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Spin Engineering in Ultrathin Cu /Co/Cu(110)
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We have studied the effect of depositing Cu overlayers onto CO gas dos&Ziu(d0) ultrathin
films (6 < dc, < 30 monolayers We find that submonolayer Cu coverages can completely reverse
the in-plane 90 easy axis switch caused by the CO adsorption for all Co thicknesses studied and
for sufficiently thick Co films(dc, > 15 monolayers 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

The magnetic properties of ultrathin films depend inti-tem [9]. For a given deposition of Co in the thickness
mately on their nanostructure surface morphology and carange5 < d¢, < 40 monolayers (ML), the adsorption of
be drastically altered by the addition of magnetic and nonresidual CO gas causes the magnetic easy axis to switch
magnetic overlayers. For instance, it is now well estab90° from the [001] direction to th¢1—10] direction over
lished that magnetic moments can be enhanced at surfacageriod of time which is dependent on the thickness of
in comparison to bulk values and that a further enhancethe initial Co film. Dosing experiments reveal that only
ment of the magnetic moment can result for atoms in step8.08 ML of CO is required in order to switch the easy
or in generally rough surfaces [1]. Buckley al.[2,3] axis ofa 15 ML Co film. The effect is chemically specific
observed striking, nonmonotonic variations in the coercivewith oxygen, argon, and hydrogen being unable to switch
field H. and the ratio of remanent to saturation magnetithe easy axis. STM measurements revealed that the 3D
zation S in their M-H loops in the C@Cu(100) system, growth proceeded via the formation of elongated Co island
upon the deposition of submonolayer quantities of Custructures preferentially oriented along the [001] direction.
This behavior was attributed to strong overlayer-inducedd completely new process for easy axis switching in the
electronic structure changes as Cu nucleated along surfa@»/Cu(110) system was identified [9]. It is found that a
step edges which were present due to a slight misorientd- ML Cu overlayer deposited before the CO induced easy
tion of the Cu crystal. Webeat al. went on to show that axis switch will stop the switch from occurring. This is
if the Co/Cu(100) system contained a deliberately morethought to be the result of the Cu atoms occupying the spe-
pronounced miscut then submonolayer coverages of Cujfic adsorption sites preferred by the CO molecules. The
Fe, Ag, or O could all cause the magnetic easy axis t@uestion then arises as to whether or not we can reverse the
switch 90, from a direction parallel to the step edges toCO gas induced J0easy axis switch with Cu overlayers.
one perpendicular to the step edges [4—6]. Recent elec- In this paper we present the results of depositing sub-
tronic structure calculations on the same system confirrmonolayer coverages of Cu onto the /Cu(110) system
the importance of the interaction of Cu atoms at Co stemfter the easy axis has been switched 86m the [001]
sites and show that hybridization effects can result in d@o the[1—10] direction by the residual CO in the UHV
noncollinear arrangement of magnetic moments, promothamber. We find that Cu coverages can reverse the effect
ing switching of the easy axis [7]. of the CO, thereby switching the easy axis back to the

However, the deliberately stepped u(100) system [001] direction. We have identified two distinct modes
is a highly specific geometry and therefore the questiomf switching related to the thickness of the Co film. For
arises as to whether or not other nanostructure surface mahin Co films (dc, < 15 ML), Cu overlayers cause the
phologies can promote switching of the easy axis. To thigasy axis to switch back to the [001] direction abruptly.
end we chose to study the @Bu(110) system because of In thicker Co films(dc, > 15 ML) the easy axis is found
its inherent 3D growth mode [8] and low symmetry sur-to shift gradually from thg1—10] to the [001] direction,
face. Furthermore, the unique symmetry of the (110) surallowing us to controllably engineer the direction of
face contains three important axes; thé1) axes which the easy axis due to the presence of a significant cubic
are the bulk magnetocrystalline easy axes of fcc Co, aanisotropykK; in the thicker Co films. A phenomenologi-
well as the(001) and(110) axes which are the symmetry cal model has been developed to explain the two modes of
axes for uniaxial anisotropies. Therefore the (110) orienswitching. We show that the model is in agreement with
tation allows us to differentiate between the cubic and thex situBrillouin light-scattering (BLS) measurements by
uniaxial anisotropy contributions due to different symme-Hillebrands et al.[10-12] on the AyCu/Co/Cu(110)
try axes. system which show an unexpected suppression of the

Previously we reported a striking time dependent evomagnetocrystalline anisotropy contribution below 50 A
lution of the magnetic anisotropy of the @@u(110) sys- Co, and that the magnetocrystalline contributigh
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becomes vanishingly small at Co thicknesses below
~15 ML.
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All experiments were carried out under UHV conditions g
with a base pressure df0 X 107! mbar. The single =
crystal Cu(110) substrate was prepared via cycles of 1 kV S 0.5
Ar™ sputtering and annealing to 700 K, until Auger elec- = o GMLH, [001]
tron spectroscopy and low energy electron diffraction mea- X 6ML H, (1-10]

surements indicated a clean, well-ordered surface. Co was
evaporated from an Omicron commercial electron beam
evaporator with an integral flux monitor, at a constant rate 10
of 0.4 MLmin~!. Cu was evaporated from a home made
e-beam evaporator at a rate@l MLmin~!. The pres-
sure remained belo®.0 X 10~'° mbar during deposition
and the thickness of the Co and Cu films was evaluated
from the relative heights of the Co and Cu Auger peaks
recorded at the end of the experiment. This procedure
gives an error in the absolute thickness~e5%. How- 0.04
ever, by keeping the evaporation rate constant, the relative
thicknesses are known much more accurately. 1] 30ML Co
To study the influence of Cu overlayers as a function
of Co thickness we grew 6 and 30 ML Co films. In
both films, the magnetic easy axis was found to switch
from the [001] to theg1—10] direction over a period of
about 1 and 2 hours, respectively, after the end of the Co
deposition as minute quantities of residual chamber CO -0.5
was adsorbed. Figure 1 (top and middle panels) shows the
evolution of the magneto-optical Kerr effect (MOKE) loop
squareness for 6 and 30 ML Co films, respectively, as a Cu overlayer (ML)
function of Cl.J overlayer thiqkness. The loop SqQuarenesg,s 4 (Top panel) the evolution of the loop squarengss
has been defined as the ratio of the remanent to saturatigifunction of Cu coverage on a CO dosed 6 ML/Ca(110)
magnetizationS = M;em/Mmax, Where M.« is the loop  film with the field applied parallel to thgl —10] and [001] di-
amplitude measured from the maximum Kerr intensity.rections. The curves show that there is an abrupt switch of the
For the 6 ML Co film (Fig. 1, top panel), we see that, easly ?ms e:cftt?]r 0|.9 ML of Cu |s§dep03|;ed.t.(M|d(fjlg panel) the
for _fields applied parallel t¢1—-10], S remai'ns at unity_ g‘é‘; uo:?goco %0225 %%u&rfnq:eai?il%) l;irl]r?n.lonTﬁe slrjngg\tlf‘ﬁ;
until about 0.9 ML of Cu has been deposited, at whichysing and falling$ curves can be interpreted as a gradual rota-
time it drops sharply t&§ = 0 over the next tenth of a tion of the easy axis fronfl1—10] to [001] due to the com-
monolayer of Cu. We observe a mirror image of thispeting cubic and uniaxial anisotropies at this Co thickness.
behavior when the field is applied parallel to the [001](Bottom panel) the calculated ratio ;' /K, for different
direction, withS = 0 until about 0.9 ML Cu then rising orientations of the magnetic easy axis as a function of Cu over-
! layer thickness.
sharply toS = 1 over the next tenth of a monolayer of
Cu as the easy axis switches to the [001] direction. This
abrupt switching behavior contrasts with that observed fowherek; is the cubic anisotropy constant and the angle
a 30 ML Co film; the behavior of which is shown in Fig. 1 is measured from the [001] axis. The second term is the
(middle panel). InitiallyS is just below unity with the effective in-plane uniaxial anisotropy term which is
field applied parallel t§1—10], falling smoothlytoS = 0  known to change sign from negative to positive as CO
over a Cu deposition of 1 ML. When the field is appliedis adsorbed onto the Co. Whek{" is negative it
parallel to [001], we see a smooth risedrfrom S = 0 at  favors the(001) axes as easy and when it is positive it
OML CutoS = 1atl ML Cu as the easy axis switches favors the(1—10) axes. K; is known to be negative
to the [001] direction. [10] and so the cubic term favors tHé11) axes. In
Noting that the shape anisotropy keeps the magnetibur model we assume that the Cu overlayer is able to
zation in the plane of the film [10], we can model the completely reverse the effect of the adsorbed CO gas
magnetic anisotropy of the system phenomenologically aand thereby change the sign &fi' again and hence
follows: return the easy axis back to the [001] direction. It is
< possible that the Cu displaces the CO gas from the Co
L G ; eff surface. If this is so, the CO will quickly be desorbed
Etor 4 (sirf' ¢ + si?2¢) + Kjj' coS ¢ (1) since the desorption temperature for CO on Cu is well
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below room temperature [13]. The observation that theeach Cu thickness a full angle dependent MOKE study
same amount of Cu (approximately 1 ML) is needed towas performed to study the changing anisotropy. The
completely switch the easy axis of both the 6 and 30 MLmiddle panel of Fig. 3 shows that a deposition of 0.48 ML
Co films supports this view. Our anisotropy model canof Cu has created a fourfold surface anisotropy withi 45
be applied to the data in Fig. 1 (top panel) as follows. Asbeing the easy axis arld —10] and [001] being almost
Cu is deposited onto the surface of the Co-CO interfacegquivalent hard axes. This is the first time to our knowl-
K§" tends to zero before changing sign. Therefore foredge that anyone has been able to controllably engineer
a certain coverage of Cu we can reduk§' to zero the direction of the easy axis of magnetization at a con-
leaving only the cubic anisotropy term in Eg. (1); thestant thickness in an ultrathin film. This is made pos-
easy axis would shift to thél11) axes whenk: = 0.  sible by the unique properties of the twofold symmetry of
However, for a gradual shift of the easy axis to {ii¢1)  the Cq/Cu(110) surface which exhibits different symme-
axes,S would not remain at unity as is observed. Thetry axes for the uniaxial and cubic anisotropies, and by
fact thatS remains at unity at all Cu coverages, exceptthe ability to controllably change the sign of the effective
briefly at the sharp crossover region, implies that thén-plane uniaxial anisotropy.

cubic anisotropyk; is negligible for a Co thickness of = To gain further insight into the changing anisotropy
6 ML. Therefore our results are in agreement with theshown in Fig. 3, we can express the equilibrium angle of
ex situ BLS measurements of Hillebrandgt al. which  the magnetization, in terms of the anisotropy coefficients
show that the cubic anisotropy component of the totak; andK{T by minimizing Eq. (1) with respect tg,
anisotropy is vanishingly small for Co thicknesses below ket 3

15 ML [10] in the Au/Cu/Co/Cu(110) system. When v — <1 — = sir? ¢0> =r. (2)
K§" = 0 the sample becomes magnetically isotropic with K 2

no preferred easy axis and further Cu deposition Willgince we have experimentally observed the equilibrium
establish a small negativi;;, and thereby immediately angle of the magnetizatiap, as a function of Cu thickness
switch the easy axis to the [001] direction. Figure 2(i.e., at 90, 60°, 45°, 30°, and 0), we can calculate the
shows the result of an experiment that tries to reproduceatio of the uniaxial to cubic anisotropy coefficients from
this magnetically isotropic state in a 6.5 ML Co film. gq. (2) for each easy axis orientation observed in Fig. 3.
After a Cu deposition of 0.96 ML, angular dependentThjs of course assumes that the bold loops in Fig. 3 are
studies show that the surface is almost perfectly isotropigerfectly square, with unity remanence indicating that the
with no preferred easy axis direction, fa}nd therefore Wesasy axis is exactly along these directions. Figure 3 shows
believe that 0.96 ML of Cu has reducﬁf’fcﬁ, to zero. that this is a reasonable approximation and is sufficient

Since K, becomes comparable & for Co thick-  for our rough calculation. Figure 1 (bottom panel) shows
nesses greater than 15 ML [10], the smoothly vary$ng the result of this calculation for the 30 ML Co film.
curves in the 30 ML sample (Fig. 1, middle panel) can beassuming that the Cu overlayer does not influence the
interpreted as due to a gradual rotation of the easy axis irtubic anisotropy so thak; is always constant, then Fig. 3
plane due to the changing competition betwegfl and  clearly shows the change in sign of the effective in-plane
K, as Cu is deposited. Figure 3 shows the direct observamiaxial anisotropy constant as the easy axis is shifted
tion of this competition for a 30 ML Co film. The figure gradually from[1—10] (r = —0.5) to [001] (r = 1). We
clearly shows the shift of the easy axis direction (indicated
by the square loops with thicker lines) frdim—10] to 60°
to 45° to 30° to [001] as a function of Cu thickness. For (1-10]  CwCO dosed 30ML Co/Cu(110)  [001]
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FIG. 2. An angle dependent MOKE study of a 0.96 ML

Cu/CO dosed 6.5 ML CACu(110) film. SinceX; is negligible  FIG. 3. Angle dependent MOKE studies of GO dosed

at this thickness, it is possible to engineer a magnetically iso30 ML Co/Cu(110) film as a function of Cu overlayer thick-
tropic surface with no preferred easy axis direction by reducintess. The top panel shows that initially the easy axis is almost
Ky to zero with an appropriate deposition of Cu. Further Cualong the[1—10] direction. As Cu is deposited the easy axis
deposition creates a negati¥g!", reestablishing the easy axis direction (indicated by the square loops with thicker lines) can
along the [001] direction. be seen to shift to 6045°, 30°, and finally back to [001].
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see thak " needs to be twice as strong to produce an easgection. Two distinct modes of switching are observed de-

axis loop along [001] as it does to produce an easy axipending on the thickness of the Co film and hence the size

loop along[1—10]. Furthermore, Fig. 1 (bottom panel) of the cubic anisotropy constaif;. For dc, = 6 ML,

indicates thatk§," = 0 at a Cu coverage of 0.37 ML on K; = 0 and the switch is found to be abrupt. For this

the CO dosed 30 ML Co film. This contrasts with the thickness we are able to engineer a magnetically isotropic

data in Fig. 2 which impliek " = 0 for a Cu coverage of surface with no preferred easy axis direction by reducing

0.96 ML on the CO dosed 6.5 ML Co film, and thereforethe effective uniaxial anisotropx}(?,ff to zero at a certain

we need 2.6 times more Cu to reduli’é,ff to zero in  Cucoverage. Fadc, = 30 ML, K; becomes comparable

the thinner Co film than in the thicker Co film. This to K§/' and the competition between the two anisotropies

can be explained if we assume that the inherent uniaxiads Cu is deposited allows us to controllably engineer the

anisotropy field before CO gas adsorption is stronger alondirection of the easy axis from thé—10] to the [001] di-

the [001] direction in the thicker Co film than in the thinner rection at a constant Co thickness.

film. Then, for the thicker Co film, it is more difficult The authors would like to thank the Engineering and

for the CO gas to overcome this uniaxial anisotropy field.Physical Sciences Research Council and the Newton Trust
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