PHYSICAL REVIEW B, VOLUME 65, 205417

Structural transition in Fe ultrathin epitaxial films grown on Ni (111)
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A structural study of Fe ultrathin epitaxial films, grown at room temperature ¢hlll)i has been performed
in the 1.5-18 ML coverage range by angle-scanned photoelectron diffraction. Both backscattering and
forward-scattering energy regimes have been employed, in order to enhance the structural sensitivity at lower
and higher film thicknesses, respectively. Modeling of the experimental data has been performed with multiple
scattering calculations. We found indications that Fe atoms in the first layer occupy fcc hollow sites and stack
with a pseudomorphic fcc structure up to 2 ML. Concerning the growth mode at these early stages, data
suggest that a good substrate wetting and a sharp Fe/Ni interface take place. Between 3 and 6 ML, transition
to a bc¢110 phase develops. By quantitati®Rfactor analysis, we found that Nishiyama-Wassermeivy)
in-plane orientation of the b¢tl0 cell ((001),JI(110)¢) is favored over the Kurdjumov-Sachs
((111)pedl{110)¢) orientation. The best-fit vertical interlayer distance between i€k planes isdyw
=2.11 A (+3.9% expansionat 6 ML and relaxes taly,y=2.05 A (+1.0% at 18 ML, in agreement with the
angular shift observed for the forward-focusing features. In the same coverage range, the angle between
bcd110 surface basis vectors changes from 67.7° to 69.0°, corresponding.#® and—1.0% contractions
of the surface cell area, respectively.
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1. INTRODUCTION of (11)-oriented fcc substrates is expected to be partic-

ularly suited in studying the transition. Another question

Since the theoretical prediction that 3ransition metals regards the in-plane orientation between bcc and fcc surface
would show a magnetovolume instabiltty’ growth of ultra-  cells, which may follow either Nishiyama-Wassermann

thin epitaxial films of such elements has attracted increasingnw)  ((001),,.JI(110)) or Kurdjumov-Sachs (KS)

inﬁerest in surface scienqe. Calculations showe(_j that, by Stil(lll)bcc,ll(llo)fcc) models, depending on the ratio of unit
bilizing these elements in structural phases different from .. o f = ap./ay) and on the layer-substrate interaction

their na_tural ones, pecuhr_ir and generally enhanced magnet}s(frengtrﬁ The Fe/Ni case is of particular interest because it is
properties could be obtained. In the case of Fe, such a be-

havior was shown for the low-temperatugephase (fcc) predicted to have a critical dependence on these parameters.
which is naturally stable only at high temperatures for the A theoretical structural and magnetic study by Wu and

bulk, but can exist at room temperaty®T) in thin epitaxial Freemaff investigated the Fe behavior within the first
films grown on suitable fcc substrates. The necessary rénonolayer(ML), finding that the favorite adsorption site on
quirement for a close lattice match between substrate antji(111) at 0 K was the hcp hollow and not the fcc one, with
deposit and for a magnetic study of the thin film usually led@ downward relaxation of the Fe/Ni interlayer distance and a
to choose nonmagnetic fcc templates like ‘CuNickel is decrease of the Fe magnetic moment. To address experimen-
suitable as well, as far as the lattice mismatch is concerne@lly the question of the adsorption site, Theobaldal."?
(+2%, referred to the RT lattice parameter of fcc Fe, ex-performed energy-scanned photoelectron diffrac(f) on
trapolated from the high-temperature pHasbut it is ferro-  a 0.6-ML film at 130 K, finding Fe atoms in the fcc hollow
magnetic and this may hinder the study of the magnetisite, with an Fe-Ni interlayer distance of 2.00 A. Other ex-
properties of the Fe film. On the other hand, employing eleperimental investigation$!4 have been performed using a
ment specific magnetic probést can be considered as an few monolayers of Ni deposited on WL0) as substrates, in
opportunity to explore the influence of a magnetic substraterder to obtain fc€l11) Ni templates with reduced magnetic
on the magnetism of the overlayer. influence on the Fe films. Fcc Fe has been observed up to
Besides magnetism, growth of Fe on(Nil), and gener- 3—4 ML, followed by a complex transition to a k&40
ally the heteroepitaxy of bcc/fcc metals, represents an interstructure, involving both KS and NW orientations. However,
esting topic from the structural point of view, which has the complexity of this structural evolution might have been
received considerable theoretical attenfio When Fe is influenced by the nonideality of the (ill) substrates,
grown on fc¢111) substrates, the evolution of the film struc- which show in-plane distortions and multidomains growth on
ture vs thickness is expected to show a transition from aV(110). Therefore, Fe growth on Kill) single-crystal sub-
pseudomorphic fcc to a bcec phase, which resembles, in strates has been clarified only within the first ML and knowl-
reversed way, the bcc-to-fcc martensitic transition occurringedge of the structural evolution at higher coverage still lacks.
in bulk Fe vs temperature. This structural transition develop&Ve have already investigated in detail the growth of epitaxial
with fcc(111) planes growing parallel to bet10) ones at  Fe films on N{001),**~ focusing particularly on the struc-
the interface between the two phases. Therefore, the ugaral aspects, because of the crucial role played by these on
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the magnetic properties of such systems. Magnetism of Nigpectively, assuming the two species uniformly distributed
Fe/Ni(11)) trilayers and (Fga/Niys 2)10/Ni(111) multilay-  into the Fe film.
ers has been studied by &bauer spectroscofyand by PD measurements consisted of measuring intensity angu-
absorption and reflectivity measuremehtsspectively, find-  lar distributions(IAD’s) of the photoelectrons, by scanning
ing an enhancement of the total magnetic moment of the Fan hemispherical analyz€i® angular resolutionover the
atoms at the interface. In a recent workwe studied the polar takeoff angled in the planes defined by the surface
electronic properties of Fe/Ni1l) films by electron energy normal and by the three nonequivalent azimuthal directions
loss spectroscopy at the valence band and at thé.J=¢ of the Ni(111) surface: thé 1217 (bic=0°), the[ 110]
edges, following the structural evolution by low-energy elec-( 4 =30°), and thg 211 (pr..=60°) directions. Polar
tron diffraction (LEED). We were able to correlate changes gngles were varied b 9= 1° and measured with respect to
in the 3d band region with the structure evolution, identify- the sample normal. In forward-scattering regime measure-
ing a critical thickness of 4 ML for the fcc-to-bcc transition. ments, Fe p and Ni 2p photoelectrons were collected with
In the present study we apply angle-scannedREX. 20 5 kinetic energyE, =480 eV. In backscattering regime mea-
by means of synchrotron radiation, to follow the structuralsuremems, the intensity pattern of low-energyE, (
evolution of Fe/N{111) films in the 1.5-18 ML coverage —120eV) Fe D photoelectrons was taken by measuring

range. The medium-to-high coverage region has been studig@ p's gver a 120° azimuthal range, starting frap..=0° in
in the forward-scattering energy regime, which enables a diéteps ofA9=Ap=2°.

rect link between structural changes and the angular position pi4 modeling was performed with thesco code?
and shape of the forward-focusing features. The lowest COVgeating MS in the Rehr-Albers approximation. We consid-
erage has been investigated in the low-energy backscatteringeq Ms events up to the fifth order. Phase shifts were cal-
regime to enhance both the surface and the back-bond seg;|ated up to angular momentum number15, based on
sitivity. To extract a quantitative information, multiple scat- 1, fin-tin potentials taken from Ref. 24. Atémic clusters
tering (MS) calculati_ons an@—factor analysis have been Per- \vere defined by the radiusand the deptth of a semiellip-
formed. The paper is organized as follows. In Sec. I, detailgyig haying the circular basis on the top layer and the vertex
on the experiment and on the data modeling are given. Thg, the hottom one. In all calculationswas set equal to 10
results are presented in Sec. Ill, divided into three sectionsg 5nq the deptih was varied according to the convolution of
Secs. IlIA and Il B present the experimental results for theyg fjjm thickness and the escape depth of the photoelectrons.
clean substrate and for the Fe films, respectively. Sectiogy the Jow coverage data.5 ML), clusters containing three
Il C presents data modeling by MS calculations divided intoy; layers and either one or two Fe layers on top were em-
two sections: Sec.. HNnci f_or the low coverage and S?Cployed. At higher coverages, i.e., for 6-, 9-, and 18-ML data,
lncz fqr the med|um-to-.h|gh coverage. Results are dis-5 depthh large as 9 Afi.e., five Fe layers of the order of the
cussed in Sec. IV and, finally, in Sec. V, conclusions ar§yiep of Fe 20 photoelectrons, was found sufficient to re-
presented. produce all the measured features. The treatment of experi-
mental and calculated IAD curves, before performing
Il. EXPERIMENT AND DATA MODELING R-factor calculations, followed the procedure reported in a
previous papel®
Growth and structural characterization of the Fe films
were donein situ at the ultrahigh vacuum end station of

beam line 7.2INFM, ALOISA),?! located at the ELETTRA IIl. RESULTS
Synchrotron(Trieste, Italy. The Ni111) surface was pre- )
pared by sputtering and annealing cycles by means of 1-keV A. Ni(11) clean surface

Arions and 600 °C temperature. The surface cleanliness and The Nj 2p IAD’s, collected along theﬁlal]fcc, [110]&6,
local order were checked by photoelectron spectroscopy a 11

PD measurements, respectively. The base pressure wasggqn in Fig. 1. We notice, at first, that a photoelectron

710 . . 710 . .
X 107" Torr, rising to <10~ Torr during evaporations. yinetic energy of 480 eV is high enough to give a remarkable
Fe was evaporated by means of electron-bombardment Ce_lférward-focusing effect; therefore, the attribution of the main

from 99.999% purity Fe rods. The deposition rate was MONizaat res observed in each IAD becomes straightforward.
tored by means of a quartz microbalance and calibrated b%ata measured along thié 217, azimuth are characterized

fitting Fe 2p/Ni 2p intensity ratio data with an exponential by a large peak around 35°, corresponding to the forward

attenuation model of the secondary electron intensity, usin , o
inelastic mean free path(IMFP’s) taken from the gocusmg of electrons along the close-packedl] direction.

literature?? The growth rate was 0.400.06 ML/min, as- ~I0ong the[110] azimuth, the IAD displays two main off-
suming a ML thickness of 2.03 A, the Ni interlayer distance][‘c’r'”n".’1I fea}tureshat 222'2 %nd239.2 cqrrg;pondmg to forward
along the[111] direction. The degree of contamination after 10CUSINg along t €132] and[021] atomic irections, respec-
evaporation was checked by photoemission from ¢ @ tively. The IAD collected along thg211];.. azimuth shows
1s, and Fe D core levels, for a 8-ML-thick film(20 min the strongest features at 20° and 55°, related t¢Xh&] and
evaporation Taking into account the different photoemis- [001] directions, respectwely. Measurements along Fhe
sion cross sections and IMFP’s, we estimated an amount dfl 21]ic and[211]y azimuths are scanning the same family

carbon and oxygen of the order of 9 at. % and 4 at. %, reef atomic planeg(202) and (02), respectively in two

d [211]s. azimuths on the clean Mill) surface, are
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FIG. 1. Intensity angular distribution$AD’s) of Ni 2p photo- 5
electrons collected & =480 eV along thg 121]s, [110]¢, 5 M/mefmt
and (210 Jjec azimuths on the clean Nill) surface. A cross- g /\/32‘,\/_“/ oML
sectional view of atomic planes scanned along each azimuth is g W -
sketched together with close-packed atomic directions. - W
12ML
/\ﬁm
. . . . 18 ML
opposite directions with respect to the sample normal. The
lack of mirror symmetry with respect to tH&11] axis (see 0 20 40 60 80
the cross sections of atomic planes sketched in Figis1 Polar angle [']
reflected by the markedly asymmetric shape of the 0° feature - T T—
X , X X ‘ VT I i2p oo Azimu
in the two IAD’s. In Fig. 1, the intensity anisotropyA —Fep e EccdB0eV

= (I max—min)/Imear Values are reported beside each forward-
focusing feature. The anisotropy of a forward feature is a Y ! i
figure of the strength of the electron focusing along the
atomic chain. Its value is related to the atomic arrangement
within the chain and, roughly, it is higher for closer packing.
We used it as a parameter to check the quality of the local
crystalline order during thin-film growth and substrate prepa-
ration. We notice the largest value of 77%, associated with
the closest-packed chain, th@l1] direction.
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FIG. 2. Intensity angular distribution$AD’s) of Fe 2p photo-

_Fe 2p IAD’s, measured along thel 21 ., [110]¢c, and  electrons collected =480 eV along the 1217, [110]c,
[211]; azimuths at increasing Fe coverage, are shown imnd[211];. azimuths on Fe films of increasing thickness. Mi 2
Fig. 2 together with the corresponding Np 2AD, collected  IAD's for the clean substrate are also displayed.
on the clean substrate. At 1.5 ML, no clear feature in the
three Fe IAD’s appears as a function of the polar angle, All the off-normal forward peaks undergo a detectable

except, perhaps, for the curves along th21],. and shift towards higher polar angles as the coverage increases,

[211],,. azimuths, where a very weak bump at large polarindicating that a downward relaxation in the vertical inter-
fcc ’

; layer distance occurs as the film grows. A final shift of about
angles can be observed. As the Fe coverage increases, w

! ) .5°, similar for all the peaks, was measured. For what con-
defined structures grow up. Along thd 21]i; azimuth,  cerps the intensity anisotropy, it progressively increases up to
starting from 3 ML, two features develop at 0° and 47°, theg \L and then stabilizes around the maximum value or

latter showing a small shoulder at 60°, at higher coveragesjightly decreases, as already reported during thin-film epi-
Along the [110]¢. azimuth, two broad features develop taxial growth.

around 0° and 32°, becoming sharper and more defined with The substantial flatness of the 1.5-ML IAD’s hinders the
coverage. At 6 ML a third, weaker, peak appears at 57°assignment of Fe atomic structure at low coverage but allows
Along the [211]¢. azimuth the main off-normal feature some considerations on the morphology of the Fe/Ni inter-
grows up at 55°, starting as a broad peak and turning into &ce. It is a clear indication that the interface is sharp, with
doublet at 50° and 60° at high coverage. Increasing the coweak Fe/Ni intermixing and absence of thick islands. In fact,
erage, another small feature at 27° also appears. the picture suggested by the data is the one that minimizes
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a) and six in the KS one. In Fig.(B), the possible NW and KS
Nishiyama-Wassermann (NW)  Kurdjumov-Sachs (KS) domains are superimposed to the substrate surface lattice,
using letters A—C) and number$l—6) as atomic site mark-

<001>tce || <110>ec <1M1>bco | <110t ers, respectively. A qualitative interpretation of the high cov-
_ erage data can be given by looking for a correspondence
o 5)2:”%0 o between the angular position of the measured features and

the close-packed atomic rows that are encountered during
polar scans of the b¢t10) surface. Referring to thel 10 ¢
direction as thap,..=0° azimuth and to th€001] direc-

tion as the¢,.=90° one, the closest-packed atomic rows
appear just along these azimuths,éat 45° (2.87 A inter-
atomic spacingand at#=35.3° (2.48 A spaciny respec-
tively. A remarkable similarity exists between these polar
angles and those of the main features in the IAD’s measured
along the[121]¢. and[110], azimuths, i.e.#=47° and
0=32°, respectively. Concerning th&11];.. azimuth data,

the feature centered at 55° undergoes a shape evolution as a
function of film thickness, which is more complex, possibly
related to which of the two orientation relationship occurs or
to the presence of domains changing their relative weight.
These arguments strongly suggest that a8 1d® phase has
formed above 3 ML. In the following, a quantitative analysis
is presented, in order to characterize in detail the structural
evolution of the Fe film in the medium-to-high coverage
3 NW domains 6 KS domains range and particularly to determine which in-plane orienta-
tion occurs at the bcc/fce interface.

|

[121]fee
¢ fee=0°

FIG. 3. (a) In-plane orientation relationship between (o)
(open circlegand fcd111) (closed circlessurface cells in the NW
and KS models(b) The three NW domains are indicated by letters

! ) C. Data modeling
and the six KS domains by numbers.

1. Low coverage

the number of forward-focusing events at that coverage. To determine the Fe atomic structure at low coverage, we
Namely, the first Fe layer uniformly wets the substrate andneasured Feintensity patterns at low kinetic energy, over
half of the second layer adds on top of it, producing the fewj |arge solid angle onto the 1.5-ML film. Photoelectrons were
focusing events responsible for the weak modulations agxcited to a kinetic energy of 120 eV with the twofold aim of
large polar angles. As soon as some forward features aignhancing both the backscattering effect over the forward
detectable, i.e., from 3 ML on, it is evident that they differ in one, due to the shape of the electron-atom scattering factor at
number and angular position from those of the substrate abw energy, and the surface sensitivity, due to the smaller
the corresponding azimuth; therefore, we have to conclud@Ep of the photoelectrons.

that the Fe film is not pseudomorphic with the substrate The experimenta| pattern, shown in F|g(an disp|ays
above this coverage and a new structural phase is growingnreefold symmetry. The prominent feature is represented by
We also notice that the key features characterizing the high hexagon centered at the origin with inequivalent vertices
coverage IAD’s are already defined at 3 ML, and only rise instarting até..=0° and atd between 40° and 50°. Within the
intensity, undergoing small angular shifts, as the coverag@iexagon, a threefold high-intensity feature is evident at
increases. This also indicates that the film structure is already, —0°  120°, 240° and=32°, which forms, with the two

defined at this coverage and no abrupt phase transition O¢exagon sides nearby, an arrowlike shape. Close to the three
curs.abqve. This behavior is of pertinent interest to .the depther vertices, athc= 60°, 180°, 300° and=32°, weaker
termination of the Fe structural phase below 3 ML, in par-ang smaller features appear. Outside the hexagon, dark re-
ticular, to establish yvhgather it grows in the new _phasegions ater=0°, 120°, and 240° are alternated with couples
already from the beginning or it is pseudomorphic with the s bright bands, symmetric with respect #§..= 60°, 180°,
substrate. As previously mentioned, from the literature it is;nq 300° azimuths.

known that the structural evolution of_ bcc metals grown on  The observed symmetry, appropriate for a(1dd) sur-
fcc(111) substrates leads to the formation of atid®) phase  ace  and the position of the threefold high-intensity feature
with two possible in-plane orientation relationships, relativeyithin the hexagon, which closely matches the directions of
to the underlying fcc lattice: the Nishiyama-Wassermanrg; i nearest-neighbaiNN) bonds in case of an fcc-site oc-
(NW) ((00Dp,dI{110)1c) and the Kurdjumov-SachéKS)  cupation, suggests that the film structure is pseudomorphic
((111),.dI{110)+), which are schematically represented in fcc(111), with fcc sites occupied at the interface. However,
Fig. 3@. The threefold symmetry of the f(tll) surface the possibility of an fcl11) structure with mixed fcc-hcp
generates three equivalent domains in the NW orientatiosite occupation and that of bdd.0 growth from the very
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ferentR factors:R is obtained by a combination of five dif-
ferent R factors, as described in Ref. 2By is the more
familiar PendryR factor?®

The calculation for the 1-ML fcc cluster, fcc siféig.
4(b)], shows a weak threefold symmetry, hardly distinguish-
able from a sixfold one. The pattern displays a hexagon with
equivalent high-intensity sides but inequivalent vertices.
They are located a#=47°, but those at;.,=0°, 120°, and
240°, corresponding to azimuths where first NN's are en-
countered, are slightly brighter than those ¢@g..=60°,
180°, and 300°, where second NN’s are met. The visual
agreement with the dat&E& 0.77Rp=0.082) is poor except
for the hexagon shape, which is reproduced, but that in the
data has a much more threefold symmetric character. The
situation substantially improveRE 0.58Rp=0.052) when
a second Fe layer is add¢#lig. 4(c)]. Within the hexagon,
bright features appear a=35°, close to the vertices at
bic=0°, 120°, and 240°. These angular positions are those
corresponding to first NN chains in case of an fcc-site occu-
pation (see black sticks in the drawing besid€he fact that
these peaks arise, on passing from one- to two-atom chains,
might indicate that the forward scattering is not negligible
even at these low energies. However, the same effect is not
observed in the region corresponding to the second NN
chains, which show an increased but diffuse intensity, so it is
more likely that the bright peaks at first NN positions arise
because of constructive interference effects related to path
lengths. These features and the nearby hexagon sides pro-
duce bright arrowlike shapes, which agree fairly well with
those observed in the data. On the contrary, the dark regions
near the vertices aps..=60°, 180°, and 300°, do not repro-

FIG. 4. (a) Stereographic projection of Fepdntensity measured duce very well what is experimentally observed. In the re-
from a 1.5-ML Fe/N{111) film at Ex=120eV. (b) and (c) MS  gion outside the hexagon the agreement is satisfactory. Be-
calculations for 1- and 2-ML fcc Fe films, with Fe atoms at the yond the vertices ad.=0°, 120°, and 240° there is a dark
interface occupying fcc hollow site&d) and(e) same agb) and(c) region, in good agreement with the data pattern, and, from
but for Fe atoms occupying hcp hollow sitéS. and(g) MS calcu-  the vertices atpq.=60°, 180°, and 300°, two bright bands
lations for 1- and 2-ML bod10) Fe films: the patterns are linear originate and diverge symmetrically. These bands, though
combinations of the three equally populated NW domains. For eacinore broadened, were also observed in the experimental
calculated pattern thB-factor value is displayed. pattern.

Passing to calculations for the fcc cluster, hcp site, it is
beginning (though, in this case, the expected symmetryclear how the patterns from 1- and 2-ML filmiEigs. 4d)
should be either twofold for a single domain or sixfold for all and 4e), respectively are the same as for the fcc-site case,
the possible NW or KS domains occupjdthve to be taken but rotated in azimuth by 60°. This accounts for the 60°
into account. change, in the azimuthal position, which first and second NN

To clarify these points we performed calculations on 1-bonds undergo on passing from one site to the other. The
and 2-ML-thick Fe clusters, with either fcll) or bcq110) agreement with data, compared to the fcc-site case, remains
structures. For the fcc case, we considered two possible athe same for the 1-ML filmR=0.76Rp=0.085), and it is
sorption sites on the Ni surface, which are schematically repsubstantially worse for the 2-ML clusterRE0.66Rp
resented in the stick and ball drawings: fcc hollow and hcp=0.098). One might interpret the weak-intensity features at
hollow. We notice that, if the fcc site is occupied, first NN's ¢¢..=60°, 180°, 300° and)=32°, in the experimental pat-
(black stick$ are at¢w.=0°, 120°, 240° and¥=35° and tern, as a contribution from hcp-site domains, which show
second NN's(white sticks are at¢;..=60°, 180°, 300° and the “bright arrow” features there. We have considered the
0=55°. If the hcp hollow site is occupied, first and secondpossibility of mixed fcc-hcp site domain&he so-called
NN’s exchange theirps.. coordinates. For bcc clusters, we twinned fcc domainsby adding increasing amounts of the
considered both the case of three NW-oriented domains ancp-site pattern to the fcc-site one: tRefactor value was
that of six KS-oriented domains. Fe structural parametersonstantly increasing from that of pure fcc-site contribution.
were those of the Ni substrate, for fcc clusters, and those We now consider the calculations for Bt&0) clusters. In
from best-fit parameters of the 6-ML film, for bcc clusters. Figs. 4f) and 4g), we present the results for 1- and 2-ML-
For each calculated pattern, we report the values of two difthick films with three NW-oriented domains, equally occu-
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pied. Single-domain patterns are not displayed because they Interlayer spacing d [Al  Angle B [*]
70

yield twofold symmetry, in clear disagreement with the data. 180 200 220
Both 1- and 2-ML patterns display a sharp hexagon similar Lo
to that produced by 1-ML fcc clusters. It is interesting to
notice how the symmetry of the patterns changes. It is three-
fold for the 1-ML case, reflecting the symmetry of the sub- ]
strate, and turns to the expected sixfold, when a second bcc 0407
layer is added. The agreement with data is not very satisfac- I
tory for both the 1-ML R=1.20Rp,=0.184) and the 2-ML
(R=1.50Rp=0.230) cases. The patterns from KS-oriented
clusters, not shown here, are very similar to the NW ones,
with just a slight broadening of all the bright features, due to
the larger number of domains involved.

Finally, we have also considered the case of a 2-ML-thick
film with a fcc, fcc site, interface layer, and either a NW- or
KS-oriented bcc top layer. The calculated patterns, not
shown, closely resemble those of the 2-ML-thick pure bcc
phase. By assuming the bcc domains equipopulated, the fol-
lowing R factors result for the NW caseR=1.42, Rp
=0.219. We also combined increasing percentages of these

0.60 -] E 0.60

050 E 050

R-factor
10108}y

F0.40

{110},

Fe 2p Intensity [arb.un.]

e [121)e

patterns to that of the 2-ML-thick fcc film, fcc site, but the a 0 '210' | 40 60 80
resultingR factors were increasingly higher than the best-fit Polar angle []
ones.

_FIG. 5. Experimental Fe 2 IAD’s along the [121]¢,,
[110]4, and[211].. azimuths for the 6-ML Fe film compared to
the best-fit calculations for KS and NW models. In the insets, the

In this coverage range, we performed calculations for KSyependence of the-factor vs fitting parameters is shown with hori-

and NW-oriented bdd10) clusters and compared them to zontal and vertical error bars at the minimum.

the 6-, 9-, and 18-ML data. The multidomain character of
both NW and KS orientations calls for an accurate structural
model to be set up, which includes the correctly weighte
averaging of all the possible azimuthal orientations of th
bca110 domains, with respect to the inspected azimuths o
the fcd111) surface.

In principle, along each of the considered fcc az'mUthS.the surface cel[defined as in Fig. @]. The three sets of

the NW orientation contributes with three nonequivalent azi- ; ;
- e results were then averaged to obtain the overall best-fit result
muthal directions and the KS with six directions. However,
for that coverage.

due to the high symmetry of the chosen substrate azimuths; . . )
- . . " . In Figs. 5 and 6, the experimental IAD’s measured at 6
those bcc domains occupying mirror positions with respect . ,
; . . ) : . and 9 ML are shown along with the NW and KS best-fit
to the fcc azimutfsee Fig. 80)] give an identical contribu- . .
) - N . calculations. In the top panels tRefactor behavior vs struc-
tion to the measured intensity, i.e., the same bcc azimuths afe )
. . - . dral parameters is also shown. We observe that the overall
aligned. _In details, ilor:g ‘hél?”fcc aZ|mut°h, the NW agreement between calculations and data is satisfactory, and
model aligns thegye=0° (domain A) ani 60 (B andC)  hat all the main features in the experimental curves are well
azimuths ;and the KS model aligns thg.=5° (domains 2 enroquced by the calculations. This confirms that the film
and 3, 55°(1 and 5, and 65°(4 and  azimuths. Along the a5 1c¢110) structure in the medium-to-high coverage
[110]sc azimuth the NW model contributes with the,.c  range. Concerning the in-plane orientation model, at 6 ML
=30° (A andB) and 90°(C) azimuths, and the KS model the R-factor curves clearly favor the NW model over the KS
contributes with thep..=25° (1 and 2, 35°(3 and 4, and  one, with a difference between the two minima being greater
85° (5 and § azimuths. Finally, along thE211];.. azimuth  than the error. By inspection of the IAD curves, the best
the NW and KS domains align exactly the same azimuths aagreement of the NW model is evident, particularly along the
for the[121];. case but the couplings occur between differ-[ 121];.. and[211];.. azimuths. TheR-factor minima in the
ent domains. We notice that the different shapes of the polalW curves occur for an interlayer spacimt,,=2.11 A,
scans measured along th211];. and[121]. azimuths corresponding to ©3.9% vertical expansion, and for an
yield evidence of a nonequal occupation of either KS or NwangleByw=67.7°, corresponding toa1.7% contraction of
domains, so that a variable occupation of different domainghe surface cell area. At 9 ML a similar result occurs. The
has been included in the-factor minimization procedure. =~ NW model gives best-fit results for a reduced interlayer
At a given coverage, we compared data and calculationspacingdyy=2.08 A, corresponding to & 2.5% vertical
for each fcc azimuth, minimizing thR factor, R (Ref. 25, expansion, and for a very simil@ angle(68.09. Again, the
upon variation of both structural parameters and domainbest visual agreement of the NW model appears along the

2. Medium-to-high coverage

ccupation. We varied two structural parameters to account
or the possible vertical and in-plane relaxations of the bcc
€110 lattice: the vertical interlayer spacirg (varied si-
multaneously over the whole cluster, composed of five
atomic layers and the angle3 between the unit vectors of
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FIG. 7. Best-fit structural parameters, the interlayer distance
L e B dyw . and the anglg8y ., as a function of the Fe coverage.

and, for the¢,,.=60° one, a weaker peak at 58° appears.
FIG. 6. Same as Fig. 5, but for the 9-ML Fe film. Therefore, with reference to tii& 21];.. azimuth IAD’s, the
strong peak at 47° is produced by the larger occupation of
aforementioned azimuths. For the 18-ML film, the differencethe domainA, contributing with the¢,..=0° azimuth, and
between the NW and K®R-factor minima lies within the the weak shoulder at 60° belongs to the less occuiedd
error, though the NW model still gives a lower absoluteC domains, contributing with,..= 60° azimuths. Along the
value. The best-fit interlayer spacing reduces to 2.05 A211];,. azimuth, the enhancement of the 58° component,
(+1.0% and the angleByyy increases to 69.00—1.0% of reaching the same intensity as the 47° one, is explained by
surface cell areai.e., the two parameters are approachingthe increased contribution from thg,..=60° azimuths(A
equilibrium values for a bd@10) cell. In Fig. 7, the behavior and C domaing and with a lower one from theb,..=0°
of the structural fitting parameters vs coverage is shownazimuth(domainB).
Best-fit results are summarized in Table I. An error bar of
+10% was estimated for the-factor values, based on the
statistical error affecting experimental data and assuming the
calculations to be error-free. The error bar associated with Measurements in the backscattering regime, combined
the fitting parameters was calculated on the basis of the cuith the MS calculations, suggest that the Fe structure is
vature of theR-factor curve at the minimurff. We notice that pseudomorphic f¢d11) up to 2 ML, with Fe atoms at the
a nonequal occupation of NW domains results, with domaininterface occupying fcc hollow sites. These indications come
A having a 40% value anB andC both at 30%. This is in  from both the visual and th&-factor based agreement be-
agreement with the different shape of the experimental IAD’sween data and calculations. For one of Biéactors(R) the
collected at th¢ 121]¢.. and[211];.. azimuths, in the 40°— value for the 2-ML fcc cluster, hcp site, is very close to that
70° region. The two features around 50° and 60° are théor the fcc site and, including-10% error bars, they partially
result of a superposition of two different contributions from overlap. However, as mentioned before, there was no im-
the ¢pc= 0° andgp= 60° azimuths. The calculations show provement in the agreement by mixing fcc- and hcp-site do-
that, for theg,..=0° azimuth, a strong peak is present at 46°mains. Our results are consistent with those of Theobald

IV. DISCUSSION

TABLE |. Best-fit structural parameters and bcc domain occupations for the 6-, 9-, 18-ML(EEINi

films.
NW domain
occupationg%)
Fe coverage Raw Rks
(ML) dyw (R) Bnw (deg (x10%) (x10% A B C
6 2.11+0.06 67. 725 0.38 0.48 43 28 29
9 2.08+0.05 68.0:2.5 0.29 0.36 43 28 29
18 2.05-0.03 69.0:2.5 0.28 0.32 40 25 35
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et al,'? and with those of our previous wotR.Pseudomor- does not allow for a discrimination between KS and NW
phism up to similar coverages was also reported by Johnstonyientations on the simple basis of the angular separation
Arnold, and Venu¥ and by Hoche and Elmet.A quanti-  between integer and extra spots. Therefore, though the pres-
tative analysis of the data was attempted, but, in contrast tence of the extra spots and, consequently, of an additional
the forward-scattering case, poor dependence oRtfector ~ structural phase—which is likely to be K¢¢0—is not un-
upon variation of the structural parameters was found. A posder question, the conclusion about the KS orientation of the
sible explanation is that, at low kinetic energy, due to thePcc cell is highly questionable. . _
scattering factor shape, the angular dependence of the scat- 1h€ trend of the vertical interlayer spacing vs thickness
tering features becomes much broader than for the forwarddccounts for the angular shifts observed in the data, i.e., a
scattering regime, and affects the sensitivity to small structeduction in the interlayer spacing implies an increase in the
tural changes. Moreover, the quality of the experimental datghgular position of the off-normal features. We also notice
in the backscattering regime is lower, being affected by éhat the t_Jest-flt valu_es of _the structural parameters are con-
higher experimental error with respect to the forward-S'St?”t with an glastlc stralln of the Fg volume c<_a||, where the
scattering data. Before discussing the results for the mediunY€rtical expansion due to mcreaseq interlayer distances tends
to-high coverage range, a general consideration is necesséﬁlbe compensated for by a reduction of the surface (_:eII area,
on the limitations imposed by the use of polar scans. ThougRS Measured by the decrease of ghangle. The behavior of
the quantitative analysis was finally successful, the sensitivin® angular positions of the forward features, moving pro-
ity to the in-plane bo@.10) cell orientation was influenced by gresswely to equmbrlum values vy|th thickness, suggests that
the fact that the KS and NW models contribute with similarth€ €lastic strain release occurs in a smooth way rather than
azimuthal directions(e.g., some differ byA$=5° only) thrqugh abr_upt mechanisms such as thg formatlon of dls!o—
along the inspected fcc azimuths. It follows that, in the cas&@tions, which are reported for heteroepitaxial systems with
that all the domains are present with similar occupations, th&narp interface€? However, it cannot be excluded that
calculated IAD’s tend to be similar, smearing out the differ-Within the probed area, few regions undergo this sudden

ences between the two models. The use of azimuthal scaf§@nge and the others remain strained, so that the averaged
would probably give a higher sensitivity to this kind of result is the one observed. Concerning the values of the bcc
analysis. However, at least for the 6- and 9-ML cases thdattice parameters, which are out of equilibrium even for a
separation between the NW and IRSactor minima is larger relatively high thicknes$18 ML), the concentration of car-

. h : H 30
than the error bars, and a conclusion in favor of the NwPON in the films has to be taken into account. Quétral.™
model can be drawn on quantitative grounds. observed a 3% expansion of the vertical interlayer spacing

The observed structural evolution, with a fec-to-bee tran-2nd €quilibrium in-plane parameters for a 200-ML-thick bce

sition developing at low coverage, fits the theoretical deF€ film, grown on P(D0J1). By invoking the formation of
scription by Bauer and van der Mervef a bcd110/ dislocations, they explained the in-plane strain release, but

fco(111) interface, with ar o parameter and a weak layer/ the out-of-plane strain remalned unexplamed. They attrib-
substrate interaction energhich is expected when film qted the tetragonal d|st_ort|on to the high carbon concentra-
and substrate atomic species are siffjain that case, for 10N (22 at.%, 5.7 wt%in the film, based on the value of
the first layer, pseudomorphism is predicted, independent dfarbon concentratio0.65 wt % sufficient to cause 3% tet-
the r value. Then, assuming that the elastic energy scale@donality in martensite. The present case seems different for
with the square root of the layer number, transition to atwo reasonsti) the vertical expansion we observe is sensibly

bca110) phase is predicted at low coverage. The same adOWer (1%) and we still observe an in-plane contraction
thors do not specify which in-plane orientation should occur’hich, according to elasticity, c?n justify ii) Oth‘? carbon
at the beeffee interface. In fadtyey lies in a critical region ~ concentration in our films9 at. %, i.e., 2 wt%is much

where neither NW nor KS energy curves have a minimum!oWer than that reported by Quiret al, though, according

However, the occurrence of a NW orientation has been relo the case of marter)site,_it could be high enough to contrib-
ported by Fukuda and GotBhwith calculations on small Ute 0 @ tetragonal distortion.

clusters of Fe on a NL11) surface. The experimental study
by Johnston and co-workéfaeports, at 12 ML, the copres-
ence of both KS- and NW-oriented d&0 cells, with a
value of theB angle(69.29 practically identical to ours. The A detailed structural study of Fe ultrathin films, grown on
present results extend the findings of our previous work, a Ni(111) single crystal at room temperature, has been car-
focused on the correlation between electronic and structuraled out over a wide coverage range, employing angle-
changes. The critical thickness of 4 ML for the fcc-to-bcec scanned photoelectron diffraction and a MS calculation mod-
transition, inferred from the appearance of extra spots in theling of the data. The use of synchrotron radiation has
LEED pattern, is basically confirmed by the present strucallowed us to exploit both backscattering and forward-
tural analysis, based on a quantitative method. Moreover, iscattering energy regimes, to enhance the structural sensitiv-
that paper we assumed that the structural transition waisy at lower and higher film thicknesses, respectively. From
based on a KS mechanism, on the basis of the angular sepidte results in the backscattering regime, we have indications
ration between integer and extra spots. This appears contréiat, within a 2-ML coverage, the Fe film has a (fttd)
dicted by present results. As a matter of fact, the poor qualitpseudomorphic structure, with interfacial atoms occupying
and misorientation of the LEED pattern shown in Ref. 19fcc hollow sites, in agreement with previous restitsn-

V. CONCLUSIONS
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creasing the coverage, from 3 ML onwards, a transition to aular shift observed for the forward-focusing features. In the
bca110 phase was observed and investigated in thesame coverage rang@, slightly increases from 67.7° to
forward-scattering regime. Quantitative analysis was applie@9.0°, corresponding to a contraction of surface cell area by
to 6-, 9-, and 18-ML data, minimizing a combination Bf —1.7% and —1.0%, respectively. Finally, concerning the
factors as a function of the in-plane orientation relationshipgrowth mode at low coverage, indications of good wetting
(KS or NW) and of two structural parameters. Their choiceand of a sharp Fe/Ni interface were found.

accounts for the vertical and in-plane relaxations, i.e., the
vertical interlayer distance between Btt0) planes(d) and

the angle between surface basis vect@s We find that the
NW in-plane orientation is favored over the KS one and The authors wish to acknowledge L. Marassi and the
develops with three nonequally populated domains. BetweeALOISA team for assistance during the experiment, and O.
6 and 18 ML,dy,y relaxes from 2.11 A+3.9% expansion Moze for a critical reading of the manuscript. Financial sup-
to 2.05 A (+1.0%), respectively, in agreement with the an- port by INFM and MURST are also acknowledged.
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