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Magnetic and structural anisotropies of Co,FeAl Heusler alloy epitaxial thin films
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This paper shows the correlation between chemical order, lattice strains, and magnetic properties of Heusler
Co,FeAl films epitaxially grown on MgO(001). A detailed magnetic characterization is performed using vector-
field magnetometery combined with a numerical Stoner-Wohlfarth analysis. We demonstrate the presence of
three types of in-plane anisotropies: one biaxial, as expected for the cubic symmetry, and two uniaxial. The three

anisotropies show different behavior with the annealing temperature. The biaxial anisotropy shows a monotonic
increase. The uniaxial anisotropy that is parallel to the hard biaxial axes (related to chemical homogeneity)
decreases, while the anisotropy that is supposed to have a magnetostatic origin remains constant.

DOI: 10.1103/PhysRevB.84.134413

I. INTRODUCTION

Half-metallic ferromagnets (HMFs) represent alternative
candidates for magnetic electrodes in magnetic tunnel junc-
tions and current-perpendicular-to-plane (CPP) spin valves.
Since they have an energy gap around the Fermi level Eg
in the minority spin band, theoretically, they are expected
to provide 100% spin polarization. Among the HMFs, a
special class is represented by the full-Heusler alloys. These
compounds are described by the formula X,Y Z, where X and
Y are transition metals and Z is a main group sp element.
Recent theoretical predictions' indicate that the Co-based
full-Heusler alloys should behave like half-metals even at room
temperature. Presently, one of the most studied full-Heusler
alloys is CoyFeAl (CFA). It was demonstrated to provide giant
tunneling magnetoresistance (GTMR) effects in magnetic
tunnel junctions®* and has a low Gilbert damping.’ While the
low damping is essential for spin switching with low currents
and spin torque oscillators, it enhances the spin-torque-induced
mag noise in CPP giant magnetoresistance (GMR) sensors.
This is one of several reasons why CPP GMR sensors are not
yet competitive.

However, the integration of CFA as a ferromagnetic
electrode in spintronic devices requires a precise knowledge
and control of its magnetic properties. In this sense, one of the
key parameters is the magnetic anisotropy, which should be
large for magnetic storage and low for magnetic switching ap-
plications. Fundamentally, the magnetic anisotropy is directly
related to the spin-orbit-coupling relativistic effect. Therefore,
modifications of the electronic structure in bulk, surface, or
interfaces are expected to lead to important changes in the
magnetic anisotropy.6’7

The crystalline structure of Heusler alloys is cubic, be-
longing to the Fm3m space group. Therefore, the (001)
epitaxial films are expected to show an in-plane fourfold
magnetic anisotropy. However, for the case of Heusler
alloys grown on GaAs(001) substrates,*'* a dominant
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in-plane uniaxial magnetic anisotropy (UMA) has often been
reported. This uniaxial term can be reduced by buffering the
GaAs substrate with MgO for Co,MnSi films,'? whereas for
C0,Crg 4Feo 4 Al films'? the MgO buffering has no major effect.
Uniaxial anisotropy contributions have been also reported for
Heusler films deposited on sapphire substrates,'>!¢ Si(111),!”
Ge(111),"8 and MgO(001).'2! Moreover, extra UMAs have
been reported not only for Heusler alloys but for different
magnetic cubic crystal symmetry systems grown on various
substrates.” The complex origin of this additional UMA is
still under debate. Several mechanisms are evoked as possible
causes: symmetry breaking at atomic-stepped substrates,?’>*
anisotropic strain relaxation,”>?® film morphology,>’-*
self-shadowing effects in oblique deposition.?’

In this paper we report a detailed study on the structural
and magnetic properties of CFA thin films epitaxially grown
on MgO-buffered MgO(001) single-crystalline substrates.
Our analysis demonstrates that a direct correlation exists
between the in-plane magnetic anisotropy and the structural
evolution of the CFA film, tuned by annealing. Moreover, we
illustrate here that a magnetic analysis, dedicated to extract
the different anisotropy terms of epitaxial CFA films, can be
successfully performed within a Stoner-Wohlfarth coherent
rotation model, which includes a biaxial and two uniaxial
anisotropy contributions.

and

II. EXPERIMENT

The CFA films are grown on MgO-buffered MgO(001)
single-crystal substrates using rf magnetron sputtering. The
base pressure in the deposition chamber is lower than 3 x 1078
Torr. Prior to deposition the substrates are degassed in situ at
600 °C. Then a 10-nm-thick MgO-buffer layer is deposited at
room temperature by rf sputtering from a MgO polycrystalline
target under an Ar pressure of 5.0 mTorr. The MgO layer
improves the flatness quality of the substrate and traps the
residual carbon, thus preventing further diffusion across the
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stack during subsequent annealing stages. After the buffer-
layer deposition, a 55-nm-thick CFA film is sputtered at
room temperature in rf plasma from a stoichiometric target
(Cosgg Feasq, Alysg,) under 1.0 mTorr of Ar. Finally, the films
are capped with 5 nm of MgO. After the growth of the stack,
the films are flash annealed for 10 min in a vacuum lower than
3 x 1078 Torr at 400, 500, and 600 °C.

The structural properties of the samples have been analyzed
by x-ray diffraction (XRD) using a high-resolution four-circle
diffractometer. The magnetic characteristics were investigated
by vibrating sample magnetometry equipped with a vector-
field characterization option.

III. RESULTS AND DISCUSSION

A. Structural properties

Figure 1 shows x-ray 260-w (out-of-plane) diffraction pat-
terns for MgO-buffered CFA films as deposited and annealed
at 400, 500, and 600°C. An analysis of the XRD patterns
illustrates that in addition to the peak corresponding to the
MgO substrate, all the samples exhibit only the (002) and (004)
peaks of the CFA. Theoretically, in terms of the chemical order,
the CFA crystal may be in a perfectly chemically ordered L2,
phase, a B2 phase characterized by total disorder between
Fe and Al while Co atoms occupy regular sites, and the A2
phase, which is totally disordered with respect to Fe, Al, and
Co. In our samples, the presence of the (002) CFA reflection
indicates that the films contain the B2 phase. The perfectly
ordered L2, structure would be characterized by the presence
of superlattice reflections such as (111) or (311).%° In order to
test the occurrence of superlattice peaks we perform in-plane ¢
scan measurements. Within the accuracy of the measurements,
no L2;-type reflections could be observed. This suggests that
in our samples the B2 structural phase dominates. Polar figures
(not shown here) confirm the epitaxial growth of the CFA films
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FIG. 1. (Color online) X-ray 20-w diffraction pattern for the
MgO-buffered CFA films as a function of annealing temperature. The
inset shows the evolution of the CFA(004) peak normalized intensity
1(004) and the ratio of the integral intensities of the (002) and (004)
CFA peaks A(002)/A(004) with respect to the annealing temperature.
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FIG. 2. Reflection high-energy electron-diffraction patterns
recorded for samples, as deposited (left-hand side) and annealed at
600 °C (right-hand side), showing the improvement of the crystallo-
graphic quality with annealing.

according to the expected CFA(001)[110]]MgO(001)[100]
epitaxial relation.

The inset in Fig. 1 shows the evolution of the normalized
intensity /(004) of the (004) CFA reflection versus the anneal-
ing temperature. The normalized intensity shows a monotonic
increase with the annealing temperature, with a significant
jump for the sample annealed at 400 °C relative to the as-
deposited sample. This implies an important improvement of
the structure at the atomic level for the annealed samples. It
is reasonable to assume that the as-deposited samples contain
regions with structural or crystalline disorder that vanishes
upon annealing. This represents a transition from short-range
to long-range crystallographic order. Reflection high-energy
electron-diffraction analysis, performed on similar samples
transferred and annealed in an UHV chamber, supports this
expectation and also indicates an overall improvement of the
crystallization degree (see Fig. 2).

The (002) reflection is characteristic of the B2 structure.
Thus the integrated peak intensity ratio A(002)/A(004) rep-
resents a measure of the degree of order on Co sites. This
ratio, shown in the inset of Fig. 1, exhibits a decrease for the
400 °C annealed sample, relative to the as-deposited sample,
although the 7(004) intensity increases significantly. This may
be related to the presence of regions with structural disorder in
the as-deposited sample that, with annealing, crystallize in the
chemically disordered A2 structure, thereby increasing 7(004)
and reducing the A(002)/A(004) ratio. As the annealing
temperature increases further, the A2 phase gradually evolves
toward the better chemically ordered B2 phase, thus leading
to an increase of the A(002)/A(004) ratio.

The in-plane a; and out-of-plane a, lattice parameters
of the epitaxial CFA films were determined by performing
reciprocal lattice scans. First, we carried out an [ scan (26-w
symmetrical geometry) around the (002) node of the CFA
reciprocal lattice and obtained the dy, distance, which allows
us to calculate a, . Using this / coordinate, we performed an
h = k scan (w-26 asymmetrical geometry) around the (224)
CFA reciprocal lattice node and obtained the d»y4 distance,
which we used to derive a. The obtained values are depicted
in Fig. 3.

From Fig. 3 one can observe that the as-deposited film
experiences a relatively strong tetragonal distortion. As the
annealing temperature increases the distortion relaxes by
formation of misfit dislocations. Periodic arrays of columnar
misfit dislocations across the entire thickness of the CFA
film have been observed on films annealed at 600 °C from
phase analysis of cross-section transmission electron mi-
croscopy images (not presented here). The XRD investigation
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FIG. 3. (Color online) Evolution of the out-of-plane and in-plane
lattice parameters versus the annealing temperature. The stress-free
lattice parameter is also plotted. The dashed lines represents the bulk
L2, ordered CFA lattice parameter. The horizontal solid line marks

the position of the stress-free lattice parameter a3 after annealing at

600°C.

demonstrates that the lattice parameter after annealing is
smaller than the bulk value of the perfectly ordered L2; cell.
This could be explained by the presence of some A2-type
disorder, as already reported in the literature.!

Our analysis illustrates a totally counterintuitive evolution
of the lattice parameters with annealing. Due to the in-plane
tensile stress between the film and the MgO buffer, one
would expect the in-plane lattice parameter to be larger
than the out-of-plane one and eventually the distortion to be
relaxed with annealing by plastic relaxation (e.g., formation
of misfit dislocations). The unusual lattice distortion is most
likely connected to the growth method. As illustrated in the
literature,>> during the growth of films by sputtering, the
bombardment of the film by energetic neutral atoms reflected
off the target can create point defects in the lattice or regions
with structural disorder. These will generate local strain fields
that can disturb the crystallization and may give rise to lattice
distortion such as that observed in our films.

To gain further insight into the strain evolution with the
annealing temperature we have plotted in Fig. 3 the stress-free
lattice parameter of CFA, calculated according to elasticity
theory:

= Cha + 2C12(1||
0 Cii+Cp

where C;; and Ci, are the elastic stiffness constants. The
stiffness constants were calculated using the elastic package
implemented in the ab initio FPLAPW WIEN2K code.® In
order to calculate the three independent elastic constants
Ci1, Cip, and Cyy three types of strains corresponding to
highly symmetric types of deformation have been considered:
isotropic deformation by varying the cubic volume, tetragonal
volume-conserving distortion, and rhombohedral distortion.
The total energy of the system is calculated ab initio for each
distorted configuration and then fitted with polynomial models.

ey
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FIG. 4. (Color online) Evolution of the saturation magnetization
and coercive field, measured along the easy axis, as a function of
annealing temperature for MgO-buffered CFA films.

From this analysis one gets a set of equations allowing the
determination of the full elastic tensor components. Using
this formalism, we obtain the following values for the elastic
constants: C;; = 253 GPa, Cj; = 165 GPa, C44 = 153 GPa.

The theoretical temperature variation of the lattice param-
eter is calculated using the ab initio extracted values for the
elastic constants and the experimental temperature variation
for a; and ay. If one assumes only an elastic type of stress in
the films, then if the in-plane lattice parameter changes, the
out-of-plane parameter should change accordingly so that the
stress-free lattice parameter remains constant. As can be seen
in Fig. 3, the stress-free lattice parameter of the as-deposited
film is increased by 0.2% with respect to the one corresponding
to the 600°C annealed film. The expansion progressively
reduces with annealing once the crystallization and chemical
order are enhanced. This verifies that for as-deposited and
low-temperature annealed samples, there is stress related to
crystallographic point defects, poorly crystalized regions, or
even regions of different chemical order.

B. Magnetic properties

In order to study the magnetic properties of our films,
we perform hysteresis loops and angular remanence magne-
tization (ARM) measurements at room temperature with the
magnetic field applied parallel to the film surface. Figure 4
shows the saturation magnetization Mg, and coercive field
H,., measured along the [—110] crystallographic direction, as
afunction of annealing temperature. The saturation magnetiza-
tion for the as-deposited and 400 °C annealed films has roughly
the same value that for higher annealing temperatures evolves
toward the theoretically predicted one.! This confirms that the
structural evolution of the annealed samples from as-deposited
to 400°C is not related to a significant stoichiometry variation
(accompanied by a change in Mg). This is most likely
a crystallization-related effect. As supported by structural
analysis (Sec. III A), the system practically evolves from a
local (short-range) crystallographic order toward a long-range
crystalline order. However, this transition from disordered
toward a crystallographically ordered and chemically dis-
ordered A2 phase does not affect the magnetization. On
average, within the regime of the chemical disorder, the total
magnetic moment remains constant. An accurate quantitative
temperature variation of My, is difficult due to the large error
bars (see Fig. 4). However, beyond 400 °C, the increase in My,
can be attributed to the improvement of the chemical order and
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FIG. 5. (Color online) Magnetization loops along the main
crystallographic axes for the film annealed at 400 °C. The inset shows
a closeup of the data used for a numerical fitting and the result of the
fit (solid lines).

local stoichiometry. This leads to a change in the saturation
magnetization, as reflected by the curve plotted in Fig. 4. The
decrease of H, with annealing is consistent with the reduction
of the defect density with enhancing crystalline quality.

Magnetic hysteresis loops, recorded along the main
crystallographic directions, are shown in Fig. 5 for the film
deposited on the MgO-buffer layer and annealed at 400 °C.
All samples show easy magnetization axes along the CFA
[110] and [—110] crystallographic directions and hard axes
parallel to [100] and [010]. Figure 5 shows that the two
easy axes are not equivalent. Inequivalent hard axes are also
shown. This leads us to conclude that for CFA films deposited
on MgO, the biaxial anisotropy is altered by the superposition
of two uniaxial in-plane anisotropies: one with the easy axis
parallel to the [110] direction and the other with the easy axis
parallel to the [100] direction.

To gain quantitative insight into the magnetic properties
of the CFA films we perform numerical simulations based
on the macrospin Stoner-Wohlfarth formalism.>* We define
a total-energy functional containing anisotropy energy terms
related to one in-plane biaxial anisotropy and two in-plane
uniaxial anisotropies rotated 45° with respect to each other:

K
E= 74 sin?(20) + K, sin? (9 n %)

+ K sin’® (9 + %) — oM H cos(¢p — 6), (2)
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FIG. 6. (Color online) Angular remanence magnetization mea-
surements for the sample annealed at (a) and (b) 400°C and (c)
600°C. The symbols represents experimental data while lines are
numerical simulations according to the model described in the text.
The positions of the overall easy and hard axes are also represented
in (a).

where Mg, is the saturation magnetization, H is the applied
field, & and ¢ are the angles of the magnetization and
applied field relative to the easy axis direction (i.e., [110]),
K4 is the biaxial anisotropy constant, K}, is the uniaxial
anisotropy constant parallel to the biaxial hard axis, and K 12/
is the uniaxial anisotropy constant parallel to the biaxial easy
axis.

To determine the anisotropy constants for these samples we
took up to four hysteresis loops, measured in the proximity
of the hard axes, and fitted them simultaneously within the
Stoner-Wohlfarth coherent rotation model, using as param-
eters the anisotropy constants. When fitting the hysteresis
curves, we limited ourselves to the reversible part of the
M-H loop for which we can assume coherent rotation, i.e.,
from saturation toward zero applied field (see the inset of
Fig. 5).

With the values obtained for the anisotropy constants
we simulated the theoretical ARM curves. The results are
illustrated in Fig. 6, which shows very good agreement
between the experimental points and the simulations (solid
lines).

For the 400 °C annealed sample the effect of UMA parallel
to the biaxial hard axis is to rotate the overall easy axes at
an angle § other than 90° [Fig. 6(b)]. The effect of the UMA
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FIG. 7. (Color online) Evolution of the cubic K,/M,, and
uniaxial K},/Mg, and K} /M, anisotropy fields with annealing
temperature for the samples deposited on MgO-buffered substrates
(a) and the variation of the four-fold anisotropy field with the in-plane
biaxial strain (b).

parallel to the biaxial easy axis is to increase the area of the
lobes in the ARM polar plot. This can be easily verified in
simulations by setting K2 = 0. Figure 6(c) shows that for high
enough annealing temperatures the effect of UMA parallel to
the hard axis vanishes.

The values of the anisotropy fields deduced from the
numerical fitting are shown in Fig. 7. The fourfold anisotropy
field K4/ Mg, increases with annealing, K Ll, / Msat decreases to
negligible values for annealing temperatures above 400 °C, and
K} / M, remains independent of the annealing temperature. It
should be noted that in the case of the as-deposited sample, we
were not able to fit the experimental magnetization curves
within the framework of our simple model. This is most
likely due to the complex crystallographic structure (higher
degree of crystallographic disorder) observed for this sample,
as mentioned in Sec. 1.

One of the most interesting features reported in Fig. 7
is that the small-amplitude Klzj /Mg, remains practically
independent of the annealing temperature. We suppose
that this temperature-independent uniaxial anisotropy has
a magnetostatic origin related to stepped substrates due
to a small miscut®® along the [100] substrate crystallo-
graphic direction corresponding to the [110] CFA one. To
verify this assumption, we built samples using a 20-nm-
thick Cr-buffer layer. In these samples the substrate mor-
phology influence is expected to vanish. Indeed, for these
Cr-buffered samples we did not observed any UMA parallel
to the biaxial anisotropy easy axes (the two fourfold easy
axes being equivalent). A figure of merit of our analysis
model is the capability of extracting with accuracy small
anisotropy constants and showing their invariance with the
temperature.

To elucidate the origin of the UMA parallel to the biaxial
hard axes we performed an extensive XRD analysis. However,
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within the accuracy of the XRD measurements we could
not confirm any correlation between the UMA and possible
in-plane structural anisotropy or anisotropic strain relaxation.
By increasing the annealing temperature from 400 to 500 °C
the UMA practically vanishes. The only difference between
the sample annealed at 400 °C and the one annealed at 500 °C
is the degree of chemical ordering (see Fig. 1). Therefore, we
argue that this UMA is the result of an anisotropic chemical
disorder in the films. The presence of chemically disordered
domains, separated irregularly along the MgO [110] and
MgO [1—10] crystallographic axes and vanishing for high
annealing temperatures (>550°C) was already identified*®
using low-energy electron diffraction in the case of the related
Co0,Crp ¢Feo.4Al Heusler compound grown on MgO(001). This
result is in agreement with and comes to further support
our conclusion that the uniaxial magnetic anisotropy is a
result of an anisotropic chemical disorder in the films. At
this point we have no clear explanation why the favored
direction of this UMA easy axis is [100] as opposed to
[010]. Further explanation would require identifying some
symmetry-breaking mechanism, for example, the miscut of
the substrate.

One can see from Fig. 7 that K4/Mj, increases con-
tinuously with annealing. The origin of this increase could
be correlated with the improvement of the chemical order
within the cubic symmetry of the CFA films with annealing,
as confirmed by the decrease of the uniaxial K]U / M.
However, at annealing temperatures above 500 °C, K 1U [ Mae
is practically zero, whereas K,/Mg, continues to increase.
Therefore, an additional mechanism for the temperature
dependence of the biaxial anisotropy has to be considered.
It is related to the evolution in temperature of the in-plane
biaxial strain &,, = (a) — agoo)/agoo. The biaxial anisotropy
constant is connected to the in-plane biaxial strain through
the magnetoelastic coupling parameters.’’” We are unaware
of any reports in the literature estimating the values of
these constants. This would have allowed us to quantify
and extract precisely the strain contribution to the total
variation of K4/Mjs, with the annealing temperature. How-
ever, in Fig. 7(b) we plot the biaxial anisotropy constant,
extracted from magnetic analysis, as a function of the in-
plane biaxial strain, extracted from x-ray measurements. This
confirms a direct correlation between fourfold anisotropy
and biaxial strain, without being able to discriminate be-
tween the relative ratio of the strain and the chemical order
contributions.

Our analysis provides values for the anisotropy constants,
especially for the biaxial anisotropy, which are in good
agreement with the ones reported in the literature for related
Co,MZ Heusler compounds (for a list of available data see
Ref. 38). Moreover, a complex study by Trudel et al.’!
illustrates the presence and evolution with annealing of
biaxial and uniaxial anisotropies in Co,FeqsAlysSi grown
on MgO(001). Our data are in good qualitative agreement
with the results reported by Trudel et al., with quantitative
differences being related only to electronic structure direct
effects in our Co,FeAl samples without Si substitutions and
to the difference in the ordering degree of our Co,FeAl
(only B2) with respect to their CoFe( 5AlysSi (B2 evolution
toward L2;).
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IV. CONCLUSION

In this paper we presented a detailed structural and magnetic
analysis of CFA thin films epitaxially grown on MgO(001)
substrates. The evolution of the chemical order and the
lattice parameters with the annealing temperature has been
studied. An exhaustive magnetic characterization of the CFA
films has been performed using vector-field vibrating sample
magnetometery combined with a numerical Stoner-Wohlfarth
analysis. This allowed us to demonstrate the presence of
three types of in-plane anisotropies: biaxial (as expected for
the cubic symmetry) and two uniaxial contributions parallel
to the biaxial easy and hard axes. The biaxial anisotropy

PHYSICAL REVIEW B 84, 134413 (2011)

shows a monotonic increase with the annealing. The uniaxial
anisotropy related to chemical order decreases while the
other, which is thought to have magnetostatic origin, remains
constant with the annealing. These behaviors have been
correlated with the chemical homogeneity and strain evolution
within the films.
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