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Abstract

We report a scanning tunnelling microscopy study of the growth of iron on Cu(111) using lead as a surfactant. In
the absence of surfactant, the growth of iron on Cu(111) proceeds in the form of three-dimensional islands, giving
rise to an irregular granular film, with the presence of both face-centred cubic (fcc) and body-centred cubic crystallites
whose relative population depends on the film thickness. The deposition of iron is accompanied by an active etching
process, which results in chemical heterogeneity of the islands and the appearance of vacancy islands in the substrate
surface. On the contrary, during the growth of iron on Pb/Cu(111): (1) the reaction at the interface is considerably
limited, producing initially an almost perfect two-dimensional bilayer; (2) the subsequent growth results in a multi-
level rough film due to limited interlayer mass transport; and (3) the iron film, continuous and monocrystalline, has
the fcc structure as suggested by the persistence of a (4 ×4) lead superstructure present on the top surface layer up
to at least six monolayers. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction (Cu/Cu(111) [8], Co/Cu(111) [9,10]). All of these
elements, known as surfactants, have a lower free
energy than the deposited metal [11], and tend toIt has been known for some time that the use
float during growth. The floating efficiency of leadof adsorbed gases [1] or metals [2] can improve
seems to be particularly large, and indeed lead hasthe growth of thin metal films, changing the growth
been used for the growth of spin valve structuresmode from a three-dimensional island growth (3D)
[12] and Co/Cu superlattices [13].to a two-dimensional layer-by-layer growth (2D),

In this paper we explore the surfactant abilitiesthus leading to smoother films. In metal-on-metal
of lead in another heteroepitaxial system, iron ongrowth, the elements most commonly used have
Cu(111), with the ultimate purpose of growingbeen antimony (Ag/Ag(111) [2], Co/Cu(111) [3]),
face-centred cubic (fcc) iron films. Fcc iron is aoxygen (Cu/Ru(0001) [4], Pt/Pt(111) [5]), indium
fascinating material. It is known to have various(Cu/Cu(111) [6 ], Ag/Ag(111) [7]) and lead
magnetic structures depending on the lattice
parameter [14], including paramagnetic, antiferro-* Corresponding author. Fax: +34-91-397-3961.
magnetic, ferromagnetic, low-moment ferromag-E-mail address: mario.passeggi@uam.es

(M.C.G. Passeggi Jr.) netic and high-moment ferromagnetic. However,
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pure fcc films have proved difficult to prepare. A contamination was present in the AES spectrum.
possible substrate for growing isotropic fcc iron is The LEED pattern of this surface presented the
copper, due to the small lattice mismatch. While expected (1×1) threefold symmetry characteristic
the growth of iron on Cu(100) produces different of the (111) face of the fcc substrate. Deposition
structures such as face-centred tetragonal (fct) of lead and iron was carried out by evaporation
[15], fcc [16 ] and body-centred cubic (bcc) [17], from lead and iron dispensers heated by electron
depending on the film thickness, with different bombardment, with the sample kept at room tem-
magnetic properties [18], the thermal deposition perature. For low coverages, the deposition rate
of iron on Cu(111) at 300 K leads to a 3D island was calibrated by measuring the fraction of cov-
growth mode [19–21], with the iron clusters being ered surface in the STM images. Larger coverages
either epitaxial bcc(110) or fcc(111) depending on were deduced from the evaporation time and cross-
the growth temperature and film thickness. At checked by the ratios of the low- and high-energy
room temperature, the fcc-to-bcc transition pro- Auger peaks of iron and lead with respect to that
ceeds between two and four monolayers (ML) as of copper. Considering the uncertainties involved,
detected by low-energy electron diffraction the error in the coverage has been estimated to be
(LEED) and X-ray photoelectron diffraction around 20%. The STM tip was a chemically etched,
( XPD) [21,22]. On the other hand, pulsed laser polycrystalline tungsten wire. The piezodrives were
deposition has been shown to yield flat films, calibrated vertically by measuring the step height
probably pure fcc in the high-magnetic moment on the clean Cu(111) surface, and laterally by
phase, but only for thicknesses below 6 ML [22]. measuring the nearest-neighbour distance in

As stated above, here we explore an alternative images with atomic resolution.
route to stabilize films of fcc iron on Cu(111),
employing a lead surfactant layer. Auger electron
spectroscopy (AES), LEED and scanning tunnel- 3. Results
ling microscopy (STM) results prove that use of
the lead overlayer makes the iron film grow in a

It is well known that, at room temperature, thecontinuous and epitaxial manner, although from
growth of lead on Cu(111) takes place in thethe third level on there is a substantially reduced
Stranski–Krastanov mode [24,25]. For coveragesinterlayer mass transport and the film becomes
below 0.4 ML, a surface alloy is formed as leadrougher as the thickness increases. The threefold
atoms are incorporated into the Cu(111) surfacesymmetric LEED pattern and the presence of the
[26 ]. Further deposition leads to dealloying andundistorted (4 ×4) lead overlayer suggest that the
eventually, for coverages near 1 ML, to the forma-structure of the film is actually fcc, at least up to
tion of a close-packed lead overlayer with ana coverage of ~6 ML.
incommensurate (4×4) superstructure. For larger
coverages, three-dimensional crystalline clusters of
lead are formed. In Fig. 1 we show the LEED2. Experimental set-up
pattern taken after depositing a lead coverage
slightly above 1 ML on the clean Cu(111) surfaceThe experiments were performed at room tem-
(Fig. 1d). A (4×4) LEED superstructure withperature in a ultrahigh vacuum (UHV ) chamber
sharp spots and low background can be clearlyequipped with a home-made STM unit described
observed.elsewhere [23] and a rear-view, four-grid LEED

As proved in Fig. 1, the lead layer floats veryoptics, which was also used to acquire Auger
efficiently during the growth of iron on Cu(111)electron spectra. The sample holder allowed in situ
while retaining the (4×4) symmetry, just as in thetransfer from the LEED optics to the STM head.
growth of copper or cobalt on Cu(111) [8,9].The substrate was a Cu(111) single crystal
Fig. 1a shows two low-energy Auger spectra super-mechanically polished and cleaned by cycles of
imposed. The first one (solid line) corresponds toAr+ ion bombardment (500 V ) at room temper-

ature followed by annealing at 850 K until no an overlayer of lead deposited on the Cu(111)
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Fig. 1. (a) Low-energy Auger spectra taken after depositing ~1 ML of lead on Cu(111) (solid line) and after depositing ~4 ML of
iron on Pb/Cu(111) (dotted line); (b) evolution of the Cu60, Fe47 and Pb94 Auger intensities during the deposition of iron on
Pb/Cu(111); (c) LEED pattern of the clean Cu(111) surface; (d) after depositing 1 ML of lead on Cu(111); and (e) after depositing
~7.0 ML of iron on Pb/Cu(111).

surface, showing the low-energy Cu61 and Pb92 tudes of the Auger Fe47, Cu61 and Pb92 transitions
versus iron evaporation time (Fig. 1b). While theAuger transitions. The second spectrum (dashed

line) was acquired after depositing a ~4 ML thick copper Auger signal decreases and the iron signal
increases as expected, the lead intensity remainsfilm of iron on the Pb/Cu(111) interface. From

this spectrum it is obvious that the iron film almost constant, displaying only a very small
decrease along the whole process. Fig. 1 also repro-produces the almost complete disappearance of

the substrate signal at 61 eV. Instead, an iron- duces the LEED patterns measured on the clean
Cu(111) surface (Fig. 1c), after depositing 1 MLrelated Auger peak appears at 47 eV. Thus the

iron film has covered totally the substrate and its of lead (Fig. 1d) and after evaporating a thick film
of iron (~7.0 ML) on the Pb/Cu(111) interfacethickness is enough to make the low-energy copper

signal disappear. On the other hand, the lead (Fig. 1e). For comparison purposes the patterns
have been acquired at the same electron kineticsignal shows only a negligible decrease in intensity

during the iron evaporation process. Thus, the low- energy (135 eV ). The clean copper surface presents
the expected (1×1) threefold symmetry. As weenergy Auger spectra demonstrate that the lead

layer floats over the iron film, which, in turn, have already pointed out, the lead overlayer depos-
ited on the clean Cu(111) surface shows a (4×4)covers the Cu(111) substrate. This is also con-

firmed by the evolution of the peak-to-peak ampli- symmetry pattern, which is also observed after the
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thick iron film has been deposited, although giving on Cu(111) deposited at a rate of 0.5 ML min−1.
The image in Fig. 2a was taken after evaporationless intense diffraction spots and some more back-

ground. These last two observations indicate that on the clean surface, i.e., without a predeposited
lead layer. As previously reported [19,20,30], ironthe size of the lead (4×4) ordered areas have

diminished due to island formation in the iron deposition produces the formation of three-dimen-
sional islands, with an approximately hexagonalfilm. Otherwise, the (4×4) symmetry of the

diffraction pattern is still present. The LEED shape and mostly bilayer-high, although the top
surface of the islands is rather rough, with heightresults clearly confirm the AES observations; i.e.,

the lead overlayer segregates to the outer surface values ranging between 4 and 5.5 Å. A typical
profile scan acquired across one of the islands ofof the iron film, maintaining the (4×4) structure

over the iron layers. Since the (4×4) lead super- Fig. 2a is shown in Fig. 2c. The characteristic
lateral size of the islands is ~100 Å. All of thestructure has been observed only for growth on

substrates with hexagonal surfaces, such as fcc steps in the images appear to be decorated with
islands 1–2 ML high. Also, after the evaporationCu(111) [27] and Ni(111) [28] or hcp Co(0001)

[29], and the LEED pattern shows a clear threefold of iron, a number of 2 Å deep holes (i.e., vacancy
islands) appear on the copper terraces (one ofsymmetry up to coverages near ~6.0 ML, it is

very likely that the iron layers have the fcc them is marked with an arrow in Fig. 2a). Similar
observations have been reported for cobalt onstructure.

Fig. 2 shows STM images of 0.25 ML of iron Cu(111) [31,32]. These two processes, decoration

Fig. 2. STM images (1000 Å× 1000 Å) taken after depositing 0.25 ML of iron at 300 K on the (a) clean Cu(111) surface and (b)
the Cu(111) surface where 1 ML of lead has been predeposited; (c) and (d) profile scans acquired across the islands marked in (a)
and (b), respectively. The arrow in (a) points to a large vacancy island on a terrace of the copper surface.
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of steps and formation of holes, seem to be related, either two or three layers high, in Fig. 3b most of
them are two layers high with only a small fractionand a strain-driven mechanism has been proposed

for this iron-induced copper diffusion process [30]. of the third level present. This suggests the existence
of different atomic processes controlling the growthThe STM image reproduced in Fig. 2b was

taken after depositing 0.25 ML of iron on the morphology in both cases. Without lead, in order
to have the third level completely occupied in manyCu(111) surface precovered with 1 ML of lead.

Although the size of the terraces is not large islands, there must have been a significant amount
of upwards diffusion within the islands. On theenough to provide a reliable quantitative descrip-

tion, the density of islands is significantly higher other hand, with lead, this upwards current seems
to be limited to the second level. The amount ofthan without lead, indicating a decrease in the

effective diffusion coefficient of the mobile atoms. material in the third level could be explained by the
number of iron atoms that have landed on top ofThe islands, with an average lateral size of 50 Å,

are bilayer-high. Probably due to electronic effects, the two-level islands. The most significant difference
between the two cases, however, lies in the regularitythe measured heights depend somewhat on the

tunnelling conditions, and no unique number can and smoothness of the islands when lead has been
predeposited. Without lead (Fig. 3a) there are trian-be given. The most common values range between

3.6 and 4.0 Å. Nevertheless, their top surface is gular and hexagonal islands with a rather irregular
shape, but with lead (Fig. 3b) the shape of thesmoother in this case as demonstrated in the profile

scan of Fig. 2d. Note also that, in general, the islands is always triangular and much more regular.
This is different from the case of cobalt depositedshape of the islands is triangular rather than

hexagonal and more regular. Just as without lead, on Pb/Cu(111) [29]. Another important difference
with the case of cobalt lies in the chemical homo-the steps appear decorated by islands. However,

no holes were observed on the surface of the geneity of the islands prepared without or with
surfactant. In the first case, the short-range rough-copper substrate. Atomic-resolution pictures (not

shown here) prove the presence of the (4×4) lead ness of the surface and its irregular morphology,
which prevent the acquisition of atomic-resolutionoverlayer on top of the islands, as well as on the

substrate surface. images on top of the islands, seem to imply a
heterogeneous composition, with some copperWe show in Fig. 3 typical STM images for a

coverage of 1.3 ML of iron, deposited at a rate of atoms intermixed within the iron islands. On the
contrary, when lead is used, the top surface is very0.5 ML min−1, without (Fig. 3a) and with (Fig. 3b)

lead. Note that, while the islands in Fig. 3a are flat and the (4×4) lead overlayer looks undistorted,

Fig. 3. STM images (1000 Å× 1000 Å) taken after evaporating ~1.3 ML of iron at 300 K on (a) the clean Cu(111) surface and (b)
the Cu(111) surface where 1 ML of lead has been predeposited. The numbers indicate the number of layers above the substrate.
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which point to a rather homogeneous composition. levels). This can be observed in Fig. 4c, where we
reproduce the island heights obtained along theNote also that with lead, all of the islands are

oriented in the same direction. profile scan shown in Fig. 4a. All of these features
constitute a clear indication of a 3D growth mode.If, up to this coverage, the most significant

difference between the iron films grown with and Predeposition of the lead monolayer changes
the scenario completely. In this case (Fig. 4b) thewithout lead seems to be limited to the growth of

more regular (in shape and height) two-layer-high bilayer is almost completed, while the population
of the third level has not increased significantly.islands, the influence of the predeposited lead layer

becomes more evident near the completion of the The fact that the islands share the same orientation
and coalesce in a smooth way, leaving no emptyfirst bilayer. Fig. 4 presents STM images taken

after evaporating ~2.0 ML of iron. Without lead space between them, imply that they must have
nucleated in equivalent sites of the copper surface,(Fig. 4a), ~50% of the substrate surface still

remains uncovered. With respect to the images in following the stacking sequence of the substrate.
Thus, the surface retains a two-dimensional char-Fig. 3a, the 3D islands have increased in height,

reaching 8–10 Å, but their density and lateral size acter. In Fig. 4d we show a profile scan that
demonstrates a drastically reduced surface rough-remain approximately constant. Although the top

surface of the islands is still very rough, there ness due to the presence of the surfactant (compare
with Fig. 4c).seems to be a coexistence of three-, four- and five-

level islands, the mean value being 8 Å (i.e., four For the clean surface, when the iron coverage

Fig. 4. STM images (1000 Å× 1000 Å) taken after evaporating ~2.0 ML of iron at 300 K on (a) the clean Cu(111) surface and (b)
the Cu(111) surface where 1 ML of lead has been predeposited; (c) and (d) profile scans across the islands shown in (a) and
(b), respectively.
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Fig. 5. STM images (2000 Å× 2000 Å) taken after evaporating (a) ~3.5 ML and (b) ~7.0 ML of iron on the clean Cu(111) surface.

increases to ~3.5 ML (Fig. 5a), the islands grow can be observed (not shown here). Up to this point
the film morphology retains the granular structure.in height and lateral size until they cover the

substrate surface almost completely. In this case, On the contrary, on the lead-precovered surface,
the first two monloayers of iron grow as a con-however, the islands do not coalesce easily, and

the individual grains can still be distinguished. tinuous, almost perfect, two-dimensional film.
From there on, however, the growth proceeds inNote already in Fig. 5a the presence of some

elongated ridge-like structures. These have been a multi-level way, although the film is still con-
tinuous; that is, the individual islands coalescerecognized as bcc(110) precipitates with the

Kurdjumov–Sachs orientation with respect to the without leaving empty voids as the different levels
are being completed. Fig. 6a shows a typical imagefcc substrate [22]. For larger coverages (Fig. 5b,

~7.0 ML) these bcc crystallites dominate the sur- of the surface after depositing ~2.9 ML of iron
on the Pb/Cu(111) surface. In this case the initialface morphology, and the characteristic LEED

pattern corresponding to the growth of bcc bilayer is almost completely occupied (98%) while
the third level is more than 60% filled. Note,Fe(110) on Cu(111) with six equivalent domains

Fig. 6. (a) STM image (500 Å× 500 Å) taken after evaporating ~2.9 ML of iron on the Pb/Cu(111) surface; (b) population of the
different levels observed in the image shown in (a). The dotted line corresponds to a Poisson distribution of levels on top of a
perfect bilayer.
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Fig. 7. STM images taken after evaporating ~7.0 ML of iron on the Pb/Cu(111) surface: (a) 500 Å×500 Å; (b) 200 Å×200 Å; (c)
45 Å×45 Å.

however, that the fourth level has started to popu- Thus, the predeposition of 1 ML of lead changes
the wetting of iron on Cu(111), producing alate well before completion of the third level, and

there is already a non-negligible occupation of the continuous and smoother (although multi-level )
film instead of a 3D granular film. At low ironfifth level in some islands. The measured level

population is shown in Fig. 6b as a solid line, coverages, the lead overlayer causes a decrease in
the effective diffusion coefficient of the iron atoms,while the dotted line represents a Poisson distribu-

tion of levels on top of a complete bilayer. The as proved by the higher island density. At the
same time, the islands, two layers high, are moreagreement is very good, which implies the existence

of a substantially reduced interlayer mass transport regular in shape, height and orientation, and seem
to be nucleated at equivalent sites of the copperfrom the third level on. In this way the number of

exposed levels increases quickly with the iron cov- surface, preventing the formation of twins and
stacking faults at the interface. In addition, onceerage (for a Poisson distribution the growth front
the bilayer islands are formed, the lead overlayerv~Eh), but even after depositing 7.0 ML of iron
must forbid, probably due to kinetic reasons, the(Fig. 7) the top surface of each level is rather flat,
upwards diffusion current of the new atoms thatand the (4×4) lead superstructure can be resolved
arrive to the islands, which thus grow in lateralon all of them (see, for instance, Fig. 7c).
size instead of height until they form a continuous,
flat iron film. Further iron deposition makes the
islands to coalesce, forming an almost perfect4. Discussion
continuous bilayer, whereupon the growth pro-
ceeds in a multi-level way due to the absence ofThe surface free energies of iron and copper
interlayer mass transport between the iron layers.are cFe=2.939 and cCu=1.934 J m−2 [11], respec-
In this way, the surfactant effect of lead is verytively. Thus Dc=cCu−(cCuFe+cFe)~−1 J m−2, a
effective in stopping the agglomeration and inter-rather large negative number (the interface free
facial reactions during the growth of iron onenergies usually are small numbers), which explains
Cu(111) but seems to be not enough to extend thethe 3D growth mode of iron on Cu(111). The
layer-by-layer growth into the iron on Fe(111)presence of the lead layer, with a low surface free
regime.energy (cPb=0.534 J m−2), avoids this problem

This surfactant behaviour is very different fromsince in this case the energy balance
that observed in the room-temperature growth ofDc=(cCuPb+cPb)−(cCuFe+cFePb+cPb) turns out to

be a much smaller number than without lead. copper and cobalt on Cu(111). In these systems,
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interlayer mass transport seems to be hindered by substrate, forming a continuous, monocrystalline
fcc iron film. For larger coverages, the presence ofthe existence of an energy barrier for downwards

diffusion over a step edge (the so-called Ehrlich– the (4×4) lead overlayer is consistent with the
existence of a hexagonal close-packed layerSchwoebel barrier) [33,34], but the presence of the

lead layer makes the films grow layer-by-layer underneath, which further supports the assump-
tion of an fcc, (111)-oriented, iron film.[8,10,29]. Although the general mechanisms for

the surfactant action remain unclear [5,35–39], it Preliminary LEED I–V measurements, which show
a clear threefold symmetry, confirm thesehas been recently proposed that, for the case of

copper on Cu(111) [8], the presence of the lead assumptions.
layer changes the microscopic mechanism of diffu-
sion. Instead of moving by hopping on the terraces,
now the deposited atoms exchange place quickly Acknowledgements
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