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Abstrac t  
Extending our understanding of perpendicular magnetic anisotropy (PMA) beyond the phenomenological approach of  

volume (K  v) and interface a~.isotropies (Ks )  requires caution. Experimentally, many factors such as roughness, formation 
of interface alloys, or patchiness of  ultrathin layers may cause a reduction in PMA. Where stresses are present in multilayer 
growth, these may, under particular circumstances, contribute to both K v and K s, as demonstrated for the Cu/ /Ni /Cu  
system. Theoretically, the difficulty in modelling incoherently grown materials prevents a detailed quantitative comparison 
with most experimental systems, so that an evaluation of the underlying approximations common to all of  the quantitative 
theoretical studies becomes very difficult. 

1. Introduction 

The experimental study of  the perpendicular magnetic 
anisotropy (PMA) in magnetic ultrathin films and multilay- 
ers could be classified as reaching maturity. It is almost a 
decade since Carcia and co-workers [1] established the 
importance of the interface between magnetic and non- 
magnetic layers as the driving mechanism for PMA, from 
which the phenomenological relationship between the in- 
terface (Ks),  volume ( K v )  and measured anisotropy ( K )  
follows: 

Kt = K v t  + 2Ks ,  (1)  

where t is the layer thickness and K v is a magnetic 
volume coefficient that is largely composed of magneto- 
static energy favouring in-plane magnetization. The inter- 
face contribution K s , which in some cases favours perpen- 
dicular magnetization, has u.~ually been associated with 
N~el's surface anisotropy KN, originating in the broken 
symmetry of interface atoms [2]. Such insight has directed 
the study of PMA in the intervening period, with several 
hundred investigations, based upon Eq. (1), being reported 
in the literature (see Ref. [3] and references therein for a 
selection of these studies). Despite these extensive experi- 
mental and theoretical efforts, the microscopic origin of  
K s has remained unclear, a situation not aided by the great 
variation in surface and volume anisotropies reported for 
nominally equivalent systems [3]. The aim of this paper is 
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to highlight recent insights both experimental and theoreti- 
cal, concerning the origin of  the PMA. 

2. Origin of  magnetic anisotropy 

The magnetic anisotropy in multilayers and the magne- 
tocrystalline anisotropy in bulk magnetic materials have a 
common origin: the spin-orbit  interaction. This interaction 
gives rise to an orbital fragment (L z) and couples the spin 
moment to the lattice. Greatly enhanced values of L z were 
predicted for transition metal monolayers [4] and for mag- 
netic multilayers [5]. The large values of  L z found in 
first-principles calculations when an extra orbital polariza- 
tion term was included [5] have recently b~en observed 
using magnetic X-ray circular dichroism (MXCD) [6]: for 
C o / P d  and C o / P t  values of  L z (z-axis perpendicular to 
the plane) of  0.29/x u and 0.21/x B wore found, r~spec- 
tively, compared with a value of 0.13/x B for a thin hcp Co 
film. A simple relationship between the orbital moment 
and measured anisotropy was not established in these 
experiments. For example, L= wag found to be independent 
of the Co thickness in Co /Pd ,  although K changes dra- 
matically; values of L z in C o l / N i  2 and hop Co are found 
to b~' identical but K is greatly enhanced in the C o / N i  
multilayer [6]. Theoretically, such a simple relationship has 
not been suggested. Switching on the spin-orbit  coupling 
leads to a large gain in energy accompanied by the appear- 
ance of an orbital moment. If the energy gain (orbital 
moment) does not depend on the magnetization direction, 
then the anisotropy energy (anisotropy of the orbital mo- 
ment) is zero. Thus, a correlation is expected between the 
anisotropy in the orbital moment and the measured 
anisotropy energy [4,5]. The first-principles calculations 
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revealed that the anisotropy in the orbital moment should 
be around an order o f  magnitude smaller than its absolute 
value, typically 0.01-0.04/.~ B for a system with high PMA, 
and therefore difficult to isolate with the present MXCD 
techniques. 

Although this theoretical pledietion has not yet been 
tested experimentally, a number of  other theoretical predic- 
tions have been made that can be addressed experimen- 
tally. Perhaps the most  important of  these are the elec- 
tronic structure effects on PMA. Originally, 1N6el discussed 
the anisotropy within a pair interaction model [2], tile 
reduced symmetry at the surface (or, more generally, at 
any interface) resulting in anisotropies differing greatly 
from those of  the bulk, which were furthermore predicted 
to be orientation dependent. However, such a simple pair 
model is less suited to transition metal multilayers, where 
the itinerant electron model  is more appropriate. Pioneer- 
ing vcork by Gay and Richter [7] on the calculation of  
magnetic anisotropy energy in free-standing magnetic 
monolayers, was later extended to a series of  first-princi- 
ples calculations on Co-based multilayers [5,8-11].  In 
these calculations, the magnetic anisotropy is o f  the order 
of  1 m e V / C o  atom and can be simply related to the 
spin-orbi t  interaction induced splitting and shifting of  
electronic states which depend on the magnetization direc- 
tion [8]. The precise location of  the Fermi level also plays 
an itnportant role. This effect is seen most strikingly in the 
difference between the anisotropy energies of  C o i / N i  2 
and C o z / N i  ~ multilayers where a rigid band behaviour is 
found [11]. 

As  in N~el 's model [2], the itinerant electron model 

also leads naturally to the prediction o f  orientation-depen- 
dent interface anisotropies: by breaking the crystal symme- 
try in different orientations, the splitting of  degenerate 
states by the spin-orbi t  coupling will be more or less 
effeetive. For example, it has been shown that the lifting o f  
twofold degeneracies plays an important role in determin- 
ing the P M A  of  ( l l l ) -o r ien ted  multilayers [8]. It is there- 
fore to be anticipated that lower-symmetry interfaces, such 
as (110), which has no degeneracies, will exhibit a very 
different interface anisotropy. Table 1 presents the results 
of  the orientation dependence of  both interface and volume 
anisotropy contributions for several Co-based multilayer 
systems. In this table, all the samples have been prepared 
by molecular beam epitaxy (MBE), and emphasis has been 
given, where possible, to series o f  samples prepared by the 
same groups. This has been done to reduce experimental 
uncertainties (discussed below), which tend to reduce the 
observed K s values. In almost all cases a strong orienta- 
tion dependence of  K s and K v is observed, and also 
predicted from the ab-initio theory. An exception is the 
C o / P d  system, where an orientation-independent K s was 
determined for three series o f  thick multilayers prepared 
by seeded epitaxy techniques [15]. Although explained 
theoretically by a fortuitous consequence of  the precise 
degree o f  strain exhibited by the C o / P d  system [9], it may 
also be questioned whether K s is truly orientation inde- 
pendent; in at least the (111) orientation a considerably 
higher value o f  K s has been reported [16]. In Section 3 
attention will be paid to those aspects which may seriously 
influence quantitative comparison o f  the measured and 
calculated PMA. 

Table 1 
Orientation dependence of the interface (K s) and volume (Kv)  anisotropy contributions in MBE-grown Co-based multilayers. Theoretical 
predictions of Ks and Kv and associated references are shown in parentheses. (Calculations determine only anisotropy energies for given 
multilayer structures; the separation into K s and Kv is somewhat arbitrary.) 

Sample Orientation K S (ml /m 2) Kv (MJ/m 3) Reference 

Co/Pt  (111) 0.97 (0.85) -0 .74  ( -  1.3) Welter et al. [12] 
(110) 0.42 (0 .7  a) -- 1.95 (4.2 a) 
(001) 0.59 (0 .6  a) - - 5 . 98  ( --6.4 a) (Victora and MacLarcn [13]) 

Co/Pt  (bilayer) Pt (111) 1.15 (0.85) -0 .77  ( - 1.3) McGee [14] 
Co/Pd (111) 0.63 (0.66) - 0 . 5  (-- 1.8) Engel et al. [15] 

(110) 0.63 -- 1.82 
(001) 0.63 (0.57) --4.5 (--6.4) (Victora and MaeLarcn [9]) 

Co/Pal (bilayer) Pd(I l l )  0.92 (1.1 b) - 1.0 Purcell [16] 
(Daalderop [5]) 

Co/Hi  (111) 0.42 (0.5 b) --0.8 Johnson et al. [17] 
(110) 0,19 -- 1.5 
(001) 0.23 -- 4.5 (Daaldcrop [11]) 

Co/eta (111) 0.21 - 0.9 Hillebrands et al. [18] 
(110) -0 .86  Various 
(001) 0,15 - 1.2 

a Extrapolated from Col /Pt  s ab-initio calculation, assuming analogous oricntationai behaviour in Co/Pt  and Co/Pd. 
b Extrapolated from calculated Ktco at 1 monolayer Co, using experimental K v. 
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3. Comparison of  measured and calculated PMA 

When can we make meaningful comparisons between 
measured and calculated anisotropies? Perhaps the major 
uncertainty associated with the ab-initio calculations is the 
necessity to use a structural model with the lattices of  
adjacent metal layers in full registry with each other 
(coherent epitaxial model) for systems such as C o / P d  and 
Co/Pt ,  where lattice misfits in the order of 10% quickly 
lead to incoherent (relaxed) growth. More success may be 
anticipated for lower mismatch, coherently grown systems, 
such as C o / N i  (mismatch 0.6%), where theoretical predic- 
tions were the driving force behind the subsequent experi- 
mental determination of  a PMA [11]. There is certainly 
room to improve the calculations, all of  which so far have 
made use of some form of  shape approximation (muffin-tin 
potential or atomic spheres approximation) and are based 
on a frozen potential approximation. The orbital polariza- 
tion term which yields enhanced values of  L z, as con- 
fumed by experiment, also leads to larger values of  the 
magnetic anisotropy energy. In a number of cases [5] this 
leads to results which are in better agreement with experi- 
ment. For the artificial maltilayers, however, this means 
that calculated anisotropy energies which already exceed 
the experimental values become even larger. 

This could be understood if experiments were consis- 
tently underestimating interface anisotropies, so that cau- 
tion should also be exercised in interpreting the measure- 
ment of PMA. Recently, several factors have been estab- 
lished to modify in particular the measured value of K s , in 
general leading to a reduction of  the PMA. For example, 
roughness and the formation (by interdiffusion) of  inter- 
face alloys are seen to influence K s and are particularly 
important in sputtered samples. In sputtered C o / P d  multi- 
layers, Nakamura et al. [19] considered that PMA is caused 
mainly by interracial strain anisotropy of the interface 
alloy. Roughness in general reduces the magnitude of K s , 
as supported by the systematic increase in K s for a variety 
of systems prepared by MBE compared to sputtered sam- 
ples (for the example of  Co /Hi ,  compare Refs. [11,17]). 
Recently, the influence of  microscopic roughness, as pre- 
dicted by Bruno [20], has been quantified in an elegant 
series of  experiments on F e / A u  multilayers [21]. When 
thicker (multi-) layers are prepared, in particular using 
evaporation techniques, geometrical self-shadowing effects 
tend to induce columnar growth and curved layers [22]. 
The consequence may be a 'macroscopic '  granularity which 
may reduce the effective area of  the interface. Such be- 
haviour may account for the reduction of  K s in the thicker 
C o / P d ( l l l )  multilayers, where STM measurements re- 
vealed 500 ~ diameter columns separated by 50 .~ wide 
and deep valleys [15], compared with measurements on a 
thin C o / P d  bilayer deposited directly onto a P d ( l l l )  
single crystal, where the majority of  the surface area 
should contribute to K s [16]. The contribution of the 
effective interface area to the measured PMA is further 

illustrated for ultrathin (sub-)monolayers. For Co/Ni(111), 
for example, a clear reduction in the PMA below a Co 
thickness of  2 ,~ (1 monolayer) attests to the reduction in 
interface area contributing to the PMA as the Co layer 
breaks up into patches [17]. 

In most cases (other than for some laossible interface 
alloys), the experimental artefacts mentioned above will 
result in a reduction of K s from its intrinsic value (that o f  
a perfectly flat interface). As calculations are more closely 
akin to the situation of the perfect interface, it is to be 
expected that most theoretical predictions should exceed 
the experimentally determined values. That this is not 
always the case (see the values for the C 0 / P t  and C o / P d  
systems in Table 1) indicates that the calculated values of  
the PMA may be very sensitive to the details of the 
structures used. 

4. Influence of  stress on the PMA: misfit interface 
anisotropy 

So far, we have only indirectly addressed the role of  
stress in defining the PMA, through its role in determining 
whether the lattice registry inherent to the ab-initio calcula- 
tions is really encountered in actual samples, or whether 
relaxation to incoherent growth will occur. However, 
stresses have a direct influence on the anisotropy of almost 
all magnetic materials (through the magnetostriction), and 
may in fact dominate both the in-plane and perpendicular 
anisotropies of  ultrathin films or multilayers due to the 
excessive stresses encountered during coherent epitaxial 
growth. In general, stresses are present throughout the 
sample, and have naturally been associated with a volume 
contribution to the anisotropy, in one particular case, 
specifically associated with the growth of magnetic multi- 
layers, the particular form of stress enconntered has been 
proposed to contribute not only to Kv ,  but also, in inco- 
herent structures, to K s. In the rest of this paper we 
consider this additional contribution to Ks, and outline an 
experimental system where it has proved possible to iso- 
late the electronic (Nrel) contributions to K s from those 
generated from the misfit interface anisotropy (MIA), K~. 

The central concept in the understanding of the MIA is 
the existence of a critical layer thickness, t e. Below to, 
growth is coherent and the lattice misfit is absorbed by 
elastic strain. Above t c, growth is incoherent and strain 
relaxes by misfit dislocations. Following Ref. [23], the 
critical thickness can be derived from 

t J b  = Gx/ (4~r l~lE) ln(  t c /b  + 1), (2)  

where b is the Burgers vector, G is the shear modulus, E 
is the elastic constant in the film plane, and ~/ is the lattice 
misfit (=  ( a -  as)/a,  with a the overlayer and a s the 
substrate lattice c.onstants). From thermodynamic consider- 
ations, x = 1 for a single layer deposited on a substrate, 
whereas x = 2 if the stressed layer is sandwiched between 
two equivalent thicker layers which both support coherent 
growth. In the incoherent region above to, Chappert and 
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Bruno assume that the residual strain e can be written as 
[24]: 

• = r l t¢ / t .  (3) 

An inverse proportionality of  strain to layer thickness, 
similar to that observed experimentally in, for example, Ni 
overlayers on a Cu(100) substrate [25], will have important 
consequences for the interpretation of the anisotropy, as 
outlined below. 

A separate interpretation of the magnetic anisotropy 
nust be made in the regions above and below t~. For 

coherent systems, the volume anisotropy K v incorporates 
the shape anisotropy, the magnetocrystalline anisotropy 
( K M c )  and the strain anisotropy ( K M E )  , with the interface 
anisotropy being solely N6el-type. Following Ref. [26], we 
find 

K s = K N, (4) 

K v = - 1/2/~o M2 + KMC + KME, (5) 

with 

KME = - 3 / 2 A i r =  - 3 / 2 A ( E ~ I / ( 1  - "0)) ,  (6) 

where M s is the saturation magnetization, A is the magne- 
tostriction constant, o- is the stress and ,9 is Poisson's 
ratio. In this region, the influence of misfit strain thus 
appears as a volume contribution to the anisotropy. 

In the incoherent region above re, the distinctive form 
of volume strain represented by Eq. (3) has been shown 
[24] to lead to an apparent interface contribution: the 
magnetoelastic interface anisotropy. Following Ref. [26] 
and Eq. (2), we find 

K s = K N + K a, (7) 

with 

K a = 5 : 3 / 8 ~ r ( G b A / ( 1  -- 1 9 ) ) l n ( t e / b  + 1),  (8)  

K v  ---- - 1/2/Xo M2 + KMc, (9)  

where the + and - signs in Eq. (8) refer to the cases 
, / <  0 and ~7 > 0, respectively. Fig. 1 schematically illus- 
trates the expected dependence of K t  on t, with a marked 
kink appearing at the critical thickness t c. In the following 
we discuss the relevance of this picture by considering the 
C u / N i  model system. 

2 K S ,.......... 

.~ o 
....~/ t ¢ 

2 Kh 

, , 7  ~ , ,  

magnetic layer thickness t 

Fig. 1. Schematic dependence of  Kt on magnetic layer thickness 
t, in the presence of negative N6el surface anisotropy K N. 

Experimentally, the challenge has been to isolate these 
different contributions to K s, bat various research groups 
have come to quite opposite conclusions. In a pioneering 
experiment, Gradmann [27] noted that tensile stresses in 
the Ni layers of  C u / N i  sandwich structures were responsi- 
ble for the appearance of the PMA at certain Hi layer 
thicknesses, but could not explai~t the reappearance of  
in-plane magnetization for thinner Ni layers. More re- 
cently, Lee et al. [28] explained the thickness dependence 
of the anisotropy for C o / A u  amd C o / C u  multilayers 
(MLs) as being due solely to Co layer misfit strain varia- 
tion. In addition, Nakamura et al. [19] also considered that, 
in sputtered C o / P d  MLs, PMA is caused mainly by 
interfacial strain anisotropy of interface alloys. On the 
other hand, in a series of experiments on Co /Pd  MLs with 
various crystal orientations [15], tlae K v values could be 
fully accounted for by magnetoelastic and magnetocrys- 
talline anisotropy contributions, suggesting that K s was 
only due to N6el-type anisotropy. This unclear situation 
regarding the role of  K N and Ka i~ l~robably related to the 
large lattice misfits in most o f  the studied systems, precipi- 
tating immediate incoherent growth which precludes the 
distinct identification of K N and K n. 

Here, we unambiguously demonstrate that both N6el 
and misfit interface anisotropies ate active in determining 
the magnetic anisotropy in Cu/1qi /Cu sandwich struc- 
tures. The relaxation of  misfit strain as the Ni layer 
changes from a coherent to an incoherent structure could 
be followed in samples with a iNi wedge structure and 
related to changes in the anisotropy, making it possible to 
quantify the contribution of strum to both K s and K v. 

Most of the structural and magnetic properties were 
determined from measurements om only two C u / N i / C u  
samples, one for the (100) and one for the (111) crystallo- 
graphic orientations. For both samples, the Ni layer was 
grown in the form of a wedge. Tile layers were deposited 
at room temperature by MBE, the final sample composi- 
tions being: 

Cu(100)/Ni wedge (0-130 .~, 15 A / m m ) / C u  (10 
~,)/Au (25 A); 
C u ( l l l ) / N i  wedge (0 -40  ~ 3.6 ,g , /mm) /Cu  (12 
,~)/Au (2s A). 

In addition, a small number of  (111)-oriented samples with 
unifoml Ni thicknesses in the range 100-300 A were 
prepared on Si(111)/2000 ,~ Cu snbstrates. 

Structural measurements were directed towards identi- 
fying the onset of  strain relaxation in the Ni layer. Perpen- 
dicular and in-plane Ni lattice spacings were determined 
using low-energy electron diffraction (LEED). Initially, the 
Ni displayed an fee surface net which was nearly identical 
to that of  the Cu substrate. For both samples, such coher- 
ent growth resulted in an in-plane expansion of  the Ni 
lattice by 2.5%, accompanied by perpendicular lattice con. 
tractions, leading to perpendicular/,/i-Ni spacings of  1.71 
and 2.01 A for the (100) and (111) orientations, respec- 
tively, which are slightly less tha~ the corresponding Ni 
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bulk spacings of 1.76 and 2.03 ,g,. Strain relaxation mani- 
fested itself in the LEED patterns through the occurrence 
of additional features located close to the primary diffrac- 
tion spots, caused by diffraction from regular arrays of 
dislocations at large repeat intervals ( ~  a / r / )  [16]. Be- 
cause of the small laisfit in the C u / N i  system, the addi- 
tional diffraction features appeared'~o close to the primary 
spots that they could not be clearly resolved, resulting in a 
star-shaped reflection with the same symmetry as the 
crystal surface. An example is shown in Fig. 2, where 
diffraction patterns from a Cu(111) crystal are presented as 
a function of Ni coverage. Inspection of a more extensive 
series of LEED photographs taken at different Ni thick- 
nesses reveals that relaxation starts at around 13 ,~ Ni in 
the (111) orientation, and at 15 A Ni in the (100) case. 
Beyond these critical thicknesses, the perpendicular lattice 
spacing is also observed to gradually relax from the con- 
tracted values seen under coherent growth towards the 
bulk lattice spacing of Ni, as would be expected from Eq. 
(3) (see Fig. 2d). A corresponding relaxation of the coher- 
ently expanded in-plane lattice parameter would also be 
anticipated, although quantification of  this small relaxation 
is precluded by the LEED spot sizes in Figs. 2(b) and (c). 

To evaluate the agreement between these observations 
and theory we consider Eq. (2) in the approximation x = 1 
(the single-layer situation actually encountered in the LEED 
measurements). Using literature values for the 
(orientation-dependent) elastic and shear moduli for Ni 
[29], and b = 2 . 5  ~ ([110] slip direction), we expect 
te ( l l i )  = 11 A and to(100) = 12.5 A. The close agreement 

between predicted and observed critical thicknesses in both 
orientations lends validity to the considerations presented 
above, and supports the thermodynamically limited forma- 
tion of dislocations. Furthermore, we can now predict with 
some confidence the point at which relaxation should 
occur in the sandwich structures which we have employed 
for measurements of  anisotropy. In these structures, the 
direct observation of t= is masked by the presence of the 
top Cu la~,er. By inserting x = 2 into Eq. (2), we expect 
t e = 35 A for C u ( l l l ) / N i / C t t  and t o=  40 A for 
Cu( I00) /Ni /Cu .  We emphasize that this represents the 
thermodynamically limited situation; a higher t c for sand- 
wich structures is only possible if kinetic barriers for the 
annihilation of  dislocations are absent. Although not yet 
established in the case of metals, dislocation annihilation 
has been reported in the GaAs system [23]. We now 
consider whether elastic strain (t < t c) and strain relaxation 
(t > re) play a role in determining the anisotropies of the 
samples. 

The magnetic anisotropy was determined at various 
positions along the/qi vcedges using a Kerr effect appara- 
tus. Provided that the magnetization rotates homoge- 
neously, anisotropies at thicknesses where the magnetiza- 
tion was in-plane could be determined by forcing the 
sample towards saturation in a field applied along the film 
normal (Fig. 3c), whereas perpendicular anisotropies were 
derived by forcing the magnetization away from the film 
normal using an external in-plane field [16] (Fig. 3d). The 
non-uniformity in the magnetization rotation accounts for 
the absence of measurements at intermediate Ni thick- 

(a) (b) 

tc) .~2,2 

E 2 . 1  " . C u b L I I k  
¢11 • • 

~ 2 , • " 
m 

6 
" '  1"90 10 20 30 

NI thickness t [A] 
40 

Dli b u l k  

j d I 

(d) 

Fig. 2. LEED patterns at electron energy 131 eV from (a) Ca(lll) substrate, (b) Cu(lll)/12 A Ni, and (c) Cu(111)/48 ,~ Ni. (d) Ni 
thickness dependence of the perpendicular lattice constant. 
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Fig. 3. The product of total anisetropy K and Ni layer thickness t, 
plotted as a function of t for (a) (100) and (b) (111) orientations. 
Kerr hysteresis loops from which in-plane and perpendicular 
anisotro.pies for the (lll)-oriemed sample for Ni thicknesses of 
(c) 10 A and (d) 19 A.. 

nesses. For the (111) orientation, supplementary anisotropy 
measurements using standard vibrating sample magnetom- 
etry were carried oat  on the samples of  uniform thickness. 

The results of the study are presented in Fig. 3. We 
immediately see that the forms o f  both curves strongly 
resemble the schematic depiction in Fig. 1. Clear breaks 
are observed in both curves. Matching the positions of  
these kinks to the predicted t¢ values for sandwich struc- 
tures (see Table 2), we find remarkably good agreement 
for both orientations. In the spirit o f  Fig. 1, we can 
straightforwardly assert a linear dependence o f  K t  on t, 
both above and below t~. The resulting anisotropies are 
also compiled in Table 2. Comparing Eqs. (4) and (5) witt~ 
(7) and (9), respectively, it is easy to derive values for the 
strain-related interface ( K  x) and volume (KME) terms, 
which are also compiled in Table 2 (assuming KMc = 0 
for Ni). Using the relevant magnetostrietion constants in 
these equations (All1 = - -24  × 1 0  - 6  and Alo o = - 4 6  X 
10-6) ,  the theoretical values of  Kx and KME can be 

determined. As shown in Table 2, the predicted volume 
and interface strain anisotropies all have the correct magni- 
tudes and signs to account for the experimental observa- 
tions. Quantitatively, the uncertainty in defining magne- 
tostriction or elastic constants for ultrathin layers, or the 
presence of  interface C u - N i  alloys with radically different 
magnetostriction, may preclude closer agreement. 

Previous work on C u / N i  MLs [30] revealed (100) and 
(111) interface anisotropies of  - 0 . 2 3  and - 0 . 1 2  m J / m  2, 
respectively, on samples with rather thin individual layers, 
where the growth was essentially coherent. A similar 
situation has been encountered in the present work, with a 
more negative K s being found in the (100) orientation 
than in the (111) orientation, in the coherent region below 
t c. Concerning the cross-over from perpendicular to in- 
plane anisotropies at larger Ni thicknesses, the present 
results are seen to be consistent with the work of  Chang 
[31]. There, a reversal o f  the magnetic anisotropy was 
measured for Ni layers sandwiched between thiek Cu(100) 
layers which occurred at a Ni thickness in between 50 ,~ 
(perpendicular remanence) and 100 A (in-plane rema- 
nence). In their attempt to explain the anisotropy of  C o / P d  
MLs by  magnetoelastic anisotropy of  interface alloys, 
Nakamura et al. [19] found similar "kinks in the anisotropy 
of  P d 6 7 C o 3 3 / A u  a n d  P d 6 7 C o 3 3 / C u  MLs. We suggest that 
this behaviour is related to the mechanism proposed here. 

The present experiment has allowed the isolation of  the 
NSel- and misfit-type anisotropies that have previously 
eluded separation, because several favourable conditions 
are met in the C u / N i / C u  samples. First, both metals are 
fee, with only a small lattice misfit. Consequently, as 
revealed by our LEED studies, both coherent and incoher- 
ent structures can be realized across wide ranges of  Ni 
thicknesses accessible to anisotropy measurements. In ad- 
dition, the small saturation magnetization o f  Ni (compared 
with Co or Fe) results in a domination of strain-induced 
anisotropies compared with the shape anisotropy. Finally, 
the magnetoerystalline anisotropies are rather small in Ni. 

5. Conc lus ions  

We find that the experimental determination o f  PMA, 
which is intrinsically material and orientation dependent, is 

Table 2 
Summary of Cu/Ni anisotropy data pertaining to both investigated orientations. Critical thicknesses (t c reported for both single layers and 
sandwiches) and stress-indueed anisotropy energies are determined both experimentally and (in parentheses) by calculation. 

Orientation t c (/~) K below t c K above t c 

Layer Sandwich 

Stress-induced anisotropy 

( 1 1 1 )  13 32  K N = - - 0 . 0 8  m J / m  2 K s = + 0 . 2 7  m J / m  2 

(11)  (35 )  K v = + 0 . 1 3  M J / m  3 K v = - 0 . 0 9  M J / m  3 

(100) 15 42 K N = -- 0 .4  M J / / m  2 K s = +0.9 MJ/m 2 
(12.5) (40) Kv = + 0.39 MJ/m 3 K v = -0 .16  MJ/m 3 

K,~ = 0 .35  m J / m  2 ( 0 . 6 4 )  

KME = 0.22 MJ /m s (0.36) 

K,~ = 1,3 M J / m  2 (018) 

KME = 0.55 MJ/m 3 (0.39) 
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sensitive to experimental  artefacts such as sample rough- 
ness, microstruoture (patches and columns),  the formation 
o f  interface alloys, and mechanical  stresses. Al though the 
influence of  several o f  these factors on the measured 
anisotropy may  be quantified (e.g. roughness, patchiness, 
mechanical stresses), direct comparison with the predic- 
tions from ab-initio calculations demands  caution. Al-  
though the orientation dependence o f  the P M A  is theoreti- 
cally confirmed, and encouraging quantitative agreement  
ttas been established with the measured P M A  in several 
MBE-grown sample series,  the major  uncertainty associ- 
ated with the ab-initio calculations remains the necessity to 
use a coherent epitaxial  structural model  in many  impor- 
tant cases ( C o / P d ( 1 1 1 )  and Co/P t (111) ) .  As most  o f  the 
experimental artefacts result in a reduct ion o f  the measured 
PMA, the theoretically predicted values should general ly 
exceed those obtained experimentally.  The ab-init io calcu- 
lations also predict enhanced orbital  moments  in several  
systems which display strong PMA,  which have subse- 
quently been confirmed experimental ly using MXCD. 
However,  enhanced moments are not directly related to 
large PMA: it is the orbital moment  anisotropy which 
should determine the magnitude of  the PMA. W e  await 
experimental confirmation o f  this prediction! 

Finally, we  have demonstrated that where relaxation 
from coherent to incoherent epitaxial  growth is encoun- 
tered, the stress apparently contributes to both the volume 
and interface anisotropies, and the latter may therefore be 
further separated into a magnetoelast ic  term (the misfit  
interface anisotropy) and an electronic term (in fact the 
result of  the ab-initio calculations). Such examples  illus- 
trate how recent insights are taking us beyond the phe- 
nomenological  approach to perpendicular  anisotropy. 
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