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Anisotropic Dzyaloshinskii-Moriya interaction in ultrathin epitaxial Au/Co/W(110)
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We used Brillouin light scattering spectroscopy to independently determine the in-plane magnetocrystalline
anisotropy and the Dzyaloshinskii-Moriya interaction (DMI) in out-of-plane magnetized Au/Co/W(110).
We found that the DMI strength is 2-3 times larger along the bcc[110] than along the bcc[001] direction.
We use analytical considerations to illustrate the relationship between the crystal symmetry of the stack and the
anisotropy of microscopic DMI. Such an anisotropic DMI is the first step to realize isolated elliptical skyrmions

or antiskyrmions in thin-film systems with C,, symmetry.
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I. INTRODUCTION

An antisymmetric exchange interaction, the Dzyaloshinskii
-Moriya interaction (DMI), was theoretically predicted by
Dzyaloshinskii [1] using symmetry arguments in bulk mag-
netic systems. Then Moriya [2] demonstrated the antisymmet-
ric spin coupling in systems with a lack of inversion sym-
metry by including spin-orbit coupling in the superexchange
interaction. Fert and Levy [3] pointed out that high spin-orbit
scattering centers can break the indirect exchange symmetry.
DMI presents particular interest since it can stabilize chiral
magnetic textures like skyrmions and antiskyrmions [4],
magnetic solitons with a chiral vortexlike spin configuration
which are characterized by a topological charge Ng. In a
continuous-field approximation Ng can be formulated as
the integral on the space (r,«) that counts how many times
the magnetization m(¢(«),0(r)) [Fig. 1(c)] wraps the unit
sphere [5]:
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where p describes the direction of the core of the spin texture
[p=1(=1)if 6¢ = 0) = 0()] and W = [p()]3=" /27 =
=+1 is the winding number. Considering the same magnetiza-
tion background, i.e., the same p value, skyrmions [¢ (o)
o] and antiskyrmions [¢(«) ox —«] have opposite winding
numbers and hence opposite topological charges. The spin
modulation ¢(«), and hence the winding number, depends on
the DMI symmetry that in a monocrystalline system directly
arises from the crystal symmetry [6,7].

Circular skyrmions in an isotropic DMI environment have
experimentally been observed in bulk systems with B20 sym-
metry [8] and as metastable objects in ultrathin magnetic films
[9-11]. Skyrmions can also display a noncylindrical symmetry
in anisotropic environments. The effect of spatially modulated
exchange energy and magnetocrystalline anisotropy on the
skyrmion shape has been theoretically analyzed [12,13] and
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experimentally investigated [14] in ultrathin films, while a
distorted skyrmion lattice [15] due to an anisotropic DMI has
been evidenced in a mechanically strained single crystal.

Antiskyrmions have been theoretically predicted in bulk
systems where the D,; and S; [6] symmetry induces an
anisotropic DMI with inversion of chirality between perpen-
dicular directions. They have been theoretically investigated
as metastable states at an energy higher than the skyrmion
in ultrathin films with isotropic chirality [16] and in systems
without DMI [17].

This paper consists of two parts. In the first part, we
experimentally study thin epitaxial Co films on W(110). We
use Brillouin light scattering (BLS) spectroscopy to show
that the C,, crystal symmetry leads to a strong anisotropy
of the DMI, with a value which is 2-3 times higher along
the bee[110] direction than along the bcc[001] direction. In
the second part, we first show the relationship between the
atomic DMI at the W\Co interface and the micromagnetic
DMI in a C,, symmetry system. Then, we analyze the spin
waves and spin configurations stabilized by the anisotropic
DMI energy in a general C,, symmetry in order to explain our
BLS measurements. Finally, we show that a DMI with opposite
sign along two perpendicular in-plane directions should lead
to the stabilization of antiskyrmions.

II. SAMPLE GROWTH

The sample stack is grown by pulsed laser deposition,
and crystallographic properties are investigated in situ. The
(1120) surface of a commercial Al,O3 single crystal is used
as the substrate for growing at room temperature a thin film
of Mo (0.8 nm) followed by the deposition of an 8-nm-thick
W film. The stack is then annealed at 1200 K for 1 h. During
this annealing the Mo underlayer promotes the selection of
a unique epitaxial relationship, avoiding twins and yielding
a single-crystalline film [18]. Reflection high-energy electron
diffraction (RHEED), shown in the Supplemental Material
[19], confirms the disappearance of the W twins and the
correct epitaxial relationship (Fig. 1). A Co film with a
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FIG. 1. (a) Superposition of the W(110) and the strained
Co(0001) surfaces with the Nishiyama-Wassermann relationship.
(b) Tungsten bcc unit cell with the (110) surface highlighted.
(c) Nlustration of the geometry and notation used to describe the
magnetization (0;¢) and the directions « in the bec(110) crystal
framework.

thickness t = 0.65 nm is then deposited. The best condition for
layer-by-layer growth is obtained by progressively warming
the sample from room temperature to 350 K while the Co
thickness increases from O to 0.65 nm. The immiscibility be-
tween Co and W guarantees a flat and sharp interface. RHEED
and grazing incidence x-ray diffraction (GIXRD) patterns
[19] demonstrate the retained single-crystal feature through
the Nishiyama-Wassermann epitaxial relationship. The lattice
misfits along the main in-plane crystallographic directions are

Adp, 110 = «/anfz;a«fm =2.98% and Adpccpo01] = “Wa_\:’CO =
20.79%, where aw and ac, are, respectively, the bulk bcc
and hep lattice parameters. Along the bee[110] direction the
Co is expected to grow pseudomorphically (a, = v/2/2aw),
up to 10 Co monolayers (1 ML =~ 0.2 nm) [20]. Along
the bee[001] direction, the misfit instead is large, implying
that the Co structure relaxes for a thickness between 2 and
4 ML (a, = 3.56/4.56%" [20]), with a, and a, defined in
Fig. 1. Along the bcc[001] direction, the Co-W crystal forms
a superstructure with a period of 14a, (1.73 nm), reasonably
smaller than the characteristic magnetic length scales even in
ultrathin Co films. From the micromagnetic point of view
the system can thus be considered uniform with averaged
quantities and with a C,, symmetry.
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Finally, a 2-nm-thick fcc Au(111) cap layer is deposited in
order to promote out-of-plane anisotropy and protect the stack
from oxidation. This layer has a Cg, symmetry due to the
fce Au(111) surface twins. GIXRD measurements show that
the W\Co interface is hardly modified by the capping layer
[19] and the stressed Co layer does not significantly change
its crystal symmetry. Hence we expect the contribution of the
Au/Co interface to the in-plane anisotropic properties to be
negligibly small.

III. BRILLOUIN LIGHT SCATTERING SPECTROSCOPY

Brillouin light scattering spectroscopy was performed in
the Damon-Eshbach (DE) configuration [21]. This technique is
particularly suited for the study of anisotropic systems because
it allows us to extract the magnetic properties independently
along any direction. An external magnetic field H.y, saturates
the magnetization along an in-plane direction. A laser beam
(A =532 nm) strikes the sample in the plane perpendicular
to the magnetic field with an incidence angle 0° < 6;,. < 60°
in order to vary the spin-wave (SW) wave vector involved in
the scattering process ksw = 4 sin(6)/A. We call « the angle
between kgw (the direction along which the magnetization
varies) and the bee[110] crystallographic direction (Fig. 1). A
2 x 3 pass Fabry-Pérot interferometer allows us to analyze the
backscattered light and to study the Stokes (S) and anti-Stokes
(AS) spectrum generated by the scattering process between
the laser photons and the SWs for different « values. The BLS
spectrum in systems with DMI can be separated into symmetric
[fo = (Ifs| | fas|)/2] and an antisymmetric [ fu = (| fs| —
| fas)|/2] components. The study of fy with He along
the main crystallographic directions allows us to estimate
the magnetocrystalline anisotropy (MCA) constants K; in the
direction of the applied field, while f,,; allows us to extract
the sign and strength of the DMI acting on a Néel spin cycloid
along the SW wave vector.

The C,, supercrystal symmetry induces a biaxial MCA
energy density that can be formulated in the second-order
approximation including the out-of-plane shape anisotropy
(Ka = 3poM2):

Eanisotropy = _(Kout - Kd) COSZ 0 — Kin Sin2 0 COSZ ¢7 (2)

where 6 and ¢ describe the magnetization direction (Fig. 1)
and Koy and Ki, are the out-of-plane and in-plane easy-axis
MCA constants. The symmetric frequencies fo[OO” and fo[“O],

when H.y, is respectively applied along [001] and [110], can
be calculated [22] as

Y o
o =g\/ [HS — Hin + Jidy + Pkswt)MJ[HRY — Hou + Tk — Plkswi)M], 3)
1 Y o 1 T
o = g\/ [HY + Hin + Ty + Pksw) M [HA'™ — How + Hin + Jk2y — Plkswt) M), )
[
where y is the gyromagnetic ratio; J = Mz)—fl is the SW  with 7 being the sample thickness. Following Eq. (2),

stiffness, with A being the exchange stiffness and M, being the

spontaneous magnetization; and P(kswt) = 1 — W

is a geometric factor associated with the SW dynamics,

we define H,y and Hj, as the anisotropy fields. Hoy is the
magnetic field needed to saturate the magnetization along the
in-plane hard axis (60 = 7 /2;¢ = 7 /2). Hi, is the difference
between the fields needed to saturate the magnetization along
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FIG. 2. BLS spectra on Au/Co(0.65 nm)/W(110) with kgy along
the two in-plane symmetry axes. Red line: experimental data. Blue
line: data fit with Lorentzian functions. Green line: background fit. In
the AS spectra, the distance between the solid and dashed black lines
shows the frequency shift between S and AS peaks. (a) BLS spectrum
with o Hexe = 0.6 T parallel to the bec[001] axis and ksw = 8.08/um
parallel to the bee[110] axis. (b) BLS spectrum with fuoHey = 0.6 T
along the direction with an angle of 7 /4 with respect to the bec[110]
axis and ksw = 18.09/um. (c) BLS spectrum with poHex = 0.5T
parallel to the bee[110] axis and kgw = 18.09/um parallel to the
bec[001] axis.

the in-plane easy axis (0 = /2; ¢ = 0) and the in-plane hard
axis. Analyzing the spectra in Fig. 2 can give a numerical
estimation of the MCA constants.

In this work, the S-AS peaks occur for small values of ks,
i.e., Jkiy < Hex, so that it is possible to neglect exchange
contributions to the resonance BLS peaks. The spontaneous
magnetization (Mg = 1.15 x 10° A/m) is inferred from the
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FIG. 3. Anomalous Hall effect measurements of the Au/Co(0.65
nm)/W(110) sample with the magnetic field applied along (a) the
bee[001] and (b) bee[110] in-plane directions.

out-of-plane hysteresis loop obtained with a vibrating sam-
ple magnetometer (VSM). Evaluating f, [001]' — § 53 GHz and

£ = 1524 GHz with poH" = 0.6 T and poHL" =

ext ext

0.5 T, respectively, we obtain Kj, = %,uOMSHm =136 kJ/m

(toHin = 0.24T) and Kou — Ka = oM Hou = 199 kJ/m?
(o Hout = 0.35T). Anomalous Hall effect measurements per-
formed on the same sample with in-plane fields along the
bec[110] (0 = 7/2; ¢ = 0) and bec[001] (0 = 7/2; ¢ = 7/2)
directions give saturation fields puo(Hout — Hin) ~ 0.1 T and
o Houw =~ 0.3 T, in good agreement with the anisotropy values
(Fig. 3). Note that published results on the same system [23]
showed a comparable out-of-plane anisotropy but a larger
in-plane anisotropy.

The difference 2 f,,; arises from the different effects of
DMI on SW modes with opposite Ksw [24,25]. In ultrathin
films DMI is the only physical phenomenon liable to break
the S-AS peak symmetry [25]. BLS is thus particularly suited
for the investigation of anisotropic DMI, especially because
the extracted data are independent of any other anisotropy
present in the system such as MCA and of the strength of
H.,.. The SW frequency shift in a system with interfacial

DMI [D(t) = D,/t)] in the DE geometry can be formulated
as [24,26]
2y D(t) 2y Dy
2 fanti = — ksw = = —k 5
Sant v = ks %)

M, the magnetic moment per unit surface (M = M;t),
is obtained directly from VSM measurements, allowing a
thickness-independent determination of the DMI strength D;.
In Fig. 4 2 f,y is plotted as a function of ksw along the
main axes (bcc[001] and bee[110]) and along an intermediate
direction (o = 7 /4). The points in the plot are extracted from
the center of the Lorentzian distribution used to fit the S and
AS peaks (Fig. 2). The error bars (6f) are obtained with a
Levenberg-Marquardt error algorithm.

The plot in Fig. 4 demonstrates that along all directions
2 fani has a positive value, showing that the DMI promotes a
clockwise spin chirality. Such a clockwise chirality (positive
value of D) is in agreement with results for sputtered
MgO/CoFeB/W samples [27] and is opposite to the chirality
in AlOx/Co/Pt films [28,29]. Moreover, the DMI is strongly
anisotropic. In the table in Fig. 4(a) the values of Dy along
different crystallographic directions are shown. The DMI
strength is a factor 2 to 3 higher along bcc[110] than
along bcc[001], even taking into account the large error bar
along the [001] direction. This difference is confirmed by
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FIG. 4. (a) S-AS frequency shift 2f,,; as a function of the
SW wave vector ksw for different in-plane directions «. The dots
are the experimental data, and the lines are linear fits yielding
the DMI strength D;. (b) Blue and orange lines: micromagnetic
calculated D™ [Eq. (10)] and D™ [Eq. (8)] as a function of
the in-plane direction « (left axis); red dots: D strength evaluated
from the experimental data; green line: micromagnetic calculated
magnetization direction promoted by DMI [Eq. (9)] as a function
of the crystallography directions (right axis); dashed line: Néel-like
cycloid.

the intermediate value found for the DMI strength for SWs
propagating along the intermediate angle « = 7 /4.

IV. DMI AND CRYSTAL SYMMETRY: MICROMAGNETIC
CALCULATIONS

Experimentally, we have thus found a 2-3 times larger
DMI along the [110] in-plane direction than along the [001]
in-plane direction. In order to understand the relation between
the crystal symmetry, the micromagnetic DMI anisotropy,
and the symmetry of the spin modulation ¢ () we developed
micromagnetic calculations. Our approach does not aim at the
quantitative evaluation of the DMI but allows illustrating how
the Cy, crystal symmetry sets constraints on the atomic DMI
vectors d;; and how to obtain the anisotropic micromagnetic
D constants. It is valid if the analyzed magnetic configurations
have a characteristic length [ much larger than the supercell
parameter (14a,). Indeed, it allows considering averaged (d;;)
on the whole superlattice and describing the magnetization
in a continuous-medium approach. The symmetry in a Cy,
crystal is not high enough to set uniquely the (d;;) vectors
[2] but imposes their directions in the crystal plane and their
mutual relationships [19]. The (dg,) vector is perpendicular to
its bond, whereas (dy;) and (dy;/) have the same strength d and
supplementary angles (§o; + 8o = ) with respect to their
bonds (see Fig. 1). Using the notation of the Lifshitz invariants

Lg’,z =m; "% — my 8% , the micromagnetic DM energy can be
written as
Epy = — / (DL + DL )dr, (6)

. () _ d sin(B+801) () __ 2dycos(B+8o1) _ (doa) 1
with DS =4 snp and Dy = a[ cos B d cosﬂ]

(see Fig. 1). These relations show that knowing the crystal
structure and the micromagnetic DMI is not sufficient to
determine all (d;;) vectors.

PHYSICAL REVIEW B 95, 214422 (2017)

In order to understand ¢(c«) allowed in a general Cy,
system we formulate the DMI energy of a unidimensional spin
modulation propagating along % in the basis (i7,7,7), turned at
an angle o = (x,u) with respect to the crystal basis [Fig. 1(c)]:

Epule) = ‘f [cos* (@)D + sin* (@) DL d*r

— / (D — D) cos(a) sin(@)Ld?r. ()

Epyu (o) presents two different types of Lifshitz invariants
that describe a DMI stabilizing different spin modulations [4].
The first term, Lff‘z), describes the well-known result of an
interfacial DMI promoting a Néel cycloid. The second term,
L%, evidences that the interfacial DMI can stabilize a Bloch
helicoid. This component vanishes along the main axes and has
maxima proportional to the difference of the DMI constants
(D® — D) when a = 7/4 + nr/2. This means that in a
general C», system the DMI promotes Néel cycloids along the
main axes and a mixed configuration between a Néel cycloid
and a Bloch helicoid along the intermediate directions.

Equation (7) allows us first to calculate the apparent DMI
constant Déapp) [19], defined as the DMI component acting on
the DE spin wave, as a function of the in-plane propagation
direction. In the DE geometry a SW propagating along i
can be described as m(u) = M + dm(u,t), where M || 7 is
imposed by Hy. The component §m(u,), which represents
the magnetization-varying part, is a Néel cycloid lying in
the (i1,2) plane. Then D calculated from the DMI energy
density of the SW reads, as a function of « [19],

D) = D cos? @ + DY sin® a. (8)

Equation (8), plotted in Fig. 4(b), matches well the
experimental data. It corresponds to only the first part of Eq. (7)
due to the fact that Sm describes a cycloid. Measuring the
second part of Eq. (7) would require changing the measurement
geometry and turning the optical plane by /2 to get SWs
propagating along the field direction [M along & and §m(u,t)
in the (v,7) plane], with §m describing a helicoid.

V. SKYRMIONS AND ANTISKYRMIONS

The competition between the first and second parts in
Eq. (7) implies that along an arbitrary direction, spin spirals
(or, equivalently, domain walls) may be intermediate between
Néel and Bloch spirals. Writing ¢ as the angle between the
spiral modulation plane and the X axis, we minimize the DMI
energy to find the optimum modulation plane. As a function
of the propagation direction, we obtain

D(}")
tang = (—b> tan «, ©)]
D

with an effective DMI constant that maximizes the DMI energy
gain:

- Diy)
D = DY cosa cos | arctan [ —— tana
D(«\)

S

)
o) o . D;
+ D’ sina sin | arctan | ——tana | |.  (10)
) D

S
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FIG. 5. Polar plot of the magnetization direction ¢ promoted by
DMI as a function of the in-plane direction of variation o [Eq. (9)]
for different (D; D) values: (a) D = DY, (b) D = 2.5D,

and (c) D&Y = —DY.

Setting D) = 2.5D, it is possible to obtain DM ()
for Au/Co/W(110) [Figs. 2(b) and 5(b)]. As predicted from
Eq. (7). along the main axes D = D™ and the spin spiral
is purely Néel; the largest mismatch between D™ and DS
occurs along o = /4.

The discussion can be generalized for different D)/ DY
ratios, and we emphasize two interesting cases. First, setting
isotropic conditions (D) = DY), we obtain the well-known
result of a DMI stabilizing only Néel spirals [¢(x) = «].
In the other extreme, D) = —DY implies ¢(er) = —a, s0
Néel cycloids are stabilized along the main crystallographic
directions, and purely Bloch helicoids are stabilized at o =
/4 4+ nx /2. Considering localized textures such as bubbles,
the energy minimization remains valid, and different types
of textures can be expected, as depicted in Fig. 5 for
Dgx)/Déy ) = 1, 2.5, and —1 [30]. Considering the winding
number W = [qﬁ(a)]gjé” /2m, the first two textures depict
skyrmions (although in the second case we may expect
distortions) with W = 1, while the third case, with W = —1,
has the signature of an antiskyrmion [5].

In order to experimentally achieve a system with opposite
signs of D along two perpendicular in-plane directions, one
possibility would be to replace the Au cover layer in our

PHYSICAL REVIEW B 95, 214422 (2017)

sample with a heavy-metal (HM) layer inducing a DMI
at the HM/Co interface with a sign opposite to the DMI
at the Co/W interface. This DMI could be isotropic and
should have a strength in between the values found along
the bee[110] and bec[001] directions in the Au/Co/W (110)
system. Another possibility would be to use a system suggested
recently in a theoretical paper discussing anisotropic DMI and
antiskyrmions in Fe/W(110) [31].

VI. CONCLUSIONS

We have investigated DMI in an out-of-plane magnetized
epitaxial Au/Co(0.65 nm)/W(110) trilayer. The DMI in this
system promotes a clockwise chirality of the spin modulation
with a DMI strength 2-3 times larger along bcc[110] than
along bec[001]. This anisotropy arises from the C5, symmetry
of the Co/W(110) stack. We used a micromagnetic model to
highlight the link between the atomic DMI at the Co/W(110)
interface, based on its expected superlattice, and the resulting
micromagnetic anisotropic DMI. The DMI is expected to give
rise not only to Néel cycloids but to mixed cycloid/helicoid
textures [Fig. 5(b)]. The experimental evidence of a strongly
anisotropic DMI is the first important step for stabilization
in a magnetic thin film of deformed isolated skyrmions and
antiskyrmions.
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