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Collapse of hard-axis behavior in uniaxial Co films
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We study the magnetic properties of weakly disordered Co films with in-plane uniaxial magnetocrystalline
anisotropy. The growth sequence used allowed the controlled introduction of grain orientation disorder. Above
a threshold disorder level, we observe an anomalous magnetic reversal near the nominal hard axis; while the
behavior in all other field orientations is barely affected. A two-grain model explains the anomaly as the occurrence
of nonuniform magnetization states near the hard axis, a fact that is experimentally confirmed by Kerr microscopy.
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The presence or absence of crystallographic order is
crucial for magnetic properties of materials due to the mag-
netocrystalline anisotropy that originates from the quantum
mechanical spin-orbit coupling.'™ Its importance is equally
relevant for fundamental properties and technical applications
of ferromagnetism. For instance, ferromagnetism is only made
possible in two-dimensional systems, e.g., ultrathin films, due
to the existence of uniaxial anisotropy,” which circumvents
the “spin-wave catastrophe” of the Mermin-Wagner theorem.®
Magnetocrystalline anisotropy is also essential for nonvolatile
data storage applications, where it defines the stability of
data pattern and ultimately determines the viability of this
technology.”® The influence of crystallographic order on
magnetocrystalline anisotropy has been extensively studied
in terms of identifying and modifying it,”""* as well as
measuring its influence onto phase transitions,'*!'® spin-wave
properties,'”'® or nanoscale magnetization structures.'®?!
However, most studies of magnetocrystalline effects have
been either focused on fundamental properties utilizing the
highest possible degree of sample crystallinity or dedicated to
technical ferromagnetic materials with relatively high disorder,
e.g., recording media.?? Correspondingly, rather little is known
about ferromagnets in the intermediate regime, starting with
slight deviations from “perfect” crystalline order up to strongly
disordered materials.

In the current work, we specifically studied the regime
of relatively low disorder, in which magnetic properties are
still dominated by anisotropic behavior. For this purpose,
we devised a procedure that allowed for a precise tuning of
crystalline order in uniaxial Co films by partial interruption
of epitaxy. Our Co films were fabricated by sputter deposition
in ultra-high-vacuum onto hydrofluoric acid—etched Si(110)
substrates. The growth sequence to achieve good epitaxy
with an in-plane hexagonal close packed (hcp) c-axis was
Ag 75 nm/Cr 50 nm/Co 30 nm/SiO; 10 nm. It was previously
shown that a Ag/Cr bilayer grown epitaxially onto a single-
crystal Si(110) substrate serves as an appropriate template
for highly oriented (hcp) Co(1010) thin films,” resulting
in the epitaxial sequence Si(110)/Ag(1 10)/Cr(211)/Co(1010)
(Fig. 1). Our specific growth process was optimized in terms
of deposition rate, pressure, and temperature to achieve
the highest magnetic orientation ratio,”* i.e., the highest
degree of uniaxial magnetic alignment. In addition to highly
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PACS number(s): 75.30.Gw, 75.60.Jk, 75.70.Ak

epitaxial Co films, we fabricated partially epitaxial films by
slightly disturbing the growth sequence in a well-defined and
controlled manner. Specifically, we introduced an ultrathin
Si-oxide layer of defined thickness in the order of a single
monolayer on top of the Si substrate prior to the Ag-film
growth. A set of 20 samples with varying SiO, onset-layer
thickness was grown. In the current work, we show only the
most significant results, which span samples with O, 1.1, 1.32,
and 1.65 A of SiO, onset-layer thickness, labeled as samples
A, B, C, and D, respectively. All samples in this study also
have a 10-nm-thick SiO, overcoat, grown on top of the Co
film, to avoid oxidation and aging under ambient conditions.
Figure 1 shows high-angle 626 x-ray diffraction measure-
ments for the epitaxial sample A (dashed line) in comparison
to the partially epitaxial sample C (solid line). The deposited
Si0O, onset-layer thickness clearly influences the overall crys-
tallographic structure and causes a decrease of the Co(1010)
peak intensity. For sample C, we also observed the appearance
of Ag(111) and Ag(311) peaks, which indicate a partial loss
of the epitaxy-induced Ag(110) orientation, even though a
quantitative analysis of the relative peak heights confirmed
that this sample is by no means random but still has a preferred
(110) texture. In addition, we performed rocking curve mea-
surements of the Co(1010) peak, whose results are tabulated
in Fig. 1. We found a continuous increase of the Co(1010)
peak width upon increasing the SiO, onset-layer thickness,
indicating a continuous decrease of lateral crystallographic
alignment and correlation. By decorating the Si single-crystal
surface, the SiO; locally interrupts the epitaxial growth of the
Ag layer. This partial loss of epitaxy is then transferred to the
subsequently deposited layers, including the magnetic Co film.
By atomic force microscopy, we also measured the sample
roughness but could not detect any significant change upon
introducing the SiO; onset layer, indicating that it is predom-
inantly the crystallographic structure that is modified here.
Angular-dependent in-plane hysteresis loops were mea-
sured using a longitudinal magneto-optical Kerr effect
(MOKE) setup. The magnetic field was applied in the film
plane, and loops were recorded as a function of the in-plane
field angle B between the applied magnetic field and the
easy axis (EA). Detailed micromagnetic structures were also
investigated using an Evico Kerr microscope in longitudinal
geometry. Figures 2(a)-2(d) show MOKE hysteresis loops
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FIG. 1. (Color online) High-angle x-ray diffraction (6—20) scan
for the epitaxial film sample A (dashed red line) and sample C with
partially suppressed epitaxy (solid blue line). The inset provides a
table with key sample characteristics, e.g., its name; the SiO, onset-
layer thickness; the Co(1010) rocking curve width, given as the full
width at half maximum; and the root-mean-square surface roughness.

for the fully epitaxial sample A without an SiO, underlayer,
in comparison to results for sample C, which are shown
in Figs. 2(e)-2(h). The EA hysteresis loops in Figs. 2(a)
and 2(e) show similar rectangular loop shapes with high
remanence and abrupt magnetization reversal for both samples.
Figures 2(b) and 2(f) and Figs. 2(d) and 2(h) show hysteresis
loops £2° away from the nominal hard axis (HA) direction.
Here, a hysteretic behavior is nearly absent for both samples,
which is the expected behavior for samples with a high
degree of crystalline orientation. Figures 2(c) and 2(g) show
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FIG. 2. MOKE hysteresis loops for (a)-(d) sample A and (e)—(h)
sample C for different orientations B of the applied in-plane magnetic
field.
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magnetization reversal along the nominal HA, for which we
observe a substantial difference between the two samples.
While the epitaxial sample shows the expected hysteresis-free
HA loop, the partially ordered sample C exhibits an unexpected
behavior, i.e., a loop that shows substantial values of coercive
field H. and remanent magnetization M,. Thus, for sample C,
the magnetic reversal in the nominal HA does not show typical
HA behavior anymore. Anomalies of magnetization reversal
in the proximity of the nominal HA direction were previously
reported for a few magnetic materials.>>~?® The corresponding
results were explained by several mechanisms, including local
magnetic frustrations of adjacent domains® or local lattice
expansions.”® In general, the observed anomaly effects were
small and no sufficient structural control of the samples was
available so that overall no consistent and satisfactory physical
picture of these anomalies could be deduced.

To study this anomaly in more detail, Figs. 3(a)-3(d)
show the angular dependence of the normalized remanent
magnetization (M, /M) for samples with different SiO, onset-
layer thicknesses. The epitaxial sample, Fig. 3(a), shows the
expected uniaxial characteristics, following closely a |cos(9)|
behavior, which corresponds to the geometric projection of
the EA magnetization onto the field axis. Virtually the same
characteristics were observed for sample B in Fig. 3(b).
Samples C and D, presented in Figs. 3(c) and 3(d), respectively,
show related characteristics for most of the § range, with
the exception of the nominal HA and its immediate vicinity.
Corresponding to the loop shapes of Figs. 2(f)-2(h), M,
exhibited a sharp and pronounced peak as a function of S
that was centered at the nominal HA. The peak increased its
width and height as we increased the disorder in the structure,
i.e., by moving from sample C to sample D.

To develop a qualitative understanding of the observed HA
anomaly, we devised a two-grain Stoner-Wohlfarth model with
intergranular exchange coupling and grain axis misalignment.
Its energy is given by

E = —Jiiy -y — H(iy + iy) — sKi(@y - iip)?
— 1Ka(my - 112)?, (L

where J is the intergranular exchange coupling constant
between the two grains characterized by their respective
magnetization vectors 71 and ni, and their respective mag-
netocrystalline easy axes are given by the unit vectors 71 and
715. The magnetocrystalline anisotropy constants K| and K are
assumed to be identical here because neighboring grains are
made of pure Co. Similar models had been used successfully
to describe magnetization reversal in films that exhibited
a combination of uniaxial and fourfold magnetocrystalline
anisotropy.”” Due to the strong demagnetizing effect of the
thin film geometry, and a magnetocrystalline anisotropy, which
has the c-axis on average aligned within the surface plane, we
can further modify Eq. (1) by restricting m; and m, to the
xy-surface plane, which we also assume to contain the two EA
vectors 717 and 71,.3° Under these conditions, we find

E = —J cos(6y — 6,) — H[cos(B; — B) + cos(6, — B)]
— 1K [cos*(0) — w/2) + cos* (0> + w/2)], )

where 0, 0>, and B are the in-plane orientation angles of 1,
my, and H , respectively, in reference to the average anisotropy
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FIG. 3. (a)-(d) Angular dependence of M,/M, for the four
samples: (a) A, (b) B, (¢) C, and (d) D. The solid lines are
experimental M, /M, data, while the dashed lines are the geometric
projection of the EA magnetization onto the applied field axis, i.e., the
perfect Stoner-Wohlfarth-model case. (e)—(h) The calculated angular
dependence of M, /M, for the misaligned two-grain model according
to Eq. (2), assuming J/K; = 0.35 and different values of w: (¢) w =
0°, (f) ® = 10°, (g) w = 20°, and (h) @ = 30°.

axis. w is the misalignment angle between the two grains.
From Eq. (2), it is evident that the magnetization reversal
behavior depends on the field angle § and the material-specific
parameters J/K; and w.

We simulated the process of magnetization reversal in
this two-grain system starting from high-field saturation by
stepwise field reduction to zero. Figures 3(e)-3(h) show
simulated M./My(B) data for a fixed ratio of J/K; = 0.35
and varying w. Up to a certain critical misalignment value o,
the two-grain system is virtually identical in its behavior to a
single Stoner-Wohlfarth grain, with nearly full M, along the
EA and vanishing M, along the nominal HA. In this regime,
the exchange coupling energy outweighs the misalignment of
the anisotropy axes so that both magnetizations exhibit the
same rotation sense for magnetization processes, even near
the nominal HA. However, above w,, or if J/K, falls below
a certain threshold for fixed w, there exists a § range in the
vicinity of the nominal HA in which m; and 7, exhibit an
opposite rotation sense upon external field reduction. This
behavior occurs because the nearest EA orientations are nearly
antialigned and exchange coupling is too weak to force both
magnetizations into a collective rotation. Upon approaching
remanence, this scenario leads to a V-like magnetization
state, which causes nonvanishing M, values along or near
the nominal HA. The corresponding remanence peaks in
Figs. 3(g) and 3(h) are qualitatively identical to what is
observed experimentally, including an increase and widening
of the peak upon increasing w. The quantitative differences
between the experimental data and our simple model can be
easily understood because in our two-grain model we study
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FIG. 4. (Color online) Kerr microscopy images of sample C, with
the magnetic field applied: (a) —2° from, (b) along, and (c) +2° from
the nominal HA. The inset figures show the brightness distributions
D(m) of the Kerr images in saturation (solid thin black line) and
in remanence (dashed thick red line). The brightness m is hereby
proportional to the local magnetization value after the subtraction of
the picture average, i.e., m ~ M — (M). The proportionality constant
has been determined from saturation experiments and is represented
by the scale in (a).

only one specific V-state, while our extended experimental
system has many different misalignment angles between
neighboring grains. Given a distribution of misalignment
angles, the fraction of populated V-states would change with
the distribution width and 8, resulting in a more substantial
increase of the anomalous M, peak height upon increasing
the overall grain misalignment, which is what we observe
experimentally.

Following the preceding explanation, the model predicts
that the anomaly is characterized by a nonuniform remanent
magnetization state. Figure 4 shows Kerr microscopy images
of different remanent states for sample C. The remanent states
for field orientations £2° from the nominal HA are shown in
Figs. 4(a) and 4(c). Here, no domains are visible in remanence.
However, if the field is applied along the nominal HA, as shown
in Fig. 4(b), we can clearly observe a nonuniform spatial dis-
tribution of magnetization. Hereby, all Kerr images have been
measured with the same contrast setting. The insets of Fig. 4
compare the contrast distributions for the different remanent
and respective saturated states. For the misaligned field cases,
i.e., Figs. 4(a) and 4(c), the distributions are identical for the
saturated and the remanent states, whereas there is a clear
widening of the contrast distribution in remanence for the
nominal HA case in Fig. 4(b), which corresponds to 8 & 0.7%
of Ms.*! Thus, our Kerr microscopy measurements confirm the
existence of an anomalous nonuniform magnetization state
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along the nominal HA. We have not observed this state in
samples with a high degree of epitaxial order, i.e., samples A
and B of this work.
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