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Interplay of magnetocrystalline and magnetoelastic anisotropy in epitaxial Co(1010) films
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With the goal of creating an in-plane (IP) uniaxial anisotropy system, we deposited a thickness series of
epitaxial Co(1010) films grown on Si(110) substrates with Ag(110) and Cr(211) buffer layers by magnetron
sputtering. However, quantifying the IP magnetic anisotropy using ferromagnetic resonance measurements re-
vealed a much more complex behavior than expected for a simple uniaxial system like hexagonally close-packed
(hep) Co. To understand the experimental results, an in-depth x-ray diffraction analysis of the film structure was
performed. Even at a thickness of 100 nm, it revealed an anisotropic strain in the Co films, mainly within the Co
basal plane, while the ¢ axis remained mostly unaffected. Calculations show that such unrelaxed strain induces a
significant magnetoelastic anisotropy, which counteracts the magnetocrystalline one and, as a result, reduces the
overall effective anisotropy. A detailed analysis revealed that mainly the compressive strain along the Co[1010]
out-of-plane direction is responsible for the observed magnetoelastic anisotropy, while the tensile strain along

the Co[1210] IP direction only plays a minor role.

DOI: 10.1103/PhysRevB.111.054431

I. INTRODUCTION

The large uniaxial magnetic anisotropy [1] and large sat-
uration magnetization [2] of Co make it a very important
element for spintronic research and applications. Since the
discovery of the giant magnetoresistance (GMR) effect [3],
Co-based thin films have enabled GMR-based hard disk drive
(HDD) sensors to read back data from the HDD media at
an ever increasing storage density. Nowadays, Co-based thin
films are proposed to improve spintronic devices such as mag-
netic random access memory (MRAM). The ultimate goal is
to create a non-volatile memory that is fast enough to enable
in-memory processing [4]. The most promising technology
for this purpose is spin-orbit-torque (SOT) MRAM, which is
supposed to achieve a shorter write time than the currently
applied spin-transfer-torque (STT) MRAM [4,5].

However, there are still a few challenges with SOT-
MRAM: If the magnetization of the storage layer is aligned
perpendicular to the film plane, an additional small in-plane
magnetic bias field is needed to break the reversal symmetry
and achieve a deterministic switching process [6]. Aligning
the magnetization in the film plane would solve this issue
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but requires a specific material design with an easy axis of
magnetization within this plane. An elliptical footprint of
the MRAM cell could provide this easy axis by its shape
anisotropy but limits the scalability of the design and thus
the achievable storage density [5,7,8]. This challenge could be
addressed using hexagonal close packed (hcp) Co films with
their ¢ axis aligned in the film plane instead of perpendicular
to it, providing the easy axis by magnetocrystalline anisotropy
without any geometrical restriction [9,10].

Yang [11] developed an epitaxy process to grow Co films
with the ¢ axis in the film plane on Si(110) substrates using
Ag(110) and Cr(211) as buffer layers. Instead of Cr(211),
later NiAl(211) was also used as an underlayer, but it reduces
the magnetic anisotropy [12]. Single-crystalline MgO(110)
is an alternative substrate, but Si(110) wafers are readily
available and inexpensive [13]. The epitaxial growth of in-
plane (IP) oriented Co films comes with a small lattice
mismatch with the seed layers [11,12,14,15], and the result-
ing strain gives rise to magnetoelastic anisotropy. A decrease
in magnetic anisotropy from bulk values was observed in
IP-oriented hcp Co films and assigned to the presence of
stacking faults without analyzing the influence of magne-
toelastic anisotropy [11,12,14,15]. This article discusses the
contribution of magnetoelastic anisotropy caused by strain to
the magnetic anisotropy of the IP Co films.

First, the theoretical formalism of the magnetoelastic
anisotropy in (1010)-orientated Co is developed in Sec. IL
Then, in Sec. III, the sample growth mechanism and an
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in-depth structural characterization, including the strain deter-
mination along three important crystallographic directions by
x-ray diffraction (XRD) is discussed. Section IV focuses on
the ferromagnetic resonance (FMR) measurements of the Co
films and improvements of the theoretical formalism in order
to advance the understanding of the experimental FMR data.

II. MAGNETOELASTIC ANISOTROPY

To first-order, the magnetocrystalline anisotropy energy
density (Fk) resulting from spin-orbit coupling in the hexago-
nal crystal structure of Co is given by [11]

Fy = —K, cosz(p, (1)

where K is the first order magnetocrystalline anisotropy con-
stant. For K, > 0, the direction parallel to the crystallographic
¢ axis would be an easy axis, and a hard axis results if K, < 0.
The angle ¢ represents the IP azimuthal angle of the mag-
netization, with the magnetization being parallel to [0001] at
¢ = 0. In a strained system, the underlying hexagonal crystal
structure is distorted and a strain-dependent correction to the
magnetocrystalline anisotropy energy can be considered by
expanding it into a Taylor series with respect to the strain
tensor elements ¢;; [16], as follows:

(FK)0+Z< )el, x (©)

izj

Here, ¢ is the strain tensor, &;; being its components. The first
term (Fx)o is nothing but the magnetocrystalline anisotropy
energy of the unstrained hexagonal structure as given by
Eq. (1). The first-order strain correction to Fx is commonly
known as magnetoelastic anisotropy energy density (Fi,e). The
higher-order strain corrections in Eq. (2) are neglected, since
the ¢g;;’s are typically small, of the order of less than a few
percent. The calculation of Fp,. for the hexagonal Co sys-
tem was performed by Bruno [17] for the (0001) orientation
by considering the first-order term in Fx. In our case, the
hexagonal Co system was grown in a way that the ¢ axis lies
within the film plane, making the Co(1010) lattice plane the
surface plane. Hence, a coordinate transformation is necessary
to derive an expression for the Fy. of (1010)-oriented Co.
After simplification, it can be written for the azimuthal plane
as follows (see the Appendix for the detailed calculation):

FU00 = 1(8Bye,, + By (11sy, — 36..)

+ 8B5(gyy + £.,)) sin’ ¢. 3)

Here, ¢,,, €,y, and &, are the diagonal components of the
strain tensor and represent the strain in x, y, and z directions
of the film, respectively, as depicted in Fig. 1(b). B;’s are the
magnetoelastic coupling coefficients. It is clearly observed
that the first-order Fx term and the F,. term have the same
symmetry. Similar results were already published by Kittel
[16], where it were shown in detail that in the magnetoelastic
equilibrium configuration, the strain depends on the crystal-
lographic direction in such a way that the F. term can be
expressed in the same symmetry as Fx. Hence, one can write
Eq. (2) as follows:

F = —(K; + Kome) cos” . “)

"\ Co(1010)

: x Cr(211)

/ j f\( Ag (110)
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L* e

FIG. 1. (a) Sketch of the sample stack and (b) lattice plane rela-
tions for the epitaxial growth of Co(1010). The Co thickness ¢ ranges
from 5 to 100 nm. The directions in the Co films are defined as
X || [00011, Y | [12101, Z || [1010].

From Eq. (3), it is clear that the prefactors depend on the B;’s,
whose values are known [18,19] and listed in Table I in the
Appendix for bulk hcp Co, as well as the strain components,
which are measured, resulting in a constant prefactor for a
given strain. Hence, they are simply denoted as Kpp, repre-
senting the first-order magnetoelastic anisotropy constant in
Eq. (4).

III. FILM GROWTH AND STRUCTURAL
CHARACTERIZATION

To achieve an epitaxial growth of hcp Co with the ¢ axis
oriented in the film plane by magnetron sputter deposition, we
followed a procedure described in the literature [11,20]. The
growth sequence and surface plane orientation of the different
materials are shown in Fig. 1. A single-crystal Si wafer with
(110) orientation is used as substrate. The native oxide on the
wafer surface was removed by hydrofluoric acid etching right
before inserting it into the ultrahigh vacuum (UHV) sputter
chamber with a base pressure better than 10~® mbar. Subse-
quently, 75 nm of Ag and 40 nm of Cr were deposited on the Si
substrate. The dimensions of a 3 x 3 supercell of the Si inter-
face match those of a 2 x 4 supercell of Ag almost perfectly.
At the interface between Ag(110) and Cr(211), on the other
hand, there is an almost perfect match in the [011] direction of
Cr but a mismatch of —13.5% in the direction perpendicular
to it. Regardless of this lattice mismatch, the Cr layer develops
an epitaxial relation to the Ag layer [11,13,20] and provides
an excellent seed layer for hexagonal Co with (1010) surface
orientation. This orientation makes the crystallographic c axis,
and hence the magnetic easy axis, lie within the film plane.
For this study, different samples with varying Co thickness
between 5 and 100 nm were grown using the same process.
Further, all Co layers were capped with 10 nm SiO; to prevent
oxidization after removal from the UHV chamber.

For structural characterization of the Co films, XRD mea-
surements were performed in standard 6—26 geometry (Q ||
[1010], where Q is the x-ray scattering vector). Figure 2(b)
shows the result of these XRD measurements for all Co thick-
nesses reported in this article. The observed Bragg peaks of
Si(220), Ag(220), Cr(211), Co(1010), and Co(2020) indicate
epitaxial growth throughout the layer stack, regardless of
the anisotropic lattice mismatch at the Ag-Cr interface. The
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FIG. 2. (a) (1010) orientation of Co, with relevant directions and lattice planes highlighted. (b) XRD scans for the complete Co thickness
series. (c)—(e) show the calculated d-spacing (left y axis) and strain (right y axis) in the directions [1010], [1210], and [0001], respectively. The
strain in (c) and (d) changes its sign as the d-spacing crosses the reference value in both. The inset of (e) shows the width of the rocking curve
measured within the film plane. (f) shows a pole figure for the 75-nm-thick Co film. The radial axis represents the tilt angle 1 from the surface
normal, and the angular axis represents the azimuth rotation ¢ around the surface normal.

capping layer of SiO, grows amorphously, hence, it does not
show any Bragg peak.

As the thickness of the Co layer increases, its Bragg peaks
shifts slightly to higher angles. This shift is shown in Fig. 2(c)
as a decreasing d-spacing, which represents the distance be-
tween parallel (1010) lattice planes, on the left y axis. The
right y axis shows the corresponding strain as compared to
the reference value, which is indicated as horizontal dashed
line. The strain is calculated as ¢,, = (d — dy)/dp, where d
is the measured and dj is the strain-free d-spacing. Thicker
films deviate more from the latter and the strain e, reaches
—0.5%. Unlike bulk materials, thin films are bonded to the un-
derlayers. As a result of the lattice parameter mismatch, strain
develops [21]. The strain usually relaxes as the film thickness
increases. Nevertheless, the Co films reported here are still
strained, even at 100 nm thickness. This unusual compressive
strain for thicker films is most likely a result of the tensile
strain that develops in the plane, as a result of the Poisson
effect [22], which motivated us to investigate the development
of the lateral strain in the Co films. The following investiga-
tion relies on in-plane XRD measurements, where instead of
the lattice planes parallel to the surface, lattice planes perpen-
dicular to the surface are investigated in the Bragg diffraction
geometry. This is achieved by scanning the horizontal de-
tector axis and the ¢ axis of a five-circle Rigaku SmartLab
diffractometer in a 2:1 ratio [23]. Two lateral directions are
individually probed this way: one being parallel to the c¢ axis
(O | [0001]) and the other perpendicular to it (J || [1210]).
The profiles are shown in the Supplemental Material in Fig. S1

[24]. Figures 2(d) and 2(e) show the resulting d-spacing (left y
axis) and strain (right y axis) for the Co (1210) and Co(0001)
planes, respectively. The d-spacing of Co(0001) approaches
the reference value at increasing thickness, but the d-spacing
of Co (1210) deviates strongly from its reference value. It is
evident that the surface plane of Co is anisotropically strained
with &, # €,y at any given thickness up to at least 100 nm.

To further check the degree of preferred orientation of the
Co(0001) planes, a rocking curve measurement in the IP ge-
ometry was performed as a ¢ scan, resulting in a Gaussian-like
intensity profile. The full width at half maximum (FWHM)
of this profile serves as a measure of twisting of crystallites
[23]. The inset plot in Fig. 2(e) shows the measured FWHM,
which is about 4° even for higher thickness. This means that
the ¢ axis is distributed mostly within £2° around its mean
orientation, indicating a good alignment. Moreover, this is
also confirmed by performing fast Fourier transform analysis
of cross-sectional high-resolution transmission electron mi-
croscopy (TEM) images. It shows that the different Co grains
are twisted slightly; see Fig. S2 in the Supplemental Material
[24]. To investigate the presence of other possible orientations
of Co, a pole figure (PF) was created exemplarily for the
75 nm Co film and is shown as Fig. 2(f). The central red region
represents intensity reflected by the Co(1010) planes, which is
the same reflection as observed in Fig. 2(b). The PF shows two
more reflections, Co(0110) and Co(1100), which are located
at ¥ = 60° at opposite ¢ angles. The lack of further intensity
peaks or circles at this or other ¥ angles confirms the presence
of only one orientation of Co.
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FIG. 3. FMR azimuthal scan of the 75-nm-thick Co film shown
as dots. Red, blue, and green curves are the fitting model, considering
the bulk magnetocrystalline anisotropy energy density (Fx), the sum
of Fx and magnetoelastic anisotropy energy density (Fi,.), and the
effective anisotropy considering first- and second-order anisotropy
terms of Fyx and Fp,., respectively. It has to be kept in mind that
the models are described as free energy density, but solved for the
resonance field using Baselgia’s equation [25] by considering all
the energies within the magnetic system. The inset illustrates the
respective coordinate system.

IV. FERROMAGNETIC RESONANCE MEASUREMENTS
AND DISCUSSION

To characterize the strain-induced changes in magnetic
anisotropy, FMR is used. The FMR measurement is per-
formed using a vector network analyzer (VNA), which
launches a microwave into a coplanar waveguide. The sam-
ple is placed flip-chip onto the waveguide and an external
magnetic field within the sample plane is swept using an
electromagnet. At resonance, the sample absorbs microwave
power, which the VNA detects by means of the transmit-
ted scattering parameter (S,;), which can be fitted using a
complex Lorentzian line to determine the resonance field
(oHyes). Similar measurements were recorded for various IP
angles (¢) at 45 GHz excitation frequency, and the resulting
resonance fields are fitted and plotted in Fig. 3 for the 75-nm-
thick Co film. At ¢ = —90° and for multiples thereof, where
the external magnetic field is perpendicular to the c¢ axis,
oHes shows maximum values indicating a magnetic hard-
axis behavior. Uniaxial systems like Co, for ¢ = 0°, where the
external magnetic field is parallel to the ¢ axis, are expected to
display an easy-axis behavior by showing the lowest reso-
nance field values. However, as presented by the arrows in
Fig. 3, poH;es shows local maxima instead of a global mini-
mum at ¢ = 0°, 180°. As a result, the minimum of poHs is
shifted by £35° around the local maxima. Hence, the angular
response of the uniaxial Co system looks similar to a fourfold
cubic anisotropy system, but, as we will discuss in Sec. IV, it
arises as a result of the interplay between magnetocrystalline
and magnetoelastic anisotropy.

The fourfold anisotropy behavior was observed in the lit-
erature for hcp Co, where the hcp grains are oriented in two
different orientations, which results in a fourfold anisotropy
for Co [26-28]. In Co/GaAs(001), Co grows initially in a
cubic body-centered phase, and it transforms into an hcp
phase as growth proceeds. However, at lower thickness, a
fourfold anisotropy was observed [29]. Also, hcp Co systems
are notorious for having fcc stacking faults [14,30,31], which
have cubic crystal structure and can show fourfold anisotropy
behavior. For the Co films discussed in this article, the PF
measurement in Fig. 1(g) shows only one orientation of Co
grains. By using reciprocal space mapping, the amount of
face-centered-cubic (fcc) phase was estimated to be around
1%, as a result of stacking faults (see Fig. S4 in the Sup-
plemental Material [24]). Such a small amount of fcc phase
should not show any significant impact on the angular depen-
dence in FMR of the hcp Co films, as the integrated FMR
signal corresponds to the number of magnetic atoms, hence,
1% of cubic Co should not govern the anisotropy curve. So
neither the multiple orientations nor the fcc stacking faults
of Co can explain the measured angular dependence. Other
thicknesses of Co reported in this article also display a similar
angular dependence, and are shown in Fig. S4 of the Supple-
mental Material [24]. First, we will focus on the 75-nm film
to better understand the rich FMR angular dependence.

From the FMR measurements, it is clear that the sample
does not show bulk-like behavior. Yet to begin with, from
Eq. (1), the FMR angular dependence for bulk Co is calcu-
lated using the bulk anisotropy constant K, = 0.45 MJ/m?,
as shown by the red curve in Fig. 3. In order to determine
the resonance field from the free energy density, together
with the magnetoelastic and magnetocrystalline anisotropy
energy density discussed in this article, the Zeeman and
demagnetization energy density were added to it as well.
Solving Baselgia’s ferromagnetic resonance condition [25],
the ferromagnetic resonance field at various field angles was
calculated, as shown in Fig. 3. The model correctly predicts
the hard-axis direction. However, the measured anisotropy of
the Co films is smaller than the bulk values reported by many
authors, e.g., [11,12,14]. The reason for this reduction was
claimed to be the presence of stacking faults during the growth
[11,14]. In this study, the amount of fcc stacking faults in the
volume was determined to be roughly around ~1%, which is
too small for such a strong deviation from bulk anisotropy to
be solely explained by stacking faults [14,32].

In order to fit the measured angular dependence, there has
to be a source of anisotropy in first place, which counters
the magnetocrystalline anisotropy of the hexagonal Co and
reduces the overall anisotropy. It is known from the detailed
structural characterization that the films are anisotropically
strained. Hence, a strain-dependent correction of F, i.e. Fye,
has to be considered. A simplified expression of Fy. for
the Co(1010) orientation was derived in Sec. II. Using the
measured strain values from the XRD measurements for the
75-nm-thick Co film in all respective directions, Eq. (3) can
be solved as follows:

Fine = —(—0.139 MJ/m?) cos? . ®)

The expression is written in the form of Eq. (1), and the
magnetoelastic analysis predicts a value with negative sign
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for the magnetoelastic anisotropy. This means that the easy
axis is perpendicular to the magnetocrystalline anisotropy, and
thus reduces it. The effective anisotropy from both mecha-
nisms is described by Eq. (4) and plotted in Fig. 3 as a blue
curve, where Krpe = —0.139 MJ/m3 and K, = 0.45 MJ/m3,
the bulk Co anisotropy constant, are used to calculate the
curve. An inclusion of magnetoelastic anisotropy to the model
improves the fitting and predicts the correct behavior at least
in the hard-axis direction. However, the discrepancy between
experiment and calculated curve is still present in the easy-
axis direction, where the model fails in predicting the local
maxima along the ¢ = 0° direction and instead shows global
minima.

As is widely known for the hexagonal Co system, the
second-order magnetocrystalline anisotropy constant (K5;) is
not negligible [33]. Thus, it has to be included in the model.
In Sec. II, for a strained sample, Fp,. is the strain-dependent
correction of Fk. Hence, it is necessary to consider the second
order of Fy,. in our model as well. The magnetocrystalline
anisotropy for Co is very well known, where the second-order
anisotropy is the next term in the power series expansion
[11,15,33]. In contrast, for the second-order magnetoelastic
anisotropy term, the change in interatomic distance as a re-
sult of strain has to be considered, which already makes the
calculation more difficult for the less-symmetric hexagonal
system. The calculation of Bruno [17] for F;,. only considered
the strain-dependent correction of first-order magnetocrys-
talline anisotropy. A proper expression for the second-order
term has not been determined to the best of our knowledge.
However, for cubic crystals, Kittel [16] has shown compre-
hensively that in a magnetoelastic equilibrium state, the strain
depends on the direction of the magnetization in such a way
that the magnetoelastic anisotropy correction can be written
in the same symmetry as the magnetocrystalline anisotropy
constant. The same result was already shown, for hexagonal
systems like Co, in this article in Eq. (4), where the first-order
magnetoelastic term has been simplified in the same sym-
metry as the magnetocrystalline one. Hence, one can express
the second-order magnetoelastic anisotropy in the same form
as the second-order magnetocrystalline anisotropy. Then, the
FMR angular dependence model, as shown in (4), can be
rewritten as follows:

Fet = —(Ka + Kome) c08” ¢ — (K + Kaome) cos* @, (6)

where Kjme is the second-order magnetoelastic anisotropy
constant. Furthermore, the above-mentioned fitting model has
been used with the known values of K» = 0.15 MJ/m? (bulk
anisotropy constant), K, and Kpne. Koome Was varied until
the fitting converged. For Kype = —0.22 MJ /m3, the fitting
converges, as shown by the green curve in Fig. 3. The higher
negative value of Ky overcomes Kj, and thus opposes the
easy axis at gy = 0°, which successfully explains a small
local maximum along the usual easy direction along the ¢ axis.

So far, the bulk magnetocrystalline anisotropy constant was
assumed, but it would be feasible to experimentally determine
the value for K, from the calculated values of Ky, by Eq. (3).
For that, Eq. (6) has to be rewritten as follows, since the
symmetry of both anisotropy terms allows it:

Fur = —Kaefr €05” ¢ — Kanegr cos* ¢, @)

where
Kaett = K + Kome (3)
is the effective first-order anisotropy constant and
Koett = K2 + Koome )]

is the effective second-order anisotropy constant. Using
Eq. (7), the FMR angular dependence for all the Co thick-
nesses was fitted (fits are shown in Fig. S4 in the Supplemental
Material [24]) and the effective anisotropy constants are plot-
ted in Fig. 4(a). Kyerr/M is positive and decreases as the Co
thickness increases, while Kesr/M remains almost constant
at slightly negative anisotropy values for all thicknesses. Now,
instead of assuming the bulk-like anisotropy value for K, /M,
its actual values can be calculated. Kjer/M is known from
fitting the FMR results and it is calculated from Eq. (3),
using the strain values from Figs. 2(c)-2(e) and the val-
ues of B;’s from Table I. Hence, using Eq. (8), the actual
K>/M are extracted and plotted in Fig. 4(b) as black curve
for all the Co thicknesses. The K,/M is very close to the
bulk anisotropy constant, as indicated by the dashed hori-
zontal line. This is an important result, as even though the
Co films are strained anisotropically, K>/M remains close to
the bulk value over the whole thickness range. Therefore,
the magnetoelastic anisotropy energy can be considered as
a parasitic modification of the magnetocrystalline anisotropy
energy, effectively reducing its overall influence. Similarly, to
determine actual values of Ky, /M, K>>me /M should be known,
but, as discussed above, such an expression for Kyyme /M is not
available. Hence, in this case, K>, /M is approximated to its
bulk value, since K, /M is almost equal to the bulk values, and
K>yme/M is determined using Eq. (9) and plotted in Fig. 4(c)
as a red curve for all Co thicknesses. K>>me /M remains almost
constant with relatively large values and thus is responsible
for the overall negative sign of Ky /M.

Variations of the effective anisotropy constants are often
related to the axial ratio, c/a, in hcp Co films. Usually for
Co films with an OOP c¢ axis orientation, the strain in the
basal plane is assumed to be isotropic. It was observed that a
compression of the unit cell along the ¢ axis (negative strain)
and consequently expansion (positive strain) of the basal plane
(via the Poisson effect) results in a magnetoelastic anisotropy
[19] which supports the magnetocrystalline anisotropy and
finally increases the effective anisotropy constant [34]. Sim-
ilarly, for an isotropic expansion in the basal plane of
IP-oriented Co, the effective anisotropy constant would also
increase, and the magnetoelastic anisotropy supports the mag-
netocrystalline one; see Eq. (A9) in the Appendix. However,
for Co films with the ¢ axis in-plane, the basal plane is no
longer in the plane of the film but perpendicular to it, and both
directions [a(1,19; and djy91¢), these directions are depicted
in Fig. 2(a)] in the basal plane do not have the same strain
relaxation mechanism. Hence, the strain in the basal plane
should not be assumed isotropic. In this scenario, there are
two axial ratios [as shown in Fig. 4(d)], which can influence
the effective anisotropy constants in the Co films. Let us refer
to them as IP and OOP axial ratios, i.e., cjooo11/41219; @and
crooo11/do107» respectively. To determine the correlation of

F 1910 with the axial ratios, Eq. (3) can be simplified as follows
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FIG. 4. (a) First-order (2K,err/M) and second-order (2Ky.r/M) effective anisotropy field as determined from FMR as a function of
thickness. (b) First-order and (c) second-order magnetocrystalline anisotropy field (2K,/M, 2K,,/M) and magnetoelastic anisotropy field
(2Kome /M, 2Kme /M) as a function of thickness, where M is the saturation magnetization of Co. (b) The dashed line indicates the Co bulk
value for 2K, /M. (d) Two, OOP and IP, axial ratios are shown; the dimensions are as highlighted in Fig. 2(a). The ones in green and blue are

referred to as IP and OOP axial ratios, respectively.

(see the Appendix for details):

sin? ¢
—((11Byc13 — 8Baci3 + 8B3c13)Eyy

F(IOTO) —
me 8C13

+ (=3Bic13 + 8B3c13 — 8Byc3z)e),  (10)

where ¢;; are the elastic stiffness constants. The positive ten-
sile strain (g, > 0) along [1210] increases ajj,io;. thereby
decreasing the IP axial ratio. The influence of this change
on F{019 is measured as dF{%19/9e,, = 46.0625 MJ/m°.
The positive slope contributes to an increase of F,{\"'?, which
in turn enhances Fyx. The OOP axial ratio increases as a
result of OOP compressive strain (s., < 0) along [1010] re-
ducing d;oio;- The strength of influence of the OOP axial ratio

on F{1910 js measured as aF {1910 /9¢,, = —132.034 MJ/m°.
The roughly three times higher negative slope decreases
E1019) about three times more strongly than the prior one.
This leads to an overall reduction of Fyx. As a result, the
uniaxial anisotropy constants deviate strongly from their bulk
values. Therefore, it is the OOP axial ratio or OOP strain, that
strongly controls F{!%1% and is responsible for the negative
sign of the magnetoelastic anisotropy constants. By exploit-
ing control over the strain through improved crystallographic
engineering of given IP Co films, even higher IP uniaxial
anisotropy could be achieved, paving the way for exciting
developments in spintronic research and applications.

V. SUMMARY

We presented a thickness variation of Co films with their
crystallographic ¢ axis lying in the film plane. This gives
rise to an IP uniaxial anisotropy. The detailed structural char-
acterization reveals that the films’ lattice remains strained
even for thicker films. A very large lattice mismatch in one
of the lateral directions of the Cr(112) layer is one possible
reason for the observed strain. Furthermore, FMR measure-
ments reveal an unexpected fourfold-like anisotropy for this
commonly uniaxial system of hcp Co. The magnetoelas-
tic analysis successfully explains the results of the FMR
measurements. It predicts that, for a given strain, the magne-
toelastic anisotropy energy counteracts the magnetocrystalline
anisotropy, as its easy axis is oriented perpendicular to the
magnetocrystalline one. Additional decomposition of F1010
reveals that the OOP compressive strain has the strongest

influence on it. Hence, it effectively reduces the measured
anisotropy constants. So far, such reduction in anisotropy was
assumed to be solely a result of fcc-stacking faults, but here it
is clearly shown that the magnetoelasticity strongly influences
the magnetic anisotropy energy even at Co layer thicknesses
of up to 100 nm.
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APPENDIX: AN EXPRESSION FOR THE
MAGNETOELASTIC ANISOTROPY ENERGY
DENSITY FOR Co(1010)

The calculation of the magnetoelastic anisotropy in Co
is illustrated below. Only the first-order term of the magne-
tocrystalline anisotropy was used by Bruno in determining
the expression of the magnetoelastic anisotropy for (0001)-
oriented Co [17]:

Fn(lgom) =B, (Olf??xx + 20t 0tyxy + ot_\z,eyy)
+ By (1 — o)z, + B3(1 — o) (e4r + £yy)
+ B4 Qoryor gy, + 200058y ;), (AD)

TABLE I. The magnetoelastic coupling constants B; are given in
MJ/m?, while the elastic stiffness constants c;; are given in GPa for
hep Co [35].

Parameter Bl Bz B3 B4 C11 C12 C44 C13 C33

Value —8.1 —29 282 374 307 165 755 103 358
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where, «;’s are the directions cosines of the applied magnetic
field. For hexagonal symmetry, the elastic energy is written as
follows:

1 2 2 1 2
Fy = Ecll(exx + Eyy ) + 5C338; + C12ExxEyy
2 2
+ C13(8xx8zz + Syy‘gzz) + 2cu4 (Syz + &y, )

+ (11 — c1)en, (A2)

where ¢;; are the elastic stiffness constants.

Following the method by Sander [18], one can derive the
magnetoelastic anisotropy energy in (1010)-oriented Co. For
that, the coordinate transformation matrix between the (0001)-
and (1010)-oriented planes is

0 0 1
aj=| 3% £ 0 (A3)
-3 -1
- 5 0

Hence, Eq. (A2) could be rewritten for Co(1010) by trans-
forming the strain tensor to the primed coordinate system:

&ij = Ay ey ai; (A4)

Here, the primed strain tensor is in the coordinate system
of (1010)-oriented planes. Minimizing the elastic energy with
respect to €}, by solving dF/d¢., = 0 yields

/ ’
’ TC28yy T gy,

Exx =

(AS)
C13
Similarly, to write the magnetocrystalline anisotropy en-
ergy for Co(1010), the direction cosines from Eq. (Al) are
required to be rewritten in the coordinate system of the (1010)
plane, as follows:
o = aj). (A6)
Substituting it in (A1) yields the magnetoelastic anisotropy
energy for Co(1010),

Foe” =Ba(1 — %)l + Bs(1 — o) (e[, +el,)

x 1B (a2 (11e), — 3¢.) + 2/ 3oal(e], — &..)

+a?(=3ey, + 11el)). (A7)

In this article, the experiment focuses on the in-plane mea-
surements, hence substituting a, = 0 in (A7) and also using
a, = cosg and a;, = sing for & = /2. Equation (A7) could
be simplified as follows:

FOO1 = L(8Bye, + By(11e), — 3¢l.)

2

+ 8Bs(g), + £..)) sin” ¢. (A8)
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FIG. 5. Calculated F,°' for strain in the basal plane.

Further, we derive a special case where strain in the basal
. . . . , , ;
plane, i.e., (0001), is isotropic, meaning &y = &, = &0

FO10 — (Byel + (B) + 2B3)e}) sin’e

= (—29¢), + 48.35)) sin’p (A9)

The values for B; are taken from Table I, and F, is given
in MJ/m3. We note that Eq. (A9) is exactly of the same
form as the one for the isotropic case in the basal plane for
OOP-oriented Co films [19]. For this case—compression of
the unit cell in ¢ axis direction and uniform expansion of the
basal plane, or in other words, reduction of the c¢/a ratio—
the easy axis of Fy, supports Fx and an increase of K is
reported [34].

In case of anisotropic strain in the basal plane of Co films
(8;y # &), which is the scenario of this article, the lattice
parameters of the basal planes are now different; hence, in-
stead of one, there are two axial ratios that can influence the
effective anisotropy constants. To understand that, one can
further simplify Eq. (A8) using Eq. (A5):

2
F1010 M ? (118 c15 — 8Bacys + 8Bscis e
86‘13 e

+ (=3Bjc13 + 8B3c13 — 8326‘33)821). (A10)

Using the known values of B; and ¢;; for bulk Co, Eq. (A10)

is plotted in Fig. 5. The slope for the OOP strain in the
basal plane, 0F, 10" /0¢]. = —132.034 MJ/m?, is almost three
times smaller than the strain in the basal plane, dF,i0'°/de =
46.0625 MJ/m?3. This clearly indicates that any small vari-
ation of &/ strongly influences the anisotropy. Also, Fig. 5

shows the strong variation of F{L"'” with respect to &/, com-
pared to &,
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