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Geometric contrast mechanisms in helium atom scattering: The growth of the FE€u(100) system
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The extremely short de Broglie wavelengths of thermal helium atomic beams make them ideally suited as
sensitive probes of surface structures. Recent developments in the methods used to analyze helium atom
scattering data make it possible to measure interlayer spacings on metal surfaces with high precision. We
present results of the application of this technique to the growth of a heavily reconstructed system. Helium
atom scattering has been used to study the variation of interlayer spacing during the growth of ultrathin iron
films on coppe100). Using the parameter-independent analysis technique, the interlayer spacings of iron films
up to five-monolayers thick have been directly measured. The results show that it is possible to identify three
distinct regions from 0 to 5 ML of Fe coverage. In the regime from 0 to 2 ML of Fe there is a large initial
expansion of the out-of-plane lattice parameter of the iron film. In the regime from 2 to 4 ML of Fe, the
interlayer spacing contracts to a value that is slightly expanded relative to the bulk spacing expected for fcc Fe.
Above 4 ML of Fe the interlayer spacing approaches that expected for bulk fcc Fe. The results are discussed
in the context of the latest models for the growth of FeADQ).
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[. INTRODUCTION these thin-film growth structures, which make them poten-
tially suitable for fabrication into magnetic storage media
Helium atom scattering is an extremely powerful surface(Ref. 14, and references thergifrurthermore, since these
analytical technique with the capability of directly probing magnetic properties are also a strong function of the surface
the interlayer spacing of thin metal films with extremely high morphology, it is essential that the structures of these thin
precision® In principle, this sensitivity to the interlayer spac- films be well understoot’ The growth mode of these films
ing present on the surface can be used to identify, and difis extremely complex, especially during the first few mono-
ferentiate between, different chemical species present on layers of iron depositioh® However, analysis of the growth
surface during growtf.For the growth of cobalt on cop- using area integrating techniques such as medium-energy
per(111), we have shown that it is possible to directly mea-electron diffractiorf, helium atom scatteringHAS),*® and
sure the interlayer spacings of the different geometric structow-energy ion scatteririgeveals that the growth of iron on
tures that occur on a surface. In these experiments, thgoppef100) occurs in four distinct stages as a function of
growth and variation of interlayer spacing as a function ofjon coverage.
cobalt coverage was studied using helium atom scattéfihg. Stage I, which occurs between 0 and 2 ML of Fe deposi-
The algorithms developed during the course of these inves;op, jnyolves exchange between the deposited Fe atoms and
tigations for the analysis of helium atom scattering da’taCu surface atom¥ Scanning-tunneling microscogTM)

mf%"e No recourse to f"F'”g parameter_s and, as such, offer tr%‘?udies have revealed that the Fe atoms are incorporated as
unique opportunity of d|.rec'gly measuring the interlayer SPACY clusions, which are predominantly located in the Cu sur-
ing of a growing systenin situ* The results of the study of '

cobalt on the coppétll) system, showed that the out-of- face layer. The growth is also characterized by the presence

plane lattice parameter asymptotically decreases from that &f ‘?'OUE’LG height steps on the surface during this coverage
the bulk copper interlayer spacing to a contracted bulk cobalt®9'Me: i
spacing® However, the formation of cobalt films on cop- N Stage Il, which occurs between 2 and 4 ML of Fe, a
per11l) is structurally a relatively simple growth system, Partial ordering 0; the surface occurs. Both low-energy
since there is no dramatic reconstruction of the surface duglectron-diffraction’ (LEED) and STM(Ref. 18 data indi-
ing growth® The deposition of iron films on copp@00 isa  cate that the Fe films appear to be tetragonally expanded but
much more challenging heteroepitaxial system to study witdhe structure is not regular and appears to be laterally and
this analysis technique, since it is well known that the survertically buckled. The transition to a more layerwise growth
face is dramatically reconstructed during the growthmode appears to occur gradually, with the transition occuring
proces$ for iron films that are approximately three-monolayers thick.
The iron on coppéf00) system is one of the most heavily During stage Ill, which occurs at higher iron coverages be-
studied metal thin-film growth systems, with numerous studtween 4 and 10 ML, the consensus appears to be that iron
ies using a variety of analytical techniques taking place ovegrows pseudomorphically in an approximately face-centered-
the last ten year¥:®® The main driving force behind these cubic structure. Finally, during stage IV and above 10
investigations has been the unique magnetic properties &L the film undergoes a structural phase transformation
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from a predominately face-centered- to a body-centered- 12
cubic structure. i ™

In this paper, the algorithms developed by the authors forz 107
the analysis of helium atom scattering data have been used =
revisit the growth of ultrathin iron films on cop&00) sur- 2 81
faces. In general, the results of the analysis are consisterg
with earlier studies of the structural transformations that oc-E
cur during the growth of this system. However, the analysis €

does provide insights into the growth structures that form

during deposition. In particular, the HAS results provide in-
formation on the growth of Fe on CLOO0) in the low cover- 2
age regime. In addition, the results of the analysis demon-§

strate the ability of the technique to provide geometric 0 : : : : .
contrast during HAS investigations of thin-film structures. 0 1 2 3 4 5 6
Number of monolayers deposited

sit

cular heli

Il. EXPERIMENT FIG. 1. Variation of in-phase specular helium intensity as a

Al of th . d di b _lfunction of coverage for iron films deposited on cogftén) at
of the experiments were conducted in a purpose-bul troom temperature. The helium beam is incident at approximately

uItraf_ﬂl%h vacuum chamber with a base pressure below Epe \yith an energy of 63 meV. Small but regular oscillations in the
x10" " mbar. The helium diffractometer used for the eX- gaa are observed above 2-ML iron coverage. The abscissa is cali-

periments presented here had an angular resolution of 0.44ated using the characteristic period of one oscillation.
and is described in detail elsewhéPérhe helium beam was
produced by a supersonic expansion and the nozzle was kept
at room temperature resulting in a beam energy of 71 meV
(ko=11 A%, Figure 1 shows the variation in specular helium intensity
The iron evaporation was carried out using a purposeas a function of coverage for iron films deposited at room
built metal evaporator positioned so as to allmwsitu mea- temperature. The horizontal axis has been calibrated in the
surement of the growth. During evaporation the total backusual way, using the oscillation perigéh the regions of
ground pressure, excluding helium from the beam, was lessscillatory behavior as a measure of monolayer growth
than 2x10 1° mbar. An out-of-phase scattering geometrytime. It is estimated that the relative error in the calibration is
of 52.7° was used, giving destructive interference for mondess than=+20% ? The helium intensity profile shown in
atomic interlayer spacing oflL00) terraces. This geometry Fig. 1 is consistent with those obtained using other compa-
maximizes any oscillation in specular helium intensity, rable techniques and demonstrates that layerwise growth
which is the signature of layerwise growth. The qualitativedoes not occur for the first few monolayers of iron on cop-
form of the resulting plot of specular helium intensity againstper(100. In an earlier publication, we showed that it is pos-
deposition time(uptake curvgwas used to provide an indi- sible to use the variation of scattered helium intensity as a
cation of the growth mod&The coppef100) crystal was cut  function of perpendicular momentum transféattice rod
to within 0.5° of a(100 plane and mechanically polished scan to obtain further information about the morphology of
before insertion into the vacuum chamber. Preparation of théhe growing film. The results showed that the morphology of
surface followed the usual cycles of argon-ion bombardmenthe growing film below approximately two monolayers was
and annealing until only a narrow intense specular heliundominated by the presence of multilayered islands, while
peak was observed. above two monolayers a transition towards layer-by-layer
The specular peak of the clean copiéd) surface exhib- growth was observed, entirely consistent with the subse-
ited a full width at half maximum of approximately 0.7°, quently defined stages | and Il of the growth process.
significantly larger than the inherent instrument resolution. More recently, we have developed a technique for the
This broadening was attributed to the existing mosaic strucanalysis of lattice rod scans obtained during thin-film
ture of the copper surface. Indeed, the oscillations in thegrowth. This technique, which is described in more detail
specular intensity as a function of perpendicular momentunelsewhere, essentially extracts the distribution of interlayer
transfer(lattice rod scahindicated the presence of a small spacings on the surface using a Fourier-transform-based
number of monatomic steps on the surfAdée correspond- algorithm? This analysis technique, which is analogous to
ing step density, however, was found to be less than the valubat used in extended x-ray-absorption fine structure spec-
implied by the maximum misalignment (0.5°) of the crystal troscopy, therefore provides a direct measure of the inter-
surface. layer spacing without recourse to fitting algorithms. As an
At each film growth temperature, the deposition was in-illustration, the results of the analysis for 1 ML of iron de-
terrupted at several points and the variation of specular heposited on copp€t00) at 298 K are shown in Fig. 2. Al-
lium intensity was measured as a function of scattering angléhough the ideal HAS lattice rod scan consists only of sinu-
(trackscai The specular helium intensity was transformedsoidal termg, experimentally, the data of Fig. 2 is modulated
to a function of perpendicular momentum transtlattice by diffuse scattering effectsncluding Debye-Waller attenu-
rod scap as described elsewhete. ation). The top left-hand panel illustrates how this back-

IlI. RESULTS AND DISCUSSION
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Background subtraction FFT of 1 ML Fe on Cu(100)
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8 ] FIG. 2. Lattice rod scan analysis of the 1-ML
£ 2000~ 201 1 iron film deposited onto a copdd00 surface.
5 The top left panel shows the original déi@pen
§ TG - circles and the background functiofsolid line)
2 g st that is subtracted from the data. The Fourier
8 10 12 14 16 18 20 22 2 transform(right-hand panglshows that there are
2 two significant interlayer spacings present on the
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ground modulation is removed with a high-order polynomial,of the interlayer spacing compared with that for the bulk
since it is not of interest. The form of the fitted backgroundcopper surface. The dramatic expansion in the out-of-plane
function is selected to ensure that the overall shape of thiattice parameter that occurs immediately upon iron deposi-
data envelope is matched without introducing any oscillatorytion is unexpected and, to the best of our knowledge, has not
behavior itself. An appropriate background function is indi- previously been reported. It is at 1 ML that the specular
cated by the removal of the fundamental oscillation compohelium intensity drops to a deep minimuiig. 1), suggest-
nent in the datdone half wave over the data sethis forms  jng that the surface is highly disordered. STM of these sur-
one criterion for the background subtraction algorithm. Thegaces reveals that the surfaces in this coverage regime are
other criterion is the requirement that the choice of backyjghly disrupted, with iron atoms becoming incorporated in
ground function should not affect evaluation of the interlayerine sypstrate and copper islands growing on the suffabe.
spacing. This latter criterion is satisfied by checking the stagT gata suggests that the first-layer growth is dominated
bility of the interlayer spacing to changes in the order of they,y, intermixing of iron and coppéf Moreover, these

fit. Typically, the fast Fourier transforFT), and hence the ey STM studies of these surfaces indicated that it was

measured interlayer spacing, is stabléthin the accuracy of  hyssible to distinguish small iron clusters in the substrate and
the techniquieto changes of plus or minus two units in the

background polynomial order. The raw data is then normal-

ized by the fitted function. ) : et |
rier transform of the lattice rod scans for ultrathin iron films depos-

The main window shows that there are two main inter-. ; i
layer spacings present on the surface and provides a meastigd on copperl00. The values of primary and secondary interlayer

of these spacings. The bottom left-hand panel shows the I,g_pacings are obtained from the first and second most significant

. : - A peaks in the Fourier transform. Entries marked with an asterisk
sults of the inverse Fourier transform of just the SIgnIflc"’mtindicate surfaces for which there was only one significant peak
peaks(i.e., only those that rise above the 99% significance Y

. . . . present in the Fourier transform. All of the listed spacings are for
leve). The quality _of_the fit t0 th_e original data is ex_cel_lgnt films grown at room temperature except for the entry labeled 5%,
and thus the data is indeed dominated only by the significantyich was obtained for a film grown at 220 K.
peaks in the Fourier transform.

Lattice rod scans were obtained for 1.0, 1.5, 2.0, 2.5, 3.0on coverage Primary interlayer ~ Secondary interlayer

TABLE I. Values of interlayer spacing obtained from the Fou-

3.5, 4.5, and 5.0 ML of iron together with the clean cop- ) spacing(A) spacing(A)
per100 surface. The distribution of interlayer spacings

present on the surface was analyzed for each of the lattice 182 *
rod scans using the analysis methodology. The interlayet 2.13 4.24
spacings of the first two significant peaks were measured antl5 2.12 4.07
are listed in Table |. Figure 3 shows the variation of the2 1.86 *
dominant interlayer spacing as a function of iron coverage2.5 1.93 *
There appear to be three distinct stages during the growth of 1.90 *
Fe/Cy100 up to a coverage of 5 ML of iron, which is 45 1.82 *
in agreement with the general consensus for this growtls 1.85 *
system. 5% 1.78 *

Stage | (0<60g.<2 ML) involves a dramatic expansion
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<— Stage | —»<— Stage || = | 4~ Stage Il = + 1.82 A= 3.94 A). It is known that interference shifts in
22 the phase of helium atoms scattered from growing islands do
occur. These shifts arise from changes in the local potential
54 t ¢ well which can, under certain circumstances, influence the
interlayer spacings measured using HAS. However, these ef-
fects are anticipated only to be significant for small islands
of approximately 4 4 atoms in sizé? At a coverage of 1
{ ML or 1.5 ML, the iron islands are significantly larger than
9] t 4x 4 atoms and it would therefore be unlikely that the large
interlayer expansion that is measured is due to electronic
] ’f% :jc” effects alone. Indeed, the tip-dependent chemical contrast ef-
‘ : Fe fects are only observed in STM measurements of Fe films
0 1 2 3 4 5 6 whose coverage is significantly less than 1 &2 More-
Iron Coverage (ML) over, given that these electronic effects are only going to
g’nfluence the outermost electronic corrugation, the presence
of double height steps whose height is twice the expanded

ture. The filled diamonds show the measured interlayer spacingﬁlah:?hmeasured (fjor Slngle. he!ght ?teps Ils lejrtf:er §V|Qenqe
obtained from helium atom scattering using the different analysi .a € measured expansion 1S not purely electronic in ori-

technique. The upper point at 5-ML coverage was obtained for gn. Further support for the observation of an expansion in

film grown at room temperature whereas the lower point was ob:[he out-of-plane Sp_acing_ is provided by the reflection high-
tained for a film grown at 220 K. energy electron-diffraction(RHEED) measurements of

Schatz and Keun® Their accurate RHEED measurements
at the edges of copper islands at low iron coverageshow that the average in-plane spacing of Fe films on
(Are<0.2 ML).'° These features were observed as patche§€u(100 goes through a minimum at a coverage of 1 ML.
on the surface whose appearance was highly tip dependedturthermore, this minimum is both less than the equilibrium
indicating that these regions were chemically different fromCu(100 spacing and the expected spacing for fcc iron. As
the clean C(1.00) surface. The origin of this specific chemi- such, it seems reasonable to expect that there would be a
cal contrast was unclear and was not observed for larger Feorresponding expansion of the out-of-plane lattice param-
islands. More recent STM studies confirmed the presence diter. Although the contraction of the average in-plane lattice
this chemical contrast. These studies revealed the presencefgrameter measured by Schatz and Keune is too small to
islands with bright featureg@s observed in STMlocated at  completely explain the large interlayer expansion measured
the island periphery. These bright regiofwhich occured by HAS, the RHEED technique does sample over a few
either as a ridge around an existing island or as selfatomic layers and thus the actual contraction of the Fe mono-
contained small islandvere attributed to Fe-containing moi- layer alone is likely to be greater than that measured.
eties. STM line scans across islands with bright peripheries Stage 11 (2 ML <#6g<4 ML) involves a dramatic de-
revealed that the apparent height of the periphery was apgrease in the measured expansion of the deposited iron film.
proximately 2.6 A2 while the height of the interior of the The average interlayer spacing of the film between 2 and 4
island corresponded with the interlayer spacing of100). Ml is 1.89+0.03 A, which represents a small but significant
In their paper, Duloet al?! noted that the measured height expansion over both the original Cu interlayer spacidg,(
of 2.6 A was too large to be due to any reasonable relaxatiorr 1.82 A) and the expected interlayer spacing for an fcc Fe
effects and too small to be due to double height steps at th@m (dc,=1.78 A). A number of previous studies have also
island edge. They therefore attributed this measured expaidentified that this stage of growth of iron films on a cop-
sion entirely to electronic structure effects between Fe anger100 surface is characterized by an expansion of the out-
Cu atoms, noting that at the typical bias voltages used, thef-plane lattice parameter of the growing surface. LEED
partially integrated density of states is expected to be largestudies have shown that the iron films go through a number
for iron than for coppef! of structural reconstructions with increasing iron cover&ge.

However, the fact that the HAS data of these surfaces alsét approximately 2 ML, a 41 LEED pattern is observed,
suggests that these intermixed layers have an interlayer spaghich changes to a 81 pattern after 4 ML of iron have
ing that is dramatically expanded with respect to the bulkbeen deposited on the surface. Full dynamical LEED struc-
copper spacing indicates that perhaps electronic structure difural analyzes of the 2-ML and 4-ML films indicate that the
ferences are not the only source of this measured expansioion films are highly distorted and buckled in both the lateral
Indeed, further analysis of the HAS data reveals that therand vertical direction® At a coverage of 2 ML (&1
are higher-order peaks in the FFT of the lattice rod scanphasg, the average out-of-plane lattice spacing of the iron
These peaks occur at interlayer spacings of 4.24 A and 4.0flm is 1.86 A, which is in close agreement with the value
A for the 1-ML and 1.5-ML films, respectively. Interestingly, obtained from the HAS analysis. The dynamical LEED re-
these values are approximately twice the fundamental inteisults of Muler et al. show that the best fit to the data for a
layer spacings of 2.13 and 2.12 A measured for the 1-ML4-ML Fe film occurs for surfaces with the first four layers
and 1.5-ML iron films, respectively, rather than the sum ofreconstructed’ There is a vertical buckling of thg110]
the fundamental copper and iron interlayer spacif@$2 A  rows with an average maximum buckling amplitude of 0.2

2.0 1

Interlayer Spacing (A)

FIG. 3. Variation of measured interlayer spacing as a function o
coverage for iron films deposited on cop{d®0) at room tempera-
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A. The average maximum lateral shift is 0.35 A. There is nothe basis of an accurately measured interlayer spacing. There
evidence of any contraction of the surface layers from thés extremely close agreement between the HAS data and the
earlier LEED analyzes. At a coverage of 4-ML Fe(DQ0), generally recognized phases that exist during the growth of
the average interlayer distance as measured by LEED is 1.8his complex system. Such a result indicates that the analysis
A and it appears that all of the reconstructed layers have echniques described here could form the basis of using geo-
spacing that is expanded by5%. More recently, accurate metrlca}l contrast to identify surface structures in a helium-
measurements using quantitative STM profiling suggest that@sed imaging instrument.
the interlayer spacing 4-ML Fe films on Qu00) is 1.93 A,
which is again in close agreement with the value obtained
using HAS?! The use of a different methodology for the analysis of
Stage Il (>4 ML) involves a further decrease in in- helium atom scattering data has been applied to a complex
terlayer spacing of the growing film. This spacing ap-heteroepitaxial growth system, that of iron on coppe®).
proaches the value of 1.78 A expected for strained fcc irorThe HAS data reveal that the growth commences via a dra-
films on coppef100.1® This observation is in agreement matic expansion of the out-of-plane lattice parameter. This
with the general consensus for the growth of iron films be-expansion decreases systematically with increasing iron cov-
tween 4 and 10 ML, with a number of structural LEED ana-erage. Although this measured expansion may have a com-
lyzes that suggests the surface consists primarily of fcc iroponent associated with differences in the electronic structure
islands. However, STM data has shown that the fcc surface isf iron and copper, the close agreement between the inter-
unstable and that at a coverage of 10 ML the film has translayer distances measured with HA& higher Fe coveragges
formed to a bec structuré:?® This transformation is a result and those obtained using other surface science techniques
of the formation of dislocationlike elongated ridges on thesuggests that the expansion originates from a real change in
surface that transform into a complex system of bccgeometric structure. The interlayer separations observed with
precipitate$>~3*More recent STM data indicate that needle- HAS correlate extremely well with previous structural ana-
like bcc precipitates form the nucleation centers for thelyzes conducted using LEED and STM and confirm the ob-
growth of the subsequent bce pha8although there is con-  servation that there are three distinct stages in the growth of
tinued debate about the details of the growth structures thaton on coppefl00 below 5 ML. These stages can be sum-
occur in this growth regime, it is generally accepted that ironmarized as follows:
films above 4-ML coverage grow as primarily fcc structures (i) 0 <6g.<2 ML: Intermixing between iron and copper
and the interlayer spacings measured using other techniqués accompanied by a dramatic expansion of the interlayer
are in close agreement with those obtained here. For espacing.
ample, the average interlayer spacing for the iron film be- (i) 2 <#r.<4 ML: A disordered and strained fcc iron
tween 4.5 and 5 ML is 1.880.02 A which is in very close phase grows which is tetragonally expanded with respect to
agreement with LEED measurements of the 4-ML film (5the expected fcc iron lattice.
X1 phasg indicating that the average interlayer spacing is (iii) #zc>4 ML: A less strained pseudomorphic fcc iron
1.84 A. Finally, it is timely to comment on the general issuefilm forms.
of geometrical contrast within the HAS experiment. The The results also demonstrate the effectiveness of the ana-
analysis of the HAS results for growth of the Fe(C00 lytical technique in providing quantitative geometric contrast
system demonstrates that it is now possible to clearly distinef complex surface structures from helium atom scattering
guish between the presence of different structural phases afata.

IV. CONCLUSIONS
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