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An enhancement of the spin-orbit effects arising on an interface between a ferromagnet (FM) and a
heavy metal (HM) is possible through the strong breaking of the structural inversion symmetry in
the layered films. Here, we show that an introduction of an ultrathin W interlayer between Co and
Ru in Ru/Co/Ru films enables to preserve perpendicular magnetic anisotropy (PMA) and simulta-
neously induce a large interfacial Dzyaloshinskii-Moriya interaction (iDMI). The study of the spin-
wave propagation in the Damon-Eshbach geometry by Brillouin light scattering spectroscopy
reveals the drastic increase in the iDMI value with the increase in W thickness (ty,). The maximum
iDMI of —3.1erg/cm? is observed for fy = 0.24 nm, which is 10 times larger than for the quasi-
symmetrical Ru/Co/Ru films. We demonstrate the evidence of the spontaneous field-driven nucle-
ation of isolated skyrmions supported by micromagnetic simulations. Magnetic force microscopy
measurements reveal the existence of sub-100-nm skyrmions in the zero magnetic field. The ability
to simultaneously control the strength of PMA and iDMI in quasi-symmetrical HM/FM/HM trilayer
systems through the interface engineered inversion asymmetry at the nanoscale excites new funda-
mental and practical interest in ultrathin ferromagnets, which are a potential host for stable mag-

netic skyrmions. Published by AIP Publishing. https://doi.org/10.1063/1.5029857

Skyrmions are spin quasi-particles, which locally disturb
the magnetic order of ferromagnets (FMs) forming a magne-
tization twist." They can move under the action of an applied
magnetic field and electrical current as real particles keeping
their shape intact. This property of the topological protection
allows skyrmions for prospective memory and logic applica-
tions.” First found in B20 crystals at low temperatures,*
skyrmions can be nucleated in thin film structures composed
of a heavy metal (HM) layer with strong spin-orbit coupling,
which is in contact with an ultrathin ferromagnet.>® The sky-
rmion stabilization at room temperature occurs through the
balance between perpendicular magnetic anisotropy (PMA),
interfacial Dzyaloshinskii-Moriya interaction (iDMI) and
direct exchange between atoms.” Since the “heavy metal/
ferromagnet” (HM/FM) interfaces do not induce large
enough iDMI to compensate for such a deficiency, multilayer
stacks with usually more than 5-10 repetitions are used.®
The magnetostatic coupling between layers plays role of an
additional energy term helping formation of skyrmions and
skyrmion lattices.” However, this approach complicates the
fabrication process and requires much more quantity of met-
als and hence results in increasing cost of spintronic devices.
The promising solution is to use trilayer structures (HM,/
FM/HM,) with the enhanced spin-orbit effects, including
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iDMI. For this reason, advanced methods of the interface
modification have to be developed.

Our approach is based on the additive chiral interaction
induced by the top and bottom interfaces of a HM/FM/HM,
structure, where HM|/FM and FM/HM, have iDMI with
opposite signs.'” But instead of the complete capping layer
HM,, we propose to use a “dusting” (ultrathin) layer of the
heavy metal HM, covered by HM. This approach enables to
keep robust PMA and helps to induce strong iDMI in the
cost-efficient trilayer structures.''

In this paper, we study the influence of the Co and W
thicknesses on the magnetic properties, magnetization rever-
sal, iDMI and isolated skyrmion nucleation in the inversion-
symmetry-broken Ru/Co/W/Ru films.

Our polycrystalline Ru/Co/W/Ru films were prepared by
magnetron sputtering on SiO, substrates at room tempera-
ture. The base pressure in the chamber was 10~ % Torr. The
working pressure of Ar" was 10~ *Torr. In order to control
the thickness of layers precisely, we have used low sputter-
ing rates: V(Ru) = 0.011 nm/s, V(Co) = 0.018 nm/s, V(W)
=0.02nm/s. The Co thickness (f¢,) was varied from 0.7 to
1.5nm. The thickness of the buffer and capping Ru layers
(tg,) was 10 and 2nm, respectively. The W thickness (#y)
was taken in the range from 0 to 0.4nm. The structural and
magnetic properties of the quasi-symmetrical Ru/Co/Ru and
Ru/Co/W/Ru were systematically studied in Refs. 12 and 11,
respectively.

Published by AIP Publishing.
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Brillouin light scattering (BLS) spectroscopy measure-
ments were conducted to probe the spin-wave frequency
non-reciprocity in the Damon-Eshbach geometry in order to
define the iDMI’s sign and value. Kerr microscopy was used
to study dynamics of the domain structure of magnetic films.
Kerr microscope images were captured using an immersion
oil in order to increase optical resolution for clear observa-
tion of bubble-skyrmions with size as small as 700 nm.

Simultaneous atomic-force microscopy (AFM) and
magnetic-force microscopy (MFM, Bruker Dimension Icon)
were used to study surface morphology and magnetic
domain structure of the films. The CoCr coated antimony
doped Si tips (MESP) were used for MFM imaging. To pre-
vent the tip’s stray field influence of the spin textures, MFM
tips with low magnetic moment (MESP-LM) were exploited.

Micromagnetic simulations of the domain structure
were executed using MuMax® software package."

To extract the average iDMI values measured for large
film areas, we used the Brillouin light scattering (BLS) spec-
troscopy of non-reciprocal propagation of spin waves in the
Damon-Eshbach geometry, when a sample is in-plane mag-
netized and the wave vector is perpendicular to the magneti-
zation.'* The shift between the Stokes and anti-Stokes
frequencies of spin waves of a given wavelength is directly
proportional to the iDMI value'?
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where fs and f45 are the Stokes and anti-Stokes frequencies,
respectively, y is the gyromagnetic ratio, M, is the saturation
magnetization, k, is the spin wave vector, t5, is the effective
ferromagnetic layer thickness considering the total thickness
of magnetically dead layers of the bottom and top interfaces
[tem = teo~(Agwco + Acow)ls Doy is the effective (thick-
ness-averaged) energy density of the Dzyaloshinskii-Moriya
interaction given in [erg/cm2], Dy = D gtpyy is the thickness-
independent surface DMI constant taking into account the
contributions from the bottom and top interfaces and it is
given in [erg/cm].

Figure 1(a) demonstrates the typical BLS spectra for the
Ru(10)/Co(1)/W(0.25)/Ru(2) film (thicknesses are in nm)
recorded for k, = 11 um ™" (0 ~ 28°) in the positive and neg-
ative fields H = =5kOe. If a film has DMI, the spin wave
frequencies will depend on the spin waves propagation direc-
tion at the fixed wave vector of the incident light as
ke = 4T’Tsin 0, where . is the wavelength of the light
(532 nm). The effective value of DMI can be defined from
Eq. (1) as

_ M Af
eff — 2”//()( )

2

where y = % = g X 87.94GHz/T, g is the Landé factor (for
ultrathin Co films g = 2.14,' 7 = 188 GHz/T). We found for
Ru(10)/Co(1)/W(0.25)/Ru(2) film with M, = 1300emu/cm’
that D ;= —2.71 erg/em” and D, = —0.84 10~ erg/cm, which
are comparable to the earlier measured films: Pt/Co/AlOX,”’18
P1/ColGdO,,"° Pt/CoFe/Mg0,* and Pt/ColFe/lr. The negative
sign of iDMI supposes that the right-handed cycloidal spin

Appl. Phys. Lett. 112, 192406 (2018)

(@) . R )

4f T T T H
5 = 04T
© ® 05T
> N 2r Ta st
‘@ I * 077
£ < 04T
(/) '2 r | 05T
= 06T
@ 0 _4 L B 07T

-15-10 -5 5 10 15 0 5 10 15
frequency, GHz k, um’

© : : @

20} PMA J 30, - 1.2

E E * D, 5

S 15| ] R >

E’ 15 £1.0 % 20 085
[} < ) T
5:'1 0 g05 7 15 =

Q SR v Q1.0 04 =

05Fs 0 2 4 i Q
Uty n"
1 1 1l 0 1 1 1 1
0.4 0.8 1.2 1.6 0 01 02 03 04
tCO, nm t,, nm
(e) (f)

L)
o DCoJRu>0

358 BD
5.0 0.3

Deoyw<0

Ru
Co

— o= N O
Ru I.--'_\] DRu!Co<D Ru If""-,l DRUICO<D
o/ N

FIG. 1. (a) BLS spectra recorded for the Ru(10)/Co(1)/W(0.25)/Ru(2) film.
Symbols refer to the experimental data and solid lines are the Lorentzian
fits. (b) Frequency shifts Af depending on the wave vector k, at various posi-
tive and negative applied fields for the Ru(10)/Co(1)/W(0.25)/Ru(2) film.
Lines are the linear approximation of the experimental data. (c) Dependence
of D on the ferromagnetic layer thickness (¢¢,) at the fixed ty = 0.23 nm.
The inset demonstrate the linear decrease of Dy = f[1/(tc,-A)] for the rela-
tively thick films (¢c, > 1nm). (d) D4 and D, values as a function of #y at
the fixed 7, = 1 nm. Schematic illustration of the iDMI sign dependent
magnetization distribution for the bottom and top interfaces of Ru/Co/Ru (e)
and Ru/Co/W (f) films. In the case of symmetric layers (e), the DMI vectors
(marked in red) on the both interfaces are aligned antiparallel and compen-
sate each other. For asymmetric layers (f) the DMI vectors are co-directed
and the additive effect of iDMI is observed.

structures are most feasible.”'*> The observed linear depen-
dence of Af on the sample tilt angle 6 (or spin wave vector k,)
at various positive and negative fields H demonstrates the linear
character of the spatial spin-wave dispersion imposed by the
iDMLI, in contrary to the quadratic dispersion that characterizes
the conventional exchange interaction,” as shown in Fig. 1(b).
The BLS spectra and Af=f(k,, H) dependencies for the
Ru(10)/Co(1)/W(0.35)/Ru(2) film with the weak iDMI (D
= —0.65erg/cm®) are shown in Fig. S1 of the supplementary
material. Slopes of Af=f{k,) give the constant value of Aflk,,
which according to Eq. (2) defines the magnitude and sign of
D For the Ru(10)/Co(1)/W(0.25)/Ru(2) film, this value is
—0.24 +0.010 (0.24 = 0.010) GHz/um " for the positive (neg-
ative) field [Fig. 1(b)], which gives Dz = —2.64 = 0.11 erg/
cm?. In case of the Ru(10)/Co(1)/W(0.35)/Ru(2) film, the slope
is —0.056 = 0.008 (0.056 + 0.008) GHz/um ' for the positive
(negative) field giving D ;= —0.560 £ 0.094 erg/em’.

Using BLS, we studied the influence of 7¢, and #y on
iDMI. Two series of samples were chosen: (i) with the fixed
tw and different nominal thickness of the ferromagnetic
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layer—Ru(10)/Co(tc,)/W(0.23)/Ru(2); (ii) with the fixed ¢¢,
and various ty—Ru(10)/Co(1)/W(ty)/Ru(2). Figure 1(c)
shows the dependency of D, on the f¢,. For the thickness
range of 7, below 1.0 nm, where PMA exists, DMI has non-
linear dependence caused by the structural inhomogeneity of
ultrathin Co layers, whose effective thickness is below the
lattice constant of Co—hcp (c =0.406 A). At te, > 1.17nm,
the in-plane magnetic anisotropy appears and the iDMI value
significantly decreases down to —0.4erg/cm”® for tc,
= 1.5 nm. The interfacial origin of iDMI is proven by the lin-
ear decrease of Dy = f[1/(t¢,-A)] for t-, > 1 nm [see the inset
in Fig. 1(c)]. The peak iDMI value (D, = —2.1erg/cm2)
was observed for 7, = 1 nm, at which the Co layer becomes
structurally homogeneous. For this particular Co thickness,
we studied the dependencies of Dz and D; as a function of
tw [Fig. 1(d)]. For the quasi-symmetrical Ru(10)/Co(1)/
Ru(2), the value of D4 is —0.27 erg/cmz. The existence of
the non-zero negative iDMI points out the different morpho-
logical quality (roughness, intermixing depth) of the Ru/Co
and Co/Ru interfaces, as it was revealed for Pt/Co/Pt tri-
layers.**> We found for Ru/Co/Ru films that if the thickness
of the Ru capping decreases down to 0.5nm, the value of
D4 increases up to —1.31 erg/cm”. Due to the very thin Ru
capping, surface oxygen atoms can penetrate into the Co
layer and partially oxidize its top interface. This assumption
is supported by the fact that this sample still has strong
PMA, but the coercive field and saturation magnetization are
about 22 and 14% less than for the same structure with the
2-nm thick Ru capping (see Fig. S2 in the supplementary
material). Since the slight magnetic layer oxidation does not
contribute or even decreases the net iDMI, as it has been
recently shown in Ref. 26, we can assume that in our particu-
lar case the iDMI contribution from the top Co/Ru interface
with M; = 950emu/cm’ is negligible (Dcyge ~0) and
D= —1.31 erg/cm? is mostly induced by the bottom Ru/Co
interface. It means, that in case of the quasi-symmetric Ru/
Co/Ru films with the 2-nm thick Ru capping and
M, = 1100 emu/cm?, the top Co/Ru interface has the positive
DMI with the value defined as DCO/RM = De_ﬂ[Ru(lO)/Co(1)/Ru(2)]
— Dpuco=—027+131=1.04 erg/cm2. A scheme illustrat-
ing the cancelation of iDMI in the symmetrical Ru/Co/Ru
film is represented in Fig. 1(e).

The introduction of the W interlayer with thickness up to
0.24nm allows considerable enhancement of structural
inversion asymmetry in Ru/Co/W/Ru films resulting in more
than 10 times increase of D4 The peak value —3.1 erg/cm’
was observed for #y = 0.24 nm. In the range 0.24 nm <ty <
0.31nm we found the abrupt fall of D, down to —0.74 erg/
cm” accompanied by the decrease of K. as shown in
Ref. 11.

We propose that the sharp increase of D, is provoked
by the additive effect of Ru/Co and Co/W interfaces, due to
Ru/Co and W/Co interfaces have opposite signs of DMI: neg-
ative for Ru and positive for W. This means that Dg,,c, < 0
and D¢c,w < 0, as illustrated in Fig. 1(f). We have deter-
mined the iDMI value of the Co/W interface for Ru(10)/
Co(1)/W(0.24)/Ru(2) as Deow = Dofr-Drujco = —3.1+1.31
= —1.79 erg/cmz. The decrease of D4 for ty, >0.24nm is
due to the increase of the magnetically dead layer on the Co/

Appl. Phys. Lett. 112, 192406 (2018)

W interface,'" which leads to consequent degradation of the
Co layer.

In order to compare the iDMI values for different sys-
tems, the interfacial constant D has to be calculated for the
effective thickness of the ferromagnetic layer taking into
account the accurately defined magnetically dead layers of
the bottom and top interfaces, Fig. 1(d). Otherwise, the Dy
value can be significantly overestimated, when the nominal
thickness is in use. It is important that Ru/Co/W/Ru films
with 0.8 nm <#c, < 1.17nm and 0.15nm <ty <0.3nm can
be used for the isolated skyrmion stabilization.”'” This can
happen in these films due to the iDMI values, which are near
the critical energy density for the formation of the chiral
domain walls written as D, = % \ /AKgﬁc,27’28 where A is the
exchange stiffness constant.

Since the constant A was not measured for our ultrathin
films, we used the wide range of known values of A for pure
Co from 1 to 3x 10 °erg/cm.” For a sample with
Kop=0.6 x 10° erg/cm3, one can find that D, varies from
0.98 to 1.71 erg/cm®. Accordingly,”'® our modified Ru/Co/
W/Ru films with fy ranging from 0.15 to 0.25nm can be
potentially used for the nucleation and manipulation of
homochiral Néel domain walls and isolated skyrmions, mak-
ing the realization of the skyrmionic memory and domain
wall based devices.

For the creation and stabilization of skyrmions in thin
films, a unique combination of the magnetic parameters,
such as PMA, Heisenberg exchange, M,, and iDMI, is
required.”***2 Due to the lack of the iDMI strength, a mul-
tilayer configuration of films with the magnetostatically cou-
pled layers is usually used for the skyrmion stabilization and
manipulation.” This coupling leads to a sheared hysteresis
loop with M,/M;~ 0, as demonstrated for one of our multi-
layer (the same behavior was found in Ref. 33) in Fig. S3 of
the supplementary material. This is due to the formation of
equilibrium multidomain state. But this is not a case of the
HM \/FM/HM,, trilayers as shown in Fig. S3(c) of the supple-
mentary material.

We found by means of polar Kerr effect microscopy that
iDMI stabilized isolated skyrmions in the Ru/Co/W/Ru films
with fc, = l.1nm, which have relatively weak PMA
(Ke~=0.3 x 10°erg/cm?). Figure 2 shows the out-of-plane
field driven evolution of the magnetic domain structure in
the Ru(10)/Co(1.1)/W(0.25)/Ru(2) film. The large area
images of the domain structure are shown in Fig. S4 of the
supplementary material.

To nucleate skyrmions, we used the following tech-
nique. First, the sample was demagnetized in the out-of-
plane field (H.) with an amplitude decreasing to zero. Then,
the field was smoothly increased to a field larger than —H,,
but a bit smaller than —H,. In this case, the domain structure
“collapses,” but bubble-skyrmions remain. When the mag-
netic field H, was reduced to zero, we observed isolated sky-
rmions with the smallest size of about 700 nm [see Fig. 2(a)]
owing to the limited optical resolution of our Kerr micro-
scope. With the increasing field up to H, = —20 Oe, most of
the skyrmions keep their position and shape that proves their
stability [Figs. 2(b) and 2(c)]. In the field H, > —30 Oe, the
size of domains sharply increased [Figs. 2(e) and 2(f)]. The
supplementary material to the article contains two movies
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FIG. 2. Magnetic domain structure of the Ru(10)/Co(1.1)/W(0.25)/Ru(2)
film captured in the out-of-plane field by Kerr microscopy. The red arrows
indicate skyrmions, which grow and form domains marked by the yellow
arrows. The scale bar is 5 um.

demonstrating the magnetization reversal process from +H
to —H,; (Movie 1) and the formation of skyrmions and their
stabilization at zero field (Movie 2).

To prove the skyrmion formation in the Ru/Co/W/Ru tri-
layers, we have performed micromagnetic simulations of the
4 x 4 yum? area of films using the continuous boundary con-
ditions. Recently, we have demonstrated that at the Ru buffer
layer thickness of 10nm, the Co films are polycrystalline'?
in nature. It leads to the local variation of magnetic proper-
ties and finally, can result in increased critical fields, namely,
the coercive force due to the domain wall pinning.
Therefore, magnetic inhomogeneities in disordered films can
pin skyrmions or change their shape and size.**° In the
simulations we considered the variation of the crystallo-
graphic anisotropy K; = 1.0 x 10°erg/cm® on the grains with
size of 20 nm.'*?*> The orientation of the easy axis of magne-
tization was assigned randomly for each crystallite and the
value of K| was varied within =10%. A distribution map of
the crystallographic anisotropy constant K; used for micro-
magnetic simulations is shown in Fig. S5 of the supplemen-
tary material. We used the following parameters: /D4
= 1.0 erg/cm?, which is within the range of possible magni-
tudes of D, = 0.7-1.2 erg/cm2 for this film, M, = 1300 emu/
cm?, K= 0.3 x 10° erg/cm3, A=1.6x 1076erg/cm, and

Appl. Phys. Lett. 112, 192406 (2018)

the cell size 4 x 4 x 0.5nm’. According to Ref. 7, films with
D.4/D,. <1 can be a host of isolated skyrmions, which we
observed in our trilayers in the absence of a magnetic field
[Fig. 2(a)]. The random size and spatial distribution of sky-
rmions reflects the fact that the iDMI value can be lower
than D,,. To realize a stable skyrmion lattice, the ratio of
D /D, has to be larger than 2.7

At the beginning, the six isolated skyrmions were cre-
ated in zero field [Fig. 3(a)]. One can see that the shape and
size of skyrmions are different because of the magnetic inho-
mogeneities. The average skyrmion diameter is 224 nm. All
the skyrmions have the skyrmion number Ny = 1. With the
rising magnetic field up to 30 Oe, the shape of 4th and 5th
skyrmions significantly changed; meantime, the size of 2nd
and 3rd skyrmions increased. In the fields of 40 and 50 Oe
only 3rd skyrmion became unchanged. Further increase of
the field [Figs. 3(e) and 3(f)] promoted the sharp growth of
skyrmions and their transformation into large domains. The
very similar behavior was observed experimentally (Fig. 2).
We found that without consideration of disorders in films,
skyrmions were unstable in zero magnetic field and they
immediately transformed into domains.

We have done MFM experiments without any applied
magnetic field (H, = 0), which prove the spontaneous iso-
lated skyrmion formation as demonstrated in Fig. 4(b)

FIG. 3. Simulated images of the out-of-plane field driven domain structure
of the Ru(10)/Co(1.1)/W(0.25)/Ru(2) film. The image size is 4 x 4 umz.
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FIG. 4. AFM (a) and MFM (b) images captured on the Ru(10)/Co(0.9)/
W(0.25)/Ru(2) film at the remnant state (H, = 0).

(marked by circles). The size of skyrmions are about
100 nm, which is consistent with the previous findings.” The
difference in size of skyrmions observed by MFM and Kerr
microscopy is due to the different nucleation procedure used
and the higher spatial resolution of a magnetic tip.

Our study of the broken structural inversion symmetry
Ru/Co/W/Ru films has unveiled the thicknesses of Co and W
layers for which the robust PMA exists and the iDMI
remarkably enhances (up to —3.1erg/cm?) thanks to the
additive chiral interaction on interfaces. The introduction of
the W interlayer into the top Co/Ru interface decreases the
elastic strains in the ferromagnetic layer, smoothens the Co
surface, and dramatically decreases the coercive force. The
created unique combination of structural and magnetic
parameters enables to nucleate and stabilize isolated sky-
rmions in the films with only one ultrathin ferromagnetic
layer in the zero field. For the realization of a stable sky-
rmion lattice, we suggest a magnetostatically coupled multi-
layer film based on repetition of the Ru/Co/W/Ru structure.
Our findings show the high potential of Ru as a worthy alter-
native to Pt and open up the way for the extensive interface
engineering at the nanoscale in order to tune the magnetic
properties and to strengthen the spin-orbit effects for the
future spin-orbitronic applications, especially for skyrmionic
devices.

See supplementary material for the additional figures
from Fig. S1 to Fig. S5 and for Movie 1 showing the remag-
netization process in the out-of-plane field and Movie 2 dem-
onstrating the field-driven skyrmion formation.
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