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Structure of self-organized Fe clusters grown on A(l11) 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 A(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 bc€l10) 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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[. INTRODUCTION ation starts upon the growth of the second layer. Above 3
ML, the film undergoes a phase transition from a(idd)
Nanometer-sized objects such as metallic clusters or wireghase to a bddé10) phase.

grown by controlled self-organization processes on surfaces
exhibiting a defined strain fielte.g., reconstructed surfaces
and patterned surfaceare currently under extensive study. Il. EXPERIMENT
Because of the reduced dimensionality and the inflated im- . . .
portance of surface phenomena, these new objects exhibit Th_g experiments were p_erforr_ned in ulftrahlgh vacuum
original properties. In particular, they are models for inves—cond'tIons on t_he _surface dlﬁr%ctlon b_eamh(ié)S) at the
.2 . ! . . ~>"ESRF on az-axis diffractometef:® The single crystalline Au
tigating the magnetic properties of low dimensionality

svstemd—3 As a matter of fact. the maanetic properties aresubstrate is 0f111) orientation within=0.1°. It is prepared
y ' TR ar prop in situby Ar™ sputtering and annealing cycles, up to 1000 K.
closely related to the intimate crystalline structure. Very

Il obi dior hiahl ined fter treatment, the mosaicity of the Au sample is negligible
small objects can present new and/or highly strained crysta elow ~0.01°) and the diffracting domain size as large as

lographic phases with respect to the bulk equilibrium onesjggg A as determined from rocking scans. The Fe is evapo-
These phases may in turn lead to peculiar spin phases 9kieq from a high-purity rod, heated by electron bombard-
magnetic anisotropies. Investigating the structure of suclnent in an evaporation cell equipped with a flux monitor.
small objects is therefore important but very difficult becausepyring the evaporation the pressure lies in the low X0

of the very small amount of deposited material. Recently, thenbar range. The growth is made with the substrate held at
magnetic properties of self-organized Fe deposits on the repom temperature. After each analyzed coverage, the sample
constructed A1) surface were investigated by x-ray mag- is cleaned and the Fe deposition repeated. The thickness of
netic circular dichroism(XMCD). Three different spin the deposit is controlled by fitting the specular reflectivity
phases were identified, as a function of coverage. fully Kiessig fringes. The surface and Fe deposits cleanliness are
understand these magnetic properties it is mandatory to preontrolled by Auger electron spectroscopy. Thé&1) single
cisely determine the crystalline structure of the Fe depositsirystalline surface is described by a triangular unit °cell
For such small clusters grown on a surface with a large latdefined by the surface in-plane basis vecﬁalrséz, making

tice mismatch, one may expect strong differences compareg 120° angle 4, =a,=aq/\/2, wherea,=4.07 A is the fcc

to the bulk structure. bulk parameter of goldand 53, perpendicular to the surface

In this paper, the crystalline structure and strain relaxatiorta — [3a,). The reciprocal space indicésand k describe
of Fe deposits on All11) are investigated by grazing inci- thg in-surofa.ce plane momentum transfer. drtie perpen-

denc_e x-ray dlffractlomGIX[_)) as a function of Fe coverage. dicular to the surface momentum transfer. The units of the
In a first part, the characteristics of the reconstructedAd) . ; PR B Aol
surface are given, and the reciprocal lattice is analyzed b§eciprocal lattice are|H|=|K|=4m/ V3a,=2.52 for

GIXD. In a second part, the structure of Fe deposits is studwave-vector transfers parallel to the surface afd

ied as a function of coverage, from isolated clusters to sev=2m/+3a,=0.89 A"* for positions along the surface nor-
eral monolayergML). It is shown that Fe clusters first grow mal direction. The photon energy is set to 17.176 keV to
in close registry on the highly inhomogeneous reconstructedbtain high flux and access to large momentum transfer val-
Au(111) surface. Slight changes appear in the Fe-Fe disuwes. The angular resolution for in-plane scans is /rx&d
tances first at a one-dimensional coalescence, then a relaand the incidence angle tuned close to the value for total
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external reflection of the x-rayis~0.3° at 17.176 keV for
Au(111)].

Ill. Au (111) SURFACE RECONSTRUCTION

In order to understand the modifications in the x-ray-
diffraction scans induced by the evaporation of very small
amounts of Fe it is important to first precisely describe the</>
Au(11)) reciprocal lattice. The strong relativistic effects ex-
perienced by the electrons in gold produce a large mismatct
between the bulk equilibrium interatomic distance and the
surface on&°® Moreover, since the chemical nature of the
surface and bulk atoms is the same, the interactions betwee
two surface atoms and between a surface and a bulk ator
have approximately the same magnitude. Hence, for the sur
face atoms, a competition results between the trend to ge
closer, or to adopt the bulk equilibrium distance. In the case
of the Au(111) surface, the most favorable energetic situation
consists of a surface split into domains of two different
types: domains where the interatomic distance is the one o
an ideal gold surfacéhcp stacking and domains with the
bulk interatomic distancéfcc stacking. The two types of
domains are separated by discommensuration lines, sever
atomic distances wide, which make the junction between the
hcp and the fcc domains. The interatomic distances betwee!
surface atoms are very inhomogeneous since they vary fron
2.65 A to 2.86 A? The periodic succession of parallel fcc

and hcp stripe domains along the den&Ed1) atomic direc-
tion forms an uniaxial 22 \/3 reconstruction. The density

increase along101) rows (by introducing one additional Au
atom every 22 bulk atom$roduces stress in the other sym-
metry equivalent directiongAu(111) belongs to theeFm3m
space group Hence the stripe domain reconstruction is un-
stable for large ared%!! and the best compromise is the
formation of three types of stripe domain reconstructions,
each of them associated with one of the three equivalen
(101) directions. The intersection between the discommen-
suration lines of the different stripe domains induces the for-
mation of kinks. The kinks are themselves ordered, and this
leads to a structure in which two of three possible rotational -~ ; () Reconstructed A@11) surface as simulated by mo-
eqqivqlent domains of the stripe dqmain structure alterr}atf;ecular dynamicsRef. 9. The 22¢ 3 reconstruction cell is repre-
periodically ?zt:lrgss the surface, forming the well-known Zlg'senteol(small rectanglg as well as the rectangular herringbone unit
zag pattert:'* _ cell (large rectangle In this simulation the large periodicity of the

In summary, the herringbone-reconstructed i) sur-  ink array isA =32 nm (see text (b) Reciprocal surface lattice of
face can be understood as the superposition of three differepfconstructed A@111) (middle) with enlargements around t6,0)
lattices[Fig. 1(@)]. (bottom and (0,1) (top) reflections. The intersection of the crystal

(1) The fcc bulk lattice with lattice parametag. truncation rods with the surface plane are represented by the dark

(2) The surface reconstruction lattice, used to be callediisks, the 2X \/3 reconstruction by smaller gray disks and the re-
22x /3, which is the consequence of the density increasdections due to the kink lattice by dotfor the sake of clarity, the
along the(101) rows. In a(101) direction there is a 22,  contribution of the kinks is only represented in the enlarged re-

. . . ry . gions. The different types of GIXD scans recorded in the present
s_uperpenodlcny, v_vhe_re_zas_ in the perpendicyla21) direc study are indicated by arrows & and (ii).
tion, the superperiodicity is3a,.
(3) The rectangular N\X A) kink superlattice with\

_ ; ; ; : The resulting A@l1l) reciprocal space is made of the
=7.2 nm(fixed precisely by the 22, reconstruction period- > . . .
( P Y.y P superposition of the reciprocal lattices of the three different

icity), and A varying typically between 15 nm and 50 nm. latti dth valent d . d
The lengthA experiences very large fluctuations from one_at Ices and the symmetry-equivalent domains, as represente

sample to another, depending on the preparation conditiorl8 Fig- 1(b) in the H, K, Eeb?ilSiS- The larger dark disks are
and the density of defects in the crystél. the intersections with theH,K) plane of the crystal trunca-
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FIG. 3. K scan along thek, 0, 0.12 direction with respect to
the Fe thicknesga) For the clean A(L1]) surface. The first peak at
k=1 corresponds to the intersection of the crystal truncation rod
(CTR) with the surface plane, the second and following are the
different orders of the reconstructioth) For 0.36 ML Fe,(c) for
2.0 ML and(d) for 6.0 ML. Note that the small bump &t=1.225 is
3.60 ml always present on clean gold and likely belongs to a residual dis-
oriented crystallite.

| CTR |
0.1 —-0.05 0 0.05 0.1
h (r.lu.)

In Fig. 3@), representing & scan ath=0 and|=0.12

FIG. 2. Selected in-surface-plartéK scan along (B, —h) [referenced asi) in Fig. 1(b)] for clean gold, one can iden-
across thé0 11) rod atl =0.12 for clean goldtop) and for several tify several features: the Au crystal truncation rdd=(1),
Fe deposits. The features of the 223 reconstruction are indi- and the projection on thgh=0] direction of the first, sec-
cated, as well as the small structures induced by the projections @fnd, and third orders of the 2Q\/§ reconstruction. These
the kink lattice reflectiongsee text reconstruction peaks give a projected distance of 2.78 A,

which indeed corresponds to the average surface parameter

tion rods(CTR),'® the small gray disks represent the lattice of a ~4% over close-packed Alill) surface layer. Due to
of the 22x \/3 reconstruction, and the dots represent the thethe strong interatomic distance inhomogeneity, the contribu-
oretical lattice formed by the regular arrangement of thetions are rather broad, and it is difficult to quantitatively
kinks. determine the modifications of the x-ray-diffraction scans

The Au11l) surface reconstruction has already been in-upon Fe deposition at very low coverage. Th&cans were
vestigated in detail by GIXD with a high angular resolution therefore fitted by different Lorentzian contributichgor
by Sandyet al® Note, however, that the reciprocal spaceclean gold, the& scan was simulated by the superposition of
represented in Fig. 6 of Ref. 6 is in fact only valid around thefive peaksFig. 3(a)], accounting for the Au crystal trunca-
specular reflection: since the rectangular lattice is incommention rod, for the first, second, and third order peaks of the
surate, one does not have exactly the same positions of trg2x /3 reconstruction. The fifth peak was added to take into
kink reflections around €0 11) CTR[see Fig. 1b)]. Indeed, account globaly the higher orders. The positions of the dif-
the representation of our Fig(d) corresponds much better ferent orders of the gold reconstruction peaks were unam-
to the experimental scans of Sanelyal. (Fig. 8 of Ref. 8. biguously determined from theK scans in Fig. 2. We veri-

Figure 2 shows a scan in thel{2—h) direction[labeled  fied, however, that taking the peak positions as free fit
(i) in Fig. 1(b)] on clean A@111). The gold(0 11) CTR, parameters, the fit procedure ends up with the good posi-
located in central position, is surrounded on both sides byions. One can notice the good agreement between the fit and
two intense satellite peaks which exactly correspond to theéne experimental data.
1/22 periodicity of the reconstruction. In addition, several
faint structures appear close to fftel 1) CTR, and possibly
near the first-order reconstruction peaks. These faint struc-
tures are actually the projections of the kink lattice super- It is well known that the kink positions of the herringbone
structure reflectionsmall dots in the top panel of Fig()].  reconstruction act as preferential nucleation sites for mdst 3
From this scan alone it is not possible to precisely determinenetals'®=2° In the case of Fe, this leads to the growth of
the A periodicity of the kink lattice since due to the finite monolayer-high clusters, located at the kinks, expanding lat-
resolution function the position of the projection of the peakerally with increasing coveradé.

IV. Fe DEPOSITION

is depending on its intensity, which is not knoarpriori. To Upon Fe deposition, the main effect is the reduction of the
determineA a specific mapping is needed, which is out of intensity of the reconstruction peakBig. 2). At about 0.5
the scope of this papésee Ref. 6 for this point ML, the second-order peak has nearly vanished. The first-
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29 (Fig. 4). The reconstruction periodicity is therefore not af-

fected by the Fe deposition and the CTR and first satellite
parameters can be easily determined by the fit procedure for
all Fe coverages. Upon Fe growth, the second and next or-
ders of the reconstruction peaks disappéhrs is clearly
demonstrated by thelK scans in Fig. 2and are progres-
sively replaced in th& scans by a first and then a second
contribution(Fig. 2). The width of these new contributions is
much larger than the typical widths obtained for the satellite
peaks of clean A(111) [Fig. 4@)]. The larger width is due to

a reduced diffracting domain size of Fe islands, and/or to an
231 , , , , | , enhanced parameter spreading with respect to clean gold.
Due to the large width of the contributions, the analysis of

N
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»
9

Lattice parameter (A)
IS N
W (=)}

g
o~

000 the K scan in the0 21) CTR region unfortunately does not

0.035 - allow to discriminate the two effects, but the spreading effect
20030} seems dominant. An upper limit of the spreading is therefore
_20025_ given by the bars in Fig.(4). Below 1 ML there are only
5 slight modifications in thé& scan, indicating that the Fe at-
20020 oms grow in near registry with the underlying gold atoms.
f, 0.015 - This growth phase is therefore qualified as fcc. From the fits,
= one can locate more precisely the different contributions

0.010

[Fig. 4@]. The first contribution attributed to fcc Fé
shows a slight and sudden increase of the lattice parameter
L 1 I : L 2 L around 0.4 ML, from about 2.62 A te-2.72 A before stay-
Coverage (ML) ing more or less constant with increasing thickness. The
jump is significantly larger than the error in the position de-
FIG. 4. (a) Real space distances derived from the different contermination and even than the width due to the parameter
tributions deduced from the fits of thescangFig. 3) as a function spreading 0.08 A). Between 0.6 ML and 3 ML a second
of the Fe coverage. The error on the peak positions-&5%  contribution @) appears with a slightly smaller parameter.
(@bout the symbol sizeThe open bars represent the widths of the  aApoye 3 ML, the latter contribution splits progressively
different cont_nbu_tlons(b) Intensity of the corresponding fcc and ;i w0 intense contributions/{, V), which correspond to a
:S‘r:fa':ci crzzg:]bsl::'li;i;fg()riﬁ;esngtu;h:mt(’)%khi%c"fi’cll):eth.% gt?llg phase transition towards the stable bulk Fe(bt® phase.
. ’ The epitaxial relationship corresponds to an intermediate ori-
relaxed fcc Fe. The open triangles stand for the bc¢sEe text for . :
detailg. The positions of the bulk fcc and the projected bcc iron areema?lon between the Kurdjymov.-SacI‘@KS) and . the
indicated by dashed lines. Nishiyama-WassermantNW) orientationg Fig. 5(a)]. Since
the global symmetry corresponds to the KS symmetry, we
order reconstruction peak can, however, be observed up Will refer to this particular orientation as KS. Diffracted in-
about 2 ML[Fig. 4(b)]. This means that the reconstruction is tensity maps aroundd 1 0.13 and (0 1 1.7 at constant
progressively lifted, but the surface is still over close-packedshow indeed typical patterns, although fuzzy, for such an
since the first-order peak remains. Interestingly, the feature@rientation[Fig. 5(b)] (see Ref. 22 and references thejein
due to the rectangular kink lattice remain present. IntuitivelySimulations of the peak positions in the reciprocal space re-
one would argue that these features can only be present produce the experimental data rather wstte Discussion
there is a 2X /3 reconstruction. Since they do not disappearThis structure induces a projected contribution in khecan
together with the reconstruction, one must assume that the & about(0.05 1.17 0.1
clusters nucleated at the kinks somehow help the Au sub-
strate to keep_ the memory of the_ rectangglar lattice. A pos- V. DISCUSSION
sible mechanism would be the introduction of a periodic
strain field in the gold substrate during the growth. A similar  From the results above, one immediately notices that the
mechanism has indeed been proved recently in the case ofystalline structure of the Fe clusters evolves as a function
N/Cu(100) (Ref. 21 and was also suggested by grazing in-of coverage. The individual contributions in the diffraction
cidence small angle x-ray scattering experiments performedcans deserve to be discussed separately.
on self-organized Co/A11) clusters:* The first Fe contribution{) in Fig. 4(b) exhibits a linear
The positions, widths, and intensities of the CTR and thentensity increase with the Fe thickness and then becomes
first-order satellite peak of the reconstruction can be detereonstant afte~1 ML. Its average lattice parameter varies
mined with a good accuracy on bothK (Fig. 2 andK  from ~2.62 A to 2.72 A and then remains almost constant.
scans(Fig. 3), all along Fe deposition up to about 2.5 ML This behavior results from the competition between the
(Fig. 4). Importantly, one can notice that the positions of theFe-Fe and Au-Fe interactions. The Fe-Fe interactions tend to
CTR and first reconstruction peaks do not change with infavor small Fe-Fe interatomic distances. Moreover, in the
creasing coverage, and the widths remain nearly constaggse of clusters, the edge atoms emphasize this éffeain-

0.005 -

0.000
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FIG. 5. (8 bcd110 lattice orientation with respect to the
fcc(111) substrate for the Nishiyama-Wassermané=0Q) and
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versely, the Au-Fe interactions tend to impose an iron regis-
try growth, as can be inferred from the weak modifications of
theK scans. In the 0—0.4 ML thickness range, the nucleation
takes place on the kinks, where the interatomic distances are
the smallesf2.60—2.65 A(Ref. 9]. This corresponds indeed

to the peak position of the first fcc Fe contributidnl).

While growing laterally upon increasing the coverage, the
clusters expand over the hcp or fcc regions where the gold
atoms are separated by 2.80-2.85 A, what leads to an in-
creased mismatch. The one-dimensiofilD) coalescence

(~0.4 ML) of adjacent islands alon@L12) directions pro-
duces a sudden loss of edge atoms. This latter effect, associ-
ated with the large mismatch between Fe and Au enhances
the weight of Fe-Au interactions and probably leads to the
observed transition at this coverage.

The second fcc Fe phage®) in Fig. 4(b)] with a slightly
smaller lattice parameter starts growing between 0.6 ML and
3 ML. The intensity increase is proportional to the additional
Fe thickness, showing that all incoming Fe atoms adopt this
crystallographic configuration. This is consistent with the on-
set of the growth of a second Fe layer, with a slightly relaxed
parameter on top of the first epitaxial Fe layer: indeed, the
onset of the second layer growth starts between 0.5 and 0.8
ML as noticed by scanning tunnel microscopy experiméhts.

In this thickness rangé.6—-3 ML) the Fe film must be un-
derstood as a partly relaxed Fe fcc layer on an interfacial
pseudomorphic layer.

Above 3—4 ML, the strain in the Fe layer starts to relax
through a progressive transformation into the bcc Fe phase
with the KS bcc(110)fcc(111) epitaxial relationship. In-
deed, this epitaxy does not yield any Bragg position along
our K scans(Fig. 3 and the contribution observed &t
~1.17 is only due to the tail of the bcc Bragg peaks located
outside theK scan. This interpretation fairly well explains
the decrease, and finally splitting into two distinct bcc
(A,V) contributions of the fcc@®) signal in Fig. 4b). The
(A) contribution corresponds to the projection of the KS

structures, observed in Fig(t§, in theK direction. The )
feature results from the crossing of the two KS structures on

the K axis. At large coverage the Fe film consists of a bcc
layer on top of an interfacial pseudomorphic 1 ML thick fcc
layer. It is interesting to note that the fcc to bcc transition
occurs once the fcc lattice parameter has reached the value
adopted by the bulky-Fe phase. The somewhat fuzzy dif-
fraction patterns in Fig.(®) are due to both rotational disor-
der in thed angle[as defined in Fig. & ] and to a paramet-

ric spreading in the bc¢110) direction, from about 2.50 A
to 2.65 A. For the highly strained domains, the orientation is
rather NW (#~0), with nearly no orientational disorder,
whereas for the less strained domaifigorresponds roughly
to half of the ideal angle expected for the KS orientation,
with an angular distribution of about 1°. This can be seen in

Kurdjumov-Sachs ¢=0) orientations(the spots are originating rig 5 where the reflections for different orientations and

from, respectively, three and six types of symmetry equivalent do

maing. (b) Maps around the Hk I)=(0 1 0.12) and i k I)

=(0 1 1.7) regions of the reciprocal space for 6.0 ML Fe. Simu-

lated reflections(white dots for a spread of parameters amd

parameters are superimposed to the experimental maps.

VI. CONCLUSION

angles are superimposed. They give an indication of the rotational The structure and growth of Fe deposits on reconstructed

and parametric disorders.

Au(111) have been investigated by GIXD. Up to one mono-
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layer, Fe grows in close registry with the reconstructedsharp increase at the unidimensional coalescence around 0.4
Au(11)) substrate. However, due to the great inhomogeneityML (going from~1.4ug to ~2.4ug). This change can now

of the gold interatomic distances at the surface, slighbe correlated to the increase of the lattice parameter. Indeed,
changes in the in-plane atomic distances already occur duit is well known that for fcc Fe magnetism and structure are
ing the lateral expansion of the monolayer-high Fe clusteréinked with, in particular, a tendency to high magnetic spin
upon growth. We qualify the structure as “local pseudomor-values for larger atomic volume. Moreover, to fit the evolu-
phism.” Below the 1D coalescence, the in-plane parametetion of the magnetic anisotropy energy with the coverage a
of the Fe islands is expanded with respect to its metastableel model was used in Ref. 2 assuming a pseudomorphic
bulk phase2.62 A), and after the coalescence an(riEZ), growth of the first Fe layer. This assumption is now further

it is even more expande@.72 A). Upon the second Fe layer experimentally confirmed by the present GIXD resullts.
growth, the parameter relaxes towards smaller val@és)—
2.60 A). Above 3 ML the film transits progressively and
breaks into partly relaxed btl0) domains, in an orienta-
tion intermediate between the Kurdjumov-Sachs and The authors are pleased to acknowledge the IDO3 beam-
Nishiyama-Wassermann epitaxial relationships. These strudine staff of the ESRF for excellent experimental conditions
tural results are consistent with the XMCD observatfons and support during these experiments. We would also like to
where strong changes in the magnetic properties were evihank O. Fruchart for a fruitful discussion and A. Tagliaferri
denced. In particular, the magnetic spin moment showed #or his technical help.
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