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The magnetic field dependent reorientation phase transition of epitaxial Co (0001) films with
perpendicular magnetic anisotropy is studied as a function of the applied field angle. The
experimental data reveal an abrupt qualitative change of the magnetization reversal path at a critical
angle between in-plane and out-of-plane field orientation, which is caused by a change in the domain
formation process occurring concurrently with the phase transition. By means of our experiments and
model calculations, we demonstrate that the observations are due to a transition from instability
driven magnetization reversal occurring near in-plane field orientation to domain nucleation proc-
esses, which occur near out-of-plane orientation of the magnetic field. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903060]

In the field of ferromagnetism, magnetic thin films with
perpendicular magnetic anisotropy (PMA) are an important
research subject. This is primarily related to their relevance in
information technology since the advent of perpendicular
magnetic recording,'™ even if PMA films have been a crucial
test case for fundamental research as well due to the opposing
effects of magneto-crystalline anisotropy and magnetostatic
self-interaction, which causes the occurrence on non-uniform
microscopic magnetization states.”'® The large amount of
work on PMA films has led to an apparently very complete
understanding of their micromagnetic states and magnetiza-
tion reversal. Hereby, it is remarkable that the overwhelm-
ingly vast majority of these studies either utilize in-plane or
out-of-plane orientation of the magnetic field only, but not
any intermediate field angles,”®® even if the magnetization
reversal processes for in-plane and out-of-plane applied fields
are qualitatively very different. Furthermore, these intermedi-
ate field angles are of crucial relevance in magnetic recording
as the key technological application of PMA films. "
Therefore, we have studied the angle-dependent magnetiza-
tion reversal for epitaxial Co (0001) samples with PMA in the
present work.

Epitaxial Co samples were grown by means of DC sput-
tering in an ultra high vacuum sputter system onto hydro-
fluoric acid etched Si(111) substrates. As shown in the inset of
Fig. 1, we first deposited 12nm Ag(111) and subsequently
50nm Ti(0001) onto the silicon substrate as a template for the
growth of epitaxial hcp Co with out-of-plane c-axis orienta-
tion, which is the magneto-crystalline easy axis,>' after which
each sample was coated with 10nm of amorphous SiO, to
prevent surface oxidation. In our experiments, the Co film
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thickness tc, was varied between 100nm and 400 nm. The
crystallographic analysis of our epitaxial Co samples was car-
ried out using x-ray diffraction. Macroscopic magnetization
measurements were performed using a MicroMag vibrating
sample magnetometer, which is equipped with a 360° rota-
tional stage with a precision of better than 1°. Remanent mag-
netic domain pattern of our samples were measured via
tapping mode magnetic force microscopy (MFM). Figure 1
shows a representative 0-20 x-ray diffraction pattern for one
of our Co(0001) samples with tc,=200nm. The Co(0002)
peak is clearly visible and together with the presence of the
Ag(111) and Ti(0002) peaks, as well as the absence of any
other peak, indicates the crystallographic quality and orienta-
tion of the deposited layers. For the 200 nm thick Co(0001)
film, we estimated the average crystallite size to approxi-
mately 25.8 = 0.5 nm by applying the Scherrer equation to the
width of the Co(0002) diffraction peak.

Figure 2 shows a comparison of the in-plane and the
out-of-plane magnetization curves M(H) for a tc, =200 nm
sample. The experimental data are normalized to the
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FIG. 1. X-ray diffraction pattern for a 200 nm thick Co film; the inset shows
a schematic of the growth sequence used here.

© 2014 AIP Publishing LLC
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FIG. 2. In-plane (black dotted line) and out-of-plane (red solid line) hystere-
sis loops measured for a 200 nm thick epitaxial Co(0001) film; the left-hand
inset displays an MFM image measured after in-plane demagnetization in an
oscillating magnetic field of gradually reduced amplitude; the upper right-
hand inset I shows a schematic of the soft spin wave mode; the lower right-
hand inset II displays a schematic of the domain nucleation process. The
meaning of the quantity AM is indicated by the solid green arrows.

saturation magnetization M and the diamagnetic substrate
signal has been subtracted. Both curves exhibit a rather small
hysteresis effect and only small remanent magnetization,
which is typical for PMA films due to the occurrence of mag-
netic stripe domains,” which we also find in our samples as
demonstrated by the MFM-picture inset of Fig. 2. However,
there are also very significant differences in between the in-
plane and the out-of-plane magnetization curves. While the
out-of-plane curve is nearly linear in its appearance, the in-
plane data have a curved shape. Furthermore, the out-of-
plane curve exhibits hysteresis only near saturation, while no
visible hysteresis is apparent in the center, which gives the
out-of-plane curve a quite anomalous shape. In contrast, the
in-plane data exhibit a central hysteretic part around the ori-
gin. Both these curve shapes are documented in the literature
and well understood.”

As one lowers the applied magnetic field for the in-
plane orientation starting at high field values, one also low-
ers the energy of spin waves that describe an up-down
oscillation of the magnetization, as shown in the inset I of
Fig. 2. Due to PMA, the energy of these spin waves is
reduced and they can actually reach zero energy,'* even in
a finite applied field H.,, which means that the uniform
magnetization state becomes unstable at this critical field
strength.?? Correspondingly, the film occupies a state with
alternating tilted magnetization for H < H,, as its ground
state, which actually resembles the soft spin wave state
(inset I in Figure 2) and is a precursor to stripe domain
structures at remanence. As the applied field is further
reduced, the out-of-plane magnetization modulation of this
state increases, while correspondingly the in-plane magnet-
ization reduces, which leads to the overall curved appear-
ance of the in-plane M vs. H behavior in Fig. 2. This
magnetic state evolution also results in a finite remanent
magnetization because even in remanence, the micromag-
netic structure has an overall in-plane component, which
has been aligned by the applied field sequence.”® This
alignment then results in a small central hysteresis of the
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in-plane M(H) curve, because these in-plane magnetization
components require a small reverse field to be inverted.

For the out-of-plane magnetic field orientation measure-
ment in Fig. 2, the before mentioned spin wave instability
does not occur. Instead, the magnetization curve has basi-
cally three segments. The high field segments for
|H| > H, = 13 kOe are simply uniformly out-of-plane magne-
tized states. The intermediate state for —Hg <H <H;g is
nearly linear with up and down domains occurring in a field
dependent proportion to minimize the total magnetostatic
energy. Correspondingly, no hysteresis is present in the cen-
tral portion of the magnetization curve.*> However, minority
domains cannot simply appear or disappear at the saturation
field Hy, because their creation requires an activation energy,
so that two separated hysteretic segments (AM) near
H = *H; occur. A schematic of this reversal domain nuclea-
tion process is shown in the inset II of Fig. 2.

Overall, this now means that the magnetization proc-
esses that occur for the in-plane and out-of-plane magnetic
field orientations describe fundamentally different transitions
from the saturated state to the domain state. While the in-
plane process proceeds via the instability of the uniform
magnetization state, and thus is a second order phase transi-
tion, the out-of-plane process requires activated nucleation
and thus represents a first order phase transition.
Correspondingly, it is not at all trivial to predict what will
happen for intermediate magnetic field angles.

In order to investigate this intermediate regime, we have
measured M(H) curves for different applied field angles f§ in
between ff=0° and = 120° in steps of 5°, with §=0° cor-
responding to in-plane field orientation. Given that the spe-
cific appearance of hysteresis is a very good indicator for the
above discussed two reversal mechanisms, we have extracted
from our data the normalized difference in magnetization:
AM/MS = (M(Hdesc) - M(Hasc))/MSs where M(Hdesc) and
M(H,.) refer to the descending and ascending branches of
our hysteresis loops. The meaning of AM is also graphically
displayed in Fig. 2. Figure 3(a) shows a color-coded map of
AM/M(f5, H) for the sample with tc, =200nm. Two types
of hysteretic behavior appear as increased amplitudes of
AM/M; in this plot. The low magnetic field hysteresis defines
a central band of enhanced AM/M,(f,H)-values that is
clearly visible in the proximity of ff~ 0° and virtually absent
for f/~90°. The domain nucleation hysteresis, on the other
hand, is represented by the two high field AM/M(f,H)
islands in proximity to H;. These islands are most pro-
nounced near f=90°. They reduce gradually by shifting 8
away from the out-of-plane orientation and they completely
disappear for f§ < 60°. This is a key observation of our work:
The low field domain inversion hysteresis is practically
always present, while the nucleation associated hysteresis is
limited to > 60° in our 200 nm thick Co film. Figure 3(b)
shows the same type of data for a 400 nm thick Co(0001)
film. We find that essentially the same type of behavior
occurs, even if details are slightly modified due to the fact
that the increased film thickness allows for a better minimi-
zation of the magneto-static self-energy, which stabilizes
and extends the domain state regime.

In order to further investigate this characteristic change
in the hysteretic behavior that occurs at a critical angle f in
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FIG. 3. AM/M,(f, H) plots for Co(0001) film samples with 200 nm (a) and
400nm (b) thickness, visualizing the hysteretic regions of the magnetic re-
versal process; the corresponding color codes are defined in each figure.
Here, f=0° and § =90° correspond to in-plane and out-of-plane orientation
of the magnetic field, respectively.

these Co(0001) films, we have analyzed the magnetic data in
more detail. Figure 4(a) shows a color-coded plot of the
magnetic susceptibility dM/dH, calculated from our M vs. H
data via numerical differentiation as a function of applied
field strength H and angle f, in conjunction with the hyste-
retic pattern from Fig. 3(a), which are shown as black con-
tour lines. The occurrence of a non-vanishing susceptibility
now indicates that the PMA Co-film is not saturated any-
more, but instead has formed a non-uniform state.
Correspondingly, the line at which the susceptibility changes
from zero to non-vanishing values is a phase line where the
system undergoes a phase transition. This happens at an
approximately constant field value of about 8-9 kOe for the
field orientation range 0° < f < 60°, where the contrast in
Fig. 4(a) changes from white to dark. It is important to notice
that in this H-f regime no hysteresis is visible, which means
that the magnetic system undergoes a second order phase tran-
sition here, driven by the instability of the uniform state. For
magnetic field angles f# > 60°, the behavior is very different.
Here, we observe the susceptibility and the hysteresis to occur
nearly simultaneously, which is the hallmark of a first order

Appl. Phys. Lett. 105, 222402 (2014)
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FIG. 4. (a) Magnetic susceptibility dM/dH determined from the nucleation
branches of hysteresis loops for a tc, =200nm sample as a function of the
angle (f) and strength (H) of the applied magnetic field (values of dM/dH
are normalized to (My/Hy)); for comparison the plot also displays the con-
tours of AM/M(f, H) as black lines; (b) calculated H.,(f5) and H,(f}) curves
for a 200 nm thick film with a uniaxial magneto-crystalline anisotropy field
of H, = 11 kOe; the angle f. associated with the qualitative change in mag-
netization reversal behavior is indicated by a dashed line.

phase transition, in which the uniform magnetization state
remains metastable, but is being depopulated. The slight shift
that can be observed in between the hysteresis and the suscep-
tibility features simply comes from the fact that occurrence of
hysteresis indicates a delayed phase transition. This causes the
visible effect that the susceptibility features are shifted to
smaller field values, because the plot data are extracted from
the nucleation branches of the hysteresis loops.

To corroborate this interpretation, we have calculated
the orientation dependence for the critical field H,, at which
the spin wave instability occurs, and for the nucleation field
H,,, at which reverse domain nucleation starts. The results of
these calculations, which are based on well-established mod-
els,’ are shown in Fig. 4(b).* For the in-plane magnetic field
configuration, we find H, ~ 8.5 kOe and upon increasing f3,
H., remains nearly constant up to about 50° and subse-
quently decreases slightly to approximately 6.5 kOe for
f=90°. Thus, the spin wave instability does not show a very
substantial angular dependence.’® The nucleation field H,,
on the other hand, shows a distinctively different behavior. It
exhibits a clear maximum of H, =~ 12.5 kOe at f=90° and
falls off substantially upon reducing 5. Actually, no positive
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value H,, exists for small f3, which is easy to understand. The
nucleation of a reverse domain in a positive field is driven by
a reduction of the magnetostatic self-energy, because only
this energy term can be lowered via nucleation against the
applied field direction. For an in-plane oriented uniform
state, however, the magnetostatic energy vanishes and thus,
cannot be further reduced. Correspondingly, nucleation can-
not occur for positive applied field values.

So, according to our model calculations, it is the reverse
domain nucleation process that triggers the qualitative
change of behavior here, because it is a highly effective pro-
cess for (nearly) out-of-plane field orientations, while it is
completely ineffective near in-plane orientations of the mag-
netic field. This produces the crossing of the H./(ff) and
H,(f) curves near f =60°, which changes the magnetization
reversal in a fundamental manner. Whenever H., > H,,, the
magnetization reversal is initiated via the spin wave instabil-
ity, and nucleation never occurs, while for H., < H,, magnet-
ization reversal is initiated by the nucleation process before
any instability can occur. This distinct angular dependence
of H,, and H,, in conjunction with the fact that the H..(f})-
line describes a second order phase boundary, while the
H,(p)-curve is associated with a first order phase transition
also indicates that the transition point at ff=60° actually
identifies a tricritical point. Crucially, the magnetization re-
versal changes at this point in a qualitatively manner, going
from a thermally assisted nucleation process near normal
field orientation to an instability driven decay near in-plane
field orientation. Accordingly, the dynamic evolution of the
reversal process will also be modified via the field angle,
which is of course a crucial aspect of high-speed magnetic
information storage such as magnetic recording.

In summary, we have studied magnetization reversal in
epitaxial Co (0001) thin films with perpendicular magnetic
anisotropy as a function of the applied field angle f. Hereby,
we observe two very different magnetization reversal
regimes. For f < 60°, we find the onset of the domain phase
to be hysteresis free, while for f§ > 60°, the occurrence of the
domain phase is accompanied by hysteresis. The underlying
mechanisms for these different behaviors are analyzed and
corroborated by means of model calculations, leading to the
conclusion that the phase diagram of PMA films, such as the
investigated Co (0001) films, is more complex than previ-
ously anticipated, and furthermore implies most relevant
consequences for the dynamic behavior of magnetization re-
versal in PMA films.
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while the background magnetization remains oriented along . We then 33The specific nature of the spin wave instability changes as a function of f3,
estimate the activation energy accessible under our experimental condition because the nature of the destabilizing energy changes. While the PMA
by matching the E,, vs. H curve for normal field orientation, i.e., f=90°, triggers the instability for the in-plane orientation, because it is the energy
to the experimentally observed nucleation field. Using this fixed Eget) that is not minimized in this case, the magnetostatic energy is responsible
value, we then determine H,, for all other f§ as the intercept of the respec- for the spin wave softening in the out-of-plane direction, because it is the

tive E, vs. H curves with Ef,). energy term that can get lowered by doing so in this case.



