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Summary. We have studied the coercivity of magnetic nanonetworks as a function of thickness,
nominal pore diameter, and surface/interface roughness in the thickness range of approximately 2
to 45nm where a Néel-type domain wall has been theoretically predicted. Such magnetic nanonet-
works have been prepared by sputtering iron on the walls of commercially available porous nano-
channel alumina (NCA) membranes. The thickness dependence of coercivity has also been studied on
films deposited on surface-oxidized Si and glass subtrates. These substrates are essentially non-porous
and much smoother than NCAs. Our investigation shows that the coercivity of films deposited on Si
and glass depends on the spatial fluctuation of thickness which arises from the roughness of the
apparently smooth substrates. On the other hand, NCAs are found to be inherently quite rough, and
films on NCAs show a complex thickness dependence which arises from the interplay between
surface/interface roughness, domain pinning due to porosity, surface anisotropy, surface torques,
and oxidation of the iron films. It was found that the growing films on NCA substrates led to partial
filling up of the pore entrance, thereby reducing its effective diameter. The film growth also affects the
roughness of the film, which in turn affects its coercivity. We propose a model for the thickness
dependence of coercivity based on the pore fill-up geometry considering the effective pore diameter
and the critical thickness at which the pore will be completely filled up. Experimental results on
coercivity with thickness variation of iron network deposited on NCA generally agree with the
suggested model.
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Introduction

Fabrication of patterned structures on the nanometer scale in two or three dimen-
sions require a suitable pattering technique such as optical or electron beam litho-
graphy, or alternatively the use of nanotemplates. Depending on the method of
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patterned matrix formation, either a positive or a negative nanostructured network
can be obtained [1]. Many earlier works on patterned magnetic nanostructures have
been focused on magnetic information storage to achieve higher recording density
beyond 100 Gbits/inz. Studying patterned media is also relevant to the under-
standing of fundamental magnetic phenomena. For example, Cowburn et al. [2]
have found that investigations of the nucleation of magnetic domains and homo-
geneity in conventional magnetic thin films are greatly facilitated by an anti-dot
array. Anisotropy barriers and the effect of domain wall pinning on hysteresis
behaviour are two other examples of what can be studied from patterned nano-
structures [3].

It has been reported that templated nanostructured networks of iron have shown
a coercivity increase of two orders of magnitude at around 10—-20 nm film thickness
as compared to similar films on continuous substrates [4]. These nanonetworks
were grown on the top of the walls of porous anodized alumina (commonly known
as nano-channel alumina, NCA) to form a contiguous nanonetwork. The width of
the pore wall varied between 15—75 nm, depending on the pore size of the alumina
template. The coercivity increase is attributed to the tendency of the magnetization
of the deposit near the pores to align perpendicular to the film plane, thus acting
as a energy barrier for domain wall movement [5]. The whole range of the thick-
ness dependence of the coercivity of the templated iron film is, however, far from
being well understood. In order to understand the effect of porous or rough sub-
strates it is important to gather knowledge on the film morphology originating from
fabrication history and its impact on the coercivity behaviour. In this article we have
attempted to study this problem from the existing theory of the thickness depen-
dence of the coercivity of ferromagnetic materials deposited on non-porous sub-
strates by incorporating porosity in the substrate and surface roughness in the
growing film on the top of this substrate. The coercivity (H.) of sputter-deposited
ferromagnetic films is greatly influenced by sputtering conditions and magnetic
layer thickness. H. is defined as the reverse field necessary to bring residual mag-
netization back to zero. This is critical in determining the amount of informa-
tion that can be recorded in a given area as well as the stability of these data
bits with respect to long-term storage [1]; higher coercivity is desirable for such
applications.

The coercivity of the ferromagnetic films depends on thickness and porosity
[6], level of oxidation [7], and substrate roughness [8]. Sputtering conditions can
control some of these factors. The film thickness is of primary influence on the
coercivity as this factor determines both domain wall energy and domain wall type.
A domain wall separates two oppositely magnetized domains and consists of a
transition layer of characteristic width and energy associated with its formation
and existence. In the case of an ideally smooth magnetic film it can be assumed that
the magnetization of such a film should be reversed by the parallel displacement of
an 180° domain wall which is parallel to the easy magnetization axis of the film so
that the energy of the domain wall is a function of displacement. In Fig. 1 such a
case of domain wall displacement is shown. In this case, the magnetization direc-
tion in region 1 is in the direction of applied magnetic field, and the domain wall in
this region grows at the expense of the domain in region 2. For a sufficiently thick
films (D < t; D: domain wall width, #: film thickness), a Bloch-type domain wall
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Fig. 1. Parallel displacement of a 180° domain wall from position P to position P, in a ferromag-
netic film due to an applied magnetic field [9]

can exists [9] in which the magnetization component is perpendicular to the
domain wall. In this case, H. shows the well-known 43 dependence as calcu-
lated by Néel [10]:

H, x 43 (1)

Néel, however, has also pointed out that below a certain critical film thickness the
Bloch wall will become energetically unfavourable, and the magnetization com-
ponent will be directed parallel to the domain wall. In this situation, a Neel-type
domain wall will from (z < D). Sohoo [9] has found that coercivity is independent
of thickness and varies according to Eq. (2) where dr/dx is the spatial fluctuation of
film thickness.

dr

H, x = (2)
For an ideally smooth film on an ideally smooth substrate, df/dx can be con-
sidered to be independent of the film thickness, and hence Eq. (2) should be valid
for the thickness range where Néel-type domain walls are energetically favourable.
If porosity is introduced in this hypothetical substrate, it will render the overlying
film to be porous along with the fact that the pore dimensions (diameter and pore
wall width) will be a function of the film thickness. This is important in determin-
ing the final coercivity of the deposit, as porosity can act as pinning sites for the
domain wall, thereby restricting its motion and increasing the coercivity. Recent
advances in lithography technique have allowed cutting regular holes into the
ferromagnetic films and to investigate the influence of such holes on the magnetic
properties of the film. As mentioned before, NCA membranes are also used, as they
provide a ready-to-use template to introduce such porosity in the ferromagnetic
film [4, 11]. The pores in such templates, as has been discussed elsewhere [11], are
often random in geometry (size and distribution) and lack long-range order. In
addition, NCA templates exhibit quite high surface roughness. Since all these
parameters can influence coercivity, any study on the coercivity behaviour of ferro-
magnetic films grown on such templates should carefully consider the surface

characteristics of the template.
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Results and Discussions

Thickness dependent coercivity of films on continuous substrates

Figure 2 shows the thickness dependence of the coercivity of iron films deposited
on nonporous substrates, e.g. glass and Si; the coercivity values of these two
systems showed little difference. Experimental coercivity data followed the rela-
tion HC:HOt_O'75 , where Hy=2aK /M is the anisotropy field, K, is the aniso-
tropy constant, M is the saturation magnetisation, o = 0.48 for random orientation
of crystallites in three-dimensions [14], and ¢ is the film thickness. A similar
inverse power law dependence of the coercivity on the film thickness with an
exponent value of n=0.4 £0.1 was found for Co films deposited on Cu buffered
(111) Si by Min et al. [8]. The coercivity relationship along with a coercivity lower
than the anisotropy field (564 Oe for iron) of the continuous films indicates that
the reversal process is governed predominantly by domain wall motion rather than
coherent rotation [3]. The inverse power law dependence has been explained by
Min et al. in terms of the roughness of the ferromagnetic film [8]. For the thickness
range studied, the walls were expected to be of Néel-type, which means that coer-
civity should be a function of dr/dx. The observed non-zero exponent n was
believed to be due to the variation of film thickness df/dx as a function of ¢. If
the substrate roughness is small compared to the film thickness, then the root mean
square thickness fluctuation should approximately be the sum of the interface
widths of the bare substrate and the film-substrate system. Assuming a decrease
in film roughness with increasing in film thickness, they suggested that the pro-
posed decrease in the local roughness with deposition of Co could cause the coer-
civity to decrease by changing the magnetostatic and anisotropy energies [8].

In Fig. 3, the thickness dependence of the roughness as measured from AFM
topographies and normalized to their correlation length is shown. The data were
fitted using the empirical relation /¢ =ar®, where o is the roughness and ¢ the
correlation length measured from AFM. Below 7.5 nm film thickness, the constant
a changes its value from 2 to 0.009 for Si and from 3.5 to .009 for glass. The
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Fig. 2. Thickness dependent coercivity variation of polycrystalline iron films deposited on non-
porous substrates, e.g. glass and Si
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Fig. 3. Thickness variation of the normalized roughness of iron films deposited on non-porous
substrates (Si and glass); inset: thickness variation of root mean square roughness of the same set
of samples

exponent b changes its sign at this film thickness and assumes a value 0.6 for Si and
0.7 for glass. If we consider the film roughness variation as the spatial fluctuation
of film thickness, i.e. df/dx = o/¢, then Eq. (2) qualitatively describes the thickness
dependence of coercivity in terms of the film roughness.

Thickness dependent coercivity of films on NCA templates

NCA templates are inherently quite rough; this roughness, in turn, has been found
to be a function of the pore dimension of the templates [15]. The determination of
the spatial fluctuation of film thickness df/dx will therefore be complicated by the
presence of porosity and, it should depend on the variation of film thickness, too.
This problem can be approached in a much more convenient way if we consider the
pore fill-up geometry as shown in Fig. 4. In an earlier report, we have shown the
cross-sectional TEM view of a similar deposit on a porous template [11] and found
that such a deposition is always associated with a certain degree of pore filling as
well as pore capping. The extent to which this will happen depends on the pore
diameter, the geometry of the pore opening and, most importantly, on the thickness
of the overlying deposit [13]. It should be mentioned that the templates employed
for this work are mainly intended for use as filtration membranes to retain oversized
particles or organisms. This particular application of the templates has dictated
the structure of the membranes, and the pores are tapered along the cross-section.
The pore size specified by the manufacturer is only available at the filtration side
of the membranes and, as evident from the cross-sectional views so far described,
these pores are conical rather than cylindrical (Fig. 4). Closer observation reveals a
typical trickling of the iron oxide deposit down the sidewalls of these conical pore
openings. The overflow deposit down the sidewalls ends up at a finite distance below
the pore entrance.
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Fig. 4. Schematic diagram of filling of a typical tapered pore with nominal entrance diameter d as a

result of deposition of film of thickness #; the critical thickness at which the overlying film will

completely cover up the pore is denoted by ., whereas d¢ is the effective pore diameter at a given
thickness and 6 the angle the lateral growth of the film subtends to the pore entrance

The growth of the sputter deposited layer over the top of the magnetic layer is
also important as it indicates the critical thickness where the pore will be com-
pletely filled up by the overlying deposit. A linear overgrowth of the film from the
point of inflexion of the conical pores can be noticed which continues up to a
certain critical thickness 7. beyond which there is no discontinuity in the overgrown
layer. Figure 5 is just a redraw of Fig. 4 ignoring the trickle effect of the deposit;
spatial discontinuity in the deposit due to the porous template can be noticed from
this diagram. The spatial variation of thickness as well as the spatial variation of
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Fig. 5. Spatial variation of thickness and slope of the thickness profile (dz/dx) of an ideal smooth
film on a porous substrate; the lateral extent of pore fill-up of the film is denoted by c; w: pore wall
width, m: slope of the thickness profile
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the slope due to thickness variation of an ideal flat film is also shown in Fig. 5.
Assuming that the pores with nominal diameter d are partially filled up by
an overlying film of thickness 7, the pore diameter at the top of the deposit is
given by Eq. (3) where c is the lateral extent of pore fill-up as described in
Fig. 5.

deff =d—2c (3)

On the other hand, the critical thickness 7. for complete filling of the pores will
depend on the angle € that the deposit subtends with the nominal pore diameter.
Clearly, ¢ achieves its maximum when 6 =0 and its minimum when 0 =7/2; a
small change A6 will change ¢ by Ac, and 7. will be reduced by an amount of At..
Then, from geometric relationships and after suitable manipulation, we get
At./t. =tanAf/tanf. As At.—t. when A0 —0, t.=dA0/2. Also, Al corre-
sponds to an equivalent change in the film thickness Az, resulting in Af=
tanf = At/ Ac and, finally, in Eq. (4).

dAt

e = 2Ac )
This means that the critical thickness at which a conical pore in a template will be
completely filled up by the overlying deposit is directly proportional to the pore
diameter and the deposited layer thickness and inversely proportional to the lateral
extent of pore fill-up by the deposit. For example, a film with =12nm and
c=8nm will completely cover a cylindrical pore with 200 nm nominal diameter
at £.,=150nm. This can be verified from Ref. [11], where the conical pores are
almost filled up by the amorphous deposit at ~150—175 nm. For a similar type of
deposition, 7. can be calculated for 20 and 100 nm nominal pore diameter to be 15
and 75 nm, respectively. This means that continuous film-type behaviour should
start from 150, 75, and 15 nm with nominal pore diameters of 200, 100, and 20 nm,
respectively.

It can also be shown that Ac — d/2 as At — t,, so that ¢ = dt/2t,, which means
that for a given pore diameter the lateral extent of pore fill-up is a linear function of
thickness. Substituting the value of ¢ in Eq. (3) and rearranging affords Eq. (5)
which gives the thickness dependence of the pore diameter of a film grown on a

porous substrate.
t
defr :d<1 ——) (5)
le

Mathematically, the thickness profile along the x-axis as can be expressed
as

f(x) =t=m(c—x) for 0<x<c
=0 for c<x<d-c
=mx—(d—c)) for d—c<x<d

= —m(d — c) for d<x<d+w (6)
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In Eq. (6), m=2t./d is the slope of the thickness profile along the x-axis.
Similarly, the slope of the film thickness profile variation can be expressed as
follows:

flix)=dt/dx=-m for 0<x<c
=0 for c<x<d-c
=m for d—c<x<d
=0 for d<x<d+w (7)
If we consider that w=d/2, we can expand Eq. (7) into a Fourier series:

dr 0 d t 8t,
= ,12_1: (1 - (—l)ncosz (1 — t—)mr) 3n;dsinn7rx (8)

C

Taking the root mean square value over the span between x=0 and x=3, we
obtain

dr > n d t 4tc
L 07075 (11— (=1)cosE (1L 9
dx Z_;( (=1) COSz( zc>’”> 3nnd )

Equation (9) describes the thickness dependence of the spatial variation of film
thickness for ferromagnetic films on a template with 200 nm pores. This simplified
relationship becomes much more complicated with the introduction of a rough film
on a porous substrate with considerable roughness. We then have to modify Egs.
(7) and (8) by considering the root mean square roughness, o, of the film as
follows:

fx)=m(c—x)+o for 0<x<c
=0 for c<x<d-c
=mx—(d—c))+o for d—c<x<d
=-m(d—c)+o for d<x<d+w (10)

and
fiix)=dt/dx=-m+o for 0<x<c

=0 for c<x<d-c
=m+o for d—c<x<d
=0 for d<x<d+w (11)

where ¢/ =do/dx is the spatial fluctuation of film roughness.
We can expand Eq. (11) into a Fourier series as:

dt 2 > 2co’
= a'(%— 1) + Z}: 32(; sin ATccos nmx

% 2cq! dest
- Z 32‘; (2m<1 . (—1)"cosn7r7ﬁ> —J(1 - (—1)")>sinn7rx
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Since ¢ is very small, the middle term may be ignored; averaging between x =0
and x =3 then affords

dt [ 2c X 2¢co’ [ 2. " d t
Lo (1)~ 0707 Zel1- (-1 Cli-L
dx 0(3 ) 3n7r(d < ( )Cos’”2< z))

. <—1>">) (12)

We can then modify Eq. (2) for the Néel wall zone as

oo (S-1) —0a073 5 (5 (1- vreosm (1-7))
. (-1)"))

or

2t
(HC)roughness X OJ (3_[ (d - 1)) —0.707
c

i% (27’ (1 - (—1)"Cosn7r§ (1 _ f)) o - (-1)”)) (13)

1

For 20nm pores, d =~ w rather than 2w [4]; Eq. (12) can therefore be modified

according to Eq. (14)
dr a >, 41, d t
—= —(d—-1))—0.707 —1—— 14
dx U(2tc( )> Z:mrdcos2( tc)m (14)

which finally affords

t > 4t d t
(He)oughness < 0 (2_% (d — 1)) —0.707 ;m:d cos 5 (1 — E)mr (15)

In addition to roughness there will be two other opposing factors working on
the magnetization reversal in such systems: domain wall pinning and domain wall
nucleation. Whereas porosity in the pinning model hinders domain wall motion and
thus increases coercivity, it can also act as a nucleation centre for the nucleation of
a domain wall and thereby decrease coercivity.

Hilzinger and Kronmiiller [16] have considered the pinning of the curved
domain walls by randomly distributed defects, and the coercivity was found to
depend on pl/ % for weak pinning and on p2/ * for strong pinning (p: density of
inclusions/voids/pores). More recent theories suggest the following conditions for
domain wall pinning: 3f/27y6 < 1 for weak pinning and 3f/27y6 > 1 for strong
pinning (f: maximum restoring force a pinning centre can exert on a domain wall,
~: domain energy per unit area, §: domain wall thickness) [17, 18].

The restoring force can be calculated by using the Néel model for unpaired
spins at the surface of a nonmagnetic precipitate [19]. If we assume cylindrical
pores, the restoring force then can be calculated as f = 0.5(M2Ny)(V,/r) where V,
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is the volume of the pore, Ny is the demagnetizing field associated with a cylind-
rical pore (= 1/3), and r is the radius of the pore. From the volume of the frustum
in Fig. 4 it can be concluded that the pore volume at a given thickness ¢ of the

film is
T t 3
=—d*(1-(1—-= 1
A 12d ( ( - fe (16)

™ t 3
f:%Mb,z(l— (1_E> )dtc (17)

Taking v ~ 2erg/cm® and § ~ 6x10~ °cm for bulk iron, we can rewrite the
condition for strong or weak pinning as 2 X 10°(1 —(1 — t/ 1)3)dt. > 1 for strong
pinning and 2 x 10°(1 — (1 — t/ 1.)°)dt. <1 for weak pinning. Figure 6 shows the
variation of pinning strength with thickness for films deposited on templates with
three different nominal pore diameters. Clearly these pore diameters fall within
the range where only weak pinning on the domain wall movement is to be
expected.

For the coercivity field in the case of weak domain pinning, Gaunt [17]
suggested

Hence,

_0.258%p
My

The number of voids which are intersected by a single domain wall is roughly
estimated to be N*/3 [20], so that there are p:Nz/ 3/D’ voids in a unit volume
which leads to a decrease in the magnetostatic energy (D': equilibrium separation of
domain walls). If a domain wall bisects a pore of diameter d, the free pole areas are
divided into regions of opposite polarity [20], thus reducing the magnetostatic

H. (18)
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Fig. 6. Variation of domain wall pinning strength due to porosity as a function of thickness
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energy to about half the value of that associated with the void. The decrease in total
magnetostatic energy can then be found from the condition N*/3 . AEn > v,
where AE, is the decrease in magnetostatic energy due to the presence of one
pore (AEqn, =1/ 4M§Nd V). The equilibrium spacing of the domain wall is given
as D' = (yt/ CMSZ)I/ * where ¢ is the film thickness and C is a numerical constant
that depends on the type of domain. Hence, we can calculate the number of the
voids/pores/inclusions per unit volume as

144C]/2’Yl/2 12

™. 3
(i) e
1S

Combining Egs. (17), (18), and (19) we obtain

0.258C/2M> 1\
Ho =" sy (12 e V/?
9y1/2 e

3
t
o (1= (1-1) Jer? ”

This is shown in Fig. 7 where the normalized coercivity (H.) is plotted as a func-
tion of film thickness for three different pore sizes.

When considering the coercivity of the iron film, we have to take into account
all factors at the same time. Combining contributions of film roughness and domain
wall pinning due to porosity on the top of a nonporous substrate, we obtain the
qualitative relationship

p (19)

or

H. o (H.) (21)

nonporous (H C)roughness (H c )pinning

16
—
14 -
an——
-
12 | -
z ~
E 104 / SN
8
S 4
| £ 20 nm pore
% 6 w100 nm pore
= —— === 700 nm pore
8 4 T
Z
2 E
0 T T T !
0 10 20 30 40 50

Film thickness/nm

Fig. 7. Normalized coercivity as a function of thickness for templates with three different pore sizes
according to the domain wall pinning model
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Fig. 8. Thickness dependent coercivity of iron films on NCA templates with 200 nm nominal pore
diameters; broken lines: pore fill-up model, dotted lines: experimental values
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Fig. 9. Thickness dependent coercivity of iron films on NCA templates with 20 nm nominal pore
diameters; broken lines: pore fill-up model, dotted lines: experimental values

where (Hc)nonporous 18 the coercivity of similar films deposited on a nonporous
substrate. Figure 2 shows that (H.)nonporous Varies with 0701 Taking this
into account and using coercivity relations from Eqgs. (13) and (20) for 200 nm
templates and Eqgs. (15) and (20) for 20 nm templates, the thickness dependence of
coercivity of films deposited on such templates is as presented in Figs. 8 and 9,
respectively. The theoretical values generally agree with the experimental values
(solid curves).

An exact quantitative relationship is, however, difficult to establish due to the
statistical nature of template pore size, pore wall width distribution, and the surface
roughness of the film. In the low thickness region, films exhibited lower coercivity
than predicted due to the increasing influence of superparamagnetic particles.
Throughout the discussion we have ignored the contributions of surface torque
and anisotropy energy as well as that of oxidation. These can influence the coer-
civity, especially in the low thickness region.
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Conclusions

We have studied the effect of porosity and roughness on the thickness dependence
of the coercivity of thin iron films in the thickness range where Néel-type domain
wall can exist. Porous alumina templates were used to introduce porosity in the
overlying film. We have developed a model on the basis of the obstruction to the
domain wall motion due to the presence of pores and surface roughness in the iron
film and compared this with both theoretical and experimental observations for iron
films deposited on ideal pore-free smooth substrates. The model generally explains
the experimental observations on the thickness-dependent coercivity of iron films
deposited on nanochannel alumina substrates.

Experimental

Nanonetworks of polycrystalline iron were prepared by RF-diode sputtering of a 6" iron target (99.95%
purity) at 4 mtorr Ar pressure and 400 W sputtering power on commercially available NCA membranes
[12] as substrates. The target-to-substrate distance for sputtering was kept constant at 15cm and the
base pressure below 2 x 10~ " mbar. NCA membrane templates are available with three nominal pore
diameter sizes (20, 100, and 200 nm); these templates were used for deposition of iron films. Figure 10
shows a typical atomic force microscope (AFM) topography of such a template with 20 nm nominal
pore diameter. The pores were found to exhibit a Gaussian distribution [13]. When any film is de-
posited on the pore walls of such templates, it produces a contiguous nanonetwork which can be con-
sidered as a negative or anti-dot nanostructured matrix. The presence of an underlying porous template
introduces porosity in the overlying network of deposited films. Using similar deposition parameters,
iron films were deposited on substrates that do not have any porosity such as surface oxidized (100) Si
and glass substrates.

The thickness of the films was measured from cross-sectional TEM on continuous films on Si;
surface roughness was determined using a Topometrix'™ atomic force microscope (AFM) with an
Explorer™ head in the non-contact mode. Hysteresis loops of the samples were determined using a
vibrating sample magnetometer (VSM) with a maximum applied field of 3kOe. The magnetic field
was applied along the macroscopic film plane. Coercivity was measured as a function of layer
thickness (2-45nm) from the respective hysteresis loops.

0 nm

0Onm 500 nm 1000 nm

Fig. 10. Typical AFM topography of an NCA membrane with 20 nm nominal pore diameter
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