.4.25. For Pd films on W(001) thicker than 6 ML and for Pd filomsNb(001) thicker than 8 ML,
the streaks are associated with a surface struc@¢2x2)R45 @ p(2x2y/2)R45°) (s. Fig.4.25¢).
For Ag and Cu films on Nb(001) and for Pd films on Nb(001) with enfthickness in between 3
ML and 8 MLs, the break up of the RHEED-lines produces a cdnt(2x2) surface pattern, in the
Wulf-notation: g2x2)R45’ (s. fig.4.25f). All these films were deposited at ¥50The c¢(2x2) and
the p(2v/2x2)R45° P p(2x2y/2)R45° pattern becomes sharper when the samples of Cu or Ag are
gently annealed up to 400K or up to 500K in the case of Pd-fildrse is hence led to conclude that
annealing improves the perfection of these surface strest@and enlarges their lateral extension. It
also enhances the long range order, in the case of Au on Npif@@ins of thicknesses up 25 ML’s.
This is reflected in an even more structured RHEED pattemthlat shown in fig.4.25d. If one con-
tinues the deposition (generally at 6Pthe films turn rough. With films of Cu or Ag this happens
at 10 MLs. For Pd it takes 12 ML's, and in the case of Au 25 MlAcordingly, the RHEED pat-
terns gradually attain the typical 3d-type centred stmg;ts. e. g. Fig.4.24b. On annealing thick Pd
films on W(001) the associated RHEED patterns develop adigetiodicity involving every second
row of the transmission patterns (see Fig.10 of referentp.[The reciprocal structures connected
with centred RHEED patterns of this kind were also obsermdd5ED studies dealing with Ni-films
on Fe(001) [71], Pd on W(001) [67] and in RHEED studies of Nid £u-films on Fe(001) and on
Au(001) [72]. However, the corresponding real-spacedatsitructure could as yet not be identified.
Wang et al. [71] base their explanation on a strained (0@iEnted, body centred tetragonal structure,
as opposed to Prigge et al. [67] who discuss a distorted (@ddntation of the fcc structure [67].
Nevertheless, none of these authors could explain thelctleserved centred diffraction patterns.
Another attempt focuses on the possible existence of ansttaicture, stabilised by the substrate
(s. [71, 72]). To clarify the implications of a strain strugt in terms of centred RHEED patterns,
one needs additional information about the local atomigrenment in the respective film. X-ray
photo-electron diffraction (XPD) provides the appropeitdol for an analysis of this kind. This will
be the subject of the ensuing section.

4.2 Diffraction of secondary electrons (XPD)

As already discussed in Section 2.2.4 the technique of Xpranto-electron diffraction or Auger-
electron diffraction [53, 54, 55] exploits the forward-tming of fast photo- or Auger-electrons along
atomic rows on their way toward the surface. The kineticgyef the outgoing electrons is typically
above 30@V. The forward focusing effect causes a pronounced angleramce of the photo- or
Auger-electron current density which highlights the angtsitions of the closely packed atomic
chains with respect to the atomic source. It turns out thatfaster the electrons and the denser the
atomic rows, the stronger the corresponding current densidulation.

Fig.4.26a refers to the XPS photo-electron current fronfilats and shows its dependence on the
polar-anglef. The photo-electrons are associated with a 3d-core lewttiagion of Pd. The plane
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Figure 4.26: Angle-dependence of the X-ray photo-electron currentKaommind corrected). The photo-
electrons originate from a core-level excitation througha) absorption from an Al K source which amounts
to a photon energy of 1486.6 eV. The curves shown refer tomigston from a Pd film of 16 ML thickness
deposited on Nb(001); b) and c) from a 16 ML Cu-film on Nb(00TIhe latter two curves relate to photo-
electron currents that result from, respectively, Cu-3@ &uw-2p core level excitation whereas curve a) is
associated with Pd-3d core level excitation which resulta kinetic energy of the photo-electrons~e1145
eV. The kinetic energy of the photo-electrons leaving theit@us is, respectively, 1410 eV and 550eV.

in which the current is monitored contains the high symmdirgction[110yp. This is also the
direction of the incident beam which the centered transonsRHEED-pattern of Fig.4.21b refers
to. An analogou$-dependence of the photo-electron current was also detedhor thin Cu films
deposited on Nb(001). Here the photo-electrons are coed@adth a 3p- and 2p- core level excitation
of Cu, respectively (Fig.4.26b,c). These Cu films show tmeesaentered RHEED-pattern as Pd on
Nb(001) (Fig.4.21b).

So far we have merely used the qualitative forward scatieairgument to interpret the experimental
XPD-curves. One gains access to a more quantitative intowmby doing a multi-scattering calcu-
lation on the spherical wave that is emitted from a particatam after the absorption of an X-ray
photon and the concomitant depletion of a 3d (or 2p- or 3¢ state. A fully dynamical calculation
has been carried out by Lo et al. [73] who also performed nreasents of XPD-curves on a clean
Nb(001) sample. The calculations confirmed the qualitatiterpretation to a certain degree, but
they provide additional information on multi-scatterirfggets which cause the occurrence of further
peaks or modifications of single-scattering forward foogpeaks.

This becomes obvious from a comparison of two XPD-curveainbt from the same Cu-film. They
differ only in the kinetic energy of the outgoing photo-dtens. The first curve shown in Fig.4.26b
refers to photo-electrons of 1100 eV kinetic energy assediaith a Cu 3p-core level excitation, the
second curve, Fig.4.26c, relates to photo-electrons o&80®hich originate from a Cu 2p-core level
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excitation. One observes that the positions of the peakedestd = 20° and8 = 43° are changed
as the kinetic energy of the electrons increases. This isatide of contributions from second order
interferences synonymous with multi-scattering effeBgscontrast, the peaks 8t= 0° and6 ~ 60°
are strongly dominated by forward focusing along closelgkpd atomic chains.

All in all the XPD-results are consistent with the assumptibat there is an atomic (Pd- or Cu-)
plane of sixfold symmetry in the detector plane spanned Bystirface normal and tH&1Q -
direction. One may conclude then that these atomic plareeslase-packed and hence represent
building blocks of the natural fcc-lattice of these metaigwa stacking axis in thel10]np-direction.
This seems to be confirmed by XPD-plots on (110)-orienteglsiorystals of Cu where the detector
plane was spanned by the surface normal andti2d 1 >-direction. The result (curvg = 55° in
Fig.5 of Ref. [74]) is, in fact, very similar to that shown imgi4.26. But the latter also agrees quite
satisfactorily with the XPD-results obtained from (110)eoted hcp-crystals like Co [75]. That
means: by using the XPD-technique one is obviously not abtidtinguish between an fcc-, hcp-
or dhcp stacking of the grown close-packed atomic planelsthAl is summarized in Fig.1.2 and in
Fig.4.27 which illustrates the respective relations betwkttice orientation and the stacking axes
for fcc-stacking of a film with fcc(110) orientation (pandésc,f) of Fig.1.2 and panels (a,b,c,d) of
Fig.4.27) and of films with an hcp- (panels (a,b,e) of Figdnd panels (a,b,e,f) of Fig.4.27) or dhcp-
stacking (panels (a,d,g) of Fig.1.2 and panels (a,b,g,R)gp#.27).

Only the RHEED transmission and reflection technique witiverto yield the information that is
necessary to uniquely decide whether the stacking sequ#ribe films is face-centered cubic or
hexagonal (hcp or dhcp). In the latter case one would haveodsirated, and this is the very ob-
jective of the present study, that films of a natural fcctee are forced into thgl120) oriented
hexagonal phase modification if they are grown on a suitdlflé¢)(oriented cubic substrate.
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Figure 4.27:a) Possible stackings of atomic planes for (110) orientedrPd@/(001). Epitaxial relations for
fcc-stacking (a,b,c,d) are PHLO) < 211> || W(001)x 110>. The same for hcp (a,b,e,f) and dhcp (a,b,g,h)
stacking: P@1120) < 1100> ||W(001)110>. Panels (c,e,q) illustrate the fit of the Pd (110) plane far fc
(c), hep (e) and dhep (g) stacking to the (001) surface oftihstsate. Pd atoms are marked by grey circles. W
atoms occupy the corners of the quadratic (001)-latticecatdd schematically. Panels (b,d,f,h) show planar
cuts perpendicular to the surface and along<hkl0 >y direction of the substrate. The substrate atoms are
drawn with open circles. d),f),h) are along the stacking ashowing the fit of the periodicity of the stacking
with respect to W.
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Figure 5.28:The orthorhombic unit cell with a (110) basis is spanned lewtctorsa; , a,, az which coincide
with the unit vectors of a Cartesian coordinate system whosedinate axes run through the centers of atomic
rows along the directions [110]1(120]), [111] ([0001]) and< 211> ([1100]), respectively. These vectors
connect neighbouring atoms in the associated rows. Tlerdedt,B,C denote the position of the close-packed
planes. The figure shows a dhcp stacking.

5 Analysis and interpretation of the observed patterns

5.1 RHEED transmission

For a comparison of the expected RHEED patterns it is coewero introduce orthogonal non-
conventional unit cells with top and bottom faces that angipios of the (110) planes. Figure 5.28
shows the (110)-based orthorhombic unit cell delimited Wy tlose-packed planes. The first of
these planes coinciding with the OXZ-plane. The distaacés given by the stacking sequence
periodicity of the close-packed phases.

The (110)-based unit cell is spanned by the vectarsay/3 e;, a,=ce, andaz=aes, whereey, &, €3

are the unit vectors of the Cartesian coordinate sysgeisthe atomic nearest-neighbour distance
in the fcc film. c is aligned parallel to the stacking direction which is thé&Ilkdirection for an
fce-structure and the [0001]-direction for hcp- or dhcpistures. Its value is equal to the distance
between close-packed planes possessing equivalentrsjgmbsitions. For the hcp-, fcc- and dhcp-

stacking sequence we hawe- 2- (a- \/2/3>, c=3. (a- \/2/3> andc=4- (a- \/2/3), respec-
tively, where (a- \ /2/3) is the interlayer distance between consecutive closequbplanes. For a

random stacking we have— oo,

Figs.5.29,5.30,5.31, 5.32 display the reciprocal lastmenstructed from these unit cells. The figures
refer to the stacking mode with a periodicity of two, threa daur close-packed planes, and to
the case of a random stacking mode. The reciprocal orthdslwoomit cells are spanned by
the vectors, by, bs, with by=(211/(av/3) )k, bp=(21/c)ky andbz=(271/a)k,, whereky,ky,k, are
the unit vectors of the Cartesian coordinate system Wjte;, ky| /e, andk;|e;. These reciprocal
lattices are independent of the atomic array inside theaatiit The position of these atoms leads to
a systematic extinction of diffraction spots and are maikgdpen circles.

Because of the large extent of the Ewald sphere it can be sippaited by a plane within the opening
angle of the monitored diffracted beams. Hence, a RHEEDstm#gsion pattern corresponds to a
planar cut through the reciprocal lattice with the planenbggberpendicular to the primary beam.
Of course, ideally points of the reciprocal lattice can oabtcidentally coincide with the Ewald
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Figure 5.29:a) The reciprocal lattice for the case of hcp stacking canstd from the orthorhombic (110)-
based unit cell given in Fig.5.28. The structure factor whiontrols the relative intensities of the diffraction
beams and depends on the array of the atoms inside the unikeegls to a systematic extinction of certain
spots that correspond to lattice points marked by openesirdlattice points that appear through constructive
interference as diffraction spots are marked by full cscld,c) refer to portions of the planes (0001) (b) and
(1100) (c) which correspond to they(k- 0) plane and to the (k= 0)-plane, respectively. Only lattice points
that lead to diffraction spots are drawn. The scale in (Is,¢@duced by a factor of 4 compared to that in (a).
The lines in the direction of the reciprocal vectbrsb,, bz are only guides for the eye.

sphere (plane). But because of the limited long range ordidinmthe microcrystals sampled by
the incoming RHEED beam and because of its inevitable stightcollinearity the reciprocal lattice
points blow virtually up to form blurred spheres and the Elsdhere itself becomes slightly smeared
out. As a result, all points of the reciprocal lattice whick ariginally only close to the ideal Ewald
sphere and lie within the monitored range of the detectiangbecome visible.

As opposed to the (001)-substrate surface which displagsiiafbld symmetry with respect to the
surface normal, the symmetry of th&10) i, and(1120) ¢jm surfaces is only two-fold.

The [110-direction of the (001)-surface of a bcc-substrate and ttieogonal[110]-direction are
equivalent. This applies similarly to the mutually orthogb[010]- and [100]-directions of the
(001)-surface of an fcc-substrate. By contrast, the oghagdirection§0001 i, and[1100 i, or
[113im and[112] ¢, are not equivalent. Therefore, the film grows on the (001jase of a cubic
substrate by forming two sets of domains with a mutually agtimal striped pattern. In the case
of a non-fcc stacking one domain has @01 jm-direction parallel to the [110]-direction of the
bcc-substrate and tH&100 in-direction parallel to thél10]-direction of the substrate. The other
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Figure 5.30: The same as in Fig.5.29, but now for fcc stacking (ABCABC)té\ihat all lattice points for
which the structure factor does not vanish (all full cirglésrm a bcc lattice which represents the reciprocal
lattice of an fcc crystal.

domain is oriented such that tf@01] 1jm-direction is parallel to th€110)-direction of the substrate
and the[1100 f;m-direction parallel to the [110]-direction of the subsgrat

If fcc-stacking occurs (s. Fig.4.27) the above statemeppdyssimilarly, but the{211]m-direction
stands now in place of tH&100d f;,, and[0001 ¢jm has to be replaced witd11] ¢jjm,.

How is this reflected in the structure of the RHEED transmoisgattern?

Itis suggestive to use three different directions of thédent beam: 1) parallel to the [110]-direction,
2) parallel to thg1100-direction and 3) parallel to the [0001]-direction.

In the first case the beam grazes alohtp0(J-direction and, because of the presence of two sets of
orthogonal domains, along the [0001]-direction as welln§zmuently, the associated two RHEED-
patterns appear superimposed.

In the second case the RHEED-pattern appears as a map of0bE){flane (thes-plane) of the
reciprocal lattice associated with the hcp- or dhcp-lattithis plane is perpendicular to the incident
beam.

In the third case the direction of the incident beam is pedjmear to the(1100)-plane (theky-plane)

of the reciprocal hcp- or dhcp-lattice. The observed RHEt&Rern is hence a superposition of the
planesky = 0 andky = O in these reciprocal lattices (s. Fig.5.33 (a,b) and (ajo)xhe case of an
fcc-stacking the RHEED-pattern would be a map of the (11149-(412)-plane of the corresponding
reciprocal lattice (s. Fig.5.33 (a,d)). As follows from jretion of Fig.5.33 (e,f,g) and comparison
with the actually observed RHEED-pattern, the latter canfobviously only to the hcp-structure
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Figure 5.31:The same as in Fig.5.29, but now for dhcp stacking (ABCBA)teNlwow the lattice points
become more numerous alohgi. e. in the stacking direction.

of the films.

The reciprocal lattice associated with random stackingdes particular interest. In this case
the (0001) plane (Fig.5.32b) is identical with that of the@+{structure (Fig.5.29b). This leads to a
possible explanation of the observed RHEED transmissittenpa(Fig.4.24b) in terms of a close-
packed structure that diplays one-dimensional glassdyger along the stacking direction. Random
stacking would give rise to a similar diffraction patterrtlas one that is actually observed (Fig.4.24b)
if only the contribution of the (k= 0) plane (1100)-plane) (Fig.5.32c) would not appear. A closer
look at the transmission pattern reveals, however, thaétiseno missing contribution. The distance
between the spots is constant within a row and also in everyrserow, but different when going
from one row to the next one. As already mentioned, this iseoted with the fact that the RHEED
pattern results from a superposition of thek0 and k, = 0 planes which have different horizontal
distances between the reciprocal lattice points. The gobtf these two distances should be equal
to (2bp)/(2by)=v/3a/(,/8/3a) =/3a/c=1.0607. Our measurements yigi8a/c=1.0372 for Cu, Rh,
Pd, Ag and Au, where from one obtains a c/a value of 1.67. BrsBghtly larger than the ideal value
(c/a~1.63). On summarizing the RHEED information on ad-metaldithmat are grown on a Nb(001)
substrate one is led to conclude that the ad-metal filmelattonstant is by 1% smaller than that
of bulk ad-metal. This ties in nicely with the enlarged c/éuea(~1.67 instead of 1.63) as a result
of which the atomic density of ad-metal is conserved i.e.egps its bulk (fcc)-value . Obviously,
a larger c/a value yields a unit cell in th&120) plane of the hcp-lattice which is closer to a square
and hence fits better onto the square mesh of the (001) swfdbe substrate. This brings up the
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Figure 5.32:The same as in Fig.5.29, but now for random stacking. In e ¢he reciprocal lattice consists
of rods along the stacking direction where a distinct peécibdis missing. Open rods indicate zero structure
factor and hence do not appear in the diffraction pattern.

guestion whether the square unit cell of the substrate ggladarger c/a value of the adsorbate, or
whether this larger value is a bulk property of the hcp phéseeatals whose natural crystal structure
is fcc. First principles calculations on the total energyhop Au and Ag have been performed for
a set of c/a-values under the constraint that the atomiatydmes conserved [33]. The total energy
attains a minimum at c/a=1.67, and in a similar calculat@nHd [76] one obtains c/a=1.68, both
values being slightly larger than the ideal valté.63. This supports the interpretation that the
observed larger c/a-values reflect, in fact, a bulk propanty are not caused exclusively by epitaxial
stress in the hcp-films. Nevertheless, the growth of the fimes hcp non-equilibrium structure is
governed by minimizing the misfit energy with respect to th& fpseudomorphic layers on the (001)
substrate. It certainly helps stabilizing these films tiat bulk controlled c/a-enhancement leads
simultaneously to a better fit to the square mesh of the (001ac=.

5.2 Analysing TED data

On inspection of the reciprocal lattices associated withvidwrious stacking modes (figs.5.29, 5.30,
5.31, 5.32), one notices that not only thek 0- and k = O-planes (needed to explain the RHEED-
transmission patterns) but also thek0 plane can be important if one wants to distinguish between
the various stacking modes. Thg= O plane can provide the sought-for information by way of the
transmission pattern if the electron beam is normal to thkiase. This is exactly the beam geometry
in transmission electron diffraction (TED) by means of whieruce and Jaeger [77, 78, 79] studied
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Figure 5.33: a) The (1L00)-plane cut through the reciprocal structure of the latfick which is identical
with the (112)-plane cut though the reciprocal structure of the fttieka b) The (0001)-plane cut through the
reciprocal structure of the hcp- and dhcp-lattice. ¢) THEO@-plane cut through the reciprocal structure of
the dhcp-lattice. d) The (111)-plane cut through the recal structure of the fcc-lattice. e) The expected
RHEED-transmission pattern from an hcp-stacking sequenaesuperposition of panels (a) and (b). f) The
expected RHEED pattern for a dhcp stacking sequence is gmgit@on of panels (¢) and (b). g) The expected
RHEED-pattern for a fcc stacking sequence is a superposifipanels (a) and (d).

the structure of relatively thick films grown on W(001) and(@01). (These authors also investigated
Ni and Cu on Ag(001).)

Figure 5.34 shows the;k= 0 plane in the case of fcc-stacking (panels (a,b,c,d,g)hcptstacking
(panels (e,h)) and dhcp-stacking (panels f,i)). Becausieeodi-fold symmetry of the (001) substrate
surface, there are four possibilities to align the stackirig along the<110> surface direction of
the bcc(001) substrate. This is shown in Fig.5.34a,b,¢,tttestacking. The expected TED patterns
are a superposition of the resulting four arrays. The trasson patterns for fcc-, hcp- and dhcp-
stacking are given in figs.5.34qg, h, i, respectively. We acamgare them with the transmission pat-
terns obtained by Bruce and Jaeger for Ni, Cu, Rh, Pd, Agt,lari®l Au on W(001) and on Mo(001)
(also Ni and Cu on Ag(001)). We observe that for thick films af@®u, Rh, Pd, Ir, Pt on W(001) and
Mo(001) the film structure is (20)-oriented hcp if the substrate is kept at an elevated ¢eatyre
during the film deposition. At low deposition temperatures adsorbate stacks in the fcc-mode,
which is surprising. One would rather expect that a depwsiit low temperature favors the stabi-
lization of metastable phases [80]. We surmised that thexpected behavior in the experiments by
Bruce and Jaeger was caused by carbon impurities on the W arglibstrate surfaces. They kept
their substrate temperatuge700K during the film growth. We have performed a detailed study on
the various experimental conditions that influence the fihmwgh. It turned out that, independent
of the deposition temperature, the hcp phase always apipier inetallic substrates are free from
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impurities (like S, C and O). If, however, the (001) adsaptsites of the substrate are occupied or
destroyed by impurities like sulfur [12], oxygen or carbd®[19], films with hcp-structure cannot
grow. An important point of the present work consists in theervation that W as a substrate mate-
rial has to be heated substantially under oxygen partigisonre to remove C from the bulk. Only in
this way one can exclude the possibility of a carbon migretiicthe surface in the process of cooling
the samples down to the envisaged experimental conditififisating the samples is often neces-
sary, for example, if one wants to completely remove the dodde for another growth study). Bruce
and Jaeger did not go through that inevitable preparatarggoiure and, in addition, their setup was
not equipped with AES as an indispensable and exceedingigcgusensitive tool that allows one
to check the cleanness of the substrate surface in detaihcd;lét may safely be concluded that
Bruce and Jaeger did not obtain the hcp modifications at lowpézature deposition because their
W and Mo substrates were contaminated by carbon. At higheeatyre deposition they obviously
succeeded in growing hcp films which has a simple explanatias well known that, at high tem-
peratures (700K), C dissolves again in the bulk of W or Mo,gglamerates at certain places of the
surface thereby causing large portions of the W(001) serfadbe free from C-contamination [57].
A remarkable byproduct of the experiments by Bruce and Jargg be seen in the observation that
the deposited films of Ni, Cu, Rh, Pd, Ir and Pt retained thexagonal crystal structure even when
they were stripped off the substrates.

5.3 LEED/RHEED reflection
5.3.1 Film orientation

In Fig.4.27 (which was presented in the previous section)rw& summarize the insights we have
already gained from the analysis of the previous sections. h&/e chosen the example of a Pd
film that grows on a W(001)-surface. The figure elucidates¢lason why the adsorbate films grow
in the hexagonal stacking mode. For all stacking modesugiel fcc-stacking) the close-packed
atomic planes lie perpendicular to the surface and areetizaiong the 'diagonak: 110> direction

of the (001) surface of the bcc-substrate (Fig.4.27b) anglbe diagonak 100> direction of the
(001) surface if the substrate were an fcc material. If thra fitould choose an fcc-stacking, the
atoms of the close-packed planes that are near to the stebatoald be placed into energetically
unfavorable adsorption sites (away from hollow sites) @&j7c) than in the case of a hexagonal
stacking mode (Fig.4.27e,g9). This is illustrated in parfd]§h) where the stacking axis lies in the
paper plane and is parallel to the [110] direction of the tabs. One recognizes in panel d) of
Fig.4.27 that with fcc-stacking the near-substrate atohevery second plane (of the ones that are
shown) are placed into the most unfavorable 'on-top’ positilt is energetically obvious that, in
the process of further growth, the atoms of the film will mowette favorable hollow-sites marked
by down-arrows in Fig.4.27d. Thereby an array of atoms agsethat corresponds to an hcp- or
dhcp-stacking (Fig.4.27 f) and h), respectively). The gnelifference between ‘on-top’ and hollow-
site positions is particularly sizable if the bonds betwseabstrate and adatoms are metallic. In
other words, the most favorable adsorption sites, thatalisp square geometry force the film into
a hexagonal stacking mode. Once the hcp-stacking is iziilby the substrate, the hcp- or dhcp-
growth simply continues, because other adsorption placesa@t available. This mechanism was
also observed in epitaxial studies on Co where the (001aeedf W and Au induced @ 120) hcp
orientation in the growth of a Co-film: (S. [11, 81] and [82].33

If, however, the film is deposited on the (110)-surface of@ndubstrate where favorable adsorption
sites for an fcc stacking occur, the Co-film grows in an faeking mode. (S. [84, 85] where an fcc
Cu-substrate was used.)
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Figure 5.34:The k, = 0-plane for the fcc-(panels (a,b,c,d,g)), the hcp- (e,d)the dhcp- (f,i) stacking mode.
The 4-fold symmetry of the (001)substrate surface leadsd@towth of equivalent adsorbate domains which
differ only in that their stacking axes (parallelltg) is rotated by 90 with respect to each other. Theiy ¥ 0-
planes are also rotated by 90 degrees relative to each &ihreficc-stacking this is depicted in panels (a,b,c,d).
The expected TED pattern will therefore appear as a supgrosf four patterns that are associated with
the k, = O-plane. Each of these patterns belongs to one domain obédbur. This is illustrated in panel (g)
for the fcc-, in panel (h) for hcp- and in panel (i) for dhcpeking. In panels (a,b,c,d,e,f) we have labeled
some points of the bulk reciprocal lattice. The thin linearatterize the unit cell in the, k= 0-plane of the
3-dimensional reciprocal lattice. The lines in panels {dre only a guide for the eyes.
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Figure 5.35:a) Primitive unit cell of a (001) substrate e. g. W(001). Thbstrate atoms occupy the corners
of the quadratic unit cell shown.

b),c),d),e) unit cells of 1120) hcp-surface. It is apparent that there are four options fdering the film
atoms such that they yield an optimal fit to the atomic squeyaf the substrate. The atomic arrays of the
cases b) and c) give rise to the 2-dimensional reciproctitdaf), those of the cases d) and e) correlate with
the reciprocal lattice g). The reciprocal hcp-unit cellhirit the plane of this lattice is indicated by dashed
lines, the unit cell of the substrate by solid lines. Fillgdares mark points that are shared with the associated
planar cut of the hcp-reciprocal lattice. Missing poindigate that the associated structure factor in the LEED
intensity is zero.

5.3.2 Explanation of the centred diffraction patterns of snooth surfaces.

Since Pd and Cu possess fcc-equilibrium structure, onedmvexpect that they transform from an
initially pseudomorphic structure into the respectiveikiopium (fcc) lattice when they are deposited
on Nb(001) and W(001). The same can be said as to the case afWing) on Fe(001) [71]. But the
the observed centred c(2) and (2/2 x v2)R45 @ (v/2 x 21/2)R45 patterns clearly invalidate a
simple explanation of this kind. Only if one allows for a hgraal stacking with the stacking axis
perpendicular to the surface-normal these centred diftragatterns (see panels (e,f) of Fig.4.25)
can consistently be explained.
In the Figures 5.37,5.38,5.39 we demonstrate that a caataeifcc(110) orientation of the films
fails to explain the observed centred diffraction patterenewhen the stacking axis is aligned along
a particular direction which appears in each domain out of émuivalent orthogonal domains that
occur equivalently because of the 4-fold symmetry of theljo8ubstrate surface. By contrast, the
hexagonal close-packed film structures (see the Figuré&s®3% and 5.39) explain the diffraction
data with remarkable consistency. In summarizing one cathsd the strain centred (reflection and
transmission) diffraction patterns that are observed imyrate transition metal films, grown on
open (001)-substrates, are connected with a hexagonalpbsked structure of the adsorbate films.
These films display a (2D) orientation.

As we have abundantly demonstrated, the observed centfiettion pattern cannot be interpreted
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Figure 5.36:The dhcp-analogue of Fig.5.35: a),b),c),d) unit cells ¢£#0) dhcp-surface. Obviously, there
are again four options for an optimal fit of the film atoms to $hi@are lattice of the substrate.

e) Reciprocal lattice corresponding to the arrays a) and) bgciprocal lattice corresponding to the arrays c)
and d). The meaning of the lines and the missing points is Bgi®.35.
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Figure 5.37:The fcc-analogue of Fig.5.35: a),b),c),d) unit cells of &Q)ifcc-surface. The primitive cells are
characterized by solid lines, non-primitive cells, thalaigice cells with a basis, are marked by dashed lines.
Their equivalents in the reciprocal lattice are charazéeticorrespondingly. As becomes apparent from the
drawings, there are again four possible arrays of the filmataith optimal fit to the (001)-surface of the bcc-
substrate. The reciprocal lattice e) is associated withathey a). Open circles mark points of the reciprocal
lattice for which the structure factor of the LEED intendiiycomes zero. All points shown are associated with
the non-primitive fcc-unit cell of the real space latticéohe leaves out the open circles one obtains chart f)
which constitutes for the (110)-surface of the fcc lattigst jthe 2-dimensional reciprocal lattice.
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Figure 5.38:2-dimensional reciprocal lattices a), b) and c) of the atoarrays shown in the charts b), c)
and d), respectively, of Fig.5.37. Chart d) refers to a qupstion of these three reciprocal lattices with the
reciprocal lattice f) shown in Fig.5.37.
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Figure 5.39:Distinguishing structures of grown films by their LEED patte

a) LEED pattern of the (001) surface of a bcc substrate. Taieqm attains the form b) if the deposited film
grows by stacking atomic planes in a hcp-mode perpenditoldre substrate normal. The pattern constitutes
a superposition of the charts f) and g) in Fig.5.35 and maydssified as a c(2x2) array of points with respect
to the pattern of the clean substrate. In the case of a diackisy the LEED pattern takes the form shown in
chart ¢) which is a superposition of the charts e) and f) ing=86. Chart d) refers to the case of an fcc-stacking.
The pattern is identical with the chart d) of Fig.5.38.



52 Analysis and interpretation of the observed patterns

a) expected bee-transmission: | b) expected hep-transmission:

E B E B B » »®» B 6 «
e 6 o o
HE B B B N » »® P ¥ «
000 000

¢) RHEED bcce-transmission: | d) RHEED hcp-transmission:

Figure 5.40Expected (a,b) and measured (c,d) RHEED-transmissioerpattith the electron beam coming
in parallel to the< 110 >-direction of the bcc(001)-surface. The patterns refehéofollowing cases: a,c) bcc
(001)-oriented lattice; b,d) hofl120)-oriented lattice grown epitaxially on a bcec (001)- subtsti@s shown in
Fig.4.27. Panel (a) shows a cut along the (110)-plane ttrthugy reciprocal fcc-lattice of the bec- (real space)
lattice. Panel (b) refers to a superposition of cuts throihghreciprocal lattice of a hcp- (real space) lattice.
The pattern consists of a cut along th&@D)-plane (marked by crosses) and along the (0001)-plaaekéd

by circles). (See also Fig.5.34c.) To alleviate a compariganel (c) - which is identical with Fig.4.24 -
shows again the RHEED-transmission pattern associatédaMdb (001)-substrate. Panel (d) presents the
RHEED-transmission pattern obtained from a ligf20)-Co film of 7 ML thickness grown on W(001) with
the same epitaxial relation as in Fig.4.27. This patterrkis to that presented in Fig.4.24b which has been
discussed in the preceding section.

as referring to an fcc-structure of the film. Yet, so far, weehaot scrutinized the possibility of a
bcc-structure which - upon reconstruction of the surfa@-aiso give rise to a ¢(2x2) LEED pattern.
This has, in fact, been observed with clean W(001) surfadeshareconstruct at low temperatures
(< 30CK) [86, 87]. If we choose the concrete case of a Co-film, thectires of the hcp (120)-
and the substrate bcc (001)-surfaces are in fact similarfaimer being different from the latter by
no more than a small relative shift of the Co atoms in-plare (parallel to the surface) and by a
contraction of about 10% out-of-plane. Notwithstandinig gimilarity, techniques that have some
depth sensitivity allow one to detect whether the atoms efitim below the c(2x2)-ordered surface
monolayer occupy hcp- or bec- lattice sites. Such diffactechniques are, for example, LEED-IV
analysis, X-ray and transmission-RHEED. As the latterygj&finition, depth sensitive it can clearly
distinguish between a hcp (2@)- and a surface-reconstructed bcc (001)-lattice, awdstrated in
Fig.5.40.

The c(2x2) LEED patterns one observes with Co-films [88] haeen studied by the former
Clausthal-group of Bauer and associates [11, 88] and showe tonsistent with the centered trans-
mission RHEED patterns that occur after the films develogrpstons that are penetrated by the
incident beam (fig.5.40d.) These RHEED patterns could oelgdrrelated with an hcp (20)-
phase. That is, the centred RHEED transmission pattern .&6t4i@d is definitely at variance with a
bcc (001)- or bet (001)-structure, as has already been skgclin the previous section.

Co films deposited on Mo(001) buffer layers show the samescedtRHEED transmission pattern
[89]. If one performs X-ray diffraction (XRD) experiments ¢these films, probing again the bulk
structure, the results confirm the existence of a hc@)-phase [89].

There is quite a number of further studies focused on thectstrel of Co-films deposited on
W [88, 81] and Cr [90, 91, 92, 89]. Donner et al. [90] point chattthe observed centered RHEED
streaks (which appear in addition to the (1x1) pattern amd form, in a more general sense, a
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centered pattern) cannot be correlated with any surfaansgaiction as these patterns are also ob-
served in X-ray scattering at grazing incidence which ezswa sampling of the entire film. X-
ray diffraction studies on these Co films leave no doubt tima is dealing with an hcp (2D) -
structure [90, 91, 92, 89]. Centered RHEED transmissiotepa were also observed with Co films
deposited on GaAs(001) [95]. Wu et al. [95] performed traigsman electron diffraction (TED) on
these films and demonstrated that even with a non-metalistsate the hcp (220)- orientation
prevails in accordance with previous TED results of Gu €io#].

Co films on Au(001) and their centered RHEED transmissiotepas were studied by Oikawa et
al. [82]. A TED analysis of these films by [83] and atom resdletectron microscopy by Bayle-
Guillemaud and J. Thibault [83] confirmed again the robustrad the hcp (120)-growth on a sub-
strate that displays a square mesh structure providedibanisfit is sufficiently low.

Recently Wieldraaijer et al. [97] have reported LEED-IVuks on Co films deposited on Fe(001).
Their energy loss spectra show that once the c(2x2) LEERpatppears the out-of-plane lattice
constant matches that of a hcp-lattice in theZQJtdirection rather than that of a bcc-lattice in the
[001]-direction. This important result—which will be agaéd more closely in the ensuing section—
shows that the appearance of the c(2x2) LEED-pattern isatigie of the formation of close-packed
(0001)-layers perpendicular to the surface rather thaayark that belong to a bcc lattice. A similar
LEED study and strain analysis [98] and further experimémés pertain to (001)FeAl-substrates
[99] lead to the same conclusion. This applies as well to @osfon W(001) which also prove to
form a hcp (120)-structure [100].

One can summarize the experimental material by stating:

all depth sensitive diffraction techniques bear evidehe¢the observed c(2x2) pattern in LEED (or
RHEED) for close-packed (hcp- or fcc-) films on (001)-sudists are associated with an hcpZQ}-
structure of the films. The experimental diffraction data dafinitely not be explained by surface
reconstruction of a conceivable bcc or bct (001)-film.

5.4 XPD

Virtues and shortcomings of the XPD-technique have alré®ey discussed in Section 4.2. We wish
to highlight here on some aspects that also elucidate treegrd cons of this technique. As stated
in Section 4.2 the XPD results can also be explained by asguthe hexagondfl120) orientation.
Similar to the results for the fcc(110) orientation, oneents that the XPS rocking curves - measured
in the plane spanned by the surface normal of Nb(001) andith@] [direction - should also be
dominated by forward scattering in the close-packed haxalg®001)-layers. The close-packed
atomic chains line up along polar anglés= 0° and atf = 6(° (see Fig.4.27 and Fig.5.41). The
atomic plang1100), which is also scanned alofgl0np, has a close-packed atomic chain running
at a polar anglé = 0° and a less densely packed atomic rowd at 58.5° (see Fig.5.41d). The latter
row will cause the effective forward focusing to move fronf &6 a slightly smaller angle, so that
the resulting peak will lie between 8@&nd 60. This is exactly what XPD-measurements on our
samples yield and this is fully in accordance with resultdammward scattering in (140) oriented
hcp Co films [75]. Due to the epitaxial relation of the compgticc(110) orientation, the XPD
polar scans along the [110]-direction of the Nb(001)-stefavould for a fcc(110)-orientation yield
an effective peak that results from a superposition of thevdod focusing from the (111)-planes
(fig.5.41a) and the (2)-plane (fig.5.41b). Hence, an fcc-stacking would lead soiperposition of
the peaks af = 60° and6 = 67.8° which gives rise to an effective peak moved slightly towavthp
angles larger than 80However, as mentioned in the Section 4.2, the differene@b for a (1120)
oriented hcp or a (110) oriented fcc phase of the film is toollstnde detectable. As shown in
the previous subsections it is LEED and RHEED by means of wbite can clearly demonstrate,
that the stacking of the close-packed planes in the filmsxadw@nal (hcp or dhcp) which may be
generalized by stating that naturally stable fcc-materiaim a(1120) oriented hexagonal phase
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Figure 5.41:Cut through the atomic centers of two close-packed lattices
fcc-lattice: (a) along a (111)-plane, (b) along 4%)-plane
hcp-lattice: (c) along the (0001)-plane, (d) along th&0@)-plane.

when they are grown as films on a suitable cubic (001)-sulestfea transition metal.

5.5 UPS

UPS is not a crystal structure determination technique friomt ARUPS one can obtain informa-

tion about the k-dependence of the occupied part of thereldctstates of the ultraviolet-radiated

sample. By means of UPS one can determine the k-perioditityd precisely thé-periodicity)

of the valence band states (see section 2.2.3). The k-patiodf valence band states is related to
the film structure periodicity in real space. Hence one cderdene the film crystal structure by

studying the k-periodicity in the UPS emission. UPS-staidie Au films deposited on Nb(001) are
an example which will briefly be discussed in the next sulisectSince the band structure (the set
of k-dispersive electronic states) is strongly connected thihsymmetry of the respective crystal,
we shall also discuss UPS-emission from Pd-films depositedif001) and W(001) substrates.

Au films on Nb(001)

Au films deposited on Nb(001) at low temperatures (low as )5hOw a poor long-range order.
As a consequence RHEED, which requires long-range ordenotgrovide any information about
the short-range crystalline structure of the films. But ex¢echnique that does not depend on long-
range order, viz. XPD, could not give a decision about thetatiine phase of the film.

In a recent article [17] we presented an example of how QSBeapplied to determine the crys-
tal structure of thin films. We showed that pronounced QSE REUWrom thin Au films deposited
on Nb(100) occur only when the deposition is made at low teatpess, because only then the
films consists of a relatively well defined number of monolaye.e. are smoother. A thickness
fluctuation would lead to a superposition of the emissioniognfrom QWS originating in areas of
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different layer thickness and thus give rise to weak anduddfpeaks. Unfortunately, at low tem-
perature (e.g. 150 K) the long-range order of the frozen Atasa is quite poor and RHEED does
not provide any information about the film structure. XPD,iethrequires only short-range order,
also gives only incomplete information about the structnesmely that the close-packed hexagonal
layers lie perpendicular to the surface, but the stackindevad the Au films and, consequently, their
crystal structure lies outside its detection capabiliti€sus a different route had to be followed to
determine the stacking mode. We applied ARUPS to analyzeldotronic energy in the reciprocal
space, by comparing the bulk band structure obtained froatf-@snsistent DFT calculation includ-
ing spin-orbit interaction with analogous information aibed from ARUPS. We used an ARUPS
spectrometer (an electron energy analyser) to determenkitietic energy of the electrons relative
to the Fermi level. This energy difference gives the bindingrgy of the emitted electrons alas, not
for all k vectors, since in photo-electron emission only ifigplane momentum (R is conserved,
whereas the momentum normal to the surfacg) flemains unknown. It is exactly here where the
QSE of the film can be utilised as a momentum spectrometeh&ekectron momentum normal
to the film, because only their kvectors have to satisfy the boundary condition (i.e. nodethe
film-surfaces [14, 15, 16, 17]). This allowed us to deterntime full periodicity of the film states
in the k-space, and, subsequently, the film structure, wiicted out to be hexagonal close-packed
(hcp and/or dhep) and not natural fcc.

Pd films on W(001)

With ARUPS we measured the(lg )-dependence of a 15 ML thick Pd film deposited on W(001)
which in RHEED shows the centred pattern discussed in thdspaevious section. The measured
E(k)-dependence reveals a flat band situated just under thefeeergy. In [13] we compared the
measured | )-dependence with those calculated for a@)loriented hcp, fcc and dhep structure
of Pd. Only the bands calculated for the hcp and dhcp strestof Pd show good agreement with
the experiments, thereby giving support to our conjectiae the dhcp and hcp structure constitute
the origin of the centred RHEED-patterns.
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Figure 6.42:The unit cell of the hcp(120) atomic plane (panel (a)), the centred non-primitivé akthe
bcc(001) and fcc(001) atomic plane (panels b,c) and the-aitenic distances in the [0001} 1100 >,

< 110>pec, [100¢c and[0101 directions. &M = &’ is the nearest neighbour distance in the close-packed
material. For panel (c) we haveubstrate—= a. /2,

6 Films grown in the hcp, dhcp and bct phase modification by
epitaxy on (001) substrates.

6.1 Lattice misfit

The objective of the following considerations is to undanst the role of the geometric in-plane fit
of epitaxial film/substrate systems where the film grows byniag a hexagonal phase succeeding a
primary pseudomorphic bct phase.

How can one define an appropriate measure for the inevitalgt of the two lattices along the
common plane with the substrate surface? One should beanhthat the(1120) oriented hcp-film
grows with its stacking axis parallel to the (001) orienteldstrate surface. If one cuts an hcp-crystal
along the(1120) plane which contains the stacking axis, one recognizesisivdiatoms whose intra-
chain distance equatg'™\/3 (see Fig.4.27 and Fig.6.42). Haxf'™ denotes the nearest neighbor
distance in an hcp- or fcc-lattice. The chains are paratlehe [1100]-direction. Their distance
parallel to the [0001]-axis is equal to= a'™,/8/3, that is by~ 6% smaller than the intra-chain
distance. Because of the previously discussed epitaxtiaetathe orthogonal in-plane directions
[0001 and [110Q correlate with the directionfl10 and [110] of the bcc(001) substrate. In both
directions the substrate also displays chains of atomss&vin@tra-chain distance is equal in the
two directions and may temporarily be expressedafifs'3'8,/2 whereafibstratedenotes the bulk
bcc-lattice constant (see Fig.4.27 and Fig.6.42).

One is now in the position to introduce “linear misfits” alathgse directions by defining

film

ideal __ film, /3 . 3 8tce
ndeal — (ﬁ —1)-100%= (% e 1) -100%
film

) afim /8 g
nideal = (W{gﬁ —1]-100%= ( %ﬁ— 1) -100%

We have alternatively useni‘;gcm in place ofaf™ where the former quantity denotes just the fcc-

lattice constant which is identical with the side length laé wnit cube, that ig{." = afimy/2,
Clearly, if the substrate structure were fcc-type and waxldibit a (001)-surfacea,§‘étc’5”ate\/§ has
to be replaced bg$ibst"@€in the above equations (see also Fig.6.42).

The superscript “ideal” of the misfik has been introduced to indicate that the ratia= /8/3 ~
1.63 refers to an ideal hcp-lattice of which hcp Co-films provebe a very good example. The
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Table 6.6: Calculated lattice constants of the non-equilib bcc-phase of late transition metals
and noble metals. The calculation is based on the assuntp@abithe atomic volume is conserved
when the metals are forced into a non-equilibrium bcc-phd$es assumption is corroborated by
self-consistent ab-initio electronic structure caldalas on the respective metals. The total energy
minimum was always attained at the same atomic volume iects@ of the fixed fcc- or bece-lattice
symmetry. Clearly, the minimum value of the total energyighkr for the non-equilibrium phase.

metal Co Ni Cu Rh Pd Ag Ir Pt Au
avce/A | 2.817] 2.793]| 2.865| 3.015| 3.087| 3.246| 3.047| 3.111| 3.238

experimentat/a-ratio comes out close to@2. However, hcp-films whose natural lattice structure
is fcc have an slightly enlargezia-ratio of up to 167. This has already been discussed in Section 4.
As a result of the conservation of the atomic volume thedattionstant of the “unnatural” hcp-films
reduces by 7% and henca™™ has to be replaced by@23a!™. The above equations may now
be rewritten for the realistic misfits:

film Oggzaflcl;?
Aﬁ% g = (o gs%%ftirate\/_\/_ 1) -100%= (i . Wugﬂe —1)-100%

film. 0.9923 1"
A{ng)]] = (%Wlém - 1) 100%= (1 167, Wrr;e — 1) .100%.

If the film would grow not by forming an hcp-lattice but rathgy creating a (001)-oriented bcc-
lattice, the corresponding misfits were identical in botledions and simply given by

atf)llm
Apce = <agubstrate 1) -100%.

CC

If the film is naturally fcc-type but has been forced into a-bmadification, the above argument on
the conservation of atomic volume applies as well. The atormiume of an fcc-lattice containing 4
atoms per unit cube, is given laf?cc/4. The unit cube of a bcce-lattice comprises only 2 atoms so tha

one obtaingy,./2 for the atomic volume in this case. The lattice constanheflicc film phase was
calculated from the fcc lattice under the assumption thatiomic volume is conserved, that is by
setting ../2 = &../4. The resulting bcc lattice constants for late transiti@tats and noble metals

are given in table 6.6. Hence we haain' /agubstrate-p1/3=1 26, The above equation flg. may
hence alternatively be written

film film
a
Apce = (Lbcc — 1) -100%= (2% L_tee 1) -100%

substrat substrat
cc abcc

Clearly, Apcc vanishes ifa;!? agubstrate-1 26 indicating an ideal fit of the adsorbate onto the sub-

strate. If the substrate possesses fcc-structure one heplazeafulsiral] /2 py afubstrateas in the
analogous case above.
The quantitlesaﬁfgq,A{gggj] and the above misfit are plotted in Fig.6.43 as a function efrgtio
glilm /gsubstrate
Afee /Bpec :

In the following we shall analyze which of the two misfit, i&low misfit in the[lfoq-directiorlor
a low misfit along the stacking direction (J0001]), is morgoontant to the occurrence of the @Q)
oriented hexagonal phase.
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Figure 6.43: The relative discrepancy\] in percent of fcc-metals on bcc(001) if they grow in hc Q)
epitaxy. A is plotted along the two high symmetry directions discusaetie text: (a) along [100] (b) along
[0001]. The cases shown in the upper and lower panel ((I) Hhdréspectively) refer to c/a-ratios of 1.63
(theoretical value) and 1.67 (experimental value), retbgedg. The solid curve (c) pertains to the relative misfit
A for a bcc(001) orientation. The misfits are plotted as fumdtiof the rati@scc/apcc whereasec = a/ V2 and

a denotes the side length of the fcc-unit cube apgd stands for the side length of the primitive mesh of the
bcc(001)-surface.

6.2 Effect of the lattice misfit: Examples

In Tables 6.7, 6.8, 6.9, 6.10, 6.11, and 6.12 we have listgebegl systems of late transition and no-
ble metal films whose diffraction patterns can be assocwattdda , respectively, hcp (2D)-phase,
a dhcp phase (Tables 6.11, 6.12) or with a bcc (or bct) (00hke (Tables 6.7, 6.8, 6.9, 6.10).

It can be seen from these tables that pseudomorphic growthtfie growth of a bct (001)-phase)
occurs in all systems up to a critical coverage. Therealfterfitms transform either into a (20)
oriented hexagonal or (001) oriented fcc phase. When thétrofsthe hexagonal (120)-phase
in the [1100-direction is small, the pseudomorphic-growth persiststai2 monolayers (ML’s).
However, when the misfit of the hexagonal phase modificas@mall in the [0001]-direction the
pseudomorphic-growth range expands up to 10 or more ML'sat fieans, at a smaﬂ[ﬁoq the
hexagonal (120)-phase appears already after two pseudomorphic MLsreds, ifAjggog is small,
that phase forms only after some 10 pseudomorphic ML's. Tauwmod fit in thel1100-direction
favors a sooner appearance of the hexagonal phase rendegoagl fit in the [0001]-stacking direc-
tion less important.

This applies as well to the two epitaxial systems Cu/Nb(@0) Au/W(001) where the experimen-
tally estimated limits for the growth of the hexagonal Z0}-phase clearly demonstrate the crucial
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Table 6.7: Range of pseudomorphic growth (i.e. growth of &(001)-phase) of cobalt on bcc
(001)-substrates. The epitaxial systems are listed in tsieciolumn. The second column shows the
ratio p defined as the side length of the unit square of the fcc (00)siirface divided by the side
length of the unit square of the bcc (001)-substrate surfabe relative misfit of an assumed bcc
(001)-phase of the film with respect to the bcc (001)-subssarface is listed in the third column.
Lattice constants of the bcc-phase modifications are predem Tab.6.6. The misfits are calculated
as in Fig.6.43. The fourth column refers to the ratio c/a efttragonal pseudomorphic bct(001)
lattice. This ratio is calculated as explained in Sectidn &he fifth column pertains to the limits of
the observed pseudomorphic growth given in monolayers.

epitaxial system P bcc(001) ratio c/a pseudomorphic growth
film/substrate | &iim/asub DNpce of pseudomorphic bct up to
Co/W(001) 1.1233 | -10.8% 0.708 2 ML
Co/Cr(001) 1.2326 | -2.0% 0.942 3 ML
Co/Au(001) 1.2320 | -2.0% 0.942 4 ML
Co/Fe(001) 1.2319 | -2.0% 0.944 10 ML
Co/Fe(001) —- - |- —|-
ColstrFe(001) | 1.2582 | -0.0% 1.007 10 ML
Co/Pd(001) 1.2909 | +2.5% 1.074 30 ML
Co/Si(001) 1.3022 | +3.3% 1.116 10 ML
Co/Rh(001) 1.3114 | +4.3% 1.148 10 ML

bStrained Fe(001) buffer layers with an in-plane latticestant of 2.81A obtained by pseudomaorphical growth on
GaAs(001) or Ge(001) [97].

importance of a good fit in the100-direction rather than in the [0001]-stacking direction.

Hence, not surprisingly, Cu grows on Nb(001) already after pseudomorphic ML’s in the hcp-
phase despite a large misfit 6f9.4% in the [0001]-stacking direction, and this is because of a
smaller misfit of—6.0% in the[1100-direction.

Au on W(001) displays similarly large misfits but in a revetseder: the largest misfit{10.9%)
occurs in thg1100 direction and the smaller one-7.0%) in the [0001]-direction. Although these
misfits are similar in magnitude as for Cu on Nb(001), the Amgido not develop any hcp growth.
But since the Au-misfit in the crucigl100-direction is by a factor o&2 larger than the respective
Cu-misfit, there is no hcp-growth, corroborating the aboueieical rule extracted from the tabulated
material on the epitaxial systems.



6.2 Effect of the lattice misfit: Examples 61

Table 6.8: Continuation of Table 6.7. The second columnntsgbe techniques by means of which
the pseudomorphic-growth has been observed. The respactiliors are quoted. The last column
lists the crystal phases of the film beyond the pseudomomggiene. Details on these phases are
presented in Tables (6.11) and (6.12).

epitaxial system pseudomorphic growth film phase
film/substrate determined by after pseudomorphit
Co/W(001) RHEED [10, 11}, LEED [88, 60, 81] hcp [10, 11§
Co/Cr(001) RHEED, XRD [90] hcp [90, 91, 92, 89]
Co/Au(001) HREM [83] hcp [82, 83]
Co/Fe(001) RHEED [101], PDMEE [75, 93] hcp [101, 75, 102, 98]
Co/Fe(001) AED [103], XPD [94], LEED [98]-IV [98] |-
Co/GaAs(001) XPD [104], RHEED [95] hcp [104, 96, 95]
ColstrFe(001) LEED [97]-IV [97]9 hcp [97F
Co/Pd(001) XPD [105] —
Co/Si(001) XPD [106] -
Co/Rh(001) LEED [107] -

CList of abbreviations:

RHEED (reflection high energy diffraction (pattern)),
LEED (low energy electron diffraction (pattern)),

dExperimental data obtained in the current work.

®More

LEED-IV (spot intensity (1) versus primary electron en- subsection.
fStrained Fe(001) buffer layers with a in-plane lattice

| ) ) ~constant of 2.81 obtained by pseudomorphic growth on
HREM ((atomic-resolved) high resolution electron mi- GaAs(001) or Ge(001) [97].

9Details are presented in the next sections.

ergy (potential)),
XRD (X-ray diffraction),

croscopy),

PDMEE (primary-beam diffraction modulated electron

emission),

AED (Auger electron diffraction),

details on

the growth beyond the
pseudomorphic-regime are reported in the ensuing

XPD (X-ray photo-electron diffraction),

STM (scanning tunneling microscopy with atomic reso-
lution),

XANES (X-ray absorption near-edge structure),

EXAFS (extended X-ray-absorption fine structure),
FEM (field emission microscopy).
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Table 6.9: The same as in Table 6.7 (range of pseudomorpbvetig), but now for the remaining
late transition metals and for the noble metals.

epitaxial system P bcc(001) ratio c/a pseudomorphic growth
film/substrate | &im /asub Dpec of pseudomorphic bct up to
Ni/W(001) 1.1139 | -11.5% 0.690 1ML
Ni/Ag(001) 1.2265 -2.6% 0.911 4 ML
Ni/Au(001) 1.2265 -2.6% 0.912 4 ML
Ni/Fe(001) 1.2265 | -2.6% 0.921 4 ML
Cu/Nb(001) 1.0939 | -13.0% 0.654 2 ML
Cu/W(001) 1.1424 | -9.3% 0.745 2 ML
Cu/V(001) 1.1668 | -5.4% 0.845 2 ML
Cu/Ag(001) 1.2482 | -0.8% 0.974 8 ML
Cu/Au(001) 1.2534 | -0.4% 0.984 10 ML
Cu/Fe(001) 1.2578 | -0.1% 0.994 9 ML
Cu/Pt(001) 1.3032 | +3.4% 1.106 10 ML
Cu/Pd(001) 1.3128 | +4.2% 1.130 10 ML
Rh/Nb(001) 1.1515 | -8.5% 0.763 2 ML
Rh/Fe(001) 1.3224 | +5.0% 1.159 3 ML
Pd/Nb(001) 1.1787 | -6.4% 0.818 2 ML
Pd/W(001) 1.2310 | -2.2% 0.932 2 ML
Ag/Nb(001) 1.2394 | -1.6% 0.952 2 ML
Ag/W(001) 1.2310 | +2.7% 1.083 4 ML
Ag/V(001) 1.349 | +7.1% 1.230 10 ML
Pt/W(001) 1.240 | -1.5% 0.954 2 ML
Au/Nb(001) 1.2364 | -1.8% 0.945 2 ML
Au/W(001) 1.2911 | +2.5% 1.075 10 ML
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Table 6.10: Continuation of the previous Table 6.9

<)

epitaxial system pseudomorphic growth film phase
film/substrate determined by after pseudomorphi
Ni/W(001) LEED [108],FEM [109] hcp,dhcp [78]
Ni/Ag(001) HREM [83] dhcp [83, 9, 77]
Ni/Au(001) RHEED [72], HREM [83] hcp/dhep [72, 9, 83]
Ni/Fe(001) LEED [71]-IV [71], RHEED [110, 111, 72] hcp [9]"
Cu/Nb(001) RHEED hep’
Cu/W(001) RHEED [10, 112}, LEED [64, 88] hcp [10, 112, 100]
Cu/V(001) LEED [113] -
Cu/Ag(001) STM [114], RHEED [115], LEED [116]-1V [116] bce [77]
Cu/Ag(001) XPD [117], XANES, EXAFS [118] —|-
Cu/Au(001) STM [119, 120] -
Cu/Fe(001) RHEED [115, 72, 121], LEED [122] hcp [9]
Cu/Pt(001) STM [144] -
Cu/Pd(001) LEED [123, 3]-IV [123], STM [3] fcc [123, 3]
Rh/Nb(001) RHEED" hcp/dhep”
Rh/Fe(001) XRD [124] fct [124]
Pd/Nb(001) RHEED [12, 13] hcp/dhep [12, 13]
Pd/W(001) RHEED [10, 11], LEED [67] hcp/dhep [10, 11
Ag/Nb(001) RHEED [19]' hcp [19]
Ag/W(001) LEED [63] fcc [63]
Ag/V(001) LEED [125, 126] -
Pt/W(001) LEED [127] -
Au/Nb(001) RHEED [19] hep [17, 197
Au/W(001) RHEED [5] fcc [5]"

hExperimental data obtained in the current work.
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Table 6.11: Epitaxial systems that develop subsequenteé@seudomorphic-regime and whose
diffraction patterns conform to the identification of therfistucture of the deposited late transition
metals as hcp or dhep (2@)-phases. The rati@] is defined as in Table 6.7 and listed in the second
column. The following two columns report the relative misfk (in percent) of the (120)-films
along the [100]-direction and along the [0001]-direction with repexthe substrate surface. The
misfits are calculated as in Fig.6.43. The hcp ratio c/a wasahto be 1.67, only for Co-films a ratio
of 1.63 appeared to be more appropriate. The fifth colummrgdethe respective film structures
with (1120)-surfaces that conform to the LEED and RHEED (true) réfleqgattern obtained from
films with atomically smooth surfaces.

epitaxial system p hcp(1120) LEED/
film/substrate | &im/asub Aniog | Ajooos RHEED
Co/W(001) 1.1233 | -2.7% | -9.0% | hcp [10, 11, 81, 88, 60]
Co/Mo(001) 1.1268 | -2.6% | -8.9% -
Co/Cr(001) 1.2326 | +6.7%| -0.1% hcp [90]
Co/Au(001) 1.2320 | +6.7%| -0.1% -
Co/Fe(001) 1.2319 | +6.6% | 0.0% hcp [98]
Co/GaAs(001) | 1.2506 | +8.3% | +1.9% -
ColstrFe(003) | 1.2582 | +8.9%| +2.5% hcp [97F
Ni/W(001) 1.1139 | -4.2% | -7.7% -
Ni/Ag(001) 1.2266 | +5.3%| +1.6% hcp [111]
Ni/Au(001) 1.2265 | +5.3% | +1.6% -
Ni/Fe(001) 1.2264 | +5.3% | +1.6% hcp [71, 110, 111]
Cu/Nb(001) 1.0939 | -6.0% | -9.4% -
Cu/W(001) 1.1424 | -1.8% | -5.3% | hcp[10, 112, 100, 88]
Cu/Fe(001) 1.2534 | +8.0% | +4.2% hcp [115]
Rh/Nb(001) 1.1515 | -1.0% | -4.5% —
Rh/W(001) 1.2025 | +3.3% | -0.3% -
Rh/Mo(001) 1.2063 | +3.6% | -0.0% -
Pd/Nb(001) 1.1787 | +1.3%| -2.3% | hcp,dhcp[12, 13, 19]
Pd/W(001) 1.2310 | +5.7%| +2.0%| hcp,dhcp [67, 10, 11]
Pd/Mo(001) 1.2349 | +6.1% | +2.3% -
Ag/Nb(001) 1.2394 | +6.5%| +2.6% hcp [19]
Ir/W(001) 1.2152 | +4.4% +0.6% -
Ir/Mo(001) 1.2190 | +4.7%| +1.0% -
Pt/W(001) 1.2405 | +6.6% | +2.7% -
Pt/Mo(001) 1.2444 | +6.9% | +3.1% -
Au/Nb(001) 1.2364 | +6.2%| +2.4% hcp,dhep [17]

iDiffraction pattern obtained in the current work.

IStrained Fe(001) buffer layers with a in-plane lattice ¢ansof 2.81A obtained by pseudomorphic growth on
GaAs(001) or Ge(001) [97].
KDetails are given in the next sections.
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Table 6.12: Continuation of Table 6.11. Identification af fost-pseudomorphic growth as yielding
hcp or dhep (120)-films : scrutinizing consistency of the results obtdifrem various diffraction
techniques, i.e. transmission RHEED, TED and other methbks second, third and fourth column

refer to the respective technique that led to the listeccsire identification.

epitaxial system RHEED from other
film/substrate transmission TED techniques
Co/W(001) hcp [10, 11] - -
Co/Mo(001) hcp [89] - hcp (XRD [89])
Co/Cr(001) hcp [92, 89] - hcp (XRD [90, 91]
Co/Au(001) hcp [82] hcp [83] hcp (XRD [82], HREM [83])
Co/Fe(001) hcp [102] - hcp (XRD [101], PDMEE [75])
Co/GaAs(001) hcp [95] hcp [96, 95] -
Col/strFe(001Y — - hcp (LEED-IV [97]")
Ni/W(001) - hcp,dhcp [78] -
Ni/Ag(001) - hcp,dhcp [83, 77] dhcp (HREM [83])
Ni/Au(001) hcp,dhcp [72] hcp/dhcp [83] dhcp (HREM [83])
Ni/Fe(001) hcp [72] - hcp,dhcp (XRD [128])
Cu/Nb(001) hep [9, 19] — -
Cu/W(001) hcp [10] hcp [78] hcp (LEED-IV [100])
Cu/Fe(001) hcp [72] - -
Rh/Nb(001) hcp,dhcp - -
Rh/W(001) - hcp,dhcp [79] -
Rh/Mo(001) - hcp,dhcp [79] -
Pd/Nb(001) hcp,dhep [12, 13] - -
Pd/W(001) hcp,dhep [10, 11]|  hep,dhep [79] -
Pd/Mo(001) - hcp,dhcp [79] -
Ag/Nb(001) hep [9, 19] - -

Ir/W(001) - hcp,dhcp [79] -
Ir/Mo(001) - hcp,dhcp [79] -
Pt/W(001) - hcp,dhcp [79] -
Pt/Mo(001) - hcp.dhep [79] -
Au/Nb(001) hep [17] — -

'Experimental data obtained in the current work.

MStrained Fe(001) buffer layers with a in-plane lattice ¢ansof 2.81A obtained by pseudomorphic growth on

GaAs(001) or Ge(001) [97].
NDetails are given in the next sections.
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7 Stability of the hexagonal close-packed phase modificatio
Epitaxy in the light of the crystal phase transformation.

Except manganese metal, which is conspicuous by a more eanhgtice, all elemental metals
possess a close-packed (fcc, hcp or dhep) or body centebéd (tec) crystal structure. A distinct
property of these lattices is that every atom lies in a holkite of the next atomic plane. The
predominance of close-packed (fcc- or hcp-) structuregesig that these lattices come about by
minimization of the total energy of the respective systeat #eems to lack directional bonds and
whose atoms behave like elastic spheres attracting eaehtbtiough two-body forces. But the fact
that an fcc-metal grows by exactly maintaining an ABCAB@e&ing clearly proves that there is
also a directional portion in the interatomic bonding otfise the metal would switch at random
from fcc-stacking to hep-stacking. In the case of bec-nsatddich are not close-packed the presence
of directional bonds is even more obvious. But despite tingditions of an overly simplified model
of interatomic bonds in metals, one can understand quiteiatyaf stability-related phenomena of
metal/metal epitaxy by simply resorting to the “hollowesmhodel” based on the above observation.

7.1 The pseudomorphic bct (001)-phase in transition to hexponal close-
packed structures.

In the preceding section we have compiled the experimewid¢ace for this particular phenomenon:
when the film starts building a hqii120)-oriented lattice, a small misfit in the 100]-direction is

more important than a good fit in the stacking direction [JO0d addition, it can be seen from the
figures and the tables on the epitaxial systems investight¢édhere is a correlation between small
misfits in the [1L00]-direction and values c¢fdl of the pseudomorphic-film in its forced bct (001)-
phase. Conversely, &f17q is large butAogog small, one has ctal. We shall demonstrate that the

tetragonal ratio c/a is of absolutely crucial importancéhi® appearance of the (iCL) oriented hcp
modification.

At the first stage of epitaxial growth the hollow sites for tiitems of the first adsorbate ML are the
hollow sites of the substrate surface. If the adsorbatstsate bond outweighs the interatomic bond
strength in the first adlayer the latter is forced into thddwlsites of the substrate surface which
causes the build-up of a pseudomorphic ML. If the bond is@efiitly strong a second pseudomor-
phic ML develops. This situation prevails with metals defeason open (001)-oriented surfaces as
in the case of Pd on Nb(001).

The strong bond of Pd to Nb(001) causes a growth of two pseadamnt ML's of Pd. The strength
of the Pd/Nb-interaction outweighs the energy cost for theessary in-plane stretch of the two
Pd-ML's to achieve a pseudomorphic fit. As the Pd metal teadhserve its atomic volume, the
second Pd-layer is shifted toward the substrate, theretoyifig a bct (001)-film with a tetragonal
ratio of c/a=0.82.

The geometric consequences of this tetragonal distortienllastrated in Fig.7.44, Fig.7.45 and
Fig.7.46. Where the substrate first ceases to directly inflei¢he film growth, namely perpendicular
to the surface, the adsorbate starts building its natucslecpacked hexagonal atomic planes, still
controlled by in-plane-pseudomorphism. Clearly, the alleanergy balance favors this departure
from pure pseudomorphic growth. That means: perpenditoliwe surface the pieces of rectangular
bct(110) planes transform into pieces of close-packeddmna planes. These hexagonal planes
will be called 'hexagons’ in the following. As the pseudomloic growth continues, it is strongly
influenced by the appearance of these hexagons becauséhtireyecthe distribution of the hollow-
sites in the direction out-of-plane. For a bce (110)-pldreettollow-sites are adjacent to 4 atoms (see
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47001]
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fcc-lattice: l :

contraction

Figure 7.44: Two units of the fcc-lattice. The body-centred tetragonit aell of the fcc-lattice is drawn

in heavy dashed lines. The arrow indicates the directionoofraction that occurs on stretching the lattice
parallel to the (001)-substrate surface. This contragixansion correlation is governed by the tendency of
the lattice to retain the atomic volume of its natural phase.

panel (a) of Fig.7.46) whereas the hollow sites of the b&)Ilane with c/a=0.82tlie hexagons,
see panel (b) of Fig.7.46) move into the middle of equildterangles (see panel (c) of Fig.7.46).
As a consequence, the bct (110)-planes with c/a=0.82 (tkeegoas) have to shift from the four-fold
sites of the nearest bcc(110)-planes (see panel (b) of .BE&).7o the three-fold hollow sites of the
hexagons (see panel (c) of Fig.7.46). Mishin et al. [129Fd®monstrated by atomist@l{— initio)
simulations using an embedded-atom method potential (EAvd molecular dynamic calculations
that this relative displacements of bct(110)-sublattiogle [110 ¢ direction parallel to the substrate
cannot energetically be counteracted by the substratee @echexagons appear they start shifting
automatically to the three-fold hollow sites of the nearestagons.

There are two possible ways of sharing the hollow sites ofalheady existing hexagons by the
following hexagons (see Fig.7.46). One can either shifthteeagons into hcp- or fcc-positions
connected with ABAB... and ABCABC... stacking, respediivel he shifts required for the latter
case are not only larger, but, moreover, fcc-stacking wdce more atoms of the hexagons into
unfavorable sites of the underlying atomic layer (i.e. intmlge and on-top positions). Hence, the
film keeps growing by hcp-stacking, and this is exactly wkatanfirmed by the observed centered
reflection and transmission patterns.

As can be concluded from the above considerations, the tamtocriterion for hcp-growth to occur
on top of the pseudomorphic bct (001)-layers does not cbinsiequiring the c/a-ratio to be close to
0.82 but rather that this ratio has to be generally smalkan tinity. The bct-phase constitutes a lattice
of lower symmetry and is therefore unstable with respechtnges that increase the symmetry. As
already stated above, films of bct-structure relax in thedion of the surface normal where the
influence of the substrate quickly weakens. That meanstibdidt (110)-planes relax into the close-
packed hexagonal planes which are the most stable plané&ssefgacked materials. The relaxation
into the close-packed phase can easily be achieved byrghifte hexagons shown in Fig.(7.46) into
the three-fold hollow sites which, however, are availabily@fter completion of the 3rd ML. This
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Figure 7.45: Body centered unit cells for various c/a-ratios

a) Body-centered tetragonal cell of the fcc-lattice (a/23

b) Body-centered lattice (c/a=1).

c) Body-centered tetragonal cell (c/g2/3 ~ 0.82)

By compressing the lattice along the [001]-direction atstant atomic volume the fcc (100)-plane (panel (d))
transforms into the bce(110)-plane (e), and into perfextaigens (f) for c/a/2/3 (i.e. into the close-packed
hexagonal (0001)-plane which is equivalent to the fcc(4dahe).

explains why for c/a1 only two pseudomorphic-MLs are stable. (See the correfipgnrable of
the last section).

7.2 Experimental data on the stability of films grown in a(1120) oriented hcp
phase modification

The occurrence of non-fcc stacking in our epitaxial systeegsns to be most plausibly explained by
the improved lattice fit gained by a hexagonal (hcp,dhckstg in forming the close-packed planes
of the adsorbate on top of the (001) oriented substrate apa@u to what would result from an fcc
stacking. Conventionally, the analysis of epitaxial grovg based on discussing the quality of the
geometrical fit of the two lattices that are involved. Theeiptay between pseudomorphic-growth
and geometrical fit reflects, of course, the tendency of tepea®tive system to minimize its total
energy. But there are certain cases where that minimumnsapity inaccesible, which means, its
access would require a considerable activation energycédtire primarily formed non-equilibrium
phase is thermodynamically hindered and persists even
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Figure 7.46: Transforming the bcc (110)-planes into hcp (0001)-plafié® shifts of the bct (110)-plane (B)
from bridge to hollow sites are indicated by arrows. In orbetransform bcc into hcp an internal shift along
[110] is required moving every second layer into hcp-pos#i@ranel (b,c)). In addition, one needs a uniform
strain (contraction at constant atomic volume) along [0®fkich leads to perfect hexagons (see fig.7.45a,b).
Any close-packed structure arises from a particular stachkif these hexagonal lattice planes. At each step
of the stacking the atoms of a given plane have to placed ab@mrgular interstitials of the plane below
the positions of which will further be referred to as trialegihollow sites. This rule defines three possible
stacking positions, commonly denoted A, B, and C.

a,b) The bct stacking sequence (ABAB...) of bct (110)-ptan€or c/acl atoms begin to overlap. As a
consequence, the hexagons slide into hollow sites of taegies formed by the three nearest neighbor atoms
of a hexagon (see panel (c)). Sliding into hcp-positionggadbviously shorter shifts which constitutes one
strong reason of preference. In addition, the alternati sf film-atoms into fcc-positions (fcc-stacking)
places many of them near energetically unfavorable on#tddadge-sites of the underlying substrate-surface
(square-mesh), thereby preventing the growth of the nidizoaohase (see also Fig.4.27).
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e when the film is annealed or

e when the epitaxial growth control of the substrate on the fddes off (as with top layers of
thick films) or even

¢ the respective film is stripped-off the the substrate, thyeremoving any interaction with the
originally phase inducing source.

In the following we have compiled some experimental facts trear evidence of the actual occur-
rence of these cases, where filmsrat convert into their natural fcc-stacking once their forroati
started in the hcp-stacking mode. .

In some cases (as for Cu films deposited on Nb(001)) the h2pjlfilms eventually convert into
the natural fcc-structure of the bulk, but this does not ca@eut in that the close-packed planes
switch from their hcp-stacking growth mode to fcc-stackimigereby a (120) oriented hcp film
would transform into the (110) oriented fcc structure. Ituatfact the phase transition proves to be
more complex involving a tetragonal distortion that pr@sa link in building up the (001) oriented
fcc structure by forming an intermediate bcc(001) phase.

At this point it should be recalled that the close-packecetaygrow perpendicular to the plane of
the film. Obviously the build-up of the native fcc phase antsua shifting the hexagons in a fcc-
stacking mode associated with a (110) oriented fcc stractsee Fig.7.46). In other words, one
would expect a displacive transformation. Surprisingis is not observed. The experimental data
provide unambiguous evidence that there is something inveyeof this transformation. To find a
rationale for this unexpected phenomenon we first discuss ndppens when adjacent close-packed
planes are shifted relative to each other. It is instrudiivetart with a glance at the following list
which reviews the mentioned data on the stability of the geral phase modification in films grown
on (001) oriented cubic substrates.

1. Facts illustrating the thickness limit of non-equiliom hcp-films grown on (001) oriented
substrates

(a) RHEED-transmission images of Ag and Au films depositedNb(001) and having a
thickness of 100 ML still display the hcp-transmission eattwithout any fcc-related
traces [19]. Similarly, TED-experiments on Ni, Rh, Pd, ld&?t films of about 50 ML
thickness grown on W(001) and Mo(001) by Bruce and Jaegef7B]9ield patterns that
can only be associated with (2Q) oriented hcp-structure.

(b) Ni films on Fe(001) grow evidently in a hcp-stacking mogeta thicknesses of 200
MLs. By contrast, Ni on Au(001) developg &120)-oriented dhcp-structure that appears
already at 5 MLs and persists up 100 MLs [9].

(c) Asis evidenced by RHEED- and XPD-studies, Cu films of 1A0thickness deposited
on Nb(001) display a (001) oriented fcc structure, rathantthe expected fcc (110)
orientation. This applies as well to similarly thick Pd filgiown on Nb(001). However,
different from the results on the Cu films the respective RBHtattern contains also
portions of rings embedded in a high background intensiggsesting the partial presence
of polycrystalline structure.

2. Influence of annealing on the stability of the non-equilitn hcp-phase:

(@) The non-equilibrium hcp-structure of Cu and Ag films is afbected by annealing.

(b) Annealing Pd-films thicker than 6 MLs to temperatureshkigthan 400K induces a
change of the crystal structure from hcp to dhcp without angkeof the film orienta-
tion. More precisely, the film converts from(4120)-oriented hcp structure thd 120)-
oriented dhcp structure. In Pd- films of a thickness equal tamer than 20 MLs the
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dhcp phase was also observed when they were grown at 300KImai show a simi-
lar effect, but because of the high background in the RHEEBges the experimental
evidence is sizably impaired.

(c) TED-studies support the absence of a hcp-dhcp phaseyebaer in films of Ni, Rh,
Pd, Ir and Pt deposited on W(001) and Mo(001) at any aneatimgpérature. The hcp-
associated transmission patterns clearly persist in filese

3. Ni, Rh, Pd, Ir and Pt-films retain the(illEO)-oriented hcp structure when they are stripped off
the substrate. This is also evidenced by TED-studies.

In order to gain access to the thermodynamical barrier ptevgthe mentioned systems from leav-
ing their non-equilibrium state, we shall analyse the igtiions of the film morphology, in partic-
ular the special epitaxial relation that controls the (id@0)—fcc(110) phase transformation path.
We shall demonstrate that the persistence of th¢ 11&0) structure is tied to the special epitaxial
growth of the films in two orthogonal rectangular domainsahhis connected with the four-fold
symmetry of the (001) oriented substrate. These two orthalgdomains lock the respective film to
the hcg1120) structure due to a high-energy barrier in the reaction patheohcg1120)—fcc(110)
transformation. The occurrence of this transformationidolestroy that domain-topology. To show
this we shall first focus on the variation of the total enerdyew a hexagonal close-packed layer
slides across the adjacent layers in a close-packed metal.
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7.3 Sliding a close-packed atomic layer across an adjacemtyer to change the
stacking sequence

Hexagonal atomic layers can stack in two modes because tifeétibree-fold hollow sites of the ad-
jacent hexagonal layers. One mode is specific to the fcc phlaish consists of an ABCABC...array
of close-packed layers A, B and C stacked on top of each dshend C with smallest, but different
relative in-plane translations with respect to the A-layiére alternative ABAB...stacking is specific
to the hcp phase (see e.g. Fig.1.2). Other stacking seguiane@ecessarily a combination of these
two stacking modes. Consequently, if one wants to changstélo&ing sequence one has to displace
hexagonal close-packed layers e.g. in th211 > ([1100) direction from the three-fold hollow
sites to the “wrong” three-fold hollow site characteristicthe other stacking sequence. This shift
can be done in two ways. One can either shift the atoms of &-qasked layer across a “bridge”
position in the (adjacent) layer (see Fig. 7.47a,b,c )] e;facross an “on-top” position of that layer
(Fig. 7.479g,h,i,j,k,). In the latter case a large atomiem&p occurs compared to the first choice
(compare e.g. Fig. 7.47h,k with Fig. 7.47b,e,). It is therefto be expected that a displacement
requiring the crossing of an on-top position would be accanmd by a considerably larger increase
of the total energy than a shift across a bridge position. latier situation is depicted in panel (b)
of Fig. 7.48. In the following we attempt to obtain an estienat the relative strength of these two
energy barriers.

Obviously, when the close-packed planes lie in the holldessof the adjacent atomic planes the
total energy of the system attains its minimum. When the atohall close-packed planes coincide
with bridge (bonding) positions of the adjacent layers #itide possesses a bct symmetry with a
tetragonal ratio of ta~ 0.82. This bct-structure is tenfold coordinated and is alsowkmas the
bcty lattice [130]. In the following we shall call this structutke bcig lattice. The position of
the close-packed planes in the fapcdtructure (Fig.7.47b,e) is also known as the 'non-stalalekstig
sequence’. The stacking sequence is ABAB... as in the haptste, but the positions of the atoms
are not the three-fold hollow sites of the hexagons but tlergatically higher bridge positions of
the next hexagon. The lattice tends to reduce its energy iftynghthe close-packed planes from
the bct-position (Fig.7.47b,e) into the three-fold hollsites of the hexagons (Fig.7.47c,f). Sob and
coworkers have shown this by DFT-calculations performedrémsition and noble metals [131, 132,
133]. The total energy of the non-stable bct stacking moderitate transition and noble metals
quite close to that of the bcc-phase. The total energy oftttiatvas recently compiled by Mehl and
Papaconstantopolous [130].

Clearly, a stacking mode where the atoms of consecutiveqasked planes lie in 'on-top’ posi-
tions of the next hexagons yields also an unstable stacKingyers. In this case the lattice has
a simple hexagonal symmetry. Each close-packed planedkestalirectly on-top of the adjacent
layer (yielding, for example, AAA... stacking). Resultstofal energy calculations on the simple
hexagonal phase are not available as yet, but there are sothe simple cubic phase. Wang and
Sob calculated the total energy of the simple cubic phasedpper and for transition metals [131].
They found the total energy difference between the simpbeccphase and the fcc-phase to be at
least 12 times larger than the difference that results isth®ple cubic phase is replaced by the bct
phase with c/a=0.82 (bgj). In the simple cubic phase the atoms of a layer lie on-tofhefatoms

of the adjacent layer, exactly as the atoms in the simpledenal phase. One can therefore expect
the analogous energy difference between the simple-heshgsh-)phase and the fcc-phase to be
also about 12 times larger than the difference obtained glacig the sh-phase by thet; o-phase.
Hence, the energy barrier to overcome in changing the stgadequence by a shift of close-packed
planes into 'on-top’ rather than into bridge positions wibrrespondingly be about 12-times higher.
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Figure 7.47: Two ways of sliding close-packed planes from a three-foltiolosite to another equivalent
site. We depict two close-packed planes ((111) and (000parsels a,b,c,g,h,i) and the corresponding atoms
in the (1220) planes (d,e,f,j,k,I). The (2D) plane lies perpendicular to the close-packed planes.htbked
arrows indicate the place of the @Q) cut through the close-packed planes. Due to the sixdghdmetry of

the close-packed planes there are two possibilities, ccali@cking positions, to occupy its three fold hollow
sites by atoms of an adjacent close-packed plane. Theravarnedys of moving the adjacent plane from one
stacking position to the other one.

One way (a,b,c,d,e,f) consists in moving the close-packaues over a distance ¢1/3)ay/3 in the< 211>
direction. The initial stacking sequence is (a)(b). Theldtay sequence changes from (a)(b) (panels a,d)
to (a)(c) (panels (c,f) where a bridge position is passe¢s) (panels b,e). In that position the interatomic
distances are smallest along this path. There (b,e) thetsteus bct. Hence, in changing the stacking sequence
that way the interface goes through a bct-array associatbhdavtetragonal ratio of c/a=0.82.

g,h,i,j,k,l) The stacking position can also be changed bwifi that is two times larger (i.e. by a shift of
(2/3)ay/3). Here the stacking sequence changes from (a)(b) (pafjet® gc)(a) (panels i,l), and one goes
across an on-top position (a)(a) (panels h,k) where thesat@wve the smallest nearest-neighbour distance and
the crystal structure is simple-hexagonal.
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Figure 7.48:a) Sketch of two paths of changing the position of the atonkewain black from a three-fold
hollow site to an equivalent site. The path across the orptsition is marked by a left arrow, the other path
across the bridge position by a right arrow.

b) Associated energy barriers. As the atom shifts to anqtbsition the energy rises and attains its maximum
when the atom passes the on-top or bridge position wheretbemtomic overlaps are largest. Because the
on-top position and the bridge position belong, repegtivel a simple hexagonal lattice (sh) anddattice,

the increase of the total energy in going from fcc to sh andhffoc to bcig will definitely correlate with
the energy barriers governing the stability of the non-#apiiim hcp-structures of metallic films. Tests and
discussions of this interrelation are given in the text.
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7.4 Models of changing the stacking sequence.

In a recent article we have elucidated how the stability dk ibransition metals can be predicted
by merely exploiting electronic structure information [2RJsing Rh as an example, we found that
the bcc crystal phase of bulk transition metals with natoe dtructure is unstable, whereas their
hcp or dhcp phase modification is meta-stable. One is hemc®leonclude that there exists at
least one bcc to fcc phase transition path with a very lowgnbarrier. This is contrasted by all
conceivable hcp to fcc transition paths that definitely aoné notable energy barrier preventing the
system in its build-up of layers from switching the stackmgde such that it could change from
a non-equilibrium hcp-structure to an equilibrium fcctilz. Still, the activation energy connected
with this barrier could be low enough to allow a hcp-fcc titina even below room temperature. In
the following we shall try to find estimates of these energyibes.

7.4.1 Transition from hcp- to the dhcp-stacking

A distinctive feature of hcp-to-fcc phase transitions iattthis change of structure only requires a
shift of one of four close-packed layers in tH400 direction along a distance of$ (ay/3) /3 and
only across bridge positions. This transformation pathciWwhve shall label “path-4” is referred to
in the panels I,m of Fig. 7.49. The energy-barrier that appakong this transformation path is half
the difference between the energy of the bct-phase wheagaatis lie in bridge position of adjacent
layers (thebctg structure) and the the respective energy of the hcp-steicilhe total energy per
atom in the hcp-phase of transition metals and noble mdtalgld be only slightly higher compared
to the respective energy in the fcc-phase as the two lattiifes only in the stacking of their close-
packed atomic planes. (We mention only in passing that aligges discussed here and in the ensuing
considerations are referenced to a representative atane ohaterial under study, except mentioned
otherwise.)

Summarizing the above consideration we arrive at:

EFSP9P— 2 (Epeyy — Encp) = 5 (Ebcto — Etcc). (7.1
In order to estimate the transition temperatlireve apply the standard approximation also used,
for example, by Wentzcovitch and Krakauer [134], which gstssin simply equating the energy-
barrier tokg T wherekg denotes the Boltzmann constant. Unfortunately, this tti@nstemperature

is occasionally also referred to as 'activation energy4[[1l&f the phase transition. These "activation
energies’ and the associated energy barriers for all nolgials and their transition metal neighbors
are listed in the sixth and seventh column of table 7.13.

7.4.2 Transition from hcp- to fcc-stacking

As we have mentioned just a few sentences earlier, the hddcarstructure differ only in different
stackings of close-packed planes. It is hence obvious Heatrainsition path with lowest energy
barrier from hcp to fcc will be such that the close-packethetaare conserved and it takes only
a small relative in-plane shift to change the stacking frasp-ho fcc-type. The difference in the
stacking becomes particularly well visible in the 2D} plane (see Fig.1.2,4.27) where hcp-stacking
shows up as a zig-zag array of nearest-neighbor atoms. Byastnthe distinctive feature of fcc-
stacking is dramatically reflected in the linear array ofrasaneighbor atoms in the fcc(110)-plane.
Hence, in a hcp-fece transition the zig-zag pattern will eventually fadeoiatlinear array. There are
three possibilities to make this occur which is illustraiteganels (a) to (k) of Fig.7.49.
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Figure 7.49:Change of the stacking sequence in going from hcp to fcc (pdagto (k)) and from hcp to
dhcp (I,m) by shifts of close-packed planes. The images shewl1120) atomic planes with respect to which
the close-packed planes lie perpendicular. To depict tpephase (a,e,i,l) we have chosen the c-positions to
be unoccupied. The nearest-neighbour (nn) atoms form aagjcarray. If one shifts close-packed planes as
illustrated in the panels one obtains for dhcp a partial anéct a complete linear array of nn atoms. Note that
for hcp—fcc transitions packets of close-packed planes have toiftedshin the case of fcc-stacking (d,h,k)
the a,b,c stacking positions are consecutively occupied.

Panel (n) refers to the predicted energy barriers along kb&lsed transformation paths. On interfaces of
close-packed planes where the planes slide on top of eaclaalistance of2/3)ay/3, the atoms shift across
on-top positions (see Figs. 7.47, 7.48). Panel (j) depisituation where the atoms of adjacent close-packed
planes lie on on-top positions. In those cases, which apgdeag the paths a-d and i-k, the resulting energy
barriers are much higher than along the paths e-h and |-mendigfts across on-top positions do not appear.
Path a-d refers to the case where atoms are shifted acrasg @ositions in every second interface, which
gives rise to a high energy barrier. The paths e-h and e-mt@#n analogous shift where the atoms move in
every second interface across bridge positions. Hencesaiated energy barrier is significantly lower. Path
i-k describes a situation where the atoms of every two of i@rfaces shift across atomic bridge positions,
whereas those in one of six interfaces move across on-tafiqnss the latter giving rise to an increase of the
energy barrier compared to the barrier along the path e-h.
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In the (1220) plane of the hcp-structure one observes that the hciistpleads to a ’linear’ array
only over a distance of two nearest-neighbor atoms. Hemcetder to achieve a complete linear
array of the fcc(110) plane one has to shift packets of twoastaneighbor atoms in th@100-
direction. That means in 3 dimensions that packets of tweezjgacked planes have to be shifted in
the < 211> ([1100) direction.

Figure 7.49 illustrates three possibilities of changingrdvom hcp- to fcc-stacking (or vice versa).
The first two paths (labeled Path-1 and Path-2) displaceltise-gacked planes consecutively in the
same direction (Fig.7.49a,b,c,d,e,f,g,h), whereas aloathird transformation path (labeled Path-3)
the close-packed planes are moved alternately in oppaséetions along the< 211 >¢ ([1100)
direction. Obviously, in all three cases the stacking segeés changed from hcp to fcc, but the as-
sociated transition paths differ strongly (i) in the heighthe energy barriers and (ii) in the material
transport. It is exactly this and the influence of the foddf®ymmetry of the (001) substrates which
explains the strong stability of tHd120) oriented films. The exact details will be the subject of the
following considerations

In Fig.7.49a,b,c,d we have sketched Path-1. TheHcp transition happens as follows.

The first packet of two planes is shifted in thE100 (< 211>¢) direction by the amount of
2b=2(a/3)/3. This causes four nearest-neighbor atoms to build up arliagay in the (120)
plane (see Fig.7.49b). The packet of four hexagons is shifte¢he [1100 (< 211>) direction
again by the same amount of 2b(2a,/3)/3. As a result, one obtains a linear array in the2@)L
plane containing 6 nn atoms (see Fig.7.49c). This packetxofiexagons is now shifted in the
[110Q (< 211>t) direction, again with the amount of 2b(2ay/3)/3. There are now 8 atoms
lined up. This linear array is moved in tmmoq (< 211 >¢c) direction again with the amount of
2b= (2a/3)/3. This results in a linear array of 10 nearest neighbor atdinsne continues this
scheme of displacements all atoms of the2@)Iplane will eventually end up as members of the (lin-
ear) close-packed rows of the fcc(110) plane (see Fig.7.4%a 3-dimensional lattice then displays
fcc-stacking. The n'th packet of two hexagons is shiftedhi®yamount ofm—n) - 2b= (2ay/3)/3

in the [1100 (< 211>¢) direction, wherem the number of double layers that have to be shifted
in fcc-positions. As these packets are shifting by the arhofi2b = (2a/3)/3 the atoms of one
close-packed plane slide across on-top positions of thmstf the next close-packed plane (see
Figs.7.47,7.48). This happens once with every secondaciof the hexagons. Consequently, the
energy barrier along this transformation path equals Hati® total energy difference between the
simple hexagonal phase and the close-packed phase:

hep— f 12
Epatn1 = 5  (Ebctio— Encp) ~ 6+ (Bnetro — Evce) (7.13)
The energy barriers for Path-1 obtained from this equatieristed together with the corresponding
'activation-energies’ in the fourth and fifth column of tal®.13.

In Fig.7.49,e,f,g,h we have sketched Path-2 which is vamjlar to Path-1, the difference being only
that all shifts are consistently in opposite directions podsess a reduced value ofk{ay/3)/3.
Consequently, the hepfcc transition involves only displacements across bridggtpns. But since
the atoms only of every second interface are shifted onaesadiridge positions the transition re-
quires only an energy that is half of the energy differencevben the total energy of the above
discussedbct; o-structure withc/a = 0.82 and that of the hcp-structure:

hcp-dh
(Ebctlo—Efcc) ~ Ep PP (7-14)

bar

NI =

hcp-fcc _ 1 -~
Epath-2 = 5 (Epct10— Encp) =
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Table 7.13: Energies per atom of barrier heights and ’aitimeenergies’ (phase-transition temper-
atures) for noble metals and their neighboring late-ttaorsimetals. The second column gives the
difference between the total energy of the bcc-phase and¢heative phase. The third column lists
the difference between the total-energy of the bct-phassrevtya-0.83 (bcig) and the fcc-phase.
These values were calculated by Mehl, Aguayo, Boyer and ds (1380] who used a tight-binding
method. The values for Ni are results of a first-principlesTiglculation performed by Zeleny
et al [135]. The fourth, sixth and eighth column present tredjgted energies per atom for the
barrier heights along the hepfcc transition paths: Path-1, Path-2 and Path-3 calculatedrding

to Egs.7.13,7.14 and 7.15. The energy barrier along Pashas0 equal to that of the hepdhcp
displacive transition. The fifth, seventh and ninth columshthe corresponding activation energies
calculated from k&= Eparrier.

foc | AEpotce | ABbctio-tce | Epan1 | Thatns | Epatho | Teatho | Epana | TPatna
Metal | (meV) (meV) ghep-dhep | phep-dnep

Cu 36.7 36.4 218meV| 2532K | 18.2meV| 211K 85meV | 986K
Ag 32.7 30.5 183meV| 2124K | 15.3meV| 177K 72meV | 825K
Au 24.3 20.2 120meV| 1400K | 10.1meV| 117K 47meV | 547K
Ni 59.1 53.2 319meV| 3708K | 26.6meV| 309K 124meV| 1440K
Pd 51.0 45.6 273meV| 3180K | 22.8meV| 265K 107meV| 1235K
Pt 136 74.8 448meV| 5208K | 37.4meV| 434K 175meV| 2025K

Note that thébct g-structure had the characteristic feature that all atonaoske-packed planes lie in
bridge positions.

The Path-2 associated energy barriers and their correspmpiattivation-energies’ that result from
this equation, are listed in the sixth and seventh columalwgt7.13.

Fig.7.49i,j,k depicts Path-3 where out of a set of three pesof double layers, every second and third
packet of double layers is shifted in the opposiiection along th€1100 (< 211>¢.) direction

by an amount of k= (ay/3)/3. It should be noticed, that because of these shifts beingjosite
directions, the equally shifted packets of double layeesdisplaced relative to each other by an
amount of 2b= (2a/3)/3. Along the interface the atoms slide across on-top pestiBecause
of the three double layers there are six interfaces. In orsxointerfaces the atoms move across
on-top positions, and in two of six interfaces they move dwidge positions. Consequently, the
energy barrier that appears along this transformation isagqual to the sum of (i) one-sixth of the
total energy difference between the simple-hexagonalghad the close-packed phase and (ii) of
one-third (i.e. 2/6) of the total energy difference betwésmbct;o structure and the close-packed
phase:

1 2 12 2 7
Eggtfgcc = é (Esimple— Ehcp) + é (Ebctlo— Efcc) = (— + —) (Ebctlo— Efcc) = L_?, (Ebctlo— Efcc)

6 6
(7.15)
Energy barriers thus calculated and their correspondictivaion-energies’ are listed in the eighth
and ninth column of table 7.13.

7.4.3 Transition from dhcp to fcc stacking

Fig. 7.50 illustrates options of transitions from dhcp- ¢o-6tacking. Summarizing the differences
with respect to the hepfcc transition we may state:
In the dhcp—fcc transition packets of three planes and one close-pagket are consecutively
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added to the shifts. Along the Paths (a-d) and (e-h) of F3@.@&toms of two interfaces out of four
experience shifts across, respectively, on-top posit{®ash(a-d)) or bridge positions (Path(e-h)),
similar to the corresponding hegfcc transitions. Accordingly, the energy barriers are gitleen
by:

dhep-f 1 12 hep— f
EpatChF_Fl = é : (Esimple— Edhcp) = ? : (Ebctlo— Edhcp) ~6- (Ebctlo— Efcc) = Ep;chk_lcc (7-16)
dhep-f 1 1 hcp-dh hep-— f
0% = 2 (oo Eonr) = 5 (Bueoo Eved) ~EJP PP=EXR (.17

If one goes along Path (i-1) of Fig. 7.50 atoms in one out oheigterfaces are shifted across on-top
positions and in three interfaces out of eight atoms movesadoridge positions. The heights of the
energy-barriers hence become:
dhcp-f 1 3 15 hep-f
Epatchi_ke, = 8 (Esimple— Edhcp) + 8 (Ebctlo - Edhcp) = g (Ebctlo - Edhcp) ~0.81- Ep;chk_gcc
(7.18)

7.5 Test of the predicted energy barriers.

As can be seen from inspection of Table 7.13 the change frgmtbdcc-stacking (Path-2) is as-
sociated with lowest energy barriers because the transitimlves only atomic shifts across bridge
positions. By contrast, Path-1 is associated with shiftesscon-top positions which gives rise to
very high energy barriers. The situation described by Bathin between. One is dealing here with
a mixture of slides across on-top and bridge positions. hais to be recalled, however, that our
prediction of barriers heights is based on mostly geometnsiderations. The particular electronic
structure of a transition metal expressed by its d-bandpanaey [22] enters into our analysis only
in a very reduced form, namely via the total energy diffeeehetween théct;g and fcc- structure.
In order to test our predictions that derive from very simpledels self-consistent ab initio DFT-
calculations were performed for the case of Path-3 whichluas both species of slides, i.e. slides
across on-top and across bridge positions as well. ThetsefsulPd are presented in Fig.7.51. A
similar curve is obtained for Ni. DFT-total energy calcidat yield 118 meV for the energy barrier
in Pd that has to be overcome if a transition from the hcp-phashe fcc-phase were to occur. The
corresponding barrier height for Ni amounts to 122 meV. Tariér height for Pd is only slightly
larger than the predicted value of 107 meV listed in tabl&7Hor Ni the agreement is even better:
122 meV vs. 124 meV obtained from our prediction based on gé&wrrconsiderations. These re-
sults give strong support to the validity of our approach.

Mishin et al. [129] performed calculations on the energyngeaof copper metal along Path-3
and Path-2 (which is the path associated with a low energyepar The authors used an embed-
ded atom model (EAM). Moreover, they referenced part ofrtieaiculation to the 9R-structure
which constitutes a close-packed structure of close-ghgianes that are stacked according to
'ABC'BCACAB' .... Hence, the energy barrier obtained reseo a 9R-fcc displacive deformation
sketched in Fig. 7.52. This transition is completely analegto the hcp to fcc path.
The two transitions differ only in one feature: in the-9fRcc phase transition packetstbieeclose-
packed planes are shifted rather than two in the-hfiqe transition. Hence, according to our model,
the energy barrier associated with the-9Rc transition should be given by:

2

EOR-fec _ gEth_fCC (7.19)

This can be verified in the following way.
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For Path-3 we have:

Eg;{t?lgc = %Eggt&mf:a,cc = % (Ebctio— Efcc) (7.20)
and for Path-2:

Eg;ﬁgc = %Eggtmmfzcc = % (Epctro— Efec) (7.21)
Employing their EAM technique Mishin et al. [129] also detened in their calculations on copper

the energy differencéEncio— Etcc) = 45meV. If one uses this value our model predidgsy,, & =

15meV and Exx, 'S = 70meV. Using EAM Mishin et al. [129] obtaine&ay, 'S ~ 16meV and

Eggﬂ? ~ 80meV. Especially the value for Path-2 agrees surprisingly wathwur result. Our
value for Path-3 is a slightly smaller, suggesting that oodet does not overestimate barrier ener-

gies.

The order of the predicted energy barriers is parallelechbytriansition temperatures which provide
a direct insight into the temperature stability of non-diQuum structures of films. The ’activation
energies’ for Path-2 are very low. Except for Pt, all the otietals listed should display a fragile
hcp-structure and restructure into fcc already at roonptmature. Hence the observed hc@al
structure of the films must be expected to convert into fd@) i room temperature which, however,
is definitely in conflict with the observations. As will be eidated in the ensuing section, this
contradiction is only apparent and can be resolved by takitagaccount that the growth of the films
is strongly influenced by the build-up of two orthogonal eegjular domains.
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Figure 7.50:Three possibilities of changing the stacking sequence fthop to fcc by shifts of close-packed
planes. As in Fig. 7.49 the images refer to the2@)latomic plane which is orthogonal to the close-packed
planes. The transition paths are analogous to that of the-faptransition which Fig. 7.49 refers to. Along
Path (a-d) the change in the stacking is achieved by a cotsedhift of packets of close-packed layers in
one direction over a distance (/3)a/3. In two of four interfaces the atoms are displaced acroswpn
positions giving rise to a large energy barrier. Path (eslsjmilar to Path (a-d), the only difference being that
the change in the stacking is accomplished by shorter shiiftd/3)ay/3. Moreover, the atoms move only
across bridge positions causing a low-energy barrier afoisgpath. As for Path (i-I), one observes that in its
first section (i,j) packets of three layers and one closégxtayers are displaced over a short distance, i.e. by
the amout of 1/3)ay/3. But the displacements occur in opposite directions theceossing on-top positions.
This takes place in one of 8 interfaces. To eventually araitvécc-stacking, one has to move packets of 8
planes across bridge positions (k) only in one directionis Thin analogy to the Paths (a-d) and (e-h). Here
the shape of a rectangular domain changes systematicaitma more distorted geometry. The height of the
associated energy barrier that occurs along Path (i-lJdieetween that of Path (a-d) and (e-h).
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DFT-calculation on the displacive hcp to fcc phase transition for Pd
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Figure 7.51:Variation of the total energy of Pd metal referenced to thaltenergy of its fcc phase as the
hcp—fcc transition proceeds via Path-3 (see Fig.7.49). Totafgias obtained from ab initio self-consistent
DFT-calculations ([133]).
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Figure 7.52:Three ways to change the stacking sequence from that of th&r@Bture to that of the fcc
one by shifts of close-packed planes. Depicted are th2Q)latomic planes. The close-packed planes lies
perpendicular to the represented atomic plane. The phassfdrmation paths are analog to that of the hcp to
fcc phase transition represented in Fig. 7.49. In Path (aecthange in the stacking sequence is arrived by a
consecutive shift of packets of close-packed layers in odetlze same direction over a distance 2f3)ay/3.

On each third interface the atoms are displaced over onttopia positions. Hence, an large energy barrier
appears in the transition path (a-c). The Path (d-f) is simd path (a-c). The difference is that the change of
the stacking sequence is made by shorter shifts, i.e. ostardies of1/3)a\/3. There the atoms are displaced
only over on-bridge and not over on-top atomic positionsn¢gethe transformation path (d-e) build up a low
energy barrier. Path (g-i) moves consecutively packettirafet close-packed layers over the low distance of
(1/3)ay/3, but in opposite directions, leading also to atomic dispaent over atomic on-top positions. This
appears in one of 9 interfaces. The strength of the energiebdeveloped in Path (g-i) is in between that of
Path (a-c) and (d-f).
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7.6 Influence of the domain-topology on the phase-transitio
7.6.1 Material transport in the hcp to fcc phase transition

Although the energy-barrier for the hegcc transition Path-2 is low (also for Path-1), there is &edra
tic influence on the shape of a domain. This is illustratedang (a) and (b) of Fig.7.53. The shape
of a previously rectangular domain transforms to an oblguogled parallelogram. This requires a
material transport over large distances. The first doudbfed remains unshifted but the other ones
experience displacements that increase layer by layernThelouble layer moves over a distance
of (n—1)-b= (n—1)a/3/3, which is(n—1)/3 times larger than the periodicity interval in the
[1100-direction where the planes are shifted. In Path-1 the mtibte layer moves by an amount
of 2(n—1)-b=2(n—1)a/3/3, which is by the factor @ — 1) /3 longer than the lattice period in
the [1100-direction where the planes experience shifts. For a (Xl)ted film this displacement
requires the shift of the n'th close-packed plane by a fagter 1) /3 of the associated lattice period
(for Path-2). For Path-1 (involving on-top atomic posisaf the substrate) the corresponding factor
is2(n—1)/3. As this would require an enormous amount of activatiomgynsuch a hcp- fcc phase
transition can safely be excluded. And clearly, althoughk #mergy-barrier is primarily caused by
the interaction of the first film layers with the substratés independent of the film thickness. Nev-
ertheless, from general experience one would expect tickthiop films convert more easily into the
native hcp-phase by exploiting this displacive transfdramepath. But the experimental facts prove
that thick films can be stable up to 100 MLs. Another reasorttierunexpected high stability of
the hcp-phase can be traced back to the four-fold-symmétheq001) cubic plane that has already
often been alluded to. This four-fold symmetry induces a-fijirawth in rectangular orthogonal hcp-
domains. One can visualize the hcp-films as consisting ohflab-crystals of the same Hdd20)
orientation which keep their internal orthogonal dirend0001] and110Q parallel to each other
(see e.g. panel (a) of Fig.7.56). Such a domain topologysgige to a macroscopic four-fold sym-
metry which is just reflecting the four-fold symmetry of tl¥() oriented cubic substrate. It should
clearly be recognized that all hcp-films are composed oftyipis of densely packed, rectangular and
perpendicularly aligned h¢f120) oriented micro-crystals [83]. Evidently, there is no fremace
between those micro-crystals. That means that the clogeedalanes of the films that stay in the
(1120) orientation perpendicular to the film-surface, are éatkside of rectangular domains. Since
the domains are orthogonal to each other with respect to livager sides the crystal structure of
the film can only be changed if the domain topology and (bezabitheir interdependence) also the
rectangular shape of the domains is conserved. Hences siiithe close-packed planes can only
take place if the the rectangular domain shape is maintaifted is ensured with Path-3 and Path-4
(see Fig.7.51c,d). In fact, Path-4 (the heghcp transition) was experimentally observed by us, in
contrast to Path-3 (hepfcc) in accordance with its prohibitive high energy-bar(gee table 7.13).
Up to Au, the transition temperatures typical of Path-3 exicthe desorption temperatures of the
metals. For that reason the films remain in there form of h&p0) oriented micro-crystals.

We summarize this section by stating that transitions aRatf)-1 and Path-3 do not occur because of
their high energy barriers. Their activation energies fierature) are higher than the film desorption
temperature. More surprisingly, the hejficc transition path that is associated with a very low energy
barrier (Path-2) does not occur as well. This phenomenoonsected with the fact that the film-
topology defined by the orthogonal array of rectangular dosaould be destroyed along Path-2
(see Fig.7.51g,h), and this process involves a large anadwertergy. This follows from inspection
of Fig.7.51e,f,g,h). Path-2 would require a rearrangeroéttie rectangular domains such that they
overlap. This is not the case with Path-3 which conservesitimeain-topology, but it is associated
with too high an energy barrier. Consequently, films thapldig a hc§1120) oriented orthogonal
rectangular-shaped domain-topology cannot change ttractsre by one of the (in principle con-
ceivable) hcp-fcc transitions. The hdd 120) oriented micro-crystals are locked into the orthogonal
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Table 7.14: Stacking fault energy (from Hirth and Lothe [)36r late transition metals and noble
metals listed according to the magnitude of energy.

metal Ag|Au | Cu| Ni | Pd | Ir Pt | Rh
y[md/n?] | 16 | 32 | 45| 125| 180 300 | 322 750

pattern of rectangular nano-domains. As is evidenced bynaasurements, a structural transition of
films can only take place along a transition path which do¢snvolve a material transport and for
that reason avoids a change of the domain-topology. Thislimatructure transformations from the
hcp(12R20) orientation to dhcp(22D) or fcc(001) represent examples of this kind. This wileBly be
analyzed in the ensuing section.

7.6.2 The hcp/dhcp phase transition

As one anneals thin Pd- or Au-films of hcp@) up to 400 K they attain a dhcp(@Q) structure,
whereas films of large thickness undergo this structuraigbalready at room temperature. Pt films
grown on W(001) display a structural change on annealingstedso indicative of a transition from
hcp- to non-fcc-stacking. This applies similarly to Ni filggown on Ag(001) which are driven
into a predominantly dhcp-stacking. This behavior follavesisistently from a model that will be
explained below. The hcp/dhcp phase transition is chaiatiteof a very low activation energy (see
table 7.13) and does not require a material transport (Fifyc/d). As a consequence of the latter, the
domain topology is not changed. Although a hcp/dhcp phasssition of Cu- and Au-films would
also require only low activation energy, one never obseiveslhcp phase because the stacking-fault
energy is lowest in these two metals. One should bear in rhisicbthcp-stacking may be viewed as a
systematic mixture of fcc and hcp-stacking, that is to gagsults from fcc-stacking where one has
introduced stacking faults in a systematic way. If one wermsert the possible maximum number
of stacking faults into an fcc-lattice one would generataidtfess hcp-lattice. At half this maximum
number of inserted stacking faults one obtains the dhddatHence, if one forces an fcc-lattice
of a metal into an hcp-stacking, its lattice energy incredmsethe number of stacking fault-energies.
Compared to that, the energy of the dhcp modification is Idwyea factor of two. This increase in
the energy compared to a native fcc-lattice is smallestfemioble metals as can be seen from table
7.14. Insertion of a stacking-fault in the fcc-type portafrthe dhcp-stacking results in a systematic
hcp-stacking over 6 close-packed layers. A low stackingttnergy in metals of native fcc-structure
is tantamount to a low threshold energy for starting a local$tacking. Hence, because of their low
stacking-fault energies Cu and Ag films turn to hcp-stackmigrge portions of the film when they
are annealed beyond the hcp/dhcp transition temperatyreomrast, the stacking-fault energies of
gold metal and of the late transition metals are much highidiims of these metals are annealed
beyond the hcp/dhcp phase transition temperature, tla@kisig changes properly from hcp to dhep,
without the tendency of the films to develope portions with-stacking.

7.6.3 The hcp§1120)/fcc(001) phase transition.

As can be seen from Table 7.13 Cu and Ag stand out not only fostacking fault energies, but also
by smallest total energy differences between the respebtito- and the bcc-phase. Consequently,
when the close-packed planes slide on top of each other mtaridge positions (bgg) there is

practically no energy barrier to stop the metals from att@rihe bcc-structure. As the bcc-phase
is unstable [22] it can easily further transform into the-fd@se by the so-called Bain (tetragonal)
structural phase transformation. This transformatiom@lthe “Bain-path” (see Fig.7.45a,b,d,e)
consists in a tetragonal transformation that conserveattitaic volume. Going along this path one
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transforms a film of bcc(001)-structure smoothly into a ®X)-film or vice-versa.

In light of the foregoing considerations the occurrenceheffcc(001) phase in Cu films of 200 ML
thickness (deposited at 300K on Nb(001)) can easily be sitalzd.

The deposition temperature of 300K is higher than the teatpes that corresponds to the activation
energy required along the hcp/dhcp transition path. Dutegransition that takes place as a result
of this situation, two of four interfaces in the set of clgss:zked planes are shifted across on-bridge
positions. In the affected region the @) oriented close-packed film displays, in fact, a (001)
oriented bcip structure. The total energy of the bhgphase of Cu equals that of the bcc phase, and
hence the (001) oriented hgtportions of the film can easily attain a bcc(001) structurat €nce

the bcc phase is unstable, these bcc(001) portions charegeaicc(001) along a transformation
path that may be characterized by:

hep(1120)[1100 || bet(001)[110) et || beo{001)[110]ec | foc(001)[100)ec

The portion that interconnects het001) and bcc(001) and ends up with fcc(001) can be seen in
Fig.7.45 starting from panel (c), moving to (b) and thenHartto (a). For a better visualization this
transformation path is illustrated in Fig.7.54.
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Figure 7.53:The effect on the domain shape of the transition paths predémFig.7.49. Path-2 (panel a) and
Path-1 (panel b) are associated with a large mass trangihamge of the domain shape), whereas in Path-3
(panel c) and in Path-4 (panel d) the mass transport is minute

The particular structure of (2D) oriented films displaying an orthogonal pattern of elied rectangular
domains has been observed by electron diffraction, electigroscopy and scanning tunneling microscopy.
This structure persists even when the films are strippedheff substrates which has also been verified by
experiments.
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phase transformation hep(1120) —> bet(001) —> bee(001) —> fec(001);  hep-[0001] || bet-[110] || bee-[110] || fee-[100]
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Figure 7.54: Schematic representation of the phase transition frol@QLbriented hcp films (a,e) into
(001) oriented fcc films (d.h) via the khgt001) (b,f) and bcc(001) (c,g) phases. The hcp(0001);d0t10),
bcc(110) and fcc(100) atomic planes (panels e,f,g,h) lipgradicular to the hcp(2D), beip(001), beec(001)
and fcc(001) atomic planes, respectively.

In panel (i) we have sketched the energy dependence alonatistion path. In the hcp(110) to bct10(001)
phase transition, every second close-packed plane iggdHifbm its hcp-stacking array (see panel (a)) to a
bct-stacking order (see panel (b)). In the course of thift s total energy increases continuously from
its hcp-value to that of the bctl0-structure. The bctlQdat{panels (b,f)) is further expanded then in the
[001]-direction (i.e. perpendicular to the (001) atomiarg) to form the bcc(001) structure (panels (c,q)).
Continuing the expansion while keeping the atomic volumestant one arrives at the fcc(001) structure (pan-
els (d,h)). This latter portion of the path constitutes eagbnal deformation. Along the transformation path
the atomic density in the (001) plane (b,c,d) increases pesgal to the (110) planes (f,g,h) where the atomic
density decreases. In the course of the tetragonal deflarmfadm bct10 to the bcc, the energy increases only
slightly, whereas in the tetragonal deformation from bcfctothe energy decreases continuously.

Panel (j) refers to the case of supported films. Here the mibggives rise to an additional energy caused by
the atomic misfit in the interface between the adsorbate l@ndubstrate surface.
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We emphasize again that the structural transformatiorudgsd do not require a change of the
domain-topology. The experimental data confirm that theenlesl fcc(001) phase of Cu is indeed
aligned with its[100 direction parallel to th¢110Q direction. As can be seen from panel (i) of
Fig.7.54 the energy barrier to be overcome in the processalbf & phase transformation is equal to
the total-energy difference between the bcc phase and thphease. It should be noticed, however,
that inspite of this energy barrier being much lower comgdoethat of a hcp/fcc displacive phase
transitions along Path-1 and Path-3 and despite the cotaoinpireservation of domain topology, it
does not occur with thin films. The (001) oriented pseudotnicrfilms display bct(001) order. One
would surmise that they should easily overcome the low gnbegrier to attain bcc structure and
then transform into (001) oriented fcc films(see panel (iFigf. 7.54). The experiments demonstrate
that the occurrence of (001)order in the films is not the role the exception. The latter could only
be observed in thick Cu and Pd films deposited on W(001). Tineni@ for this overall behavior has
to be seen in the bad fit of the (001)fcc structure to the satessurface. A bad adsorbate/substrate fit
correlates with unfavorable on-top adsorption sites whenlse the total energy of the epitaxial sys-

tem to rise. It induces an additional epitaxial energy calEE""22 in panel (j) of Fig.7.54 which
becomes a non-neglegible part of the total energy of subsstgpported hcp(110), bcc(001) and
fcc(001) films. Clearly, that energy increases as the mietibmes larger. In the case of pseudomor-
phic bct films there is no additional epitaxial energy. Fa(@®1)films the energy increase is largest
because the atomic array involves more ad-atoms on-topbsitisie atoms compared to films of
hcp(110) or bce(001) orientation. Also for HdA20) films there is a small increase of the total en-
ergy caused by the misfit of the dd20) adsorbate plane to the substrate. The film reduces this
energy by breaking up into rectangular islands. The recti@nglomains are long in the direction of

good fit direction and short in the direction where the fit sslgood.

7.7 Explanation of the occurrence and the stability of the heagonal phase
modification in films grown on (001) oriented substrates.

We are now in the position to explain the developmentld20) oriented hexagonal phases in the
films and, moreover, the experimental finding that films tiatied growing in th¢1120)hcp phase
modification do not build up their natural fcc lattice or falick to this structure even when they are
stripped-off their substrates.

7.7.1 The occurrence of the¢1120) oriented lattice.

Because of the particular geometrical and energeticalitond causing pseudomorphic growth, our
discussed epitaxial systems develop a (001) oriented hucitate where the atomic bct(110) planes
lie perpendicular to the surface and are contracted in trextiton of the surface normal. As has
already been mentioned various times, the pseudomorpbwtigmprevails only up to the second
ML and is followed then by a reordering of the primary bct(L&Gucture into a set of (hexagonal)
close-packed atomic planes. This happens by merely gitfimatoms in the planes of close-packed
symmetry from their on-bridge bct-array to a structure itsatow characterized by hcp stacking.
Since the required shifts are minute bct stacking and hagkstg may be considered very similar
and quite different from fcc stacking. This will be discudse more detail below, and we shall, in
addition, point out that the adsorbate/substrate misfltalgb have a crucial influence on the persis-
tence of the hcp stacking.

As stated above, the pseudomorphic bct(001) film may be deagealready consisting of a set of
atomic planes in a ABAB... stacking mode that charactertheshcp-phase (see panels (a,b) of
Fig.7.55). Hence, a transition from the pseudomorphidd@dtf phase to the (2D) hcp phase does
not require a change of the stacking mode of the atomic pldispéaying close-packed symmetry.
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One merely has to slide every second close-packed plane btthattice, where certain atomic over-
laps occur, into hcp-positions where atomic overlaps of Kmd are absent. The required shift in
the bct-[110] direction is given by -b = 2av/3 (see Fig.7.46b,c,d, Fig.7.47b,c,e,f and Fig.7.55a,b).
As one performs this shift the total energy drops continlyoftem its bct-value to that of the hcp-
structure. This drop is plotted in the right part of panelg)df Fig.7.55. It has in detail been
determined by the group &ob [131] whose calculations are based on ab initio Densihcional
Theory (DFT).

If one wants to transform the pseudomorphic bct(001)stinecinto an atomic (110)fcc array by a
shift of close-packed planes, one has to end up with a diffeseacking sequence. The transition
can be viewed as a shift of close-packed planes from atomhridge positions of the pseudomor-
phic bct-array to the three-fold positions of the atomic-ac@ay (see e.g. panels (b,e) and (c,f)
of Fig.7.47) which has to be followed then by an alteratiornihaf stacking mode from hcp to fcc.
This can be achieved by going along the three paths discuiss$éd.7.49. Each of these paths is
associated with an energy barrier. Plots of the respectieegy dependencies with the estimated
barrier heights are given in the left part of panel (d) of Fi§5. The energy barrier along the Path-
2 is small, much more smaller than the total-energy of theig@eorphic bct phase. One would
therefore expect that a displacive pseudomorphic-bctfatsformation along Path-2 should occur
already at room temperature, as opposed to the experinferdaldgs. This apparent contradiction
is connected with the complete neglect of the substraterbdie interface effects. A phase trans-
formation in the film that requires a sizable material trammsmvolves inevitably shifts of ad-atoms
across on-top positions of the substrate surface whichsscaésted with additional energy barri-
ers in Path-1 and Path-2. (See panel (e) of Fig.7.55.) Theat\sarrier described by rier

is higher than the total energy of the bct-phase (see pahaf(Eig.7.55). Hence, on continu-
ous deposition the originally occurring pseudomorphiclj0friented bct films do not change over
to their native fcc-structure but rather convert toZQ)1 oriented hcp films with their close-packed
planes lying perpendicular to the substrate-surface. Pitexeal relationship can be described as
(1120)fiim, [0007 || (001)supstratl 10 The additional energy B is independent of the film
thickness and the associated bonding mechanism is defisieirt-range. As the adsorbate film
becomes thicker this mechanism fades out and loses its me#uen the film growth. One would
expect then that films of this thickness now convert to thaiural fcc-phase along the displacive
phase transition Path-2, which, again, is not observed) eden these films are stripped off their
substrates. The transition is strongly inhibited by therfation of rectangular domains imposed on
the film by the (001) oriented substrate surface at the egalyesof the film growth. The array of
these domains displays the four-fold symmetry of the sabstr

7.7.2 The stability of the(llEO) oriented hexagonal phase.

As the deposition proceeds the film thickens by simply emi@yghe close-packed planes perpen-
dicular to the substrate surface and keeping them solidtystacked parallel to the surface. More
precisely, the stacking axis [0001] remains fixed paratiehie <110>-directions of the bcc(001)
substrate surface. The set of close-packed planes displays-fold symmetry with respect to the
surface normal as opposed to the substrate whose symmdayrifold. As a consequence, the
misfit of the hcp-ordered atoms with respect to bct-ordeterha in a plane parallel to the surface is
on average smaller parallel t0110> than perpendicular to this direction. The film minimizes the
associated misfit energy at an initial stage by breaking tgrectangular domains whose linear di-
mensions parallel te¢110> are larger than in the perpendicular direction. Since thstsate surface
exhibits two orthogonal, physically equivalent axes, tdeabate forms two equivalent orthogonal
sets of domains. The resulting domain topology is sketchgehinel (a) of Fig.7.56. Its existence
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is clearly reflected in our RHEED-experiments and also icted® microscopy such as Reflection
Electron Microscopy (REM) [78, 79], LEEM [137] and STM [81].

This domain-topology is the key to the understanding of igk ktability of hcp-stacked films whose
native structure is fcc. If the hcp-phase were to converi¢oetquilibrium fce-structure along a tran-
sition path with the lowest energy-barrier described as-Rait would involve a large shift of the
close-packed planes that would destroy the domain-togaddghe (120) film. The importance
of the orthogonal domain topology on the energy barrierhedisplacive transition from hpc- to
fcc-stacking is illustrated in panel (b) of Fig.7.56. Thekicc phase transition that would preserve
the domain-topology (Path-3) does not occur because iinexjan energy barrier to be overcome
that is higher than the film desorption energy.
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phase transformation fcc(111) || bet(110) || hep(0001) by displacement of close-packed planes along fcc-<211> (bet-[110])
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Figure 7.55:a) The (001) atomic plane of the bgt001) structure. The close-packed planes lie perpendicular
to the surface. A small shift b% = —a\/— 3in the bct-[110] direction of every second close-packesh@lpro-
duces the (120) oriented hcp structure (panel (b)). By shifts of closeked planes (as sketched in Fig.7.49)
the hcp-atomic array can be transformed into the fcc stragpanel (c)). Hence, the displacive phase trans-
formation from the (001) oriented (pseudomorphic);§@01) film into the (110) oriented fcc structure can
always be viewed as a displacive phase transformation fnenb¢io(001) structure into an hcp-type atomic
array, followed by a transformation into the fcc phase.

d,e) Predicted energy dependence along the displacive plaasition from the pseudomorphic bct(001) struc-
ture to an atomic hcp(2D) array (right part of the panels) and from an atomic psewaiphic bct-array to the
fcc(110)structure (left part of the panels) for unsuppibfibns (panel (d)) and for substrate supported films
(e).

Energy barriers appear only with structural transitiora thad to fcc order. Without the influence of the sub-
strate/adsorbate interface effect, i.e. for unsupporte {id), the energy barriers reflect the peculiarities of the
transition from hcp- to fcc-stacking which occurs as onesgaleng Path-1, Path-2 and Path-3 (see Fig.7.49).
With substrate supported films (e) the energy barriers akmitp-1 and Path-3 are higher because the large
shift of close-packed planes that is characteristic of Ratind Path-3 (see Fig.7.49 and Fig.7.53a,b) implies
a shift of adsorbate atoms across atomic on-top positiortseoubstrate surface. As a result, the transition
from the pseudomorphic-bct(001)structure to an atomi€lfb@) array by shifts of close-packed planes (panel
(e)) is strongly inhibited.
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a) rectangular-shaped orthogonal domains b) Influence of the orthogonal domains on the energy
barriers in free standing close-packed films

total energy (arbitrary units)
A

A
> %(l):)g]ltim barrier
Edomain
[110] bet
[0001]
A
barrier hep-fee
Edomain +E ath-1
P

b
hep-fee 7
§ L Epath-3 = 3 Eoctio
barrier hep-fec
Edomain Epath-z
Ebcth
h 4. A D - [‘ >

fce betl0  hep

displacive phase transformation fcc(111) || bet(110) || hep(0001)
by shifts of close-packed planes along fcc-<211> (bet-[110])

Figure 7.56:a) Two orthogonal sets of rectangular-shaped domains paipear in the growth of hcp(20)
films grown on cubic (001) substrates. The orthogonal setsaéngular-shaped domains are associated with
an additional energy barrier (see panel (b)) in the dispéaphase transformations that do not preserve domain
topology. This is the case of Path-1 and Path-2 because tbegcaompanied by a large material transport
(see Fig.7.49 and Fig.7.53a,b). Path-1 possess alreadyeadnergy barrier. The concomitant energy barrier
associated with Path-2 (which is the path of lowest energyidrasee e.g. panel (d) of Fig.7.55) is so high
that the displacive phase transformation does not occur agein unsupported films. The hcp/fcc phase
transition that would preserve the domain-topology (F3tldo not occur because it requires to overcome a
energy barrier that is higher than the film desorption energy
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7.8 The pseudomorphic-bct/fcc-transition

If the lattice parameter of the adsorbate is larger thandhtite substrate, i.e. if cfal, the growth
behavior becomes qualitatively different from the sitoas discussed so far. In forming the bct-
lattice the (110)-planes now undergo an expansion whicmm#eat the atoms of these planes are
not compressed into hexagons any more. Perpendicular thirthéhe four-fold hollow sites are
preserved. Shifts into three-fold hollow sites do not o@y more because the equilateral triangles
are now missing. As a result, the pseudomorphic-growthigoes until the strain energy in the bct
(001)-film outweighs the energy gain that controls and caepéaxial growth on a substrate.

In general, a pseudomorphic bct (001)-film grows up to 10 Miégore it starts forming its natural
lattice. Because a ratio cf/d correlates with an expansion of the bct (110)-planes coedptd
those of the natural bcc lattice, they further expand ineortiore densely packed fcc(100) planes
as the growth proceeds. (See panels (a,b,d,e) of Fig.7T#8)films adopt an fcc (001)-structure if
this constitutes the natural phase of the respective nistadxample of this kind is Au deposited on
W(001) where one has c/a=1.07. We observed that after 1@pserphic ML's Au forms its natural
fcc (001)-phase. In the case of films whose generic lattibefisone expects, of course, hcp-growth
beyond the pseudomorphic-regime even wher&/aFilms of Co metal represent an illustrative
example that has well been studied by Wieldraaijer et dl\@¥ deposited Co on Fe(001) buffer
layers. It should be observed, however, that fod/athe in-plane packing of the developing Co
(1120)-phase is less dense than that of the expanded bct (0g-pf the pseudomorphic-phase.

7.9 Influence of the substrate lattice structure

Results on the stability of hexagonal flms grown on bcc or(fd@l)-substrates, respectively, are
compiled in Tables (6.11, 6.12). Ni on Fe(001) and Ni on Adg(Oave the same lattice misfit, but
Ni on Fe(001) grows in an hcp-stacking mode as distinct fronoMNAg(001) which leads to the
formation of dhcp-films whose structure is closer to the raticc-structure of Ni. Cu on Fe(001)
and Cu on Au(001) and on Ag(001) are also characterized biasitattice misfits. But only Cu
on Fe(001) develops an atomic hcp2D)-order rather than a dhcp@Q)-structure [9]. This invites
the conclusion that bcc (001)-substrates ensure a soubiiztaon of hcp-growth with (120)-
orientation as distinct from fcc (001)-substrates, predicdne is dealing with approximately the
same lattice misfits. This difference in epitaxial behaigonainly linked to stronger corrugation and
reactivity of the bcc (001)-substrate surface comparekdadspective surface of the fcc-lattice [18].

7.10 Effect of the electronic structure of the substrate suace

As already mentioned earlier, the initialization of a bce-hexagonal growth of fcc-type metals
requires critically that the four-fold symmetric hollowtess of the bcc (001)-surface (see fig.4.27)
are undamaged and unoccupied by impurities. We observe@vtba minute amounts of oxygen,
carbon or sulphur on W(001) or Nb(001) prevent the growthcafrhetals in a bcc- or hexagonal
mode despite the fact that the contaminated Nb (001-)sudassesses an overwhelming number of
uncontaminated adsorption sites with an unperturbed afréyb-atoms. Obviously the change of
the electronic structure of the surface around an impusitiai from being local but rather affects
large portions of the non-contaminated surface [12, 19].
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8 Doubling the pseudomorphic-range by imposing epitaxial@n-
straints on both interfaces of substrate supported films

The substrate induced formation of a non-equilibrium pseuatphic lattice possesses the largest
potential of modifying the physical properties of the peetit film metal, examples of which we
have discussed in the preceding sections. With this expezien mind one feels tempted to think
of ways to enlarge the thickness range where pseudomogpbwveth prevails. The ensuing sections
will be devoted to this topic.

8.1 Deposition of an additional metal

There is a very interesting STM-study by Wieldraaijer et[86] on the epitaxy of Co on Fe(001)
from which one may conclude that an enlargement of the priynfarmed pseudomorphic-structure
of a film by a partial re-crystallization of later grown magtras the deposition proceeds, is very
unlikely. And this may apply quite generally. .

As previously explained, the hcp-lattice of Co on Fe(00Ifpisned with the [1.00]- and [0001]-
direction parallel to the, respectively, [110]- and (}-direction of the (001)-oriented substrate. The
latter directions are physically equivalent as opposethéatwvo directions of the film. As a result,
the film breaks up into islands that are long in the directidrere the misfit to the substrate lattice
is smaller on the average compared to the misfit in the perpealad direction where the linear ex-
tension of the islands is correspondingly smaller. As iathd by the LEED-pattern, the formation
of the hcp-structure starts at about 10 ML's which corresisato a thickness of 1.4 nm. Below
that thickness the Co-film is continuous. Once the island® iarmed further deposition causes
them to grow thicker, but also to enlarge their lateral esi@mthereby reducing the space between
the islands. That space was primarily left open to reducertiséit energy of the pseudomorphic-
bct/hcp-interface. One might be led to conclude then thabitld be energetically favorable to make
the pseudomorphic-bct-film bottom thicker and thereby censate for the increased misfit energy
connected with the enlarged interface. However, sinceci¢hpseudomorphic-bct-film bottom does
not benefit any more from the short-range substrate/adsobwad forces, the energy balance tips
the re-crystallization in the other direction: the fornyegrown pseudomorphic-Co-ML's adopt the
(1120)-structure. This has experimentally been demonstiaté€slazzadi et al. [74].

Nevertheless, there are only two principal possibilit@sthe enlargement of the pseudomorphic-
range: B

1) Suppression of the hcp(2@)-growth

2) Conversion of already formed hcp-layers into pseudoimorfayers by an additional epitaxial
constraint.

8.2 Suppression of {120)-growth

Suppression of (120)-growth occurs in the presence of oxygen. Kim et al. [%fjehdemonstrated
that a submonolayer coverage of oxygen can double the psergbic-range of a Co-film growing
on Fe(001). This has been substantiated by later studi@s IB8] which showed that oxygen obvi-
ously delays the onset of the bct/hcp-transition. It app#aat the oxygen atoms impede the shift of
the hexagon-type compressed bct(110)-planes into hapigrasthereby preserving the pseudomor-
phic growth.
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8.3 Conversion of already formed hcp-layers into pseudomghic-layers

Though the conversion of already formed hcp-layers is ehlikas discussed above, it actually oc-
curs in multilayers where one deposits, for example, a bcéea001)-film on top of an already
grown hcp-film. Again, the Fe(001)/Co-system representelasiudied reference case. The strong
Fe/Co bond force causes Co on an Fe(001) substrate to asspseei@omorphic-bct-structure up
to 10 ML's. Dekoster et al. [101] could show that an Fe-layepakited on top of a thicker Co-
film, that has already developed an hcp-structure, effsctgrisingly, an hcp/pseudomorphic-bct
re-crystallization of the film up to 10 atomic layers. Thisitwbbe evidenced by ex-situ nuclear mag-
netic resonance (NMR)-studies on Co/Fe-multilayers. bssgent experiments [100] in which these
sandwich-systems were prepared at temperatures highmeb@eK, the results could consistently be
interpreted only by assuming that there is a partial difasaf Fe into the Co-film thereby forming
a Fe/Co-alloy that can obviously coexist with chemicallygopseudomorphic-bct Co. In similar
studies by Wieldraaijer et al. [96] where the Co-film was ralé¢ively capped by Fe, Cu or /D3
this interdiffusion could be avoided to a large extent. latbllowing we shall discuss the results of
these authors along the lines of our analysis in the preges#intions.

8.3.1 The Fe/Co/Fe(001)-system

As has been shown by Valeri et al. [139, 140], Fe grows on tohccpf(lfO) Co in the (001)
bcc-orientation with a small out-of-plane contraction &6 after deposition of 3 ML's. This is not
surprising if one applies arguments that are familiar fraevpus considerations:

If Fe were to grow pseudomorphically on Cogl), the Fe-atoms would be forced into a 20}
in-plane array. Moreover, the Fe-atoms in planes perpeatatito this surface would occupy the
three-fold hollow sites of the next equivalent hcp(000ah&. However, since the native structure of
Fe is bcc, it naturally tends to form bcc(110)-planes in thisction of growth because these most
densely packed planes are also the most stable ones and-thfeane influence of the topmost Co-
plane is shortrange. Hence, as the growth proceeds theoResatccupy the rhombic hollow sites
of the bcc(110)-planes rather than the mentioned threkdiés of a continued pseudomorphic-
hcp lattice where the in-plane array of atoms would form &2)2&uperstructure with respect to a
bcc(001)-surface. Because of the departure from pseugimaeincp growth the in-plane symmetry
is now fourfold. If the thickness of the Fe-film is large enbyy 18 ML's) it attains the properties
of a macroscopic material (as the Co-film substrate) and roay im turn, cause the topmost layers
of the Co-film to re-crystallize into a pseudomorphic-bctusture whose lateral atomic array is
dictated by the Fe bcc(001)-surface. There is one featuthi®fprocess that deserves additional
consideration. The original density of Co-atoms in the b&pQ)-plane is by 6.6% lower than that of
pseudomorphic Co-films on Fe(001) (s. Table 6.7 for Co/FE\OMHence, as one caps the originally
open hcp(120)-surface of a Co-film with a thick Fe-film, the lateral Gutice is forced to shrink.
As the near-surface portion of the Co-film tends to consets@atomic volume, the out-of-plane
lattice expands from the close-packed hcp-planes to foemdattangular bee(t)(110)- planes that are
associated with a tetragonal c/a ratio of 0.944 (s. Tabléd.Co/Fe(001)). As a consequence, the
three-fold hollow sites of the hexagons move into the rhanmaillow sites of the bcc(110)-planes,
which means that the Co-atoms attain the pseudomorphitigrasof the bcc(001)-lattice.

8.3.2 The Cu/Co/Fe(001)-system

As opposed to the previous case, NMR-studies on the effesamging hcp(120) Co/Fe(001)-films
with Cu do not indicate an influence on the film’s pseudomarphnge on a scale of interest. To
the best of our knowledge, the structure of those Cu-filmsloadeen determined as yet. To make
an educated guess on their structure and orientation wersisalt to material from well studied
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epitaxial Cu-systems.

The mesh length of the square lattice displayed by an fcg@@surface is 2.594. This is identical
with the distance of next-nearest neighbors in the bulk, iargonly by 2% larger than the next-
nearest neighbor distance in Co metal. One would expecthf@Co-films grown on Cu(001) attain

a pseudomorphic-fcc(t)(001)-structure which is, in facthstantiated by numerous detailed studies
[141]. Metallic bond and geometric misfit considerationgegadditional support to this growth
behavior of Co on Cu(001) [141, 7], and it should also applNi@s a substrate [142]. Based on
this experience, one would surmise that the topmost layfero/Fe(001)-film should tend to attain
an fcc-structure on exposure to a sufficiently thick cappaeg001)Cu-film. The reason for this not
going to happen is very likely connected with the fact thatrlear-interface portions of the Cu-film
are not fcc-ordered but rather have bct(001)- or hcpQ)dstructure, as we shall explain below.

We first consider a sufficiently thin Co-film on Fe(001), stiisplaying a bct(001)- structure. The
length of the unit cell of the top layer is about 2.88[©6] which represents a rather open surface
with respect to an fcc(001)Cu-surface where the correspgndesh length is 2.55A¢ Therefore,

on capping the bct(001)Co-surface by a Cu-blanket, therl&ttm would very likely not grow an
fcc(001)-lattice but rather form a pseudomorphic-bctjesttucture. This may be concluded from
numerous experimental results, including surface aralysatom-resolved STM [113, 118, 143, 3],
referring to the deposition of Cu on (001)-surfaces with Imiesigths of 2.894, 2.88 1A, 2.87 1A,
2.77 1A and 2.75 A which correspond to the surfaces of Ag [76, 113], Au [118},[B, 120], Pd
[3] and Pt [143], respectively. Supposedly, the presencelmft(001)Cu-blanket will not affect the
stability of the underlying bct(001)Co-film as long as thiekiness of the latter is sizably larger.

When Cu is deposited on Fe(001) or on W(001) the Cu-film desgebdter initial bct(001) growth
a (1120)-oriented hcp-phase. As the misfit of the latter with ezsgo a hcp(120)Co-surface is
much less compared to that of a Fe(001)-surface, one igigusin assuming that Cu will grow on
Co(1120) by forming a (120)-oriented hcp-phase. It appears to be likely, theretbet a Cu-blanket
of this structure will not significantly affect the latticéability of the (11220)-structured portion of
the Co-film grown on Fe(001). One might expect that the stglolf a bct(001)Co-film ofx rA
thickness covered by, for example, a 20thick bct(001)Cu-film should be similar to the stability of
a bct(001)Co-film ok+30 rA thickness. Hence, capping a Co-film by Cu will likely redulce extent
of its pseudomorphic-bct(001)-constituent. This seentetoonfirmed by NMR-results on Co-films
of about 10 ML’s which should exhibit a bct(001)-structu@nce they are capped by a thick Cu-film
of 30 rA, the observed broadening of the NMR-peak may be attribtetede additional occurrence
of hcp-ordered Co [96]. In conclusion it can be stated thaietfiect of a Cu-overlayer is profoundly
different from that of an Fe-overlayer.

8.3.3 The Alumina/Co/Fe(001)-system

Covering a Co/Fe(001)-film of 2@\ rthickness with alumina (AO3) gives rise to a surprising NMR-
spectrum shown in Fig.5 of the very exhaustive study by Waelger et al. [96]. The system stands
out by a bcc Co NMR-line of unsurpassed clarity, merely aquamned by an irreducible intensity of
10 to 15% integral contribution caused by the two interfadde spectral feature of this contribution
to the NMR-signal is characterized by its independence wigagrocesses and of the film thickness
(up to 20_A). To understand the peculiarity of this system one has @yae the formation of the
Al,O3-layer in more detail.

The alumina coverage was obtained by first depositing Al ltepgng. This technique creates Al
atoms with a considerably higher kinetic energy comparethése effusing from an evaporator.
One would expect that the Al-atoms retain a sizable fractbthat energy after deposition and
are therefore sufficiently mobile to form their native fedtice. This is, in fact, what happens. As
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follows from inspection of the lattice parameters and thengetry, the fcc(001)-plane of Al matches
perfectly the respective properties of the Co/Fe(001jaser As a result, a thick fcc(001)-film of Al
acts on the top of the Co-layers much like the Fe(001)-satesand causes a pseudomorphic bct-
restructuring of the topmost Co-layers. At this stage, somtermixture of Co and Al is likely to
occur [144]. However, as Egelhoff Jr. et al. [144] have desti@ted, oxidation of the Al/Co-sample
offers a possibility to reduce this mutual penetration. Dué¢he higher affinity of oxygen to Al
compared to that of Co [145], the oxygen forms bonds to Algathan to Co whereby an alumina
layer is built up on top of Co with the latter remaining cheatiig pure. The process is carried out
by plasma oxidation which ensures the presence of atomigeyxgt the early stage of the /8)s-
formation. This, in turn, ensures the persistence of thestsaotture of the topmost Co-layers as
oxygen effects decatalyzation rather than promotion obtd@hcp-transformation. This has already
pointed out earlier.

The remarkable property of AD; as a blanket material that stabilizes the non-equilibriwo-b
structure of Co becomes also conspicuous with Co nanoefegtihat have been encapsulated by a
thin amorphous film of AlO3. Alumina wrapping of nano-particles that exist in a bcassture only

up to a diameter of 220~ can lead to an increase of this diameter up to 100{(1A6, 147].

We may summarize this section by stating that the linear dgioas of bcc-Co as a film or a spheroid
can be sizably enlarged by an alumina overlayer.

8.4 Phase stability diagrams

As to whether or not a doubling of the pseudomorphic-rangaiscon covering a Co/substrate-
system depends on the balance of the pseudomorphic-femeatiergy vs. the gain in interface
binding energy between the Co metal and overlayer metak Ads been studied by Dregia, Baner-
jee and Fraser [148, 149, 150, 151, 152, 153] in terms of thdymamic principles on the basis of
phase stability diagrams. LAG stand for the volumetric free energy difference betweempgseido-
morphic and the bulk phase of the fily denote the corresponding reduction of interfacial enangy i
the two states ang,, stand for the thickness of the film, the thickness limit ofymb@morphic-growth

in alternating (multi-) layers is given &G - tcoy+ 2Ay = 0. One can easily extend this equation to
uncovered filmsAG - thon_cov+ Ay = 0 wheretnon_cov IS the thickness of the uncovered film. Obvi-
ously, the two equations yieltoy = 2 - thon_cov- ReSults obtained on Co/Cu(111) [154], Co/Cr(001)
[89, 90, 155] and Co/Au(001) [82] multilayers which also shan enlarged pseudomorphic-range
compared to uncovered Co-films, conform to the above corsides.

The examples discussed so far bear evidence of the fachtfila$ of transition metals the thickness
range of their non-equilibrium structure will likely be daded (or at least be enlarged) if they form
a periodic array intercalated by films of appropriately @mether materials.

An interesting counter-example are pseudomorphic-faf{@d-films grown on Cu(001). If one caps
these films by Au-layers, the thickness of the pseudomosamrige is reduced. This can be traced
back to the fcc(111)- growth of the Au-overlayer which havarge misfit to the fct(001) top-layers
of Co. As a consequence, the overlayer causes these Ca-layatdopt their structure accordingly.
This has been shown by Heinrich [157].
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9 Conclusion

The current work is devoted to the growth of late transiticetas and noble metals as they are vapor
deposited on cubic (001)substrates. Many adsorbate filmslaje a centered electron diffraction
pattern after the first pseudomorphic monolayers. We caxbthen this centered pattern as arising
from a (1220)oriented hexagonal close-packed film structure. Thanséhat the close-packed lay-
ers of the film stand perpendicular to the surface with theicksng axis [0001] lying in the surface
plane of the substrate. The geometry of the epitaxial lagkivat results from minimizing the total
energy (i.e. from the tendency of the epitaxial system toemehlowest total energy) can symboli-
cally be characterized b1 120) tjjm, [000]] || (001)sypstrate < 110>pcc When the substrate possesses
bce-symmetry and b§1120) jjm, (0007 || (001)sypstrate < 100>t when one is dealing with an fcc-
substrate.

Contrary to what one would expect, we found that the occagai the hcp1120) -film is crucially
tied to an optimal interfacial fit of the film parallel to moq direction, that is, perpendicular to
the stacking axis rather than parallel to it. This growthrgetry can be understood if one takes
note of the fact that it implies a preceding pseudomorphoevtit which strongly influences the way
atoms are arranged perpendicular to the surface as thaatiter with the substrate fades out.

The pseudomorphic-growth constitutes a well known phemameften used as a modern technique
to produce metastable phases. It is characterized by tipepyoof the ad-metal to adopt the lateral
periodicity of the substrate. In general, the side lengtiheflateral unit cells of the ad-metal and the
substrate will be different so that a forced adaptation efatilayer unit cell introduces a strain in the
adlayer plane. (We defer discussing the alternative oflimgl up stress to the end of this section.)
As the atoms of a metal tend to conserve their volume undéateral strain or stress, the strain (or
stress) parallel to the surface gives rise to forces peipelad to it as a consequence of which the
structure of a two-layer pseudomorphic-film becomes motess tetragonal (fct or bct).

For tetragonal ratios/a < 1 the pseudomorphic (001)-film is compressed perpenditoldre sur-
face compared to a bcc(001)-film. In the centered rectan@oltfl 10)-planes, which are perpendic-
ular to the substrate surface, the atomic array becomeshiyétentical to that of the close-packed
(hexagonal) planes of the native fcc-phase. (In an fcdstigemode these planes constitute the
(111)-planes, in a non-fcc stacking mode the (0001)-plane®wever, as the film forms its first
layers parallel to the substrate surface, the requiredkisiggcwhich leads to a three-fold symmetry
around the stacking axis, cannot take place because thespéaa still stacked in the 110 >p-
direction dictated by the bct-symmetry, and hence the sytmynaeound this axis is four-fold. But
one has to bear in mind that of the planes under discussigradeiv sites are actually occupied in a
film of two monolayers. As the film starts building up its thiayer, half of the newly arriving atoms
are no longer placed into the regular positions of the b&fhlanes. Rather they are shifted within
every second bct(110)-plane into energetically more favierplaces such that they now occupy po-
sitions representing hcp-type hollow sites of the two unifnedi adjacent planes. This requires only
a small shift in the< 110 >-direction. In continuing the close-packing array withach plane, the
film now attains a regular hcp-structure with a stacking axithe bck 110 >-direction parallel to
the substrate surface and parallel to tn®001>- direction of a hcp-lattice. With respect to this
lattice the normal direction of the substrate surface is obaracterized by: 1120 >.

The departure from a regular bct-array of the arriving atovithin every second (110)-plane is
primarily associated with an energy increase which is, vaweutweighed by the energy gain in
placing the shifted atoms into the favorable hollow siteshaf unmodified adjacent planes. This
applies similarly to the formation of a dhcp-structure. Héthewly arriving atoms were to form an
fcc-lattice with a stacking axis in the bctl 10>-direction, only one sixth of them would occupy the
regular positions of the bct(110)-planes. Though the gngajn per atom by placing all new atoms
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into favorable hollow site positions would be the same aséngdrevious case, the shift energy per
atom would be about 68% higher because only every sixth plaxgd remain unmodified. For this
reason the build-up of hcp-stacked close-packed plandsatdry early stage is strongly favored
over an fcc-stacking. Once the formation of the hcp-arragdtarted, the favorable adsorption sites
for a further build-up of the film that ensure a continuousselpacking in the planes perpendicular
to the surface and a mutual optimal planar fit, remain to kes ©f the hcp-lattice. If the lattice, at
a somewhat later stage, would try to convert into an fccestine, it has to overcome a considerable
energy barrier connected with sliding atoms over on-toptjpos of an already deposited layer. As
a consequence, the films maintain their non-fcc-stackimg avarge thickness range and even when
the films are later stripped off their substrates.

The substrate surface possesses a four-fold symmetry aghtre hcpl120)-adsorbate is only two-
fold symmetric with respect to the surface normal. Hencéhatcommon interface the adsorbate
sees a small misfit on the average in one direction paralleh&oof the surface symmetry axis and
a large mean misfit in the direction of the surface symmetig pgrpendicular to the other. As a
consequence, the adsorbate grows by forming rectangulaaids, short in the direction of large
mean misfit, long in the orthogonal direction. Because oftiye equivalent symmetry axis of the
substrate surface the adsorbate develops two sets of get@amlomains. An hcp/fcc-phase transi-
tion would change the shape of the domains considerably adtvihence require atomic transport
over distances that are large compared to interatomicsgsciT his is tantamount to a high energy
barrier strongly inhibiting this transition as long as tHenfthickness is below a certain value. Be-
yond that threshold thickness the films finally develop timative fcc-structure. This is achieved
by reversing the initializing process of generating the-Btpcture on top of the pseudomorphic-
bct(001)-film. Once the bct-structure has formed, thedatdan smoothly be transformed into the
bcc(001)-structure and finally, by a tetragonal distor{ialong the “Bain-Path”), into an fcc-lattice
in which the energy per atom is lower than that in the preagticp-phase. The energy to be over-
come along this transition path is obviously large as lonthaghickness of the film remains below
a certain relatively large value. As the film grows furth&ere will also be a growing number of
lattice defects that shift the total energy of the film abdsadeal structure value. By reducing the
number of lattice defects which amounts to moving individuams, the ideal transition path barrier
desintegrates into several considerably smaller bartiatscan be overcome by thermal activation
in the deposition process. We have observed a hcp/fcc-ghasstion of this kind with Cu- and
Pd-films on Nb(001).

The energy barrier for a hcp/dhcp-transition is low. In &éiddi, it preserves the shape of the domains.
Not surprisingly, hence, the transition actually occursuble-hcp stacking in films is observed with
metals that possess a high stacking-fault energy like RhPahdHowever, both kinds of stackings
can occur with the same metal, depending on the substrateltzte bond strength. Ni- represents a
good example: it grows as an Hd@d20)-film on Fe(001), but forms a dh¢p120)-film on Au(001)
because of the weaker Ni/Au-bonds.

If c/a>1, the bct(110)-planes are stretched perpendicular toubstite surface compared to the
corresponding bct(001)-planes. In this case it is no lopgssible to slightly shift newly arriving
atoms out of their regular positions in every second bct({dl@ne to seed positions of hcp-planes
with the same stacking axis as the bct(110)-planes. Theréhe pseudomorphic-bct(001)-growth
persists up to 10 monolayers in the majority of cases that l@en studied in the current work.
Beyond that threshold the films fall back onto growing in thegjuilibrium structure.

Films like those of Co whose natural lattice structure istae 10 monolayers to develop their native
hcp-structure with 41120)-orientation. Other films of fcc-type metals regain theg-quilibrium
structure in a (001)-orientation. This constitutes a dimmmsequence of the tetragonal ratio being
larger than unity. The bct(110)-planes must only be stextchlittle further (along the “Bain-Path”)
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to attain the atomic array and dimensions of fcc(100)-@amieose four-fold symmetry axis is par-
allel to the< 110>-direction of the bct-lattice.

The thickness-limit of pseudomorphic-films can be extengleduitable surfactants or, in superlat-
tices, by imposing a suitable epitaxial constraint on bothrfaces of a sandwiched film.
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