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Influence of film morphology on perpendicular magnetic anisotropy
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Perpendicular magnetic anisotrofMA) appears in epitaxial films mainly due to the broken symmetry at
the interface. As a result, ultrathin magnetic layers tend to be perpendicularly magnetized. With increasing film
thickness, the shape anisotropy overcomes this interface contribution and forces the sample magnetization into
the surface plane. We show that previous experimental studies of the magnetic anisotropy energies in the
Co/Cu11l) system are affected by the large roughness of the Co films, resulting in underestimated values for
the Co-Cu interface anisotropy. By using a surfactdl to assist the growth of Co layers we are able to
prepare Co films and Cu/Co bilayers of homogeneous thickness and negligible roughness, and to determine a
more accurate value for the Co-Cu interface anisotropy. With the aid of a simple model calculation, we
demonstrate that roughness will substantially affect experimentally determined values of PMA.
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[. INTRODUCTION Ultrathin magnetic layers with perpendicular magnetiza-
tion are especially attractive candidates for high-density in-
The existence of magnetic anisotropy, i.e., of special diformation storage materials. With conventional longitudinal
rections(the “easy” and “hard” axe$ for the magnetization recording approaching its fundamental superparamagnetic
is one of the most important characteristics of magnetic malimit, perpendicularly magnetized media are receiving in-
terials. This phenomenon is caused by the spin-orbit interacsreased attention because of their potential to extend this
tion, which couples the individual magnetic moments in thelimit to significantly higher densities due to the use of a
solid to the crystal latticé From the point of view of appli- thicker recording layer. Besides, data retrieval by means of
cations, anisotropy is at the base of all relevant processes the magneto-optic Kerr effect is favored because the polar
ferromagnetic materials, such as the appearance of spontart€err rotation can be one order of magnitude larger than for
ous magnetization or its mechanisms of reversal. The totdbngitudinal geometry. The increased signal-to-noise ratio
anisotropy energy results from a combination of many dif-should allow the use of smaller bit sizes. Nevertheless, PMA
ferent aspects associated with the material structure, such &sonly found for a limited number of combinations of mag-
its shape, its crystalline phase, or the existence of elastigetic and nonmagnetic materidfsr instance, Co with either
strains? Pd, Pt, or Ci? and this for the fcq111) orientation, which
In thin films it is frequently assumed that the total mag-presents severe growth difficulti®dt is therefore necessary
netic anisotropy energy can be phenomenologically dividedo carefully study the anisotropy characteristics of these ma-
between a volume and a surface term. The latter was firderials, especially at room temperature, as a first step towards
introduced by Nel,® and confirmed experimentally by Grad- developing strategies to enhance the effects leading to the
mann and Mller.? It is due to the broken symmetry at the appearance of PMA. The interfacial contribution to the mag-
interface. In this way, the anisotropy energy is written asnetic anisotropy can be maximized by preparing multilayers;
follows: however, it is crucial to ensure the sharpness of the interfaces
and the accurate control of the thicknesses in those samples.

1

Keff: Kv‘f’nKs(?), (1)
Il. EXPERIMENT

wheret is the film thickness and the number of interfaces In this work, we have used the surface magneto-optic

(assumed to be identigaKy is the volume term, including Kerr effect (SMOKE) to study the magnetic properties of

contributions from shapeK(s,= —2wM3, with Mg the satu-  epitaxial Co films andCo/Cu bilayers grown on C{i11),

ration magnetization magnetocrystallineK,.), and mag- paying special attention to the morphological and structural

netoelastic K,o) anisotropies: aspects that influence the magnetic anisotropy in these
samples. Our experimental system has been described
Ky=Kept Kmet Kme. (2)  previously! The epitaxial layers are grown by molecular

beam epitaxy(MBE) on a single-crystal Qd11) substrate,
In this context,Kg/t is the difference in anisotropy energy either clean or precovered with 1 monolay@iL) of Pb
between an atom at the surfa@e interfacg and in the film  acting as surfactafitThe film thickness and surface ordering
volume. are controlled in real time during deposition by monitoring
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_—l |“£_ | 1] =0 I i i 1] FIG. 2. Uniaxial magnetic anisotropy for Co films of different

600 =300 O 300 600 600 -300 O 300 600 thicknesses, as determined from Kerr effect measurements. All

samples were grown at RT, witfsolid squaresor without (open
circles 1 ML Pb as surfactant. The solid line is a least-squares fit to
. . the former data using Eq1); the dashed line is the predicted be-
FIG. 1. Kerr effect measurements showing the evolution ofj\ayior for a Cu/Co/Cu bilayer structure; the diamond is the corre-
magnetic anisotropy as a function of Co thicknegs(shown inthe  gh5nding experimental data point, confirming the expectation. The

central columi Thinner films can be magnetized in both direc- jangie is calculated for a Co film grown without surfactant, based
tions; with increasing thickness the easy axis lies clearly within they, our structural studies of this system.

surface plane. All films have been grown using 1 ML of Pb as
surfactant.

Applied Magnetic Field (Gauss)

can therefore safely assume that the Kerr intensity measured

. . in those films corresponds to the atomic magnetic moment of
the specularly reflected intensity of a neutral He b&after bulk Co. P g

growth, the sample is transferred under ultrahigh vacuum to g0, Eq.(3) it follows that a positive anisotropy energy

an_auxmary chamber for the Kerr effect measurementsimp"es out-of-plane magnetization, whereas Kqy;;<0 the
which are always performed at room temperatiRe). easy axis lies within the film plane. Our results are plotted in
Fig. 2: the solid squares correspond to samples grown as-
sisted by 1 ML of Pb as surfactant, while the open circles are
for Co films prepared on the clean @4l substrate. All
depositions were performed at RT. We will first focus on
We have determined the perpendicular magnetic anisotanalyzing the surfactant-assisted films. Their anisotropy en-
ropy (PMA) in our Co films from sets of hysteresis curves ergy clearly follows a linear behavior with increasing Co
such as those depicted in Fig. 1, in the range of thicknessahickness. The straight line is a least-squares fit to the data
where it was possible to saturate the sample magnetization ising Eq.(1). The first two data pointéfor coverages of 1.5
both polar and longitudinal geometries with the magneticand 1.9 ML Co, respectivelyhave been omitted from the fit;

Ill. RESULTS

A. Co films grown with the aid of surfactant

Ketr=Msg 3

field available in our setup% 600 Oe). To do this we pro- they deviate from the expected behavior because for such
ceeded in the usual way, calculating and subtracting the enew thicknesses some patches of the Co film are only 1 ML
ergies needed to magnetize the film along both axes, startingick and have Curie temperaturegs) below RT/*° There-
from a demagnetized state: fore they do not contribute to the magnetic signal detected in
our experiment. From the fit we obtaiiky=—(0.74
I's Is +0.04) MJ/nt and Kg=(0.32-0.03) mJ/mM. During
j Hidl_J' H|d|} surfactant-assisted i -
0 0 growth, the Pb layer continuously segre
gates to the surface of the epitaxial layer. Thus, all these Co
Here,Mg is the saturation magnetization (1442 emuidor  films are covered by Pb. We assume that the Co/Pb interface
bulk Co at RT, H, andH, are the fields applied along the does not contribute to the magnetic anisotropy. We have
directions normal and parallel to the surface, respectivelytested the validity of this hypothesis by depositing 1 ML of
and|l g is the normalized saturation Kerr intensity. To obtain Pb on top of a 2.5-ML Co film grown on clean (1. At
correct values foK¢; it is necessary to know the relation- this coverage, the sample magnetization has just switched
ship between the Kerr intensity measured in our SMOKEfrom out-of-plane to in-plane. The addition of the Pb-Co
experiment and the actual sample magnetization. This is ofinterface produces no significant change in the anisotropy
ten difficult, but we have shown previou$lihat the satura- energy, thereby justifying our assumption. Hence, the value
tion Kerr signal of our Co films grown with surfactant in- of Kg must be attributed entirely to the Co-Cu interface.
creases linearly over an extended range of thicknesses. One Table | shows a comparison between our results for the
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TABLE I. Comparison of reported values for the different contributions to the magnetic anisotropy in
Co/Cu11l) and Cu/Co/C(L1]) systems.

teo [ML] tey [ML] Kg [mJ/n?] Ky [MJ/m®] Kmet Kme [MJ/m®] Ref.
{2-7} 4 (0.32+0.03 -(0.74+0.09 (0.53+0.04 This work
{2-15 11 0.10 -0.80 0.47 11
23 0.12 -0.80 0.47 11
{2-20 5 0.12 -0.86 0.41 12
{2-20 - 0.18 -0.64 0.63 13
- - 0.13 -0.90 0.37 14
{0-17 14 0.26 -0.60 - 15
0.4/0.5 0.0 - 15
5.5 - -0.51 1.34 - 16
55 - 0.37 -0.06 - 16
1 - 0.57 - - 17

different contributions to the magnetic anisotropy and thoseeadily checked against our own Kerr effect measurements.
obtained by other authot$7” Several points deserve being The results are shown in Fig. 3. They demonstrate that the
mentioned. First, the sum of the shapeK(= switching of the magnetization directior_l _doe_s indeed occur

—~1.27 MJ/nf) and bulk magnetocrystalline K. at the expected Co coverage. The transition is an abrupt one,

—0.53 MJIn?) (Ref. 18 anisotropies equals exactly our ex- and the anisotropy in this case is quite strong: for Co thick-

perimental value of the volume tert6, . This indicates that N€SSes up to 3.5 ML, the strongest field available in our

the_ magnetoglastic term does not make a signjficant cpntrfﬁ(giﬂwaeget '?N ?]ﬁ;e:tof?\;‘Lt?hgae%r;e“;;;hii 232;(;6 ri’lf_rﬁgenlgo
bution in this case, in good agreement with previous ' y y '

iond3 This is i . with a low saturation field.
suggesthn - This is important for the anaIyS|s_ of our data, The excellent agreement between this experiment and the
because in gener#l,,. can also depend on the film thickness

; o ) corresponding prediction lends additional support to several
through lattice mlsflt'rela}xatloﬁ’. , of our previous assertions. First, it confirms that the Pb over-
Still more interesting is the fact that the Co-Cu interface|ayer directly in contact with the Co film had negligible in-
anisotropy coming out of our experiments is significantly fjyence on the PMA. And second, it implies that the second
larger than almost all others reported befdré’obtained by co-Cu interface is totally equivalent to the first one, both
the same “area method.” The only possible excepffamill  magnetically as well as morphologically. Since the first one
be discussed later. Our experimental result would thus be thgas obtained growing Co on the substrate surface, carefully
closest approximation to the theoretical predictioncleaned and ordered, this result provides a striking albeit
(0.57 mJ/mM).Y" This is in all likelihood due to the great indirect demonstration of the capabilities of surfactant-
improvement in the structural quality of our samples,assisted growth.

achieved thanks to the use of the surfactant layer. Systematic

studies using scanning tunneling microscof§TM) and , |i_]
low-energy electron diffractiofLEED) have shown that Co GorThiskRess ML)
grows on clean GW11) in a multilayer fashion, forming S AR L LR
pyramids with a large number of exposed atomic le¢@&f. — |E 130 _£3' ______ ]
The large roughness on such samples reduces the influence £ [ ] B ]
of the interface anisotropy because the islands actually have 5 [ 1 35 - _L_} ——————— -
heights much larger than the nominal film thickness. It has g C T ] C 1 ]
been argued that roughness could also reduce the shape an-3 [ 1 140 R B
isotropy by introducing in-plane demagnetizing fiefds. % ] - ]
However, it seems that at least in this case this effect is £ | 1 a5 /
negligible. Our own Co films grown without surfactdopen = L 1 Tk i ]
circles, Fig. 2 also show a reduced PMA, similar to the g I FT ] C i ]
findings by the other authors cited before and consistent with 1 5.0 F :
the above discussion. r J ] - ]
Accepting that our value fdf s represents the best experi- St en b B0 BB o0 =0 0 B00 00

mental approximation to the ideal one, it is easy to calculate
the effect that adding a second Co-Cu interféag in a Cu/
Co/Cu bilayey will have on the anisotropy energy. This is
represented by the dash-dotted line in Fig. 2, and it predicts FIG. 3. Transition from out-of-plane to in-plane magnetization
that the transition from perpendicular to parallel magnetizaas a function of increasing Co thickness, for Cu/Cd/ta) bilayer
tion should take place dt,=4 ML. This forecast can be structures.

Applied Magnetic Field (Gauss)
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L is the base size.

Co coverage (ML)

thickness, grown without surfactant. Then, by applying Eq.
(1), one can estimate the anisotropy enekgy; that should

be expected for such rough films. We have done so, and the
result of this calculation for the 2.0-ML film is shown with a
triangle in Fig. 2. Although the calculated value shows the
right trend, it still falls short of the experimental value,
which reveals a stronger in-plane anisotropy. We believe that
n additional contribution might result from dipolar interac-
ons between the islands in the films grown without surfac-

FIG. 4. Evolution of atomic layer fillings during growth of Co
on Cu111) at room temperaturga) without surfactant(b) with 1
ML Pb.

B. Co films grown without surfactant

We now turn to analyze the data shown in Fig. 2 for Co
films grown without surfactant. Unfortunately, we were not
able to obtain more data points; the maximum magnetic field.
applicable with our setup was not strong enough to measu y ;
polar hysteresis cycles for Co films of equivalent thicknesg@nt: analogous to the so-called “orange peel efféct. _
higher than 2 ML. To understand these resullts it is necessary e have performed a simple calculation in order to esti-
to have detailed knowledge of the sample morphology. Wén_ate the magnltude that this interaction can hf'ive in samples
have performed a thorough structural characterization of thi¥/ith typical morphology, ~ as  determined from
system, employing a variety of experimental techniqueXperiments>?For simplicity, we have considered pyrami-
which include surface x-ray diffractiofSXRD) and thermal ~dal Co islands with square bases of sizex(L). The calcu-
energy atom scatteringfEAS).?® In these experiments, we lation is done for an equivalent Co thickness of 2 Mis in
monitor continuously the evolution of the intensity diffracted the experiment of Fig. )2 taking the level occupations from
by the sample surface, in real time during deposition. AnaFig. 4a). The islands are discretized in small cubes of side
lyzing those data with the aid of a kinetic growth model situated at positions given by the coordinates,k). All of
developed by Usand kinematic diffraction theory allows us them have saturation magnetization of modMg pointing

to determine the gradual filling of atomic levels as growthalong directions determined by the unit vectdng,j,k. The

These graphs completely specify the film morphology at anynteractions between the cubes forming them:

Co-Cu interface, followed by statistical filling of upper

quasi-layer-by-layer growth from the second monolayer on, pare F = Fi’j’k’_Fijkv r=|F| and the subindicesi k),

; . spectively. The results of this calculation for in-plane mag-

constant for a wide range of thicknesses. P y b g
IV. DISCUSSION . L .

This graph demonstrates that the magnetostatic interaction

proceeds. Our results for Co films prepared without and withmagnetostatic energy between two islands)] is evaluated
surfactant are presented in Figsa/and 4b), respectively.  as a function of their separation by taking the sum of all the
stage during growth. Clear differences can be seen between
them: without surfactant, bilayer islands are formed at the . Mo 3(F-Morins).
UU,U:MéEK mijk‘z (_ |]3k 4 ( 5I]k)r ’
atomic levels, corresponding to growth with negligible inter- bl ik r
layer diffusion. With surfactant, on the contrary, we find (4)
with a self-replicating front. This ensures that any inflqence(i,,j ' k') describe positions within the islandsand v, re-
of the sample topology on its magnetic properties will be
netized Co islands of two typical sizé$00 and 150 A are
plotted in Fig. 5.
From Fig. 4a) one can directly obtain the fractional oc- has the same order of magnitude as the measured anisotro-
cupation of each atomic level for Co films of any equivalentpies. This means that the effect of roughness must be taken
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into account when evaluating the experimental data. In outhis system. Upon lowering the sample temperature, the thin-
case, the difference between the experimental energy for ourer areas will gradually descend below their Curie tempera-
2-ML Co film grown without surfactantopen circle in Fig. tures downwards and become ferromagnetic, thereby provid-
2) and the calculated onériangle) amounts to 40xJ/n?. In ing additional and stronger dipolar interactions parallel to the
our model, this is the expected interaction energy betweenurface plane. This effect can account for the increased in-
in-plane magnetized islands of 100 A separated4800 A, plane anisotropy at low temperature observed in those
a typical terrace size for our crystdlPrevious reports have experiments®
already pointed out that the magnetocrystalline anisotropy

can be affected by the film’s morphology due to the existence

of atomic step? or interdiffusion®’ Our work demonstrates

that dipolar magnetostatic interactions can also have a deci- We have measured the PMA in ultrathin Co films and
sive influence on the magnetic properties of rough films.  Cu/Co bilayers epitaxially grown on €141), with and with-

The reduce g values reported in the literature can thus out the aid of a monolayer of Pb acting as surfactant. The
be explained by the existence of this unnoticed interaction; ippresence of the latter induces high-quality layer-by-layer
rough films, grown without surfactant, it will be operative as growth of Co films with very homogeneous thickness. From
soon as they become in-plane magnetized. Our model algbe analysis of our Kerr effect measurements we can deter-
provides an alternative explanation for the results of Farlamine the different contributions to the films’ magnetic anisot-
et al!® These authors found a temperature dependence of thepy. Our values for the volume terms are similar to those
anisotropy of their Co films grown on Cl141) without sur-  reported by other authors and coincident with the expecta-
factant. They suggest that this behavior is of thermodynamitions; for the Co-Cu interface, on the contrary, we obtain a
origin, and point out that measurements of anisotropy shoulthrger anisotropy than other experimental values published to
therefore be performed at constant reduced temperature date. We have also demonstrated that those results were
=T/T.;. strongly affected by the films’ roughness. Our work shows

In our opinion, though, such a temperature dependencthat the dipolar magnetostatic interactions between regions
might rather be related to the film roughness. The Curie temef inhomogeneous thickness can have a profound influence
perature of ultrathin ferromagnetic films is known to dependon the sample’s magnetic anisotropy. This effect has been
on their thicknes®?° For Co/C{111) most of the evolution minimized in our experiments, and therefore our value
towards bulkT . takes place between 1 and 6 MfHaving  should be a reliable approximation to the ideal case.
been grown without surfactant, the Co films studied by Farle
et al. must contain islands with a wide range of thicknesses,
as demonstrated by Fig.(&. Co islands with different
heights will also have diversg:’s, which by the way would This work has been financed by the CICyT through
preclude the definition of a single reduced temperature foProject No. MAT98-0965-C04-02.
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