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Ferromagnet/heavy metal (FM/HM) multilayer thin films with C2v symmetry have the poten-
tial to host antiskyrmions and other chiral spin textures via an anisotropic Dzyaloshinkii-Moriya
interaction (DMI). Here, we present a candidate material system that also has a strong uniaxial
magnetocrystalline anisotropy aligned in the plane of the film. This system is based on a new
Co/Pt epitaxial relationship, which is the central focus of this work: hexagonal closed-packed
Co(1 0 1 0)[0 0 0 1] ‖ face-centered cubic Pt(1 1 0)[0 0 1]. We characterized the crystal structure and
magnetic properties of our films using X-ray diffraction techniques and magnetometry respectively,
including q-scans to determine stacking fault densities and their correlation with the measured
magnetocrystalline anisotropy constant and thickness of Co. In future ultrathin multilayer films, we
expect this epitaxial relationship to further enable an anisotropic DMI while supporting interfacial
perpendicular magnetic anisotropy. The anticipated confluence of these properties, along with the
tunability of multilayer films, make this material system a promising testbed for unveiling new spin
configurations in FM/HM films.

I. INTRODUCTION

Magnetic skyrmions are promising candidates for fu-
ture spintronic data storage and logic devices because
of their small size, heightened stability, and high mo-
bility [1–5]. These structures are typically stabilized
via the Dzyaloshinskii-Moriya interaction (DMI) which
emerges in magnetic systems with high spin-orbit cou-
pling and no inversion symmetry [6–8]. In polycrys-
talline ferromagnet/heavy metal (FM/HM) thin films,
only Néel skyrmions have been stabilized, due to the high
symmetry of these systems [2, 3, 5, 7, 9–14]. However,
recent research has shown that low-symmetry FM/HM
thin film interfaces exhibit anisotropic DMI which, in
turn, could stabilize antiskyrmionsthe topological oppo-
sites of skyrmions [12–16]. Specifically, antiskyrmions
are preferred over Néel skyrmions when the DMI has
opposing signs along orthogonal crystallographic direc-
tions. To date, research on anisotropic DMI in FM/HM
systems has focused on films based on a body-centered
cubic (BCC) heavy metal [13, 15–19]. Moreover, across
the limited experimental studies carried out thus far, a
suitable antiskyrmion host has not been found.

To expand this search, we present a system that
exhibits the growth of hexagonal close-packed (HCP)
Co on a face-centered cubic (FCC) Pt underlayer, re-
sulting in a singular magnetocrystalline easy axis that
lies in the plane of the film. When coupled with an
(an)isotropic DMI and/or an interface-induced perpen-
dicular easy axis, such in-plane uniaxial anisotropy is
likely to broaden the range of spin configurations that
can exist in FM/HM films. In this work, we character-
ized the epitaxial relationship that enables such a system;
investigated the prevalence of structural defectsnamely,
intrinsic stacking faults (SFs)during the growth of films;
and measured the magnetocrystalline anisotropy (MCA)
by probing the resulting in-plane hysteresis.

FIG. 1. Orientation and interatomic relationship between
FCC Ag(1 1 0), FCC Pt(1 1 0), FCC Co(1 1 0), and HCP
Co(1 0 1 0).

II. METHODS

All films were grown via DC magnetron sputtering
in an Ar atmosphere at a fixed working pressure of 2.5
mTorr. Prior to deposition, single-crystal Si(1 1 0) sub-
strates were HF-etched for 1 minute to remove any native
oxide that would otherwise impede epitaxial growth. Fol-
lowing Yang et al., we deposit a Ag buffer layer which is
known to grow with the FCC (1 1 0) texture on Si(1 1 0)
[20]. This growth seed facilitates the deposition of our
films at room temperature, thus avoiding the severe inter-
layer diffusion that occurs at elevated temperatures [20].
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Moreover, the degree of lattice mismatch between Ag and
Pt is rather moderate (∼ 4.3%). Pt[10 nm]/Co[20 nm,
50 nm]/Pt[3 nm] thin films were subsequently deposited.
To identify the phases and textures of the different lay-
ers, 2θ-ω coupled scans and azimuthal (ϕ) scans were
performed on the deposited thin films using a Phillips
X’Pert Pro X-ray diffractometer with unfiltered Cu Kα

radiation. Furthermore, the density of SFs in HCP Co for
each sample was quantitatively determined from X-ray
reciprocal space q-scans. Using measurements of the full
width at half maximum (wh) of different Co peak profiles
along different directions, we extracted the broadening ef-
fects caused by different intrinsic SFs. The corresponding
SF densities were subsequently calculated.

The magnetic anisotropy of the deposited thin films
was examined using a Princeton Measurements alternat-
ing gradient force magnetometer (AGFM). M–H hys-
teresis curves were obtained for orthogonal in-plane di-
rections and their corresponding magnetic anisotropy en-
ergy densities were calculated from the area between one
half of the idealized hard axis loop and the M -axis.

III. RESULTS AND DISCUSSION

The representative 2θ-ω coupled scan profiles pre-
sented in Figure 2 show dominant HCP Co(1 0 1 0), FCC
Pt(2 2 0), and FCC Ag(2 2 0) diffraction peaks, indicat-
ing that while Pt grows with the same preferred FCC
(1 1 0) orientation of the Ag underlayer, Co adopts the
HCP (1 0 1 0) texture. Here, we use Bravais-Miller in-
dexing notation (HKIL) to represent hexagonal struc-
tures where I = −(H + K). These results are corrob-
orated by the azimuthal scan profiles in Figure 3 which
reveal HCP Co(1 0 1 1) planes at the same azimuth as
FCC (1 1 1) planes in Pt and Ag. Correspondingly, the
epitaxial relationship between layers is Co(1 0 1 0)[0 0 0 1]
‖ Pt(1 1 0)[0 0 1] ‖ Ag(1 1 0)[0 0 1] ‖ Si(1 1 0)[0 0 1]. The
strong (1 1 0) texture of the Ag growth seed in these films
agrees with the work of Yang et al., who noted that a 4×4
mesh of Ag unit cells on a 3× 3 mesh of Si unit cells has
a lattice mismatch of less than 0.45% [20].

Given the prevalence of “all-FCC” Co/Pt multilay-
ers in magnetics research, it may seem counterintuitive
that a cubic Pt(1 1 0) underlayer would give rise to a
hexagonal Co layer. However, as shown in Figure 1,
the HCP Co(1 0 1 0) surface has significantly lower lattice
mismatch with the Pt(110) surface along [001] as com-
pared to the FCC Co equivalent, while the mismatches
along the [1 1 0] of Pt are nearly identical. Together with
cobalt’s thermodynamic preference for the HCP phase at
room temperature, the potential for a lower strain drives
the formation of the observed texture. However, the the-
oretical lattice mismatch along Pt [1 1 0] at the observed
Co/Pt interface is considerable. We therefore explored
the prevalence of intrinsic SFs in these films and their im-
pact on the magnetocrystalline uniaxial anisotropy along
the c-axis of Co.

FIG. 2. Diffraction profiles of 2θ-ω coupled scans performed
on the Co(20 nm)/Pt film.
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FIG. 3. Diffraction profiles of azimuthal (ϕ) scans performed
on the Co(20 nm)/Pt film.

It has been established that intrinsic SFs in HCP
crystals broaden diffraction peaks along [0 0 0 1] when
H − K 6= 3N , where N ∈ Z. Furthermore, the degree
of broadening depends on the parity of L. In particu-
lar, the normalized broadening, ∆wh,sf , of these peaks
in reciprocal space and the density of SFs are related by:

∆wh,sf =
3α+ 3β

π
, L mod 2 = 0; (1a)

∆wh,sf =
3α+ β

π
, L mod 2 = 1, (1b)

where α and β represent the densities of deformation
and growth SFs, respectively [21]. However, the diffrac-
tion profile of a reciprocal space q-scan is also affected



3

by the broadening effect caused by mosaicity; the ob-
served broadening must therefore be deconvolved during
this analysis. A summary of the possible broadening ef-
fects for different peaks is shown in Table I.

To characterize the broadening effects of SFs and mo-
saicity, X-ray reciprocal space q-scans were performed
on the Co(2 0 2 0), (1 0 1 0), and (2 0 2 1) diffraction peaks
along multiple directions for each sample. As a refer-
ence, the reciprocal space map of thin films is shown in
Figure 4. Figure 5 presents measured reciprocal space
q-scan diffraction profiles, where the dash lines in the
insets indicate the scanning directions. The wh of each
peak was estimated by fitting peaks with Gaussian func-
tions. The results were then normalized with respect to
the experimentally measured spacing between Co(2 0 2 1)
and (2 0 2 1) peaks in reciprocal space; this spacing is
marked in Figure 4 as the “Reference Length”. Table I
shows the normalized wh values. The normalized wh of
the cobalt (1 0 1 0) peak along the (1 0 1 0) plane nor-
mal was used as a baseline for the other peak widths,
as it is not affected by the broadening effects from either
SFs or mosaicity. The broadening effects caused by SFs
can be determined by comparing the diffraction profile
of the Co(1 0 1 0) diffraction peak along the Co(1 0 1 0),
(1 2 1 0), and (0 0 0 1) plane normals. As shown in Fig-
ure 5 and Table I, the wh values of the Co(1 0 1 0) and
(2 0 1 0) diffraction peaks along Co(0 0 0 1) plane normal
are considerably larger than those measured along the
(1 2 1 0) and (1 0 1 0) plane normals, indicating the pres-
ence of stacking faults.

FIG. 4. Reciprocal space map for the deposited thin film.
The orientation of the film is indicated by the coordinate axes.
The reciprocal space distance between Co(2 0 2 1) and (2 0 2 1)
peaks is marked as the Reference Length which is used for
peak width normalization for wh values shown in Table I. The
limitations of the instrument prohibit the probing of regions
within the shaded blue areas and beyond the blue arc.

For each sample, ∆wh,sf was calculated as the differ-

ence in normalized wh between Co(1 0 1 0) peak widths
measured along the (0 0 0 1) and (1 2 1 0) plane normals.
By solving Equation (1a), the sum of deformation and
growth SF densities in each sample was calculated, as
shown in Table II. Our calculations reveal considerable
SF densities of 7.6% and 9.1% for our 20 nm and 50 nm
films respectively, suggesting that SF density increases
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FIG. 5. Diffraction profile of reciprocal space q-scans per-
formed on the Co(1 0 1 0) peak of Co(20 nm)/Pt thin film
along the Co(1 0 1 0), Co(1 2 1 0), and Co(0 0 0 1) plane nor-
mal directions. The inset of each figure is the reciprocal
space map which shows the identity of the measured peaks
and the dashed line indicates the scanning direction of X-
ray. For clarity, the rightmost section of the scan along the
Co(1 0 1 0) normal direction was not shown, as it is obscured
by the Si(2 2 0) substrate peak (shown in Figure 1).

TABLE I. Broadening effects present and wh values for cobalt
peaks in the Co (20 nm)/Pt and Co (50 nm)/Pt thin films
measured by reciprocal space q-scans along primary direc-
tions. S denotes the broadening effect caused by stacking
faults; M refers to the broadening effect caused by mosaic-
ity; and N signifies the absence of both effects. The values
were normalized with respect to the reciprocal space distance
between Co(2 0 2 1) and Co(2 0 2 1) peaks.

Co Scan Broadening wh wh

Peak Direction Effects (20 nm) (50 nm)

(1 0 1 0) (0 0 0 1) S+M 0.1071 0.1360

(1 0 1 0) (1 2 1 0) M 0.0341 0.0487

(1 0 1 0) (1 0 1 0) N 0.0149 0.0099

(2 0 2 0) (0 0 0 1) S+M 0.1553 0.0683

(2 0 2 0) (1 2 1 0) M 0.0550 0.0578

(2 0 2 0) (1 0 1 0) N 0.0188 0.0177

(2 0 2 1) (0 0 0 1) S+M 0.0671 0.0675

with thickness within this thickness regime. In princi-
ple, the individual densities of deformation and growth
SFs can be calculated by comparing the wh,sf values for

the (2 0 2 0) and (2 0 2 1) peaks. (The (1 0 1 1) peaks are
inaccessible, as indicated in Figure 4.) However, mea-
suring the (2 0 2 1) peak width along the (1 2 1 0) normal
direction requires a change in film orientation that would
introduce additional broadening, thereby compromising
our analysis. Moreover, the unusual thickness trends for
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the (2 0 2 0) peak widths warrant further investigation.
Based on the characterized M–H hysteresis curves, the

deposited thin films exhibit a strong in-plane anisotropy,
as shown in Figure 6. Seeing as the uniaxial symme-
try axis (the c-axis, i.e., 〈0 0 0 1〉) of HCP Co lies within
the film plane for Co(1 0 1 0) films, these results suggest
that the MCA is dominant over any interface-induced
anisotropy present. The anisotropy energy density, Ku,
is shown in Table II for the two films. In both cases,
Ku is considerably lower than the bulk K1 value of 450
kJ/m3 [22], supporting the hypothesis that SFs lower
the MCA energy of HCP Co. Moreoveras expectedKu

decreases with increasing intrinsic SF density. Finally,
we note that lattice strain along the Co[1 1 2 0] direction
may also influence the values of Ku magnetoelastically.

Asymmetric ultrathin films based on all-FCC (1 1 1)
Co/Pt layers possess a strong interfacial DMI stem-
ming primarily from Co/Pt interface, as well as a
strong perpendicular magnetic anisotropy (PMA) which
is enhanced in the presence of Co/Ni layers. Be-
yoxpecting similar properties in ultrathin asymmetric
Co(1 0 1 0)/Pt(1 1 0)based films, we anticipate the emer-
gence of DMI anisotropy, as well as the additional pres-
ence of a significant uniaxial in-plane MCA that is modu-
lated by the degree to which the HCP phase of Co is pre-
served. By capitalizing on the tunability of a multilayer
C2v Co/Pt system, one could explore the interplay be-
tween all three effects in FM/HM films—and potentially
stabilize elusive chiral structures such as antiskyrmions
and bimerons, the latter being the in-plane equivalents
of skyrmions [23].

TABLE II. The combined deformation (α) & growth (β)
stacking fault densities for Co and the magnetocrystalline
anisotropy energy density (Ku) in Co/Pt films differing in
the thickness of Co (tco).

tCo α + β (%) Ku(kJ/m3)
20 nm 7.644 64.8
50 nm 9.142 52.4

IV. CONCLUSION

In this work, we characterized Co(20nm)/Pt and
Co(50nm)/Pt C2v films sputtered at room tempera-
ture on Si(1 1 0) substrates with a Ag growth seed.
The epitaxial relationship between the Pt and Co lay-
ers was identified as HCP Co(1 0 1 0)[0 0 0 1] ‖ FCC
Pt(1 1 0)[0 0 1]; to our knowledge, this is the first re-
port of HCP ‖ FCC epitaxy in an FM/HM film system.
These films exhibit a definitive uniaxial in-plane mag-
netic anisotropy along Co[0 0 0 1], in agreement with the
observed HCP (1 0 1 0) texture of Co. An analysis of the
broadening of Co(1 0 1 0) peaks along principal directions
revealed stacking fault densities of 7.6% and 9.1% in the
20 nm and 50 nm films, respectively. Both films have
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FIG. 6. Measured M–H hysteresis curves for Co/Pt films.
The thickness of Co in each film in given in parentheses. The
measurement directions are indicated with respect to Co.

significantly lower Ku values compared to bulk cobalt,
which we attribute—at least in part—to the apprecia-
ble intrinsic stacking fault densities observed. We an-
ticipate that the observed epitaxial relationship and the
singular in-plane easy axis will be preserved in thinner
films—where the collective impact of interface-induced
PMA, anisotropic DMI and in-plane uniaxial anisotropy
on the stability of various chiral spin structures in mul-
tilayer FM/HM films could be explored.
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