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Structure of self-organized Fe clusters grown on Au„111… analyzed by grazing incidence
x-ray diffraction
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We report a detailed investigation of the first stages of the growth of self-organized Fe clusters on the
reconstructed Au~111! surface by grazing incidence x-ray diffraction. Below one monolayer coverage, the Fe
clusters are in ‘‘local epitaxy’’ whereas the subsequent layers adopt first a strained fcc lattice and then a partly
relaxed bcc~110! phase in a Kurdjumov-Sachs epitaxial relationship. The structural evolution is discussed in
relation with the magnetic properties of the Fe clusters.
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I. INTRODUCTION

Nanometer-sized objects such as metallic clusters or w
grown by controlled self-organization processes on surfa
exhibiting a defined strain field~e.g., reconstructed surface
and patterned surfaces! are currently under extensive stud
Because of the reduced dimensionality and the inflated
portance of surface phenomena, these new objects ex
original properties. In particular, they are models for inve
tigating the magnetic properties of low dimensional
systems.1–3 As a matter of fact, the magnetic properties a
closely related to the intimate crystalline structure. Ve
small objects can present new and/or highly strained crys
lographic phases with respect to the bulk equilibrium on
These phases may in turn lead to peculiar spin phase
magnetic anisotropies. Investigating the structure of s
small objects is therefore important but very difficult becau
of the very small amount of deposited material. Recently,
magnetic properties of self-organized Fe deposits on the
constructed Au~111! surface were investigated by x-ray ma
netic circular dichroism~XMCD!. Three different spin
phases were identified, as a function of coverage.2 To fully
understand these magnetic properties it is mandatory to
cisely determine the crystalline structure of the Fe depos
For such small clusters grown on a surface with a large
tice mismatch, one may expect strong differences compa
to the bulk structure.

In this paper, the crystalline structure and strain relaxat
of Fe deposits on Au~111! are investigated by grazing inc
dence x-ray diffraction~GIXD! as a function of Fe coverage
In a first part, the characteristics of the reconstructed Au~111!
surface are given, and the reciprocal lattice is analyzed
GIXD. In a second part, the structure of Fe deposits is st
ied as a function of coverage, from isolated clusters to s
eral monolayers~ML !. It is shown that Fe clusters first grow
in close registry on the highly inhomogeneous reconstruc
Au~111! surface. Slight changes appear in the Fe-Fe
tances first at a one-dimensional coalescence, then a r
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ation starts upon the growth of the second layer. Abov
ML, the film undergoes a phase transition from a fcc~111!
phase to a bcc~110! phase.

II. EXPERIMENT

The experiments were performed in ultrahigh vacuu
conditions on the surface diffraction beamline~ID3! at the
ESRF on az-axis diffractometer.4,5 The single crystalline Au
substrate is of~111! orientation within60.1°. It is prepared
in situ by Ar1 sputtering and annealing cycles, up to 1000
After treatment, the mosaicity of the Au sample is negligib
~below ;0.01°) and the diffracting domain size as large
1800 Å, as determined from rocking scans. The Fe is eva
rated from a high-purity rod, heated by electron bomba
ment in an evaporation cell equipped with a flux monit
During the evaporation the pressure lies in the low 10210

mbar range. The growth is made with the substrate held
room temperature. After each analyzed coverage, the sam
is cleaned and the Fe deposition repeated. The thicknes
the deposit is controlled by fitting the specular reflectiv
Kiessig fringes. The surface and Fe deposits cleanliness
controlled by Auger electron spectroscopy. The~111! single
crystalline surface is described by a triangular unit cel6,7

defined by the surface in-plane basis vectorsaW 1 , aW 2, making
a 120° angle (a15a25a0 /A2, wherea054.07 Å is the fcc
bulk parameter of gold! andaW 3, perpendicular to the surfac
(a35A3a0). The reciprocal space indicesh and k describe
the in-surface plane momentum transfer, andl the perpen-
dicular to the surface momentum transfer. The units of
reciprocal lattice areuHW u5uKW u54p/A3a152.52 Å21 for
wave-vector transfers parallel to the surface anduLW u
52p/A3a050.89 Å21 for positions along the surface no
mal direction. The photon energy is set to 17.176 keV
obtain high flux and access to large momentum transfer
ues. The angular resolution for in-plane scans is 0.5mrad
and the incidence angle tuned close to the value for t
©2004 The American Physical Society13-1
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external reflection of the x-rays@;0.3° at 17.176 keV for
Au~111!#.

III. Au „111… SURFACE RECONSTRUCTION

In order to understand the modifications in the x-ra
diffraction scans induced by the evaporation of very sm
amounts of Fe it is important to first precisely describe
Au~111! reciprocal lattice. The strong relativistic effects e
perienced by the electrons in gold produce a large mism
between the bulk equilibrium interatomic distance and
surface one.8,9 Moreover, since the chemical nature of th
surface and bulk atoms is the same, the interactions betw
two surface atoms and between a surface and a bulk a
have approximately the same magnitude. Hence, for the
face atoms, a competition results between the trend to
closer, or to adopt the bulk equilibrium distance. In the c
of the Au~111! surface, the most favorable energetic situat
consists of a surface split into domains of two differe
types: domains where the interatomic distance is the on
an ideal gold surface~hcp stacking! and domains with the
bulk interatomic distance~fcc stacking!. The two types of
domains are separated by discommensuration lines, se
atomic distances wide, which make the junction between
hcp and the fcc domains. The interatomic distances betw
surface atoms are very inhomogeneous since they vary f
2.65 Å to 2.86 Å.9 The periodic succession of parallel fc
and hcp stripe domains along the denser^1̄01& atomic direc-
tion forms an uniaxial 223A3 reconstruction. The densit
increase alonĝ1̄01& rows ~by introducing one additional Au
atom every 22 bulk atoms! produces stress in the other sym
metry equivalent directions@Au~111! belongs to theFm3m
space group#. Hence the stripe domain reconstruction is u
stable for large areas10,11 and the best compromise is th
formation of three types of stripe domain reconstructio
each of them associated with one of the three equiva

^1̄01& directions. The intersection between the discomm
suration lines of the different stripe domains induces the
mation of kinks. The kinks are themselves ordered, and
leads to a structure in which two of three possible rotatio
equivalent domains of the stripe domain structure altern
periodically across the surface, forming the well-known z
zag pattern.6,12,13

In summary, the herringbone-reconstructed Au~111! sur-
face can be understood as the superposition of three diffe
lattices@Fig. 1~a!#.

~1! The fcc bulk lattice with lattice parametera0.
~2! The surface reconstruction lattice, used to be ca

223A3, which is the consequence of the density incre
along the^1̄01& rows. In a^1̄01& direction there is a 22a0

superperiodicity, whereas in the perpendicular^12̄1& direc-
tion, the superperiodicity isA3a0.

~3! The rectangular (l3L) kink superlattice withl
57.2 nm~fixed precisely by the 22a0 reconstruction period-
icity!, andL varying typically between 15 nm and 50 nm
The lengthL experiences very large fluctuations from o
sample to another, depending on the preparation condit
and the density of defects in the crystal.14
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The resulting Au~111! reciprocal space is made of th
superposition of the reciprocal lattices of the three differ
lattices and the symmetry-equivalent domains, as represe
in Fig. 1~b! in the HW , KW , LW basis. The larger dark disks ar
the intersections with the (HW ,KW ) plane of the crystal trunca

FIG. 1. ~a! Reconstructed Au~111! surface as simulated by mo
lecular dynamics~Ref. 9!. The 223A3 reconstruction cell is repre
sented~small rectangle!, as well as the rectangular herringbone u
cell ~large rectangle!. In this simulation the large periodicity of the
kink array isL532 nm ~see text!. ~b! Reciprocal surface lattice o
reconstructed Au~111! ~middle! with enlargements around the~0,0!
~bottom! and ~0,1! ~top! reflections. The intersection of the cryst
truncation rods with the surface plane are represented by the
disks, the 223A3 reconstruction by smaller gray disks and the
flections due to the kink lattice by dots~for the sake of clarity, the
contribution of the kinks is only represented in the enlarged
gions!. The different types of GIXD scans recorded in the pres
study are indicated by arrows as~i! and ~ii !.
3-2
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STRUCTURE OF SELF-ORGANIZED Fe CLUSTERS . . . PHYSICAL REVIEW B 69, 155413 ~2004!
tion rods~CTR!,15 the small gray disks represent the latti
of the 223A3 reconstruction, and the dots represent the t
oretical lattice formed by the regular arrangement of
kinks.

The Au~111! surface reconstruction has already been
vestigated in detail by GIXD with a high angular resolutio
by Sandyet al.6 Note, however, that the reciprocal spa
represented in Fig. 6 of Ref. 6 is in fact only valid around t
specular reflection: since the rectangular lattice is incomm
surate, one does not have exactly the same positions o
kink reflections around a~0 1 l ) CTR @see Fig. 1~b!#. Indeed,
the representation of our Fig. 1~b! corresponds much bette
to the experimental scans of Sandyet al. ~Fig. 8 of Ref. 6!.

Figure 2 shows a scan in the (2h, 2h) direction@labeled
~i! in Fig. 1~b!# on clean Au~111!. The gold ~0 1 l ) CTR,
located in central position, is surrounded on both sides
two intense satellite peaks which exactly correspond to
1/22 periodicity of the reconstruction. In addition, seve
faint structures appear close to the~0 1 l ) CTR, and possibly
near the first-order reconstruction peaks. These faint st
tures are actually the projections of the kink lattice sup
structure reflections@small dots in the top panel of Fig. 1~b!#.
From this scan alone it is not possible to precisely determ
the L periodicity of the kink lattice since due to the finit
resolution function the position of the projection of the pe
is depending on its intensity, which is not knowna priori. To
determineL a specific mapping is needed, which is out
the scope of this paper~see Ref. 6 for this point!.

FIG. 2. Selected in-surface-planeHK scan along (2h, 2h)
across the~0 1 l ) rod atl 50.12 for clean gold~top! and for several
Fe deposits. The features of the 223A3 reconstruction are indi-
cated, as well as the small structures induced by the projection
the kink lattice reflections~see text!.
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In Fig. 3~a!, representing aK scan ath50 and l 50.12
@referenced as~ii ! in Fig. 1~b!# for clean gold, one can iden
tify several features: the Au crystal truncation rod (k51),
and the projection on the@h50# direction of the first, sec-
ond, and third orders of the 223A3 reconstruction. These
reconstruction peaks give a projected distance of 2.78
which indeed corresponds to the average surface param
of a ;4% over close-packed Au~111! surface layer. Due to
the strong interatomic distance inhomogeneity, the contri
tions are rather broad, and it is difficult to quantitative
determine the modifications of the x-ray-diffraction sca
upon Fe deposition at very low coverage. TheK scans were
therefore fitted by different Lorentzian contributions.6 For
clean gold, theK scan was simulated by the superposition
five peaks@Fig. 3~a!#, accounting for the Au crystal trunca
tion rod, for the first, second, and third order peaks of
223A3 reconstruction. The fifth peak was added to take i
account globaly the higher orders. The positions of the d
ferent orders of the gold reconstruction peaks were un
biguously determined from theHK scans in Fig. 2. We veri-
fied, however, that taking the peak positions as free
parameters, the fit procedure ends up with the good p
tions. One can notice the good agreement between the fit
the experimental data.

IV. Fe DEPOSITION

It is well known that the kink positions of the herringbon
reconstruction act as preferential nucleation sites for mostd
metals.16–20 In the case of Fe, this leads to the growth
monolayer-high clusters, located at the kinks, expanding
erally with increasing coverage.17

Upon Fe deposition, the main effect is the reduction of
intensity of the reconstruction peaks~Fig. 2!. At about 0.5
ML, the second-order peak has nearly vanished. The fi

of

FIG. 3. K scan along the (k, 0, 0.12! direction with respect to
the Fe thickness.~a! For the clean Au~111! surface. The first peak a
k51 corresponds to the intersection of the crystal truncation
~CTR! with the surface plane, the second and following are
different orders of the reconstruction.~b! For 0.36 ML Fe,~c! for
2.0 ML and~d! for 6.0 ML. Note that the small bump atk'1.225 is
always present on clean gold and likely belongs to a residual
oriented crystallite.
3-3
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order reconstruction peak can, however, be observed u
about 2 ML@Fig. 4~b!#. This means that the reconstruction
progressively lifted, but the surface is still over close-pack
since the first-order peak remains. Interestingly, the featu
due to the rectangular kink lattice remain present. Intuitiv
one would argue that these features can only be prese
there is a 223A3 reconstruction. Since they do not disappe
together with the reconstruction, one must assume that th
clusters nucleated at the kinks somehow help the Au s
strate to keep the memory of the rectangular lattice. A p
sible mechanism would be the introduction of a perio
strain field in the gold substrate during the growth. A simi
mechanism has indeed been proved recently in the cas
N/Cu~100! ~Ref. 21! and was also suggested by grazing
cidence small angle x-ray scattering experiments perform
on self-organized Co/Au~111! clusters.14

The positions, widths, and intensities of the CTR and
first-order satellite peak of the reconstruction can be de
mined with a good accuracy on bothHK ~Fig. 2! and K
scans~Fig. 3!, all along Fe deposition up to about 2.5 M
~Fig. 4!. Importantly, one can notice that the positions of t
CTR and first reconstruction peaks do not change with
creasing coverage, and the widths remain nearly cons

FIG. 4. ~a! Real space distances derived from the different c
tributions deduced from the fits of theK scans~Fig. 3! as a function
of the Fe coverage. The error on the peak positions is;0.5%
~about the symbol size!. The open bars represent the widths of t
different contributions.~b! Intensity of the corresponding fcc an
bcc Fe contributions. (L) represent the bulk gold, (j) the gold
surface reconstruction, (h) the pseudomorphic fcc Fe, (d) the
relaxed fcc Fe. The open triangles stand for the bcc Fe~see text for
details!. The positions of the bulk fcc and the projected bcc iron
indicated by dashed lines.
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~Fig. 4!. The reconstruction periodicity is therefore not a
fected by the Fe deposition and the CTR and first sate
parameters can be easily determined by the fit procedure
all Fe coverages. Upon Fe growth, the second and next
ders of the reconstruction peaks disappear~this is clearly
demonstrated by theHK scans in Fig. 2! and are progres-
sively replaced in theK scans by a first and then a seco
contribution~Fig. 2!. The width of these new contributions i
much larger than the typical widths obtained for the satel
peaks of clean Au~111! @Fig. 4~a!#. The larger width is due to
a reduced diffracting domain size of Fe islands, and/or to
enhanced parameter spreading with respect to clean g
Due to the large width of the contributions, the analysis
the K scan in the~0 2 l ) CTR region unfortunately does no
allow to discriminate the two effects, but the spreading eff
seems dominant. An upper limit of the spreading is theref
given by the bars in Fig. 4~a!. Below 1 ML there are only
slight modifications in theK scan, indicating that the Fe a
oms grow in near registry with the underlying gold atom
This growth phase is therefore qualified as fcc. From the
one can locate more precisely the different contributio
@Fig. 4~a!#. The first contribution attributed to fcc Fe (h)
shows a slight and sudden increase of the lattice param
around 0.4 ML, from about 2.62 Å to;2.72 Å before stay-
ing more or less constant with increasing thickness. T
jump is significantly larger than the error in the position d
termination and even than the width due to the param
spreading (;0.08 Å). Between 0.6 ML and 3 ML a secon
contribution (d) appears with a slightly smaller paramete

Above 3 ML, the latter contribution splits progressive
into two intense contributions (n,,), which correspond to a
phase transition towards the stable bulk Fe bcc~110! phase.
The epitaxial relationship corresponds to an intermediate
entation between the Kurdjumov-Sachs~KS! and the
Nishiyama-Wassermann~NW! orientations@Fig. 5~a!#. Since
the global symmetry corresponds to the KS symmetry,
will refer to this particular orientation as KS. Diffracted in
tensity maps around~0 1 0.12! and ~0 1 1.7! at constantl
show indeed typical patterns, although fuzzy, for such
orientation@Fig. 5~b!# ~see Ref. 22 and references therei!.
Simulations of the peak positions in the reciprocal space
produce the experimental data rather well~see Discussion!.
This structure induces a projected contribution in theK scan
at about~0.05 1.17 0.12!.

V. DISCUSSION

From the results above, one immediately notices that
crystalline structure of the Fe clusters evolves as a func
of coverage. The individual contributions in the diffractio
scans deserve to be discussed separately.

The first Fe contribution (h) in Fig. 4~b! exhibits a linear
intensity increase with the Fe thickness and then beco
constant after;1 ML. Its average lattice parameter varie
from ;2.62 Å to 2.72 Å and then remains almost consta
This behavior results from the competition between
Fe-Fe and Au-Fe interactions. The Fe-Fe interactions ten
favor small Fe-Fe interatomic distances. Moreover, in
case of clusters, the edge atoms emphasize this effect.23 Con-
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FIG. 5. ~a! bcc~110! lattice orientation with respect to th
fcc~111! substrate for the Nishiyama-Wassermann (u50) and
Kurdjumov-Sachs (a50) orientations~the spots are originating
from, respectively, three and six types of symmetry equivalent
mains!. ~b! Maps around the (h k l)5(0 1 0.12) and (h k l)
5(0 1 1.7) regions of the reciprocal space for 6.0 ML Fe. Sim
lated reflections~white dots! for a spread of parameters andu
angles are superimposed. They give an indication of the rotati
and parametric disorders.
15541
versely, the Au-Fe interactions tend to impose an iron reg
try growth, as can be inferred from the weak modifications
theK scans. In the 0–0.4 ML thickness range, the nucleat
takes place on the kinks, where the interatomic distances
the smallest@2.60–2.65 Å~Ref. 9!#. This corresponds indee
to the peak position of the first fcc Fe contribution (h).

While growing laterally upon increasing the coverage, t
clusters expand over the hcp or fcc regions where the g
atoms are separated by 2.80–2.85 Å, what leads to an
creased mismatch. The one-dimensional~1D! coalescence
(;0.4 ML! of adjacent islands alonĝ1̄1̄2& directions pro-
duces a sudden loss of edge atoms. This latter effect, as
ated with the large mismatch between Fe and Au enhan
the weight of Fe-Au interactions and probably leads to
observed transition at this coverage.

The second fcc Fe phase@(d) in Fig. 4~b!# with a slightly
smaller lattice parameter starts growing between 0.6 ML a
3 ML. The intensity increase is proportional to the addition
Fe thickness, showing that all incoming Fe atoms adopt
crystallographic configuration. This is consistent with the o
set of the growth of a second Fe layer, with a slightly relax
parameter on top of the first epitaxial Fe layer: indeed,
onset of the second layer growth starts between 0.5 and
ML as noticed by scanning tunnel microscopy experiment17

In this thickness range~0.6–3 ML! the Fe film must be un-
derstood as a partly relaxed Fe fcc layer on an interfa
pseudomorphic layer.

Above 3–4 ML, the strain in the Fe layer starts to rel
through a progressive transformation into the bcc Fe ph
with the KS bcc(110)i fcc(111) epitaxial relationship. In-
deed, this epitaxy does not yield any Bragg position alo
our K scans~Fig. 3! and the contribution observed atk
'1.17 is only due to the tail of the bcc Bragg peaks loca
outside theK scan. This interpretation fairly well explain
the decrease, and finally splitting into two distinct b
(n,,) contributions of the fcc (d) signal in Fig. 4~b!. The
(n) contribution corresponds to the projection of the K
structures, observed in Fig. 5~b!, in theKW direction. The (,)
feature results from the crossing of the two KS structures
the KW axis. At large coverage the Fe film consists of a b
layer on top of an interfacial pseudomorphic 1 ML thick fc
layer. It is interesting to note that the fcc to bcc transiti
occurs once the fcc lattice parameter has reached the v
adopted by the bulkg-Fe phase. The somewhat fuzzy di
fraction patterns in Fig. 5~b! are due to both rotational disor
der in theu angle@as defined in Fig. 5~a!# and to a paramet-
ric spreading in the bcĉ1̄10& direction, from about 2.50 Å
to 2.65 Å. For the highly strained domains, the orientation
rather NW (u'0), with nearly no orientational disorde
whereas for the less strained domains,u corresponds roughly
to half of the ideal angle expected for the KS orientatio
with an angular distribution of about 1°. This can be seen
Fig. 5 where the reflections for different orientations a
parameters are superimposed to the experimental maps

VI. CONCLUSION

The structure and growth of Fe deposits on reconstruc
Au~111! have been investigated by GIXD. Up to one mon
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layer, Fe grows in close registry with the reconstruc
Au~111! substrate. However, due to the great inhomogen
of the gold interatomic distances at the surface, sli
changes in the in-plane atomic distances already occur
ing the lateral expansion of the monolayer-high Fe clus
upon growth. We qualify the structure as ‘‘local pseudom
phism.’’ Below the 1D coalescence, the in-plane parame
of the Fe islands is expanded with respect to its metast
bulk phase~2.62 Å!, and after the coalescence along^1̄1̄2&,
it is even more expanded~2.72 Å!. Upon the second Fe laye
growth, the parameter relaxes towards smaller values~2.50–
2.60 Å!. Above 3 ML the film transits progressively an
breaks into partly relaxed bcc~110! domains, in an orienta
tion intermediate between the Kurdjumov-Sachs a
Nishiyama-Wassermann epitaxial relationships. These st
tural results are consistent with the XMCD observation2

where strong changes in the magnetic properties were
denced. In particular, the magnetic spin moment showe
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sharp increase at the unidimensional coalescence aroun
ML ~going from;1.4mB to ;2.4mB). This change can now
be correlated to the increase of the lattice parameter. Ind
it is well known that for fcc Fe magnetism and structure a
linked with, in particular, a tendency to high magnetic sp
values for larger atomic volume. Moreover, to fit the evo
tion of the magnetic anisotropy energy with the coverag
Néel model was used in Ref. 2 assuming a pseudomorp
growth of the first Fe layer. This assumption is now furth
experimentally confirmed by the present GIXD results.
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