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a  b  s  t  r  a  c  t

Thin  permalloy  films  10 nm  and  60 nm  thick  were  investigated.  They  were  thermally  evaporated  at  an
incidence  angle  of  0◦ in  a  vacuum  of  about  10−5 mbar.  The  magnetic  structure  of  the  films  was  observed
with  the  Fresnel  mode  of  transmission  electron  microscopy  (TEM),  while  their  morphological  structure
was revealed  using  atomic  force  microscopy  (AFM).  The  magnetic  structure  consisted  of  domains  typ-
ically  10–30  �m  in size.  The  films  were  substantially  magnetized  in  the  plane  of  the  film.  The  domain
walls  of  Néel  type  as  well  as  cross-tie  walls  occurred  in the  films  10 nm  thick,  while  in the  films  60  nm
thick  the  presence  of  cross-tie  walls  was  only  observed.  The  presence  of  cross-tie  walls  in the  films
10  nm  thick  is reported  for  the  first  time.  The  coexistence  of  Néel  type  and  cross-tie  walls  in  the  films
10  nm  thick  means  that their  wall  energies  are  comparable  at this  film  thickness,  and  this  statement  is
supported  by  the  results  of  theoretical  works.  The  morphological  structure  of  the  films  was  composed
eywords:
hin permalloy films
agnetic domain structure
orphological structure

ransmission electron microscopy
tomic force microscopy

of  nanocrystalline  grains  smaller  than  about  30 nm  in  size;  the films  60 nm  thick  had  grains  somewhat
larger  in  size  than  the  films  10  nm  thick.  The  random  distribution  of  the  magnetocrystalline  anisotropy
of the  individual  nanocrystalline  grains  is  found  to  be  practically  averaged  out by  exchange  interaction,
which  leads  consequently  to  the strongly  reduced  effective  magnetic  anisotropy  and  the  wide  magnetic
domains  on  a  10  �m  scale.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Magnetic films are of large interest from both fundamental and
echnological points of view. On the fundamental side, they exhibit
ifferent magnetic properties, such as magnetic anisotropy, mag-
etic microstructure, coercivity and magnetoresistance, depending
n their thickness, composition, crystalline structure and prepa-
ation conditions. From the technological point of view, magnetic
lms find a wide range of applications in the areas of magnetic and
agneto-optic recording and magnetic sensors.
Permalloy is a soft magnetic material used in many applications.

n particular, in this context, permalloy films attract large attention
nd are the subject of extensive studies in recent years. Permal-
oy films are commonly used in magnetoresistive sensors based
n the intrinsic magnetoresistance of the ferromagnetic material

anisotropic magnetoresistance sensors) or on ferromagnetic/non-

agnetic heterostructures (giant magnetoresistance multilay-
rs, spin valve and tunneling magnetoresistance devices). The
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applications of permalloy films include also magnetic random
access memories, soft underlayers in perpendicular magnetic
recording, and soft underlayer and interlayers with potential use
in multilevel three-dimensional magnetic recording [1–3].

Permalloy films were widely investigated in the past. Never-
theless, studies which reported simultaneously the magnetic and
morphological structures of these films were in fact rare. Moreover,
in recent years permalloy films can be investigated in more detail,
using more advanced and higher resolution techniques (e.g. Refs.
[2–12]). For example, Gentils et al. [11] reported the presence of
cross-tie walls in 17.5 nm thick permalloy films, while earlier stud-
ies showed that the mentioned walls occur for the film thickness
in the range from 30–40 nm to 90–100 nm [13,14].

The present paper reports the results of a study of thin permal-
loy films 10 nm and 60 nm in thickness prepared by the process
of thermal evaporation. The magnetic microstructure of the films
was  imaged using the Fresnel mode of transmission electron
microscopy (TEM), and the morphological structure of the films

was  observed by atomic force microscopy (AFM). The main pur-
pose of the paper has been to determine the types of domain
walls in the investigated films. Because of the recent work of
Gentils et al. [11], the film thicknesses were chosen just as

dx.doi.org/10.1016/j.jallcom.2012.01.114
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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The cross-tie wall has a lower energy than the simple 180 Néel
wall because it consists mainly of energetically favorable 90◦ walls.
Although the total 90◦ wall area is 3–4 times larger than the origi-
nal 180◦ wall area, the total energy decreases because the specific
Fig. 1. Images of Néel type walls (a) and cross-tie walls (b) in a perm

0 nm and 60 nm,  i.e. in the neighborhood of the film thickness
0–40 nm.

. Experimental

The specimens under study were permalloy films 10 nm and 60 nm in thick-
ess. They were thermally evaporated at an incidence angle of 0◦ (with respect
o  the surface normal) in a vacuum of approximately 10−5 mbar. A heater com-
osed of two Al2O3 tubes threaded with tungsten wire was  used. The films were
eposited simultaneously on unheated glass substrates and NaCl crystals; the lat-
er  films were prepared for the purpose of studying by TEM. We  chose glass as the
ubstrate because glass, besides silicon, is one of the two  most common substrates
sed for device applications [15], due to its non-magnetic nature, smoothness and
niformity.

The  magnetic microstructure of the films was  observed with the Fresnel (or
efocus) mode of Lorentz microscopy [16,17] using a Tesla BS 540 transmission
lectron microscope. For this purpose, the NaCl substrates were dissolved away in
ater and then the films were caught on microscope copper grids. Our experiments

18]  and those reported in the literature by other authors [19–21] show that the film
tructure is practically not affected by the specimen preparation method for TEM
nvestigations. Experimental conditions concerning observation of the magnetic

icrostructure were optimized to improve the magnetic contrast in the images [16].
he  morphological structure of the films was  made visible by AFM using Omicron
nd NT-MDT instruments.

. Results and discussion

TEM is a very powerful method for imaging the magnetic
icrostructure of thin films [16,17]. It offers high spatial resolution

nd high sensitivity to small variations in the magnetization, and
onsequently compares favorably with Bitter pattern technique
22,23]. Thanks to the mentioned features of TEM, the magneti-
ation distribution and the character of domain walls present in
he investigated films could be precisely determined.

The magnetic microstructure of the studied thin permalloy films
as composed of domains. The typical sizes of the domains were

n the range of 10–30 �m.  The magnetization of the films was
bserved to lie essentially in the film plane; only in small regions
ithin the cross-tie walls the magnetization was found to have an

ut-of-plane component.
In general, both Néel type and cross-tie walls occurred in the

lms 10 nm thick. This is evidenced in the images of Fig. 1, recorded
y the Fresnel mode of TEM. The images in Fig. 1a and b show the
resence of Néel type and cross-tie walls, respectively. The domain
alls are visible as black and white lines. In case of the cross-tie

alls, the cross ties serve to decrease the demagnetizing energy and

re imaged as short bars perpendicular to the main wall (Fig. 1b).
he cross-tie walls represent a transition between Néel and Bloch
ype walls.
lm 10 nm thick, taken with the Fresnel mode of Lorentz microscopy.

It  is well known that in thin magnetic films the type of domain
walls is dependent on the film thickness [11,13,16].  In fact the
energy (and consequently the character) of a domain wall in a thin
film is most strongly influenced by the demagnetizing factor per-
pendicular to the plane of the film. Earlier studies of permalloy and
cobalt films [13,14] showed that in films thinner than 30–40 nm the
domain walls are of Néel type (in which the magnetization rotates
in the plane of the film, and which is accompanied by free mag-
netic poles at the wall, inside the film), while in films thicker than
90–100 nm the domain walls are of Bloch type (in which the mag-
netization rotates in the plane of the domain wall, and which is
accompanied by free magnetic poles at the intersection of the wall
with the surface of the film). For the film thickness in the range
from 30–40 nm to 90–100 nm cross-tie walls were found, the first
interpretation and the name of which were given by the authors of
Ref. [24].

◦

Fig. 2. Image of cross-tie walls in a permalloy film 60 nm in thickness, recorded by
the  Fresnel mode of TEM.
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Fig. 3. AFM images of the morphological struct

nergy of 90◦ walls is smaller than that of 180◦ walls by a factor that
vercompensates the larger wall area of the cross-tie wall [13]. At
rst sight, the occurrence of cross-tie walls in 10 nm thick permal-

oy films, reported for the first time in the present paper, may  be
ecognized as somewhat unexpected. In this context, however, it
hould be noted that recently cross-tie walls were also observed in
7.5 nm thick permalloy films in Ref. [11]. The reason for the coexis-
ence of Néel type and cross-tie walls is that their wall energies are
omparable at the mentioned film thicknesses. This statement is
upported by the results of the theoretical works of Metlov [25,26]
nd Redjdal et al. [27].

According to the theoretical papers of Metlov [25,26], the film
hickness corresponding to the transition between the Néel and
ross-tie walls is given by the formula L(M)

tr ≈ 2.3
√

A/(�0M2
s ),

here A is the exchange constant, Ms is the saturation magnetiza-
ion and �0 = 4� × 10−7 V s/(A m)  is the vacuum permeability. Using
tandard material parameters for permalloy (A = 8 × 10−12 J/m,

s = 8.6 × 105 A/m [8]), one obtains L(M)
tr ≈ 7 nm. Whereas on the

asis of the micromagnetic simulations performed in Ref. [27], Red-
dal et al. found the film thickness for the Néel to cross-tie walls
ransition to be L(R)

tr ≈ 14 nm. As a consequence, these theoretical
redictions are in very satisfactory agreement with our experimen-
al observations of the coexistence of Néel type and cross-tie walls
n the films 10 nm thick.

In the films 60 nm thick only cross-tie walls were present, in
ccordance with the earlier experimental results reported in the
iterature [13,24]. An example is presented in Fig. 2, which shows
he image taken using the Fresnel mode of Lorentz microscopy.
ote that the cross ties in the films 60 nm thick extended to con-

iderably larger distances from the main wall and were less widely
paced than the cross ties in the films 10 nm thick (compare Fig. 2
nd Fig. 1b). This is a consequence of the fact that the influence of
ree magnetic poles becomes larger as the film thickness increases.

Owing to the fact that the Fresnel mode of TEM is very sen-
itive to small variations in the magnetization, a ripple structure
f the magnetization could be seen in all the images recorded (cf.
igs. 1 and 2). The ripple structure is caused by local variations
f the magnetic anisotropy and reflects the irregular polycrys-
alline nature of the investigated films [11,28]. For magnetostatic
easons, the local magnetization direction is found to be stronger
nfluenced by magnetic anisotropy variations perpendicular to the

verage magnetization of the film than parallel to it. In other
ords, the ripple contrast is predominantly perpendicular to the

verage magnetization direction and hence the magnetic easy
xis [11,28].
 10 nm (a) and 60 nm (b) thick permalloy films.

Fig. 3a and b presents AFM images of the morphological
structure of the permalloy films 10 nm and 60 nm in thickness,
respectively. It is seen that the morphological structure is com-
posed of grains, as expected. The sizes of the grains are at the
nanometer range. In the films both 10 nm and 60 nm thick the
grains are packed closely, i.e. the films are seen to be practically
continuous, in agreement with the results obtained in Refs. [11,15].
The films 60 nm in thickness have grains somewhat larger in size
than the films 10 nm thick. Note also that the root mean square
(rms) values of the surface roughness were 0.2 nm and 0.5 nm for
the films 10 nm and 60 nm thick, respectively.

Because the size of magnetic domains is much larger than the
grain size of the films, thus each magnetic domain contains a lot
of nanocrystalline grains. The exchange length is determined by
(A/K)1/2, where A is the exchange constant and K is the magnetic
anisotropy constant (the magnetocrystalline anisotropy constant
in the case of the studied films). For permalloy films the exchange
length is found to be about 300 nm [13], i.e. it is considerably
larger than the grain size of the studied films, the latter size being
smaller than about 30 nm (cf. Fig. 3). This in turn proves that the
random distribution of the magnetocrystalline anisotropy of the
individual nanocrystalline grains is practically averaged out by
exchange interaction. The grain size is so small that the magne-
tization cannot be oriented along the magnetic easy axis in each
individual grain because the exchange energy and the magne-
tostatic energy at the grain boundaries would become too large
[29]. As a consequence, the exchange interaction and the magne-
tostatic effect cause that the total effective magnetic anisotropy
is strongly reduced in comparison with the magnetocrystalline
anisotropy. And a decrease of the magnetic anisotropy results in
increasing the width of magnetic domains, as demonstrated for
example in Refs. [30–33].  In case of the studied permalloy films, the
result of the strongly reduced magnetic anisotropy is the domain
structure with wide domains on a 10 �m scale, as can be seen
in Figs. 1 and 2.

4. Conclusions

Using the Fresnel mode of Lorentz microscopy and AFM, a
study was made of the magnetic and morphological structures of
permalloy films 10 nm and 60 nm thick, deposited by thermal evap-

oration at an incidence angle of 0◦ in a vacuum of approximately
10−5 mbar. The morphological structure of the films was  composed
of nanocrystalline grains smaller than about 30 nm in size; the films
were found to be practically continuous. In comparison with the
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lms 10 nm in thickness, the films 60 nm thick possessed grains
omewhat larger in size.

The magnetic structure showed the presence of domains typi-
ally 10–30 �m in size. The nature of domain walls was  determined
nd a ripple structure of the magnetization within the domains was
bserved with high contrast and clarity. Both Néel type and cross-
ie walls were observed in the films 10 nm thick, and in the films
0 nm thick only cross-tie walls occurred. The presence of cross-tie
alls in the films 10 nm in thickness was reported for the first time.

he coexistence of Néel type and cross-tie walls in the films 10 nm
hick means that their wall energies are comparable at this film
hickness. This experimental finding confirms the predictions of
he theoretical works of Metlov [25,26] and Redjdal et al. [27]. The
lms both 10 nm and 60 nm thick were magnetized in the plane
f the film, except for small regions within the cross-tie walls in
hich the magnetization was found to be out-of-plane.

As the grain size of the studied films is significantly smaller than
he exchange length of about 300 nm for permalloy, the random
istribution of the magnetocrystalline anisotropy of the individual
anocrystalline grains is found to be practically averaged out by
xchange interaction. As a consequence, the exchange interaction
n connection with the magnetostatic effect leads to the strongly
educed total effective magnetic anisotropy in comparison with
he magnetocrystalline anisotropy, and thereby to the magnetic
omain structure with wide domains on a 10 �m scale.
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rant 505/692. Witold Szmaja dedicates the paper to the memory
f his mother.

eferences
[1] P.P. Freitas, R. Ferreira, S. Cardoso, F. Cardoso, J. Phys.: Condens. Matter 19
(2007) 165221.

[2] N. Amos, R. Fernandez, R. Ikkawi, B. Lee, A. Lavrenov, A. Krichevsky, D. Litvinov,
S.  Khizroev, J. Appl. Phys. 103 (2008) 07E732.

[
[
[

[

ompounds 521 (2012) 174– 177 177

[3] S.D. Bader, Rev. Mod. Phys. 78 (2006) 1.
[4] Y.C. Yeh, C.W. Huang, J.T. Lue, Appl. Surf. Sci. 254 (2008) 3420.
[5] A. Belkin, V. Novosad, M.  Iavarone, J. Fedor, J.E. Pearson, A. Petrean-Troncalli, G.

Karapetrov, Appl. Phys. Lett. 93 (2008) 072510.
[6] H.H. Liu, X.K. Duan, R.C. Che, Z.F. Wang, X.F. Duan, Mater. Lett. 62 (2008) 2654.
[7]  H.L. Seet, X.P. Li, J.B. Yi, W.Y. Ooi, K.S. Lee, J. Alloys Compd. 449 (2008) 284.
[8]  K. Kuepper, M. Buess, J. Raabe, C. Quitmann, J. Fassbender, Phys. Rev. Lett. 99

(2007) 167202.
[9] J. Fassbender, J. von Borany, A. Mücklich, K. Potzger, W.  Möller, J. McCord, L.

Schultz, R. Mattheis, Phys. Rev. B 73 (2006) 184410.
10] L.J. Heyderman, S. Czekaj, F. Nolting, E. Müller, P. Fischer, Ph. Gasser, L. López-

Díaz, J. Appl. Phys. 99 (2006) 063904.
11] A. Gentils, J.N. Chapman, G. Xiong, R.P. Cowburn, J. Appl. Phys. 98 (2005) 053905.
12] M. Ghorbani, A. Iraji zad, A. Dolati, R. Ghasempour, J. Alloys Compd. 386 (2005)

43.
13] A. Hubert, R. Schäfer, Magnetic Domains: The Analysis of Magnetic Microstruc-

tures, Springer, Berlin, 1998, p. 447.
14] H.-N. Lin, Y.H. Chiou, B.-M. Chen, H.-P.D. Shieh, C.-R. Chang, J. Appl. Phys. 83

(1998) 4997.
15] M.D. Cooke, D.A. Allwood, D. Atkinson, G. Xiong, C.C. Faulkner, R.P. Cowburn, J.

Magn. Magn. Mater. 257 (2003) 387.
16] J.N. Chapman, J. Phys. D: Appl. Phys. 17 (1984) 623.
17] A.K. Petford-Long, A. Kohn, T. Bromwich, V. Jackson, F. Castaño, L.J. Singh, Thin

Solid Films 505 (2006) 10.
18] W.  Szmaja, W.  Kozłowski, J. Balcerski, P.J. Kowalczyk, J. Grobelny, M.  Cichomski,

J.  Alloys Compd. 506 (2010) 526.
19] M.A. Akhter, D.J. Mapps, Y.Q. Ma  Tan, A. Petford-Long, R. Doole, J. Appl. Phys.

81  (1997) 4122.
20] G. Valdré, Nanostruct. Mater. 10 (1998) 419.
21] G.J. Kovács, G. Sáfrán, O. Geszti, T. Ujvári, I. Bertóti, G. Radnóczi, Surf. Coat.

Technol. 180–181 (2004) 331.
22] W. Szmaja, Phys. Stat. Sol. (a) 194 (2002) 315.
23] W.  Szmaja, in: P.W. Hawkes (Ed.), Advances in Imaging and Electron Physics,

vol. 141, Elsevier, Amsterdam, 2006, p. 175.
24] E.E. Huber Jr., D.O. Smith, J.B. Goodenough, J. Appl. Phys. 29 (1958) 294.
25] K.L. Metlov, Appl. Phys. Lett. 79 (2001) 2609.
26] K.L. Metlov, J. Low Temp. Phys. 139 (2005) 207.
27] M. Redjdal, A. Kakay, M.F. Ruane, F.B. Humphrey, IEEE Trans. Magn. 38 (2002)

2471.
28] M. Löhndorf, A. Wadas, H.A.M. van den Berg, R. Wiesendanger, Appl. Phys. Lett.

68  (1996) 3635.
29] R. Schäfer, in: J.P. Liu, E. Fullerton, O. Gutfleisch, D.J. Sellmyer (Eds.), Nanoscale

Magnetic Materials and Applications, Springer, Dordrecht, 2009, p. 275.
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