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The domain structure of "supercritical" Permalloy films was investigated in the range of thicknesses 
h from 1 to 170 J.1.. The domain structure was found to change when h was increased. Rectilinear 
powder patterns, corresponding to a stripe domain structure, were observed in the h < 3 J.1. range. In 
the range of thicknesses h from ~ 3 to ~ 150 J.1., the domain boundaries were curved and the thickest 
films (h > 150 !J.) had a complex structure with inverse magnetization regions within the principal 
domains. 

0 NE of the pressing problems in the modern theory of 
ferromagnetism is the dependence of the domain struc
ture on the dimensions of a sample, particularly on the 
thickness h of a ferromagnetic film. It is knownl1J that 
single-domain structure across the thickness is exhibi
ted by ferromagnetic films (h :S 2000 A). The magne
tization vector Is lies in the plane of the film because 
of the strong geometrical anisotropy of all films. The 
dimensions of the spontaneous magnetization regions 
(domains) depend on the conditions during the prepara
tion of a sample and on its preliminary magnetic treat
ment: these dimensions are in the range 102-104 J.1.. 

If, in addition to geometrical anisotropy, a film ex
hibits transverse anisotropy (the easy magnetization 
axis is rotated by an angle e ;" 1r/2 from the normal to 
the film), the magnetization vector of a film whose 
thickness exceeds a certain critical value he lies out
side the plane of the film. This gives rise to what is 
known as a stripe domain structure in which the domain 
width D is ~ 1 !J.. Such a structure has been observed 
in thinned single crystals of cobalt, l2 ' 3 J magnetoplum
bite, l4 J barium ferrite, l5 J and other materials. stripe 
domain structure has been reported also for "super
critical films" of polycrystalline samples. l6 ' 8 J The 
transverse anisotropy of such polycrystalline films is 
the result of various structural effects: macrostresses; 
shape anisotropy of the grains, pores, inclusions, etc. 

The stripe domain structure of a magnetic crystal 
undergoes changes when the thickness h is increased; 
the domain width D increases and basically new struc
tural elements appear at certain critical values of h. 
Transition domain structures have been investigated 
most fully for uniaxial single crystals. l2- 5 ' 9 J There have 
been theoretical investigations l3 ' 1o-12 l in which certain 
magnetization distribution models have been proposed. 
Thus, Wyslocki l3 r has shown that simple Goodenough 
and honeycomb structures transform into more complex 
configurations above a certain critical thickness ho. In 
both cases, inverse magnetization domains form in 
thick films. The dependence Doc h112 is obeyed by films 
of thickness h < h0 , whereas thicker films (h > ho) obey 
Doc h213 • However, it must be mentioned that the results 
of investigations of thin single crystals are highly con
tradictory, and apply only to open domain structures, 
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i.e., to that class of ferromagnets for which K = 27TI~K 1 
« 1 (K 1 is the transverse anisotropy constant). 

Uniaxial ferromagnets, which have small anisotropy 
constants (i.e., K » 1), may have domain configurations 
with closed magnetic flux paths. u 3 J According to 
Lifshitz' calculations, ll4 J a domain structure of this 
type in a film whose thickness is above a certain criti
cal value h~ should also become more complex because 
of the formation of wedge- shaped regions of inverse 
magnetization. 

There is no published information on the domain 
structure of ferromagnetic single crystals with K » 1. 
In view of this, the "super critical" films, whose room
temperature anisotropy constant is K1 [.:;; 105 erg/ cm3 

and Is[.:;; 800 G (i.e., K » 1), are very interesting to 
investigate. 

We studied earlier the domain structure of" super
critical" Permalloy films of thicknesses h = 1-40 !J.. ll5 J 

We showed that the domain boundaries in films with 
h > 3 !l become twisted, forming zigzag powder figures 
on the surface of a sample. However, the wedge- shaped 
inverse magnetization domains, predicted by E. 
Lifshitz, ll4 J have not been observed. In the present 
investigation, the range of thicknesses is extended to 
170 !J.. According to Lifshitz, ll4 J in this range of thick
nesses we should observe not only primary but also 
secondary complications of the domain structure. 

SAMPLES AND INVESTIGATION METHODS 

Ni- Fe films (initial composition 83 wt. %) Ni and 
17% Fe) were condensed on polished D16-T Duralumin 
plates, which were heated to 290°C. The rate of con
densation was 20 A/ sec and the vacuum was 10-4 torr. 
This was the optimum vacuum for the formation of the 
'' supercritical'' state. ll 6 J 

An x-ray diffraction investigation, carried out using 
a DRON-1 diffractometer, yielded the following results. 
The structure and composition of the films were differ
ent on the two sides of the condensate. The concentra
tion of Ni was 83.6% on the side facing the crucible and 
82.4% on the substrate side (these results were obtained 
for a film 170 J.1. thick). The dimensions L of the grains 
were ~ 2000 and 800 A, respectively. The level of dis-
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orienting microstresses was approximately the same 
on both sides: about 60 kg/mm2 • 

The influence of macrostresses on the magnetic 
properties of the films was eliminated by separating 
them from the substrates. The transverse anisotropy in 
the investigated condensates was due to the microscopic 
shape anisotropy. The value of K 1, estimated from the 
hysteresis loops, l17 J was~ 5 x 104 erg/ cm3 • Since the 
saturation magnetization for this type of Permalloy was 
Is~ 800 G, we concluded that k F:> 80 » 1. 

·The much larger size of the grains on the side facing 
the crucible was attributed to the relatively high rate 
of condensation, which favored the coarsening of the 
structure with increasing h. u 5 J This structural inhomo
geneity of the films resulted in some reduction of the 
transverse anisotropy constant on the crucible side. 
The slight difference in the composition of the film on 
each side had little effect on the energy of the grain 
shape anisotropy and, consequently, on K1 . 

The domain structure was investigated by the Akulov
Bitter method. A magnetic suspension was prepared in 
accordance with Elmore' s prescription l 1BJ but with 
some modifications. This suspension was highly sensi
tive and it enabled us to reveal the fine details of the 
domain boundaries. The powder patterns were "sharp
ened" by applying a magnetic field H 1 = 200 Oe at right
angles to the plane of the film. In some cases, the sam
ple was subjected to a preliminary electrolytic polish
ing. No mechanical treatment of the films (grinding or 
polishing) was carried out. 

Our task was to determine the influence of the thick
ness on the domain structure of" super critical" films. 
This required a new method for preparing films of 
variable thickness. Usually, samples are prepared 
from thin single crystals by mechanical treatment, 
which is followed by annealing. This method is unsuit
able for "super critical" films because the supercritical 
state is due to a nonequilibrium structure, which is 
destroyed by annealing. One can also vary the conden
sate thickness by altering the duration of evaporation of 
a film. This gives a discrete set of values of h and the 
results may be nonreproducible because of the differ
ences in the physical and technological conditions which 
exist during condensation. 

In view of these difficulties, we prepared wedge
shaped samples from a plane-parallel film, 170 /1 thick. 
The electrolytic thinning of a film on the side facing the 
crucible produced a sample whose thickness ranged 
from ~ 1 to 170 /1 in a distance of ~ 1 em. The opposite 
surface was polished electrolytically for 30 sec and 
then coated with a layer of lacquer. The film was held 
vertically and immersed repeatedly in an electrolyte. 
Powder figures were observed on both sides of the sam
ple but the observations were carried out on the 
smoother side facing the substrate because the polishing 
produced better results on this side. The lacquer layer 
was removed before the deposition of the magnetic sus
pension. 

Local measurements of the thickness h at various 
places along the wedge surface presented considerable 
difficulty. We used the following method in the deter
mination of h. A sample was covered by a thin layer of 
magnetic suspension, which was then dried. The surface 
was then painted with a colored ink. The thickness of the 

film was measured with a mechanical gauge. At the 
point where the gauge ball came in contact with the film, 
the ink cracked and we were able to observe the domain 
structure corresponding to the local value of h. The 
error in these measurements of h was ± 5 il· 

EXPERIMENTAL RESULTS AND DISCUSSION 

1. Figure 1 shows the powder patterns on the surface 
of a wedge- shaped film after it had been demagnetized 
parallel to the thin edge of the wedge. The maximum 
thickness of the sample was 170 /1 and the minimum 
thickness ~ 1 il· The film was subjected to a magnetic 
field H 1 = 200 Oe at right- angles to the plane of the 
film. Therefore, the distance between the stripes 
represents twice the domain width. We can see that the 
domain structure of the wedge, demagnetized in a direc
tion parallel to its thin edge, is highly regular-par
ticularly at the thin end. In view of the high regularity 
of the stripes, a sample of this type can be used suc
cessfully to study the dependence of the domain width D 
on h. Since it is difficult to determine the local thick
ness, the quantitative relationship between D and h is 
worth a separate study covering a wide range of film 
thicknesses. 

Figure 1a shows that part of the sample (maximum 
distance from the edge ~ 100 /1) which extends from 
h ~ 1 /1 to h ~ 10 /1. Zigzag lines appear prominently 
in the region h > 3 il· Simple zigzags (Fig. 1a and 1b) 
are observed in the range of h from ~ 3 to 40- 50 M, in 
good agreement with the results obtained earlier. l15 J 

i 
FIG. I. Powder figures on the surface of a wedge-shaped film. H 1 = 

200 Oe. Film thickness h (1.1): a) 1·1 0; b) 35-40; c) 50; d) 60-70; e) 80; 
f) 13Q.150;g) 170. 
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FIG. 2. Powder figures on the surfaces of "supercritical" Permalloy 
films having a thickness of 801' (a) and 1701' (c-d), observed in fields: 
a) H1 = +200 Oe; b) H1 = +200 Oe; c) H1 = -200 Oe; d) H1 = 0. 

The amplitude of these zigzags C is comparable with the 
domain width D, and it increases with increasing h. 

An additional twist of the amplitude, C1 «: C, appears 
in the domain boundaries when the thickness exceeds 
~50 J.l. (Fig. 1c). Figures 1d-1e show the powder fig
ures corresponding to the film thicknesses 60-70 and 
80 J.l., respectively. We can see that the basic nature of 
the domain structure remains the same in this range 
of h, but that the domain width increases and the ampli
tudes of the macro- and micro.,.zigzags (C and C1) be
come larger. 

In the thickness range h = 130-150 J.l. (Fig. lf), we 
can see some rings which are located along the domain 
boundaries. When h is increased to 170 J.1. (Fig. 1g), the 
parts of the domain walls with macro-zigzags, located 
between the rings, disappear from the pattern. 

2. We can use Eq. (44.8) in[19J to estimate the 
change in the domain width ~D/D due to the nonparallel 
orientation of the surfaces of a wedge- shaped sample. 
For the wedges used in our investigation, we found that 
~D/D < 5%. Nevertheless, we checked the influence of 
the nonparallelism by investigating plane-parallel 
films, 1 em in diameter and 80 or 170 J.l. thick. Figure 
2a shows the powder pattern obtained for a film 80 J.1. 

thick. As expected, the pattern is in good agreement 
with that obtained for a wedge- shaped sample (compare 
Figs. 1e and 2a). In both cases, macro- and micro
zigzags are observed on the condensate surface and the 
values of D agree to within ~ 10%, which is quite satis
factory in view of the errors in the measurement of h 
and D. 

Figures 2b- 2d show the powder figures obtained for 
a film 170 J.1. thick. The black shadow in these figures is 
an arrow indicator, which helps to identify a particular 
part of the layer surface. The patterns shown in Fig. 2b 
and 2c correspond to opposite polarities of the trans
verse magnetic field ±H 1 = 200 Oe. Figure 2d corre
sponds to H 1 = 0. We can see that there are cross
shaped figures between the rings. The arrow in Fig. 2b 
points to one such cross. When the field + H 1 is reversed 
in polarity (Fig. 2c), the point of the arrow is found to 
lie within a ring and the cross facing the arrow is no 
longer visible. The centers of the rings observed in 
+ H 1 are replaced by the cross- shaped figures in- H 1. 

c 

FIG. 3. Models of domain structures of "supercritical" films of var
ious thicknesses h (1-1): a) <3 [21 ]; b) 3-50 [ 15 ]; c) 150-170. 

A complex pattern is observed in H 1 = 0 (Fig. 2d). 
3. The experimental results presented in Figs. 1 and 

2 and those given in[l5'J can be used to describe the 
evolution of the domain structure in "super critical" 
films when their thickness is increased (Fig. 3). Since 
K >> 1 for our films, we shall assume that the domain 
structure is closed. This is in agreement with the fact 
that the contrast of the powder figures of the investiga
ted films is very poor in the absence of an external 
field although the magnetization vector of the principal 
domains is nearly perpendicular to the plane of the film 
(for films of thickness h > 30 J.l. the relative remanent 
magnetization is Ir/Is < 0.05). In the range of thick
nesses h from ~ 1 to 170 J.1., the following four types of 
domain configuration are observed: 

a) stripe structure, h < 3 J.l.; 
b) macro-zigzag structure, h = 3-50 JJ.; 
c) macro- and micro-zigzag structure, h = 50-150 J.l.; 
d) complex structure, h > 150 J.l.. 
a) The range h < 3 J.l. is characterized by a stripe 

domain structure with planar boundaries between the 
domains. One of the models described in[20' 21 l applies 
to this case. The powder figures on the surface of a film 
are straight lines parallel to the direction of the pre
liminary demagnetization. Figure 3a shows the domain 
structure suggested by Krinchik and Chepurova. [2ll 

b) When h is increased, the volume V of the closure 
domains increases and, consequently, the anisotropy 
energy of the sample becomes greater. We have sug
gested inusJ that the increase in V is impeded by the 
change in the angle w, which becomes greater than 90°. 
In this case, the condition div Is= 0 is not satisfied at 
the 90° boundaries. The energy associated with the re
sultant volume magnetic "charges" may be reduced by 
a twist in the domain walls. [22 l This produces the 
domain configuration shown in Fig. 3b. The twisting of 
the walls gives rise to zigzag powder figures on the 
surface of the film. A domain structure of this type has 
been considered by us in detail in[lsJ. We shall call it 
the ''macro- zigzag structure.'' 

c) When the thickness is h ~ 50 J.l., an additional 
(secondary) twisting of the walls is observed. In addi
tion to the macro-zigzags, whose amplitude is compar
able with the domain width, we also observe small
amplitude micro-zigzags. We shall call this domain 
configuration the "macro- and micro-zigzag structure." 

d) A basically new configuration, which we shall call 
the "complex domain structure," appears in films 
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whose thickness is 150-170 !J.. We shall use the follow
ing model to represent this complex structure (Fig. 3c). 
Since K » 1, the magnetic flux path is closed. The vol
ume of the closure prisms (and, consequently, the 
anisotropy energy) may be reduced by the formation of 
conical inverse-magnetization regions within the prin
cipal domains. 

In the complex structure, the domain boundaries are 
twisted (there are micro-zigzags in the boundaries). 
For the sake of simplicity, these twisted boundaries 
are shown as straight lines in Fig. 3c. Since the boun
daries are "charged," the configuration of leakage 
fields on the surface is complex if H 1 = 0. 

It must be stressed that the models of domain struc
tures of ''super critical'' films cannot be regarded as 
fully established. Additional experiments and theoretical 
calculations are needed to obtain more information on 
the distribution of magnetization in uniaxial ferromag
nets with K » 1. This applies to thin films (h < 3 J.J.), 
as well as to thick films, in which the domain structure 
is more complex. 

4. We shall now consider the possible influence of 
static magnetic fields on the domain configurations of 
"super critical" films whose thickness is 150-170 !J.. 

A. If we apply a field H 1 at right-angles to the plane 
of the film, the vectors Is of the closure domains 
should be deflected from the plane of the film by an 
angle e = H 1 /4rris. l19 J For H 1 = 200 Oe, this angle is 
e R> 0.02 and, therefore, the domain width should change 
only very slightly (0.04%). Thus, the application of a 
field H 1 = 200 Oe has practically no effect on the domain 
configuration of the "supercritical" films. These esti
mates are in agreement with the observation that the 
powder pattern configurations remain unchanged when 
the field H 1 is increased from ~50 to 200 Oe: only the 
contrast of the powder figures is increased. The ques
tion now arises what should be the distribution of the 
magnetic suspension when a field ±H 1 is applied. 

We shall assume that a field +H1 is directed down
ward as shown in Fig. 3c. This field weakens the leak
age fields at the points denoted by A and enhances the 
fields above the lines and curves denoted by B and C, 
as well as above the points D. Thus, we should observe 
the figures represented by the continuous lines in Fig. 
3c: the configuration should include a system of rings 
B, parts of the boundaries C between these rings, and 
crosses D. The dashed curves A indicate the changes 
which should occur when the vertical field is reversed 
to -H1 . Under the influence of fields ±H1, the changes 
in the powder patterns predicted by this model are in 
agreement with the experimental observations (Figs. 2b 
and 2c). 

B. If a thick "supercritical" film has the domain 
configuration shown in Fig. 3c, a static field H of suffi
cient amplitude and oriented in the plane of the film 
should alter the distribution of the magnetization near 
the film's surface. Figure 4a shows schematically the 
distribution of the magnetization in a surface layer when 
this longitudinal field is H = 0. For simplicity, the cen
ters of the rings in neighboring stripes are shown at the 
same level (compare with Fig. 3c). The application of a 
field H at right-angles to the stripes (Fig. 4b) increases 
the volume of those domains whose Is vectors are paral
lel to H. If, in addition to the field H, we apply a trans-

FIG. 4. Influence of a field H, lying in the plane 
of the film, on the domain structure shown in Fig. 
3c. 
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verse field + H 1 and direct this field upward, we should 
observe the powder figures represented by the continu
ous lines in Fig. 4b. The rings become elongated toward 
the left, i.e., opposite to the vector H. When the trans
verse field is reversed from + H 1 to- H 1 (leaving the 
amplitude and direction of H unaltered), the suspension 
should become concentrated at the points represented by 
the dashed curve in Fig. 4b. Thus, the rings should be
come elongated along H if the transverse field is - H 1. 

The powder patterns should be affected also by a 
field H oriented parallel to the domains (Fig. 4c). De
pending on the mutual orientations of H and Is, the rings 
in the closure domains should become elongated either 
along H or opposite to this field. The application of a 
field +H1 , oriented upward, should produce the boun
daries shown as the continuous lines in Fig. 4c. When 
this field is reversed to -H1 , we should observe the 
rings elongated along Hand represented by the dashed 
curve in Fig. 4c. 

The experimental results presented in Fig. 5 are in 
full agreement with the theoretical model of Fig. 4. The 
original domain structure (H = 0, H 1 = + 200 Oe) is 
shown in Fig. 5a. The next figure (Fig. 5b) shows the 
results obtained by applying H = 200 Oe, oriented at 
right -angles to the stripes, in addition to + H 1 . The 
direction of His indicated by the arrow in Fig. 5. We 
can see that the rings become elongated along the field 
H. When the transverse field is reversed from +H1 to 
-HJ. and His kept the same, we can see rings elongated 
in the opposite direction (Fig. 5c). 

Figures 5d-5f show the influence of a field H, paral
lel to the stripes, on the ring-shaped structure ele
ments. Figure 5d corresponds to the case H = 0 and 
H1 = +200 Oe. The next stage (Fig. 5e) represents the 
influence of +H1 and H = 200 Oe oriented along the do
mains. In this case, the rings are elongated in the direc
tion opposite to H. When the field + H1 is reversed to 
-H1 (Fig. 5f ), we can see the neighboring boundaries 
where the rings are elongated along H. 

5. We shall now consider the influence of the edge of 
a sample on the domain structure of "supercritical" 
films. If a wedge-shaped sample is demagnetized in a 
direction perpendicular to the thin edge, we obtain a 
very irregular domain structure (Fig. 6a). The irregu
larity of the structure is due to the fact that the domain 
width D changes with increasing h because of the forma
tion of irregularities known as "magnetic disloca-
tions. l 15 l This complex structure is not an equilibrium 
configuration and a study of the dependence of D on h 
carried out on wedge-shaped films, demagnetized in a 
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FIG. 5. Powder figures on the surface of a film, 170!-1 thick, ob
served using various combinations of fields H (parallel to the plane of 
the film) and H 1 (perpendicular to the film): a) H = 0, H1 = +200 Oe; 
b) H = +200 Oe (oriented at right-angles to the stripes), H1 = +200 Oe; 
c) H = +200 Oe, H 1 = -200 Oe; d) H = 0, H1 = -200 Oe; e) H = +200 
Oe (oriented along the stripes), H1 = -200 Oe; f) H = +200 Oe, H1 = 
+2000e. 

direction perpendicular to the thin edge, may give rise 
to considerable errors. 

The domain structure may be irregular also when 
the wedge is demagnetized in a direction parallel to the 
thin edge. In this case, the irregularity is due to the 
demagnetizing fields at those edges of the film which 
are perpendicular to the stripes. This is particularly 
important for films with large values of h (Fig. 6b). We 
can see that the stripes are now oriented parallel to the 
edge and this can be explained as follows. The magneto
static energy of the leakage fields decreases if the vec
tor Is is directed parallel to the edge of the sample, i.e., 
if the magnetic flux path is closed. Since the orientation 
of the boundaries parallel to Is is energetically favor
able in the case of stripe domains, LeJ the domain boun
daries become oriented along the film edge. 

The powder patterns near the edge may differ con
siderably from those near the center of the sample. 
Figure 7 shows some figures which form a net. Figures 
7a and 7b were obtained by applying oppositely directed 
transverse fields H1 = ±200 Oe. The arrow indicator 
points to the same place on the surface of a film. In a 
field +H 1 (Fig. 7a), we can see some rings. When the 
field is reversed to-H1 (Fig. 7b), these rings trans
form to zigzag lines and crosses at the centers of 
"cells". 

It follows from Figs. 6 and 7 that departures from 
the regularity of the stripes under the influence of the 
leakage fields at the edge of a film do not give rise to 
new types of domain boundary. On the other hand, these 
leakage fields may considerably increase the domain 
width (by a factor of 1.5 in Fig. 6b) because of the ir-

FIG. 6. Departures from the regulaiity of the domain structure at 
the edge of a wedge (a) and in the region of h = 170!-1 (b); H1 = 200 Oe. 

'•,~ 

FIG. 7. Departures from the regularity of the domain structure in a 
film 170!-1 thick: a) H1 = +200 Oe; b) H1 = -200 Oe. 

FIG. 8. Hysteresis loops of "super
critical" Permalloy films of various thick
nessesh(!-1): a) 0.5; b) 5; c) 30; d) 170. 

regularity. This must be allowed for in investigations 
of the dependence of the domain width on the film thick
ness. 

6. It seemed interesting to determine the switching 
curves of the films with different domain structures. 
Figure 8 shows the hysteresis loops of films ranging in 
thickness from 0. 5 to 170 J.L. We can see that these 
loops are basically the same throughout the whole in
vestigated range of h and only the parameters of the 
hysteresis loop change with increasing h (the remanent 
magnetization and the coercive force decrease gradu
ally). 

The saturation field Hs was determined from Fig. 8 
for each of the investigated films. The amplitude of the 
switching field was the same for all the films: it was 
equal to 350 Oe. An allowance had to be made for the 
demagnetization factor N R: 7r'i:t/d, where d is the diam
eter of the film. For h = 150 J.L and d = 1 em, this factor 
was N = 0.17, i.e., the demagnetizing field was ~140 Oe. 
The values of Hs for films of different thicknesses are 
given in the table below: 

h, .... ~: 0,5 5 35 170 
H,, a: 90 90 HO HO 

We can see that the saturation field Hs increases 
slightly when the film thickness is increased from 0.5 
to 170 IJ.· 

No sudden change in the parameters of the hysteresis 
loop were observed at those critical values of h at which 
the nature of the domain boundaries changed or new 
structures appeared. 
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CONCLUSIONS 

An investigation of the powder figures on "super
critical" Permalloy films indicated that four domain 
configurations existed in films whose thickness h ranged 
from 1 to 170 ll. The stripe domain structure was ob
served in films of thickness h < 3 iJ.. In the range of h 
from ~ 3 to ~50 ll, the domains had twisted boundaries 
("macro-zigzag structure"). An additional (secondary) 
twisting of the boundaries was observed in films of 
thickness h > 50 ll; this was called the "micro- and 
macro-zigzag structure". Finally, in films of thickness 
h > 150 ll, a new "complex" domain structure was ob
served. A model explaining the complex structure has 
been put forward. This model is based on the assump
tion that the magnetic flux path is closed and that conical 
inverse-magnetization regions form within the principal 
domains. 

The authors are grateful to V. V. Belozerov for 
carrying out the x-ray diffraction measurements. 
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