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Correlation between structure and magnetic anisotropies of Co on C{110
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Magnetic anisotropies of molecular-beam-epitaxy-grown fc€1€9 films on Cy110 single-crystal sub-
strates have been determined by using Brillouin light scattering and have been correlated with the structural
properties determined by low-energy electron diffraction and scanning tunneling micro&&®ply. Three
regimes of film growth and associated anisotropy behavior are identified: coherent growth in the Co film
thickness regime of up to 13 A, in-plane anisotropic strain relaxation between 13 and about 50 A and in-plane
isotropic strain relaxation above 50 A. The structural origin of the transition between anisotropic and isotropic
strain relaxation was studied using STM. In the regime of anisotropic strain relaxation long Co stripes with a
preferentia[lTO]-orientation are observed, which in the isotropic strain relaxation regime are interrupted in the
perpendicular in-plane direction to form isotropic islands. In the Co film thickness regime below 50 A an
unexpected suppression of the magnetocrystalline anisotropy contribution is observed. Symmetry reflections
based on a crystal-field formalism and discussed within the context of band theory, which explicitly takes
tetragonal misfit strains into account, reproduce the experimentally observed anomalies despite the fact that the
thick Co films are quite roughS0163-182608)03810-1

[. INTRODUCTION to dislocation formation. The development of magnetic bulk
anisotropies is highlighted by the sudden onset of the mag-
Magnetic anisotropies in a thin ferromagnetic film are sig-netocrystalline anisotropy to its full bulk value near a Co
nificantly modified compared to those in the respective bulkiilm thickness of 50 A. All salient properties of the thickness
material. This is due to changes of the structural symmetry imlependence of the magnetic anisotropies are discussed
the film caused by misfit strains as well as due to the occurwithin symmetry reflections based on the crystal-field for-
rence of surface anisotropy contributions. The large fractiormalism which explicitly takes tetragonal misfit strains into
of atoms located at surface or interface sites are in a reducedecount. With decreasing film thickness we obtain a trans-
symmetry atomic environment generating lower-order anformation of cubic anisotropy into in-plane and out-of-plane
isotropy contributions of the N type' at each of these sites. uniaxial contributions with increasing uniaxial distortion of
It is therefore not surprising that large interface anisotropieshe unit cell caused by increasing misfit strain.
are found, which exceed the magnetocrystalline bulk anisot- Magnetic anisotropies in epitaxial fcc Co films have pre-
ropy, which is the leading anisotropy contribution existing inviously been studied for th€¢001), (1 1 13, and (111
an infinite 3 transition-metal medium, by several orders of orientations:~*° Although for Cd001) films all contributing
magnitude. In performing the transition from a bulk mediumanisotropies were quantitatively determined, an identification
to a thin film, it is therefore of great interest to follow the in terms of magnetoelastic or magnetocrystalline contribu-
magnetocrystalline anisotropy and to investigate its transitions could not be performed due to the higher-order nature
tion into thin-film anisotropies. Presumably due to its weakof the observed anisotropiésFor Co (1 1 13 films the
contribution in thin films in the presence of large lower-orderuniaxial in-plane anisotropy was identified as being of mag-
film anisotropies the magnetocrystalline bulk anisotropy hasietoelastic origin due to the elastic strain fields caused by the
not been investigated so far in this regife. substrate-film lattice mismatcfi. The observed perpendicu-
The aim of this paper is to investigate the thickness delar anisotropy contributions could not be further identified
pendence of all contributing magnetic anisotropies inboth in the C@001) and the C¢l 1 13 systems. In particu-
fcc(110-oriented epitaxial Co films with respect to their ori- lar, in both systems no identification of any magnetocrystal-
gin and symmetry. A clear evolution of the strain depen-line bulk anisotropy contribution could be made.
dence of all magnetic anisotropy contributions is found in the To separate the magnetoelastic, the magnetocrystalline,
regimes of pseudomorphic growth and lattice relaxation du@nd the Nel-type interface anisotropy contributions a con-
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figuration must be chosen, in which these anisotropy contri-
butions appear with characteristically different symmetries

and film thickness dependences. This is best achieved in the 12/§ ot -

case of thg110) orientation. In this case the magnetoelastic 20 A ‘I—I_‘_ Cug;Nisg optional
anisotropy and the N@-type anisotropy are of twofold sym- 8-150 A “

metry whereas the magnetocrystalline anisotropy has both

twofold and fourfold symmetry contributiori$001)-fourfold 60 A

symmetry rotated into th€l10) reference framg The easy

axes of the magnetocrystalline anisotropy are thél) Cu(110) single crystal

axes>*'four of which are contained in th@10) surface. A

symmetry analysis of the free-energy density permits a sepa- |
ration of all these anisotropy contributions. In additioneNe 12 mm
interface a,nd magnetpelaStiC aniSOt,mpi,eS can be separated 857G, 1. Schematic sketch of the samples. To test the strain de-
foIIows:' Neel-type an'lsot'ropy contributions, copyerted into pendence one series of samples is prepared witpNTi buffer
bulk anisotropy contributiort8 show a characteristic depen- layers reducing the lattice mismatch from -2% to -1%.
dence on the inverse film thickness, independent of the
growth mode of the film. Chappert and Brdfihhave pro-  crystal substrates were prepared by Asputtering and an-
posed that lattice misfit strains may contribute via magnetonealing cycles. Auger electron spectroscopy was used to
elastic interaction to the volume anisotropy in coherent struccheck the cleanliness of the substrates and the films. The Co
tures, i.e., in the pseudomorphic growth regime, and to thgayers were prepared by withdrawing an eclipsing shutter
thickness-dependent anisotropy terms in incoherent structuring deposition, thus creating a wedge-shaped layer with a
tures, since for the latter the strain relaxation is thicknessvell-defined slope for the thin-film thickness range 0—40 A.
dependent. From a combined study of coherent and incohefor larger film thicknesses of up to 150 A staircase-shaped
ent growth regimes the respective magnetoelastic arel-Ne layers(Fig. 1) were prepared. In this way the same growth
type anisotropy contributions can be separated. conditions are achieved in a wide range of film thicknesses

For symmetry reasons both the lowest-order in-plane infor the samples.
terface and the magnetoelastic anisotropy contribution have Structural studies of the substrate and of the films of dif-
either the/001] or the[110] axis as the symmetry axis in the ferent thicknesses were performed by low-energy electron
film plane. On the other hand, for thick fcc Co films the diffraction (LEED) and scanning tunneling microscopy
(112) axes are the easy axes of the magnetocrystalliné€STM). From LEED-(V) measurements a tetragonally dis-
anisotropy>**’ All these axes are contained in tf@10)  torted fcc crystal structure is inferred for the investigated
surface. Therefore an analysis of the spin-wave frequencthickness regime. To obtain symmetrical Co/Cu interfaces
measured as a function of the in-plane direction of the exterthe Co layers were covered with a 12 A thick Cu cover layer.
nal field yields information about all relevant anisotropies. ItFinally, a 25 A thick protective Au layer was deposit@wt
should be noted here that it has been shown thaf)-  shown in Fig. 1. To study the dependence of the anisotro-
oriented Co layers in the fcc structuiiestead of hcpcan be  pies on the misfit induced strain a series of samples was
grown with thicknesses exceeding 100G°A. prepared with CgbNisg buffer layers(see Fig. 1 to reduce

To separate the different magnetic anisotropy contributhe lattice mismatch from -2% to -1% and therefore the in-
tions in terms of magnetoelastic, magnetocrystalline, angblane strain in the films.
Neel-type anisotropy contributions it is essential to know as Brillouin light-scattering measurements were performed
much as possible about the structural properties of the thiin backscattering geometry at room temperature using a
Co films and how they change their morphology with in- computer controlled3+3)-pass tandem Fabry-Perot inter-
creasing thickness. This knowledge leads to a correlation bderometer with spectral ranges chosen between 30 and 100
tween magnetic anisotropy behavior and the growth of thé5Hz as described elsewhe¥eThe incident laser light514.5
film, i.e., pseudomorphism and strain relaxation due to dishm Ar*-line) was focused onto the sample with an angle of
location formation. Therefore detailed studies of scanningncidence of 45° and a power of 100—200 mW. An external
tunneling microscopy(STM) and low-energy electron dif- field of 0.5-10 kOe was applied parallel to the film plane
fraction (LEED) have been used to check the film morphol-and perpendicular to the scattering plane. In order to sup-
ogy and structure, respectively. The aim of this paper is tgress signals from surface phonons the backscattered light
show the evolution of the structural properties with increaswas detected by a photomultiplier in the depolarized con-
ing film thickness and the resulting magnetic anisotropy befiguration.
havior. To determine the anisotropy constants we consider a film

coordinate system oriented such that ¥heandX , axes are

parallel to the film plane along tHe01] and[110] direction
with the X ; axis normal to the film planex ./, X, andX s

The samples used in the present study were moleculaare the unit vectors in the corresponding coordinate system
beam-epitaxy-grown in ultrahigh vacuum at a base pressureriented along the principal crystallographic axes. We de-
lower than 10° mbar with deposition rates of 0.3 A/s for scribe the properties of the magnetic anisotropiesipys-
Co and 0.2 A/s for Cu, controlled by quartz crystal thicknesssuming cubic symmetry of the film, represented by a cubic
monitors. The error in determining the absolute layer thick-magnetocrystalline anisotropy constant of fourth ordey,
nesses is estimated to be less than 5%. Th@ T single- (i) describing the misfit induced tetragonal distortions from

Il. EXPERIMENTAL
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Crystallographic directions:

[170]

[001]

FIG. 2. LEED pattern ofa) a CU{110) single crystal andb) for a deposited Co layer of 3—4 A;) 20 A, (d,@ 30 A, and(f) 130 A. The
electron beam energy was chosen to be 148 eV exce@ 110 e\).

cubic symmetry by two additional uniaxial anisotropy con- w2 1 PF.. 2A
tributions of second ordeé€;, piane aNAK o.of piane Which are v =+ Heog @ — op) + M—q2+47rMSf
further composed of thickness-independent and -dependent \ ¥ s d0 s

terms, Kin-plane: - Kp+ (Z/d) kp and Kout-of-plane
=K+ (2/d) kg, with d the film thickness. The magnetoelas- %
tic anisotropy depends Oj,.piane aNd Koytof.plane Whereas

Neel-type anisotropies only entde,. With a the direction oA

unit vector of the magnetization with components, «, , en 2 ; _

and «, expressed in the film coordinate systemagy, a;,, - qu +27-rMqu||dsm2(<p goq))’ @
and «,, expressed in the crystallographic reference frame,

the free anisotropy energy is then expressed as with spin-wave frequency, gyromagnetic ratioy, satura-
tion magnetizatiorM 4, applied magnetic fieléH, exchange
constantA, spin-wave vectorg=(qj,q,), demagnetizing

2
d I:ani

1
— +Hcog ¢o— @)
Mg (?qoz .

1
1— Equ

_ 2 2 2 2 2 2 . . -
Fani=Ki(ay o, +ay, a7, + oy, a), factor f, film thicknessd, and anglesp, ¢, ¢4 andé as in
LK. 2K o2 0 Fig. 5a). Detail_s of the underlying the_ory, which is use_d in a
in-planetx M out-of-plané*z - least-squares fit of the measured spin-wave frequencies with

the anisotropy constants as free parameters, are described
It is observed that the shape anisotropy causes the magneg@isewheré:?>#*
zation to lie in the film plane for the investigated Co thick-
ness rang€8—150 A). Therefore we can set, = 0 to es- . STRUCTURE
tablish the static in-plane equilibrium direction. '

We determined all anisotropy constants contained in Eq. We now discuss the structural properties of the fcc
(1) by use of Brillouin light scattering from thermally excited Co(110 films relevant for the interpretation of the magnetic
dipolar spin waves propagating along the film planeanisotropies in the next section. Figur@?2shows a LEED
(Damon-Eshbach modg$®1%323Due to the precession of pattern of a well prepared €110 single crystal at an elec-
the magnetic moments, forming the spin wave, the torquetron beam energy of 148 eV. The sharpness and brightness of
acting on the magnetization, i.e., the two anisotropy fieldthe LEED reflections indicate a well ordered and smooth
components perpendicular to the mean direction of magnetisurface. After deposition of 3—4 A d#ig. 2(b)] the LEED
zation, are probed. The spin-wave frequencies are furthguattern has changed greatly. The reflections are very broad
sensitive to the magnitudes and directions of the magnetizaand diffuse. This is indicative of the formation of islands at
tion and of the spin-wave wave vector as well as to the filmthis nominal thickness of 2 monolaye(sIL). Figure 3a)
thickness. Explicitly shows the corresponding STM imageao3 A thick Co film
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FIG. 3. STM images for a deposited Co film thicknesgaf3
A, (b) 20 A, (c) 30 A, and(d) 130 A on a C(i110 single-crystal - . . , ~
substrate. ' ' ' ' ' '

60 -40 -20 0 20 40 60

. . Frequency shift (GHz)
on a Cyl110 single crystal. Monoatomic steps of the

Cu(110 single crystal along th€001] direction are clearly FIG. 4. Spin-wave spectra for a 20 A thick Co film as a function
seen. The deposited Co atoms diffuse to the step edges asghthe in-plane angle, between the direction of the applied mag-
create 2—3 ML high stripe-shaped islands oriented parallel taetic field of 3 kOe and thg001] direction[see sketch in Fig.(3)].
the[110] direction. The broad LEED reflections in Figlt ~ The experimental parameters are laser pevl0 mW, free spec-

are due to the large surface roughness in this thickness ré&al range(FSR=60 GHz, 200 channels per FSR, dwell time per
gime. With further deposition of up to 20 A d&ig. 2c)] ~ channel and scanl ms, 2000 scans per spectrum.

the LEED reflections resharpen, but we observe a streaking

of the LEED reflections along tH@01] direction. This result  The layer is now rough, but nearly isotropic in-plane which
indicates that the lattice periodicity along #ieL0] direction 1S &/S0 well reproduced by the STM imagésg. 3(d)]. The
(small width of the reflectionsis the same as in the sub- Surface roughness is very large with an exposed surface of
strate, but along thg001] direction (large width of the re- about 1p ML. The island shape in this thickness regime is
flectiong an additional structural order with a broad distri- Squarelike. Therefore we expect a nearly fourfold symmetri-
bution (no well defined periodicitytakes place due to island €2l behavior of the corresponding shape- and magnetoelastic
formation. These LEED patterns can be explained in term&nisotropy contributions. _ _

of an anisotropic surface diffusion of the deposited atoms | N€ epitaxial growth of the Co/Qu10 system is quali-
resulting in anisotropic island shapes. This hypothesis is cor@tively not as well defined as compared to the 9“3“}3”')
roborated by the STM image of a 20 A thick Co filffig. systent,** but better than for th¢111) orientation2’%In
3(b)]. Strongly stripe-shaped islands with a uniform heightconclusion a small regime of pseudomorphic growth for Co
are observed. Parallel to the stripe shaped islépasallel to film thicknesses below 14 A is followed by an intermediate

the [110] direction the lattice periodicities of the Co film thickness regime dominated by strongly striped island shapes

and the Cu substrate are the same, but perpendicular to trEsesultlng in an anisotropically relaxed strain within the film

stripe shaped islandparallel to the[001] direction an ad- S%T'ir\:\tlgl(;h ;:I:Jrf(l; r??learnl;ollgorvovv\e,?hbgn% gg:g;?;_gﬁg;ggr}sﬁ]aeﬁés
ditional periodicity arises due to the regular island separag .+, in-plane isotropic strain

tions resulting in a broadening of the LEED reflections along '
this direction. On further increasing the Co film thickness to
30 A [Fig. 2(d)] we find a broadening of the LEED reflec- IV. MAGNETIC ANISOTROPIES

tions along thg 110] direction as well. This means that an

o, oo . ) To investigate the different anisotropy contributions of
additional distribution of islands occurs in that crystallo- d Py

the fcc Cq110 films we have performed Brillouin light-

; Lo o Oscat'[ering(BLS) measurements. The spin-wave frequencies
110 eV [(Fig. 2e)] we observe a distinct splitting of the 5.0 measured as a function of the crystallographic in-plane
LEED spots along110]. The Co films exhibit an additional, direction in an applied field of 3 kOe, which is high enough
induced periodic island arrangement of narrow periodicityto saturate the magnetization in the hard in-plane magnetiza-
distribution along th¢110] direction. In the STM image for tion direction. The anisotropy constants are determined by
a 30 A thick Co film[Fig. 3(c)] we find in addition to the fitting the spin-wave frequencies to E@) with the anisot-
stripe-shaped islands a regular monoatomic step array wittopy constants contained in Ed) as free fitting parameters.
the step edges parallel to th@01] direction. Since the ter- Figure 4 shows a set of four typical BLS spectra for a Co
race widths in this direction are very regular we find a split-film thickness of 20 A as a function of the in-plane angle
ting of the corresponding LEED reflections in FigeR With ¢y, between the direction of the external magnetic field with
further increasing the Co film thickness to 130 ®ig. 2(f)]  respect to th¢001] direction. In the center of each spectrum
we obtain very broad but nearly isotropic LEED reflections.the dominating peak of elastically scattered light is seen. At
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] ) Koutot-plane @nd(b) effective in-plane anisotropy constakiy, pane,
FIG. 5. (a) Experimental geometrytb) Measured spin wave jiiplied with the Co film thicknessl as a function ofd. (c)

frequencies of 20-100 A thick Co films on a@a0 single crystal  magnetocrystalline anisotropy constat as a function ofd. The

covered by a 12 A thick Cu overlayer as a function of the in-planegashed lines are guide lines to the eye. The three different symbols
anglepy of the applied filed with respect to ti@01] direction at  yenote three different samples.

an applied field of 3 kOe. The in-plane crystallographic directions

are indicated by dashed lines. For clarity the spin-wave frequenciesonstantsK,.pjane: Kout-of-plane@nd the cubic bulk magneto-
of each series are shiftdthaximum variation: 30.0-38.6 GHz for crystalline anisotropy constait,, yields as a function of
dc, = 20 A; 20.0-25.1 Ghz fodc,=100 A). film thickness the data displayed in Fig. 6.

. Figure Ga) shows the effective out-of-plane anisotropy
a frequency shift between 30 and 40 GHz the DamonCOHStantaKout—of—planer multiplied by the Co film thicknesd

Eshbach spin wad&is clearly observed. Fop,;=0° ((001]  as a function ofd. Such a plot yields the bulk anisotropy
direction and ¢ =90° ([110] direction we find the highest contributions as slopes and the interface anisotropy contribu-
and lowest spin-wave frequency values, respectively, inditions as the(extrapolatell intercepts with the ordinate. At
cating the easy and hard magnetization direction. By fittindeast two different thickness regimes can be identified. In the
the position of the spin-wave frequencies and plotting thenthickness regime between 13 and 50 A we find a positive
as a function of the in-plane anglg, for different Co film  slope inKo.piane d, indicating a large thickness-dependent
thicknesses we obtain the data displayed in Fig. 5. magnetoelastic anisotropy contribution due to progressive
For dc,=20 A the spin-wave frequencies display a two- strain relaxation. The mechanism of this anisotropy behavior
fold behavior as a function ap,, . The maxima of the spin- is the anisotropic strain relaxation observed in the LEED and
wave frequencies, indicating the easy magnetization direcSTM data(see Figs. 2 and)3 For dc,> 50 A we find a
tions, are found atp; = 0°, 180° and 360%along (001 reduction in slope which we interpret as the onset of the
directiong clearly exhibiting a twofold in-plane symmetry complete elastic and isotropic relaxation of the film as ex-
with the easy axis of magnetization along @01 axes. pected for larger thicknesses. In this regime we find that the
With increasing film thickness the pattern changes drastianisotropy remains constant and nonzef€g( o-piane d
cally. In the thickness regime between 40 and 60 A thescales withd). This finding points to a morphology-induced
maxima of the spin wave frequencies and therefore the easgnisotropy contribution caused by, e.g., residual strains or a
magnetization direction switch from th@®01) axes toward three-dimensional dislocation network which might persist to
the(111) axes. Fordc,=100 A the maxima of the spin-wave very large film thicknesses, or to a reduced demagnetization
frequencies found at the in-pla#l1l) axes are a clear sig- factor caused by the onset of columnar growth in this thick-
nature for the presence of a dominating magnetocrystallineess regimgsee Fig. &)].
anisotropy(pseudo-fourfold symmetjy A detailed analysis, The structural information is paralleled by the observed
performed by fitting simultaneously the uniaxial anisotropyeffective in-plane anisotropy constarit;,_pjane d, Which is
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displayed as a function af in Fig. 6(b). Assuming a mag- 0.2 L ' T
netoelastic origin of the in-plane anisotropin pjane d is 00 o

proportional to the in-plane strain. The maximum absolute - ’ ©*® ;‘&\ *

values of this anisotropy contribution are observed in the £ g, ° dal.ﬁ;b :ggﬁg:/g’u 110
thickness regime between 50 and 70 A. From the structural ? °

analysis we conclude that the elastic anisotropy in the in- & -04r "o ]
plane strain has a maximum in this thickness regime as i_ i L e |
caused by the maximum anisotropy in the stripe shape of the ' “\Q\U_O_o_@
Co islands[see Figs. ®) and 3c)]. The two different 08f . * . _
staircase-type samples show a slightly different behavior for eeTeTTTe T
thicknesses larger than 50 fFig. 6(b)]. Although both )

. . 0 20 40 60 80 100 120 140 160
samples were prepared using the same recipe, the actual

amount of strain relaxation seems to be very sensitive to

minute deta?ls of the grQWth process. ) FIG. 7. Magnetocrystalline anisotropy const&ntas a function
In the thickness regime below 13 A, the intercept forof the Co film thickness for Co films with &) and without

d=0 has a value of &= (—1.8=0.4) erg/cn?. Since there  Cu,Nis, buffer layer ©).
are two Co/Cu interfaces this corresponds to aINieterface

anisotropy of (-0.9£0.2) erg/c_n? favoring in-plane mag- |arger thicknessegFig. 7): We find 50 A for Co films on
netization. This confirms the orientational dependence of th@u(llO), whereas we find the onset at about 100 A for Co
interface anisotropy, which was reported to be (&:0504)  films on the CuNi buffer layer. A doubling of the critical
erg/cn? for the (001 orientatio?*? and (0.12-0.05) thickness for reducing the strain by a factor of 2 is in good
erg/cn? for the (111) orientation***°~32We may associate agreement with the usual model of the strain relaxation
the magnetoelastic anisotropy contributiif® with Kg by process® We conclude that the misfit strain also enters the
the difference in the slopes between the regimes of pseudoragnetocrystalline anisotropy.
morphic growth ic,<13 A) and anisotropic strain relax- An important consequence is that the different anisotropy
ation due to misfit formatiorf13 A <d.,< 50 A). In the  energy contributions are not independent from each other as
latter regime the obtained value f2°=(2.2+0.3)x 10’ presumed in Eq(l). Since the microscopic origin of all con-
erglcn? is in close agreement with the value of tributing anisotropy terms is the electronic band structure
KTe=1.7x 10’ erg/cn? calculated using bulk magnetostric- and explicitly the spin-orbit coupling, one should also not
tion constant$® Equivalently, we can identify the difference €XPect this. As a consequence whenever the above described
in intercept of the extrapolated linear fits of coherentmodel is applied one has to think about its validity. Our
[2ks=(—1.8+0.4) erg/cnf] and (partially) incoherent expe_rlments _shoyv clear evidence for this. In the foIIowm_g
growth [ 2ks= (—4.6=0.2) erg/cn?] with a misfit interface ~ S€ction we will dlscus§ the phenomenpn of the suppression
anisotropy of (1.40.3) erg/cn? as discussed in Refs. Qf the magnetocrystalline anisotropy w.|th|n symmetry rgfl_ec—
18,19. tions based on a crystal-field formalism, which explicitly
Figure Gc) shows the magnetocrystalline anisotropy con-f@kes into account tetragonal distortions.
stantK ; as a function of the film thicknesk Fordc,> 50 A
a thickness independent value kf = — (0.85+ 0.05)x 10°
erg/cnt is found which agrees with literature values for fcc
Co2~*For a Co film thickness below 50 A we find a sudden  The experimental data presented in the previous sections
breakdown of the magnetocrystalline anisotropy. This breakdemonstrate that the presence of a uniaxial strain in the Co
down coincides with the maximum absolute value of thefilms strongly suppresses the cubic magnetocrystalline an-
uniaxial in-plane anisotropy. This leads to the conclusionisotropy. We now outline a model which provides new in-
that the breakdown of the magnetocrystalline anisotropy isight into the relationship between the second-order and
correlated with the in-plane anisotropy and therefore depend®urth-order anisotropies.
on the in-plane strain of the Co films. The main problem of a suitable theoretical model for cal-
To gain further insight, Cd10 films have been grown culating magnetic anisotropies from first principles is the
onto a 60 A Cy,Nisg buffer layer deposited onto @10)- high-energy resolution required. In principle there are two
oriented Cu single-crystal substrate. Since the;RBidg  different approaches—calculations based on the electronic
buffer layer is relaxed the in-plane strain components ardand structuré=“®and phenomenological modét§:*?The
reduced by about a factor of 2 due to the smaller latticeNéel modet examines the magnetic anisotropy that is devel-
mismatch of -1% between the CuNi buffer layer and the Cooped as a function of the angle made by the magnetization of
layer. a pair of sites and the line joining them. When this is
The misfit strain enters via tetragonal distortions thesummed over all the neighbors a cubic anisotropy is devel-
uniaxial anisotropy contributions. Hence, as expected, for theped for a bulk crystal and surface anisotropy for those sites
Co film grown on the CuNi buffer layer the transition thick- at the surface. The approach which is used here parallels the
nesses between the different anisotropy regimes are shiftdsand-structure approach and recasts this into a form which is
with respect to the Co film grown directly onto the @10 commonly used for magnetic insulators. This was developed
substrate. More surprisingly we find that the onset of thebecause it is hard to do a real band theoretic calculation
suppression of the magnetocrystalline anisotropy is shifted tavhich has sufficient accuracy to reproduce the cubic anisot-

Co-layer thickness A)

V. SYMMETRY REFLECTIONS
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ropy reliably although there has been a recent advance in thi 02— [ ] 02

respect® 00 [
In a perturbation approach to a calculation of the anisot-
ropy using a first-principles method one calculates the banc & ©2 [
statesEﬁ which are filled up by the correct number of elec- 04 T
trons to define the Fermi level. The ground-state energy is= ¢ |
found by adding up all the energies of the occupied states. Ir &>
the presence of strains the Brillouin zone is distorted away
from cubic. The spin-orbit coupling may now be considered ~ -1.0
as a perturbation, as it has the symmetry of the lattice it will § b)
cause admixtures only of states which have the savedue [ o
(but different values ok). In second order it can give riseto 2 i "?%a
y

0° erg/cm?)

erg/c
(=1
~

a uniaxial anisotropy, and the cubic anisotropy first appears= 08 |
in fourth order. The new ground-state energy is fouhy
summing up the energies of the occupied s)afimsselected
directions of magnetization and the magnetic anisotropy is
found by subtraction. The approximate method which has_~ .16

5

=
9_

£

h¥4

been used here has inverted the ordekafum over the E o5 C)
Brillouin zone and application of the perturbation produced E" 00

by the spin-orbit coupling. The sum over tkestates for a 1 &
given band\ will give rise to a state which transforms like < '°[ §
one of the irreducible representations of the crystalline point S 1 §'

. . . oL -20 1

group. We work in the representations of the point group and % P m
takes the lattice symmetry fully into account. The wave func- 3 . _,;'f

tions relevant to our analysis are thel 3tates, which are
X'y, y'z, x'z', x'?—y'2, and %'2—r? with x’,y’,z’ the
Cartesian coordinates of the electrons in the crystallographic Co-layer thickness (&)~ A/X (proportional to d)
reference frame ancf=x’2+y’2+2'2, The surface normal
is alongz'=(x'+Yy’)/\2. We consider a Hamiltonian in
terms of Steven’s operatdfsin the form

0 20 40 60 80 100 0 2 4 6 8 10 12 14 16

FIG. 8. Left panel: Experimental valué¢see Fig. & (a) mag-
netocrystalline anisotropy constafi; (b) effective in-plane anisot-
ropy constantki, pane; and (c) effective put-of-plane anisotrppy

4 44 2 constantKyco.plane all plotted as a function of the Co film thick-
H_A(Ix'+|y'+|z')+x(|><’+|y’) ' 3 ness,d. Right panel:(a) Calculated cubic anisotropy constdfi;

. L. (b) second-order in-plane anisotropy constaf,.pane: and (c)
whereA andX are the cubic and uniaxial energy parameters, .4 oo out-of-plane anisotropy CoNst#fygyme a5 a

res',pe'ctlve'ly. F'rom Eq3) it ,'S apparent that we Conslder & function of the ratio of the cubic and uniaxial energy parameters
uniaxial distortion of the unit cell along the growth direction A/X, which is proportional tad.
(which is caused by strain parametrized by the uniaxial
energy parametek, in addition to cubic symmetry, de- K ... (b), and effective out-of-plane anisotropy constant
scribed by the cubic energy parametAr We calculate Kout-of-plane (C) of the experimenta| dat(deft pane} as a func-
anisotropies in the usual way by including the spin-orbit cou+tion of the Co film thickness and the calculatigight pane)
pling as a perturbatioff. Assuming that the exchange split- as a function of the ratio of the cubic and uniaxial energy
ting is very large compared to the spin-orbit coupling Weparameterg\/X. For the model calculation the parametérs
may write the perturbation for the magnetization along theéand¢ are chosen such thé) K, approaches its experimental
axisv as value for large thicknesses, arfil) we obtain the correct
.. value for Koyi.of.piane in the limit X>A. We haveA/{=8.8
ESC=¢/-s~¢l /2. (4  and&=8 meV/Co. Our value of is approximately 10% of
that used by Cinakt al3"8 Given the simplicity of our
The anisotropy energy is found by calculating the changenodel in which effects of the spin-orbit coupling will be
in the ground-state energy for different directionsas a  overestimated, we regard this as satisfactory.

power series in the spin-orbit coupling consténHence, we Within our calculation the onset of the suppression of the
obtain expressions for the anisotropy energy to both seconghagnetocrystalline anisotropy is correlated with the maxi-
and fourth order ir¢. mum absolute value of the uniaxial in-plane anisotropy con-

The uniaxial energy paramet®ris by definition propor-  stant[Fig. 8 (b)] and a notable change in the uniaxial out-of-
tional to the misfit straine. Chappert and Brurt and also  plane anisotropjFig. 8(c)]. This is in fact a good agreement
den Broedeet al*® argue that is inversely proportional to  with the experimental data. The physical origin can be ex-
the film thickness and so we plot the anisotropies as funcplained as follows: The fourth-order anisotropy energy de-
tions of A/X which is therefore proportional to the film pends upor¥*/(excitation energ)?, where the relevant exci-
thickness. The experimental data and the calculated anisotrtation energy is some combination ¥f and A: Hence for
pies are plotted in Fig. 8. X=0, K, is proportional tog*/A3, but for X>A we find

Figure 8 shows the magnetocrystalline anisotropy conkK is proportional toé*/X3. This qualitative behavior of the
stant K, (a), the effective in-plane anisotropy constant model is independent of the sign Afor X and hence of our
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crystal-field ground state that we impose. However, in ordecCo films. A strong suppression of the magnetocrystalline an-
for the cubic anisotropy to have the correct sign we takesotropy below a critical thickness of 50 A was determined
A>0. In this way we can understand that all anisotropy conand was found to depend on the uniaxial growth-induced
tributions change their behavior ne@fX~1. In this regime  misfit strain. The origin was discussed within symmetry re-
the transition from the uniaxial to the cubic symmetry- flections. The transition from the uniaxial, strain-dominated
dominated regime takes place. For the magnitude of théhickness regime to a cubic, more bulklike behavior is shown
uniaxial in-plane anisotropy constaf, pane, We find a dis-  experimentally in full agreement with model calculations.
crepancy of one order of magnitude between experiment andll anisotropy contributions change as a function of strain.
theory. With the LEED and STM data in min&igs. 2 and From our model calculations and the presented experi-
3) this is not surprising. The model described in this sectiormental evidence we conclude that a linear superposition of
assumes an isotropic strain relaxation, which is not fulfilledindependent anisotropy terms in the free anisotropy energy,
in the experiment. Since we found anisotropic strain relax-as it is often assumed to be valid, needs to be carefully tested
ation, additional uniaxial in-plane strain components can ocfor each system, in particular in the presence of higher-order
cur giving rise to a modified uniaxial in-plane anisotropy anisotropy terms. This is not surprising taking into account
contribution, which might account for the discrepancy be-that all anisotropy contributions originate from the same mi-
tween theory and experiment. croscopic origin, namely the spin-orbit coupling.
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