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Theory of roughness-induced anisotropy in ferromagnetic films: The dipolar mechanism
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When ferromagnetic films are grown on stepped surfaces, or rough surfaces upon which there is a preferred
direction, additional magnetic anisotropy associated with the presence of the roughness is found in experi-
ments. This paper presents the theory of the contribution of one mechanism to this anisotropy, that is associ-
ated with the roughness-induced increase in magnetic dipolar energy. When the film surface profiles are
modulated, the magnetization of the film fluctuates in direction, thus generating stray dipolar fields. The energy
stored in such fields depends on the angle between the mean magnetization, and the preferred axis of the
modulated surface profile. We present explicit calculations for various models of films on stepped surfaces.
[S0163-182699)00218-0

[. INTRODUCTION thin film with perfectly flat surfaces, in the absence of per-
pendicular anisotropy, the magnetization will be constant in

There is currently great interest in the properties of verymagnitude and direction, and parallel to the film surfaces. If
thin ferromagnetic films, possibly incorporated into magneticthe surface profiles are modulated, the direction of the mag-
multilayers or superlattice structures. Applications of suchnetization within the film will wander. A consequence is that
materials to magnetic recording have been realized recentlji€lds of dipolar character are generated both by the effective
and such structures may possibly lead to a generation afolume magnetic charge densityV-M, and also surface
magnetic memories. More generally, we have here a fasceharges. There is an energy density associated with these
nating class of magnetic materials, with unique propertiedields that is a function of the angle between the average
which range from the well-known giant magnetoresistancemagnetization, and the preferred direction associated with
to magnetic phase diagrams that are rich and subject to cothe modulated surface profile. Thus, we have a contribution
trol through variations in the microstructure of the multilay- to the anisotropy energy from this dipolar mechanism. To
ers. initiate such studies, we consider the simplest physical pic-

Most theoretical studies explore the properties of idealture. We have a ferromagnetic film placed in an external dc

ized films, whose surfaces are perfectly smooth and flat. Ifmagnetic fieldH, parallel to its nominal surface. We con-
fact, the ultrathin films of current interest are grown on sub-sider the Zeeman, dipolar, and exchange energies in our
strates which themselves are not smooth. Even the higheghalysis.

quality substrate has steps, for example. One thus must in- |5 Sec. I, we derive the roughness-induced anisotropy
quire about the influence of steps, or more generally, of surenergy, for the case where the amplitude of the roughness
face roughness, on the magnetic properties of such films. Wigiay be assumed to be small. In Sec. Il we consider a simple
note that Slonczewskhas argued that the presence of stepsexample: a semi infinite medium with a surface roughness
plays a critical role in the biquadratic coupling found in corresponding to a single Fourier component. Section IV

FE/Cr multilayers.- It appears to be the case that this mECh%'resentS a sequence of numerical StUdieS, and Sec. V con-
nism indeed dominates, for some samples. cluding remarks.

In the recent literature, attention has been directed toward
experimental studies of roughness-induced anisotropy, for
ultrathin films grown on surfaces whose profile has been Il. THEORETICAL DISCUSSION
modulated in a unidirectional manner; a stepped substrate The geometry we consider is illustrated in Fig. 1. We
provides an example of such a surfdcé Several mecha- have a ferromagnetic film, of nominal thickneBs By this
nisms have been invoked to explain such data. For exampl§e mean we have an upper surface given Yoy D/2
magnetic ions which reside very close to a step reside in sites £ (x,2) where the average @ (x,z) over the entire sur-
of low symmetry, and thus experience anisotropy Whos§ace is zero, i.e.{¢£”)=0. Similarly, the lowest surface is
character and strength differs from ions which sit on a flat,— _ p/o+ £5(x,2), where (£<)=0. Thus,y=D/2 is the
region. Such ions transmit information about the anisotropy,ominal upper surfac,= — D/2 the nominal lower surface,

they experience by virtue of their exchange coupling to the; 4D is the average thickness of the film.
magnetic species elsewhere in the film. Also, the presence of

steps will lead to strain within the magnetic film, and through . . & .
magnetoelastic coupling this can generate magnetic anisotr§-2X'S: Iocated>|n the pla<nge—0, parallel to the twa nominal
pies in the film. Surfaces. If ¢ Q(x,z)zg (x,2)=0 everywhere, then the

In this paper we present the theory of a third contributionmagnetizationM, will lie in plane, uniform in magnitude
to the anisotropy, and evaluate its magnitude for severaind direction, and also parallel tdy. (We neglect anisot-
models of thin films with modulated surface profiles. In aropy perpendicular to th&—z plane, save for the dipolar

An external dc magnetic fielﬂo is applied parallel to the
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M the second is the dipolar energy, and the third is the ex-
—_— * change energy. The integrals are over the actual volume of
T the rough film. We ignore surface anisotropy, so when we
y=D/2+g (x2) ° z generate expressions fan,(x) and my(x), we use the

boundary conditions1-Vm,=0, andn-Vm,=0 on each

surface, whera is a normal to the surface. Since, in fatt,
andm, are first order in the roughness amplitude, so long as
we require these quantities only to lowest order, we may
replace the exact boundary conditions by the four statements

D2+ £° X,Z

y="D/2+ ¢ (x,2) % _o. 3
FIG. 1. Schematics of a rough film, with the applied fi¢ig Y ly-son

=Hoz in the plane of the nominal film of thicknegs The ampli-  We write the total energy of the system as

tudes&é™<(x,z) describe the upper and lower surfaces roughness.

E=—-HyMyV+AE, (4)
anisotropy built into our analysis.If either ¢7(x,z) or
£<(x,2) are nonzero, or both are nonzero, there will be spa
tial variations of the magnetization direction in the film, thus

M, becomes a function of positiotM o(x). These spatial
variations will clearly increase the Zeeman and exchange Ho

energies. In addition, there will be dipolar fields generated by AEZ:WJ,dE”x(mEJr m), (5)
the effective magnetic charge densjiy;(X)= — V- M(x) 07V

within the film, and also by magnetic surface charges withwhere, sincam, andm, are first order in the roughness, the

origin in those areas of the surface whéfig(x) has a non- integral is confined to the volumé between the nominal
zero perpendicular component. These dipolar fields increassurfaces at- D/2. We write for the change in dipolar energy,
the energy of the system as well. If the surface roughness hggth H ,(x) = h, (x)x + hy(§)§/+ h,(X)Z,
a directional character, say the film is grown on a stepped
surface, then this energy will clearly depend on the argle M L1
between the preferred direction, and that of the applied mag- AEp=— 7fvd3Xhz(X)— Efvdsx[ myhy+myhy]. (6)
netic fieldHo.

In this section, we obtain expressions for these roughnesgn the second term in this expression, bothandh, are first
induced energy changes, within the framework of a perturorder in the roughness amplitude, so we may integrate only
bation theoretic scheme. We assume the deviation in thgyer the “nominal film” volumeV. In the first term, sincé,

magnetizatiori\7| O(r*) from the nominal valud\7|o= Moz is is first order, we must take due account of the actual rough-
small, and may be calculated to first order dri and £=. ened surfaces, as we shall see shortly.
With this information in hand, we may calculate the energy In regard to the exchange energy, note that
change of the system to second order in these quantities. This
section is devote.d to the ba§|c fprmulatlon of the theory, andf PBx(TM(X)|2= f XV (M, VM)~ M,V2M )}
subsequent sections to applications. v v

In the presence of roughness, we write the magnetization
in the form

where —HgMgyV is the Zeeman energy of the uniformly
magnetized film, anad E is the change induced by the pres-
ence of the roughness. For the Zeeman term,

=—f d3xMav2Ma+deMaﬁ.VMa
\Y S

|\7|(>Z)=<|v|0—

[ME(X) +mZ(x)] | z+ m(X)X+my(x)y,

@

where the quantitiesi,(x) andm,(x) are of first order in the  The integral over the film surfaces vanishes to all orders in

amplitudes of the roughness. The energy of the system ig o roughness, by virtue of our boundary conditﬁ)rﬁMa
then =0 on the surface. We then have, with

2Mo =—f d*xM_V2M, . @)
\

.1 I,
E=—H fd3x|v| (x)——J d3xHgy(x) - M(x) 2A
’ 2 i h&)=—>vem, ®
MO
A 3 Vi 2
+—,Jd x>, [VM,[2. )
Mg @

1 3
AEexz - Efvd X

o mh{+ myh§,ex)—%vz(m§+ ms)l,
In these expressionsly(x) is the dipolar field generated by 0 9)
nonuniformities in the magnetization, produced by the
roughness. The first term in E(R) is the Zeeman energy, where the last term has its origin M,V?M,. We have
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st Vz(mx y)_fdSAn'V)miyZZJ_dsn}(’yﬁ-'Smxvyzo x
S S
(10)

by virtue of the boundary condition. Hence, the last term
vanishes. Thus,

AEq=

1
-5 f d3x[ myh {9+ myh (™). (12)

Relations between various contributions noted above follow
when one realizes that for the system to be in equilibrium,
we must have the zero torque condition FIG. 2. A path of integration in the rough surface region.

M(X) X He=0, (12) {0 a finite domain of the variable from —L/2 toL/2. In the
end we letL—cc. But for finite L, ®—0 asz— +», andz

whereM (x) is given in Eq.(1), and the effective field sensed _— . Now suppose” has the maxmunﬁposmve) value

by the magnetization is the sum of the Zeeman field, the _ d i I Similar]
dipole field, and the exchange field. The contributions to th v, and a maximum negative value &, . Similarly, £

local torque to first order in the roughness amplitude read Varies from+§m to —&y . Then in the region /2)— ¢,
>y>—(D/2)+¢,,. There is zero contribution to the inte-

M ()Z) X |:|eﬁ=;<[Homy— Mo(hy+ h(eX))] gral, since we integrate continuously froare to «, and®
Y vanishes at the two limits for finite.
+Y[Mg(hy+h{) —Hom,]. (13 We then concentrate on the regime whegrées between

(D/2)+ &y, and D/2)— &, , and similarly for the lower sur-
face. We examine this contribution with the aid of Fig. 2. For
M fixed x andy, we imagine the contribution by integratingan
mx,y:H_o(hx yt h(ex)) (14) along the solid line in the figure. We have contributions from
0 only those positions of the solid line which lie within the
Then notice film. We focus attention on the contribution from the particu-
lar line segment AB. The contribution to the integral in Eq.
(18) from this segment i§d(x,y,zg) — P (X,y,z4)]dxdy.
Now letdS be an element ofvecto) surface area on the real
film, using the usual convention tha6 points outward from
_ Ef_[mx(hﬁ h(9) + my(hy+h(®9)] the volume bounded. Then at point S" = dxdy, while at
X ey point A, dS/ = —dxdy. Hence the contribution to the inte-
M, L H gral from this line segment is ®(x,y,zg)dSP)
=- 7f d3xhz(x)—mffd3x[m§+ m3]. +®(x,y,z,)dS™ . From this argument, one concludes that
v 0V Eq. (18) may be written as

We then require the relation

Mo o -
AEp+AEq=— - | d*xhy(X)

(19
Notice that the second term precisely cancels the Zeeman Mg
L E=—| dS®, (19
energy, so that we have quite simply 2 Js
AE=— %J' d3xh,(X), (16)  Wwhere the integral is over both surfaces of the film, upper and
2 Jv lower. Indeed the result of E¢19) follows directly from Eq.

8) by use of a general version of the divergence theorem:

dVod/ox;= [dSD.

If the surfaces of the film are perfectly flatS,=0, and
AE=0. The quantitydS, is thus nonzero only whegr” (x,z)
and/or£<(x,z) are nonzero. To lowest order in the rough-
ness, it is an elementary exercise to show that on the upper or

where as we have emphasized earlier, the integration on t
right-hand side of Eq(16) is over the volume of the real
film, with its rough surfaces.

Now in the magnetostatic approximation,

h(X)=— Tl (17 lower surface
with @ the magnetic potential, a quantity first order in the 9E> <
roughness amplitude, to leading order. Thus, dS, "~ ==Fdxdz P (20
Mg [ o
AE= TJVEdZdde (18)  When this is inserted into E¢19), we may simply calculate

the magnetic potentiab to first order in the roughness am-
To evaluate the integration in E418), we must consider plitude, evaluate it on the nominal surfacgs =D/2, and
various regions. Suppose first that the roughness is confinddtegrate ovex andz
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We thus arrive at a remarkably simple expression for theNe thus have fringing fields outside the film generat-
total change in energy of the system, to second order in thed from a magnetic potential with the spatial variation

roughness amplitude:

>

AE=-— 7f dxd (I)(X,D/Z,Z)E(X,Z)

<

2
—d)(x,—D/Z,z)E(x,z) . (21

exp(Q- p)exp(—Qy) above the film, and exi®-p)expQy)
below the film.
Once we find the most general solution of the magnetic

potential andn inside the film, we must match these to the
magnetic field outside the film, through appropriate bound-
ary conditions. Four boundary conditions are stated already
in Eq. (3). In addition, we must insure continuity of tangen-

We shall Fourier transform the various quantities which ential components of, and the normal component Bfacross

ter the above expression. For exampleﬁiiies in thexz
plane, andd= QX+ Q,z, we write

D(xy.2)= > D(Qy)e?r,

X1z

(22

and similarly foré~=(x,z). Then the change in energy per

surface area is
AE iMy R
A2 o, UEQrQiD2)
—£5(Q)*®(Q; —D/2)],

where A is the quantization arget™ <(— Q)= &"<(Q)*].
Our task is now to find the magnetic potent@(i), for the

(23

film with rough surfaces. For this purpose, we consider sinu-

soidally modulated surfaces for which
£ (x,2)=£<(Q)er+c.c. (24)

(c.c. represents complex conjugatelf b(x)=h(x)
+47m(X)=—Vd(X)+47m(x), we require V-b(x)=0

everywhere within the film, or when we Fourier transform all

guantities,

2

3 amy(Q,y)
(9_y2_Q2 y—yzo

ay

®(Q,y)—4mQ,m,(Q,y)— 4
(25)

Here Q*=Q2+ Q2. Two additional relations follow from
Eq. (14). These take the form

b 2A ([ 32 -
Mow(Q'Y)WL H0+M_O Q _(9_y2 my(Q,y)=0
(26)
and
, . 2A[ & R
iIQxM®(Q,y)+ HoJrM—0 Q _a_yz m,(Q,y)=0.
27

The three statements in EQR5), and Egs.(26) and (27),
allow us to determine the most general formdaf m, and
m, within the film. Outside the film, of courseg,=m, =0,
and alsovV2® =0, or

(92

ay?

210(Q,y)=0.

(28

the actual surface of the film. It is well known that conser-

vation of tangentiaﬁ is assured if the magnetic potentials
inside and outside the film are continuous. The magnetic
potentials should be matched across the actual rough sur-
faces. But® is nonzero only by virtue of the roughness. If
we are interested only in the contributiondofirst order in

£ andé&, it suffices to match the magnetic potentials inside
and outside the film at the nominal surfages =D/2.

The requirement that normal componentskobe con-
served requires a bit of discussion. Consider for the moment
the upper surface, and latbe the unit normal, erected at a
point. We have, in the coordinate system of Fig. 1

~ 1 R a§>’\ a§>’\
n= — ——X— -
(14 (9€ 1w+ (9€" 19222 ox "« oz
.~ 0E . 9E .
VG 29

where the last expression is to lowest ordegin Then just
inside the film, if only first order terms are retained,

n-b= it 47M a§>+4
where the magnetic potential is evaluated at the nominal
boundaryy= +D/2. If the magnetic potential above the film

is @, then we conserve normhlto first order by requiring
IE
_47Tmy|+D/2: _4’7TMO§
+DJ/2

(30

P

Floke
ay

+D/2 ay

(31)

A similar statement applies at the lower surface.

We thus have a total of eight boundary conditions. Six of
these, the four exchange boundary conditions, and the re-
quirement thatb be continuous across each surface, are ho-
mogeneous equations. In contrast, B2{) and its analog on
the lower surface are inhomogeneous equations. These allow
us to obtain all quantities, to first order §7 and &<.

We can now make one general observation, before pro-
ceeding with an explicit calculation. Suppose, say, the sur-
face has steps of linear grooves, parallel to the applied mag-

netic field Ho and nominal magnetizatioﬁl o- Then¢™ and

£< will depend only orx, so the right-hand side of E¢31)

and its partner on the lower surface vanish. All eight bound-
ary conditions then become homogeneous equations. In this
circumstance® =m,=m,=0. The nominal magnetization

I\7Io must be aligned so it has a honzero projection along the
line perpendicular to the steps or grooves for stray fields to
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be generated. Since these stray fields necessarily increase trextorsQ>Q,, we must incorporate exchange, to obtain an
energy of the system, it follows that so far as the dipolaraccurate description. We have, changing notation,
mechanism is concerned, the easy direction will always be

parallel to edges of steps or grooves. 2. QN Ho

The structure of the analysis is how complete. We pro- =Q°+ 47M,)’ (36)
ceed by seeking solutions fan,, m,, and ® within the
film, through use of Eqs25)—(27). We seek solutions with and
®, m,, andm, each proportlonal to exp(ay) There are 5
then three values found far?. The first,a; we may call a 2, Qn ( 0 ) 1+ \/1+8 47TMO)2QZ
pure exchange root: 23 Q™+ 47M By Q?

. (37)
=Q%+ > Ho- (32 In the next section, we explore two simple limiting ex-
amples.

When a2=a§, ® =0 so no magnetic fields are generated
by the spins. We haven, = + (iQ/a)m, (a is now consid- IIl. AN EXAMINATION OF A SIMPLE LIMITING CASE

ered as positive for this case. Then i i , )
We have carried out a series of numerical studies of step-

Mo induced anisotropy, through use of the theory developed in
a5 = Q%+ 21 Bo* VB3+327AQ2], (33)  Sec. Il. These results will be presented in Sec. IV. Before we
turn to these, it is useful to explore a simple limiting case,
where By=H,+47M,. The most general solution for the Where analytic expressions for various quantities which enter
magnetic potential in the film is then the theory may be obtained. This provides one with insight
into the role of the various interactions contained within it.
3 Consider a semi-infinite ferromagnet, which resides in the
=Z [B e W+ Hetav], (34 lower half spacg/<0. The external dc magnetic field, is
=t parallel to thez direction, so if the surface is perfectly
and expressions fam, and m, follow from Egs.(26) and  smooth the magnetizatiov o is constant in direction every-
(27). Above the film, we haveé(Q,y)=®~ exp(-Qy), and  where, and parallel ol o- We haveM 0= MOE. Now suppose

below we haved(Q,y)=® < exp@Qy). The eight constants & (x,z) depends only or, so if we imagine the surface
®>, <, &) and®() follow from submitting the so- contains stepsM, and H, are perpendicular to the step
lution just described to the boundary conditions, which weedges. Here, we confine our attention to the response of the
see are in the form of eight inhomogeneous equations.  system to a single Fourier component in the modulated sur-
We inquire into the role of the exchange in what follows. face profile, and furthermore the profile is “perpendicular”
The limit A—0 describes the limit where the exchange isto the applied magnetic field, so we lef”(x,2)
ignored, and only Zeeman and dipolar energies entetAAs = &y exp(Qz)+c.c. If desired, Eq(23) applied to this cir-
—0, the rootsa? and a5 both approach infinity, and their cumstance may be used to synthesize an expressiakEor

contribution becomes vanishingly small. Then for actual profiles.
One sees easily that for this case,=0 so onlyd® and

Hg ) m, are nonzero. If we seek solutions where bothand ®
lim %:—Q +Q% (89 have the spatial variation eX@iz+ay), then we find two
A0 roots fora. We refer to these ag, anda,, respectively, for

The “dipole only” problem may be addressed by settiag ~ '€@sons that will be clear shortly. One has
and a, aside, including only the terms expfsy) in the M
analy_ss, and employlng only the bou?ndary COHdItIE)nS which a§=Q2+ 4_A0[BO_ m] (39)
describe the conservation of tangentiahnd normalb.

We conclude by arranging some results above in a formynq
where various limiting behaviors may be perceived more
readily. In the ferromagnet, a fundamental length js the
width of a domain wall of Nel character. In zero external af=Q+ —[BoﬂL VBG+32rAQ%]. (39
magnetic field, in our notation, = (A/47M3)2. We intro-
duce the wave vectoQy=1/Ly=(47M3/A)2. When we Various limiting behaviors ofy, anda, are of interest. First,
are considering spatial modulations whose length scale isuppose we ignore the influence of exchange, and we con-
very long compared th,, we expect exchange to be quite struct a theory where only Zeeman and dipolar energies en-
unimportant in describing the spatial modulation in the magter. We may do this by taking the limA—0 in all quanti-
netization, and the “dipole only” theory should suffice. We ties. When we do this, a8—0, a?—MBy/2A—=. We
are then in the regime where the important wave ved@prs shall see below that in this limit, the roat, vanishes from
are small compared tQ, . We shall see, however, that this the problem. This is thus an “exchange root,” that enters the
expectation is only correct when the applied field is not tooanalysis by virtue of the presence of exchange. Only the
weak. Conversely, when we examine the response to wavéipole root” aq, remains. One has
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(40)  varies in the substrate, after the surface profile is modulated.
Then stray magnetic fields are generated only by the mag-

a special case of Eq35). Here we haveQ,=0, Q,=Q. netic charges on the surface. If we refer to the magnetic

Notice that in zero external magnetic fieldy,— 0, in facta,  Potential in this picture a®(®)(y,z), and the energy change

vanishes. If we ignore exchange, and retain only the dipolafSAE(®, then for all values of we have

and Zeeman energies, then in weak applied magnetic fields, 0) . ,

the disturbance produced by modulating the surface profile P (¥,2)==i27Mo&exp(—Qly|)exp(iQ2), (48)

(Ho) 12 That is, we overlook the fact that the magnetization direction
Q,

penetrates very deep into the material. and one finds
However, when exchange is presentHgs—0, in factag
remains quite well behaved and finite. One has AE©® , ,
5 5 o\ 112 A =27TMOQ|§O| . (49)
) , T™Mg AQ 2AQ
HI(I)TO @=—p|1F M2 1+ 2 (4D Of interest is the ratic\ E/AE(); this provides us with the

error we make if we assume simply that the magnetization is
Thus, in weak applied magnetic fields, exchange enters critifixed rigidly, with fields generated by the surface magnetic
cally in the discussion of the response of the system tgoles. We have
modulations in the surface profile.

Now suppose we consider the linft— <, or in the lan- AE 2agay(agt ay)

. = . 50
gg:gz:;@dﬂ?;tthe end of Sec. Il, the regi@® Q. One AEO  (agt O)(ay+O)(agt ay—0) (50)

On physical grounds, it is the case always thd&t/AE®)

<1. That is, the “rigid magnetization” picture always over-

estimates the step-induced anisotropy. This follows because

We shall see implications of these IImltlng behaviors ShOftlyAE is the Change in energy produced by a magnetization
It is a straightforward matter to find expressions fbr  distribution that minimizes the total energy of the system.

and my, regarding each as superpositions of exgl and  Hence, AE<AE(® always. Let us suppose that we ignore

exp(eyy), in the substrate. We have the influence of the exchange by allowiAgo vanish. Then

as we have seemny,—, and if we refer to the energy

lim ap= lim a,=0Q. (42)
Q—x Q—o

— iQz
my(y,2)=my(Q.y)e™=*+c.c., (43 change in this case asE(°'?)| we have
and similarly for®(y,z). One finds, fory<0,
AEP®) 24,
. ap—Q ay—Q © " agtQ’ (51)
my(Q,y) =My aot a0 (ax—ao) | 1A/E | .o. .
X (0,0 — arge®), (42 or with ag=(Ho/Bo)Y2Q in this limit, we have
and if we refer to the potential in the medium @s(Q,y), AE®P)  2H12 52
then = .
AE@ B2 H12
®=<(Q,y)= 4 M oSoaoax In the weak-field regimeH,<47M,, we have a strongly
(o= ay)(apt ay—Q) field-dependent step-induced anisotropy energy. WHgn
>47M,, AEP'®) does approach the rigid magnetization
Q| Ly |*0~Q eaxy)_ (45 limit.
ag+Q ay+Q Now we explore the full theory, with exchange included.
Outside the material, in the regign>0, We then encounter a characteristic length scale, the wigth
of the Neel wall, discussion in Sec. Il. We have the charac-
N B i147M o o+ ay) agayéy teristic wave vectoQy=(47M3/A)Y2. WhenQ>Qy, we
P7(Qy)=- (ag+ ar—Q)(ag+ Q) (a,+Q) exp(—Qy). are considering a surface with features on the length scale

(46) small compared th, and whermQ<Qy, the length scale is

. . . . . very long compared tQy .
Notice that |n.aII the .ex.pressmns'above, if we ignore ex WhenQ3>Qy, we have seen above thag=~a,~Q. In
change by taking the limik—0, «, indeed drops out of all : : -
. s o . this regime, we find
the expressions, and only the “dipole root” remains.
Finally, the energy change per unit ar&&/.A produced
. S AE
by modulating the surface profile is

AE(0>21

(53

AE  47MEQ|é|*apa(aot ay) o
- (@0t Q) (axt O) (agt ap—0Q) (470 As one would expect, the magnetization cannot follow fea-
0 X 0r Tx tures on such a small length scale, and the rigid magnetiza-
Suppose now that we keep the magnetization pinned rigidlyion picture works well.
in place, in the presence of the modulated surface profile. The regimeQ<Qy is a bit more complex. In this limit
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y
Q B 1/2
S Ar=TRI (54
2 \4mMg
while «q is well approximated by
1/2
Ho 47M,)2Q?
ap=Q —+2< ) -~ (55
Bo Bo | Qf
Clearly a,> a, so to excellent approximation
AE 2% 56 FIG. 3. G f a film with d surfaces. Th d
= .3 t th st :
AEO 2yt Q’ (56) eometry of a film with stepped surfaces. The upper an

lower steps are displaced by a distai@dhe steps height isl, the
resultant angle of “descent(or “ascent”) is a=H/L, with L the

as in Eq.(51). If the applied external fieltH is very weak, period of the steps.

we find an additional length scale long compared.{pen-
ters the problem. This it .=(By/Hq)Y?Ly. Associated

with this is the wave vectof.=Qy(Ho/Bg)Y2 Thus, aq
can be written as

2 2~271/2
SNLAT o

ag=0Q|—+2

’ Q{Qﬁ Bo | Q3
WhenH,<4m7Mg or Q.<Qyp, We have two regimes:
(i) Q.<Q<Qy: Thenay=2Q?%Qy, and we have

AE 2 Ho| Y2
Bo Qn

(58)

are perpendicular to the magnetic field, we show the geom-
etry we have employed in Fig. 3. Unless otherwise specified,
the nominal film thicknes® has been chosen to be 10 A, the
step heighHH=2 A, appropriate to monatomic steps, and the
applied field aH,=0.1x47M,. We also have chosen the
offsetC=2 A, in the initial set of results to be shown below.
It should be remarked that we have explored the influence of
C on the anisotropy, to find its influence rather weakCIf
varies from 0 to 20 A, for the angle=H/L of one degree,
the step-induced anisotropy changes by less than 10%.
The first question is the angular variation of the stepped-

o . . ; o
AE Qn induced anisotropy. We have seen in Sec. Il that within our

While one’s first thought is that for length scales long com-Perturbation theoretic treatment, the easy _axis is always par-
pared tolL, exchange effects can be set aside, and the “dj2llel to the step edges. Our numerical studies shdiy{6) to

pole only” theory should be appropriate, we see exchangd@ry quite accurately as ci{g). The deviations, for the full
still enters importantly. The theory with exchange ignoredtheory with exchange included, are in the range of 1%, or

underestimates the roughness-induced anisotropy substdfss: Thus, we have simple uniaxial anisotropy, to an excel-
tially. lent approximation, so far as we can see. Because of this, in

(i) 0<Q=<Q.<Qy: Here ay=(H,/By)Y%Q, the “di- yvhat follows, we shall confine our attention to the step-
pole only” result, and one may safely ignore the influence ofinduced energy change for the case where the step edges are
exchange. perpendicular tdH,, where the magnetization is parallel to

In any real material, of course, anisotropy will be presentthe hard direction. The reader may assume thé goaria-

If the external fieldH, is applied parallel to the easy axis, tion applies. For this special case, it is possible to derive
then one may include anisotropy by replacidg by (H, relatively simple expressions for the various quantities,
+H,), with H, the strength of the effective anisotropy field. through a suitable extension of the discussion presented in
For Fe, as an examplé],=550 G, while 4tM,=21 kG.  Sec. lll. We summarize the expressions in the Appendix.
Thus this material, in zero external magnetic field, can be We first consider the variation of the step-induced anisot-
characterized by the ratiéiF™/47My=0.02. The weak- ropy with magnetic fieldH,. For the case where the angle
field limit just discussed thus applies to Fe in zero externar=H/L is one degree, we show the field dependence in Fig.

magnetic field, with anisotropy treated in this manner. 4. We show this calculated for the full theory with exchange
included, and for the case where we ignore exchange and

include only the Zeeman and dipolar energies. In the latter
case, we see a very strong dependencélgisimilar quali-
tatively to that contained in Eq52) for the semi-infinite
case. This very strong field dependence is suppressed when
We have carried out numerical studies of the dipolar anexchange is included; the field dependence is then very
isotropy induced by unidirectional modulation of the surfaceweak.
profile, with emphasis on the case where one has a film de- In Fig. 5, we show the dependence of the anisotropy on
posited on a stepped surface. We have ultratféw atomic  the anglea. For very small angles, we have a linear varia-
layen films in mind for these studies, because of the recention, and with increasing angle the strength of the anisotropy
experimental interest in such films grown on substrates witlincreases somewhat more slowly than linearly. Something
steps. All of our calculations use parameters characteristic aflose to linear behavior has been observed experimentally
Fe, for whichMy=1.7x10> G, andA=2.1x10"® erg/cm. for a Co film on a curved C(00]) substrate. In that case the
For a stepped surface, and the case where the step edgeasy axis is also parallel to the step edges. The authors of

IV. NUMERICAL STUDIES OF DIPOLAR ANISOTROPY
INDUCED BY UNIDIRECTIONAL SURFACE
PROFILE MODULATION
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FIG. 4. Change of magnetic energy per surface area as a func- FIG. 6. Change of magnetic energy per surface area as a func-
tion of applied field, for a geometry with stepped surfaces. Thetion of film thickness, for a geometry with stepped surfaces. The
energy change is plotted for the applied field perpendicular to th&nergy change is plotted for the applied field perpendicular to the
steps and includingfull theory) and excluding the exchange term steps and including an exchange term corresponding to Fe. In this
(dipolar only. In this caseH=C=2 A, D=10 A, anda=10. caseH=C=2 A, a=1° andHy=0.1x47M,.

When the exchange term is included, the exchange constant corre-

sponds to Fe. well, the contribution explored here should play an important
role in real materials, possibly for the Co film on @Q@0J)

Ref. 8 propose a mechanism different than that exposed hergtudied in Ref. 8.

in their discussion of the anisotropy. In Fig. 6, we show the dependence ®E on film thick-

It is the case, however, that the magnitude of the anisotness, for thicknesses in the range from 10 to 100 A.
ropy is in the range of that found experimentally, for the Throughout this range, we see thsE exhibits a very weak
ultrathin films studied. We find, fow in the range of a few dependence ol. It is common to divide the strength of
degrees, thahE=0.02-0.04 ergs/crh If we expressAE  anisotropies measured in ultrathin films By and then plot
in terms of an effective magnetic field acting on the magnethe result as a function db itself. Volume anisotropies are
tization in the film, thelME=MDH®™, for a film of thick-  independent oD, while surface anisotropies provide a con-
nessD. For Fe,M;=1.7x10° G, so ifD=10 A andAE tribution inversely proportional t®, when the data is dis-
=0.04 ergs/crh thenH(®M=240 G, in the range found ex- played in this manner. From Fig. 6, we see that despite the
perimentally for stepped-induced anisotropy in ultrathinlong-range nature of the dipolar fields, the step-induced an-
films. Thus, while other mechanisms surely contribute agsotropy behaves very much like a surface anisotropy.

We conclude with information on the spatial distribution

0.06 . . . . . and magnitude of both the stray fields and magnetization, for
a particular profile illustrated in Fig. 7. We have a film
whose nominal thickness is 40 A, with upper surfacey at

0.05 =20 A, and lower surface at=—20 A. Steps are located at
o« z=40 A andz=60 A. The terrace length is=100 A, and
§o.04r the step height has been adjusted so thatH/L = 1°.

5 In Fig. 8, we show the variation df, with z evaluated at

<0.03 the center planey=0 A) of films of thicknessD=40 A

Bl corresponding to cas@ andD=10 A to caseb). We see

e that in the center of the film the field can be as large as a half

"'<J,°'°2 of 4wM for the thinner film (recall that for Fe, 4M,
=21 kG). However, if one evaluatés close to the surfaces

0.01f of the films, one sees that near the stédpsated atz=40 A

andz=60 A) h, assumes very large values indeed, so within
0 , , , , , a few Angstroms of a stelp, assumes values large compared
0 1 2 3 4 5 6 to 47M,.

o [deg] We show the variation with the coordinageof the com-

FIG. 5. Change of magnetic energy per surface area as a fun@onenthy in Fig. 9. Once again, near the steps, very large
tion of angle of “descent”(or “ascent”), for a geometry with  Stray fields are generated. One can perceive one aspect of the
stepped surfaces. The energy change is plotted for the applied fiefégld distribution, illustrated more clearly below, from these
perpendicular to the steps and including an exchange term corr€urves. The step on the upper surface behaves as a positive
sponding to Fe. In this cadé=C=2 A, D=10 A, andH,=0.1  line charge, out of which magnetic-field lines diverge. In
X4mMy. contrast, the step on the lower surface acts as a negative
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FIG. 7. Geometry of a stepped surface of peliod 100 A, with
steps separated by a distar@e 20 A, and angle of “descent(or FIG. 9. Plot of they component of the stray field due to the
“ascent”) a=1°. The field ﬁo is applied in the film planeH, roug_hnes_s of a geometry Wlth stepped surfaces. This component of
=0.1X47M,), and the film thickness is 40 A. This geometry cor- the field is plotted along vertical lines that pass close to the lower

responds to the plots of Figs. 8—12. The exchange constant forcP atz=40 A and to the upper step &=60 A, and along a
those plots corresponds to that of Fe. vertical line separated from the stefa Z=80 A).

o _ _ _ If one realizes tha- M acts as an effective magnetic surface
magnetic line charge. Field lines diverge outward from thecharge density, and notes that the outward normis op-
former, and inward from the latter. The two steps thus act agqsitely directed on the upper and lower surface, one sees the
a magnetic dipole in two dimensions, i.e., we have a positivgyrigin of the magnetic dipole discussed in the previous para-

line charge in near proximity to a negative line charge. LA :
; L graphs. The pieca- M, evaluated on the step edges is the
In Fig. 10, we show the variation ah, throughout the dominant source of surface charge.

e o e ceamami ko e e s s We conclid i Fi. 12 wiha fre wrieh shows e
ertu?bation of the magnetization is conf.ined to the near vi-S patial variation of the magnetic-field lines, along with equi-
P 9 otential surfaces for the magnetic potential. We see field

C'T"W.Of the ste.ps.' However, inclusion of exchange alt'er ines diverging from the step on the upper surface, and con-

this picture qualitatively, as we see from the full calculatlonverging into that on the lower surface

with exchange included, presented in Fig. 11. The perturba- '

tion in the magnetization produced by the steps now extends V. FINAL REMARKS

throughout the film. For any choice of the coordingfeve

see a nearly sinusoidal spatial variation in the magnetization. Within a continuum theory, we have presented a descrip-
tion of the influence of surface roughness on the distribution

2000 T T T T o5 . . .

0 20 40 60 80 100 R e 7

[gauss]

z

h

0 20 40 o 60 80 100 ) ) ) )
Z [A] 0 20 40 60 80 100
Z [

FIG. 8. Plots of thez component of the stray field due to the
roughness of a geometry with stepped surfaces. This component of FIG. 10. Schematics of thg component of the magnetization
the field is plotted along a line that goes through the middle plane oinduced by the roughness of a geometry with stepped surfaces. A
the film (Y=0 A), for films of thicknesse® =40 A for case(a) relative magnitude is plotted at different points of the film. This
andD =10 A for case(b). case corresponds to the dipolar only the@ychange excluded
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25 ' - ' I, other mechanisms surely contribute as well. Experiments
| I O A R | et | show this is the case as well, since for some samples one
IREEERER Con HH . ! RN Pt sees a quadratic variation of the step-induced anisotropy with
Brittteg, Co b l Lt RN a. Also, the easy axis may be normal to, and not parallel to
op Pt | SERRN t EERERERRR the step edges in some cases. Further study is clearly re-
Pt 0l SRERR EREERRS Pt quired to establish the conditions under which a given
oSt “‘HHHH“' NERRERE mechanism may dominate.
= oottt oy f i t i praaeo ! RERP The theory presented here should enable one to address
> Pt EERRER N AR RERN other influences of interface roughness on the properties of
R EERER R tert ultrathin ferromagnetic films, and with suitable extensions, in
-10—1 I ; : : Py SERERRRREE ' : ; ; } ; } the properties of magnetic multilayers.
[ o !
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FIG. 11. Schematics of thg component of the magnetization can States.

induced by the roughness of a geometry with stepped surfaces. A
relative magnitude is plotted at different points of the film. This APPENDIX
case corresponds to the full thedigxchange included

Here we summarize the expressions for the perturbation
of magnetization within a ferromagnetic film. Stray magneticof the magnetization, magnetic potential, and energy of a
fields are generated, and the magnetic energy per unit areatisin ferromagnetic film whose upper and lower surfaces have
increased by these effects. When the roughness has a unidirbitrary unidirectional roughnesses. It is also assumed that

rectional character, as is the case for a film grown on ane applied ﬁe|d:|O:HO§ (in the plane of the filis per-
stepped surface, the increase in the magnetic energy per Ufﬂiéndicular to the roughness features.

area depends on the direction between the nominal m_agneti— The roughnesses of the upper and lower surfaces of the
zation, and the step edges. We thus have a mechanism fgfin are written as

step-induced anisotropy.

Within our perturbation theoretic description of the dipo-
lar contribution to the anisotropy energy, the easy axis will grdiz)=>, ggdeiQnZ (A1)
always be parallel to the step edges. Its strength varies lin- Qn "
early with the vicinal angler=H/L for small «, according ) o
to our numerical studies, and increases more slowly foWith Q,=27n/L, n=—o,...», and £ a quantization
larger values. For the model films explored, we find anisot/ength. For simplicity we will concentrate only on one wave-
ropy energies fall in the range of those found experimentallylength, i.e., we assume
Thus, the mechanism explored here should be an important

source of step-induced anisotropy. However, as noted in Sec. gdiz)= §t‘5de‘QZ+ c.c. (A2)
o with £5%=|£89 € ¥6° [the results for an arbitrary roughness,
as that of Eq(A1), follow by simple superpositign Due to
401 the symmetry of this geometryng(y,z)zo. The following
forms of myQ(y,z) and ¢q(y,2), valid inside the film, solve
20 to first order the equilibrium equatiol ><I:|eﬁ=0 and the
_ Maxwell equationﬁ -B=0:
= of
g mP(y,2) =[A*(a;— Q®)cosha,y) + A% @ — Q?)cost aoy)
20 +S(a2- Q)sinh ay)
a0l +S%(ag—Q?)sinh apy) 1€ +c.c., (A3)
S U S bo(y,2) = 4m[ A*ay sinh ay) + Aaq Sinh agy)
0 20 40 60 80 100 .
Z [R] + S*a, cosh ay) + SLarg cos agy) €97 +c.c.,
FIG. 12. Graphic representation of the stray fields and magnetic (A4)

potential induced by the roughness of a geometry with stepped sur-
faces. Lines represent equipotentials, and arrows the direction ar@nd outside the film, in the upper and lower regions, respec-
relative magnitude of they(z) components of the stray fields. tively, the potential reads as
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dS(Y,2) =47 A*ay sinh( a,D/2) + Aaq sinh( oD /2) ap=ao(a@i—Q?)cosh ayD/2),
+ S*a, cosi{ a,D/2) a,=a,(a?—Q?)cosi a,D/2),
+ Soao cosh aoD/Z)]eiQ(yiD/Z)HQZ‘F c.c., dOE ol ag_ QZ)Sinl'( aODIZ),
A5
(A5 dy=a,(a2—Q?)sinh a,D/2), (A8)
POy, 2) = — A7 A¥ay sin a,D/2) + A%arg Sinh(agD/2) and
— Sa, cosl{a,D/2) Bo= apax(a’i— ad)cosh a,D/2)cosh agD/2)
— S agcosh{agD/2)]eRV+PA*IRz ¢ ¢, + oy (a2~ Q?)Q cost{ a,D/2)sinh aD/2)
(A6)

_ 2_ N2 H
In these expressions the “decay constantsy and «, are @o( @~ QY)Q costapD/2)sinN(a,D72),

the same as the exchange and dipolar decay constants of Egs. Fo=apay(a?— ad)sinh a,D/2)sinh a,D/2)
(38) and(39), that correspond to the analogous problem on a X

semi-infinite medium. The four constarAs, A°, S¥, andS° + ay(a@?—Q?)Q sinh a,D/2)cosh ayD/2)
are obtained by applying the boundary conditions of null 2 ]

normal derivatives of the magnetization at the upper and — ap(ag—Q%)Q cosiayD/2)sin( agD/2). (A9)
lower surfaces, and bothS“g (or equivalently®q) and  The change in energy per unit surface area due to this single
BE™ continuous at the upper and lower surfaces of the-ourier componentQ) follows from use of Eq(23):

film. These constants become AEq 1
—=2wMSanax<a§—a§>{F—Q[|§5|2+|§%|2

Mo U .d iMo u_ & A
Ax:fdo(fQ"‘gQ)a Ao:_fdx(gQ"'gQ), Ul d u A .
Q Q +2|£8]| €8] cog Yy — ) 1sin a,D/2) sinh( aoD/2)
iMg d iMg d 1
_ — d d d
S=3p, (0780 S= g5 Al Eo) gt 18"~ 2l ggll leosug—w)]
(A7)
with X cosh ayD/2)cosk aODIZ)] . (A10)
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