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Observation of room-temperature magnetic skyrmions in Pt/Co/W structures
with a large spin-orbit coupling

T. Lin,! H. Liu,2 S. Poellath,? Y. Zhang,4 B.Ji," N. Lei,’-" J.J. Yun,” L. Xi,° D. Z. Yang,5 T. Xing,l Z. L. Wang,l L. Sun,2°
Y. Z. Wu,”> L. F. Yin,> W. B. Wang,” J. Shen,” J. Zweck,® C. H. Back,>”-' Y. G. Zhang,' and W. S. Zhao'-!
! Fert Beijing Institute, BDBC, School of Electronic and Information Engineering, Beihang University, Beijing 100191, China
2Department of Physics and State Key Laboratory of Surface Physics, Fudan University, Shanghai 200433, China
3 Institut fiir Experimentelle und Angewandte Physik, Universitit Regensburg, Regensburg 93040, Germany
“Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
5Key Laboratory for Magnetism and Magnetic Materials of Ministry of Education, School of Physical Science and Technology,
Lanzhou University, Lanzhou 730000, China
6School of Information Science and Technology, Shanghai Technology University, Shanghai 201210, China
7 Physik-Department, Technische Universitit Miinchen, Garching 85748, Germany

® (Received 11 June 2018; revised manuscript received 12 October 2018; published 20 November 2018)

Magnetic skyrmions have significant potential for applications in storage and logic devices, but the ability
to control skyrmion motion is key to their success. To realize controlled skyrmion motion, vertical spin

current-driven methods employing, e.g., the spin Hall or inverse spin galvanic effect, are efficient; thus, magnetic

heterostructures featuring large spin-orbit torques are appealing. In this paper, we report on the observation
of room-temperature magnetic skyrmions in Pt/Co/W multilayers. The interfacial Dzyaloshinskii-Moriya
interaction was estimated to be 0.19 & 0.05 mJ/m? based on the asymmetric domain-wall motion occurring upon
the application of in-plane magnetic fields. The evolution of the magnetic structures from labyrinth domains
to skyrmions with diameters of around 145 nm under magnetic fields was observed by performing Lorentz
transmission electron microscopy. The skyrmion nucleation fields could be tuned by varying the repetition
number. Large spin Hall angle systems such as Pt/Co/W multilayers are appealing for achieving current-driven
skyrmion motion in future racetrack and logic applications.

DOI: 10.1103/PhysRevB.98.174425

I. INTRODUCTION

Magnetic skyrmions are chiral spin textures, which are
considered to be potential candidates for future ultra-low-
power spintronics storage [1-9], benefitting from small par-
ticle size, topological protection, and low driving current den-
sity thresholds. To date, magnetic skyrmions have been ob-
served in noncentrosymmetric bulk materials, ultrathin films
in which the interface breaks the symmetry, and artificial
structures [10-19]. Among them, systems with broken in-
terfacial symmetry attract enormous attention, because the
skyrmion phase can exist in these systems at room temper-
ature and in regions with low magnetic fields. These sys-
tems have been intensively studied experimentally with the
objective of realizing room-temperature skyrmions, current-
driven skyrmion motion, and electrical detection of single
skyrmions [16,17,20]. The obtained results are crucial for the
development of functional skyrmion-based devices.

The realization of magnetic skyrmion devices strongly
depends on the ability to create and move skyrmions with low
power consumption. In a skyrmion track device [5,21], the
energy cost of skyrmion motion is critical. Although various
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methods of achieving efficient skyrmion motion have been
proposed theoretically, only spin-polarized current-driven
motion has been realized. Current-induced skyrmion motion
is described by spin transfer torque (STT), which includes
current in-plane STT (CIP-STT) and spin Hall effect STT
(SHE-STT) [22-24]. SHE-STT is more efficient than CIP-
STT with the same current density [22,24]. The SHE converts
the horizontal charge current into a vertical pure spin current
in a heavy metal. From Osy = | J;|/|J.| [25,26], where sy is
the spin Hall angle, J. is the charge current density, and J;
is the spin current density, the conversion efficiency depends
on the spin Hall angle of the heavy metal. Consequently,
skyrmions that exist in large spin Hall angle materials are
appealing for skyrmion-based device applications.

To date, magnetic skyrmions in systems with broken in-
terfacial symmetry have been realized in Pt/Co/Ir [27,28],
Pt/Co/Ta [29], Ta/CoFeB/TaOx [16], etc. A high skyrmion
velocity of about 100 m/s upon the application of ~5 x
10'"" A/cm? was achieved in Pt/CoFeB/MgO multilayers [29],
while 50 and 30 m/s have been reported in Pt/Co/Ta and
Pt/Co/lIr, respectively. The longitudinal skyrmion velocity
can be written as v, = 5 352 % [24,30], where § is re-
lated to the dissipative tensor and Gilbert damping, G. is
the gyro vector, and Fgsyg is the force caused by SHE-
STT. Fsyg is expressed as :I:zh—gyrjésglwZ x e, [24,30], where
j 1is the current density, b is a skyrmion characteristic
length [half its perimeter when the skyrmion radius is much
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larger than the length scale of a domain-wall (DW) width],
e, is the vertical direction in the laboratory frame, and
e, = n x j, with n being the outer normal to the SHE layer at
the interface considered. Therefore, the longitudinal velocity
is proportional to the spin Hall angle (fsg) and inversely
proportional to the damping. The damping constant is much
lower in CoFeB than in Co films, which presumably leads
to the high skyrmion speed. For relatively the same damping
constants in both Pt/Co systems, the large spin Hall angle in
current-driven skyrmion motion plays an important role. To
achieve more rapid skyrmion motion, such as for DWs, larger
spin Hall angle systems are necessary. In this paper, we report
on a candidate thin-film structure for magnetic skyrmions in
Pt/Co/W multilayers. In this structure, W has a very large
negative spin Hall angle (~—0.33 £ 0.06) [31] and Pt has
a positive spin Hall angle (~+0.11 £ 0.08) [32], which is
much larger than Pt/Co/Ta systems (the spin Hall angle of Ta
is ~—0.12 % 0.04) [33]. Note that the spin Hall angles of the
heavy metals depend on their crystalline structure and film
quality [34]; here the 8 phase W is controlled during depo-
sition. Furthermore, Pt/Co/W systems show a great reduction
of damping constant compared to Pt/ Co/Ta [35]. As we will
show, the skyrmion size is about 145 nm, which is smaller than
that in a Pt/Co/Ta multilayer. Thus, a higher speed skyrmion
motion can be expected in this system.

II. EXPERIMENTAL DETAILS

The samples were grown by magnetron sputtering at a base
pressure greater than 3 x 1078 Torr. The sample structure was
(Si/Si0,)/Ta (5 nm)/Pt (5 nm)/Co (1.8 nm)/W (1 nm)/Pt
(1 nm). The growth conditions including pressure and de-
position rate were well controlled to ensure the growth of
the B phase W based on previous reports [36—38]. The hys-
teresis loops were measured by performing vibrating sample
magnetometry with both in-plane and perpendicular magnetic
fields, as shown in Fig. 1(a). To extract the effective anisotropy
constant K., initial magnetization loop measurements were
performed along both field directions and are depicted in
the inset. The saturation magnetization moment M, and
K4 were determined to be 7.4 x 10° A/m and 0.13 MJ/m3,
respectively.

III. RESULTS AND DISCUSSION

The Dzyaloshinskii-Moriya interaction (DMI) in structures
with interfacial asymmetry favors noncollinear spin arrange-
ment. The corresponding Hamiltonian is [24,39]

Homr = Djj - (Si x Sj), (D

where D; ; is the DMI vector and §; and S ; are two neighbor-
ing spins in magnetic materials. It has been reported that the
DMI coefficients D, (for the W/Co interface) and D, (for the
Pt/Co interface) are both positive, and that D, is larger than
Dy [24,40,41]. Therefore, in a trilayer structure, for example
Pt/Co/W, the DMI will contain contributions from both the
Pt/Co and Co/W interfaces, and the effective coefficient is ex-
pected to be positive but smaller than D,. A schematic of the
structure of Pt/Co/W is shown in Fig. 1(b). In this structure,
qualitative and quantitative DMI evaluation was performed

through asymmetric DW motion with in-plane fields. Room-
temperature Kerr microscopy with an in-plane electromagnet
and a perpendicular Helmholtz coil was performed to study
the DW motion. The magnets were well aligned to avoid any
crosstalk.

To investigate the DW motion in the creep regime, we
varied the perpendicular pulse fields to measure the DW
velocity with a pulse width of 25 ms, and the results are
shown in Fig. 1(c). The linear relation between the DW
velocity in logarithmic scale and Hz_l/ *is clearly observable.
This finding is consistent with the well-known Arrhenius-type
relation [42,43]

v(H;) = vy exp [—KHZ_IM], )

where vy is a velocity prefactor and « is a function related to
the elastic, pinning potential, and thermal energies.

In the DW asymmetric motion experiment, the in-plane
constant field and perpendicular pulse field were applied si-
multaneously to drive the DW motion. To extract the accurate
DW speed, the duration time of the perpendicular pulse field
was strictly controlled. We fixed the pulse width as 25 ms,
and varied the number of the pulses to ensure that the fields
applied in each pulse were the same. Additionally, the pulse
profile was monitored and the rise time is about 0.37 ms,
which is negligible compared to the pulse width of 25 ms
[44]. The perpendicular field was kept as 125 Oe for both
the nucleation domain and DW motion, which is in the creep
regime of DW motion. The in-plane magnetic field was varied
from +900 to —900 Oe. The differential Kerr images are
shown in the insets in Fig. 1(d) with in-plane fields of —550,
0, and 4600 Oe from left to right, respectively. In the inset
images, the dark areas indicate the domain expansion under
the perpendicular pulse fields together with in-plane bias field
applied. The asymmetric motion of the left and right DWs
with in-plane fields is evident, which indicates that DMI exists
in the structure of Pt/Co/W. Note that the DW boundaries
are not smooth, which is due to the magnetic irregularities
for nucleation and/or DW pinning sites in thick film layers
[45.46].

The DW velocities of the left and right sides were extracted
and are plotted as functions of the in-plane field in Fig. 1(d).
The data point is the average value of five repeating experi-
ments to reduce the uncertainty from the irregular boundary of
the magnetic domains, and the error bar shown in Fig. 1(d) is
standard deviation. The minimum velocity for the left (right)
direction appears at an in-plane bias field of 250 Oe (—250
Oe), which means that the DMI equivalent field Hpwy is
around 250 Oe. The relation between Hpyp and D is [43]

D
I‘LOMS)“ '

where D is the DMI coefficient and A is the DW
width. A = /A, where A is the exchange constant. In-

Kef
serting My = 7.4 x 103 A/m, K = 0.13MJ/m?, and A =
1.3 x 107" J/m [47] into Eq. (3), the DMI constant in this
Pt/Co/W trilayer was calculated. Theoretical fits were also
conducted based on the DW velocity in the creep regime
with DM interaction in the system for verification [48], and
the DMI constant was estimated as 0.19 + 0.05 mJ/m?. This

3
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FIG. 1. (a) Sample structure and hysteresis loops along in-plane and perpendicular directions. (b) Schematic of the DMI in a Pt/Co/W film
structure. (c) DW velocity in Pt/Co/W film as a function of the perpendicular magnetic field with zero in-plane field. (d) DW velocity along
the in-plane direction as a function of the in-plane bias field, a pulsed perpendicular magnetic field with 125 Oe was induced simultaneously.
Insets: Differential Kerr images of domains under perpendicular pulse fields together with in-plane bias fields. In-plane fields and perpendicular
pulse field durations are —550 Oe, 0.275 s; 0 Oe, 2.2 s; and 4600 Oe, 0.25 s (left to right).

value is relatively small, presumably due to the relatively thick
Co layer (1.8 nm) [17,43,49].

To realize skyrmions in Pt/Co/W systems, the trilayer
structure was repeated to increase the contribution of the
demagnetizing field. Figure 2(a) shows the perpendicular
hysteresis loop of a five-period [Pt/Co/W]s multilayer mea-
sured by polar magneto-optical Kerr effect (MOKE). Increas-
ing the number of Pt/Co/W periods reduced the effective
perpendicular magnetic anisotropy due to the competition
between the perpendicular anisotropy and the increasing su-
perimposed interfacial roughness. Simultaneously, the dipolar
energy was enhanced. Consequently, the perpendicular mag-
netic hysteresis loops clearly exhibit sheared shapes, as is
typical for a perpendicularly magnetized system that decays
into labyrinth domains [11,29]. Similar loop changes have
also been observed as a result of domain propagation in
multiperiod Co/Pt structures [50]. Domain nucleation and
reversal with increasing number of periods, resulting in the
transformation of nucleation and saturation fields, have been
identified in hysteresis loops [50,51]. If the structures also
have proper DMI, which introduces chirality into the DWs,

magnetic skyrmions can be expected to appear when the
labyrinth domain shrinks into small bubbles.

To observe the skyrmion phase in Pt/Co/W multilayers,
Lorentz transmission electron microscopy (LTEM) was per-
formed on layers grown on a 20-nm-thick SiN, membrane
substrate. The experiment was conducted at room temperature
with a 20° tilt of the sample normal with respect to the beam
axis and the externally applied magnetic field. The images in
Figs. 2(b)-2(e) show the magnetic contrast images obtained
with different external fields and each spans a field of view
of ~4 x 4 um?. The magnetic structure in the multilayer
is determined by the competition among the energy terms,
including the exchange interaction, magnetic anisotropy, DM
interaction, and dipole-dipole energies. The increased dipole-
dipole interactions in the repeated Pt/Co/W trilayers tend to
feature a labyrinth domain in weak magnetic fields. Due to
the Zeeman interaction, an increase in the magnetic field
favors stripe domains with parallel magnetization, which con-
sequently start to expand [10,50]. The unfavored antiparallel
domains shrink and are pinched off, leaving behind isolated
stripes. When the endings of such a stripe approach each
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FIG. 2. (a) Sample structure and polar hysteresis loop measured
by MOKE for a sample with five periods of Pt/Co/W. (b—e) LTEM
images of the five-period Pt/Co/W sample for different applied
magnetic field strengths, as indicated in the top right of each image.
(f-h) LTEM images of magnetic skyrmions with tilting angles of (f)
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FIG. 3. Normalized polar hysteresis loops of multiperiod
Pt/Co/W measured by MOKE. The loops are shifted vertically for
clarity. The dashed lines indicate the threshold magnetic fields of the
magnetic skyrmions.

other, the topological energy barrier stabilizes a skyrmion. A
mixture of skyrmions and stripes can be seen in Fig. 2(c).
When another increase in the magnetic field overcomes any
pinning potential of the remaining stripes, the evolution to the
skyrmion phase is completed. Finally, the skyrmion density
slowly decreases upon further field increase since the uniform
domain is preferred above the saturation field, as shown in
Figs. 2(d) and 2(e).

The origin of the antisymmetric exchange interaction al-
lows for different kinds of DM interactions that can lead
to skyrmions with Bloch and Néel configurations or even
antiskyrmions [24,27,28,52]. The interfacial DMI usually en-
tails Néel-type configurations. To confirm the existence of
Néel-type skyrmions in the Pt/Co/W multilayers, the sample
was tilted to +20° with respect to the electron beam, as
shown in Figs. 2(f) and 2(h). The image obtained with normal
electron-beam incidence is presented in Fig. 2(g) for the same
skyrmion. Obviously, the skyrmion exhibits a dark to bright
contrast profile along the tilting direction that is mirrored
when the tilt has the opposite sign. Without tilting, practically
no magnetic contrast can be seen. The respective line profiles
are plotted in Fig. 2(i) and clearly show the contrast reversal.

To estimate the skyrmion size, LTEM contrast simulations
were conducted [53-55]. For these simulations, the spin struc-
ture of a Néel skyrmion with a diameter of 145 nm was gener-
ated. The simulations were performed with an experimental
defocus of 2.95 mm, a magnetization of 1.4 x 10°A/m,
and the various tilt angles. Considering the crystalline

+20°, (g) 0°, and (h) —20°. (i) Line profiles extracted from the LTEM
images in (f-h).
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background, the resulting line profiles match the experimental
data sufficiently well, as can be seen in Fig. 2(i).

In the Pt/Co/W multilayer films, the increasing dipole-
dipole interaction upon repetition of the trilayer structure
induces a labyrinth domain structure in the ground state. The
additional Zeeman energy from the applied field breaks up
the labyrinth domain to form skyrmions and finally a uniform
domain structure. The applied field required to reach the
skyrmion state is strongly related to the dipole energy, which
can be tuned by adjusting the number of repetitions n of the
trilayer structure. We varied n from 2 to 9, and the correspond-
ing hysteresis loops measured using the polar MOKE are
shown in Fig. 3. All three loops exhibit typical sheared shapes,
while the saturation field increases with increasing number of
repetitions, as indicated by the vertical dashed lines. The field
at which the skyrmion phase appears also changes dramati-
cally; there is a decrease of around 75% between those of the
samples with ten and three periods. This has been confirmed
by magnetic force microscopy measurements with varying
the magnetic fields [56]. Thus, this technique is an effective
alternative method for realizing magnetic skyrmions in the
ground state.

IV. CONCLUSION

In summary, Pt/Co/W multilayers were experimentally ex-
plored and proposed as a skyrmionic material candidate in this
paper. The perpendicular magnetic anisotropy of the Pt/Co/W
multilayers was effectively tuned by varying the number of
repetitions, providing an alternative method of controlling

the field to produce skyrmions. In the Pt/Co/W multilay-
ers, the existence of magnetic skyrmions was indicated by
the magnetic hysteresis loops and further confirmed by the
LTEM observations. By comparing the asymmetry of the DW
velocity along/opposite to the in-plane bias magnetic field, the
DMI in Pt/Co/W was quantitatively analyzed by conducting
both experiments and calculations. In addition, the existence
of a Néel-type spin texture was ensured by performing LTEM
observations while tilting the sample in opposite directions.
As Pt/Co/W multilayers have larger spin-orbit torque from
both the Pt/Co and Co/W interfaces, highly efficient current-
induced skyrmion motion can be expected in our structures,
which may offer a means of manipulating skyrmions. By
utilizing both the perpendicular magnetic anisotropy and in-
terfacial DMI in the Pt/Co/W structure, we expect efficient
driving and manipulation of magnetic skyrmions to be possi-
ble, which may lead to ultra-low-power applications in future
skyrmion-based memory and logic spintronics devices.
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