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Surfactant action in heteroepitaxy: Growth of Co on „4Ã4…PbÕCu„111…
studied by LEED and STM
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The magnetic properties of ultrathin Co films and Co/Cu heterostructures grown on Cu~111! have been
shown to improve when Pb is used as a surfactant: the thickness range of Co films displaying perpendicular
magnetic anisotropy is extended and a complete antiferromagnetic coupling between them is made possible. In
this paper, we aim to understand the origin of these magnetic properties by illuminating the crystallographic
structure and morphology of the films. We apply low-energy electron diffraction~LEED! and scanning tun-
neling microscopy~STM! to ultrathin epitaxial Co films grown on the Cu~111! surface precovered by 1
monolayer~ML ! of Pb in the (434) superstructure. The Pb layer is found to segregate to the surface of the
growing films and STM images show that the growth of Co proceeds in the layer-by-layer mode for coverages
higher than 2 ML. For lower coverages, a coexistence of 1 ML and 2 ML high islands is observed on the
terraces. A quantitative comparison of experimental LEED spectra shows that the structural transition from fcc
to hcp stacking with increasing thickness of the Co films deposited on the Cu~111! substrate is not significantly
affected by the surfactant. Instead, the latter induces the formation of sharp interfaces that favor the interface
contribution to the magnetic anisotropy and allow the growth of rather smooth films with well-defined
thicknesses.
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I. INTRODUCTION

Thin metallic films and superlattices containing magne
materials show phenomena like the oscillatory magnetic c
pling ~OMC! across nonmagnetic layers; the associated g
magnetoresistance effect allows interesting applications
magnetic reading devices such as spin valves.1 The Co/Cu
system is one of the most extensively studied due to
similarity of the lattice parameters~mismatch is only 1.9%!
and the possibility of growing highly perfect fcc Co films b
epitaxy, as demonstrated earlier for the Cu~100! substrate,2

where the OMC has been unambiguously shown.3,4 The
growth of Co on Cu~111! has also been studied, because
the presence of~111! oriented domains in heterostructur
grown by sputtering5 or molecular-beam epitaxy~MBE!.6

However, the latter show poor magnetic properties: for
ample, antiferromagnetic~AF! coupling of Co layers is
absent7 or incomplete8,9 because large regions of the samp
remain ferromagnetically~FM! coupled.

Recent work has shown that the magnetic properties
Co/Cu heterostructures grown on Cu~111! improve signifi-
cantly when the substrate is precovered by 1 monola
~ML ! of Pb, which acts as a surfactant for the subsequ
growth of Co10 and Cu layers:11,12 first, the thickness of the
Co films displaying perpendicular magnetic anisotro
~PMA! is extended;10 second, the residual FM coupling be
tween Co layers is reduced by a factor of 10 in sputte
films1 and even a complete AF coupling between them
made possible for the appropriate thickness of the Cu sp
layers in structures grown by MBE.10,13

It is well known that, in systems of reduced dimension
ity, the structure and morphology drastically affect the ma
PRB 620163-1829/2000/62~8!/5144~6!/$15.00
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netic properties like the saturation magnetization or the Cu
temperature.14 Therefore, a detailed characterization of t
films grown with the aid of the surfactant is essential in ord
to understand the origin of the reported improvements
their magnetic properties. Pb induces the growth of Co10 and
Cu11 on Cu~111! in the layer-by-layer~lbl! mode and sup-
presses the twinning in the capping Cu layers,15 but a sys-
tematic characterization of surfactant-grown Co films is s
lacking. The aim of the present paper is to provide a str
tural and morphological study of Co epitaxial layers grow
in the presence of Pb on Cu~111!. To this end, scanning
tunneling microscopy~STM! and low-energy electron dif-
fraction ~LEED! are applied. The combination of these tw
surface-sensitive techniques, complementary in several
pects, has been shown to provide a very complete chara
ization of epitaxial films.16,17

II. EXPERIMENT

Experiments were carried out in an ultrahigh vacuu
chamber equipped with a homemade STM unit of the iner
approach type and a rear-view four-grid LEED optics a
suitable for performing auger electron spectroscopy~AES!.
The Cu~111! substrate was electrochemically polished a
afterwards cleaned by cycles of ion sputtering and annea
inside the vacuum chamber until no contaminants w
present in AES spectra and a sharp (131) LEED pattern
with low background was observed. Under these conditio
STM images show clean Cu~111! terraces several tens o
nanometers wide and separated by monoatomic steps.

Pb was evaporated at a rate of 1 ML per several minu
by resistively heating a Ta basket containing the mater
The coverage was calculated from the measured intens
5144 ©2000 The American Physical Society
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PRB 62 5145SURFACTANT ACTION IN HETEROEPITAXY: GROWTH . . .
of the low-energy AES signals Pb94 and Cu61; the Stranski-
Krastanov mode of growth of Pb on Cu~111! ~see below!
allows a precise detection of the completion of the first
monolayer. Deposition of Co was made from a high-pur
rod heated by electron bombardment, at a rate of about 1
min21, on the Pb-precovered surface at RT. The Co cov
age was calculated from the ratio of the high energy A
peaks Cu920 and Co716 following the procedure described i
detail in Ref. 18. It was cross checked with similar relatio
for the low-energy AES transitions and measurements
covered areas in STM images, whenever possible. We de
1-ML Co as the atomic density in the Cu~111! surface, 1.8
31015 cm22, while for 1-ML Pb, we take the atom densit
in the close-packed (434)Pb/Cu(111) surface layer, i.e

( 3
4 )2' 0.56 times the former figure.

The STM and LEED measurements were applied to
same film surfaces. STM images were recorded in the c
stant current mode with bias voltages of up to 2 V and typi-
cal currents of 1 nA. LEED intensity vs energy spectra~I-V
curves! for various diffraction spots were taken at norm
incidence of the primary beam using an automat
computer-controlled video technique.19 The Pendry R
factor20 RP was used for quantitative comparison of expe
mental spectra for different film thicknesses.

III. RESULTS

After an initial lattice-gas phase at very small coverage21

Pb grows in the Stranski-Krastanov mode on Cu~111! at
room temperature~RT!,22 as shown by unambiguous brea
in the uptake curves of the Pb94 and Cu61 AES signals as a
function of deposition time:22,23the first ML of Pb covers the
Cu~111! surface homogeneously, while further deposition
sults in the formation of three-dimensional~3D! Pb crystal-
lites well separated from each other. In order to obtain
surface completely covered by a Pb layer, a coverage slig
larger than 1 ML was deposited. The excess material c
centrates in the 3D clusters, which occupy a very small fr
tion of the surface, as verified by STM images~not shown!.
At this coverage, a sharp (434) LEED pattern is observed
due to the formation of an hexagonal close-packed Pb la
with a lateral lattice parameter close to43 of that of
Cu~111!.23,24On this (434)Pb/Cu(111) surface, Co films o
different thicknesses were deposited and analyzed by S
and LEED.

An efficient segregation of the surfactant to the surface
the growing films is necessary for a good surfactant act
first, to maintain continuously a high concentration on t
surface; second, to avoid incorporation into the growing fi
so causing structural defects. Our results confirm1,10 the prac-
tically complete segregation of the Pb layer for Co depo
tions at RT and rates within a factor of 10 with respect to
typical rate of 1 ML min21. Figure 1~a! shows how the Cu61
AES signal of the (434)Pb/Cu(111) surface is complete
attenuated by the deposition of 7-ML Co, while the Pb94
signal remains almost unchanged. The LEED patterns of
(434)Pb/Cu(111) surface and the 7-ML Co film grown o
it are shown in Figs. 1~b! and 1~c!, respectively. Preliminary
intensity evaluations show that both phases have an hex
nally close-packed lead adlayer in common. The broa
spots in the case of the Co film can be adscribed to sma
b
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domains due to the formation of islands~see below!.

A. Morphology of Co deposited on„4Ã4…PbÕCu„111…

Figure 2 shows a representative STM image of 0.3 M
Co deposited on (434)Pb/Cu(111). The following feature
are evident:

there is no apparent preferential decoration of the s
strate steps;

there is no apparent etching of the substrate: no forma
of vacancy islands;

islands nucleated on terraces are 1 and 2 atomic la
high, as shown by the profile at the right of the image; at R
there is about the same amount of islands of either type
the deposition rate used.

These observations are in clear contrast to the Co dep
tion on thecleanCu~111! surface. In that case, a practical
continuous step decoration is observed even for covera

FIG. 1. ~a! Low-energy Auger spectra in the derivative mod
corresponding to the (434)Pb/Cu(111) surface~solid line! and to
a 7 ML thick Co film deposited on it~dashed line!. Both spectra
were recorded in the same experimental conditions.~b! and ~c!
LEED patterns, at an electron energy of 135 eV, of the mentio
surfaces: Pb/Cu~111! and Pb/7 ML Co/Cu~111!, respectively.

FIG. 2. ~a! STM image of the (434)Pb/Cu(111) surface afte
deposition of 0.3 ML Co. Image size is 50 nm350 nm.~b! Profile
along the line drawn in~a!.
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well below 1 ML;25–27islands attach to both sides, becaus
bilayer island nucleated at the lower side of a monoato
step represents an ascending step for adatoms in the u
terrace. Furthermore, islands nucleated on the terraces
atomic layers high at RT and display highly regular triang
lar shapes. On the contrary, in the presence of Pb, a coe
ence of 1 and 2 layers-high islands is found. Although
shapes of the islands are now not so clearly defined, a
dency towards straight edges can be seen. Edge diffusio
the presence of Pb has to be efficient enough to prod
compact instead of dendritic shapes, in contrast, e.g., w
the surfactant action of Sb in the homoepitaxial growth
Ag~111!.28 The island density measured in Fig. 2 amounts
431012 ~islands! cm22. This is an order of magnitude large
than the typical values without surfactant for similar depo
tion rates at RT.25,26

Figure 3 shows two STM images of 1.6 and 2.7-ML C
films deposited on (434)Pb/Cu(111). In both cases
monoatomic-high islands above the lower level can be se
resulting in a strong similarity. The histograms at the rig
hand side of the images confirm that two atomic levels do
nate in the distribution of exposed areas of both films. Si
their thicknesses differ by 1 ML, we conclude that the mo
of growth of Co on (434)Pb/Cu(111) is lbl by means o
two-dimensional~2D! nucleation for coverages above 1
ML. This mode of growth is very different from that of C
on clean Cu~111! at RT, where initially only bilayer-high
islands are formed. This is related to the presence of cop
at the outer surface of the films.16,18,29,30Further growth on
top of the bilayer islands proceeds in a 3D mode as a co
quence of limited interlayer mass transport.25,26

B. Structure of Co deposited on„4Ã4…PbÕCu„111…, compared
to CoÕCu„111…

Figure 4 shows the evolution of the LEEDI-V curves
of the ~10! and ~01! beams of Co films of increasing thick

FIG. 3. STM images (40 nm340 nm) of the surfaces o
Co films of ~a! 1.6 ML and ~b! 2.7 ML deposited on
(434)Pb/Cu(111). At the right of the images, the fraction of e
posed area of each atomic level is plotted.
a
ic
per
e 2
-
st-
e
n-
in

ce
th
n
o

-

n,
-
i-
e
e

er

e-

nesses deposited on (434)Pb/Cu(111). For comparison
the curves corresponding to the (434)Pb/Cu(111) and
(434)Pb/Co(0001) surfaces are included, at the bottom
the top of the figure, respectively. The latter were obtain
by deposition of 1-ML Pb on an hcp-Co single crystal. Wh
the corresponding~10! and ~01! beams are very differen
from each other at low Co coverages, they become alm
identical for thicker films. This reflects the gradual evolutio
from threefold towards sixfold symmetry as the Co thickne
increases. In addition, the similarity between the lo
coverage curves and those of the substrate, as quantifie
RP50.19 for 0.8 ML, points to an fcc stacking sequence
the early stages of growth. The also favorable compariso
the 7-ML curves with those of the Pb-covered Co~0001! sur-
face (RP50.27) indicates dominant hcp stacking in thick C
films.

For comparison, the intensity spectra of the~10! and~01!
beams of Co films deposited oncleanCu~111! are displayed
in Fig. 5. With increasing film thickness, a similar evolutio
from threefold to sixfold symmetry can be observed
above, with the largest change occurring at Co covera
between 1.5 and 2 ML. The first two Co monolayers a
known to be predominantly fcc stacked,16,18although a small
fraction of faulted domains can be detected;18 this is the ori-
gin of the minority orientation of the triangular Co island
observed by STM,25,26 as supported by a recent analysis
tunneling spectroscopy.31 Structural models retrieved by full
dynamical calculations confirm that the symmetry change
due to a stacking transformation from fcc to hcp.18,32

FIG. 4. LEEDI-V curves of the~10! and~01! beams of Co films
of the indicated thicknesses deposited on the (434)Pb/Cu(111)
surface. For comparison, the curves of the (434) structures formed
by 1-ML Pb on the Cu~111! and Co~0001! substrates are included a
the bottom and top, respectively.
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A complete structural characterization of the epitaxial
34)Pb/Co/Cu(111) films by full dynamical analyses of t
LEED intensities presently seems to be out of range du
the complexity of the system. For each coverage, in addi
to the difficulties inherent to the large (434) unit cells, dif-
ferent domains, whose presence is evident through the S
images, need to be considered. They might exhibit differ
stacking sequences and surface terminations, causing
total parameter space to grow beyond any practical lim
even when the powerful perturbation method TensorLE
~Ref. 33! is applied. With only a single domain presen
the latter method can resolve the structure, as shown for
(434)Pb/Cu(111) surface.23 The quantitative structura
analysis of the single domain system (434)Pb/7 ML Co/
Cu~111! is in progress.

Due to the difficulties described, we have resorted to
approximate method to gain some insight into the structu
evolution of the (434)Pb/Co/Cu(111) films. The idea is t
compare, by means of the PendryR factor RP, the I -V
curves of the Co films of different thicknesses with those
the starting structure, i.e., the (434)Pb/Cu(111) and
Cu~111! surfaces, for the cases of growth with and witho
surfactant, respectively. The~10! and ~01! beams were used
for the comparison. The resultingR factors, plotted as a
function of the Co coverage, are shown in Fig. 6. The v
similar behaviors of the two curves towards the respec
end structures, which possess the same stacking sequ
as shown byRP50.11 between the Co~0001! and the
(434)Pb/Co(0001) surfaces, point to comparable evo

FIG. 5. LEEDI-V curves of the~10! and~01! beams of Co films
of the indicated thicknesses deposited on the clean Cu~111! surface.
For comparison, the curves of the Cu~111! and Co~0001! substrates
are included at the bottom and top, respectively.
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tions with Co-film thickness towards the hcp structure
both cases. Thus, our analysis finds no evidence of a sig
cant effect of the surfactant on the stacking sequence of
Co layers grown at RT.

IV. DISCUSSION

The STM results show that the growth of Co o
(434)Pb/Cu(111) proceeds in the lbl mode by 2D nuc
ation from the second monolayer on. Earlier, a coexistence o
islands of one and two atomic layers is found on the surfa
This explains the reported absence of the first maximum
the intensity of diffracted electrons, which would correspo
to the completion of the first ML.10 The low surface energy
of Pb,gPb(111)50.5 Jm22 ~Ref. 34!, explains its segregation
to the surface and thus the weakening of the driving force
Co to cluster on Cu~111! and to get capped by Cu
@gCo(0001)52.74 Jm22, gCu(111)51.96 Jm22 ~Ref. 35!#. As a
consequence, the etching of the substrate is reduced
shown by the absence of the conspicuous monolayer-d
holes that develop in the substrate upon submonolayer
depositions on clean Cu~111!26,36 and of the almost continu
ous mixture of Co and Cu decorating the steps.27

There are, however, two reasons to consider kinetics
addition to thermodynamics, in order to understand the s
factant action of the Pb layer. First, the effect of Pb on
growth of Co is very similar to that on thehomoepitaxyof
Cu on Cu~111!, where differences in surface energi
between substrate and film are obviously absent. In the la
case, Pb also segregates to the surface maintaining
(434) superstructure and changing the growth mode of
from 3D to 2D11 in much the same way as reported here
Co. The only difference is that, since all the islands a
monoatomic high in homoepitaxy, the surfactant-induced
growth takes place already for the first ML. Second, the
crease of the Co island density by an order of magnitu

FIG. 6. Values of the PendryR factor, RP, between the LEED
intensity curves of Co films deposited on clean Cu~111! and on
(434)Pb/Cu(111), and these respective starting surfaces, a
function of the Co-film thickness. Displayed values are the aver
between the~10! and ~01! beams.
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caused by the Pb layer, also found in homoepitaxy,11 sug-
gests an effect of the surfactant on the surface diffusivity

An atomistic mechanism for the surfactant action of t
(434)Pb/Cu(111) surface in homoepitaxy has been rece
proposed.11 According to it, the change in the diffusio
mechanism of Cu adatoms from hopping to atomic excha
with the substrate atoms underneath the Pb layer is the c
of a reduced diffusivity on the terraces, leading to a hig
island density and to the decrease of the efficiency of
Ehrlich-Schwoebel~ES! barrier hindering interlayer mas
transport. The ES barrier is defined as the activation ene
that adatoms have to surmount to descend a stepin addition
to the barrier for surface diffusion. This reduction allows
growth to take place, since the holes remaining in a giv
atomic level can be filled up before nucleation in the n
layer starts. The proposed mechanism might be favored
the noticeable distortion of the topmost Cu layers induced
the presence of the (434)Pb/Cu(111) structure,23 since ex-
change seems to dominate as the degree of coordinatio
the surface diminishes.37 The similarity between the homo
and the heteroepitaxy of Co, as discussed above, sugge
similar origin of the surfactant action of Pb in both system

The structural results point to a negligible influence of t
surfactant on the stacking sequence of the layers; its m
effect is thus the reduction in the roughness of the grow
films: the interface between the Co film and Cu~111! is
smoother than when grown without Pb, where large porti
of the substrate remain uncovered after deposition of com
rable amounts.25,26 A small effective increase of the contr
bution of the fcc stacking sequence, restricted to the fi
2-ML Co, might secondarily result as a consequence of
smoother morphology achieved by the surfactant and the
sociated favored relative occupancy of the lowest levels, p
dominantly fcc stacked.16,18 The roughness reduction due
the induced lbl growth outweighs a possible intermixi
caused by the proposed exchange mechanism, which w
be limited to the close vicinity of the Co/Cu interface by t
c
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immiscibility of both metals in the bulk and by the lowere
surface diffusivity achieved by the Pb. Since Cu has be
shown also to grow smoothly on Pb-covered Co,12 the sur-
factant allows the fabrication of~111! oriented Co/Cu het-
erostructures with a high degree of structural perfection.

A direct consequence is an increase of the contribution
the interface term to the magnetic anisotropy. This expla
the extension of the range of Co thicknesses show
PMA.10 Furthermore, the sharp interfaces achieved allow
growth of films of well-defined thicknesses. This is the o
gin of the observed reduction of the residual FM coupli
between Co layers grown by sputtering1 and the achievemen
of complete AF coupling in heterostructures grown
MBE.10 For this effect to be observed, an homogeneity
film thickness and a structural perfection of the layers do
to the atomic level is required, since the oscillation perio
of OMC are of the order of a few monolayers, as determin
by the Fermi surface topology of the material in the spa
layers.38

In conclusion, our STM analysis shows that the depo
tion of Co on the (434)Pb/Cu(111) surface leads to film
growing in the lbl mode from the second ML on, while th
LEED data indicate that their stacking sequence is not
nificantly modified by the surfactant. For small coverages
coexistence of islands one and two atomic layers high
observed on the terraces. The island density is an orde
magnitude larger than in the growth without surfactant. T
reduced surface roughness accounts for the improved m
netic properties of the films grown in the presence of Pb
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