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Fe thin-film growth on Au (100): A self-surfactant effect and its limitations
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The combination of low-energy electron diffraction intensity analyses and scanning tunneling microscopy
was used to investigate the morphology and atomic structure of thin Fe films grown (@00Aat 400 K.
Deposition of only about 0.2 monolayefldlL) Fe is sufficient to lift the reconstruction of the clean substrate.

In the initial growth process<1 ML) place exchanges between Fe and Au lead to almost two-dimensional
subsurface Fe film growth with one layer of Au covering the entire film. This way, gold acts as a “self-
surfactant.” Yet, there are deviations from two-dimensional growth, with a second Fe layer beginning to grow
before the first one is fully completed and some substitutional disorder developing in the film because of
incomplete place exchange. The amount of gold floating on the surface only gradually decreases with further
increasing film thickness. At about 2 ML the surface undergoes a complete restructuring during which short
“wormlike” chains of atoms form and long-range order is destroyed. Nevertheless, the existence of large
terraces of little roughness proves that some surface activity of gold remains. At coverages of several ML,
long-range order is reestablished with the Fe film growing in an undistorted bcc arrangement. Although parts
of the film are still covered by gold, the surface morphology is not very different from that known for
homoepitaxial growth of Fe on FED0), i.e., gold has stopped to serve as a “self-surfactant.”
[S0163-182699)06223-3

. INTRODUCTION ties1% Even films with chemically alternating layers could
be preparett!® corresponding to an artificial tetragonal
Recent attention payed to ferromagnetic thin films deposAuFe compound of 1, structure not existing in equilibrium
ited on nonmagnetic substratésee, e.g., Ref.)lis moti-  since Au and Fe fail to mix at room temperatdfe.
vated both by the opportunity for fundamental studies of In earlier work® it was retrieved that upon Fe deposition
ferromagnets of restricted dimensionality and the relatechu atoms segregate to the very film surface up to consider-
technological potential of corresponding multilayer struc-able Fe coverages, a finding repeatedly confirmed in subse-
tures that exhibit oscillatory magnetic couplingr giant  quent work®'6-2!Because of the much higher surface free
magnetoresistanceYet, the “tailoring” of such structures energy of Fe[2.9 (J/nf)] compared to Ay 1.6(J/nf)],%2
with specific morphology and atomic structure is frequentlyone would expect 3D growth for Fe on &00. To explain
inhibited by deviations from the desired film order occurringthe low-dimensional or even layer-by-layer growth observed
during the film growth. The search for the “right” growth instead®152023-26 5 “self-surfactant” effect of Au was
recipe can take yeafs,in particular, when the atomic order proposed®”2%in a phenomenological way, in the sense that
and film morphology resulting from a certain preparationsubstrate atoms floating on the surfdeed not atoms of a
procedure is unknown. In this light, the present paper aims tthird chemical specig@saccount for the observed growth
contribute to the field by providing this knowledge for the mode of Fe films on A(L0Q). Of course, for a microscopic
epitaxial system Fe/Ad00), which has already been subject understanding of this phenomenon a detailed knowledge of
to a number of studies focusing on both structural featuresoth the morphologyand the atomic arrangement of the
(for a recent overview see Ref) &nd magnetic properties. films is crucial. This is the objective of the present paper.
The special interest in Fe/ALOO) stems from the small The film properties are known to depend significantly on
lattice mismatch of about 0.6% betweéscc Fe100 and  preparational details, in particular, the growth temperature.
(fcc) Au(100. This should allow one to study the transition In order to study specifically the proposed “self-surfactant”
from the two-dimensional2D) limit of a single(100 mono-  effect, we focus on Fe/A100) films grown undewonewell-
layer (ML) to quasi-3D bcc-Fe films and the growth of defined set of conditions. For room temperature deposition,
[Au/Fe],,/Au(100) multilayers exhibiting, e.g., oscillatory authors agree that above a certain Fe coverage Au is no
magnetoresistant® and novel magneto-optic proper- longer present on top of the filit8~1*2However, the value
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of this critical coverage varies in the literature, extending upspectra were also taken in the STM chamber.

to 45 ML equivalents’ At elevated temperaturé870 K to For the full dynamical intensity calculations standard

470 K), floating Au was reported even after evaporation ofcomputer codes were us&iThe upper energy limit oE

more than 50 ML Fé>?%ZFor even higher temperatures =500 eV and scatterers as strong as Au required the use of

[above 420 K(Ref. 27] Au and Fe start to interdiffuse, with up to 13 relativistically calculated and spin-averaged atomic

Fe eventually dissolving in the bulk above 520-578°R®  phase shifts. Electron attenuation was considered by a con-

Guided by these experiences, we chose a deposition tempetstant imaginary part of the inner potential fixed ‘f;

ture of 400 K for the present study. This allows for the fast=5 eV. Substitutional disorder was modeled using the aver-

segregation of Au but should still inhibit substantial dissolu-aget-matrix approximatiofATA).® The coexistence of dif-

tion of Fe in the Au bulk. To investigate the films, we usedferent structural domains on the surface was treated by

scanning tunneling microscop¢STM) for morphological weighted summation of their intensities, neglecting possible

studies and quantitative low-energy electron diffractioncoherence between electron waves diffracted from different

(LEED) for the retrieval of the atomic structure. The combi- areas. For the retrieval of the respective domain areas and the

nation of the two methods has proven to be a highly efficientorresponding structural parameters, we used a full dynami-

alliance in earlier work® cal version of a search algorithm developed earlier in our
In the following, we demonstrate that after an initial stagegroup for tensor LEED(Ref. 37 whereby the PendnrR

of relatively flat epitaxial film growti{up to about 1 ML Fe factor* R serves as a measure to compare experimental and

coverage¢ a dramatic decrease of long-range order takegalculated (E) data. Its varianc&®R= Rn\/8V,i/AE with

place in the range around 2—5 ML caused by a restructuring E the energy width of the database was applied to estimate

of the surface into an array of short chaifieorms™ ). With the statistical errors as usual.

further increasing thickness, bcc-Fe films develop. They are

still to a large extent covered by a single layer of Au but

exhibit a morphology not very different from that reported IIl. FILM MORPHOLOGY AS A FUNCTION

for the homoepitaxial growth of Fe on @0).2%3° OF COVERAGE

As well known, the clean AW00 surface is recon-
Il EXPERIMENTS AND LEED INTENSITY structed exhibiting a}r(almosj incpmmensurate _qgasihex-
CALCULATIONS agonal overlayer residing on bulklike layers bef6vf°lead-
ing to a superstructure described as X@J), (5
The experiments were carried out in two separate UHVX 26), ¢c(26%68), or simply, “hex.” As reported in detail
vessels, both provided with a rearview LEED optics. Oneelsewherd! Fe atoms deposited at room temperature diffuse
chamber was additionally equipped with a homemade scarbver the reconstructed surface until they reach specific loca-
ning tunneling microscope as described elsewfie@uanti-  tions in the unit cell where the tensile stress is at maximum
tative LEED I(E) spectra were preferentially taken in the and where surface incorporation of Fe takes place. The Au
other apparatus as this allowed for more precise sampletoms exchanged form new islands, which, initially, also ex-
alignment and low temperatur¢$00 K) giving access to a hibit the “hex” reconstruction. With increasing coverage,
larger and higher quality database. Both chambers containashreconstructed areas appear within the islands, attributed to
facilities for Auger electron spectroscop&ES), ion sputter-  Au atoms residing on Fe. These unreconstructed areas spread
ing, and metal evaporation. The MO0 crystal was pre- over the entire surface with further increasing coverage until
pared by mechanically polishing followed by short cycles of(at room temperatujethe reconstruction is almost com-
sputtering (A, 500 eV, 20uA/cm?) and annealing until  pletely lifted after deposition of only about 0.2 ML of E&.
the (5x 20) reconstruction appeared both in LEED and STMConsistently and in agreement with the literatbifel”1823
and no contaminants remained in AES. Iron was depositedie observe that the LEED pattern switches to<(1l) peri-
from an electron bombarded high-purity Fe plate at a rate obdicity around this coverage. Related investigations by scan-
about 0.1 ML/min(STM chamber or from a directly heated ning tunneling spectroscopy have shown that almost all the
high-purity Fe wire with rates of 0.5-1 ML/mifLEED  atoms detected at the very surface are Au atdms.
chambe). During deposition the substrate temperature was
kept at 400K as controlled by W-W Re thermocouples. The
use of AES allowed for the easy comparison of the Fe cov-
erage in different experiments. The signals measured in each Figure 1 shows snapshots of the surface morphology after
case are consistent with the elemental distribution within theleposition of increasing amounts of Fe at 400 K. For low
surface as derived in the quantitative LEED analyses. For theoverage® [Fig. 1(a), ®~0.15 ML'’s] the surface is char-
latter, | (E) spectra were measured at 100 K using a videoacterized by small unreconstructed islands and large,
based and commercially available automated image datamonolayer-high areas exhibiting a corrugation typical for the
acquisition system described in detail elsewhér&Normal  substrate reconstruction. This resembles the situation found
incidence of the primary beam was adjusted by quantitativeecently for room-temperature depositithBoth large and
comparison of symmetrically equivalent spectra via the Pensmall islands consist of Au atoms ejected to the surface in an
dry R factor®* Eventually the equivalent spectra were aver-exchange process with the Fe atoms deposited. While the
aged in order to improve the data quality with respect toreconstructed islands correspond to Au atoms residing on the
noise, inhomogeneities of the luminescent screen, or som&u substrate, the unreconstructed areas reveal the presence
possible residual sample misalignment. In order to allow forof Fe underneath. With the coverage increasing to alut
comparison of films prepared in the different chambg(&) =0.5 ML [Fig. 4b)], the islands start to coalesce. Traces of

A. Low coverage: Flat growth
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FIG. 1. STM images of the surface morphology (850A
x 850 A) during the early stages of growtta ~0.15,(b) 0.5, (c)
just below 1, andd) 1.5 ML of Fe on A{100.

the distorted “hex” reconstruction can still be seen in the
substrate. The unreconstructed areas have spread to cover
most of the islands, although some ridgelike structures, remi-
niscent of the surface reconstruction, are still present on
them.

Slightly below the completion of the first monolayétig.
1(c)] the second level begins to be populated. Although
rather flat on a large scale, the surface shows a large densi . )
of irregularities ong':he atomic scale and some Ieftovgrs of thg FIG. 2'. (@ STM image of a 3-ML Fe film, 17.09A<1700A
ridges of the “hex” reconstruction indicating the presence OfS|ze. At thl_s scale, the surfe_lce looks rather flat, similar to the lower

. . 2= “coverage films(b) Zoomed image, 600 A 600 A. The surface no

some Au '90”1 in the first and t.he second level. A still V_'S'ble onger appears atomically flat, instead is covered by short elongated
small fraction of the substrate is unreconstructed. The |slancJ§ructures_
in Figs. 1@ and Xb) have an apparent height of about 2.0 A
when measured from top to top of the respective corruga-

tions, very close to the interplanar distance in bulk Au. Sec_above the neighboring areas. lon scattering experiments in-

ond level islands have a height of about 1.8 A, similar todicate trgat Au is still segregating efficiently to the external
islands developing in the third level after deposition of aboulsurfacez. '”.”?OSt cases the chains are roughly colllne_:ar but
1.5 ML of Fe[Fig. 1(d)]. The latter exhibit no traces of the clearly exhibit no Io_ng-range order. Consistently, discrete
“hex” reconstruction, and the surface as a whole shows bi—LE.IiDhS'pOtSf havg (gﬁ/pl)pe_ﬁred as _alsc;l observ?d e’efrﬁér.l
directional features instead of the uniaxial arrangement ifVith the surface in still appearing flat on a larger scale,
Figs. 1@-1(c). The LEED patterns from the surfaces dis- the absence of the LEED pattern is surprising because of
played in Figs. tb)—1(d) are of (1x 1) symmetry with sharp contributions to be expected from the ordered Au bulk below

spots, though some diffuse background intensity is alway: kenwor:ns.t T_her?jfor?, we trﬂuslt conclude the(‘jt thefworm- |
present. Furthermore, tH€E) spectra characteristic for the II e res rtlr‘]C Lf’.rl'ng es rltl)ys ) ethong-[)art\g(i oraer of severa
states given in Figs.(t) and Xd) are very similar. ayers in the fiim as well as in the substrate.

B. Intermediate stage: Dispersing the long-range order C. High coverage

Deposition of about 3 ML Fe causes a sudden change in Evaporation of more than 5 ML Fe makes the
the short-range structure of the film though on a large scalélx 1)-LEED pattern reappear. Yet, in contrast to the “thin-
[1700 AXx 1700 A, Fig. Za)] the surface morphology does film” regime, the spots characteristic for this “thick film”
not look very different from that presented in the previousare now relatively broad, indicating a reduced size of ordered
section, with three or four atomically flat domains of differ- domains. Figure &) shows the STM image of a film after a
ent height. However, a zoomed imadeg. 2(b)] shows that deposition time of 60 min, compared to 5 min for the “thin
the surface consists of a large number of short chain§lm” of Fig. 1(d). The growth is still rather flat, i.e., the
(“worms”) with an apparent height of abouth~0.6 A  difference between the lowest and highest areas found in
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between 100 eV and 500 eV, yieldidg== 1240 eV. For the
structural search, already the STM images suggest consider-
able modifications with respect to the structural models pub-
lished. So far, studies of the film geometry in the monolayer
range were either restricted to the topmost Au-Fe interlayer
spacing*® or assumed the surface to consist of only a single
domain corresponding to a long-range ordered stacking
sequenceé’ By the STM images of Sec. Ill A, the latter as-
sumption seems unrealistic as at least unreconstructed
Au(100 and second layer Au-covered Fe islands coexist.
Nevertheless, in a first step, we performed a fit assuming
only a single domain as a link to the treatment in the litera-
ture. In this step, the chemical identity of atoms in the top-
most four layergFe or Ay was varied, giving a total of 16
different stacking sequences, thus treating the Fe coverage as
an independent fitting parameter. Additionally, the top three
layer spacings were allowed to deviate up#®.3 A from
the corresponding “hard sphereths) values derived from
elemental bulk nearest-neighbor distancels =1.43 A,
d =1.74 A, d%S_,,=2.04 A). Thermal vibrational ampli-
tudes for bulk and surface atoms were adjusted indepen-
ol ¥y ] dently both for Fe and Au. The lateral lattice parameter was
0 100 200 300 400 kept fixed at the value for A100), a=2.88 A. In agreement
Distance (A) with Begley et gl.,” the best fit of all 16 chemical layer
combinations tried was achieved for a single Fe layer sand-
FIG. 3. () STM image of a thick Fe film after 60 min evapo- Wiched by the unreconstructed MO0 substrate and a
ration time, 415Ax415A. (b) Line scan along the profile indi- Single Au top layer. Yet, wittR=0.39 the quality of the fit
cated in(a). leaves much room for improvement, i.e., an ordered single-
domain model obviously does not fully meet reality, consis-
STM line scans as displayed in FigbBdoes not exceed 5 A tent with the STM images. In a second step, we additionally
corresponding to 3—4 E&00) interlayer distance$l.43 A). allowed for the presence of patches of uncovered and unre-
However, with~30 A the average terrace width has de-constructed A(L00). The new best fit results for about 30%
creased significantly with respect to the case of the thin opf the ordered surface uncovered but witk 0.30 is still not
even the “wormlike” film, consistent with earlier LEED satisfying when compared to LEED analyses of other epitax-
spot profile analyse@_'”The terraces remain atomically flat, ial system§‘.3‘45Therefore, we tested two kinds of deviations
though a quantitative evaluation of “step heights” is no from this growth mode, namely that small areas of a second
longer straightforward. The overall surface morphology isFe layer form before the first one is complete and that sub-

similar to that observed for Fe/B©0 homoepitaxy>*° stitutional disorder might develop during film growth. While
the STM images already indicate the first deviation, the latter

one is highly probable because of the place exchanges be-
tween Fe and Au necessary to form a buried Fe layer. More-

With the morphological information from the previous over, Fe-Au exchanges in deeper layers cargtiori be
section at hand, we performed LEEDE) ana|yses for the excluded either since interdiffusion is known to become Sig-
two thickness ranges exhibiting I1) patterns, i.e., for the nificant at temperatures above 4_202k _ .

ML regime and the “thick-film” limit. Two data sets were It turns out that both modifications yield a clear improve-
available for each regime, one taken at 100K in the LEEDMent of the fit while only negligibly affecting the structure
chamber and one at 300K in the STM chamber. Althougtderived for the domains already considered in the previous
the 300K sets are of lower quality due to experimental reSteps. The presence of a second Fe layer, as tested by allow-
strictions, they were analyzed to ensure the films imaged ifnd for an additional domain with Au/Fe/Fe/fl00) stack-

STM correspond to the same structural states as those tfieg, improves the fit t&=0.24. This is significant in view of
LEED intensity analyses are based upon. In the following@ variance ofRR=0.04. With the addlthnal evidence from
we focus on the analysis of the higher quality 100 K data, nothe STM images, we can conclude that indeed a second layer
addressing the results for the 300K data any further sincef Fe begins to form before the first one is completed and

they were practically the same within the limits of error in before the fundamental restructuring of the surface to the
each case. “wormlike” phase takes place. Further significant improve-

ment results when allowing substitutional disorder in the top
three layers of the two Fe-covered domains, resultingR in
=0.19 (RR=0.03), which is our final best fit achieved. Its
The 100K data set for the 1-ML coverage regime wasstepwise improvement is visualized in Fig. 4, which com-
taken from a film similar to the one visualized in Figcll It  pares experimental and calculated data for two selected
includes spectra for five symmetrically inequivalent beamseams with the beam-specifi® factors given. In total, as

Height (A)

IV. THE ATOMIC ARRANGEMENT IN THE FILM

A. Low coverage: Buried Fe
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15 %
Au(100)

65 %
Au/Fe/Au(100)

20 %
Au/Fe/Fe/Au(100)

Intensity

@Fe Au

600
FIG. 5. Structural model of the Fe/&ALOO) thin film as given in
Table | and discussed in the text. 15% of the film are not yet
covered by Fe, while on 20% of the surface a second layer of Fe is
T already present. Growth proceeds with some residual substitutional
Rpe disorder in the film and some Fe situated below the actual film.

(2,1)

"\ A 057
M Table | summarizes the overall best-fit parameters re-
0.40 trieved; the corresponding structure is illustrated in Fig. 5.
P 008 The Fe film covers about 85% of the Au substrate, while
[ 15% of the surface consist of clean @00-(1X 1) areas. In
0.16 20% of the surface a second Fe layer has begun to form on
top of the first one. Within our limits of error%{3%), the
(exp) M layer spacings retrieved for the uncovered(2a0) patches
1 1
0 200 400 600

Intensity

o a W=

(Ad12/dO: _4%, Adzg/doz _l% W|th dozdgi_Au:2.04

A) agree with other work in which they have been deter-

mined experimentally for a gold surface deliberately con-

taminated to remove reconstruction [Adq,/dg

100) =—2%, Ad,3/dy=—-2.8% (Ref. 48] or theoretically

100; [Ad»/dg=—1% (Ref. 47)]. Also, there is close agreement
)

Energy [eV]

A: Au/Fe/Au
B: Au(100) + Au/Fe/Au
C: Au(100) + Au/Fe/Au
D

n100) 1 Aerper A 100). + Au/Fe/Fe/Au(100) with results for the very similar metastablg100)-(1x 1)

100) + Au/Fe/Fe/Au(100) + film disorder . ]

surface for whichAd;,/dg=—4% has been determinéd.
For the Au/Fe/A@100 domain there is also agreement with
earlier work, though this, as mentioned, was based on the
assumption of single domain modéls'® This is reasonable

many as 17 structural and chemical parameters have beds this domain clearly dominates over the others; a fact re-
determined. This has to be compared with the available daSPonsible for the finding that in our analysis the structural

tabase. WithAE=1240eV and an average peak Separ‘,mOr_parameters only neghglbly.changeq whe_n new domains were
of 4 ;=20 eV, it amounts to about 60 largely independent'nCIUded' The Au-Fe spacings derived in the present analy-

data points equivalent to a data redundancy of more than $1S d12= 1.92A andd€3=1.84 A, which are noticeably ex-
so that our fit procedure seems to be reliable. panded compared tdy;, -.=1.74 A, are consistent withly,
=1.85A andd,;=1.825A by Begleyet all’ and withd,
=1.82 A by He and Wandf Yet, there is strong disagree-
fent to the value ofl;,=1.71A retrieved by Opitzt al®
using x-ray photoelectron diffractiofKPD) in the forward-
scattering approximation. Note that the value reported for the
spacings within the artificial tetragonal FeAu compound al-

P

FIG. 4. Best-fit LEEDI(E) spectra of thé1,1) and(2,1) beams
compared to the experimental curves.

TABLE |. Best-fit parameters for the-1 ML film. The model
includes areas covered with 0, one or two layers of Fe, and allow
for substitutional disorder in the Fe-covered parts.

Au(100 Au/Fe/Au100 Au/Fe/Fel/A|{100 k |

ready mentioned is 1.92 fRef. 13 and that the Fe-Au spac-
Surface fraction  1510% 65+ 15% 20 15% ings retrieved in the present analysis are rather close to that.
dyo 1.96-0.05 A 1.92-0.04 A 1.86:0.20 A Within the limits of error, the spacing between the two Fe
dyg 2.02-0.05A 1.84-003A 1.49-0.08 A layers in the Au/Fe/Fe/A100 domain is quite near to the
dag 2.00£0.07 A 2.06-0.03 A  1.98-0.08 A value for bulk iron @7 -=1.43 A). Its slight expansion in-
¢, (Au) 100115% 1061)40% dicated by the numerical values is consistent with the results
c,(Fe) 80" 2% 70" 3% for similarly sandwiched Fe films obtained by XRBef. 6
cs(Fe) 20+ 20% 70" 3% and in Fe/Au multilayers by x-ray diffractiotXRD).*° The
a i, (top Au) 0.11 A 0.19 A 0.19 A reproduction of such a strongly reduced value compared to
a i, (bulk Au) 0.11 A 0.11 A 0.11 A dEZ_Au provides additional support for the presence of do-
a,i, (FO) 0.15 A 0.15 A mains with a second Fe layer. Regarding the chemical pa-

rameters, we find that the topmost layer exclusively consists
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of Au in both Fe containing domains, in accordance with the
strong segregation tendency of Au found by most previous
works. In contrast, substitutional disorder with an overall
substitution of 20—30 % is indicated by the fit in both the
second and third layeri.e., in the case of the Au/Fe/
Au(100 domain, it is not confined to the sandwiched Fe
layer, but also extends to the Au layer immediately below.
Of course, the short range order properties of the film must
be kept in mind when interpreting these results. Due to the
different atomic radii of Fe and A{.44 A and 1.26 A, re-
spectively, sizable lattice distortions in the presence of sub- . )
stitutional disorder must be expected. However, we are pres- 0 200 400 600
ently not able to appropriately model this property, leaving Energy [eV]

the analysis with only the retrieval of average geometrical
and chemical quantities as given above. We also include the
optimized rms thermal vibrational amplitudes in Table I. A i
value ofa,;,(bulk Au)=0.11 A fits well to a bulk Debye h
temperatureé® (Au) =165 K, and higher values for surface (theor)";
and film vibrations are reasonable. Yet, these values are \
rather uncertain due to the high total number of parameters !
in the model.

The presence of substitutional disorder sheds new light on
the expanded Au-Fe spacing reported here and by other
authorst’8t is well possible that this expansion is not in-
herent to the Au-Fe stacking sequence but rather enhanced or 1 L
even caused by Au atoms incorporated in the Fe layer. If that 0 200 400 600
were the case, quantitative differences between interlayer Energy [eV]
spacings reported in the literature for Fe(200) in the ML FIG. 6. Best-fit spectra for thel,0) and(2,0) beam of the thick
range might easily be understood in terms of different dey compared to the experiment.' '
grees of substitutional disorder. A closer view at thi,
compound produced by alternating evaporation of Au and F
monolayers onto A{W00 (Ref. 13 adds an interesting facet
to this interpretation. The lattice parameter of this compoun
as determined by XRD i£=3.83 A perpendicular to the
layers, i.e., the interlayer distance between Au and Fe layers

o _ A This value i vl h As in the case of the thin film, we first tested only models
aQOUEtSt aure=1.92 A. This value is not only larger than ¢ qjsting of a single ordered domain. Again, the composi-

daure=1.74 A but also clearly different from that predicted tjop, of the top four layers was allowed to be either Fe or Au.
by theoretical calculations for such a AuE&, compound, They were assumed to reside on a bc¢tBe) bulk, i.e., the
daure=1.77 A (Ref. 50 and 1.79 A%! respectively. How-  actyal gold substrate was assumed to be hidden due to elec-
ever, it comes close tdy,=1.92-0.04 A anddy;=1.84  ron attenuation. In the structural search, the topmost three
+0.03 A determined for the partially disordered, sandwicheqayer spacings were varied by up 100.2 A around the cor-

Fe layer abovéTable ). With a long range order parameter responding “hard-sphere” values. An uncovered(TFag)

of 5=0.3, the XRD analysis of the AuFe compo&ﬁater_— surface yields the best fit to experiment in this stdp (
tainly also suggests (_:onS|derabIe disorder. Thus, as in out 0.39). Enforcing a single Au layer covering a(E@0) sur-
case, substitutional disorder rather than the features of thge yields onlyR=0.50, in spite of the fact that AES indi-
fully ordered structure may be held responsible for the larg@ates the presence of some gold within the surface or on top
experimental interlayer spacing of the AuFe compound. o it. So, a single phase with a full layer of gold floated to the

In conclusion, we have shown that a simple film modelgface as reported by Kellat al2 for a 15 ML film must
consisting of only one or two long-range ordered domains in

the surface cannot reproduce all details of the surface struc-
ture. We have strong evidence that this is due to deviations
from perfect monolayer growth of the Fe film developing

Intensity

(exp)

Intensity

(exp)

Sisted of six symmetrically inequivalent beams between 100
V and 500 eV yielding\E= 1460 eV. During the deposi-
ion process, a slight carbon contamination was observed by

50 % Fe(100) 50 % Au/Fe(100)

below the segregated Au layer. These deviations are at least ~  _____ 0000 ! L76A
twofold: There is beginning growth of a second Fe layer l-élé__oooogoo ioooo%ooogo__l_ﬁﬁ_
before the completion of the first, and there is substitutional 152 500000 | 000000 1A
disorder present in the film. 142 0000000000004
0000000000000
111 90 90 -7
B. High coverage: Floatinggold ~~ —==== 0000000000000~
In the “thick-film” limit, i.e., after evaporation of more FIG. 7. Visualization of the best-fit structure of a thick Fe film.

than 10 ML of Fe, the 100K data set to be analyzed conAbout half the film is still covered by Ad00).
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TABLE Il. Best-fit parameters of the thick Fe film on £100). photoelectron diffraction. Their model structure to be fitted
consisted of a single layer of Au on top of an unrelaxed
Fe(100 Au/Fe(100 bcc-F&100 film with an Au-Fe interlayer distance af;,
Surface fraction 58 20% 507 20% = 1.67 A, which is within the limits of our fit.. Yet:‘th.is s”tudy
d 1.47+0.05 A 176 A+02 A is ba;‘ed only on Au ﬂ_photoelectron Q|ffract|on, blind” to
12 -0.1 A
ds 1.45+0.03 A 139-0.04 A possible uml:é)vered film areas, unlike _the LEED study of
g 1455003 A 141004 A Beglt_ay et al=’ where, however, a domain mixture was not
34 e ' ' considered and where consequently the simple model of
das 1.43:0.04 A 1.41:0.04 A Kellar et al, as in our case, failed to provide a complete
douix 1.43 A 1'4+3f description of the film surface.
ayip (top laye) 0.17£0.04 A 0.21 A%5 o6 4 For the model presented above, we also investigated fea-
a,ip (interface Fg 015A tures such as substitutional disorder, the influence of the Au
a,ip (bulk Fe 0.11A 0.11A bulk below the Fe film, and thiateral lattice parameter of

the Fe film. However, neither attempt yielded any significant

be ruled out. The observation that the amount of top layer AdMProvement over the results already presented. The inter-
decreases with growing Fe coverdyadvises us to consider MXing e_:xpected to occur in the fifffis too small to produce

a model with two domains, one corresponding to a clean ang Significant effect on the spectra. The Au bulk apparently
one to a Au covered F&00) surface. In the corresponding lies beyond the “information depth” of elastically scattered
structural search, the top four layer spacings of each domaiflectrons. The variation of the lateral lattice parameter repro-
were varied. Additionally, we allowed for the variation of the duces that of Fe00) (a=2.866 A, but the limits of error
spacing in the Fe film below, assuming it to be constant fo"€ 00 large to exclude the value of A00). _

all layers. Thermal vibrational amplitudes were also adjusted Summarizing, we have shown that a large part of the film
in the course of the fitting procedure. The two-domain modefUrface is covered by a single layer of Au even at this rela-
results in a drastic improvement of the fiR€0.19), the UVvely high Fe coverage. With growing Fe thickness, Au
quality of which is demonstrated in Fig. 6 where experimen-Stéys behind in the filff and the “missing” Au atoms are

tal and best-fit spectra are displayed for two selected beamB0t réplaced by Fe atoms incorporated in the Au layer. In-
In the best-fit structure, a Au layer still covers about 5096St€ad, the Au layer shrinks into domains opening areas of

of the bee-Fe film as illustrated in Fig. 7. The correspondingUncovered bec-Ra00). Itis this mixture of ordered domains
best-fit parameters are given in Table II. Interestingly, withthat €xplains the discrepancies apparent in the literature to

d,,=1.76 A the Au-Fe interlayer distance in the Au-covered%at€:
domain does not show a strong expansion with respect to the
hard-sphere value as in the thin-film case. Unfortunately,
with values between 1.66 A and 1.96 A inside the limits of V- DISCUSSION AND CONCLUSION
error, this result must be regarded with caution. The high A surface-active agent, or “surfactant,” influences the
uncertainty ofd,, is accompanied by a rather high vibra- growth mode of an epitaxial film to improve its structural or
tional amplitude of the top layer Au atoma,;,=0.21A  morphological properties. In most cases the surfactant con-
probably due to static displacive disorder in the floating Ausists of a third chemical species. In the present case, film
layer rather than to simple thermal vibrations. As to the Fegrowth is influenced by substrate gold atoms floating to the
film underneath that layer, though its top few interlayer dis-surface, i.e., atoms from the epitaxial system itself. This al-
tances appear systematically contracted, the bulk valuk of lows us to speak of a “self-surfactant” efféet-”*°of Au in
=1.43 A is always within the limits of error. Any possible the growth of Fe films on A@00). In the following, we will
film distortion, if present, is smaller than the accuracy of oursummarize our evidence for its existence, explore its limita-
fit. tions, and give a tentative microscopic model of the growth
The structure of the Au-free part of the film clearly differs process.
from that of a clean F&00) surface. Instead of a contraction  In the coverage regime up to 1 ML, film growth is prac-
(expansioh of the first(second layer spacings?*3we find tically two dimensional rather than three dimensional as ex-
an expanded topmost interlayer distance of 1.4fthbugh  pected from the surface free energies of Au and Fe. Obvi-
the bulk value is within the error limiisdeeper spacings are ously, a segregated layer of Au is energetically more
close to the bulk value. Due to the C contamination menfavorable than exposing Fe to the vacuum. Yet, the influence
tioned above, this finding does not come as a surprise. Eleof Au reaches beyond a mere segregation, shaping the Fe
tronegative adsorbates are known to cause a derelaxation tim to the morphology observed in the present paper and
the surface region and expansions of the topmost interlaygendering Au a true “self-surfactant” in this first growth
distance of bc¢100) surfaces® 6 Thermal vibrational am-  stage. For the very early stages of Fe film growth, this pro-
plitudes, also listed in Table 11, all exhibit a trend to rela- cess has been illuminated in detail in a recent publicdfion,
tively high values compared to the value of 0.07 A expectedestablishing place exchanges between incoming Fe and top-
from the bulk Debye temperatuf® ,(Fe)=465 K]. Again, layer Au atoms and lateral Au self-diffusion as the dominant
this indicates the possibility of some positional disorder indiffusion mechanisms involved. In particular, no lateral dif-
the film not present in a well-prepared(E60) single crystal. fusion of Fe was required to explain the observed morphol-
Comparing our results to the literature, we note the clos@gy in the nucleation stage. In the present higher coverage
agreement between the geometry of the Au-covered domaigase(about 1 ML), there is a clear tendency of Fe to form
and the results of Kellagt al* for a similar film using x-ray ~ subsurface islands with only small amounts of Au admixed,



PRB 59 Fe THIN-FILM GROWTH ON AU100: A SELF. .. 15973

rather than a fully homogeneous, disordered distribution otal displacements could be energetically favorable at the ex-
Fe in the second layer expected for a complete absence pense of Au-Fe interlayer bonding. Defect structures, such as
lateral Fe diffusion. Thus, at some stage, lateral transport dhose observed in the present paper, are a consequence of
Fe must play a role in the shaping of the films observed irfhis mechanism. For example, one might imagine the
the present paper. Possibly, the higher growth temperaturdvorms” to consist _of short chains of Fg atoms pushed into
(400K instead of RT in our case is responsible for this the bce100 layer in a local, bcl10-like arrangement.
difference. Alternatively, it is conceivable that the lateral dif- These atoms would reside on bridge sites of the layer below,
fusion of Fe is a comparatively small effect playing no sig-consistent with the height of the “worms.
nificant role in the initial stages of growth when diffusion _ "€ Proposed mechanism also explains two other obser-
lengths required for the formation of Fe “islands” are large. vations. First, the bee00 arrangement wou]d face strong

In contrast, at a coverage of several ML the STM irnage4ateral distortions aroun@10)-like defect chains, extending

show a morphology similar to the homoepitaxial growth of ™© the a_dja_lcent layers as well. This explains the o_bse_r\_/ed
Fe/F&100) Zggoi.e.g);t this stage there is nopnoticea%Ie “gelf- rapld vanishing of the LEED pattern as the lateral periodicity

surfactant” effect of Au despite considerable amounts of AU'S bfr_olée{;] Irt] ;?Vkerfﬁl Iaykers. ?ﬁc%%d' fr_orrl tthe LEfEtE [fttern
still floating on the film surface. It seems that the Fe film V€ NG that thick Tims keep €100 orientation of the Au

rather imposes constraints on the floating Au layer, induciniu”(' tTh's is only P&SS'ble. 'fdfth.f In;etgaﬁo%?tgvﬁﬁn Fe tand
some static displacive disorder and tearing it into smal u retains some ot tne periodicity ot the UK, SO &

patches. Obviously, the “self-surfactant” effect ends beforethIS stage a_nea_rly amorphOL‘J‘s |nterfac? is out of the question.
Our model implies that the “wormlike” defect structure is

“bulklike,” thick Fe films develop. However, we do not ) i .
observe its sharp breakdown. STM images of the “Worm_energetlcally favorable when not enough Fe is available to
; create a bulklike Fe environment. With the deposition of

like” structures around 2 ML(Sec. Il B) still show large, o
though no longeatomically flat terraces. Thus, the “self- more Fe, _these defects are no longer ac_;lvantageous, and it is
! well possible that a partial reincorporation of the “worm”

surfactant” effect of Au on the overall film morphology pre- A into the bec lattice tak | | | torina th
vails also in this stage and probably decays gradually untiftoms 1nto the bec latice takes place, largely restoring the
periodicity at the interface.

the “thick-film” limit is reached. However, the effect is con- | h h that th th of Fe fi
siderably reduced at 2 ML since it no longer enforces the Zs(lironoTEry,'we '?r:/?hs ?Wn t'a (felgrow Od ﬂet tl ms
growth of epitaxial, long-range-ordered Fe films. on Au €gins wi € formation of large and fat ter-

“ f o : f Fe covered by a floating layer of Au. A “self-
In the “wormlike” growth stage, the films apparently races o Y .
consist of localized, elongated defects. From the prese urfactant™ effect of Au induces the fiat growth of the Fe

data, it is impossible to make quantitative statements on the pyer. though some deviations from pure monolayer growth

structure except that the film should be covered by a layer opceur: Above a certain coverage L ML), th_e film structure
Au since this layer is detected by ion Scattering is dominated by large amounts of short, linear defects, pos-

spectroscopy’ The apparent height of the “worms” in tsri]blykdug to tthel formﬂtior&_of Fs'ie bondls at the Txgﬁnsﬁ of
STM, ~0.6 A, proves that they cannot consist of simple € Au-re Interfayer bonding. Yet, on a large scale the 'm

atomic chains positioned atop the outermost Fe or even Aatill consists of flat terraces', indicating that the Au “self-
layer. Their height corresponds rather to atoms contained iﬁun:jactﬁnt_ tehf_fectt on ;[he ﬂlnr: trTOleh?:ogy tﬁleclzays only
one of the layers, but laterally displaced from the expecteéJra ually in this stage. ih much thicker fims, e long-range

hollow position to a bridge or top site. Based on this obser-order of the Fe lattice is re-established, and a(1e@-Fe

vation, the following model may serve to explain the Originf|lm characterized by small terraces forms. Our result; imply
of the “worms.” that the growth of a flat and defect-free bcc-Fe film on

Certainly, a bctL00-Fe layer of atoms corresponds to a Au(100 remains a major challenge to current experimental

stable arrangement of atoms when part of an iron bulk. HowEeChn'qltje;' Thefassurppn?n(;):]perfet(_:t fllmtgrglwth |mri_I|C|t n
ever, it is important to notice that in other environments thigMany studies of nonstructuranagnetic, opticalproperties

need not necessarily be true. The most stable free-standiljé. Fe/Au film and multilayer systems may often not be jus-

two-dimensional bcc-like arrangement is the quasihexagon led.
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