
VOLUME 80, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 23 FEBRUARY 1998

se
and

1750
Spin Engineering in Ultrathin Cu yyyCoyyyCu(110)

S. Hope, E. Gu, B. Choi, and J. A. C. Bland
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

(Received 9 July 1997)

We have studied the effect of depositing Cu overlayers onto CO gas dosed CoyCu(110) ultrathin
films s6 , dCo , 30 monolayersd. We find that submonolayer Cu coverages can completely rever
the in-plane 90± easy axis switch caused by the CO adsorption for all Co thicknesses studied
for sufficiently thick Co filmssdCo . 15 monolayersd. This enables us to “controllably engineer” the
direction of the easy axis at a constant Co thickness. [S0031-9007(98)05316-2]

PACS numbers: 75.40.Gb, 75.70.Ak
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The magnetic properties of ultrathin films depend int
mately on their nanostructure surface morphology and c
be drastically altered by the addition of magnetic and no
magnetic overlayers. For instance, it is now well esta
lished that magnetic moments can be enhanced at surfa
in comparison to bulk values and that a further enhanc
ment of the magnetic moment can result for atoms in ste
or in generally rough surfaces [1]. Buckleyet al. [2,3]
observed striking, nonmonotonic variations in the coerci
field Hc and the ratio of remanent to saturation magne
zation S in their M-H loops in the CoyCu(100) system,
upon the deposition of submonolayer quantities of C
This behavior was attributed to strong overlayer-induc
electronic structure changes as Cu nucleated along surf
step edges which were present due to a slight misorien
tion of the Cu crystal. Weberet al. went on to show that
if the CoyCu(100) system contained a deliberately mo
pronounced miscut then submonolayer coverages of C
Fe, Ag, or O could all cause the magnetic easy axis
switch 90±, from a direction parallel to the step edges t
one perpendicular to the step edges [4–6]. Recent el
tronic structure calculations on the same system confi
the importance of the interaction of Cu atoms at Co st
sites and show that hybridization effects can result in
noncollinear arrangement of magnetic moments, prom
ing switching of the easy axis [7].

However, the deliberately stepped CoyCu(100) system
is a highly specific geometry and therefore the questi
arises as to whether or not other nanostructure surface m
phologies can promote switching of the easy axis. To th
end we chose to study the CoyCu(110) system because o
its inherent 3D growth mode [8] and low symmetry su
face. Furthermore, the unique symmetry of the (110) su
face contains three important axes; thek111l axes which
are the bulk magnetocrystalline easy axes of fcc Co,
well as thek001l andk110l axes which are the symmetry
axes for uniaxial anisotropies. Therefore the (110) orie
tation allows us to differentiate between the cubic and t
uniaxial anisotropy contributions due to different symme
try axes.

Previously we reported a striking time dependent ev
lution of the magnetic anisotropy of the CoyCu(110) sys-
0031-9007y98y80(8)y1750(4)$15.00
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tem [9]. For a given deposition of Co in the thicknes
range5 , dCo , 40 monolayers (ML), the adsorption of
residual CO gas causes the magnetic easy axis to sw
90± from the [001] direction to thef1210g direction over
a period of time which is dependent on the thickness
the initial Co film. Dosing experiments reveal that onl
0.08 ML of CO is required in order to switch the eas
axis of a 15 ML Co film. The effect is chemically specific
with oxygen, argon, and hydrogen being unable to swit
the easy axis. STM measurements revealed that the
growth proceeded via the formation of elongated Co isla
structures preferentially oriented along the [001] directio
A completely new process for easy axis switching in th
CoyCu(110) system was identified [9]. It is found that
1 ML Cu overlayer deposited before the CO induced ea
axis switch will stop the switch from occurring. This is
thought to be the result of the Cu atoms occupying the sp
cific adsorption sites preferred by the CO molecules. T
question then arises as to whether or not we can reverse
CO gas induced 90± easy axis switch with Cu overlayers.

In this paper we present the results of depositing su
monolayer coverages of Cu onto the CoyCu(110) system
after the easy axis has been switched 90± from the [001]
to the f1210g direction by the residual CO in the UHV
chamber. We find that Cu coverages can reverse the ef
of the CO, thereby switching the easy axis back to t
[001] direction. We have identified two distinct mode
of switching related to the thickness of the Co film. Fo
thin Co films sdCo , 15 ML d, Cu overlayers cause the
easy axis to switch back to the [001] direction abruptl
In thicker Co filmssdCo . 15 ML d the easy axis is found
to shift gradually from thef1210g to the [001] direction,
allowing us to controllably engineer the direction o
the easy axis due to the presence of a significant cu
anisotropyK1 in the thicker Co films. A phenomenologi-
cal model has been developed to explain the two modes
switching. We show that the model is in agreement wi
ex situBrillouin light-scattering (BLS) measurements b
Hillebrands et al. [10–12] on the AuyCuyCoyCu(110)
system which show an unexpected suppression of
magnetocrystalline anisotropy contribution below 50
Co, and that the magnetocrystalline contributionK1
© 1998 The American Physical Society
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becomes vanishingly small at Co thicknesses bel
ø15 ML.

All experiments were carried out under UHV condition
with a base pressure of1.0 3 10210 mbar. The single
crystal Cu(110) substrate was prepared via cycles of 1
Ar1 sputtering and annealing to 700 K, until Auger ele
tron spectroscopy and low energy electron diffraction me
surements indicated a clean, well-ordered surface. Co w
evaporated from an Omicron commercial electron bea
evaporator with an integral flux monitor, at a constant ra
of 0.4 ML min21. Cu was evaporated from a home mad
e-beam evaporator at a rate of0.1 ML min21. The pres-
sure remained below5.0 3 10210 mbar during deposition
and the thickness of the Co and Cu films was evalua
from the relative heights of the Co and Cu Auger pea
recorded at the end of the experiment. This procedu
gives an error in the absolute thickness ofø25%. How-
ever, by keeping the evaporation rate constant, the rela
thicknesses are known much more accurately.

To study the influence of Cu overlayers as a functio
of Co thickness we grew 6 and 30 ML Co films. In
both films, the magnetic easy axis was found to swit
from the [001] to thef1210g direction over a period of
about 1 and 2 hours, respectively, after the end of the
deposition as minute quantities of residual chamber C
was adsorbed. Figure 1 (top and middle panels) shows
evolution of the magneto-optical Kerr effect (MOKE) loo
squarenessS for 6 and 30 ML Co films, respectively, as a
function of Cu overlayer thickness. The loop squarene
has been defined as the ratio of the remanent to satura
magnetizationS ­ MremyMmax, whereMmax is the loop
amplitude measured from the maximum Kerr intensit
For the 6 ML Co film (Fig. 1, top panel), we see tha
for fields applied parallel tof1210g, S remains at unity
until about 0.9 ML of Cu has been deposited, at whic
time it drops sharply toS ­ 0 over the next tenth of a
monolayer of Cu. We observe a mirror image of th
behavior when the field is applied parallel to the [00
direction, withS ­ 0 until about 0.9 ML Cu then rising
sharply toS ­ 1 over the next tenth of a monolayer o
Cu as the easy axis switches to the [001] direction. Th
abrupt switching behavior contrasts with that observed
a 30 ML Co film; the behavior of which is shown in Fig. 1
(middle panel). InitiallyS is just below unity with the
field applied parallel tof1210g, falling smoothly toS ­ 0
over a Cu deposition of 1 ML. When the field is applie
parallel to [001], we see a smooth rise inS from S ­ 0 at
0 ML Cu to S ­ 1 at 1 ML Cu as the easy axis switche
to the [001] direction.

Noting that the shape anisotropy keeps the magn
zation in the plane of the film [10], we can model th
magnetic anisotropy of the system phenomenologically
follows:

Etot ­
K1

4
ssin4 w 1 sin2 2wd 1 Keff

U cos2 w , (1)
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FIG. 1. (Top panel) the evolution of the loop squarenessS as
a function of Cu coverage on a CO dosed 6 ML CoyCu(110)
film with the field applied parallel to thef1210g and [001] di-
rections. The curves show that there is an abrupt switch of th
easy axis after 0.9 ML of Cu is deposited. (Middle panel) th
evolution of the loop squarenessS as a function of Cu cover-
age on a CO dosed 30 ML CoyCu(110) film. The smoothly
rising and fallingS curves can be interpreted as a gradual rota
tion of the easy axis fromf1210g to [001] due to the com-
peting cubic and uniaxial anisotropies at this Co thicknes
(Bottom panel) the calculated ratio ofKeff

U yK1 for different
orientations of the magnetic easy axis as a function of Cu ove
layer thickness.

whereK1 is the cubic anisotropy constant and the anglew

is measured from the [001] axis. The second term is th
effective in-plane uniaxial anisotropy term which is
known to change sign from negative to positive as CO
is adsorbed onto the Co. WhenKeff

U is negative it
favors thek001l axes as easy and when it is positive i
favors the k1210l axes. K1 is known to be negative
[10] and so the cubic term favors thek111l axes. In
our model we assume that the Cu overlayer is able
completely reverse the effect of the adsorbed CO g
and thereby change the sign ofKeff

U again and hence
return the easy axis back to the [001] direction. It is
possible that the Cu displaces the CO gas from the C
surface. If this is so, the CO will quickly be desorbed
since the desorption temperature for CO on Cu is we
1751
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below room temperature [13]. The observation that th
same amount of Cu (approximately 1 ML) is needed
completely switch the easy axis of both the 6 and 30 M
Co films supports this view. Our anisotropy model ca
be applied to the data in Fig. 1 (top panel) as follows. A
Cu is deposited onto the surface of the Co-CO interfac
Keff

U tends to zero before changing sign. Therefore f
a certain coverage of Cu we can reduceKeff

U to zero
leaving only the cubic anisotropy term in Eq. (1); th
easy axis would shift to thek111l axes whenKeff

U ­ 0.
However, for a gradual shift of the easy axis to thek111l
axes,S would not remain at unity as is observed. Th
fact that S remains at unity at all Cu coverages, excep
briefly at the sharp crossover region, implies that th
cubic anisotropyK1 is negligible for a Co thickness of
6 ML. Therefore our results are in agreement with th
ex situ BLS measurements of Hillebrandset al. which
show that the cubic anisotropy component of the tot
anisotropy is vanishingly small for Co thicknesses belo
15 ML [10] in the AuyCuyCoyCu(110) system. When
Keff

U ­ 0 the sample becomes magnetically isotropic wit
no preferred easy axis and further Cu deposition w
establish a small negativeKeff

U , and thereby immediately
switch the easy axis to the [001] direction. Figure
shows the result of an experiment that tries to reprodu
this magnetically isotropic state in a 6.5 ML Co film
After a Cu deposition of 0.96 ML, angular dependen
studies show that the surface is almost perfectly isotrop
with no preferred easy axis direction, and therefore w
believe that 0.96 ML of Cu has reducedKeff

U to zero.
Since K1 becomes comparable toKeff

U for Co thick-
nesses greater than 15 ML [10], the smoothly varyingS
curves in the 30 ML sample (Fig. 1, middle panel) can b
interpreted as due to a gradual rotation of the easy axis
plane due to the changing competition betweenKeff

U and
K1 as Cu is deposited. Figure 3 shows the direct observ
tion of this competition for a 30 ML Co film. The figure
clearly shows the shift of the easy axis direction (indicate
by the square loops with thicker lines) fromf1210g to 60±

to 45± to 30± to [001] as a function of Cu thickness. Fo

FIG. 2. An angle dependent MOKE study of a 0.96 ML
CuyCO dosed 6.5 ML CoyCu(110) film. SinceK1 is negligible
at this thickness, it is possible to engineer a magnetically is
tropic surface with no preferred easy axis direction by reducin
Keff

U to zero with an appropriate deposition of Cu. Further C
deposition creates a negativeKeff

U , reestablishing the easy axis
along the [001] direction.
1752
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each Cu thickness a full angle dependent MOKE stu
was performed to study the changing anisotropy. T
middle panel of Fig. 3 shows that a deposition of 0.48 M
of Cu has created a fourfold surface anisotropy with 4±

being the easy axis andf1210g and [001] being almost
equivalent hard axes. This is the first time to our know
edge that anyone has been able to controllably engin
the direction of the easy axis of magnetization at a co
stant thickness in an ultrathin film. This is made po
sible by the unique properties of the twofold symmetry o
the CoyCu(110) surface which exhibits different symme
try axes for the uniaxial and cubic anisotropies, and
the ability to controllably change the sign of the effectiv
in-plane uniaxial anisotropy.

To gain further insight into the changing anisotrop
shown in Fig. 3, we can express the equilibrium angle
the magnetizationw0 in terms of the anisotropy coefficients
K1 andKeff

U by minimizing Eq. (1) with respect tow,

Keff
U

K1
­

µ
1 2

3
2

sin2 w0

∂
­ r . (2)

Since we have experimentally observed the equilibriu
angle of the magnetizationw0 as a function of Cu thickness
(i.e., at 90±, 60±, 45±, 30±, and 0±), we can calculate the
ratio of the uniaxial to cubic anisotropy coefficients from
Eq. (2) for each easy axis orientation observed in Fig.
This of course assumes that the bold loops in Fig. 3 a
perfectly square, with unity remanence indicating that t
easy axis is exactly along these directions. Figure 3 sho
that this is a reasonable approximation and is sufficie
for our rough calculation. Figure 1 (bottom panel) show
the result of this calculation for the 30 ML Co film.
Assuming that the Cu overlayer does not influence t
cubic anisotropy so thatK1 is always constant, then Fig. 3
clearly shows the change in sign of the effective in-plan
uniaxial anisotropy constant as the easy axis is shift
gradually fromf1210g sr ­ 20.5d to [001] sr ­ 1d. We

FIG. 3. Angle dependent MOKE studies of CuyCO dosed
30 ML CoyCu(110) film as a function of Cu overlayer thick-
ness. The top panel shows that initially the easy axis is alm
along thef1210g direction. As Cu is deposited the easy axi
direction (indicated by the square loops with thicker lines) ca
be seen to shift to 60±, 45±, 30±, and finally back to [001].
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see thatKeff
U needs to be twice as strong to produce an ea

axis loop along [001] as it does to produce an easy ax
loop alongf1210g. Furthermore, Fig. 1 (bottom panel)
indicates thatKeff

U ­ 0 at a Cu coverage of 0.37 ML on
the CO dosed 30 ML Co film. This contrasts with the
data in Fig. 2 which impliesKeff

U ­ 0 for a Cu coverage of
0.96 ML on the CO dosed 6.5 ML Co film, and therefore
we need 2.6 times more Cu to reduceKeff

U to zero in
the thinner Co film than in the thicker Co film. This
can be explained if we assume that the inherent uniax
anisotropy field before CO gas adsorption is stronger alon
the [001] direction in the thicker Co film than in the thinner
film. Then, for the thicker Co film, it is more difficult
for the CO gas to overcome this uniaxial anisotropy field
Hence, when the easy axis is switched in the thick Co film
the new uniaxial anisotropy field is relatively weaker in
thef1210g direction in comparison to the case for the thin
Co film. Therefore less Cu overlayer is needed to rever
the sign ofKeff

U for thicker Co films, although both Co
thicknesses still need the same amount of Cu overlay
to completely displace all of the adsorbed CO gas, as
consistent with the data of Fig. 1. This result agrees we
with ex situBLS work by Hillebrandset al. which shows a
twofold increase in the in-plane uniaxial anisotropy alon
the [001] direction over the same thickness range [10
This may also explain why it takes twice as long for the
residual CO gas to switch the easy axis in the 30 ML film
as it does for the 6 ML Co film.

In summary, we have deposited submonolayer cove
ages of Cu onto the CoyCu(110) system which has already
undergone a 90± switch of the easy axis from the [001] to
thef1210g direction due to the adsorption of minute quan
tities of residual CO from the UHV environment. We find
that the Cu is able to completely reverse the effect of th
CO thereby switching the easy axis back to the [001] d
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rection. Two distinct modes of switching are observed d
pending on the thickness of the Co film and hence the s
of the cubic anisotropy constantK1. For dCo ­ 6 ML,
K1 ­ 0 and the switch is found to be abrupt. For th
thickness we are able to engineer a magnetically isotro
surface with no preferred easy axis direction by reduci
the effective uniaxial anisotropyKeff

U to zero at a certain
Cu coverage. FordCo ­ 30 ML, K1 becomes comparable
to Keff

U and the competition between the two anisotropi
as Cu is deposited allows us to controllably engineer t
direction of the easy axis from thef1210g to the [001] di-
rection at a constant Co thickness.
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