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We study the effect of surface roughness on magnetic domain wall thickness, domain size, and
coercivity of thin magnetic films. We show that the roughness incredeeseaseshe domain wall
thickness and domain size for Bloch walldeel walls). The surface roughness affects the domain
wall movement and causes the increase of coercivity fal Malls. The coercivity due to domain
rotation for Bloch walls decreases with the increase of roughness. The domain wall thickness,
domain size, and coercivity are each related to the demagnetizing factor, which depends on the
roughness and type of waBloch wall or Neel wall). The calculated coercivity versus thickness is
compared with experimental data of ultrathin Co films, where the thickness dependent roughness
parameters are available. @001 American Institute of Physic§DOI: 10.1063/1.1331065

I. INTRODUCTION hand Soohobdfitted a rather wide variety of coercivity data
for thicknesses larger than 20 nm under the constraint that
Magnetic properties of thin films are influenced by adt/dx increases nearly linearly with film thickness. Such an
variety of parameters such as film thickness, crystallingncrease of the thickness fluctuatidnwas attributed to
structure, composition, and surface/interface roughness. Spgsughness changes occurring at short roughness wave-
cifically, surfacef/interface roughness influences magnetigangths.
properties such as magnetic moments, magnetic anisotropy, For ultrathin Co films deposited on rough Cu-buffered
coercivity, magnetic domain structure, and motion, ‘etc. Sj(111) substrates the coercivity was shown to decay with
Some examples are: the coercivity of chemically etched Niincreasing film thicknessast~%4*°* for 12—44 monolayer
FeCo films(20-100 nm thick was found to increase with equivalent(MLE).2 In epitaxial ultrathin films studies, Co
increasing film surface roughnes3he coercivity of NiCo-  films ranging from 2 to 30 ML deposited on a smooth
alloy films (~2 um thick) first increases, then decreases, andCy(001) substrate show that the coercivity increases from
increases again as the surface roughness incré@tesies apout 2 to 7—8 ML, followed by a slight decrease at higher
in Co films (~100 nm thick deposited on plasma etched thicknesses.TheH, even oscillates as a function of Co film
Si(100 substrates showed that, by increasing surface rough4—14 ML) deposited on O@01). The oscillation period is 1
ness, the uniaxial anisotropy decreased and disappeared fioi_; this corresponds to the layer-by-layer growth of Co af-
the roughest film§. Moreover, with increasing surface ter 2 ML thicknesg® The H. for films deposited on rough-
roughness the magnetization reversal changed gradualbhed substrates are higher. Examples are QO@L? and
from magnetization rotatiofdominant for smooth filmsto Ni/Cu(001).1
domain wall motion(dominant for the roughest filmé Defining the relationship between the surface roughness
The relation of the coercive fielt. for domain wall  and the coercivity and determining the properties of mag-
motion in thin films has been shown to be related by filmnpetic domain change with surface roughness are questions of
thickness  fluctuations for zig-zAgand straight domain  interest when dealing with real films. Recently, we have ex-
walls. Neel,” based on the same concept, derived the welbmined the effect of roughness on the demagnetizing factor
known “4/3” law for the dependence of coercivitf. on  of thin magnetic films? In this work we add the energy
the film thicknesst, Heoct ™%, which is valid under the as-  minimization and extend the study of the demagnetizing fac-
sumption that the thickness fluctuatid/dx (with x being  tor in Ref. 12 to relate surface roughness with domain prop-
the lateral direction along which the wall motion ocQuis  erty and coercivity. Our treatment is straightforward and can
constant. However, in many cas@sg., in NiFe film§) such  pe applied to thin magnetic films. However, we can only find
a law appeared to be invalid, in agreement with the fact thagystematic experimental data of both surface roughness and
a constantdt/dx cannot always be assumed. On the othefimagnetic properties for ultrathin films. When we apply our
prediction for thin films to available ultrathin magnetic film
dElectronic mail: zhaoy@rpi.edu data, we obtain a qualitative agreement.
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typical plot of ny, as a function ofa. n,, decreases a&
increaseqi.e., as the surface roughness becomes less wig-

gly).

XX

IIl. DOMAIN WALL THICKNESS

The surface energy,, for a domain wall can be written

a§.9—21
Ow= Oext Tant Omags

(6)

where o, is the exchange energyr,, is the anisotropy

Demagnetizing Factor n

105 5 0-2 0'4 0-6 ols —0 energy, andr,,q4is the magnetostatic energy. In general, for
) ) ) ) ) : 180° domain, the exchange energy, can be expressed as
Roughness Exponent o
AeX7T2
FIG. 1. Demagnetizing factor ratio,, as a function of roughness Tex= D (7)

exponentsy.
where A, is the exchange constant defined &g,
=JSa,y, Jis the exchange integrahis the spin, andy, is

Il. SURFACE ROUGHNESS MODEL AND the atomic length scaleD is the thickness of the domain

DEMAGNETIZING FACTOR wall. . .
The anisotropy energy,, can be written as
A wide variety of surfaces/interfaces occurring in nature K.D
are well described by a kind of roughness associated with 1 (8)
Oan 2

self-affine fractal scaling®!’ For self-affine fractals the

roughness spectruih(k)|?) scales a€
“272a for ké>1

for ké<1’

with the roughness exponenf{0<«<1) being a measure

of the degree of surface irregularity, such that small values of

. . : 9
a characterize more jagged or irregular surfaces at short
roughness wavelengtlis:¢). Hereé is the lateral correlation whereN is the demagnetizing factor for the magnetic domain

where the in-plane anisotropy constét=K, + 2K /t, K,
is the in-plane volume anisotropy constalt, is the surface
anisotropy constarft (Here we only consider the uniaxial
anisotropy contribution.

The magnetostatic energyyag is

Omag= TNDMZ,

(|h(k)[?)e (1)

const,

length. The scaling behavior depicted by Et). can be de-

scribed by the simpl&-correlation modet?
F w2g?

2 =

<|h(k)| > (277_)4 (1+ak2§2)1+a1

)

whereF is the surface area we considerjs the root-mean-

wall and Mg is the saturation magnetization.
Therefore, Eq(6) can be rewritten as

Ay KD
=5 +%+7TNDM§.

The minimization of surface energy for the domain wall

(10

square (rms)  roughness, and a=(1/2«)[1—(1 da, 19D requires that
+ aQﬁgZ)“"], with Q. being the upper spatial frequency A2 K IN
cutoff. The rms local slope defined ag,= \{|Vh|?) can be - erz + 71 +7NM2+ 7DM 55 =0. (12)

expressed as
There are two kinds of magnetic domain walls: Bloch wall

2 4 1/2
Prms= (ﬂf k?(|h(k)|?)dk (3)  for thick films in which the magnetization rotates out of the
F film plane when crossing the wall and &lewall for thin
The demagnetizing factors satisfy films in which the magnetization rotates within the film plane
Nyt Ny + Ny = 1. @ when crossing the wall. For both Bloch andellevalls, oy

and o, are the same. However, the magnetostatic energy
Under the small slope assumptipp,s<1 and for an isotro- o4 is different due to the difference in the demagnetizing
pic surfaceN,,=N,,, we have an in-plane demagnetizing factor N. For a Bloch wall with a perfectly flat surface:
factorl?

D
0 —
Neo  (2m)* [ K , Neloch= 175 - (12)
nxx:N_O%Wj?“h(k” ydk. (5 .
2z For a Nel wall with a perfectly flat surface
HereN?, is the demagnetizing factor for a smooth film in the t
z direction andt is the film thicknessn,, is proportional to Nﬂ,éelzm. (13

w2, while its relationship with¢ and « is more complicated
as seen in Eqg4) and(5), and in Ref. 12. Figure 1 shows a These are well-known resuft§-?!
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Tw= TMVATAG(1—2N,) ~ 27 ATIM (1 -1y,

(18

i.e., the surface energy of the domain wall will decrease.
For a Neel wall, if t=D, Eq.(11) gives

D~ 77_( Acx ) lIZN vV 77'Aex(
IE

™
1—§nxx , (19

(1+Nyy Mg
and
3/2p 172 1
ow=TMVATA(1+ Nyy) =21 “A M| 1+ Enxx .

(20

Thus the Nel wall thickness decreases with the roughness
but the wall energy increases. We notice that in this dase
cannot always decrease according to 86), because ab
approacheg, n,, also become® dependent.

IV. DOMAIN SIZE

Next we consider the effect of surface roughness on the
domain size for a closure domain. The domain en&ggan
be written as a sum of wall enerdy,,, anisotropy energy
(b) Ean, and magnetostatic ener@ag: "

Eq=EwtEant Emag

FIG. 2. (a) Bloch wall, and(b) the Neel wall. D andt are wall thickness and
film thickness, respectively.

o[t (V8-1)L] . K,L
B L 2
whereL is the domain size. Usually, far> ¢, N is indepen-

dent onL. Thus the energy minimization process gives the
$ize of the domain wall:

20’Wt 1/2
Kq+ mNM?2

+7NLMZ, (22)

Now we consider the surface of a magnetic film to be
rough. For a Bloch wall, as shown in Fig(a®, the surface
roughness will decrease the demagnetizing factor perpe
dicular to the film surface, according to Ed):

L= (22)

NBIoch% Ngloch(l_ 2nXX)' (14)
. . 0 o If we assume the effect of roughness on the surface energy
Heren,, is the ratioN,,/N,,, which is greater than zero for ;. of 3 domain wall is small, themr,, is almost a constant.
a rough surface. However, for a 8lewall, as shown in Fig. Therefore, for a Bloch wall, we have

2(b) where the magnetization, the surface roughness will in-

.. . . 201 1/2

crease the demagnetizing factor parallel to the film surface: w
Ki+m(1—2n,)M2)

LBioch= (23

Niveer=NReei( 1+ Ny - 1 . - .
i.e., the increase of surface roughness will increase the size
Now if we assuman,, is not a function of domain wall of the Bloch domain. However, for a ewall

thicknessD (which meand>¢), we can estimate the effect

1/2
of roughness on th®. For a Bloch wall, in the bulk limit L neel= ﬁzawt , (24)
t>D, the magnetostatic energy termo,, can be Ky+ mnMg
0,21 . . . .
neglected. i.e., the increase of surface roughness will decrease the size

D~v2m(Ag /K )2 (16) of Neel domain.
i.e., the domain wall thickness almost does not change with
surface roughness. However,kf,<27wM?2, the anisotropy v COERCIVITY

energyo,, can be neglected, and
9YTan 9 A. Wall movement

T -2 ey
D~ Aex - 7'“A‘ex(lJr Ney) 17) The coercivity of a thin magnetic film caused by domain
m(1—2n,,)M2 Mg o wall movement can be written &&
i.e., the domain wall thickness will increase. The surface | moy_ 1 (99w dh owdh oy dl (25
energy of the domain wall becomes € 2Mg\ a9t dx t dx | dx/’
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whereh is the surface height ands the length of the wall. oy 1 Agyr? K,D Dt+2D? )
According to Soohobone can assume that the length of wall He oM Dt 2t + (t+D)2 TMS | Prms,
| remains unchanged during the wall movement, we have S (31)
mov_ 1 [dow oy|dh i.e., for the same film thickness, the rougher the surface, the
He T2Mg\ ot ot Jdx” (26) larger the coercivity. This result is quite consistent with the

o ) ) experimental results obtained by, for example, Malyutin
From a statistical point of view, for a rough surface, wegt 512 and Liet al?

replace @lh/dx) by rms local slopep,,s. The rms local
slope is unitless and yields a measure of the average local

surface slope. Thus, E¢R6) becomes
B. Wall rotation

1 (d e . . oo
HLT‘IOVZZM (%Jr %)Prms- (27 If a magnetic fieldH is applied to a thin film and causes
s the domain to rotate coherently, then the energy of a domain
21
Therefore, we learn that the coercivity is closely related tocan be expressed
surface roughness. According to Efj0), for a Neel wall, we E=E,+E. +Emnact Exy
have o
=o,[1—cose]?
Aoy’ (KU Ks D+ tD M2 28)
Ow— ~ -V T T . 1
YD 2t t+D S +LKysi’ o— 5 LN;M? cog ¢
Therefore, the coercivity caused by domain wall movement
can be written explicitly as 3 ELN M2 i o— LHM coss (32
2N ’
o 1 (mD®MZ  27DtMg dMg  Agym?
He oM (t+D)2 + t+D ot + Dt where ¢ is the angle between the magnetizatidnand the
s easy axis, antll(N,) is the demagnetizing factor in the easy
K,D 7-rDM§ (hard direction. ¢ is the angle between the magnetic field
ot T irp |Pms: (29 and the magnetizatioM, ¢=6— ¢, where 6 is the angle

between the magnetic field and the easy axis. At equilibrium
Here we consider the possibility of the thickness dependentyE/g¢)=0, one has
M. In general, for an ultrathin film, the saturation magne- 1 1
tization Mg depends on the film thickness. According to K.+ = N.M2= ZN.M2|sin 20— 2HM sin( 9—
Glass and Kleirf® for a face-centered cubigcc) film: 1o 2" ¢ 6= ¢)

G
M¢(t) 1 kT g ) + 7% (2 sing—sin 2¢) =
B e N - — @—Sin2¢)=0. (33
MO =L 167576, 3\, (1T Cosk) L

Furthermore, ¢°E/9¢%)=0 implies
(K1+NgM2=N;M?)cos 2+ HM cog ¢— 6)

X[In(1—e B)—In(1—e "], (30)

where Mg is the bulk saturation magnetizatiofy; is the
number of cubic cells in thith direction of the crystalG is oy
a large numbe(~ 10" or more, and + - (cosp—cos 2p)=0. (34)

16JS = i ivity i i
A - [(1+ 72/4G?) — (1— 72/4G?)coska], If #=0, we obtain the coercivity in the easy axis as

K
rot_ 1 _
16]S He = M +(Ng—Np)M. (35
B= - [(1+m/4)~ (1 m4)cosks],
T For the Nel wall, sinceN,=N;,, H®" is independent on

surface roughness. However, for the Bloch wall silte

2
k3: g)\?’ :NZZ: 1_2NXX1 Nh: NXX! we have
3
K
In fact, Gz=t/a,, wherea, is the lattice constant and; is Hg°t=ml+(1—3NXX)M. (36)

an index. Note that in comparing with experiments, it is not

the local spinSthat is determined by the effective magnetic Clearly, as the roughness increases, the rotational coercivity
moments per atonim) and g values. Thus, in Eq(30) the  for the Bloch wall decreases. This conclusion is partially
spin Sshould be effectively replaced (8= m/gmg with mg consistent with the experimental result, for example the
the Bohr magneton. At any rate, the coercivity has a compliNiCo film where the coercivity only decreases within a cer-

cated relationship as a function of the film thicknéss tain roughness regimeThe reason can be partly attributed
For a thin film, when the saturation magnetizatish,  to that the actual domain rotation may not be cohef®fitin
becomes a constant, E®9) can be reduced as fact, the coercivity—roughness relationship for a thick film is
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FIG. 3. rms local slope,,s as a function of the Co film thicknegsfor
Co/CUY00)) system obtained from Ref. 9. The solid curve is a guide to theF|G. 4. CoercivityH, as a function of the Co film thicknessfor Co/
eyes. Cu(001) system. The filled circles are the experimental coercivity obtained
from Ref. 9. The® represents the calculated coercivity using the experi-
mental thickness dependent Kerr intensity data in Ref. 9. The open squares,

more complicated than a simple monotonic relationship anaircles, and diamonds are calculated coercivities for average spins 0.2, 0.1,
' and 0.05, respectively. The solid curves are guides for the eyes.

the magnetization reversal process may change with the
change of surface roughness.

C. Comparison with experiments tal data showed that @t=8 ML the coercivity starts to de-
~_crease. There are at least four possible reasons that may con-
In order to see how the roughness affects the coercivityjpyte to this discrepancy, besides the calculation being for
caused by domain wall movement, we calculate the coercivinin films instead of ultrathin filmst1) The absolute thick-
ity of ultrathin Co film grown on C(001) using the rough-  ness of ultrathin Co films could be off by 2—3 ML. The
ness data from Taple | in Ref. 9. Note that dgrmg 'merd'ffu'uncertainty comes from the uncertainty in Auger electron
sion at the Co/_Cu interface 'the Co moment is not quenchegSCape depth if Auger electron spectroscopy is used. How-
in the Cu matrix, but only diluted. Here we assume that th&yer, the relative monolayer thickness change as observed in
ultrathin Co film has a fcc structure, and that the surface is iR EED diffraction peak intensity oscillation in epitaxial
self-affine rough surfacéthis assumption may not be valid; |ayer growth is relatively reliable after the first two layers
see later discussionFigure 3 shows the rms slopgms Of  pecause the degree of Co and Cu intermixing and the forma-
the Co film as a function of the film thicknessThe rms  {ion of pilayer islands reduc?*? More precise thickness
slope pims increases as increases. When we calculate the getermination would require the use of transmission electron
coercivity, we use the following constants for a bulk Co microscopy(TEM) imaging? (2) The roughness parameters

crystal’® measured from HRLEED may not be accurate. Comparing
J=155K Figs. 3 and 4, we can see that the increase of the coercivity
value from 11 to 15 ML is due to the increment of the rms
ap=2.5<10 °cm local slope from 11 to 15 ML. In fact, the surface morphol-
MO=1425G ogy of the ultrathin Co film may not be treated as a self-
s affine surface. Therefore, the method used for a self-affine
D=5x10 "cm surface to extract the roughness parameters may not give the

true values. Even if the surface is self-affine, the height dis-
tribution may not be a Gaussian function. According to Zhao
K,=—2.3x 1 erg/cn? et al,?” the roughness parameters extracted from the theory
K.—0.034 erglcrh of a Gaussian surface are not the same from that extracted
s from a non-Gaussian surfac@) According to Soohobthe
According to Soohod,the average spis for a Co film is  average spirS is actually a function of the film thickness.
less than 0.65 fot<<100A. However, there is no experi- However, in our calculation we did not take this thickness
mental measurement so far for tBevalue in the ultrathin  dependenS into account.(4) The surface magnetization of
film regime. Figure 4 shows the calculated coercivity of theCo layer grown on C@®01) has been observed by magneti-
ultrathin Co films as a function of the film thicknesgor zation induced second harmonic generati®sHG) to have
different average spif For variousS values, the coercivity one ML period?® The Co has a layer-by-layer growth mode
increases from 3 to 15 ML, and then gradually decreaseand the step density is expected to change periodically with
from 15 to 25 ML. The overall behavior is qualitatively simi- one ML period. The magnetic moments of edge atoms in the
lar to the experimental data of Jiare al® However, the two-dimensional islands are not the same as those of non-
guantitative values are not exactly the same: the experimeredge atoms. This contributes to the change in surface mag-

and the anisotropy constant for a thin Co fith:
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netization. Extensive studies of the ultrathin Co film growththickness is in qualitative agreement with experimental data
on CY100) by various technique’®*?°show that Co and Cu of Co ultrathin fims grown on Ci@®01) surfaces. For the
interdiffusion exists for the first 2—3 ML. For Co film thick- same film thickness, the coercivity of thin magnetic films
ness greater than a few monolayers the interdiffusion is sugncreases with surface roughness, which is qualitatively con-
pressed and one can ignore the effect of interdiffusion. Asistent with many experimental results. We also find the co-
more realistic calculation needs the use of experimentallgrcivity for coherent domain rotation for the Bloch wall de-
measured magnetization. Jiaegal. measured the relative creases as the roughness increases.
change of Kerr intensity as a function of Co film thicknéss,
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