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Ferromagnetic multilayers with asymmetric interfaces and perpendicular magnetic anisotropy can

stabilize non-trivial magnetic structures due to interfacial Dzyaloshinskii-Moriya interactions.

Magnetic interlayer coupling between ferromagnetic layers separated by non-magnetic insulating

spacers is an additional important ingredient for the properties of multilayers. We addressed the

magnetic coupling between ferromagnetic SrRuO3 epitaxial layers separated by ultrathin spacers of

SrIrO3/SrZrO3, so that inversion symmetry is broken at the top and bottom interfaces. Major and

minor magnetization loops allowed us to assess the type and strength of the magnetic coupling. We

inferred that the magnetic coupling of SrRuO3 layers through non-magnetic insulating interlayers

(�1.6 nm thick) is weakly ferromagnetic. VC 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5050346

In epitaxial heterostructures interfacial reconstructions,

structural accommodations and interlayer coupling occur,

which, together with the broken inversion symmetry,

strongly influence their properties, often resulting in fascinat-

ing physical properties.1,2 In the particular case of magnetic

multilayers, the type (ferromagnetic or antiferromagnetic)

and the strength of magnetic interlayer coupling are key

ingredients for tailoring their magnetic properties. Exchange

interlayer coupling was extremely instrumental in metal mul-

tilayers with a ferromagnetic layer (for example, Co) sand-

wiched between two different heavy metals with large spin-

orbit coupling (such as Ru, Pt, Pd, Ir, or Ta).3–6 Growth of

multilayers with tailored repeats of Pt/Co/Ir trilayers or Co/

Pd stabilized columnar skyrmions (<100 nm diameter) at

room temperature (RT), through dipolar interactions and/or

interlayer exchange coupling (IEC).3–6 Furthermore, sky-

rmions formed at RT without any external magnetic field in

thin Fe/Ni bilayers that were exchange-coupled to a thick

bottom Ni layer through an optimally thick non-magnetic Cu

spacer layer.7

Magnetic interlayer coupling in multilayers of ferromag-

netic metals separated by non-magnetic metal spacers has

been thoroughly studied experimentally and theoreti-

cally.8–10 When the ferromagnetic layers are interspaced

with a thin insulator film, the nature of the interlayer interac-

tion changes. In this case, the IEC arises from the spin-

dependent electron-tunneling process, which causes the

coupling strength to decay monotonically as the thickness of

the insulating spacer increases.11–16 So far, only a few stud-

ies have been devoted to the magnetic interlayer coupling in

ferromagnetic perovskite epitaxial heterostructures, moti-

vated primarily by the prospect of ferromagnetic tunnel junc-

tion devices. These heterostructures employ most often La1-

xSrxMnO3 as ferromagnetic electrodes17 and much more

rarely SrRuO3
18,19 chiefly because the latter has a lower

Curie temperature. Herranz et al. studied the interlayer cou-

pling between two SrRuO3 layers separated by non-magnetic

insulating SrTiO3 spacer layers and found that for a 2.5 nm

thick spacer, the two magnetic layers were magnetically

decoupled.18 Heterostructures of La0.7Sr0.3MnO3 and

SrRuO3 that were separated by 0.4–0.8 nm thick SrTiO3

layers were also only weakly ferromagnetically coupled.20

Here, we study the type and the strength of magnetic

interlayer coupling between ferromagnetic SrRuO3 layers in

multilayers with asymmetric interfaces. The motivation for

growing such three-component heterostructures is to explore

if we can have interfacial Dzyaloshinskii-Moriya interaction

(DMI) at asymmetric interfaces between the ferromagnetic

SrRuO3 and materials with strong spin-orbit coupling such

as SrIrO3. Additive DMI can be obtained in multilayers in

which DMI of opposite signs occurs at both upper and lower

interfaces, as demonstrated for metallic dipolar-coupled

asymmetric multilayers of Pt/Co/Ir.3,4 Recently, the forma-

tion of skyrmions in SrRuO3/SrIrO3 bilayers was proposed

by Matsuno et al.21 Interfacial DMI due to inversion symme-

try breaking and the large spin-orbit coupling of SrIrO3 may

result in non-collinear magnetic order in ultrathin SrRuO3
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layers with perpendicular magnetic anisotropy. It was further

proposed that multilayers with ultrathin SrRuO3 layers sand-

wiched between two different non-magnetic large spin-orbit

coupling oxides may also form magnetic skyrmions.22

Electric field-manipulation of topological spin structures in

epitaxial oxide heterostructures is the main driving force in

the patent application from Ref. 22. In order to achieve this,

topological magnetic textures have to be stabilized in materi-

als that are insulating or poorly conducting metals. In con-

trast to ferromagnetic metals (Co, Ni, Fe), ferromagnetic

perovskite oxides have the great advantage of showing thick-

ness tunable-properties, such as metal-insulator transitions

when their thickness is reduced to few monolayers (MLs),

being thus more suitable for electric field effects. Moreover,

the possibility of tailoring the oxygen octahedral tilt angles

by interfacing perovskites with dissimilar tilts can be instru-

mental for yielding interfacial interactions and magnetic

properties that are not exhibited by the bulk compounds.23

Hence, assuming that skyrmions could form in ferro-

magnetic ultrathin SrRuO3 layers, we are interested to

answer the question whether in SrRuO3/SrIrO3/SrZrO3

asymmetric multilayers skyrmions would couple across the

non-magnetic insulating spacer. Magnetic interlayer cou-

pling in such SrRuO3 multilayers has prime importance for

the study of topological magnetic domains in this material

system, especially for magnetic imaging studies.

We designed samples with two SrRuO3 layers of differ-

ent thicknesses separated by a spacer consisting of a SrIrO3/

SrZrO3 bilayer [see Fig. 1(a)], for investigating heterostruc-

tures that allow the evaluation of the interlayer coupling.

The SrIrO3 and SrZrO3 layers of the heterostructure are 1 or

2 monolayers (MLs) thick each. Bulk SrZrO3 is an insulating

material, being a large band-gap dielectric at all tempera-

tures. Bulk SrIrO3 is a paramagnetic metal. It has been

reported that ultrathin SrIrO3 layers grown on SrTiO3 have a

transition from a semi-metallic to a correlated insulating

state at about 4 ML thickness.24 Hence, the SrRuO3 layers of

the heterostructures are separated either by a 2 ML or by a 4

ML (that is 0.8 nm or 1.6 nm thick) insulating spacer. The

same 2 or 4 ML thick SrIrO3/SrZrO3 bilayer is used for cap-

ping the surface of the corresponding sample [see Fig. 1(a)].

The two SrRuO3 layers of the heterostructures deliberately

have significantly different thicknesses, namely, 6 MLs for

the top layer and 18 MLs for the bottom layer, so that their

Curie temperatures TC and coercive fields are sizably differ-

ent over an extended temperature range.25 The different

coercive fields allow us to measure whether the two SrRuO3

layers of our heterostructures are magnetically coupled. This

is done by acquiring major and minor field-dependent mag-

netization M(H) loops and by evaluating the shifts between

the reversal fields for the magnetization of the layer with

lower coercivity.14 We found that SrRuO3 layers separated

by 4 ML thick (�1.6 nm) non-magnetic spacers have a weak

ferromagnetic interlayer coupling of �18 lJ/m2 at 10 K,

compared to values such as 200 lJ/m2, measured in strongly

coupled Co/Ru multilayers10 at RT, or 2000 lJ/m2 calculated

for other systems.13 The coupling strength is JIC �35 lJ/m2

at 10 K for a sample with the thinnest spacer that we can

grow (that is a SrIrO3/SrZrO3 bilayer with 1 ML thick indi-

vidual layers).

The heterostructures were fabricated by pulsed-laser

deposition (PLD) with a KrF excimer laser. Three stoichio-

metric ceramic targets of SrRuO3, SrIrO3, and SrZrO3 were

employed for the PLD growth. The heterostructures were

deposited on SrTiO3(100) single-crystal substrates. The

details about sample growth are given in the supplementary

material. The growth mode was monitored by high oxygen

pressure reflective high-energy electron diffraction

(RHEED). Under our PLD conditions, the SrRuO3 layers

grew in a step-flow growth regime,26 while the SrIrO3 and

SrZrO3 grew in a layer-by-layer mode (see supplementary

material, Fig. S1), resulting in a smooth topography that pre-

served the step-and-terrace morphology of the substrate [Fig.

1(c)], with only mild step bunching [Fig. 1(d)]. The micro-

structure and the quality of the interfaces were investigated

by scanning transmission electron microscopy (STEM) of

cross-sectional specimens. High angle annular dark field

(HAADF)-STEM imaging was performed at 200 kV on an

FEI Titan 80–200 ChemiSTEM microscope. Figure 1(b)

shows a HAADF-STEM micrograph of a heterostructure

such as in Fig. 1(a), with 2 ML SrIrO3 and 2ML SrZrO3

layers forming the spacer and capping. HAADF-STEM was

used in conjunction with the RHEED for the calibration of

the layer thickness (see supplementary material, Fig. S2).

FIG. 1. Heterostructure employed for the investigation of the magnetic interlayer coupling between SrRuO3 layers grown on a vicinal SrTiO3(100) substrate,

with two SrRuO3 layers of different thicknesses: (a) sample schematics and (b) HAADF-STEM cross-sectional image of a test sample with 2 ML SrIrO3 and 2

ML SrZrO3 spacer and capping layers. AFM topography images (5 lm � 5 lm scan size) show in (c) the top surface of a substrate after etching and annealing

and in (d) the top surface of the heterostructure with 2 ML SrIrO3/SrZrO3 spacer and capping layers, exhibiting the step-and-terrace morphology inherent to

the vicinal substrate.
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Magnetization measurements were performed with a

superconducting quantum interference device (SQUID) mag-

netometer (MPMS XL7 from Quantum Design, magnetic

field up to 7 T).

Magneto-optic Kerr effect (MOKE) measurements were

performed in polar geometry, with the magnetic field perpen-

dicular to the heterostructure surface, probing with incoher-

ent light at a wavelength of 540 nm, with a 10 nm bandwidth.

To determine the Curie temperatures of the two ferro-

magnetic SrRuO3 layers, we measured the temperature

dependence of the magnetization of the heterostructure with

4 ML thick spacer and capping layers. The magnetization

was measured with a magnetic field of 0.1 T applied perpen-

dicular to the sample surface while the sample was heated,

after being field-cooled (also in 0.1 T), from room tempera-

ture down to 3 K. Epitaxial SrRuO3 layers grown on

SrTiO3(100) have out-of-plane magnetic anisotropy and fer-

romagnetic Curie temperature TC �150 K.25,27,28 Two order-

ing transitions were apparent in the magnetization as a

function of temperature, marked by the arrows as shown in

Fig. 2(a). The more accurate determination of the Curie tem-

perature by calculating the first derivative of the magnetiza-

tion as a function of temperature yields 138 K for the bottom

18 ML SrRuO3 and 120 K for the top 6 ML SrRuO3 [see the

inset in Fig. 2(a)]. In Fig. 2(b), we show the temperature

dependence of the major magnetization loops. Below 30 K,

the major M(H) loops show clearly two steps corresponding

to the magnetization reversal of the two layers at different

fields. The layer with larger magnetization (that is the bottom

18 ML SrRuO3) is responsible for the step at lower field in

the M(H) loops. We found that around 50 K, the two layers

have almost the same values of the reversal field. At 80 K,

the 6 ML SrRuO3 layer has a lower switching field and will

thus reverse its magnetization first, as a first sharp step of

lower height is observed in the major loop at about 0.065 T.

This is the consequence of different temperature dependence

of the coercive fields of the 18 ML thick and 6 ML thick

SrRuO3 layers (see more details in the supplementary mate-

rial). We calculated the saturation magnetic moment in lB/

Ru at 10 K, using a total thickness of 24 MLs of SrRuO3 in

the heterostructure. It has an average value of 1.4 lB/Ru,

which is lower than the 1.9 lB/Ru of our 40 nm thick (�100

MLs) epitaxial SrRuO3.27,28 We assume that the magnetic

moment of the 18 ML SrRuO3 layer is higher than the aver-

age value of 1.4 lB/Ru and the magnetic moment of the 6

ML SrRuO3 layer is lower than this average value. The satu-

ration magnetic moment at 10 K for a 4 ML SrRuO3 film

was reported to be 1.2 lB/Ru.28

To assess the type and strength of the coupling, both

major and minor M(H) loops were measured at several tem-

peratures below the ordering temperature of both layers.

Major and minor hysteresis loops at 10 K are displayed in

Fig. 2(c). The major loop clearly exhibited two sharp magne-

tization reversal steps and a tail at high fields, before reach-

ing saturation. Decreasing the field from saturation in 5 T

and reversing the polarity, a first magnetization step occurred

at �0.396 T and corresponds to the magnetization switching

of the major part of the bottom 18 ML SrRuO3 layer. The

second step was at about �0.74 T and it is due to the magne-

tization switching in the top 6 ML SrRuO3 layer. The values

of the switching fields at 10 K are in good agreement with

the values for bare SrRuO3 layers of similar thicknesses

grown on SrTiO3(100) reported in Ref. 25 and with the val-

ues we obtained for reference samples (see supplementary

material, Fig. S3). By comparison with a reference sample

consisting of an 18 ML SrRuO3 layer grown on SrTiO3 and

capped with a 4 ML SrIrO3/SrZrO3 bilayer (see supplemen-

tary material, Fig. S3), we assign the tail of the major loop

(for field values larger than about 1T) chiefly to the satura-

tion of the magnetization of the bottom 18 ML SrRuO3 layer.

Most likely a minor fraction of possibly strongly pinned

domains with magnetization antiparallel to the applied field

requires large field values (almost 3 T) to be annihilated and

saturation is only gradually reached. Two minor loops were

measured between saturation at þ/�5 T and reversal of the

magnetization of the bottom layer at �/þ 0.55 T [Fig. 2(c)].

For both minor loops, the magnetization reversal on the way

back to saturation in high fields occurred at a slightly smaller

field value of about þ/� 0.38 T, respectively. Hence, the

magnitude of the shift is 16 mT, which is 5% of the differ-

ence between the two switching fields at 10 K. This shows

that a ferromagnetic coupling exists between the two

SrRuO3 layers separated by a 4 ML spacer and as the magni-

tude of the shift is small, the magnetic coupling appears to

be weak. The shift of the minor loop becomes very small at

80 K, about 3 mT, almost at the limit of our detection [Fig.

2(d)]. We compared the SQUID magnetometry M(H) results

with polar magneto-optic Kerr effect (MOKE) measure-

ments. We measured Kerr rotation major and minor loops

and, similar to the SQUID measurements, we evaluated the

shifts of the minor loops. The shifts showed good agreement

FIG. 2. SQUID magnetometry investigations of the temperature and field

dependence of the magnetization of the heterostructure with 4 ML thick

spacer and capping layers: (a) Field-cooled (0.1 T) magnetization as a func-

tion of temperature; (b) major magnetization loops at temperatures from

10 K to 80 K, (c) major loop at 10 K and two minor loops between saturated

states in þ/� 5 T and reversal fields of �/þ0.55 T; (d) major loop at 80 K

and a minor loop between saturation and reversal field of �0.083 T. The

magnetic field was applied perpendicular to the heterostructure surface for

all measurements. The inset in (a) shows the first derivative of the magneti-

zation with respect to temperature, to determine the Curie temperatures for

the two SrRuO3 layers of the heterostructure: TC ¼ 120 K for the 6 ML top

layer and TC ¼ 138 K for the 18 ML bottom layer.
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with the shifts yielded by the SQUID minor loops (see sup-

plementary material, Fig. S4). In addition, the MOKE inves-

tigations allowed us to measure the temperature dependence

of the reversal fields for the two SrRuO3 layers.

For the determination of the strength of the interlayer

coupling, JIC, we followed the procedure described in detail

by van der Heijden et al. in their study of the coupling

between two ferromagnetic Fe3O4 layers separated by insu-

lating non-magnetic MgO layer.14 The JIC between two epi-

taxial ferromagnetic Fe3O4 layers with full in-plane

magnetization separated by a spacer of similar thickness as

in our heterostructures (1.3 nm MgO spacer layer) was 50

lJ/m2 at RT.14 Using Eqs. (1a) and (1b) proposed in Ref. 14,

we estimated the interlayer coupling strength JIC as 18 lJ/m2

at 10 K (see supplementary material for details, especially

for the discussion on the validity of our estimations). In com-

parison with the JIC of magnetite layers separated by MgO

given above or with the ferromagnetic coupling strength of

Co/Ru/Co with 1.2 nm thick Ru (200 lJ/m2 at RT),10 the

interlayer coupling between SrRuO3 layers separated by 4

ML SrZrO3/SrIrO3 is comparably weak. Further supportive

data for the weak ferromagnetic interlayer coupling, by com-

parison with reference SrRuO3 single layers, are shown in

the supplementary material.

We also investigated a heterostructure with two SrRuO3

layers for which the spacer and the capping were in total 2

ML thick (�0.8 nm) SrZrO3/SrIrO3 bilayers, which is the

lowest thickness that we can achieve for the spacer in our

asymmetric heterostructures. Major and minor SQUID mag-

netization loops at 10 K are displayed in Fig. 3. The major

loop exhibited two sharp magnetization reversal steps, simi-

lar to the M(H) loop of the heterostructure with a 4 ML thick

spacer. Decreasing the field from saturation in 5 T and

reversing the polarity, a first magnetization reversal step

occurred at �0.31 T and corresponds to the magnetization

reversal of the bottom 18 ML SrRuO3 layer. The second step

was at �0.53 T, and it is due to the magnetization switching

in the top 6 ML SrRuO3 layer. We note that the 6 ML

SrRuO3 layer of this heterostructure has a much lower

switching field than the 6 ML layer of the heterostructure

with a 4 ML spacer (0.74 T at 10 K) or of the 6 ML SrRuO3

reference sample (see supplementary material). This is in

accord with a stronger ferromagnetic interlayer coupling in

this heterostructure, resulting in the reduction of the coercive

field of the harder layer.14 A minor loop was measured

between saturation in 5 T and reversal of the magnetization

of the magnetically softer layer at �0.425 T. For the minor

loop, the magnetization reversal under positive field took

place also at a slightly smaller field value of 0.28 T. The

magnitude of the shift is 30 mT (see inset in Fig. 3), which is

14% of the difference between the switching fields of the

two SrRuO3 layers at 10 K. This shows that the coupling

between the two SrRuO3 layers separated by a 2 ML spacer

is ferromagnetic and still relatively weak. It is larger though

than for the heterostructure with a thicker spacer (estimated

JIC �35 lJ/m2). The larger ferromagnetic coupling strength

between the SrRuO3 layer separated by the thinner 2 ML

spacer is expectable, if the coupling is primarily due to

tunneling of spin-polarized electrons across the insulating

non-magnetic barrier;11,12 however, we cannot pinpoint the

main coupling mechanism based on the current data.

Additionally, the indirect coupling due to pinholes in the

spacer is probably more effective in the case of the 2 ML

thick spacer.12,14,15,29 We stress that the spacer is inhomoge-

neous (either 1 ML SrIrO3/1 ML SrZrO3 or 2 ML SrIrO3/2

ML SrZrO3) and therefore the physical properties of the bar-

rier, relevant for spin-polarized electron tunneling, may not

scale with the thickness in a trivial manner. Furthermore,

interfacial interactions may affect the electronic band struc-

ture of the metallic SrRuO3 layers differently when the thick-

ness of the SrIrO3 layers increases.

Summarizing, we studied the magnetic interlayer cou-

pling between epitaxial SrRuO3 layers with perpendicular

magnetic anisotropy, in SrRuO3/SrIrO3/SrZrO3 multilayers

grown on SrTiO3(100) substrates. For 2 and 4 ML thick

SrIrO3/SrZrO3 epitaxial insulating spacers, the two ferro-

magnetic SrRuO3 layers are almost decoupled, exhibiting

only a very weak ferromagnetic coupling of the order of 35

lJ/m2 at 10 K. Therefore, we expect that nucleation and

growth of magnetic domains upon magnetization reversal in

the individual ferromagnetic layers of SrRuO3/SrIrO3/

SrZrO3 multilayers will proceed layer-independently. The

weak magnetic coupling between the SrRuO3 layers is unfa-

vorable for the generation of coupled topological magnetic

textures, such as the columnar skyrmions generated in

dipolar-coupled asymmetric Pt/Co/Ir multilayers.3,4 In

SrRuO3/SrIrO3/SrZrO3 or similar multilayers (see, for exam-

ple, the patent application in Ref. 22), skyrmions will form

at different locations and have only accidental correlations in

the uncoupled ferromagnetic SrRuO3 layers. This makes the

imaging of the magnetic domains or skyrmions and also their

manipulation and monitoring challenging. However, such

asymmetric multilayers may have the potentially great

advantage of enlarged (additive) interfacial Dzyaloshinskii-

Moriya interactions, which can significantly reduce the size

of the magnetic domains with non-trivial topology.

Furthermore, the increased magnetic volume in multilayers

may reinforce the stability of metastable magnetic domains

against thermal fluctuations and thus expand their tempera-

ture stability range closer to the Curie temperature of

SrRuO3 layers.3

FIG. 3. SQUID magnetization loops of the heterostructure with 2 ML thick

(�0.8 nm) spacer and capping SrIrO3/SrZrO3 layers: major loop and two

minor loops between saturated states and reversal fields of �/þ0.425 T,

measured at 10 K. The inset shows a zoom-in of the first and fourth quad-

rants to display better the shift between the minor loop and the major loop.
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See supplementary material for details about the sample

growth and structural characterization, for additional SQUID

magnetization data of reference single SrRuO3 layers sam-

ples, and for MOKE measurements of the heterostructures

used for the interlayer coupling study.
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Y. Im, A. P. Petrović, P. Ho, K. H. Khoo, M. Tran, C. K. Gan, F. Ernult,

and C. Panagopoulos, Nat. Mater. 16, 898 (2017).
5A. K. Nandy, N. S. Kiselev, and S. Bl€ugel, Phys. Rev. Lett. 116, 177202

(2016).
6S. D. Pollard, J. A. Garlow, J. Yu, Z. Wang, Y. Zhu, and H. Yang, Nat.

Commun. 8, 14761 (2017).
7G. Chen, A. Masacaraque, A. T. N’Diaye, and A. K. Schmid, Appl. Phys.

Lett. 106, 242404 (2015).
8S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152

(1991).
9P. Bruno, Phys. Rev. B 52, 411 (1995).

10P. J. H. Bloemen, H. W. van Kesteren, H. J. M. Swagten, and W. J. M. de

Jonge, Phys. Rev. B 50, 13505 (1994).
11J. C. Slonczewski, Phys. Rev. B 39, 6995 (1989).
12J. Faure-Vincent, C. Tiusan, C. Bellouard, E. Popova, M. Hehn, F.

Montaigne, and A. Schuhl, Phys. Rev. Lett. 89, 107206 (2002).
13S. Wang, K. Xia, T. Min, and Y. Ke, Phys. Rev. B 96, 024443 (2017).
14P. A. A. van der Heijden, P. J. H. Bloemen, J. M. Metselaar, R. M. Wolf,

J. M. Gaines, J. T. W. M. van Eemeren, P. J. van der Zaag, and W. J. M.

de Jonge, Phys. Rev. B 55, 11569 (1997).
15C. L. Platt, M. R. McCartney, F. T. Parker, and A. E. Berkowitz, Phys.

Rev. B 61, 9633 (2000).
16Y. Ijiri, J. Phys.: Condens. Matter 14, R947 (2002).
17M. Bowen, M. Bibes, A. Barth�el�emy, J.-P. Contour, A. Anane, Y.

Lemaı̂tre, and A. Fert, Appl. Phys. Lett. 82, 233 (2003).
18G. Herranz, B. Martı�nez, J. Fontcuberta, F. S�anchez, M. V. Garcı�a-

Cuenca, C. Ferrater, and M. Varela, J. Appl. Phys. 93, 8035 (2003).
19K. S. Takahashi, A. Sawa, Y. Ishii, H. Akoh, M. Kawasaki, and Y.

Tokura, Phys. Rev. B 67, 094413 (2003).
20M. Ziese, I. Vrejoiu, E. Pippel, P. Esquinazi, D. Hesse, C. Etz, J. Henk, A.

Ernst, I. V. Maznichenko, W. Hergert, and I. Mertig, Phys. Rev. Lett. 104,

167203 (2010).
21J. Matsuno, N. Ogawa, K. Yasuda, F. Kagawa, W. Koshibae, N. Nagaosa,

Y. Tokura, and M. Kawasaki, Sci. Adv. 2, e1600304 (2016).
22M. Nakamura, J. Matsuno, M. Kawasaki, Y. Tokura, and Y. Kaneko,

“Magnetic element, skyrmion memory, solid-state electronic device, data-

storage device, data processing and communication device,” U.S. patent

application 15/450,044 (2017).
23S. Dong, Q. Zhang, S. Yunoki, J.-M. Liu, and E. Dagotto, Phys. Rev. B

84, 224437 (2011).
24D. J. Groenendijk, C. Autieri, J. Girovsky, M. C. Martinez-Velarte, N.

Manca, G. Mattoni, A. M. R. V. L. Monteiro, N. Gauquelin, J. Verbeeck,

A. F. Otte, M. Gabay, S. Picozzi, and A. D. Caviglia, Phys. Rev. Lett. 119,

256403 (2017).
25J. Xia, W. Siemons, G. Koster, M. R. Beasley, and A. Kapitulnik, Phys.

Rev. B 79, 140407(R) (2009).
26J. Choi, C. B. Eom, G. Rijnders, H. Rogalla, and D. H. A. Blank, Appl.

Phys. Lett. 79, 1447 (2001).
27M. Ziese, I. Vrejoiu, and D. Hesse, Phys. Rev. B 81, 184418 (2010).
28F. Bern, M. Ziese, A. Setzer, E. Pippel, D. Hesse, and I. Vrejoiu, J. Phys.:

Condens. Matter 25, 496003 (2013).
29J. F. Bobo, H. Kikuchi, O. Redon, E. Snoeck, M. Piecuch, and R. L.

White, Phys. Rev. B 60, 4131 (1999).

192402-5 Wysocki et al. Appl. Phys. Lett. 113, 192402 (2018)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-032845
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1038/nmat3223
https://doi.org/10.1038/nnano.2015.313
https://doi.org/10.1038/nmat4934
https://doi.org/10.1103/PhysRevLett.116.177202
https://doi.org/10.1038/ncomms14761
https://doi.org/10.1038/ncomms14761
https://doi.org/10.1063/1.4922726
https://doi.org/10.1063/1.4922726
https://doi.org/10.1103/PhysRevLett.66.2152
https://doi.org/10.1103/PhysRevB.52.411
https://doi.org/10.1103/PhysRevB.50.13505
https://doi.org/10.1103/PhysRevB.39.6995
https://doi.org/10.1103/PhysRevLett.89.107206
https://doi.org/10.1103/PhysRevB.96.024443
https://doi.org/10.1103/PhysRevB.55.11569
https://doi.org/10.1103/PhysRevB.61.9633
https://doi.org/10.1103/PhysRevB.61.9633
https://doi.org/10.1088/0953-8984/14/37/201
https://doi.org/10.1063/1.1534619
https://doi.org/10.1063/1.1555372
https://doi.org/10.1103/PhysRevB.67.094413
https://doi.org/10.1103/PhysRevLett.104.167203
https://doi.org/10.1126/sciadv.1600304
https://doi.org/10.1103/PhysRevB.84.224437
https://doi.org/10.1103/PhysRevLett.119.256403
https://doi.org/10.1103/PhysRevB.79.140407
https://doi.org/10.1103/PhysRevB.79.140407
https://doi.org/10.1063/1.1389837
https://doi.org/10.1063/1.1389837
https://doi.org/10.1103/PhysRevB.81.184418
https://doi.org/10.1088/0953-8984/25/49/496003
https://doi.org/10.1088/0953-8984/25/49/496003
https://doi.org/10.1103/PhysRevB.60.4131

	l
	cor1
	f1
	f2
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29

