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Surfactant-Mediated Modification of the Magnetic Properties of CoyyyCu(111) Thin Films
and Superlattices
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Deposition of Pb on Cu(111) prior to the growth of CoyCu superlattices changes the magnetic
properties of the latter. The use of a surfactant induces layer-by-layer growth of Co and delays the fcc
to hcp structural transition. As a consequence, the easy axis of magnetization remains perpendicular to
the plane for CoyCu films grown with Pb. On the other hand, the elimination of twinning in the Cu
spacers grown with surfactants allows the observation of complete antiferromagnetic coupling in CoyCu
superlattices for both in-plane and out-of-plane magnetization. [S0031-9007(96)00377-8]
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In thin films and in short-period superlattices, ma
magnetic properties such as the saturation magnetiz
or the Curie temperature,TC, become extremely sens
tive to the crystal structure [1]. Furthermore, magne
and nonmagnetic multilayers show new phenomena s
as antiferromagnetic (AF) coupling [2], oscillatory ma
netic coupling [3], and oscillatory giant magnetoresista
(GMR) [4]. Some characteristic properties of these p
nomena, such as the switching fields, the magnitud
GMR, or the lack of complete AF coupling [5–10] are b
lieved to be strongly influenced by structural defects.
these artificial systems it is, thus, very important to con
the microstructure at the atomic level in order to man
ulate the magnetic properties. This can be achieve
various cases by employing suitable surfactants [11]
ing the growth of the films [12]. In particular, it has be
reported that the deposition of a monolayer of Pb prio
the growth of Co/Cu superlattices on Cu(111) suppre
the twinning of the Cu spacer layers [12]. It was furth
suggested [12] that the twinned Cu spacers, which
commonly obtained when growing without surfactan
are not continuous. They yield magnetic bridges resp
sible for the observed [5,6,8] partial ferromagnetic (F
coupling of adjacent Co layers separated by Cu spa
of thickness appropriate to show AF coupling. It has
to be demonstrated, however, that the use of surfac
results in actual changes of the magnetic behavior of
material grown by this method.

In this Letter we describe experimental evidence
such changes: We show first that the predeposition o
extends the thickness range of perpendicular magne
tion for a single Co film grown on Cu(111), and se
ond that it produces perfect Cu spacers through wh
completeAF coupling forbothperpendicular and paralle
magnetization of adjacent Co layers can be detected.
surfactant influences the magnetic properties via a m
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fication of the crystal structure of the deposited films.
eliminates defects in the stacking sequence of the Co
ers, removes the twinning of the Cu spacers, and redu
the interface roughness [13,14]. The results presen
here provide a clear-cut example of the close relation t
exists between microstructure and magnetic propertie
thin films and superlattices.

The experiments were performed in two ultrahigh va
uum (UHV) chambers. The substrates were Cu(111) cr
tals with a maximum miscut of1±. They were cleaned by
repeated cycles of Ar1 sputtering and annealing until n
signal of contamination was detected by Auger electr
spectroscopy (AES). Co, Cu, and Pb overlayers were
posited frome-gun evaporators with the substrate he
at room temperature (RT) except during Pb deposition
490 K). The quality of the growth was continuously mo
itored by thermal-energy atom scattering (TEAS) in o
UHV chamber, and by medium-energy electron diffra
tion (MEED) in the other. The deposited coverage w
calibrated by AES spectra measured with a cylindric
mirror analyzer (CMA). With predeposition of Pb th
MEED intensity displays oscillations with monolayer p
riodicity which were consistent with the AES calibratio
The deposition rate of Co was, 0.5 MLymin. Under
these conditions the density of islands is3 3 1011 cm22

as detected by scanning tunneling microscopy (ST
[15]. The coverage is given in monolayers (ML), wit
1 ML = 1.77 3 1015 atoms cm22, i.e., the surface den
sity of Cu(111). The magnetic characterization at RT w
carried outin situ by means of surface magneto-optic
Kerr effect (SMOKE) performed in both polar and lon
gitudinal geometries, which are sensitive, respectively
the magnetization perpendicular and parallel to the fi
plane. Hysteresis loops of the Kerr intensity were used
determine the Kerr saturation, remanence, and coerciv
The maximum applied magnetic field was 560 Oe. T
© 1996 The American Physical Society



VOLUME 76, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 3 JUNE 1996

rin
i-

r
u
].
s
s

rt
c
h

ze

e

st
e
d
g.
as
)
er
d

o
e
0]
tly

er
an
t
r

at

py
u
be

er,
L

in
Co
of
to

tion
anel

m
ay
te

of
er
the
l of
lar
ite
ce
easy axis of magnetization was ascertained by compa
Kerr loops for perpendicular (polar) and in-plane (long
tudinal) applied fields.

Co grows on Cu(111) at RT by first forming bilaye
islands, followed at higher coverage by simultaneo
multilayer growth, i.e., forming terraced pyramids [15
The corresponding monotonic increase in the step den
produces no oscillations in TEAS [12], nor in MEED a
shown in Fig. 1(a). Co films thicker than 2 ML sta
to develop stacking faults and contain regions of h
stacking [13,16]. As a result, these Co films are roug
with many layers simultaneously exposed, characteri
by a Gaussian growth front of FWHM of, 4 5 ML
[17]. Deposition of, 1.5 ML of Pb on Cu(111) prior
to the evaporation of Co results in the layer-by-lay
growth of a highly perfect, strictly fcc Co film [14]. The
periodic variation of the surface step density characteri
of layer-by-layer growth gives rise to oscillations in th
MEED intensity as displayed in Fig. 1(b). The perio
of the oscillations corresponds to 1 ML of Co coatin
The Pb overlayer floats on top of the growing Co film
verified by AES, low-energy electron diffraction (LEED
[12], and surface-sensitive x-ray diffraction [14], the latt
two detecting the4 3 4 surface reconstruction associate
with the Pb overlayer.

At RT spontaneous magnetization is detected for C
Cu(111) at a coverage of about 2 ML [10], with th
magnetization vector perpendicular to the film plane [1
Increasing the Co coverage above 2 ML immedia
leads to regions of the sample being magnetizedin the
plane and with smaller coercivities [18]. At even larg
coverages the easy axis of magnetization lies in the pl
of the film [19]. The top panels of Fig. 2 show tha
3 ML Co/Cu(111) exhibits a hysteresis loop only fo
in-plane magnetization in agreement with previous d
at
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FIG. 1. MEED specular beam intensity for Co films grown
room temperature on Cu(111) (a) without Pb and (b) with
ML of Pb deposited on the substrate prior to the growth. T
arrow indicates the opening of the shutter. The electron be
energy was 2.4 keV. The deposition rate of Co was 0.5 M
min.
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[19]. At this thickness the volume (shape) anisotro
(KV ­ 21.2 3 106 J/m3) overcomes the (weak) Co/C
interface anisotropy which has been estimated to
0.18 mJ/m2 [19]. Covering the 3 ML Co film with 4
ML of Cu produces a second Co/Cu interface. Howev
the existence of many atomic levels (up to 6 for 3 M
coverage [15]) in Co films grown without Pb results
a high degree of interfacial roughness between the
and the capping layer. This reduces the influence
the interface anisotropy which is not large enough
overcome the volume anisotropy, and the magnetiza
remains in the plane, as demonstrated in the second p
of Fig. 2. It has to be kept in mind that the 3 ML Co fil
already contains regions of hcp stacking [14] which m
contribute additionally to the observed difficulty to rota
the easy axis out of the plane.

On the contrary, the easy axis of magnetization
Co films grown on Cu(111) with a Pb surfactant lay
can be rotated from in plane to perpendicular to
plane by adding a Cu capping layer. The third pane
Fig. 2 shows that 3 ML Co/Pb/Cu(111) displays simi
hysteresis loops as 3 ML Co/Cu(111). Notice that in sp
of the large spin-orbit coupling of Pb, the Pb–Co interfa
/

.

e

a

m
/

FIG. 2. Kerr hysteresis loops measured at room tempera
in longitudinal (left panels) and polar (right panels) geometri
They correspond from top to bottom to films of 3 ML Co, (
ML Cu)/(3 ML Co), (3 ML Co)/(1.5 ML Pb), and (4 ML Cu)/
(3 ML Co)/(1.5 ML Pb), respectively. The polar Kerr signal
larger than the longitudinal signal, accounting for the differe
y-axis of the bottom panels. A sloping background has be
subtracted from the loops.
4429
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anisotropy is not large enough to rotate the easy axis
magnetization out of the plane. However, when cover
the Co film with 4 ML of Cu, i.e., producing a 4 ML Cu
3 ML Co/Pb/Cu(111) structure, the magnetization rota
to perpendicular to the plane, as illustrated in the bott
panel of Fig. 2. This rotation has its origin in the u
of the Pb surfactant which yields a flat fcc Co fil
with only two atomic levels simultaneously exposed a
with smooth Co/Cu interfaces. As a consequence,
interface anisotropy can overcome the shape anisotr
The fact that the Cu capping does rotate the e
axis of magnetization, while the Pb capping does n
highlights the importance of hybridization in establishi
the interface anisotropy.

The Pb surfactant technique affects yet another m
netic property, namely coupling between adjacent Co l
ers across Cu spacers. It has been established tha
Cu (111)-oriented multilayers, both polycrystalline a
grown by molecular beam epitaxy (MBE), display A
coupling of maximum intensity for Cu spacers of, 8 Å
(4 ML) thickness. The AF coupling can be obtained f
Co thicknesses corresponding to both perpendicular
and parallel [4] magnetization. In all cases, however,
coupling has been found to be incomplete, with large fr
tions (up to 80%) of the sample showing FM couplin
[5,8], as indicated by large remanent magnetization
zero field. The reason for this (extrinsic) FM coupling
not yet known, although magnetic bridges [10,15], ma
netostatic "orange peel" [20] coupling due to conform
roughness [21] and pinholes [8] in the Cu spacer h
been invoked.

Figure 3 compares polar SMOKE loops recorded
single and doubly repeated 4 ML Cu/(2–3 ML Co
superstructures grown with and without Pb on Cu(11
At these Co coverages the magnetization is perpendic
to the plane [22]. The thickness of the Cu spac
(4 ML) has been chosen to maximize the AF coupli
lm
ith
tio
F

s
ht
FIG. 3. Polar Kerr hysteresis loops measured on Co/Cu fi
grown at room temperature without (left panels) and w
predeposited Pb (right panels) on Cu(111). The cancella
of signal for the bilayer grown with Pb indicates complete A
coupling between the Co layers.
4430
of
g

s

e
y.
y
t,

g-
-
o/

0]
e
-

n

-
l
e

r

.

between the Co layers. In spite of this, the multilay
grown without Pb displays hysteresis loops for sing
and double periodicity, indicating that large parts
the 4 ML Cu/2 ML Co/4 ML Cu/2 ML Co/Cu(111)
film remain FM-coupled (although some regions of t
sample might be AF-coupled). This is in agreeme
with observations by other groups [10]. The use of
Pb surfactant produces acompletecancellation of the
signal indicative of perfect perpendicular AF couplin
i.e., the two Co layers of identical thickness have th
magnetization vector antiparallel aligned (bottom rig
panel of Fig. 3). Co/Cu superlattices grown by MB
tend to show conformal roughness. The pyramidal gro
commonly observed on (111) fcc substrates indu
bumps. They are reproduced in the following layers in
correlated way. The resulting (conformal) waviness of
magnetic layers yields magnetic dipole fields which le
to FM interlayer coupling. This magnetostatic couplin
can be as large as the RKKY exchange coupling [21] a
competes with the antiferromagnetism of the latter. W
have shown [12] that the predeposition of Pb, apart fr
maintaining the fcc stacking sequence of the Co lay
removes the twinning of the Cu spacers. In addition,
use of the surfactant produces smoother and flatter fil
eliminating the conformal roughness. These structu
effects are essential for the observation of perfect
coupling through thin Cu spacers.

Figure 4 reproduces SMOKE loops recorded in t
longitudinal geometry for CoyCu multilayers grown with
and without Pb on Cu(111). In this case the thickne
(4–6 ML) of Co corresponds to in-plane magnetizati
while the Cu spacer (4 ML) should yield maximum A
coupling. Again there exists partial FM coupling fo
all coverages in the sample grown without Pb, wh
r
g

s

nFIG. 4. Longitudinal Kerr hysteresis loops for Co/Cu film
grown without (left panels) and with predeposited Pb (rig
panels) on Cu(111).
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the (4 ML Co)/(4 ML Cu)/(4 ML Co)/trilayer fabricated
with Pb displays total AF coupling. After addition
Co coating the Kerr intensity recovers and shows
hysteresis loop expected for a perfectly grown, A
coupled, asymmetric trilayer (bottom right panel). T
coercivity is enhanced due to the AF exchange coupl
and the saturation magnetization is reduced by rou
a factor of 2 compared to the (4 ML Cu)/(4 ML Co
structure. The data clearly illustrate the dramatic effe
on the magnetic coupling resulting from the use of
surfactant. The role of the surfactant is again to cata
the growth of the films by suppressing the twinning
the Cu spacers and by eliminating other defects wh
may act as magnetic bridges and short out the indi
exchange coupling between the Co layers.

In summary, we have demonstrated that the use
specific surfactants, such as Pb, modifies the magn
properties of thin Co films and Co/Cu superlattices
substantial reduction of the layer roughness and elim
tion of structural defects such as twins and stacking fa

This work has been supported by the CAICYT throu
Projects No. PB93-0271 and No. PB94-1527. One o
(T. G.) thanks the Swiss National Science Founda
for a fellowship. The exchange of researchers has b
financed by Spain-Germany Acción Integrada No.
17A.

Note added.—While writing this manuscript we hav
become aware of work by Egelhoffet al. [23] which indi-
cates that the use of Pb as a surfactant in polycrysta
Co/Cu spin valves improves the GMR behavior of th
devices, in line with the findings described here.
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