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SUMMARY

Magnetic skyrmions in heavymetal (HM)/CoFeB/MgO structures are
of particular interest for skyrmion-based magnetic tunnel junction
(MTJ) devices because of their reliable generation, stability, and
readout through purely electrical methods. To optimize the proper-
ties, such as stability, a strong Dzyaloshinskii-Moriya interaction
(DMI) is required at room temperature. Here, using first-principles
calculations, we demonstrate that huge DMI can be obtained in Ir/
CoFe structures with an Fe-terminated configuration. Moreover,
Brillouin light-scattering measurements show that indeed Ta/Ir/
Co20Fe60B20/MgO thin films with perpendicular magnetic anisot-
ropy exhibit a large DMI value (1.13 mJ/m2) when the thickness of
the CoFeB layer is 1.1 nm, which can be attributed to the smooth
and Fe-rich interface between Ir and CoFeB layers. Furthermore,
we observe stable sub-100 nmmagnetic skyrmions at room temper-
ature in the Ir/CoFeB/MgO systems by magnetic force microscope.
This work paves the way for promoting the application of skyrmions
in CoFeB/MgO-based perpendicular anisotropy MTJ structures.
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INTRODUCTION

The Dzyaloshinskii-Moriya interaction (DMI) is an antisymmetric exchange interac-

tion that originates from the presence of the spin-orbit coupling (SOC) combined

with a structure inversion asymmetry.1–3 It plays a crucial role in the formation and

stabilization of topological magnetic textures, such as chiral domain walls4 and mag-

netic skyrmions.5,6 These chiral magnetic structures are promising for use as informa-

tion carriers in novel memory-storage and neuromorphic computing devices thanks

to their small size and current-driven motion at low current densities.7,8 The DMI can

be induced at heavy metal (HM)/ferromagnetic metal (FM) structures due to the

strong SOC of the heavy element.9,10 In these structures, such as Pt/Co/Ta,11 Ir/

Fe/Co/Pt,12 and Pt/Co/MgO,13 magnetic skyrmions can be stabilized at room tem-

perature, where the skyrmion size, density, and stability exhibit strong dependence

on interfacial DMI.

However, the controllable nucleation and detection of skyrmions through purely

electrical means are still difficult issues, hindering the application of skyrmion-based

devices. To address these concerns, combining skyrmions with perpendicular

anisotropy-based magnetic tunnel junctions (p-MTJs), using the tunnel magnetore-

sistance ratio (TMR) for the electrical detection of skyrmions is one of the possible
Cell Reports Physical Science 2, 100618, November 17, 2021 ª 2021 The Authors.
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solutions.14–16 TMR is sensitive to the magnetization of an MTJ’s constituent mag-

netic layers, and the TMR detection method used in MTJs is compatible with current

CMOS technology, promising the industrial integration.17 To meet the challenge of

practical skyrmions detection using MTJs, it is prerequisite to engineer magnetic

structure necessary to induce skyrmionic state and be applied in MTJs. Thus, HM/

CoFeB/MgO structures, which have already demonstrated high TMR in CoFeB/

MgO-based p-MTJs,18,19 become a promising skyrmion-hosting material stack. In

experiments, room-temperature skyrmions have been generated by current pulses

in Pt/CoFeB/MgO structures;20 meanwhile, some theoretical studies have sug-

gested the practicality of HM/CoFeB/MgO-based MTJ for the skyrmionic state

detection.21,22 On the other hand, the strong DMI is beneficial for the stability of sky-

rmions, which is helpful for the manipulation of skyrmions at room termperature.

Thus, a sufficiently large DMI in HM/CoFeB/MgO ultra-thin films is needed and

the underlying physical mechanisms of the DMI in these structures also need to be

revealed.

In this paper, using first-principles calculations, we evaluate and analyze the DMI

behavior in HM/CoFe structures. We demonstrate that in addition to HM elements,

the DMI is sensitive to the interfacial configurations. More importantly, Ir/CoFe

structures with Fe-terminated configuration are predicted to exhibit the strongest

DMI among all the HM/CoFe structures. We attribute the variation of DMI between

two interfacial configurations of Ir/CoFe structures to the different spin mixing 5d

orbital transitions of interfacial Ir atoms. Moreover, we experimentally investigate

the DMI in Ta/Ir/Co20Fe60B20/MgO thin films by Brillouin light-scattering (BLS) mea-

surements, and a considerably strong DMI up to 1.13 mJ/m2 when the thickness of

CoFeB layer is 1.1 nm is observed. Furthermore, sub-100-nm–magnetic skyrmions in

Ir/CoFeB/MgO stacks are detected using magnetic force microscopy (MFM) at room

temperature. Our findings would further help control DMI and thus manipulate the

magnetic skyrmions in CoFeB/MgO heterostructures, paving way for integration

and application of the skyrmion-based devices.
RESULTS AND DISCUSSION

First-principles calculations

To theoretically investigate the DMI of HM/CoFe structures, we perform density

functional theory (DFT) calculations of the DMI energy for the X/CoFe (X = Mo, Ta,

W, Ir, Pt, and Au) structures. These X metals are commonly used in MTJ process,

which have been found to have various excellent properties in different experi-

ments.18,19,23–25 It is worth mentioning that previous experimental studies26,27

demonstrated a low contribution to the DMI from the CoFeB/MgO interface in

HM/CoFeB/MgO structures. Hence, we focus on the DMI of the HM/CoFe structures

here. Considering that both Fe and Co atoms exist at the HM/CoFeB interface in

experiments, Fe-terminated and Co-terminated configurations are adopted in our

calculations. The crystalline structures of X/CoFe are shown in Figures 1A and 1B

(only the Co-terminated structures are shown here), where five-monolayers of a

body-centered cubic (bcc) CoFe(001) film is located on the three-monolayers face-

centered cubic (fcc) X(001) film. Arrows schematically indicate the X/CoFe structures

with clockwise (CW) (left panel) and anticlockwise (CCW) (right panel) spin-spiral

chirality.

We use constrained spin-spiral supercell approach to calculate the microscopic DMI

strength d tot and micromagnetic DMI coefficient D tot .28,29 In our calculations, a

positive DMI representing CCW (left-handed) chirality and a negative DMI
2 Cell Reports Physical Science 2, 100618, November 17, 2021



Figure 1. Crystal and spin configurations of X/CoFe structures and the calculated total DMI

energy

(A and B) Schematic of the ideal array of atoms of X/CoFe (X = Mo, Ta, W, Ir, Pt, and Au) structures

used for DMI calculations. Blue, purple and yellow balls represent iron, cobalt and X atoms,

respectively. The DMI is calculated as the energy difference of the clockwise and counterclockwise

spin configurations, as schematically by arrows (Only the Co-terminated structure is shown here).

(C and D) The calculated total DMI strength d tot and the corresponding micromagnetic DMI

coefficient D tot of different structures with two interface configurations. The DMI values change

significantly with different HM elements and with two interfacial configurations. Especially for Ir/

CoFe structures, this discrepancy is particularly large. The DMI magnitude of Ir/CoFe structure with

Fe-terminated configuration is the largest one among all the X/CoFe structures in our calculations.
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representing CW (right-handed) chirality is adopted. Figures 1C and 1D shows the

calculated total DMI strength d tot and the corresponding micromagnetic DMI coef-

ficient D tot of X/CoFe structures with two different interfacial configurations. One

can see that the DMI values change significantly with different HM elements, which

has been confirmed by many experimental and theoretical studies.26,30,31 More

importantly, in all structures the DMI varies between two interfacial configurations.

Especially for Ir/CoFe structures, this discrepancy is particularly significant. The

DMI strength for the Co-terminated Ir/CoFe is negligible (�0.6 meV), but it increases

dramatically to �10.3 meV for the Fe-terminated one. In particular, this Ir/CoFe

structure with Fe-terminated configuration possesses the largest DMI magnitude

among all the HM/CoFe structures in our calculations. The great difference of DMI

magnitude between the two types of interfacial configurations implies the consider-

able controllability of DMI through interface engineering in the Ir/CoFe structures.

Specifically, by comparing the binding energy of Ir/CoFe structures between two

interfacial configurations, the Fe-terminated case is found to be the most energeti-

cally preferable structure (See Note S1 and Table S1), indicating that the Ir/CoFeB/
Cell Reports Physical Science 2, 100618, November 17, 2021 3



Figure 2. Anatomy of DMI for Ir/CoFe bilayers

(A and B) Layer-resolved DMI strength d k of corresponding layer k for the Fe-terminated and the

Co-terminated configurations of Ir/CoFe structures. L12, L23, L34, and L45 represent the interlayer

between two adjacent magnetic layers and the corresponding d L12; d L23; d L34; and d L45 represent

the interlayer contribution of DMI. For Fe-terminated configuration, the DMI is predominantly

located at the first Fe layer, providing large negative contribution to the total DMI. For Co-

terminated configuration, the interlayer L12 provides a non-negligible contribution with the inverse

sign of the contribution from the first Co layer, resulting in very small overall DMI.

(C and D) Corresponding SOC energy distribution in the atomic sites of all layers k0 for the two

configurations of Ir/CoFe structures. For clarity, the distributions of SOC energy variations induced

by the interfacial magnetic layers are shown (inset). The most obvious feature is that the SOC

energy source in both configurations is predominantly located at the interfacial Ir1 layer.
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MgO structures have an enormous potential to reach a large DMI value in case of Fe-

rich interface, which is corroborated by the following experiments.

The origin of the DMI variation with different HM elements and interfacial configura-

tions can be understood from the analysis of layer-resolved DMI and associated SOC

energy distribution for X/CoFe structures. In particular, the results for layer-resolved

DMI of Ir/CoFe structures with Fe-terminated and Co-terminated configurations are

shown in Figure 2A and 2B, respectively. The x-coordinate represents the different

magnetic layers k, and the DMI strength for each magnetic layer is expressed as

d k . It is worth noting that L12 in our calculations represents the interlayer between

the first and second magnetic layers and the corresponding d L12 represents the

interlayer contribution of DMI. The similar definition is also given on d L23; d L34;

and d L45. One can see that in both configurations the DMI is concentrated on the

interfacial magnetic layers. For Fe-terminated case, the DMI is predominantly

located at the first Fe layer, providing large negative contribution to the total
4 Cell Reports Physical Science 2, 100618, November 17, 2021
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DMI, as indicated by the red bar of Fe1 in Figure 2A. However, in the case of Co-

terminated configuration, the DMI is not only located at the first magnetic layer,

the second layer and the interlayer between the first and second magnetic layers

also make contributions to the total DMI. As illustrated by the red bar of Co1 and

the blue bar of L12 in Figure 2B, the interlayer provides a non-negligible contribution

counteracting that of the first Co layer, resulting in a very weak overall DMI.

To clear up the origin of the considerable difference in interfacial DMI between two

configurations of Ir/CoFe structures, layer-resolved SOC energy distributions is

calculated. Figures 2C and 2D present the results of SOC energy distribution corre-

sponding to the layer-resolved DMI for the two configurations. OEk; k0
SOC represents

the SOC energy difference in the atomic layer k0 between spin configurations of

opposite chirality in the magnetic layer k. We use Co1&Fe2 to represent the first

two magnetic layers that will contribute to the DMI for Co-terminated configuration.

In this case, the correspondingOECo1＆Fe2; k0
SOC can be defined as the SOC energy dif-

ference in the atomic layer k0 associated with the DMI strength of the interfacial mag-

netic layers (Co1, Fe2, and the interlayer between Co1 and Fe2). For clarity, the dis-

tributions of SOC energy variations induced by the interfacial magnetic layers (Fe1

for Fe-terminated case, Co1&Fe2 for Co-terminated case) are shown in the inset

of Figures 2C and 2D. The most obvious feature is that the SOC energy source in

both configurations is predominantly located at the interfacial Ir1 layer. For the

Fe-terminated configuration, the strong DMI between the interfacial Fe spins (Fe1)

is associated with a large SOC energy source OEFe1; Ir1
SOC in the adjacent Ir layer. At

the same time, the SOC energy source OECo1&Fe2; Ir1
SOC located at the interfacial Ir

layer for the case of Co-terminated configuration is extremely small, indicating a

negligible DMI at Ir/CoFe interface. Therefore, the enormous discrepancy in interfa-

cial DMI of the two configurations of Ir/CoFe structures originates from the huge

variation of the SOC energy in the interfacial Ir layers, due to the different combina-

tions of Ir andmagnetic atoms at the interface (Ir-Fe or Ir-Co). Here, we also calculate

the layer-resolved SOC energy distribution when considering the DMI contribution

from the first two magnetic layers for Fe-terminated configuration. It can be seen

that the SOC energy source in the interfacial Ir layer is almost unchanged when we

consider the first two magnetic layers, which further indicates that the DMI strength

is concentrated on the first magnetic layer Fe1 for the Ir/CoFe structure with Fe-

terminated configuration (See Note S2 and Figure S1).

The same conclusion can be drawn for other X/CoFe structures. Through the calcu-

lations of layer-resolved DMI and the corresponding localization of SOC energy for

other X/CoFe structures with two interfacial configurations, we also find that the

interfacial DMI comes from the SOC energy source of HM atoms at the interface.

It is the difference of SOC energy source in different structures that leads to the sig-

nificant difference of DMI (See Note S3 and Figures S2–S6). By comparing the results

of Ir/CoFe structures with other X/CoFe structures, we can conclude that the largest

SOC energy source for the interfacial Ir layer of Ir/CoFe structure with the Fe-termi-

nated configuration results in the strongest DMI among all the structures, which

shows that we can get a considerable DMI in Ir/CoFeB/MgO structure with an Fe-

rich interface.

The mechanism of DMI variation with 5d HM atoms has been widely studied, where

the chemical trend of DMI depends on interfacial hybridization between relevant

d orbitals of the 3d and 5d atoms and on orbital contributions of the 5d heavy ele-

ments.31,32 However, a deeper understanding of the impact of interfacial
Cell Reports Physical Science 2, 100618, November 17, 2021 5



Figure 3. Orbital resolved SOC energy and projected density of states

(A and B) 5d Orbital-resolved SOC energy of the interfacial Ir atoms in Fe-terminated and Co-

terminated structures. Red bars represent the largest discrepancy between the two structures

comes from the SOC matrix element corresponding to the transition between dz2 and dxz orbitals.

(C and D) Projected density of states (PDOSs) of interfacial Ir atoms for the Fe-terminated and Co-

terminated structures, only majority dz2 and minority dxzstates of the 5d orbitals are considered.

blue and green arrows represent the energy shift of majority dz2 and minoritydxzstates from Fe-

terminated configuration to Co-terminated configuration, respectively. The shift of energy levels of

corresponding electronic orbitals between two configurations results in the change of the

occupation of their electronic states, and ultimately in DMI.
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configurations on DMI is still lacking. Next, only the Ir/CoFe structures are analyzed

to elucidate this mechanism. In the case of Ir/CoFe structures with Fe-terminated

and Co-terminated configurations, the hybridization between d orbitals of the mag-

netic and nonmagnetic sites exhibit similar contributions to DMI due to the similar

topologies of band structures.31 Consequently, it is the variation of 5d orbital con-

tributions of interfacial Ir atoms, more specifically, 5d orbital SOC spin mixing tran-

sition terms, that makes the DMI quite different between the two interfacial config-

urations.32–34 Figures 2C and 2D show the significant difference in SOC energy of the

interfacial Ir layer between two interfacial configurations, resulting in great differ-

ence in interfacial DMI. To further elucidate the origin of the discrepancy in SOC en-

ergy, we calculate the 5d orbital-resolved SOC energy of interfacial Ir atoms in both

cases as shown in Figures 3A and 3B. It can be seen that the largest discrepancy be-

tween the two structures comes from the SOC matrix element corresponding to the

transition between dz2 and dxz orbitals (red bar), which is strongly negative for Fe-

terminated configuration but negligible for Co-terminated case.

To better analyze the influence of transitions between dz2 and dxz orbitals of the inter-

facial Ir atoms onDMI, we employ the analysis based on the first-order perturbation the-

ory. According to the first-order perturbation expression of the corrected total energy
6 Cell Reports Physical Science 2, 100618, November 17, 2021
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due to DMI, the occupied states comprising different 5d orbitals and spins of the inter-

facial Ir atoms provide the major contribution to DMI, which can be denoted in the form

of expectation value <jlm;s

��� bHsoc

���jlm;s > , where bHsoc is the SOC operator, and jjlm;s >

denotes the spin-dependent occupied states of interfacial Ir atoms.35 As shown by our

calculations of the 5d orbital-resolved SOC energy, the SOC matrix elements

between dz2 and dxz orbitals of the two structures are negative and vary the most.

Meanwhile, following the theoretical analysis of the spin mixing transition

terms between 5d orbitals, we can find that the expectation value of

<dz2c+ +dxzc�
��� bHsoc

���dz2c+ +dxzc� > is negative and has the largest absolute value

among all the spin mixing terms.33 Therefore, combined with the calculations of 5d

orbital-resolved SOC energy of interfacial Ir atoms mentioned above, the expectation

value of <dz2c+ +dxzc�
��� bHsoc

���dz2c+ +dxzc� > mainly contributes to the discrepancy

of DMI between two interfacial configurations for Ir/CoFe structures. In Figures 3C

and 3D, we show the projected density of states (PDOS) of interfacial Ir atoms for the

Fe-terminated and the Co-terminated structures. For clarity, we only consider themajor-

ity dz2 states and the minority dxz states of the 5d orbitals. The obvious variation of

PDOS from the Fe-terminated configuration to the Co-terminated configuration is

that the majority dz2 states ðdz2c+ Þ shift upward in energy level associated with a

decrease of their occupation (blue arrow) and theminority dxz states ðdxzc�Þ shift down-
ward in energy level corresponding to an increase of their occupation (green arrow).

Consider the correction term <dz2c+ +dxzc�
��� bHsoc

���dz2c+ +dxzc� > , since the

decreasing extent ofdz2c+ is higher than the increasing extent ofdxzc�
33, this correction

matrix element decreases in magnitude from the Fe-terminated structure to the Co-

terminated structure, which causes a large DMI strength for Fe-terminated case but a

much smaller DMI for Co-terminated case. To sum up, the different spin mixing transi-

tions between dz2 and dxz orbitals of interfacial Ir atoms for the two configurations shifts

the energy levels of corresponding electronic orbitals, resulting in a change in the occu-

pation of their electronic states, and ultimately in the DMI.
Characterization of the DMI by BLS experiments

In order to probe the existence of large DMI in Ir/CoFe structures, a series of exper-

iments were carried out. The samples of Sub/Ta(5)/Ir(5)/Co20Fe60B20(t)/MgO(2)/

Ta(3) are deposited on the thermally oxidized Si wafers at room temperature and

without applying magnetic fields, as shown in Figure 4A. The numbers in parenthe-

ses represent the thickness of each layer in nanometers, t is the thickness of the Co-

FeB layer ranging from 0.9 nm to 1.3 nm. We choose the Fe-rich CoFeB target, in

which the proportion of Co, Fe, and B is 20%, 60%, and 20%, respectively. The bot-

tom Ta layer is the buffer layer to improve the quality of the interface between Ir and

CoFeB layers, and the top Ta layer prevents the film from air-passivation. Figure 4B

shows the high-resolution transmission electron microscopy (HR-TEM) images and

energy-dispersive X-ray spectroscopy (EDX) line of the as-deposited sample with

the CoFeB thickness of 1.1 nm. The individual-element slices of a selected region

of the HR-TEM image are shown in Figure 4C. The good interfacial uniformity and

sharp interface can be seen in the HR-TEM images, showing the high-quality of

the thin films. From the EDX images we can also know that the atom of B is attracted

by Ir layer, which makes the crystalline property of CoFe layer better and improves

the quality of the films after annealing36 (See Note S5). The EDX line shows the pres-

ence of both Fe and Co atoms at the interface between Ir and CoFeB layers, but the

content of Fe is higher than that of Co, as evidenced in the micro-area analysis im-

age, which is consistent with the elements proportion of the Co20Fe60B20 target

we used. (See Note S4 and Figure S7).
Cell Reports Physical Science 2, 100618, November 17, 2021 7



Figure 4. Film configuration and characterization

(A) Schematic of the Ta/Ir/CoFeB/MgO stack structure. The bottom Ta layer is the buffer layer to

improve the quality of the interface between Ir and CoFeB layers. Large DMI vector D can be

induced at Ir/CoFeB interface.

(B) The corresponding high-resolution transmission electron microscopy (HR-TEM) image and

energy-dispersive X-ray spectroscopy (EDX) line profiles of the as-deposited Ta/Ir/CoFeB/MgO

sample with CoFeB thickness of 1.1 nm. From the figure, we can see that the sharp interface and

good crystallinity, which indicates that the film has good quality. At the same time, the proportion

of Fe atoms in Ir/CoFeB interface is larger than that of Co atoms, which demonstrates that the

current Fe-rich interface.

(C) The individual-element slices of a selected region of the HR-TEM image in (B). The results

confirm our depositional sequence and indicate that the degree of diffusion is weak under current

conditions.
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The M-H curves (M versus magnetic field H) are obtained using a vibrating sample

magnetometer (VSM). As shown in Figure 5A, all the samples with different CoFeB

thicknesses exhibit perpendicular magnetic anisotropy (PMA). To estimate the

DMI value, we perform BLS measurements to investigate the asymmetric spin-

wave dispersion induced by DMI.37 The schematic setup is shown in the inset of Fig-

ure 5B, where the sample is in-plane magnetized by an external field to realize the

Damon–Eshbach (DE) tandem mode,38 and an incident laser beam with a wave-

length of 532 nm is focused on the sample surface. Because of the momentum

and energy conservation in the scattering process, the creation (annihilation) of a

magnon corresponds to the Stokes (Anti-Stokes) process39 with the wave-vector

jkj = 4psinq=l,26,40 where l is the wavelength of the incident light, q is the angle

of incidence.

Figure 5B shows a normalized BLS spectrum for the as-deposited Ir/CoFeB (1.1 nm)/

MgO sample for wave vector k = 21.40 um�1 and under an applied field of 1.04 T

(Typical spectra for samples of other thickness are shown in Note S8 and Figure S13),

from where the Stokes and Anti-Stokes peaks can be determined by Lorenz function

fitting. Therefore, the frequency difference Df = fs � fas due to the presence of DMI
8 Cell Reports Physical Science 2, 100618, November 17, 2021



Figure 5. Characterization of the DMI value by BLS measurements

(A) The hysteresis loops with out-of-plane (OP) field for different thicknesses of the CoFeB layer,

from where saturated magnetization can be extracted. From the M-H curve, it can be seen that the

films exhibit perpendicular magnetic anisotropy under different CoFeB thickness. Meanwhile, the

value of Hc increases first and then decreases with the increase of CoFeB thickness, and Hc values

reaches the maximum when the CoFeB thickness is 1.1 nm.

(B) Normalized BLS spectra measured for Ir/CoFeB (1.1 nm)/MgO, where the wave vector is k =

21:40 um�1. The inset shows the schematic setup of BLS measurements, where H is an in-plane

magnetic field of 1.04 T and q is the incident angle. Symbols refer to the experimental data, whereas

the green (red) solid lines are the Lorentzian fitting of Stokes (Anti-Stokes) peak, where a frequency

difference Df can be seen.

(C) The wave vector k dependence of the frequency difference Df in Ir/CoFeB/MgO samples with

different thickness. The solid lines are the linear fittings for equation Df = 2g
pMs

Dk to deduce D

value.

(D) The DMI constant D determined for Ir/CoFeB samples with different CoFeB thickness and at

different annealing temperatures. 200�C annealing process strengthens DMI and an optimal value

around 1.13 mJ=m2 is obtained. The error bars take both the fitting errors of Df-k and Ms into

considerations.
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could be deduced. The relation between this frequency shift of the counter-propa-

gating spin-waves and the micromagnetic DMI coefficient D could be described as

Df = 2g
pMs

Dk, where g is the gyromagnetic ratio, Ms is the saturated magnetization

and k is the amplitude of wave vector. Contrary to the calculations, in our experi-

ments, positive DMI represents CW (right-handed) chirality.

A linear variation of Df with the wave vector for different CoFeB thickness is pre-

sented in Figure 5C, where the DMI values are extracted from the slopes using the

equation mentioned above. Considering g= 176 GHz=T26,27,41 and Ms = 1.54 3

106 A/m extracted from VSM measurement (Note S6 and Figure S11), we obtain

the corresponding thickness dependence curve of the DMI values as shown in Fig-

ure 5D. The magnetization M can be extracted from the M-H curve, after the

saturation magnetization Ms and magnetic dead layer tDL can be obtained from
Cell Reports Physical Science 2, 100618, November 17, 2021 9



Table 1. Dzyaloshinskii-Moriya interaction (DMI) values in HM/CoFeB systems, determined by

BLS measurements

Multilayers |D| from literature ðmJ m�2Þ
Ta/CoFeB(1)/MgO 0.036–0.05426,27

Ta/CoFeB(0.85–3)/TaOx 0.08–0.2243,44

W/CoFeB(0.6–1.5)/MgO 0.073–0.8826,41,45

W/CoFeB(0.85)/SiO2 0.2546

CoFeB(2)/Pt/Cu 0-0.4547

Pt/CoFeB(0.8–1)/MgO 0.8-126,48,49

Pt/CoFeB(1–3)/AlOx 0.58-0.8610,50

Pt/CoFeB(2)/Ta 0.5151

Pt/CoFeB(1.12)/Ru 0.8452

Pt/Ru/CoFeB(1.12)/MgO 0.352

Au/CoFeB(1)/MgO 0.15826

IrMn/CoFeB(2)/MgO 0.13440

Ir/CoFeB(1)/MgO 0.21226

Ir/CoFeB(1.1)/MgO 1.13a

Numbers in parentheses represent the thickness of magnetic layer in nanometers.
aRepresents the result from our experiments
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theM/A-tCoFeB curves, where A is the area of the sample and tCoFeB is the thickness of

CoFeB layer. Ms is the slope of the curve and the intercept is the value of tDL (See

Note S6 for more details). Other than the decrease of DMI strength with the

increasing magnetic layer thickness, our DMI constant D displays a slight decline

at tCoFeB < 1:1 nm and reaches an optimal value around 1.00 G 0.18 mJ/m2 at

tCoFeB = 1:1 nm. When the magnetic layer is relatively thin tCoFeB = 0:9; 1:0 nmð Þ,
the interdiffusion of Ir and CoFeB at the interface leads to worse interface quality,42

which is detrimental for the DMI (Corresponding relation between D and

t�1
CoFeBcould be found in Note S7 and Figure S12).

In order to improve the DMI value in our system, we carry out the annealing process

for half an hour at 200�C under an out-of-plane field of 1 T for samples of all thick-

ness. The films can still maintain high film quality, strong PMA; and Ms is enhanced

to 1.64 3 106 A/m. (See Note S5 and Figures S8–S10, Note S6 and Figure S11). As

shown in Figure 5D, after annealing at 200�C, it is clear that for all samples the DMI

has been increased. When the thickness of CoFeB layer is 1:1 nm, the DMI value is

enhanced up to 1.13 G 0.07 mJ/m2, which is a considerably large value for similar

CoFeB multilayer systems (Corresponding results of DMI measurements could be

found in Note S8 and Figure S14). As demonstrated in many theoretical and exper-

imental studies, the variation of the HM underlayer leads to a significant modification

of DMI energy. Table 1 shows the reported DMI values extracted from BLS measure-

ments experiments in different HM/CoFeB (HM = Ta, W, Pt, Au, Ru, Ir, and IrMn)

systems (Corresponding comparison of surface DMI could be found in Note S9

and Table S2). Compared with these results, our measured DMI strength in the Ir/Co-

FeB system is much higher, which agrees with the results of our first-principles

calculations.

Thermal annealing is widely used in semiconductor process to produce a crystallized

MgO tunnel barrier, leading to enhanced MR. Our previous work53 has found that

thermal annealing plays an effect on DMI. Therefore, it is important to investigate

how the DMI changes with the annealing temperature. The sample with 1.1 nm Co-

FeB is annealed at different temperatures (See BLS measurement details in Note S8

and Figure S15). As shown in Figure 5D, it can be clearly seen that D remains almost
10 Cell Reports Physical Science 2, 100618, November 17, 2021



Table 2. Dzyaloshinskii-Moriya interaction (DMI) values for comparisons of buffer layer and

interfacial configurations

Multilayers CoFeB thickness (nm)
|D| from our
measurement ðmJ m�2Þ

Buffer layer Ta/Ir/CoFeB/MgO 0.9nm 0.86 G 0.16

Ir/CoFeB/MgO 0.9nm 0.37 G 0.03

Ta/Ir/CoFeB/MgO 1.0nm 0.79 G 0.15

Ir/CoFeB/MgO 1.0nm 0.31 G 0.02

Interfacial
Configurations

Ta/Ir/CoFeB/MgO (Fe-rich
interface)

1.1nm 1.00 G 0.18

Ta/Ir/CoFeB/MgO (Co-rich
interface)

1.1nm 0.15 G 0.03

Comparative experiments are based on the as-deposited Substrate/Ta(5)/Ir(5)/CCo20FFe60B20/ MgO(2)/

Ta(3) structures
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unchanged at 175�C, and then increases as the temperature rises to 200�C, reaching
the maximum value of 1.13 G 0.07 mJ/m2, implying that annealing at 200�C can

improve the interface quality between Ir and CoFeB layers. However, due to the ac-

tivity of Ir and the diffusion of B atoms, when the annealing temperature is increased

to 250�C, the quality of the Ir/CoFe interface is deteriorating, causing a significant

decrease in DMI. As shown in the HR-TEM images, by depositing the buffer Ta layer,

the interface quality of the films enhanced, which can explain why Ta as a buffer layer

can increase DMI (See Note S5 for more details). Therefore, how to make this system

withstand higher temperature while ensuring the interfacial quality to achieve higher

DMI is worth further exploration.

Next, our DMI values are larger than previous observation in similar Ir/CoFeB/MgO

systems.26 It is owing to the good Ir/CoFeB interface uniformity and film crystalliza-

tion induced by the addition of Ta buffer layer,54,55 and this good interface quality

has been demonstrated by the HR-TEM images above. To verify this, samples with

tCoFeB = 0:9 nm and 1:0 nm without Ta buffer layer are prepared, and the measure-

ment results are shown in Table 2 (For details see Note S10 and Figure S16). Without

Ta used as buffer layer, for both CoFeB thickness, D is reduced by about 60%, which

is consistent with the previous report,26 demonstrating the contribution of the buffer

layer Ta to the improvement of DMI.

To further probe the influence of interfacial configurations on DMI, as suggested by

our calculations, we deposit a small amount of Co at the interface between Ir and Co-

FeB layers in the sample of Ta/Ir/Co20Fe60B20/MgO to form a Co-rich interface. It is

worth noting that the small amount of Co cannot form an entire atomic layer, but only

increases the proportion of Co atoms at Ir/CoFe interface, that is, the addition of Co

elements will not increase the thickness of FM layer and the thickness is maintained

at 1.1 nm. Compared with the original sample with Fe-rich interface, we observe a

dramatic decline in DMI value from 1.00 G 0.18 mJ/m2 to 0.15 G 0.03 mJ/m2, as

shown in Table 2 (Details see Note S10 and Figure S17). Nearly an order of magni-

tude difference in the D values between two cases confirm that interfacial configura-

tions have a significant impact on DMI, which is consistent with our theoretical cal-

culations. In addition, current-induced hysteresis loop shift method56 is also used

to measure the DMI of Ta/Ir/CoFeB/MgO structures with Co40Fe40B20 and

Co20Fe60B20 targets. The larger DMI value is found in the Fe-rich structure, which

strongly supports our experiments and calculations above (For details see Note

S11 and Figure S18).
Cell Reports Physical Science 2, 100618, November 17, 2021 11



Figure 6. Room-temperature observation of isolated skyrmions

(A) The hysteresis loops with out-of-plane (OP) field for the multilayer stack shown in the inset.

(B–E) MFM images with scale bar of 500 nm, by detecting phase offsets, taken under different

external magnetic field, (B) for m0Hext = 0 mT, (C) for m0Hext = 22 mT, (D) for m0Hext = 35 mT, and (E)

for m0Hext = 48 mT. The images share the same color scale below (C) and (D), indicating the

normalized z-component magnetization. The magnetic configuration transforms gradually from a

mixed domain state under lower magnetic field, to isolated skyrmions state.

(F) The normalized line profile extracted from MFM image of one skyrmion, and the simulative

profile using the 360� Néel domain wall model (More profiles can be seen in Note S12 and

Figure S21). The solid blue line is the corresponding fittings of Gauss peak function, from where we

can obtain the skyrmions diameter using the full width at half maximum (FWHM)) of the peak.
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Overall, the large DMI we have achieved mainly originates from two parts: the good

quality of Ir/CoFeB interface induced by Ta buffer layer could contribute to a larger

DMI than the disordered interfaces,57 which has been confirmed by our experiments

and other reports;36,58,59 on the other hand, the Ir/CoFeB structure with Fe-rich inter-

face leads to more bonding of Ir and Fe elements at the interface, resulting in a

higher DMI.

Experimental observation of sub-100

Based on the large DMI in Ir/CoFeB system, which is significantly larger than the

threshold required to stabilize chiral Néel domain walls with Dc = 2lnð2Þm0Ms2t=p,

it is possible to generate chiral skyrmions under some external stimulations in

such system, like current pulse or magnetic field.20,60 We use MFM to image the

nucleation of skyrmions. To increase the effective magnetic volume and demagne-

tization field, we engineer multilayer stacks composed of multiple repetitions of Ir/

CoFeB/MgO structure.61 Sample of Sub/Ta/[Ir/Co20Fe60B20(1.1nm)/MgO]15/Ta

shown in the inset of Figure 6A is grown using sputtering system, and Figure 6A

shows the magnetic hysteresis loops, which exhibit a typical sheared shape. The

HR-TEM measurement was also applied to see the quality of the multilayer, it can

be seen that as in the Ir/CoFeB/MgO film, the multilayer film also has higher film

quality (See Note S5 for more details).

In Figures 6B–6E, the evolution of magnetic domain configuration under increasing

out-of-plane fields is depicted with a field of view of 2.5 mm 3 2 mm. The magnetic

structure in this multilayer is determined by the competition between DM interac-

tion, dipole-dipole interaction, magnetic anisotropy, and exchange interaction,
12 Cell Reports Physical Science 2, 100618, November 17, 2021
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where a strong DMI will help to impose a certain chirality to the spin texture and

improve the stability of skyrmions.62 The strengthened dipole-dipole interaction in

the periodically repeated Ir/CoFeB/MgO structure leads to the appearance of laby-

rinth domain at zero field. With the increase of magnetic fields, the labyrinthine do-

mains tend to be broken into stripe domains, then gradually shrink and transform

into isolated skyrmions, and finally reach the saturated magnetization state at 67

mT. It is worthmentioning that skyrmions can be created in a large range of magnetic

fields from 22 mT to 58 mT, especially taking into account the large DMI value

induced at the Ir/CoFeB interface.63 A recent report explored that Ta/CoFeB/

MgO stacks with smaller DMI compared with Pt (W)/CoFeB/MgO will prevent sky-

rmions from being stabilized in magnetic fields.64 (More MFM images are displayed

in Note S12 and Figures S19 and S20). As captured in Figures 6D and 6E, we can see

isolated skyrmions states that remain almost unchanged under different magnetic

field. Here, this stability of isolated skyrmions against annihilation into the ferromag-

netic background under magnetic field can be attributed to DMI as well.65 In Fig-

ure 6F, we provide the line sections extracted form MFM phase signals for several

skyrmions (Indicated in Note S12 and Figure S21). The contrast of line profile varies

continuously from the core to the side, without any side peaks or plateau in the cen-

ter,66 which matches sufficiently well with the simulative fitting using a chiral sky-

rmion and a 360� Néel domain wall model67,68 (Details about the simulation can

be found in Note S12). This good agreement of the out-of-plane profiles helps to

demonstrate that what we observe are skyrmions rather than magnetic bubbles.

Meanwhile, the fitting of Gauss peak function is applied to the profile to estimate

the skyrmion diameter, defined as the full width at half maximum (FWHM) of the

peak. The average skyrmion size is calculated to be 104.62 nm G 15.05 nm, which

consists well with the skyrmion diameter 104.86 nm G 15.77 nm extracted from

the 360�domain wall model fitting. It indicates that we see skyrmions ranging

down to sub-100-nm dimensions that are stable at room temperature and can be

realized in the successively coupled Ir/CoFeB/MgO multilayers.

The visible skyrmions stabilized at room temperature in Ir/CoFeB/MgO multilayers

make this structure promising toward the proposals of skyrmion-based devices—

for example, racetrack memory,7,14 logic gates,69 and artificial neuromorphic de-

vices with high performance.70–73 Besides, as Ir/CoFeB/MgO is an important constit-

uent part of MTJs, by altering DMI, anisotropy, and other magnetic proprieties, it is

possible to realize the electrical detection of skyrmions through various magnetore-

sistive effects like TMR.

In summary, we demonstrate that Ir/CoFeB/MgO structures exhibit a large DMI, which is

revealed in a combined detailed investigation of first-principles calculations and BLS ex-

periments. We attribute the significantly strong DMI to the good quality, and more

importantly, the Fe-rich state of the interface between Ir andCoFeB layers. Furthermore,

sub-100-nm magnetic skyrmions at room temperature are observed in this system. The

discovery of the large DMI in Ir/CoFeB/MgO structures, combined with the evidence of

room-temperature skyrmions, may provide a superior materials platform to realize sky-

rmionics, especially the nucleation and electrical detection of skyrmions in p-MTJs. Our

work put forth pathways for the systematic engineering of skyrmion-based systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Weisheng Zhao, weisheng.zhao@buaa.edu.cn.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The authors declare that the data supporting the findings of this study are available

within the article and the supplemental information. All other data are available from

the lead contact upon reasonable request
First principles calculations

In order to calculate the DMI, we performed constrained spin-spiral supercell

method calculations using the Vienna ab initio simulation package (VASP) code

based on the generalized gradient approximation (GGA) of the Perdew-Burke-Ern-

zerhof (PBE) form and the projector augmented wave (PAW)method.74–76We used a

kinetic-energy cutoff of 500 eV and a G-centered Monkhorst-Pack k-point mesh of

6 3 24 3 1 for all the calculations, which were verified to be sufficient to ensure a

good convergence of the DMI. The energy convergence criteria of all the calcula-

tions were set as 1.0 3 10�7 eV and the structures were fully relaxed until the forces

on the atoms became smaller than 0.001 eV/Å. The total microscopic DMI strength

d tot per bond can be introduced according to d tot = ðECW � ECCW Þ/8 with ECW

and ECCW representing the clockwise (CW) energy and the counterclockwise

(CCW) energy for opposite chirality spin textures respectively. The DMI strength

can also be expressed by themicromagnetic energy per volume unit of the magnetic

film with the corresponding coefficient Dtot = 2dtot

NF r2
, in which r is the distance between

two nearest neighbor magnetic atoms and NF is the number of magnetic layers.28

The total microscopic DMI energy can be resolved by contributions from each mag-

netic layer according to OEtot
DMI = OECo1

DMI+OEFe2
DMI+ OECo3

DMI+ OEFe4
DMI+ OECo5

DMI =

OEIntra + OEInter = 8(dCo1 + dFe2 + dCo3+

dFe4 +dCo5Þ+ 8
ffiffiffi
2

p ðdCo1Fe2 +dFe2Co3 +dCo3Fe4 +dFe4Co5Þ, where OEIntra and

OEInter are intralayer contributions and interlayer contributions, respectively (Co-

terminated structure for example). This approach allows extracting layer-resolved

DMI strength dk , which contains the intralayer contributions of DMI (dCo1; dFe2;

dCo3; dFe4; dCo5) and the interlayer contributions of DMI (dCo1Fe2; dFe2Co3;dCo3Fe4;

dFe4Co5).28 For brevity, we replace dCo1Fe2; dFe2Co3;dCo3Fe4; dFe4Co5 with dL12;

dL23;dL34; dL45, respectively. The layer-resolved SOC energy distributions can be ex-

pressed byOEk; k0
SOC , where k is the magnetic layer corresponds to the layer-resolved

DMI strength dk and k0 is the atomic layer that corresponds to the SOC energy dif-

ference. One can change the spin configuration of opposite chiralities in magnetic

layer k and then directly extract the SOC energy difference of atomic layer k0 from
constrained spin-spiral supercell method calculations. The SOC energy source of

interfacial Ir atoms (OEFe1; Ir1
SOC for Fe-terminated case and OECo1&Fe2; Ir1

SOC for Co-

terminated case) can be further decomposed into the contributions from each 5d

orbital of interfacial Ir atoms. This 5d orbital-resolved SOC energy of interfacial Ir

atoms can be extracted from the results of spin-spiral calculations.

In the DMI calculations, our asymmetric X/CoFe films consist of three X monolayers,

five CoFe monolayers, and a 15 Å vacuum layer. The body-centered cubic structure

was adopted for the CoFe (001). To minimize the lattice mismatch, a face-centered

cubic structure was used for the X (001), with X [110] direction parallel to the CoFe

[100] direction. The hollow structures with Fe-terminated and Co-terminated config-

urations at the X/CoFe interface were utilized since the hollow structure is the most

energetically favorable.77
14 Cell Reports Physical Science 2, 100618, November 17, 2021
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Sample preparation

Themagnetic films were prepared at room temperature in an AJA International (ATC

ORION 8) Physical Vapor deposited on a thermally oxidized Si wafer (on an area of

3 cm3 3 cm) by DC and RF Deposition System with the ultimate vacuum of 23 10�8

Torr and without applying magnetic fields. The Ta layer was deposited using DC po-

wer supply; other materials were deposited using RF power supply. The deposition

rates were 1 nm/min for Ta at Ar pressure of 2 mTorr, 0.18 nm/min for MgO at Ar

pressure of 0.6 mTorr, 0.33 nm/min for Co20Fe60B20 at Ar pressures of 0.6 mTorr,

and 0.88 nm/min for Ir at Ar pressures of 2 mTorr. During deposition, the sample ro-

tates at a rate of about 7–8 cycles per minute. The top Ta layer prevents the film from

air-passivation. The bottom Ta was grown as a buffer layer to provide better inter-

face uniformity and film crystallization. An alloy target with the composition of

Co20Fe60B20 (in atomic percent) was used to deposit the CoFeB layer. The ratio of

Co to Fe in the deposited CoFeB layer was also close to the ratio of the target ma-

terial (See Note S4 and Figure S7 for more details). The MgO target was used to de-

posit the MgO layer.

All the samples are annealed in vacuum (better than 5 3 10�6 Torr) at different tem-

peratures (175�C, 200�C, and 250�C) under an out-of-plane field of 1 T using the high

vacuum annealing furnace. The set temperature rise time is half an hour, the holding

time is half an hour, and then the temperature drops naturally.

Sample characterization

The M-H curve was obtained by a LakeShore 8600 series vibrating sample magne-

tometer (VSM) equipment. The magnetic field direction of the equipment is fixed,

and theM-H curve under the out-of-planemagnetic field and in-planemagnetic field

is measured by rotating the sample. The size of the samples in the VSM test is about

1 cm3 0.5 cm. A vernier caliper and ImageJ software were used to measure the area

of the sample. By obtaining the momentM in the hysteresis loop and measuring the

area of the sample, the saturated magnetic moment Ms of the sample can be ob-

tained by linear fitting.

The sample for transmission electron microscopy was prepared by the Helios G4-UX

FIB equipment. The HR-TEM analysis was obtained by the Talos F200X HR-TEM

equipment.

Brillouin light-scattering

BLSmeasurements were performed to study frequency shift of the counterpropagat-

ing Damon-Eshbach spin waves induced by DMI. The details of BLS setup to realize

Damon–Eshbach (DE) geometry can be found in the inset of Figure 3A, where a sin-

gle mode diode pump solid-state laser (wavelength of 532 nm and power of 200

mW) is used, and an external in-plane field is applied. We used a six-pass Fabry-

Perot interferometer to analyze the back-scattered light collected. The spectra

were obtained through the accumulation of photons after several hours; it ensures

the accuracy of fitted Stokes (Anti-Stokes) peak values. We chose a free spectral

range of (FSR) 40 GHz and a 29multi-channel analyzer. The frequency resolution esti-

mated by FSR/29 is less than 0.1 GHz.

Magnetic force microscopy

We performed MFM measurements at room temperature, using the Bruker Dimen-

sion Icon Atomic Force Microscope (AFM) system. Samples were placed over a

custom electromagnet where the external perpendicular magnetic field can be

applied. Commercial magnetic probes with low magnetic moment (Nanosensors
Cell Reports Physical Science 2, 100618, November 17, 2021 15
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PPP-MFMR-LM) were chosen to minimize the tip perturbations on magnetic config-

urations of samples. The nominal cantilever spring constant, frequency, and scan

rate were 2.8 k/N, 75 kHz and 0.7 Hz, respectively. To confirm the evolution of mag-

netic domains, we scanned different areas with different scan sizes. They exhibit

similar trends with external magnetic field (See Note S12 and Figures S19 and S20).
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