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At the boundary of a ferromagnetic material, the local change in the surroundings of the 

atomic magnetic moments induces an additional magnetic anisotropy. The dipole-dipole 

interaction, responsible for the form-dependent demagnetizing field inside the ferromagnet, 

differs for magnetic moments at the boundary and magnetic moments inside the bulk material. 

By calculation it is shown that the demagnetization factor for an ultrathin ferromagnetic film 

is thickness dependent. However, the anisotropy resulting from the dipole-dipole interaction 

can be interpreted as a surface and a volume anisotropy which depend on the crystalline 

structure and orientation of the film, but are independent of the thickness of the film. 

INTRODUCTION 

One of the interesting magnetic properties of thin films 

is the anisotropy, which determines the preferential orienta

tion of the magnetization. Experimentally it has been found 

that when the thickness offerromagnetic films is reduced to 

several atomic layers, the anisotropy differs considerably 

from its value in thick films. As the difference depends on the 

thickness t as 1/ t, it is attributed to the two surfaces of the 

film and consequently called surface anisotropy. J The influ

ence of the surfaces (or interfaces, when in contact with an

other material) can be large enough to change the preferen

tial orientation of the magnetization from in the plane ofthe 

film to perpendicular to the film. 2 

Despite early attempts to determine the surface aniso

tropy theoretically,3 present calculations seem to be restrict

ed to monolayers4 and do not include the thickness t. There

fore, the dependence of the anisotropy on 1/t, as quoted 

above, has not yet been confirmed from first principles, 

In this paper we want to evaluate the influence of the 

dipolar interaction on the surface anisotropy. First we will 

consider the ferromagnetic film as a continuum and second 

as a set of discrete, atomic dipoles, neatly ordered in the film. 

Using this last approach, the result of the calculation win 

depend on the crystal structure of the film. Since we will only 

consider simple ferromagnets, it seems appropriate to con

centrate on high-symmetric structures as body centered cu

bic (bcc), face centered cubic (fcc), hexagonal close packed 

(hcp), and tetragonal. The structure can have different ori

entations relative to the film and we will indicate this by the 

axis that is perpendicular to the plane of the film, e.g., 

beelll0] means the film has the bce structure with the 

[110] axis perpendicular to the film. 

We will assume that the magnitude of the magnetic mo

ment does not depend on its orientation, as is the case for 

most ferromagnets. The anisotropy can then be calculated as 

the energy difference between two magnetic saturated states, 

one with the magnetization paranel to the plane of the film 

and the other one with the magnetization perpendicular to 

the plane of the film. Further, it will be assumed that the 

magnitude of the magnetic moment does not depend on the 

thickness of the film or its position in the film. 

Apart from saturated states, domain structures in these 

ultrathin films are of interest. We will not consider these, but 

refer to a recent paper by Yafet and Gyorgy,5 which theoreti

cally treats them for a ferromagnetic monolayer, and to 

Draaisma and de Jonge6 for domain configurations in a mul

tilayer. 

CONTiNUUM APPROACH 

Neglecting the discrete nature of matter, magnetization 

can be treated as a field M(r), which obeys the currentless 

Maxwell equations. At interfaces between two regions with 

different magnetization we have the usual boundary condi

tions: the normal component ofB and the tangential compo

nent ofH should be continuous. The magnetostatic energy is 

the total energy difference between the situation in which the 

sample has a given magnetization distribution to the situa

tion in which there is no sample at all. 7 This involves both the 

magnetic field inside and outside the sample, but by taking 

the appropriate expressions for the energy, the volume of 

integration can be limited to the sample volume. When a 

field M is given, the solutions for Band H are often formulat

ed with the use of the magnetic potential Ill, defined by 

H = - V \II . The function \II is a solution of Laplace's equa

tion V2 \11 = O. In this formulation the average magnetostatic 

energy density can be expressed ass 

E = _.!!!L f dVM·H =./:!:.Q., f dV( - V'M)W (1) 
2V 2V ' 

with V for the volume of the sample. In the planar geometry 

of a thin film we find that, when the magnetization is satu

rated and e is the angle between the axis normal to the plane 

of the film and M, the average energy density becomes 

E( 8) = ~ paM; cos2 e, (2) 

in which Ms is the saturation value of the magnetization. The 

anisotropy Ea is the difference between the magnetostatic 

energy for the paranel orientation (6 = rr/2) and the per

pendicular orientation (6 = 0), which yields 

Ea = - !floM;· (3) 

In this approach the thickness of the film plays no role and 
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therefore no surface contributions proportional to 1/t are 

predicted. 

DISCRETE DIPOLES 

When the thickness of the ferromagnetic film is reduced 

to a few atomic layers, the assumption that the film can be 

treated as a magnetic continuum is no longer valid. In that 

case we treat the magnetic system as a collection of discrete 

magnetic dipoles, which are regularly arranged on a crystal

line lattice. The dipolar energy of a dipole i can then be ex

pressed as 

'1i';= _.1.. !-to 2:(- m
2 

+ 3(m
O

r ij )2). (4) 

2 41T Hi ry ~ 

m is the magnetic moment of the dipoles, fij = fi - fj is the 

relative position of dipoles i and j and r if = If if I. This dipole

dipole interaction can be interpreted as the energy of the 

dipole in the field of all the other dipoles: 

'If; = - !moSi> 

H ( m 3(mor .. )r,,) Hi =_1"'"_0 L __ + IJ IJ • 

41T Hi rt ~ 
(5) 

The factor of! results from the fact that every pair of dipoles 

should only be counted once. The field Hi is called the dipole 

field and can be viewed upon as the sum of the demagnetiz

ing field and the Lorentz field. 9 Hi can be written as 

Hi = ,uOdim = .uoD;M •• 

where we have used 

(6) 

Ms = ml Vd;P' (7) 

with Vdip for the volume per dipole. For a given dipole i, Di , 

is a second rank tensor which depends on the position of the 

dipole, relative to the other dipoles, but is independent of the 

dimensions of the sample and the unit cell of the crystallo

graphic lattice, In Cartesian coordinates we can write its 

components as 

with k,l = x, Y. z. Note that 0; is symmetric for all positions i 

and also Dxx + Dyy + Dzz = o. 
In our case, the dipoles are arranged in an infinitely 

large thin film. We choose the z axis perpendicular to the 

plane of the film. An additional property of D i is then 

(D. ) = (0.) = 0 and D· is only dependent on the posi-
I xz I yz i 

tion of the atomiclayer in the z direction. So D i is determined 

by three independent parameters: D"x' D xy' and Dzz for each 

atomic layer in the film. A further reduction occurs when the 

atomic layers have more than twofold rotational symmetry. 

In that case Dxy = 0 and Dxx = Dyy and therefore D"x 

= - ~Dzz' so there is only one parameter left. 

The ferromagnetic film consists of N atomic layers in 

the z direction. The anisotropy Ea (n) contributed by the 

dipoles in atomic layer n is the difference in energy between 

the state in which all dipoles point in the x direction (e = tTl 

2) and the state in which they aU point in the z direction 

(8 = 0). From Eqs. (5), (6), and (7) we can derive that 
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Ea(n) = [g';(8=1T!2) - go;(8=O)]IVdip 

= -~J.l(}''II;(Dx." -Dzz ), (9) 

when dipole i is in layer n. Introducing the reduced anisotro

py k(n), we can write in a high symmetric lattice 

ken) = Eo (n)/!p,oM; = - (Dxx - D zz ) = ~Dzz' 
( 10) 

The actual calculation of Dzz has been performed for 

various films consisting of monolayers up to several atomic 

layers. The dipoles are divided into two sets: those within a 

cylinder of radius R with its rotation axis perpendicular to 

the film plane around a dipole in layer n and those outside 

that cylinder. The contribution to Dz!! of dipoles from the 

first set is summed discretely, according to formula (8). The 

contribution of dipoles from the second set is included by 

integration. Figure 1 shows this graphically by indicating a 

dot for Ii discretely summed dipole and Ii line for an integrat

ed area. Note that the integrals are absolutely 'convergent 

due to the two-dimensional configuration of the dipoles, R is 

chosen large enough to have no influence on the results, 

which is about 100 atomic distances in the present calcula

tions. 

As an example we show in Fig. 2 the value of k( n) for Ii 

bcc[ 100] film consisting of N = 1, .. ,10 atomic layers. The 

value at the outside layers is 23 % smaller than at the inside 

layers, whereas at the second layer k (n) is 2 % larger than at 

the inside. This result is similar to an earlier calculation of 

the dipole field at the surface of small particles by Christen

sen and MiSrup.1O 

The total reduced anisotropy k is the average of the an

isotropy of the different layers: 

1 N 
k=- l: ken). (11) 

N n=i 

This reduced anisotropy k can partly be considered as an 

equivalent of the demagnetizing factor, but we will not dwell 

on this point of view. Note that the definition of k is such that 

a negative value indicates a preferential direction in the 

plane of the film and a positive value indicates a perpendicu

lar preferential direction. In this formulation the continuum 

approach yields k = - 1. 

RESULTS 

The calculated results of the reduced anisotropy k for 

various crystal structures and orientations is shown in Fig. 

3 (a), The value of k is independent of the lattice constant for 

one and the same structure, but in order to compare different 

structures, the lattice constants have to be relatively fixed. 

We have chosen to take the same V dip for all structures 

z 

tc':x 

R 

==== ..................... ===== ..................... 
e \I ~ ~ C) ~ ...... " II \I • " 0 ...... '" 

FIG. 1. Magnetic dipoles within a cylinder of radius R are summed in a 

discrete way, whereas those outside are integrated. R is taken large 

enough (about 100 times the interatomic distance) to have no influence 

on the results. The contributions of each atomic layer are summed to get 

the final result. 
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FIG. 2. Anisotropy of a dipole in a ferromagnetic film is dependent on the 

layer in which the dipole is located. In this figure the anisotropy of a dipole 

field in a beel100] film is shown as function of the 1ayer number n 
(n = 1, .. ,N, where Nis the number of atomic layers in the film). The hori

zontal axis is shifted for different N to keep the center of the fUm at the 

same position. 
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FIG. 3. (a) Calculated anisotropy kvs the thickness ofthe film t for films 

of various crystalline structures and orientations. Only for large thick

nesses the anisotropy tends to its continuum value (k = - 1). (b) The 

same data as shown in (a) are plotted as thickness times anisotropy v£ 

thickness, showing that the anisotropy resulting from dipole-dipole inter

actions between the magnetic moments can be separated into a surface 

and a volume anisotropy, according to Eq. (12). 
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(Vdip = (2.28 ;\)3], SO that the same magnetic moment in 

different structures leads to the same magnetization. For all 

high-symmetric structures k approaches the continuum lim

it k = - 1 for thick layers. As the thickness is reduced, the 

total anisotropy deviates appreciably from the continuum 

value. For monolayers, represented by a thickness of ap

proximately 2 A, it is of course impossible to define the crys

tal structure, but it is understood that the same crystallo

graphic net can be taken as for an atomic layer in the 

complete crystal and the same value for Vdip ' 

As quoted in the introduction, the analysis of experi

mentally observed anisotropies seems to indicate that a vol

ume and a surface contribution can be distinguished. This 

observation can be expressed as 

(12) 

with t for the thickness of the film and d for the distance 

between two successive atomic layers in the z direction. d is 
introduced only to make ks dimensionless, just as k and ku 
(note t = Nd). k" is the contribution proportional to the 

volume of the film, whereas ks represents the contribution 

proportional to the surface of the film. In the spirit of these 

analyses of experimental data we have treated our calcula

tions accordingly. In Fig. 3(b) the product of the thickness t 

and the anisotropy k have been plotted as a function oft. For 

an cases calculated in Fig. 3 (a) indeed a linear dependence is 

found. In Table I the resulting ks and kv as they follow from 

least-square fits for the points in Fig. 3 (b) are tabulated. For 

the crystal structures considered here, we find k" = - I 

which means that there is no contribution from the dipole

dipole interaction to what is usually called the crystalline 

anisotropy. There is, however, a contribution from the di

pole-dipole interaction to the anisotropy which can be desig

nated as dipole-dipole surface anisotropy. It has to be noted 

that relation (12) does not exactly fit the calculated values. 

However, the differences are much smaner ( < 1 %) than 

usual experimental errors, so that this relation can be used 

fruitfully. 

From the reduced value of the anisotropy we can find 

the actual value via 

(13) 

To estimate the order of magnitude, let us take Co in 

fcc [ 100] orientation. As parameters we take the lattice con

stant a = 3.55 A and the magnetization,uo<'\ls = 1.76 T. The 

volume contribution to the total anisotropy resulting from 

dipole-dipole interactions is then Kv = - 1.23 X 106 J/m3 

TABLE I. Least-square parameters for the volume and surface anisotropy 

in a thin film as a result ofthe dipole-dipole interaction between the magnet

ic moments. The values included to obtain this fit are those shown in Fig. 3. 

Film k. k, 

sc[ 100] - 0.9999 - 0.0393 

fcc[Ul] -0.9999 0.0344 

fccf 100J - 1.0003 0.1178 

bce[ I10J - 1.0001 0.0383 

bee [ 100J - 1.0016 0.2187 

hcp[OOlJ - 0.9994 0.0338 
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and the surface contribution Ks = 25.7X 10,-6 Jim 2. In the 

fcc [ 1111 orientation Kv is the same, but Ks = 8.67 X 10-6 

J/m2
• Experimentally, in Pd/Co multilayers it is found that 

Ks = 550x 10-6 J/m2
, II which is more than an order of 

magnitude larger. This means that other sources for aniso

tropy, such as spin-orbit coupling, are more important for 

the Pd/Co interface. 

Of course, this calculation can be performed for other 

structures as well. As an example to show the influence of a 

reduction of symmetry in the crystal structures relative to 

the high-symmetric structures, we have calculated the an

isotropy for the tetragonal structure with different cia ra

tios. In Fig. 4 and Table II the results show that again the 

anisotropy can be divided into an interface and a volume 

contribution, but now there is a substantial contribution 

from the dipole-dipole interaction to the crystalline aniso

tropy. The volume anisotropy kv even becomes positive for 

cia = 0.6, which means that the preferential direction for 

the magnetization becomes perpendicular to the film when 

the film is thick enough to overcome the surface anisotropy, 

which is negative in this case. The fact that ku becomes more 

positive when the ratio cia decreases can qualitatively be 
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16 

FIG. 4. (a) Anisotropy vs thickness for tetragonal structures with differ

ent cia ratios. (b) Thickness times anisotropy vs thickness for tetragonal 

structures showing that also in this case a distinction between surface and 

volume anisotropy can be made. 
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TABLE n. Volume and surface anisotropy for tetragonal structures with 

different cia ratios, when the dipole-dipole interaction is the only sOllrce for 

anisotropy. 

cia ku k, 

1.0 ,- 1.000 - 0.0392 

0.9 - 0.834 -- 0.0685 

O.g -0.624 -0.1196 

0.7 - 0.337 - 0.2102 

0.6 0.0913 - 0.3725 

0.5 0.793 - 0.6788 

0.4 2.078 - 1.2960 

understood by observing that the magnetic dipole density in 

the direction of the c axis increases, which strongly favors 

the alignment in that direction. 

When magnetic layers can be epitaxiaHy grown on ma

terials with larger lattice constants,12 this causes an expan

sion of the lattice in the plane of the film and a contraction 

perpendicular to it. With the mechanism sketched above, 

this can have a large influence on the magnetic anisotropy 

energy. 

CONCLUSION 

We have shown that the variation of the anisotropy with 

the thickness of thin ferromagnetic films can be understood 

from first principles in the case that only dipole-dipole inter

actions are taken into account. The calculated anisotropy in 

this case can very well be described by a surface and a volume 

contribution. In a way this result is somewhat surprising in 

view of the long range of the dipole-dipole interaction, in 

contrast to local sources of anisotropy (primarily resulting 

from spin-orbit coupling), The results justify the analysis of 

the experimental anisotropy in ultrathin films in terms of a 

surface and volume contribution based on the thickness de

pendence of the anisotropy. Corrections for the demagnet

ization, based on the continuum approach, should be avoid

ed, since they are not physically meaningful in this case. 
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