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Influence of the deposition angle on the magnetic anisotropy in thin Co films on QQ01)
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Off-normal molecular beam epitaxy of Co on (©01) has been found to result in a uniaxial magnetic
anisotropy. The easy magnetization axis is perpendicular to the plane of incidence for deposition angles
between 10° and 80°. The uniaxial magnetic anisotropy is related to the formation of a uniaxial surface
morphology during off-normal growth. Spot profile analysis low-energy electron diffraction measurements
reveal the presence of elongated adatom structures in contrast to square ones growing at normal incidence. The
long sides of the adatom structures are oriented perpendicular to the plane of incidence, i.e., parallel to the easy
magnetization axis. The formation of elongated adatom structures is due to steering. Steering originates from
long-range attractive forces between incident atoms and substrate atoms and leads to preferential arrival of
atoms on top of adatom structures.
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[. INTRODUCTION and studied by spot profile analysis low energy electron dif-
fraction (SPA-LEED, Auger spectroscopyAES) and the
Magnetic anisotropies in ultrathin films are inherently re-magneto-optic Kerr effedMOKE). Theex situdesulfurized
lated to the structure and morphology of the films. In thinCu substrate was further prepared in UHV by cycles of sput-
films of fourfold symmetry, such as Co on @01), the cu- tering with 800 eV Af" ions and prolonged heating at about
bic in-plane magnetic anisotropy is a natural consequence &f00 K. This preparation method resulted in a clean Cu sub-
the crystalline symmetry. An additional uniaxial in-plane strate with an average terrace width of 1000 A .
magnetic anisotropy has been measured in films grown on The Co was deposited by electron beam induced sublima-
stepped surfacés® The micromagnetic origin of this tion from a Co wire at various angles of incidence. The
uniaxial anisotropy is currently believed to arise from miss-growth rate, calibrated by measurements of He diffraction
ing bonds(Neel-type anisotropy—® and/or strainmagneto-  intensity oscillations before growth of the Co fim and
elastic anisotropy’© at surface steps. Since a long time it is checked by AES after MOKE measurements, was about 0.1
known that off-normal deposition also induces an uniaxialmonolayer (ML) per minute. The azimuthal direction of
in-plane magnetic anisotropy'* This anisotropy is con- deposition was along the close pack&d(] direction, which
nected to an uniaxial surface morphology which developds a preferential step edge direction and an easy magnetiza-
during off-normal growth. Growth-induced uniaxial mag- tion direction in Co/C(001). During most growth experi-
netic anisotropies in Co filmg50—1000 A have been stud- ments, the temperature of the (001) substrate was kept at
ied as a function of the deposition angle receflfurther- 250 K and the pressure in the vacuum chamber did never
more, an uniaxial easy axis perpendicular to the depositioexceed %10 '° mbar. Immediately after deposition the
direction has been measured in ultrathin magnetic filas  temperature of the Cu substrate was quenched rapidly in or-
R). ] ) ) der to suppress undesired diffusion. The MOKE and SPA-
The purpose of our study was to investigate the influenc@ EEp measurements on the as grown Co film were per-
of.the depos_ition_ angle on the magnetic anisotropy in ,UmaTormed at 175 and 100 K, respectively.
thin magnetic films grown by molecular beam epitaxy  por the MOKE measurements the sample was transferred
(MBE). Particularly, the investigations were focused on &, 5 small protrusion of the main vacuum chamber. Outside
gewtmoncl)layer ttglcléocoo f'.lms on Q(]totl) ?rr]own V¥'th inct- he vacuum chamber four current driven coreless coils were
ent angies up to su. with respect fo the surface normal, <. q 4 create magnetic fields perpendic(patar geometry
2‘:nnoéﬂnlaén%%foepos{,ci't?]nthrg Selgtss :inxi 2 grilgr']ﬁ)é%nee? nelﬁ)(;liil and parallel(longitudinal geometryto the surface plane. In
9 by, y Perp oth Kerr geometries, magnetic fields up to 400 Oe could be

lar to the plane of incidence. The uniaxial anisotropy in ul- lied. Th | i d ° b larized
trathin Co films is directly related to the formation of elon- @PPlied. The sample was illuminated at 45° by polarize

gated adatom structures during growth. The evolution of afieNe-laser light. The Kerr ellipticity was measured by plac-

uniaxial surface morphology is rationalized by a phenom-'”g a quarter wave plate and a second polarizer in front of a

enon named steerirld,i.e., the focussing of incident atom photodiode. Azimuthal rotation of the sample made it pos-

flux on top of growing adatom structures. Steering and as &P/ t0 apply magnetic fields at angles varying frers°

result the uniaxial magnetic anisotropy increase with increasl® 3°° With respect to the deposition direction.

ing deposition angle. IIl. RESULTS AND DISCUSSION
II. EXPERIMENTAL A. Magnetic anisotropy

Thin Co films were grown on G001) under ultrahigh As a first result we demonstrate that Co films grown with
vacuum(UHV) conditions(base pressure 1xX10 °®mbap  an off-normal angle of incidence exhibit a large in-plane
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100 ders magnetization rotation in the direction parallel to the
applied field. This magnetic anisotropy consists mainly of a
504 component with fourfold symmetry, i.e., the cubic magnetic
anisotropy in off-normal deposited Co films is still larger
01 than the uniaxial magnetic anisotrofsee below.
Hysteresis loops with three irreversible transitions are
-501 measured on off-normal deposited Co films when the exter-
' , nal field is applied at an angle between 10° and 30° from the
'10_%00 200 -100 ) 100 200 300 deposition directiorjsee Fig. 1b)]. The remarkable hyster-
100 esis loop reveals that the magnetization reversal process is
(b) mediated by the nucleation and propagation of domain walls
504 and not by coherent rotation. In systems with a cubic anisot-

ropy and an uniaxial anisotropy that is aligned along one of
the cubic easy axes, one and two jump hysteresis curves can
be measured when magnetization reversal proceeds via co-
herent rotation. The observed switching behavior in these
systems depends on the direction of the applied field and the

-504

Kerr ellipticity (prad)
o

’10.0300 200 -100 0 100 200 300 ratio of the uniaxial to cubic anisotropy constants. When
100 magnetic switching proceeds via the nucleation and propaga-
(c) tion of domain walls, one, two, and three jump hysteresis
501 curves can be obtainéd. Three jump switching between

four stable domain configurations, each aligned close to one

01 of the cubic easy axes, involves one jump of 180°. In case of
domain wall propagation this jump can be made when the

-501 total energy gain is comparable to the energy cost in propa-
gating domain walls. Magnetic domain structures, several
’10_%00 200 -100 0 100 200 300 hundred microns large, have been measured in ultrathin Co

films on CY001).2%22

We will use a phenomenological energy model to explain

FIG. 1. In-plane hysteresis curves fa 4 ML thick Co film on  the results in more detail and to determine the anisotropy
Cu(001), grown at 250 K with an angle of 80° with respect to the constants for Co films grown with different deposition
surface normal. The magnetization curves were obtained at 175 kangles. In this model it is assumed that magnetic switching
The applied magnetic field is 0°, 20°, and 45° away friia0], proceeds via the nucleation and propagation of domain walls,
i.e., away from the deposition direction, {a), (b), and(c) respec-  such that switching occurs at applied fields smaller than the
tively. anisotropy field. Furthermore, it is assumed that domain wall
propagation as opposed to domain wall nucleation is the lim-

uniaxial magnetic anisotropy. Magnetization loops werelting factor in the magnetic switching process. ,
measured at 175 K with the external magnetic field applied Figure 2 illustrates the deposition, anisotropy and applied
along different azimuthal directions. Figure 1 shows the refiéld geometry used in the model. In the growth experiments,
sult for a 4 ML thick Co film, grown with a deposition angle the aZ|muthaI_ dlre_ctlon of deposition was along _the _close
of 80° with respect to the surface normal. Parallel to thePacked[110] direction. The MOKE measurements in Fig. 1
deposition direction a hard axis magnetization curve withShow that in addition to a cubic anisotropl{4) an uniaxial
two loops at large external field is measufiy. 1(a)]. At~ anisotropy Ko hgs.to be conslldered. The orientation of_the
the fields where the loops appear the magnetization switché§liaxial easy axis is perpendicular to the deposition direc-
from the uniaxial easy directiofperpendicular to the depo- tion. Hence, the free energy densi(¢) for off-normal
sition direction into the uniaxial hard directioparallel to ~ deposited Co films on GQ01) can be written as

the deposition directionor vice versa. Around zero field a

linear behavior is found, indicating coherent magnetization K

rotation away from the uniaxial easy direction. Comparable  E(¢)= Kusin2(¢)+ —40032(2<;/>)— MHcog ¢—6), (1)
hard axis hysteresis curves have been obtained for Co films 4
grown on stepped G001).°>~"1%~1%when the external field . o .

is applied at an angle of 45° with respect to the depositioﬁN_hered’ is the angle of magnetization with respect to the
direction, i.e., along a cubic hard magnetization axis and i 110] direction andé is the angle between the applied field
between the uniaxial hard and easy magnetization axes, ttend the[ 110] direction. The cubic anisotroplf{, has been
hysteresis loop exhibits a high squareness with an extremelfpund to be negative for Co films on @01),%1"?*i.e., the
sharp switching behavidFig. 1(c)]. The measured curve is, cubic easy directions are parallel and perpendicular to the
however, not saturated indicating magnetization reversadeposition direction.

along the uniaxial easy axis. The small slope beyond the First, the magnetic switching behavior with the applied
switching fields shows that a large magnetic anisotropy hinfield parallel to the deposition direction is discussed. Figure

H (Qe)
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[110] be used to describe the observed irreversible transitions. Do-

M main propagation makes reorientation of the magnetization

uniaxial o in the Co films possible when the energy gain is comparable

e e H to the energy density cost for propagating domain walls. The
'\\\ b 3 9/," magnetic switching behavior in thin films with an in-plane

cubic and uniaxial magnetic anisotropy can be described by a
simple phenomenological mod&t?°2°In this model the ac-
——————[110] tivation energy involved in establishing a domain wall is
ignored and only the energy needed to move a domain wall
is considered. This energy, interpreted as the maximum
) doposiion height of the defect energy barriers that the domain walls
A4 direction encounter when they propagate, is indicatedgy and e, gg-
for 90° and 180° domain walls, respectively. The free energy
density for single domain states with the magnetization ori-
ented along one of the four cubic easy axes can be found by

FIG. 2. The deposition, anisotropy and applied field geometrySubstituting the relevant values gfinto Eq. (1):
used in this paper. Off-normal deposition in thELO] direction
results in an uniaxial magnetic anisotropy with the easy axis per- K,
pendicular to the plane of incidence. Longitudinal MOKE measure- Bz =Kyt i HM sin(6), (3a)
ments are possible with the applied field at an angle between 45°
and 125° with respect to thel10] direction (shaded region

/

N

~

/
A —

[110]

Ky
1(a) shows that a transition from a single domain state in the Eio=— THM cog 6), (3b)

[110] direction to a state in the direction perpendicular to

the deposition direction occurs at a large negative field. The K,

exact domain structure afte_r swnchlng cannot be extracted Eti0=—~ —HMcog 6), (30)
from the measured hysteresis curve. It is possible that a small

deviation in the applied field direction causes a single do-

main structure with the magnetization aligned along the

_c Ky
[110] direction whend is a little less than 90° or with the B =Kyt - *—HM sin(6). (3d)

magnetization aligned along tfi@ 10] direction whend is a 4

little more than 90°. However, the error in the applied fieldBased on the MOKE measurements shown in Fig. 1, in
direction is small ¢-3°). It is therefore more probable that Which only small rotations away from the cubic easy axes are
both magnetization orientations are present after the firsgbserved, we make the good approximation that the irrevers-
magnetic switching. Such coexistence of two domain orienible transitions observed in the hysteresis curves are caused
tations perpendicular to the applied field has been observedy magnetic switching between t&10 directions. Such a

in Fe films on Ag001).2° After switching an almost linear transition occurs when the energy density advantagein
increase of the Kerr ellipticity is observed. The external fielddoing so is equal to the energy density cost in propagating a
which rotates the magnetization in the domains slightly to-domain wall of the relevant type. For an applied field in the
wards the[110] direction causes this behavior. The magne-deposition directior([110] direction two irreversible jumps
tization rotation can be described by the equation of motiorare measured. First, a transition frqmlo] to [110] or

dE(¢)/d¢=0. For small rotation angles the slope of the 110] occurs whenAE=K +HM=eqg-. Therefore, the

hysteresis curve depends linearly onkly(- K,):**%’ switching fieldHs; is given by:Hg = (— K+ €g0)/Ms. In
the same way it can be derived that a second transition from
I Ml g [110] or [110Q] to [110] occurs at a switching fieldH,
H- 2(K,—Ky)' 2 =(K,+ €g0°)/ M. Measuring the two switching fields makes

it possible to determine the uniaxial anisotrop;;=(Hs,

wherel, /H is the slope of the hysteresis curve around zero—Hg)MJ/2=H M. Note that the shift fieldHs does not
field, M is the saturation magnetization, ahdis the satu- equal the uniaxial anisotropy field,, which is usually de-
ration Kerr ellipticity. In the case of larger rotation angles afined asH,=2K,/Mg. The uniaxial anisotropy field is
slight deviation from the linear behavior can be observedgiven byH = 2H, instead. The relation fd, together with
This makes a separation &, and K, possible when{,  the earlier derived relation forK(,—K,) will be used to
—K,) is small?” In the off-normal deposited Co films sepa- determine the anisotropy constants for Co films grown with
ration was not possible and only the quantitf,Kj,) different angles of incidence.
could be determined from the slope around zero field. With the help of the phenomenological energy model out-

As outlined earlier, switching of the magnetization be-lined above, the three jump switching behavior can be ex-
tween the four cubic easy directions is mediated by domaimlained. For the 4 ML thick Co film deposited at an angle of
wall propagation. Therefore, the equation of motion cannoB0°, three irreversible transitions were observed for applied
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been measured for thin magnetic layers on stepped
FIG. 3. In-plane hysteresis curves for Co films on (@), surface$ and has been considered from a theoretical point
grown at 250 K with different deposition angles. The magnetizationof view as well®428
curves were obtained at 175 K with the applied magnetic parallel to Deposition at an angle of 10° with respect to the surface
the deposition direction. normal results already in an off-normal growth-induced
uniaxial magnetic anisotropy. In this case, two irreversible
transitions are measured: first a transition from the uniaxial

fields with 60°< 6<80°, the first transition fronﬁﬁO] to hard tq th_e uniaxial easy gnd.then from the uniaxial easy to
the uniaxial hard magnetization axis occurs. The uniaxial

[110] is followed by a transition fronj110] to [110]. This anisotropy of this Co film is too small to align all spins in the

secon.d transition is mediated by the propagation _Of 180%irection perpendicular to the deposition direction. The mea-
domain walls. Finally, a third transition occurs frdr10]

sured remanent Kerr intensity is therefore nonzero. As one
to [110]. From a comparison of the energy densities alongcan see in Fig. 3, the shift field and thus the uniaxial mag-
the four cubic easy directions it follows that a three jumpnetic anisotropy increases monotonically with increasing
switching route can only be observed whép> egq- . 2° deposition angle up to 80°.

The single jump hysteresis curve measured with an ap- Following the phenomenological model the uniaxial an-
plied field 45° away from the deposition directidffig. isotropy is given byK,=HMg, whereM; is the saturation
1(c)], i.e., with the applied field along a cubic hard axis, magnetization of the Co film. Neutron diffraction experi-
reveals switching of the magnetization frgrh10] to [110] ments have shown that the magnetic moment of Co in Co/
and vice versa. Rotation of the magnetization towards th€u(001) is the same as in bulk C38.Therefore, we use the
direction of the applied field after switching is hindered by afcc-Co bulk saturation magnetizatioMg= 1422 Og in this
large magnetic anisotropy, i.e., 300 Oe is not enough to satwstudy. From the hysteresis curves in Fig. 3 and from many
rate the magnetization. Theoretically, the remanent Kerr elothers, the uniaxial magnetic anisotropy is determined as a
lipticity should be smaller than the saturation Kerr ellipticity function of the deposition anglsee Fig. 4. Each data point
by a factor 1{2. From the saturation Kerr intensity mea- in Fig. 4 is the result of an averaging over at least three
sured in Fig. 1a) and the remanent Kerr intensity measuredindependently measured hysteresis curves. Obviously, the
in Fig. 1(c) it follows that this is indeed the case within uniaxial magnetic anisotropy increases with increasing depo-
experimental error. sition angle. Foa 5 ML thick Co film the uniaxial anisot-

The deposition angle dependence of the in-plane magneti®py is largest when the Co atoms are deposited at an angle
anisotropy in Co films on Qi001) was studied for incident of 80° with respect to the surface normal.
atom beam angles between 0° and 80°. Figure 3 shows an Figure 5 shows the quantityK(,— K,) as a function of the
overview of MOKE results on 5 ML thick Co films grown at deposition angle. Qualitatively, the angular dependence of
250 K. The measurements are performed at 175 K with théK,—Kj,) is similar to that ofK,: the magnetic anisotropy
applied magnetic field parallel to the deposition direction.(K,—Kj,) increases up to 80°. Even though we averaged
After normal-incidence deposition only a small deviationover at least three hysteresis curves, the small slope around
from a square hysteresis loop is measured. The observertro field still results in relatively large error bars. Below a
deviation is caused by a small uniaxial anisotropy, whichdeposition angle of 40° an accurate determination Kf (
probably originates from residual steps on thg@1) sur- —K,) was not possible. At these deposition angles the rem-
face. As mentioned earlier, a magnetic step anisotropy hasnent Kerr ellipticity is relatively large. This indicates that

fields with 60°<#<80° and 100%X #<120°. For applied
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shows the cubic anisotropy constagy.

FIG. 6. SPA-LEED peak profile of the specular beam acquired

domains parallel and perpendicular to the deposition direcafter normal-incidence growth of 5 ML Co on @®01) at 250 K.
tion are both present after the first magnetic switching. The&'he peak profile was obtained Bt=290 eV ($=4.75). The left
slope of the hysteresis curve around zero field can thereforiaset shows two line scans through the specular beam iflth@
be the result of two effects: coherent magnetization rotatiorgsolid line) and[1-10] direction (dashed ling
and a change of the population of domains by the propaga-
tion of domain walls. distinct differences between normal and off-normal depos-

In the inset of Fig. 5 the cubic magnetic anisotrdfyis ited Co films. Figure 6 shows a profile of the specular beam
plotted. Despite relatively large error bars the conclusion ca@btained after normal-incidence deposition of 5 ML Co on
be drawn that the absolute value of the cubic anisotropy inCu(001) at 250 K. With increasing wave vectérparallel to
creases slightly with increasing deposition angle. Extrapolathe surface, two different patterns evolve. Close to the cen-
tion leads to a cubic anisotropy constant ef7.0=1.5 tral (00) beam a circular ring is observed, whereas at lakger
X 10° erglcn? for a 5 ML thick Co film grown at normal the pattern clearly shows a fourfold symmetry. The change
incidence. This anisotropy constant is close to the values foifom circular to fourfold symmetry indicates that the diffrac-
4 ML and 10 ML thick Co films on C(001) found by Hei- tion pattern consists of two different contributions, one from
nrich et al?* (—7.2x10° erg/cn? and—9.2x10° erg/cn?, @ quite narrow structure separation distribution, the other
respective|y The result is, however, inconsistent with the from a structure size distribution. The adatom structure sepa-
total cubic anisotropy constant for 5 ML Co/@01) re- ration contribution shows up as a circular first order diffrac-
ported in Ref. 23 ¢ 2.1x10° erg/cn?). Since magnetic an- tion ring at lowk. The homogeneous ring intensity measured
isotropy in Co/C001) changes rapidly around a film thick- after normal-incidence Co growth reflects an isotropic radial
ness of 4 ML?’ the discrepancy with the latter experimental distribution of square adatom structures. From the position of
result might be due to small differences in thickness calibrathe ring in reciprocal space, the average adatom structure
tion. To get an idea of the strength of the uniaxial anisotropyseparatiorL is estimated to b&. ~80 A . As adatom struc-
in off-normal deposited Co films, we compare the values ofure sizes are necessarily smaller than their separation, the
K, with the uniaxial anisotropy found in Co/Cu1 13.% In island size contribution to the diffraction pattern shows up at
a Brillouin light scattering study the total uniaxial magnetic largerk. Consequently, the fourfold symmetry at larger wave
anisotropy constant foa 5 ML thick Co film on Cy1 1 13 ~ Vvector in Fig. 6 is due to Fraunhofer diffraction and reflects
was determined to be 40L0° erg/cn? (interpolation of the square shape of adatom structures. The square adatom
Fig. 3 in Ref. 8. We measured a comparable uniaxial mag-structures are distributed with their edges oriented along the

netic anisotropy strength in 5 ML thick Co films on ©01),
deposited at 80° and with the substrate at 25G&e Fig. 4
The growth-induced uniaxial anisotropy in Cof0Q1) is
smaller after deposition at less grazing incidence.

B. Surface morphology

close-packed110) directions. The formation of square ada-
tom structures during normal-incidence Co growth on
Cu(001) is in accordance with scanning tunneling
measurement® 32 The near-equilibrium structure shape is
due to a sufficiently large atom mobility along step edges.
In contrast to normal-incidence deposition, off-normal
MBE destroys the fourfold symmetry of the film morphol-

The measured uniaxial magnetic anisotropy in Co films isogy. Instead, a twofold symmetry emerges with the plane of
related to the formation of an uniaxial surface morphologyincidence acting as a mirror plane. Figure 7 shows a profile
during off-normal growth. SPA-LEED peak profiles mea- of the specular beam obtained after deposition of 5 ML Co
sured after Co growth and magnetic characterization revealn Cy001) at an angle of 80° with the substrate at 250 K. In
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FIG. 8. Calculated incident atom flux at the surface, normalized
to a homogeneous atom flux far above the surface for a surface with

FIG. 7. SPA-LEED peak profile of the specular beam acquired® monolayer high island on top of it and a deposition angle of 80°.
after deposition of 5 ML Co at 80° with the 201) substrate at The direction of the incident molecular beam is indicated by an
250 K. The peak profile was obtained Bt=290 eV (S=4.75) arrow. The inset illustrates the steering-induced elongation of ada-
The left inset shows two line scans through the specular spot in th&™ structures. The grey scale is a measure for the incident atom

[110] (solid line) and[1-10] direction (dashed ling The arrow in | ux during off-normal deposition. The _solid and dashed arrows
the contour plot indicates the deposition direction. indicate the step edge growth rate during off-normal and normal

deposition, respectively.

Ko (%0B2)

this case, the ring around the cent{@D) beam is not homo- tially, this has no consequences: the deflection is the same
geneous but exhibits a clearly developed twofold symmetryfor all atoms and therefore the incident atom flux remains
The remarkable beam profile with maxima in the depositiorhomogeneously distributed. However, as soon as adatom
direction is interpreted as resulting from an isotropic radialstructures start to form, the redistribution of incident atom
distribution of elongatedadatom structures in contrast to flux becomes progressively more important. Surface rough-
square ones growing at normal incidence. The elongatedness causes a distortion in the attractive potential, and there-
adatom structures are oriented with their long sides perperfere atom trajectories are influenced by the local surface
dicular to the plane of incidence of the Co atom beam, i.e.morphology. The result is a redistribution of incident atom
parallel to the easy magnetization axis. The diffraction intenflux in such a way that atoms arrive preferentially on top of
sity of the two maxima in the diffraction ring clearly differ adatom structures. To substantiate this phenomenon we per-
from each other in Fig. 7. This asymmetry is not observedormed a number of atom trajectory calculations. In these
after deposition of 0.5 ML Co on Q00J) at an angle of 80°. calculations we adopted a Lennard-Jori&&,6) pairwise
The asymmetry in the plane of incidence reveals the evolupotentiaf® which has been found to describe the attractive
tion of a different facet orientation at the illuminated and forces between incident atoms and substrate atoms reason-
shadow side of adatom structures. The difference in facedbly well>* From the atom trajectory calculations we derived
orientation makes a straightforward quantification of the adathe inhomogeneous incident atom flux at the surface normal-
tom structure aspect ratio difficult. However, from the 1.05ized to the homogeneous atom flux far above the surface.
aspect ratio found after deposition of 0.5 ML Co/(Q01) Figure 8 shows the result for deposition at 80° on a surface
(fully two-dimensional systeinand the substantial increase with a monolayer high adatom structure on top. The atom
of the aspect ratio with film thicknegsipple structures are flux enhancement factor amounts about 1.6 at the front of the
measured after deposition of about 20 ML Co at 80°) theadatom structure and decreases to one going further down-
aspect ratio for 5 ML Co/C@01) grown at 80° is roughly stream. As should be the case for particle conservation rea-
estimated to be 1.3. sons, the enhancement of incident atom flux on top of the
The formation of elongated adatom structures during off-adatom structure is exactly compensated by an incident atom
normal growth is explained by a phenomenon we introducedlux reduction behind the adatom structure. Note that, in con-
recently: steering-enhanced roughenifil).Steering origi- trast to geometric shadowing, the incident atom flux behind
nates from long-range attractive forces between incident athe adatom structure is never zero due to the deflection of
oms and substrate atoms and leads to preferential arrival @toms toward the surface. A direct consequence of incident
atoms on top of adatom structures. Thermal Co atoms, amtom flux redistribution is a change in the adatom structure
proaching the surface at energies of about 0.15-0.20 e\growth rate. At off-normal angles of incidence less atoms are
experience a long-range several-eV-deep attractive well. Théeposited close to the shadow side of adatom structures. As a
attraction of incident atoms gives rise to substantial deflecresult, the growth rate of the shadow side of adatom struc-
tion of off-normal deposited atoms toward the surface. Ini-tures is reduced. The reduction of the adatom growth rate in
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the deposition direction is only compensated when all addiplane of incidence with even more elongated adatom struc-
tional atoms arriving on top of adatom structures contributeures as result. With increasing surface roughness, however,
to the growth of the illuminated and/or shadow side. A partthe shadow length increases and coalescence of adatom
of the additional atom flux, however, leaks away to the perstructures is reduced in the direction perpendicular to the
pendicular sides. Therefore, the in-plane adatom structurglane of incidence as well. Now, isolated and thus less elon-
growth rate is smaller in the deposition direction than in thegated adatom structures grow. Such a change from an elon-
perpendicular directiofthis is illustrated in the inset of Fig. 9ated to an isolated surface morphology with increasing
8). As a consequence, elongated adatom structures evol#¢Position angle has been observed in homoepitaxial growth
with the long sides perpendicular to the plane of incidence ofXPeriments on G001). For example, deposition of 40
the Co atom beam. ML Cu (=7 nm) at 80° with the substrate at 250 K results in
We have calculated numerous atom trajectories for differWell defined ripple structures, whereas deposition at 85° re-
ent surface morphologies. These calculations show that th@ults in isolated mound structures. From the considerations
amount of steering depends critically on two parameters: th8P0Vve it is expected that the critical angle decreases with
surface roughness and the deposition angle. With increasirljcreasing surface roughned#m thickness.
surface roughness the distortions in the attractive potential 1h€ micromagnetic origin of the uniaxial anisotropy may
become more pronounced. Therefore, the atom trajectoriediS€ from missing bonds at Co step ed@ésel-type anisot-
differ more from each other with a more inhomogeneougd©PY), Uniaxial strainfmagnetoelastic anisotropyand shape
incident atom flux as result: steering-enhanced roughening @ffects (shape or magnetostatic anisotrgpfor elongated
autocatalyzed. For normal-incidence deposition only a smafdatom structures the number of step edge atoms and thus
local enhancement of the incident atom flux close to stepnissing bonds is different in the two high symmetry direc-
edges is calculated. However, as the deposition angle ifions. The uniaxial magnetic anisotropy may therefore arise
creases the lateral range as well as the total amount of incffom this symmetry breaking. This is plausible since recent
dent atom flux on top of adatom structures increase, with £© growth experiments on stepped(001) have shown that
larger adatom structure aspect ratio as a result. This is if'® Stép-induced uniaxial anisotropy in this system arises
agreement with the SPA-LEED measurements. The mondfom the missing bonds at step edgésThe strain in elon-
tonic increase of the in-plane uniaxial magnetic anisotrop)ga}ted adatom structures, which originates from a 1.9% Iattlc;e
(see Fig. 4 is fully attributed to a steering-induced elonga- mismatch, may be relaxed an'lsotroplcally. Magnetoelastl'c
tion of adatom structures in the direction perpendicular to th&ffects may therefore also contribute to the uniaxial magnetic
plane of incidence. anisotropy*°® The magnetostatic contribution to the total an-
An in-plane uniaxial magnetic anisotropy has been 0bjsotrop.y will align the easy magnetization axis parallel to the
served after off-normal deposition of Co on (©Q1 ang sides of the elpngatgd adatom structures, i.e., perpen-
before®® Remarkably, though rectangular adatom structuredlicular to the deposition direction.
were suggested as a possible explanation for the uniaxial
anisotropy, the formation of these elongated structures and
thus the uniaxial magnetic anisotropy was not ascribed to
off-normal growth. In that study, the small miscut of the Cu  The MOKE and SPA-LEED measurements reveal that the
crystal (only 0.1°) was used to explain the possible forma-growth-induced uniaxial magnetic anisotropy is directly re-
tion of rectangular adatom structures. Obviously this is not ifated to the formation of elongated adatom structures during
agreement with our off-normal growth experiments and cal-off-normal deposition. A decreasing uniaxial magnetic an-
culations of the steering phenomenon: rectangular adatomsotropy can therefore be expected when the fourfold sym-
structures develop because of considerable steering effectsraetry of the surface is restored. To check this conjecture, we
off-normal deposition. performed annealing experiments on off-normal deposited
For relatively thick off-normal deposited Co films on Co films. Annealing activates adatom diffusion processes
glass substrate€l5—100 nm a critical deposition angle at which not only tend to smooth the Co film but reshape the
which the easy magnetization axis rotates by 90° has beemdatom structures to their energetically favorable square
found below and above this critical angle the easy magneform as well. The diffusion of step edge atoms around the
tization axis is perpendicular and parallel to the depositiorcorners of adatom structures and detachment/attachment pro-
direction, respectively. Such a rotation is not observed ircesses can for example reduce the aspect ratio of elongated
ultrathin Co films on C(001). In 5 ML thick Co films adatom structures. Figure 9 shows a selection of Kerr hys-
(=1 nm) the easy magnetization axis is always oriented perteresis curves measured during annealihg 4 ML thick Co
pendicular to the deposition directidsee Fig. 4 We at-  film which was deposited at an angle of 80° with respect to
tribute this different magnetic behavior to a phenomenon thathe surface normalsame film as in Fig. )1 The heating rate
gains importance with increasing film thickness/roughnesswas about 0.08 K/s in this experiment. Up to a film tempera-
shadowing As the surface roughens, the redistribution ofture of 300 K the measured shift fields and thus the in-
incident atom flux and thus shadowing become progressivelplane uniaxial magnetic anisotropy is nearly constant. In-
more important. As long as the shadow regions are smallreasing the temperature further, however, results in a
coalescence of adatom structures is reduced in the depositiononotonic decrease of the shift field. At these temperatures
direction only. In that case, rectangular adatom structurethe adatom diffusion processes responsible for surface
coalesce preferentially in the direction perpendicular to thesmoothing and adatom structure reshaping become active on

C. Annealing and Cu adsorption
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FIG. 9. In-plane hard axis hysteresis curvesdatl ML thick Co
film on Cu001), grown at an angle of 80° with respect to the
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FIG. 11. In-plane hard axis hysteresis curvedd®d ML thick Co
-100 -100 -125 film on Cu(001), grown at 300 K with an angle of 70° with respect
-300 0 300 -300 0 300 -300 300

to the surface normal. The magnetization curve was obtained at 175
K.

films on Cu001).3~° At elevated temperatures Cu segre-

surface normal. The magnetization curves were obtained during affates towards the film surface leaving behind deep square
nealing(heating rate: 0.08 Kjs

pits in the substrate. The driving force for the segregation of
Cu substrate atoms is the lower surface free energy of Cu

the experimental timescale. The square hysteresis curve megempared to that of Co dc,=1.9 Jnf and o,
sured at a film temperature of 450 K indicates that annealing= 2.7 J/nt ***). For Co films on C(001) interdiffusion has
the Co film to this temperature results in a negligible in-been found at annealing temperatures above 450 K. As a
plane uniaxial magnetic anisotropy. A square hysteresi§onsequence, interdiffusion cannot be excluded in the an-
curve is measured also when the sample is cooled from 478ealing experiment shown in Fig. 9 and Fig. 10. This is
back to 175 K. The transition is therefore irreversible: an-confirmed by annealing experiments on Co films grown on
nealing an off-normal deposited Co film destroys the growtrstepped C(001) substrate¥: although surface steps remain,
induced twofold surface morphology. As a consequence, tha strong reduction df, is observed above 350 K for 2.5 ML
in-plane uniaxial magnetic anisotropy, which is directly con-thick Co films. This reduction is most probably due to a
nected with the surface morphology, disappears. This is alsgecrease of the number of missing bonds at Co step edges
illustrated in Fig. 10, which shows the uniaxial anisotropycaused by the segregation and subsequent attachment of Cu
constantK, as a function of film temperature.
In addition to surface smoothing and reshaping of adatom From the annealing experiments it can be expected that
structures, interdiffusion also occurs during annealing of Cdhe uniaxial magnetic anisotropy will be smaller after off-
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normal Co growth at elevated temperatures. Furthermore, it
can be expected that a Cu cap layer affects the magnetic
behavior of off-normal deposited Co films. A number of
growth experiments were performed to check these conjec-
tures. The first conclusion that can be drawn from these ex-
periments is that the growth-induced uniaxial magnetic an-
isotropy decreases with increasing growth temperature
indeed. Figure 11 shows a hysteresis curve acquired after
off-normal deposition of 5 ML Co at 70° with the substrate
at 300 K. The shift field in this hard axis magnetization curve
is considerably smaller than that measured after off-normal
growth with the same deposition angle but with the substrate
at 250 K(see Fig. 3 The uniaxial anisotropy constaKy, is
2.5x10° erg/ent and 0.3< 10° erg/cn? after growth at 250
and 300 K, respectively, i.elK, decreases by about a factor
8. Two effects account for this. First of all, the adatom struc-
ture size increases exponentially with increasing growth tem-

perature. For large adatom structures #werageenhance-
ment of the incident atom flux on top of the structu(Bigx
enhancement per surface grésmsmall compared to that on

FIG. 10. Uniaxial magnetic anisotrogy, in a 4 ML thick Co
film, grown at 80° with the C{001) substrate at 250 K, as a func-
tion of annealing temperature.
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= 100{(a) 1004 (b) grown on stepped Gu 1 13 surfaces [Kystepy~4.0
® X 10° erg/cn? in Ref. 8. The aspect ratidAR) follows
= 504 50; from

2

‘S 04 04

B 1

D 50; 501 ZN(l_m P Ky @
2 100 -100. L2  dKy(step)

300 -150 0 150 300 -300 -150 O 150 300  whereN is the average length of the long side of adatom
H (Oe) H (Oe) structuresl is the average separation between adatom struc-
tures,D is the step-step separation on(Cu 13, andd is

FIG. 12.(a) In-plane hard axis hysteresis curve g5 ML thick  the number of exposed surface layers after off-normal depo-
Co film on CY001), grown at 250 K with an angle of 70° with sition. For N=25 atoms,L=30 atoms,D=6.5 atoms, and
respect to the surface normdb) In-plane hard axis hysteresis d=5 ML an aspect ratio of 1.26 is obtained. This is in rea-
curve for the same Co film acquired after normal-incidence growttrsonable agreement with a rough estimation from SPA-LEED
of 0.5 ML Cu at 250 K. Both magnetization curves were obtained atmeasurements.
175 K.
IV. CONCLUSIONS

top of smaller structures. The adatom structure growth rate in  The influence of the deposition angle on the magnetic
the deposition and perpendicular direction will therefore dif-anisotropy in ultrathin Co films on C001) was studied for
fer less at elevated growth temperatures with a smaller aspeghgles between 0° and 80°. Off-normal molecular beam ep-
ratio (less elongated shapas result. Second, due to an en- jtaxy along the[110] azimuth results in an in-plane uniaxial
hanced surface diffusion at higher growth temperatures thghagnetic anisotropy. For deposition angled0° the easy
adatom structure shape deviates less from the energeticalijagnetization axis is oriented perpendicular to the plane of
favorable square shape. In other words, surface diffusion reéincidence. The strength of the uniaxial magnetic anisotropy
duces the consequences of steering. increases monotonically upon rotation of the molecular beam
From experiments on stepped surfaces it is well knowrfrom normal to more grazing incidence. SPA-LEED mea-
that the adsorption of Cu atoms onto stepped Co films leadsurements reveal that the observed magnetic behavior in Co/
to a strong reduction of the step-induced anisotropyCu(001) is directly related to the formation of an uniaxial
strength®***"Such a strong reduction of the uniaxial mag- surface morphology during off-normal growth: elongated in-
netic anisotropy is measured after Cu adsorption on our offstead of square adatom structures evolve. The long sides of
normal deposited Co films as well. Figure 12 shows hysterthe elongated adatom structures are oriented perpendicular to
esis curves acquired before and after growth of 0.5 ML Cuthe plane of incidence and the structure aspect ratio increases
on a 5 ML thick off-normal deposited Co film. The Co film with increasing deposition angle. The influence of the depo-
was grown at 70° with the GQ01 substrate at 250 K, sition angle on the evolution of the surface morphology is
whereas the Cu was deposited at normal incidence and at thgtionalized in terms of steering. Steering is a direct conse-
same temperature. Obviously, Cu adsorption leads to a rejuence of long-range attractive forces between incident at-
duction of the uniaxial magnetic anisotropy. From the shiftoms and substrate atoms and leads to a redistribution of in-
field the anisotropy constant is determined to Kg=1.0  cident atom flux: the incident atoms arrive preferentially on
X 10° erg/cn? after Cu adsorption, which is about a factor top of adatom structures at the cost of flux reduction behind
2.5 smaller than the anisotropy constant for the uncoveregtructures. Due to this redistribution of incident atom flux the
Co film. No further decrease of the in-plane uniaxial mag-adatom structure growth rate is larger in the direction per-
netic anisotropy is measured for larger amounts of Cu depogendicular to the plane of incidence, with the result that elon-
its. The measurements in Fig. 12 seem to indicate that thgated structures evolve. While steering increases with the
micromagnetic origin of the uniaxial anisotropy in off- deposition angle, the measured increase of the aspect ratio is
normal deposited Co films arises mainly from missing bondsxplained naturally by this phenomenon as well. The surface
at the Co step edges. During Cu growth the number of missmorphology and thus the magnetic behavior of an ultrathin
ing bonds is reduced by the attachment of Cu atoms to C@o film are the result of an interplay between steering and
steps. When all the step edges are fully decorated by Cgurface diffusion processes. Therefore, growth at elevated
atoms, no further decrease Kf, can be expected. This is temperatures or post annealing reduces the adatom structure
obviously the case after normal-incidence growth of 0.5 MLaspect ratio and as a result the uniaxial magnetic anisotropy
Cu. drastically. The micromagnetic origin of the uniaxial mag-
The adatom structure aspect ratio can be estimated frommetic anisotropy in off-normal deposited Co films arises
comparison between the step-induced uniaxial anisotropy imainly from missing bonds at Co step edges. Steering-
off-normal deposited Co filmigK (o) =~ 1.5X 10° erg/cntat  induced uniaxial magnetic anisotropy should always be an-
70°] and the step-induced uniaxial anisotropy in Co filmsticipated in off-normal MBE growth of magnetic films.
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