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Epitaxial growth of SmCo5 films on substrates with two different symmetries was used to tailor film texture.
A geometry where the easy axes of all grains are aligned in parallel is compared with a geometry where two
sets of grains have a perpendicular alignment. For these two types of films with well defined nanoscaled
microstructures, the role of pinning, nucleation, and intergrain interactions for the key permanent magnetic
properties, namely, coercivity and remanence, is studied. The angular dependency of switching field and
remanence reveals that the depinning of domain walls rules the magnetization reversal. In addition, these
measurements indicate that the magnetization processes occur independently within each set of perpendicularly
aligned grains. Although a large positive �J indicates strong intergrain interactions, remanence enhancement is
absent in both samples. An analysis of the irreversible susceptibility during the magnetizing and demagnetizing
processes gives a complete picture of the relevant processes, and shows that both pinning and nucleation of
domains are involved.

DOI: 10.1103/PhysRevB.79.214401 PACS number�s�: 75.50.Ww, 75.70.Ak, 75.50.Tt, 81.15.Fg

I. INTRODUCTION

In order to tailor the response of a magnetic material to an
external magnetic field, a sound understanding of the under-
lying magnetization processes in the studied system is re-
quired. For permanent magnet materials, which increasingly
gain importance in thin-film form, this central question cul-
minates in understanding the origin of coercivity. Conse-
quently the magnetization reversal or coercivity mechanism
has been thoroughly investigated for several hard magnetic
thin films.1–6 As an extrinsic property the coercivity and its
mechanism depends on the details of the microstructure and
its origin can only be answered for each individual case.

In this paper, the study of the coercivity mechanism in
epitaxial nanocrystalline SmCo5 �Ref. 6� has been extended
to films with perpendicular orientation of the easy magneti-
zation direction of neighboring grains. Furthermore it in-
cludes various angle dependent measurements and irrevers-
ible susceptibility data in the magnetizing and the
demagnetizing branches. In order to facilitate a consistent
interpretation of these measurements the basic principles of
magnetization reversal in small particle systems and in ex-
tended films are shortly reviewed, focusing especially on the
interpretation of susceptibility measurements.

Magnetization reversal follows the basics of micromag-
netism and can be classified into several broad categories.7–9

In the simplest case of isolated �noninteracting� small par-
ticles, whose sizes are below the single domain particle size,
the magnetization reversal is expected to follow the coherent
rotation process described by Stoner and Wohlfarth.10 When
all particles exhibit the same uniaxial anisotropy, the reversal
is simply governed by the easy axis distribution across the
particle ensemble. Deviations from the interaction-free sce-
nario, both due to magnetostatic and direct exchange, leading
to significant modifications of the magnetization behavior. In
these small grained ensembles, interactions manifest them-
selves in an asymmetry between the magnetizing and the
demagnetizing processes, and are often probed by a �J

analysis, which balances the remanence magnetization as a
function of the formerly applied field starting from the ther-
mally demagnetized �magnetizing branch JR

M� and the satu-
rated �demagnetizing branch JR

D� states, respectively.11,12 Es-
pecially intergrain exchange coupling has been extensively
investigated with the aim of enhancing remanence and there-
fore improving the energy density �BH�max above the Stoner-
Wohlfarth limit for isotropic magnets by reducing the grain
size down to a few tens of the exchange-correlation length
d=�A /K.13–17 This formula describes the competition of ex-
change coupling constant �A� favoring a parallel alignment
of neighboring spins with the magnetocrystalline anisotropy
constant �K� favoring an alignment of spins with respect to
the crystal lattice.

For large grained samples the Stoner-Wohlfarth approach
is no longer applicable. As is known, e.g., in the well studied
sintered Nd2Fe14B-, SmCo5-, or Sm2Co17-based magnets, in-
homogeneous magnetization states or the formation of re-
versed domains within a grain during the demagnetizing pro-
cess are no longer prohibited and the coercivity is
determined by the ease with which reversed domains can
nucleate and expand. Based on this, magnets can be classi-
fied in a simplified way into nucleation- and pinning-type
magnets.8,18,19 In a nucleation-type magnet, domain-wall
movement is relatively easy but the magnetization reversal
from the saturated state first requires the nucleation of a re-
versed domain which occurs at high fields. On the other
hand, in a pinning-type magnet the formation of reversed
nuclei costs less energy than the depinning or expansion of
these reversed domains. Therefore the fields required for the
depinning of domain walls from defects determine the coer-
civity. In such multidomain magnets the Stoner-Wohlfarth
criterion is necessarily violated and �J cannot be expected to
be zero due to the difference in the domain configuration of
the thermally demagnetized and saturated states. Domains
present in the demagnetized state can be driven out from the
system, and thereby lead to an increased JR

M, in relatively low
fields. In contrast reversal from the saturated state requires
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the application of a large nucleation field. Thus large positive
�J are typically observed for a high coercive nucleation-type
magnet, such as sintered large grained Nd-Fe-B.20–22 In
pinning-type magnets the effect of the coercivity mechanism
on the results of a �J analysis is less well studied. The irre-
versible susceptibility calculated from the remanence analy-
sis performed in the magnetizing branch is often identified
with the pinning field distribution within the magnet.23,24 As-
suming that the same pinning distribution also governs the
demagnetizing process leads to the prediction of a vanishing
�J �Ref. 25� but this is often in contradiction with experi-
mental observations.26

The classification of the coercivity mechanism into small
particle switching, pinning, and nucleation complicates fur-
ther when the magnetic system consists of small distinguish-
able entities, e.g., grains with individual local easy axis ori-
entation, which are, however, so well coupled that they form
areas of roughly homogeneous magnetization larger than the
size of the underlying entities and result in a special type of
domain. Such collective magnetization patterns have been
named “interaction domains” when they originate from mag-
netostatic coupling27,28 but the term is equally appropriate for
coupling of neighboring grains by direct exchange.29

Whether and to which extent such interaction domains can
be classified to follow a pinning- or nucleation-type coerciv-
ity mechanism is not altogether well studied but presents a
key question in today’s nanoscaled and nanostructured mag-
netic materials.

Here, we clarify the relevance of nucleation, pinning, and
exchange interactions on the coercivity mechanism in epitax-
ial SmCo5 thin films. For this, we compare the angle depen-
dent hysteresis and irreversible susceptibility in the magne-
tizing and the demagnetizing branches of two nanoscaled
SmCo5 films with two distinctly different epitaxial textures.
The data can be convincingly described in the framework of
a pinning controlled coercivity mechanism. In extension to
the previous study,6 however, the susceptibility data and the
angle dependent measurements require a modification of the
pinning picture, in which the contribution of nucleation and
the nanocrystalline microstructure play a significant role, and
hence cannot be ignored.

II. SAMPLE PREPARATION, MICROSTRUCTURE,
AND MAGNETIC MEASUREMENTS

As described in detail earlier,30,31 SmCo5 films with a
thickness of 50 nm were deposited using pulsed laser depo-
sition from elemental targets in a ultrahigh-vacuum deposi-
tion system �base pressure of 2�10−9 mbar� on MgO�001�
and MgO�110� single-crystal substrates. From the pioneering
experiments of Fullerton et al.,32 it is known that Sm2Co7
grows epitaxially on these two different substrates. While in
both cases the magnetic easy axis is aligned in plane, the
arrangement within the film plane differs. The twofolded sur-
face symmetry of the Cr�211� buffer on the MgO�110� sub-
strate allows for a unique alignment of the easy axis, whereas
the fourfolded surface symmetry of the Cr�001� buffer on
MgO�001� substrates results in the growth of two sets of
Sm-Co grains having their easy axes perpendicular to each

other. In our recent work30,31 we show that identical growth
is also possible for the SmCo5 phase, exhibiting a favorable
higher anisotropy and saturation polarization compared to
the Sm2Co7 phase examined by Fullerton et al. The two
SmCo5 geometries on MgO�110� and MgO�001� substrates
are sketched in the insets of Figs. 1 and 2, and in the follow-
ing are described as single-variant �grown on MgO�110�� and
two-variant states �grown on MgO�001��. Both the single-
variant and the two-variant cases are model systems with
well defined geometries, with only small-angle grain bound-
aries existing in the former case, while the latter exhibits a
large number of 90° grain boundaries. Both types of films are
smooth, continuous, and possess sharp interfaces between
the Cr buffer, the SmCo5 layer, and the Cr cover layer with-
out visible interdiffusion.30,33 The Sm-Co grains are about
50–100 nm in size and grow in a columnar fashion spanning
the entire film thickness �as found from previous transmis-
sion electron microscopy investigations34�. Local magnetic
force microscopy �MFM� observations indicate that the do-
main size in these samples can be as small as 100 nm, indi-
cating that the grains are essentially single domain
entities.35,36

Magnetic characterization of the samples was performed
in a superconducting quantum interference device magnetic
property measurement system with the highest applied field
of 7 T and the possibility to rotate the sample continuously in
the field, and in a physical property measurement system
vibrating sample magnetometer �PPMS-VSM� with an ap-
plied field up to 9 T. Hysteresis curves were measured at
different angles � between the in-plane easy axis and in-
plane applied field, and � between the in-plane easy axis and
an applied field tilted toward the film normal. For the two-
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FIG. 1. �Color online� �a� Demagnetizing branch for a SmCo5

film on MgO�110� single-crystal substrate at varying angles �
=0°, 60°, and 70°. �b� Switching field �open circles� and calculated
inverse cos dependence �solid line� as a function of the out-of-plane
angle � between the applied field and the in-plane c axis.
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variant case, where two equally probable but perpendicular
orientations of the easy axis occur, the angle � and � refer
to one of these orientations. Pictorial representations of
angles � and � are given in the insets of Figs. 2 and 3.
Recoil loop measurements were performed on the samples in
small steps of 0.25 T up to maximum applied fields of 9 T
with the PPMS-VSM. For the following experiments, two
films with optimized properties were selected, i.e., both films
exhibit a coercivity of more than 3 T, and also correspond-
ingly high remanences of 0.94 T for the single-variant state
and 0.71 T for the two-variant state, reflecting the difference
in the easy axis distribution.30,31

III. RESULTS AND DISCUSSION

A. Angular dependent hysteresis measurements

The coercivity mechanism of the single-variant film was
analyzed by a micromagnetic analysis, angular dependent
measurements, and MFM in a previous study.6 In that at-
tempt to describe the magnetization processes—which will
be partly modified here—it was suggested that the coercivity
in these films is controlled by pinning, and that domain
nucleation can be neglected. The strongest argument came
from angular dependent hysteresis measurements, in which
the switching fields followed Kondorsky’s 1/cos
dependence.37 This dependence describes a magnetization re-
versal by depinning of domain walls in a uniaxial system
where only 180° domain walls are present. For a comparison
with the more complex two-variant state, angle dependent

hystereses on the single-variant sample are now measured
with an increased field component perpendicular to the film
plane �Fig. 1�. For the single-variant sample, the hysteresis
measured along the easy axis is square shaped and shows a
sharp magnetization transition at the switching field �0HS,
defined as the maximum of the irreversible susceptibility.
When applying the field under an angle �=60° with respect
to the film plane, the hysteresis is not square shaped anymore
but a certain slope is observed due to reversible rotation of
magnetization toward the direction of applied field. As for
the 0° measurement, irreversible magnetization switching is
observed as a sharp decrease in polarization which occurs at
higher negative fields. With increased measurement angle
�=70°, both of these observations �increased slope and
larger switching field� become more pronounced. However,
compared to the 60° measurement the switching field HS
increases whereas the coercivity value HC remains constant.
This is understood from the fact that the coercivity HC is
defined as the field at which the magnetization vanishes in
the sample, and therefore has contributions from both the
reversible and irreversible processes. Hence, the switching
field HS is a more appropriate sample property to define ir-
reversible magnetization switching. For 90° an almost com-
pletely closed hysteresis is observed, as only reversible rota-
tion of magnetization toward the external field occurs �not
shown here�. The summary of HS �Fig. 1�b�� reveals a strong
increase with angle. Values fit well with an inverse cosine
dependence �solid line�. Following the concept of
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FIG. 2. �Color online� �a� Demagnetizing branches of a SmCo5

film on MgO�001� single-crystal substrate at varying angles �
=0°, 70°, and 83°. �b� Switching field �open circles� and calculated
inverse cos dependence �solid line� as a function of the out-of-plane
angle � between the applied field and the in-plane c axis of one of
the grain variants.
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FIG. 3. �Color online� �a� Demagnetizing branches of a SmCo5

film on MgO�001� single-crystal substrate at varying angle �=0°,
20°, and 30°. �b� Switching fields �open circles� and calculated
inverse cos dependence �solid line� as a function of the in-plane
angle � between the applied field and the in-plane c axis of one of
the grain variants together with the inverse cos�90°−�� depen-
dence �dashed line� predicting the switching field in the perpendicu-
lar grain variant.
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Kondorsky37 and as discussed extensively recently,6 this in-
dicates an efficient pinning of domain walls as the origin of
coercivity. The small deviation from the 1/cos dependence is
caused by the already discussed rotational processes, which
also modify the energy of the domain wall and hence the
depinning field. Such effects are discussed, e.g., by
Schuhmacher38 and scale with the ratio of switching field to
anisotropy field. Consequently the deviations increase for
higher angles.

Angular dependent measurements performed in a similar
fashion with the field applied at an out-of-plane angle on a
150-nm-thick two-variant SmCo5 sample are summarized in
Fig. 2. The in-plane field component is chosen to be parallel
to one grain variant, so that with varying � �the angle be-
tween the easy axis of one variant and the field�, the field is
always perpendicular to the easy axis of the second variant.
Thus, the magnetization rotation within the second variant
contributes to a constant slope, visible already for �=0°, in
contrast to the rectangular loop of the single-variant sample.
Except for this additional slope, the hystereses measured for
the different angles � are similar to the single-variant case.
With increasing � from 0° to 70° and further to 83°, the
switching field increases and the remanent magnetization de-
creases �Fig. 2�a��. The angle dependence of all measure-
ments for varying � on the two-variant sample is summa-
rized in Fig. 2�b�. A similar increase in HS with angle as for
the single-variant case is observed; however a fit with
1 /cos � is not as good as for the single-variant sample.

For the two-variant sample hysteresis measurements were
also performed with varying in-plane angle � �Fig. 3�. Since
the field is applied in the film plane at an angle � with
respect to one of the easy axes, the other variant experiences
the applied field at the complementary angle of �90°−��.
The hysteresis for �=0°, which is parallel to the easy axis of
one variant and perpendicular to the other, exhibits one
sharply defined switching field and the expected additional
slope �Fig. 3�a��. As shown exemplarily for �=20° and 30°,
a second switching process is observed at higher negative
fields for all nonsymmetric orientation ���0°, 45°, and
90°�. This suggests that the magnetization in the complemen-
tary variant is not only rotating but also switching. The
switching occurs at two well defined fields which are sum-
marized in Fig. 3�b� and are attributed to the magnetization
reversal in the respective variants. For � close to 45° where
a symmetric situation exists for both the variants, the switch-
ing fields cannot be separated. Both the switching fields in-
crease with increasing angle and can be fitted well with a
1/cos dependence. This demonstrates that the magnetization
reversal in both variants appears independent of each other,
and is determined by the depinning and expansion of domain
walls.

Up to this point, the results seem to be consistent and
straightforward: for the two-variant sample there are two in-
dependent sets of grains, and switching in each one of them
is controlled by pinning. However, variants are connected
and form a continuous film. As the variant size is about 50–
100 nm, interaction between different variants might be nec-
essary to consider. An exchange interaction in the system is
expected to result in remanence enhancement and often a
positive deviation of �J is interpreted as a kind of proof.

Remanent polarization for the single-variant and the two-
variant samples were extracted from the angular dependent
hysteresis measurements and are summarized in Fig. 4. The
normalized remanent polarization JR /JS for increasing angle
� on the single-variant sample �Fig. 4�a�� decreases with
increasing angle � and shows a cos � dependence �dashed
line�, indicating that in the remanent state the magnetization
lies along the easy axis and only the projection JS cos � of
the saturation polarization is contributing to the measurement
along the previous field direction. Similar measurements on
the two-variant film reveal a similar decrease in polarization
with increasing angle � �Fig. 4�b��. In comparison to the
single-variant case the remanent values reach only half of the
saturation magnetization �dashed line� since only half of the
variants can contribute. When the angle is varied in the film
plane from one variant to another, a maximum of JR /JS at
45° is obtained �Fig. 4�c��. This however is no indication of
remanence enhancement by exchange coupling, but just a
direct consequence of the two-variant geometry. In this ge-
ometry, the projection of both variants onto the field direc-
tion contributes to the remanence. Experimental data follow
the expected �JS /2��cos �+sin �� dependence �dashed line�.
It is the more general case of the measurement at �=45°,
which was published earlier for a different sample.30

FIG. 4. �Color online� �a� Angular variation in remanent polar-
ization JR �full circles� for the single-variant film and the expected
cos � dependence �dotted line�. �b� Angular dependence measured
for the two-variant sample on MgO�001� and the expected 0.5
�cos � dependence. �c� Angular variation in remanent polarization
JR �full circles� for the two-variant sample as a function of the
in-plane angle � together with the predicted Stoner-Wohlfarth
�JS /2��cos �+sin �� dependence �dotted line�.
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We can therefore conclude that for all the three measure-
ment configurations the normalized remanent polarization
behaves in accordance with the Stoner-Wohlfarth prediction
and we do not observe any hint of remanence enhancement.
This is obvious for the single-variant case, where due to the
epitaxial growth all the easy axes and therefore the magnetic
moment is already aligned along one single direction in the
remanent state. In the two-variant sample on the other hand,
magnetization cannot change abruptly across the grain
boundary from one easy axis orientation to the 90° neighbor
as the term for the exchange energy Eex=A ·��m� �r���2 re-
quires a continuous rotation of the magnetic moments. These
moments can in principle contribute to a remanence en-
hancement above the geometrical limit of the Stoner-
Wohlfarth model. The experimental absence of remanence
enhancement is in accordance with numerical estimates
based on the length ratio D /d, D being the average grain
diameter and d being the exchange-correlation length. For a
reduced grain size of D /d�100, as in the studied system,
calculations predict a remanence enhancement of less than
3%.39 Although these calculations describe an ensemble with
isotropic in-plane easy axis distribution, a similarly low
value is expected for the present texture.

B. Irreversible susceptibilities in the magnetizing
and demagnetizing processes

Although remanence enhancement is neither expected nor
observed, the nanocrystalline microstructure with small con-
nected grains may still have an influence on the overall mag-
netization behavior through intergrain exchange coupling.
Instead of simply looking for the remanence after full satu-
ration, a �J analysis probes the irreversible switching pro-
cesses in the magnetizing and demagnetizing branches of the
hysteresis. This kind of measurement can therefore be used
to analyze the effect of interactions on the magnetization
reversal mechanism. Starting from the as deposited thermally
demagnetized state, the sample is subjected to a certain posi-
tive magnetizing field Happ applied parallel to �one of� the
easy axis, which was then reduced to zero, and the remanent
magnetization JR

M is measured �Fig. 5�. �The vanishing de-
magnetizing factor in the in-plane geometry allows identify-
ing of the applied field with the internal field, which has to
be considered in a �J analysis.� This process is repeated with
increasing applied field �up to 9 T�, resulting in the remanent
values JR

M�Happ�. As a next step the demagnetizing process
was analyzed by repeating these measurements with negative
demagnetizing fields Happ which gives JR

D�Happ�. For a sys-
tem of noninteracting ellipsoidal single domain particles with
uniaxial anisotropy, the following equation should hold:10

JR
D�Happ�/JR

� = 1 − 2JR
M�Happ�/JR

�. �1�

JR
�=JR

M�9 T� is the maximum remanence after applying a 9 T
field. �J is the deviation from this equality which arises from
violation of any of the listed conditions, especially the non-
interaction and the single domain character. In small grained
samples with uniaxial anisotropy a positive �J is commonly
interpreted as a consequence of exchange coupling, whereas
a negative value is interpreted as magnetostatic interac-

tions.40,41 �J plots for both samples are presented in Fig. 6
and show positive deviations. The two-variant film on
MgO�001� substrate shows a moderate positive �J with val-
ues which lie in the range of what is reported for nanocrys-
talline hard magnetic thin films.26,42 Although the effect of
coupling on remanence enhancement is negligible due to the
large grain size, obviously the direct intergrain exchange in-
teractions modify the magnetization reversal in this ensemble
of coupled single domain grains. In case of the single-variant
film the positive �J is even more pronounced and reaches the
maximum theoretical value of 2. When considering this film
as an ensemble of nanocrystalline grains, the positive �J can
be understood as the effect of exchange coupling to the well
aligned neighboring grains. This stabilizes the magnetization
of an individual grain against reversal when starting from the
saturated state. When starting from the thermally demagne-
tized state, exchange coupling averages out due to the pres-
ence of neighboring grains with antiparallel orientation of
their magnetic moments. In this sample grains are only sepa-
rated by small-angle grain boundaries and the coupling is
apparently so strong that it justifies the view that the coer-

FIG. 5. �Color online� Measured recoil loops for SmCo5 films
on �a� MgO�110� and �b� MgO�001� substrates, respectively.

FIG. 6. �Color online� �J plots for SmCo5 films on MgO�110�
and MgO�001� substrates. Measurements were performed with the
applied field parallel to �one of� the easy axis.
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civity is determined by the depinning of 180° domain walls.
In the following we will develop a model to explain both,

angle dependent switching fields and recoil loops for both
types of samples. For this we discuss the individual irrevers-
ible susceptibilities in the magnetizing and the demagnetiz-
ing branches of the hysteresis in more detail.

For the single-variant film �Fig. 7�a�� the irreversible sus-
ceptibility distribution during the magnetizing process �irr

M

=�JR
M /���0Happ� shows a maximum at �0Hm=2.1 T. This

maximum is quite broad �full width at half maximum
	��0H�=0.79 T� as compared to the demagnetizing process,
for which a very sharp maximum �	��0H�=0.10 T� occurs
at the coercivity of 3 T. To understand these differences one
needs to consider the different domain configurations at the
beginning of both processes. In the thermally demagnetized
state, we reported on a quite small domain pattern, which is
observed by magnetic force microscopy35 and may be con-
sidered as a large number of nuclei in the order of
1010 cm−2. In the magnetizing process they grow by expand-
ing into the neighboring not yet reversed domains. The broad
irreversible susceptibility peak thereby suggests a broad dis-
tribution of pinning fields. The density of strong pinning sites
can also be estimated from magnetic force microscopy mea-
surements and amounts to a likewise high number of
1010 cm−2.6 A different starting situation exists for the de-
magnetization process where magnetization reversal sets in
from a single domain state. Let us first assume that the
present system is a simple pinning dominated magnet in
which the nucleation of a reverse domain is relatively easy.
Hence small nuclei could form at low fields at all defects
within the sample. These nuclei can then expand across the
next-nearest pinning site once the corresponding pinning
field is exceeded. This pinning field distribution therefore

should result in an irreversible susceptibility �irr
D

=�JR
D /���0Happ� qualitatively comparable to that of the mag-

netizing branch, �irr
M, as briefly discussed in Sec. I. This is

obviously not the case in our present system where magne-
tization reversal occurs at a well defined field and finishes in
a very narrow field interval. The observed difference be-
tween �irr

M and �irr
D hints for domain nucleation. Indeed a large

well defined nucleation field which needs to be overcome to
initiate the magnetization reversal could explain the observa-
tion. If the nucleation field lies above the largest pinning
field, domain expansion cannot be hindered by the present
pinning sites. As a consequence the broad pinning field dis-
tribution measured by the magnetizing branch is not probed
via �irr

D .
The strong coincidence between the peak position in �irr

D

and the largest pining field deduced from �irr
M leads us to an

altogether new hypothesis. We suggest that the nucleation in
these films may occur already at relatively low fields; how-
ever, the density of these nucleation sites is well below the
density of strong pinning centers. Due to this, the few nuclei
that exist can grow already at low fields by overcoming
weaker pinning sites but their contribution to the overall
magnetization is negligible. Only when the applied field ex-
ceeds the strongest pinning field does domain expansion lead
to an abrupt magnetization reversal which is again governed
by the strength and density of the strong pinning sites. The
picture reconciles the large discrepancy of �irr

D and �irr
M which

is better known for nucleation-type magnets and the ob-
served angular dependence of coercivity �valid for pinning-
type magnets�, and the obvious presence of pinning sites. We
thus conclude that these SmCo5 films show a pinning domi-
nated magnetization reversal; however with two additional
important conditions. First, to probe the full pinning field
distribution as measured in �irr

M, the initial domain structure
in the thermally demagnetized state has to be exceptionally
small scaled. In the present study, this is the result of the
nanocrystalline microstructure which forces the domain size
in the demagnetized state to be considerably smaller than the
single domain particle limit �800 nm�. The second condition
is that nucleation sites with low nucleation fields are present
only in very low density. Consequently, when avoiding the
large number of nucleation centers represented by the initial
nanoscaled domain structure, the switching field can be
shifted above the most prevalent pinning field. This explains
the very sharp demagnetizing susceptibility in contrast to the
broad magnetizing susceptibility, in a way that the magnetiz-
ing susceptibility represents the entire range of pinning
strengths available, whereas in the demagnetizing process
only the most efficient pinning defects are active in control-
ling magnetizing reversal. Hence, these susceptibility mea-
surements show that both nucleation and pinning are in-
volved during magnetization reversal.

The two-variant films grown on MgO�001� can be used to
test this concept. The irreversible susceptibility �irr

M is quali-
tatively similar but broader �	��0H�=1.66 T� and shifted to
higher field values ��0Hm=3.26 T� as compared to the
single-variant sample. In contrast to the single-variant
sample, the irreversible susceptibility for the magnetizing �irr

M

and demagnetizing �irr
D cases are qualitatively very similar.

�irr
D is only slightly sharper �	��0H�=1.02 T�, is hardly

FIG. 7. �Color online� �a� Irreversible susceptibility for the
single-variant film on MgO�110� in the magnetization and demag-
netization branches. �b� Irreversible susceptibility for the two-
variant sample on MgO�001� in the magnetization and demagneti-
zation branches.
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shifted ��0Hm=3.64 T�, and differs from �irr
M mainly by the

expected factor of two in the enclosed area. When consider-
ing �irr

M as a pinning field distribution, the two-variant sample
obviously possesses the stronger pinning sites. The similarity
of �irr

M and �irr
D can be understood from the same concept

developed to describe the difference of both susceptibilities
for the single-variant film. In the virgin state the sample de-
velops a likewise fine scaled domain pattern as the single-
variant sample;36 however, from the angular dependent hys-
teresis �Fig. 3� one can conclude that an applied field of 9 T
is not sufficient to switch the magnetization in variants hav-
ing their easy axis perpendicular to the field. Hence the vir-
gin domain pattern in these variants should remain mostly
unaffected even after saturation. Following the above de-
scribed concept this domain pattern promotes domain-wall
movement for those variants having their easy axis parallel
to the applied field. The high number of nuclei present in the
form of existing domains in both states can explain why the
irreversible susceptibility is broad for both the magnetizing
and demagnetizing cases, and why their maxima differ only
by 12% in comparison to a 43% change in the single-variant
sample. The weighted difference of both curves, which re-
sults in �J, is thus significantly smaller compared to the
single-variant case. As for the single-variant case the remain-
ing difference can be attributed to annihilation of domains
within each variant during the magnetizing process. This
suggests that pinning centers are also present within the vari-
ant having the easy axis parallel to the field, and indicates
that the density of pinning sites is higher than the density of
variant boundaries.

The present integral experiments do not reveal the micro-
scopic nature of the defects and their ability to act as pinning
or nucleation sites. We judge, however, the defect distribu-
tion suggested to explain the magnetic behavior as very rea-
sonable for the studied films. The samples consist of numer-
ous small grains where the grain boundaries necessarily
present planar structural defects with a dimension of a few
nanometers and a very fine spacing of about 100 nm. De-
pending on the texture of the film, these are only small-angle
grain boundaries with misorientations of up to 5° �Ref. 6� or
a mix of about 90° angle grain boundaries and small-angle
grain boundaries. The latter exist only in the two-variant
sample if the variant size is larger than the grain size. Addi-
tionally, stacking faults along the c axis are identified in an
earlier study on sputtered Sm2Co7 �Ref. 43� and may also be
present in these laser deposited SmCo5 films. These stacking

faults appear on an even smaller spacing of below 10 nm.
From both the grain boundaries and the stacking faults, pin-
ning of domain walls can be expected, as the length scale of
reduced crystallographic order and therefore the profile with
modified intrinsic parameters matches well with the
exchange-correlation length of about 1 nm in SmCo5. The
pinning field distribution may originate from the dependence
of pinning strength on the details of the disturbed region as,
e.g., the misorientation angle of neighboring grains. The lat-
ter dependency may also explain the larger pinning strength
for the samples containing 90° grain boundaries. Defect size
does not only affect pinning efficiency but also the probabil-
ity for nucleation. These effects however exhibit a different
size dependence.44 Our observations suggest a high number
of small defects where the nucleation field is higher than the
pinning field but a low number of large defects having a
small nucleation field.

IV. CONCLUSIONS

Epitaxial growth is used to prepare nanoscaled SmCo5
films with two well defined geometries in order to examine
the role of exchange coupling, pinning, and nucleation. The
angular dependent measurements of the switching field show
that the depinning of domain walls rules the magnetization
reversal in these films. Positive �J values are recorded in
both types of samples even up to a maximum theoretical
value of 2 without observing any remanence enhancement.
The analysis of the irreversible susceptibility in the magne-
tizing and demagnetizing processes reveals an asymmetric
behavior, which is explained by a high density of nuclei in
the form of reversed domains in the virgin state and reduced
existence when approaching coercivity from the saturated
state. The positive �J is explained by the inability of the few
existing nuclei in the saturated state to expand since they are
hindered by the high density of strong pinning sites. The
density of such nucleation sites is expected to be well below
1010 cm−2. Nevertheless, the present experiments show that
both pinning and nucleation have to be considered during the
switching process.
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