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Abstract: Skyrmionic spin configurations, including skyrmions and skyrmionic bubbles, have 20 

attracted much attention for their intriguing magneto-electrical properties. To date, most skyrmionic 21 

spin configurations are observed in transition metal based magnets, the correlations between 22 

topological structures and f orbital electrons are still unclear due to the lack of rare earth (RE) based 23 

magnets hosting skyrmionic spin configurations, especially at room temperature. Here, a family of 24 

RE-based intermetallics compounds, REMn2Ge2 (RE = Ce, Pr, and Nd) magnets, are demonstrated to 25 

be able to host skyrmionic bubbles in a wide temperature range of 220-320 K. By further applying a 26 

field-cooling procedure, high-density hexagonal lattices of skyrmionic bubbles are realized under 27 

zero magnetic field. By combing the micromagnetic simulations, the rotation of easy-magnetized 28 

axis plays a dominated role for present REMn2Ge2 magnets, plays a dominated role in the 29 

temperature and field induced magnetic domain evolutions. The skyrmionic spin configurations 30 

observed in the RE-based magnets can overcome the limiting factors in terms of material variations, 31 

 Corresponding author. E-mail address: lingwei@hdu.edu.cn (L. Li), pengy@lzu.edu.cn (Y. Peng)

Manuscript File Click here to view linked References

mailto:lingwei@hdu.edu.cn
mailto:pengy@lzu.edu.cn
https://www.editorialmanager.com/mtp/viewRCResults.aspx?pdf=1&docID=1213&rev=1&fileID=23765&msid=92296720-bd2a-44a3-9039-040b9e7a99e2
https://www.editorialmanager.com/mtp/viewRCResults.aspx?pdf=1&docID=1213&rev=1&fileID=23765&msid=92296720-bd2a-44a3-9039-040b9e7a99e2


2 

 

operating temperature, and working magnetic field, which is of great significance to practical 1 

applications of the skyrmionic spin configurations. 2 

 3 
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1. Introduction 7 

Recent years have witnessed a booming development of skyrmionic spin configurations, including 8 

skyrmions (SKs) and skyrmionic bubbles (SKBs), for their promising application in the field of 9 

magnetic memories or logic circuits [1-3]. Magnetic SKs are vortex-like spin configurations that are 10 

generally observed in non-centrosymmetric chiral crystals [4-9] or asymmetric magnetic thin films 11 

[10-16]. In such systems, broken inversion symmetry leads to a certain Dzyaloshinskii-Moriya 12 

interaction (DMI) that not only stabilizes SKs but also endows them with a fixed helicity. In contrast, 13 

SKBs are generally observed in centrosymmetric magnets and stabilized by a delicate interplay of 14 

uniaxial magnetic anisotropy, ferromagnetic exchange interaction, and dipole-dipole interaction 15 

[17-23]. Unlike DMI-stabilized SKs, SKBs have two additional degrees of freedom, i.e., helicity and 16 

vorticity. However, from the perspective of topology, the two classes of skyrmionic spin 17 

configurations are approximately equivalent to each other, and consequently they show numerous 18 

similar topological features, such as skyrmion Hall effect [16,23], topological Hall effect [18,24], and 19 

low current density for motion [25-27]. These novel magnetoelectric properties, in combination with 20 

their topologically stable feature, make both SKs and SKBs potential candidates for carrying 21 

information in future spintronic devices [1-3].  22 

As information carriers, skyrmionic spin configurations should be manipulated by external stimuli 23 

at room temperature. To date, room-temperature (RT) stabilized skyrmionic spin configurations are 24 

generally observed in non-rare-earth intermetallics/thin films (e.g., Co-Zn-Mn [7], Fe3Sn2 [17], FeGe 25 

[8,28], and Pt/Co/Ta multilayered thin films [11,15]), where the topological non-collinear magnetism 26 

originates from the interplay of d orbital electrons and/or d-p orbital electrons. Moreover, the 27 
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rare-earth (RE) based magnetic systems have attracted a great deal of attention from researchers 1 

because the introduction of f orbital electrons from RE elements may bring about numerous 2 

intriguing physical properties, such as, various magnetic ordering, heavy fermion behaviors, 3 

superconductivity and large magnetocaloric effect, as well as extoic magneto-electrical properties for 4 

the skyrmionic spin configurations [12,20,21,29-32]. For example, Woo et al. experimentally 5 

demonstrated that the skyrmion Hall angle during the current-driven motion of SKs could be 6 

significantly inhibited in the RE-containing GdFeCo/Pt thin films due to their ferrimagnetic features 7 

originating from the coupling of f-d orbital electrons [12]. Moreover, recent investigations revealed 8 

that frustrated SKBs could be stabilized at low temperature via Ruderman-Kittel-Kasuya-Yosida 9 

(RKKY) interactions originating from the 4f moments in the RE-intermetallic, Gd2PdSi3 and 10 

GdRu2Si2 [21, 30]. These particular properties of skyrmionic spin configurations in RE-based 11 

magnetic systems are highly advantageous for both fundamental physics and practical applications, 12 

which may break a brand new ground for the further development of skyrmionic spintronics.  13 

Despite their promising potential, the reported RE-based magnetic systems hosting skyrmionic 14 

spin configurations are still quite limited [12,20,21,29], especially at room temperature [12,20,29]. 15 

To date, only the RE-based amorphous thin films [12,20,29] or RE-containing ferrites [33] have been 16 

reported to be able to host skyrmionic spin configurations at room temperature. However, no 17 

RT-stabilized skyrmionic spin configurations have been observed in the RE-based intermetallics 18 

though these compounds are rich in magnetic properties and generally show good electrical 19 

conductivity that is highly appreciated for further manipulation of skyrmionic spin configurations by 20 

electric current. Therefore, one particularly important current task aims at discovering new RE-based 21 

intermetallic compounds that host RT-stabilized skyrmions or skyrmionic bubbles. 22 

Here, we reported an experimental observations of RT-stabilized SKBs in a family of RE-based 23 

intermetallic compounds, REMn2Ge2 (RE = Ce, Pr, and Nd), via Lorenz transmission electron 24 

microscopy (LTEM). The critical magnetic field for the nucleation of SKBs falls within the range of 25 

40-70 mT, which is two or three times lower than that of other magnetic systems hosting 26 

RT-stabilized SKBs [17,18,20]. By further applying an appropriate field-cooling (FC) procedure, 27 

high-density hexagonal SKB lattices can be realized under a zero magnetic field (H).  28 
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2. Experimental and simulation details 2 

2.1 Polycrystalline sample preparation 3 

Single phased polycrystalline REMn2Ge2 (RE = Ce, Pr, and Nd) compounds are fabricated by 4 

arc-melting the high-purity components (Ce-99.9wt.%, Pr-99.9wt.%, Nd-99.9wt.%, Mn-99.9wt.%, 5 

and Ge-99.99wt.%) in a pure argon atmosphere. Excess rare earth (2 mol%) and Mn (3 mol%) over 6 

the stoichiometric composition are added to compensate for the loss during the arc-melting process.  7 

2.2 Magnetization measurements  8 

The tenperature dependence of magnetization for REMn2Ge2 compounds were determined in 2-300 9 

K with a field cooling mode by using a dynacool magnetic properties measurement system 10 

(MPMS-XL-7) with a superconducting quantum interference device (SQUID) magnetometer 11 

(Quantum Design, USA) 12 

2.3 LTEM sample preparation and observation  13 

Samples for LTEM observations are first cut from a bulk polycrystalline alloy and subsequently are 14 

mechanically polished to 70 m in thickness. Hereafter, the polished sample is fixed on a copper ring 15 

and is further milled by using PIPS II (model 695, GATAN). The initial angle is 6, and the energy is 16 

5 keV. To obtain a relatively large thin region in the LTEM sample, the angle is adjusted to 4 and 17 

the energy is decreased to 3 keV, when holes appear in the sample. The magentic domains are 18 

observed by using a FEI Tecnai F30, in the Lorentz TEM mode. The acceleration voltage is 300 kV. 19 

The out-of-plane magnetic field was applied on the sample by increasing the current of objective lens 20 

and maximum magnetic field is 2 Tesla. The HRTEM was measured by using a Titan G2 60-300 21 

(FEI) at an acceleration voltage of 300 kV.  22 

2.4 Micromagnetic simulations 23 

Micromagnetic simulations were carried out with three-dimensional object oriented micromagnetic 24 

frame work (OOMMF) code [34], based on the LLG function. Slab geometry for the nanostripe is 25 

2000 nm × 2000 nm × 150 nm with rectangle mesh of size 5 nm × 5 nm × 5 nm. The material 26 

parameters are chosen according to the experimental values. 27 

3. Results and discussion 28 
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3.1 Room-temperature skyrmionic bubbles in REMn2Ge2 (RE = Ce, Pr, and Nd) 1 

The target materials, CeMn2Ge2, PrMn2Ge2 and NdMn2Ge2, belong to a large family of RE-based 2 

intermetallic compounds, RET2X2 (where T represents the d metals and X represents the Si, Ge, and 3 

As elements), which exhibit extoic physical properties including the superconductivity, giant 4 

magnetocaloric effect, magnetoelastic coupling, etc. [35-38]. The RET2X2 compounds are 5 

crystallized in a ThCr2Si2-type tetragonal structure (Fig. 1a) [33]. In such a structure, the component 6 

atoms RE, Mn and Ge occupy 2(a), 4(d) and 4(e) sites, respectively, so that the respective atoms can 7 

be considered as a stacking structure along the c-axis with a centrosymmetric sequence of 8 

Mn-Ge-RE-Ge-Mn [39]. The centrosymmetric feature of the crystal structure excludes the bulk DMI 9 

as a source of the possible skyrmionic spin configurations in REMn2Ge2; instead, a dedicate 10 

interplay of uniaxial anisotropy, dipole-dipole interaction and ferromagnetic exchange interaction 11 

may dominate. Neutron diffraction studies reveal that when the RE site of REMn2Ge2 is occupied by 12 

a heavy rare earth (e.g., Gd and Dy), this compound shows a collinear antiferromagnetism at room 13 

temperature owing to the competition of Mn-Mn and RE-Mn exchange interactions [40]. However, if 14 

the heavy RE element is replaced with a light one (e.g., Ce, Pr, and Nd), the collinear 15 

antiferromagnetism will transform into a non-collinear helical ferromagnetism along the c-axis at 16 

room temperature [39]. Similar to the case of magnetic systems hosting skyrmionic bubbles, e.g., 17 

Fe3Sn2 [17] and MnNiGa [18], such helimagnetic spin structures in the REMn2Ge2 (RE = Ce, Pr, Nd) 18 

are very likely to warp into SKBs if an appropriate magnetic field is applied along the out-of-plane 19 

direction of sample.  20 

Temperature-dependent magnetization measurements demonstrate that CeMn2Ge2, PrMn2Ge2, and 21 

NdMn2Ge2 alloys show a Curie temperature (Tc) of approximately 310 K, 320 K and 330 K, 22 

respectively (Fig. 1b). These experimentally established values are in good agreement with previous 23 

reports [39-41], which confirms that the as-prepared samples possess expected crystal structure. 24 

Moreover, we find some obvious humps in the temperature-dependent magnetization curves 25 

(enclosed by the dashed boxes in Fig. 1b). Such humps have also been observed in many other 26 

magnetic systems hosting skyrmionic spin configurations [17,18], and indicate the appearance of a 27 
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spin reorientation in the REMn2Ge2 (RE = Ce, Pr, and Nd) during the variation of temperatures 1 

[17,18].  2 

In left panel of Fig. 1c, we present the scanning transmission electron microscopy (STEM) image 3 

of a typical LTEM sample for NdMn2Ge2. Energy dispersive spectrometer (EDS) analysis 4 

demonstrates that the componential elements of Nd, Mn, and Ge are distributed uniformly across the 5 

surface of the sample (right panel of Fig. 1c), and their average chemical composition ratio (i.e., Nd: 6 

Mn: Ge) is approximately 19.02%: 40.76%: 40.22%, which is close to the ideal percentage. 7 

Selected-area electron diffraction (SAED) is performed on the normal direction of the sample to 8 

check its orientation. The corresponding diffraction spots (Fig. 1d) show a perfect four-fold 9 

symmetric feature, revealing that the out-of-plane direction of the sample is along [001] orientation 10 

of the NdMn2Ge2 crystal. By further using high-resolution scanning transmission electron 11 

microscopy (HR-STEM) to visualize the sample along [001]-direction (Fig. 1e), we find that the 12 

arrangement of atoms agrees well with the (001) crystal plane of NdMn2Ge2, which suggests that the 13 

LTEM sample is in a good quality.  14 

To determine the formation of SKBs in REMn2Ge2 (RE = Ce, Pr, and Nd), we have performed 15 

real-space observations of their magnetic field-dependent domain evolution processes at room 16 

temperature by LTEM (the magnetic field is applied along the out-of-plane direction of sample). Fig. 17 

2a-l show the typical LTEM images of REMn2Ge2 (RE = Ce, Pr, and Nd) taken under different 18 

magnetic fields. At H = 0 mT and 300 K (Figs. 2a, e, and i), all the three samples host spontaneous 19 

stripe domains at their ground state. Such stripe domains possess a long-period helimagnetic 20 

structure and the corresponding helix period for CeMn2Ge2, PrMn2Ge2, and NdMn2Ge2 can be 21 

established to be 380, 330, and 350 nm, respectively, by measuring the sinusoidal variation of the 22 

LTEM contrast. As H increases from zero along the [001] direction of these samples, a gradual 23 

transformation from the stripe domains to bubble domains is clearly observed (Figs. 2a-d, e-h, and 24 

i-l). The LTEM images of these bubble domains generally show a symmetric contrast variation 25 

(bubble “1”), that is, white-dark-gray-dark-white (or dark-white-gray-white-dark) along their 26 

diameter direction (Fig. 2m). By further combining the LTEM images with simulations [42], the 27 

observed bubble domains in REMn2Ge2 (RE = Ce, Pr, and Nd) are established to be orthodox SKBs 28 
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(Figs. 2n and o) [17,19], where the thickness of the Bloch wall is comparable to the radius of the 1 

bubble domain (Fig. 2o). We have also observed some of the bubbles in CeMn2Ge2 and PrMn2Ge2 2 

show an assymmetric contrast variation (bubble “2”), that is, white-dark-gray-white-dark along their 3 

diameter direction (Fig. 2p). On basis of the simulations, the observed bubble “2” can be established 4 

to be trivial type (Figs. 2q and r), which composes of a pair of non-convergent Bloch lines and 5 

possess a topological number of 0. We should note here that, the coexistence of SKBs and trivial 6 

bubbles in our experiments is not extraordinary but commonly observed in the centrosymmetric 7 

magnetic systems without DMI, e.g., Fe3Sn2 and MnNiGa [17,18]. Moreover, we have established 8 

the critical magnetic field (Hc), where the stripe domain completely transforms into SKBs, to be 40 9 

mT, 60 mT, and 70 mT for CeMn2Ge2, PrMn2Ge2, and NdMn2Ge2, respectively, as shown in Fig. 2d, 10 

h, and l. These values are two or three times lower than those of other magnetic systems hosting 11 

RT-stabilized SKBs (e.g., Fe3Sn2 [17], MnNiGa [18], and Fe/Gd multilayered thin films [20]), and 12 

comparable to those of the Co-Zn-Mn alloys [7] or Pt-Co-Ta multilayered thin films [11,15] hosting 13 

RT-stabilized skyrmions. When we increase the external magnetic field above Hc, the SKBs 14 

gradually shrink and finally vanish under a magnetic field of about 120 mT in all the three samples. 15 

Details about the magentization processes are shown in Supplementary Fig.S1. Moreover, we find 16 

that the size of skyrmionic bubbles at Hc in the REMn2Ge2 (RE = Ce, Pr, and Nd) falls within the 17 

range of 320-250 nm. Such a size range is similar to that observed in the Fe3Sn2 [17] but one or two 18 

times larger than that of MnNiGa [18], Co-Zn-Mn [7], and multi-layered Pt-Co-Ta [15].  19 

3.2 Realization of zero magentic filed skyrmionic bubbles by field cooling  20 

Our experimental results above have revealed that the REMn2Ge2 (RE = Ce, Pr, and Nd) series of 21 

compounds, can host SKBs at room temperature. However, their nucleation is random, and the 22 

arrangement is not well ordered. These features are similar to those observed in the Fe3Sn2 [17] and 23 

MnNiGa [18,43] alloys. Using NdMn2Ge2 as an example, we will next illustrate that the high-density 24 

hexagonal lattices of SKBs can be realized at room temperature by applying a field-cooling (FC) 25 

procedure. Fig. 3a schematically shows the detailed FC process, where the temperature of the sample 26 

is first heated above Tc without applying any magnetic field and subsequently is decreased to the 27 

target temperatures under a magnetic field of 30 mT. Fig. 3b shows a typical LTEM image taken at 28 
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the target temperature of 300 K after FC manipulation. In contrast to the low-density and random 1 

distribution of SKBs purely induced by the magnetic field, their density after FC process is 2 

significantly enhanced, and meanwhile the SKBs orderly arrange into high-density hexagonal lattices 3 

at zero magnetic field with an average lattice contrast (a) of approximately 250 nm. We further find 4 

that the zero-field hexagonal lattices are extremely stable even after keeping the sample in the air for 5 

several days at room temperature, thereby exhibiting promising application for the non-volatile 6 

magnetic memory devices. However, if we increase the magnetic field, the hexagonal lattices of 7 

SKBs would vanish at a magnetic field of approximately 100 mT (Figs. 3b-d). This value is slightly 8 

lower than that for the domain evolution process induced purely by the magnetic field, as shown in 9 

Fig. 2. We have further established that the zero-field hexagonal lattices can be stabilized at 10 

temperatures ranging from 320 K to 270 K (Figs. 3b-g) but their density decreases correspondingly 11 

with decreasing the temperature from 320 K. When the temperature decreases below 270 K (Figs. 3h 12 

and k), the zero-field hexagonal lattices can no longer remain stable, and some of them begin to 13 

spontaneously transform into stripe domains. If we increase the external magnetic field (Figs. 3h-m), 14 

the hexagonal lattice can reform in the sample. However, the maximum density decreases 15 

significantly compared with that at room temperature. Moreover, we find that, below 270 K, the 16 

bubble domains transform from the skyrmionic type to the trivial one (enclosed by the white dashed 17 

boxes in Figs. 3h and l). Details about the magentization processes are shown in Supplementary 18 

Fig.S2 and Fig S3. Based on these LTEM results, we have summarized a T-H phase diagram of the 19 

magnetic states after FC manipulation. As shown in Fig. 3n, the temperature-induced transitions 20 

between different magnetic states can be clearly demonstrated. Previous neutron diffraction results 21 

demonstrate that the easy-magnetized axis of NdMn2Ge2 gradually rotates towards the in-plane 22 

direction as the temperature decreases from approximately 250 K and completely lies into the 23 

in-plane direction below 220 K [40]. We propose that the observed transitions between different 24 

magnetic states are closely associated with the temperature-induced spin reorientation process 25 

because the spin reorientation can decrease the out-of-plane component of magnetic uniaxial 26 

anisotropy (Ku) which may show a significant influence on the magnetic domain evolution.  27 
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To further prove this point, we have performed micromagnetic simulations based on the 1 

experimentally established magnetic parameters of NdMn2Ge2. Slab geometry for the nanostripe is 2 

2000 nm × 2000 nm × 150 nm with rectangle mesh of size 5 nm × 5 nm × 5 nm. The material 3 

parameters are chosen according to the experimental values of NdMn2Ge2, with a saturation 4 

magnetization Ms = 2.2×105 A/m at room temperature, and an uniaxial magnetocrystalline anisotropy 5 

constant Ku=5.0×104 J/m3. Here, Ku was estimated by the approximation of Ku=HkMs/2, where Hk is 6 

the anisotropy field defined as the critical field, where the magnetization curve measured along the 7 

easy magnetization axis of a magnetically oriented sample intersects that measured along the hard 8 

magnetization axis. The exchange constant A was estimated to be 4.0×10-12 A/m by 𝑤 = π√𝐴 𝐾u⁄ , 9 

where w is the domain wall width obtained from the LTEM results and is approximately equal to 28 10 

nm. To simulate the evolution of the field cooling process, the slab is initially set to a magnetic state 11 

that the spin configuration is random in three dimensions. Then, we relaxed the random initial spin 12 

configuration with a fixed magnetic field 30 mT. Finally, we removed the external magnetic field 13 

and relaxed the magnetic system to the equilibrium state. A damping constant α=0.5 was applied to 14 

ensure a quick relaxation to the equilibrium state. In the simulations, an out-of-plane magnetic field 15 

of 30 mT is applied on the sample at its initial random state to agree with the FC process. As shown 16 

in Fig. 3o, the thin plate can host SKBs under zero magnetic field at the equilibrium state. This result 17 

is consistent with the experimental observations, which validates our theoretical model and 18 

numerical approach. As the decrease of Ku, we can find that some of the SKBs first gradually 19 

transform into trivial bubbles and subsequently integrate together with adjacent two or more ones to 20 

form a dumbbell-like stripe domain (Figs. 3o-q). The simulated domain evolution process is 21 

qualitatively consistent with that observed in our experiments. Thus, we can hence conclude that the 22 

decrease of Ku, which originates from the rotation of easy-magnetized axis, plays a dominated role in 23 

the temperature-induced transitions between different magnetic states.  24 

3.3 Angle-dependent spin texture of the bubble domain   25 

We have further investigated the stabilization of SKBs by varying the angle (θ) between the sample 26 

and horizontal direction under an out-of-plane magnetic field of 30 mT (Fig. 4). At initial state (θ = 27 

0°), the sample hosts hexagonal lattices of SKBs (Fig. 4a). When θ is gradually titled from 0° to an 28 
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angle of approximately 15°, we find that the contrast variation of bubble domains changes from the 1 

symmetric white-dark-gray-dark-white along their diameter direction into the assymmetric 2 

white-dark-gray-white-dark (Figs. 4a-f). These features suggest that the spin texture of the bubble 3 

domain gradually changes from the skyrmionic type to the trivial one. We have also simulated the 4 

magnetic domain evolution process by varying the angle between the sample and horizontal direction 5 

(Figs. 4g-i). The simulated results qualitatively agree with the experimental results, which confirms 6 

our experimental observations are reliable. As known to us, SKBs have two additional degrees of 7 

freedom, i.e., helicity and vorticity, which is distinguished from the fixed spin texture of 8 

DMI-stabilized SKs. Such a feature makes the internal spin texture of SKBs easy to be manipulated 9 

by external stimuli, e.g., magnetic field [19] and electric current [44]. In the case of our experiments, 10 

after titling a certain angle between the sample and horizontal direction, the in-plane component of 11 

the external magnetic field can induce the motion of Bloch lines in the SKB, which may force the 12 

SKBs to transform into trivial bubbles.  13 

4. Conclusions 14 

In this work, magnetic field-dependent domain evolution processes in a family of RE-intermetallics, 15 

REMn2Ge2 (RE = Ce, Pr, and Nd) are systematically investigated, via real-space LTEM observations 16 

and micromagnetic simulations. We find that the REMn2Ge2 (RE = Ce, Pr, and Nd) can host isolated 17 

SKBs at room temperature. By further applying an appropriate FC process, zero-field hexagonal 18 

skyrmionic lattices can be realized in NdMn2Ge2 at a wide temperature ranging from 320 K to 270 K. 19 

When the temperature decreases below 270 K, the zero-field hexagonal lattices can no longer remain 20 

stable, and some of them begin to spontaneously transform into stripe domains. Meanwhile, the 21 

bubble domains transform from the skyrmionic type to the trivial one. By combining micromagnetic 22 

simulations, we reveal that the rotation of easy-magnetized axis of NdMn2Ge2 plays a dominated role 23 

in the temperature-induced transitions between different magnetic states. The discovery of the series 24 

of RE-intermetallic compounds, REMn2Ge2 (RE = Ce, Pr, and Nd), may not only greatly enrich 25 

RE-based material candidates that host RT-stabilized skyrmionic spin configurations, but also 26 

provide a novel platform for further investigating intriguing magneto-electric properties of 27 

skyrmionic spin configurations.  28 
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Figure 1. Crystal structure and temperature-dependent magnetization of REMn2Ge2 (RE = Ce, Pr, and Nd). (a) Side 11 

(left panel) and top (right panel) view of the REMn2Ge2 lattice. The blue, red, and gray particles represent the 12 

component elements RE, Mn, and Ge, respectively. (b) Temperature-dependent magnetization curves of 13 

REMn2Ge2 (RE = Ce, Pr, and Nd) measured by using a field cooled manner under a magnetic field of 10 mT at the 14 

temperatures ranging from 380 K to 10 K. The humps in the curves are enclosed by the dashed boxes and signal the 15 

occurrence of spin reorientation at the corresponding temperature range. The left panel of c shows a typical STEM 16 

image of NdMn2Ge2 and the right panel of (c) shows the color maps for the elemental distributions of Nd (light 17 

blue), Mn (green), and Ge (orange) acquired by scanning EDX on the region enclosed by dashed boxes in the left 18 

panel of (c). (d) Selected-area diffraction pattern and (e) HR-STEM image taken along the out-of-plane direction of 19 

the sample. Inset shows an enlarged image of e, and the Nd (blue particle), Mn (red particle), and Ge (gray particle) 20 

atoms are orderly arranged on the experimentally established crystal lattices. 21 
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Figure 2. Magnetic field-dependent domain evolution process of REMn2Ge2 (RE = Ce, Pr, and Nd) at room 12 

temperature. The over-focused LTEM images of NdMn2Ge2, PrMn2Ge2, and CeMn2Ge2 taken under different 13 

magnetic fields are shown in (a-d), (e-h), and (i-l), respectively. The scale bar represents 500 nm. (m) Enlarged 14 

image of bubble “1” enclosed by dashed box in (g). (n) Enlarged image of bubble “2” enclosed by dashed box in 15 

(h). (o) Simulated LTEM image based on the spin configuration of a Bloch-type skyrmionic bubble shown in (q). 16 

(p) Simulated LTEM image based on the spin configuration of a trivial bubble shown in (r). 17 
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Figure 3. Field-cooling (FC) process and phase diagrams of skyrmionic bubbles after the FC process. (a) 13 

Schematic diagram for FC procedure. (b-m) LTEM images taken under different external magnetic fields at the 14 

temperatures ranging from 300 K to 220 K after the FC manipulation. The hexagonal white lines represent a typical 15 

hexagonal lattice of skyrmionic bubbles. The white boxes in (h) and (l) mark the trivial bubbles. The scale bar is 1 16 

μm. (n) Phase diagrams of bubble domains by mapping their density in the T-H plane. (o-q) Variation of simulated 17 

magnetic domain structures with Ku. The magnetization along the y-axis (My) is represented by regions in red (+My) 18 

and blue (−My). 19 
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Figure 4. Angle-dependent experimentally observed bubble domain lattices and simulated bubble lattices.(a-c) 12 

LTEM images taken under  an out-of-plane magnetic field of 30 mT at 300 K with tilting angles ranging from 0° 13 

to 15°, as schematically shown in the inset of (a). The scale bar of all the LTEM images is 1 μm. (d-f) Enlarged 14 

images of bubble domains enclosed by dashed boxes in (a-c). (g-h) Angle-dependent simulated bubble domain 15 

lattices under a fixed out-of-plane magnetic field of 30 mT. The magnetization along the y-axis (My) is represented 16 

by regions in red (+My) and blue (−My). 17 
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Dear Reviewers, 

Enclosed please find our revised manuscript titled “Emergence of room temperature stable 

skyrmionic bubbles in the rare earth based REMn2Ge2 (RE = Ce, Pr, and Nd) magnets”. 

Thank you very much for your comments on our manuscript. According to the comments and 

suggestions we have improved the manuscript carefully, the main changes are turned to red and 

detailed descriptions are given as below. 

Hope the revised manuscript can be accepted soon. 

Thank you very much for your time and attention. 

 

Yours sincerely,  

The authors 

 

 

Response to the Report of Reviewer A 

Reviewer A’s General Comment: The authors have reported an experimental observation of room 

temperature stable skyrmionic bubbles in the REMn2Ge2 (RE = Ce, Pr, and Nd) magnets in a wide 

temperature range of 220-320 K. The present work are of great interest, since it not only can provide 

more material candidates that host room temperature stabilized skyrmionic spin configurations, but 

also have enriched the physical properties of rare earth (RE) based intermetallics. I recommend the 

present work for publication after considering the following suggestions. 

Authors’ Reply: We sincerely thank the reviewer for careful reading of our manuscript. The 

valuable suggestions and comments are greatly helpful to improve our manuscript. Below we answer 

the reviewer’s questions and comments in a point-by-point basis. We hope the reviewer will be 

satisfied with the revised manuscript as well as our responses.  

 

Reviewer A’s Comment #1: The recently reported the observation of magnetic skyrmions in two 

RE-based materials of Gd2PdSi3 (Science, 365, 2019, 914) and GdRu2Si2 (Nature Nano, 15, 2020, 

444) should be highlighted in the introduction section. 

Authors’ Reply: We thank the reviewer for giving the valuable comments. The related work that 

reports the observation of skyrmions in the two Gd2PdSi3 and GdRu2Si2 have been highlighted in the 

Response to Reviewers



introduction section of the revised manuscript (see Page 3, lines 7, 9, 10) and the related references 

have added into the revised manuscript (see Reference [32]).  

 

Reviewer A’s Comment #2: Several sentences related to the recently updated research progresses of 

RE-based intermetallic compounds, especially related to RET2X2 compounds (such as 

magnetocaloric effect, superconductivity, etc.) should be added in the introduction section. 

Authors’ Reply: We thank the reviewer for giving the valuable comments. The sentences of 

“…because the introduction of f orbital electrons from RE elements may bring about numerous 

intriguing physical properties, such as, various magnetic ordering, heavy fermion behaviors, 

superconductivity and large magnetocaloric effect, as well as exotic magneto-electrical properties for 

the skyrmionic spin configurations [12,20,21,29-32]…” and “…RET2X2 (where T represents the d 

metals and X represents the Si, Ge, and As elements), which exhibit extoic physical properties 

including the superconductivity, giant magnetocaloric effect, magnetoelastic coupling, etc. [35-38]. 

The RET2X2 compounds are crystallized in a ThCr2Si2-type tetragonal structure (Fig. 1a) [37]….” 

have been added in the revised manuscript, respectively. (see Page 3, lines 1-5 and Page 5, lines 2-6).  

Reviewer A’s Comment #3: The equipment information of HRTEM must be included in the section 

of experimental details. 

Authors’ Reply: The details about the equipment information of HRTEM have been added in the 

experimental section (see Page 4, lines 20-21).  

 

Reviewer A’s Comment #4: The typical size of skyrmionic bubbles of present REMn2Ge2 should be 

given, and a comparison with other typical systems is suggested. 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. Based on the 

suggestions and comments, we have summarized the size of skyrmionic bubbles in the REMn2Ge2 

(RE = Ce, Pr, and Nd) under the critical magnetic field where the stripe domain just transforms into 

skyrmionic bubble. It is found that their size falls within the range of 320-250 nm. Such a size range 

is similar to that observed in the Fe3Sn2 but one or two times larger than that of MnNiGa, 

Co-Zn-Mn, and multi-layered Pt-Co-Ta. In the revised manuscript, we have added the declarations 

above into the main text (see page 7, lines 18-21). 

 



Reviewer A’s Comment #5: For the micromagentic simulations, it is better to provide the 

determination method and temperature variation of Ku. Why the thermal field has not been 

considered? Moreover, The simulated skyrmionic bubble image shows a symmetric feature. However, 

the experimental one is asymmetric. Such discrepancy should be explained. 

Authors’ Reply: We thank the reviewer for the valuable comments. Ku was estimated by the 

approximation of Ku=HkMs/2. Hk is the anisotropy field defined as the critical field, at which the 

magnetization curve measured along the easy magnetization axis of a magnetically oriented sample 

intersects that measured along the hard magnetization axis. Figure R1 shows the dependence of Ku 

on the temperature range from 330 K to 200 K. In the simulations, we just use the value at 300 K to 

simulate the magnetization dynamics at room temperature. In the revised manuscript, the related 

declarations have been added into experimental section (see page 9, lines 9-11).  

 

 

 

  

    

 

Figure R1. Temperature-dependent value of Ku for NdMn2Ge2 

 

 

 

 

 

Figure R2. (a) Simulated LTEM image with the electron beam perpendicular to the sample. (b) 

Simulated LTEM image with a titled angle of 10° between the electron beam and the sample. 

It is well known that, the skyrmonic bubbles are stabilized by a delicate interplay of uniaxial 

magnetic anisotropy, ferromagnetic exchange interaction, dipole-dipole interaction, and out-of-plane 

magnetic field. The thermal field is not an essential physical parameter for the formation of 

skyrmionic bubbles. Thus, it is not necessary to consider the thermal field when we simulated the 

magnetization dynamics of skyrmionic bubbles. Although the thermal effect is not the dominant 



factor for the formation of skyrmionic bubbles, it may decrease the critical field for the nucleation of 

skyrmionic bubbles, as the thermal energy could lower the effective energy barrier between the stripe 

domain and skyrmionic bubbles.  

In our work, we have established the spin texture of the observed bubble domain by combining the 

micromagnetic simulations with the LTEM observation. For the simulations, if the sample is set to be 

perpendicular to electron beam, the simulated skyrmionic bubble shows a symmetric feature (see 

Figure R2a). However, if the sample is titled an angle of 10° in the simulations, namely, the sample 

is not perpendicular to the electron beam, the asymmetric skyrmionic bubble is obtained (see Figure 

R2b). In the case of our experiments, since the LTEM sample is prepared by using a mechanically 

polished method, the sample usually shows a wedge shape, which results in a certain angle between 

the sample and the injected electron beam. By combining the simulations, we thus propose that the 

asymmetric feature of the skyrmionic bubbles observed in our experiments can be attributed to the 

angle between the sample and electron beam.     

 

 

Response to the Report of Reviewer B 

Reviewer B’s General Comment: This work reports on the observation of skyrmionic bubbles on 

REMn2Ge2 (RE = Ce, Pr, and Nd) compounds. Using Lorenz transmission electron microscopy, the 

authors have shown the observation of skyrmionic bubbles under the magnetic field at room 

temperature and demonstrated that the bubbles can be stabilized without the magnetic field in the 

temperature range of 220-320 K. Also, by conducting an angle-dependent study, it has been shown 

that the spin texture of the bubble domain changes from the skyrmionic type to the trivial one. Here, 

I have some questions and suggestions before I could recommend its publication in Materials Today 

Physics. 

Authors’ Reply: We sincerely thank the reviewer for the valuable suggestions and comments, which 

are greatly helpful to improve our manuscript. Below we answer the reviewer’s questions and 

comments in a point-by-point basis. We hope the reviewer will be satisfied with the revised 

manuscript as well as our responses.  

 

Reviewer B’s Comment #1: In the temperature-dependent magnetization curve in Figure 1b, the 



authors have not mentioned whether the curves are zero-field cooled or field cooled, I suggest 

including that information on the figure. 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. The 

temperature-dependent magnetization curves in Figure 1b are measured in a field cooled manner 

under an out-of-plane magnetic field of 10 mT. In the revised manuscript, the related labels are 

shown in Figure 1b.  

 

Reviewer B’s Comment #2: In Figure 2, Figure 3, and Figure 4, it would be better to show the 

values of the scale bar in the images also. 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. In the revised 

manuscript, the scale bar is shown in Figures 2-4.  

 

Reviewer B’s Comment #3: The authors have shown the formation of skyrmionic bubbles at room 

temperature by gradually increasing the magnetic field. But the bubbles are not uniformly distributed 

(Figure 2d, Figure 2h, Figure 2i). What is the reason behind this? 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments that are valuable for 

further improving the quality of our manuscript. In our experiments, the samples used for LTEM 

observation are prepared by the mechanically polishing method. Although such a method allows us 

to obtain a larger thin region for LTEM observation (compared with the focus iron beam method), 

the prepared sample generally exhibits a wedge shape in thickness (as is the case reported in the 

reference [J. Phys.: Condens. Matter 30 (2018) 065803]). As it is well known, the skyrmionic 

bubbles are stabilized by a delicate interplay of uniaxial magnetic anisotropy, ferromagnetic 

exchange interaction, and dipole-dipole interaction. Since the uniaxial magnetic anisotropy and 

exchange interaction are two intrinsic physical parameters, they are not changed by the variation of 

thickness. However, the dipole-dipole interaction is closely related to the thickness variation. 

Generally speaking, the reduction of the sample thickness decreases the strength of dipole-dipole 

interaction, which results in a smaller critical magnetic field for the formation of skyrmionic bubble. 

Contrastively, the increase of the sample thickness enhances the strength of dipole-dipole interaction, 

which leads to a larger critical magnetic field. For a sample with non-uniform thickness, with 

increasing the magnetic field, the stripe domains in the thinner region first transforms into the 



skyrmionic bubbles at a lower magnetic field while the stripe domain still stabilizes in the thicker 

region. By further increasing the magnetic field, when the stripe domains in the thicker region 

transform into the skyrmionic bubbles at a relatively larger magnetic field, the skyrmionic bubbles in 

the thicker region may be annihilated or exhibit a smaller size. Thus, this feature makes the 

distribution of skyrmionicc bubble seem to be random under a critical magnetic field where the stripe 

domains just completely transform into skyrmionic bubbles. Besides the non-uniform thickness, the 

defects/inhomogeneities may generate an energy local energy fluctuation in the sample, which may 

also lead to the random distribution of skyrmionic bubble.  

 

Reviewer B’s Comment #4: In the last sentence of section 3.1, the authors have stated that "When 

we increase the external magnetic field above Hc, the SKBs gradually shrink and finally vanish 

under a magnetic field of about 120 mT in all the three samples". But I did not see the supporting 

information for it. Also, I suggest including supporting images/information showing how skyrmionic 

bubbles vanish above 320 K, below 220 K, and above the critical magnetic field in the T-H phase 

diagram (Figure 3n). 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. In Figure R3, we show 

the LTEM images of REMn2Ge2 (RE = Ce, Pr, and Nd) taken under different external magnetic 

fields at room temperature. Figure R4 shows the LTEM images of NdMn2Ge2 taken under different 

external magnetic fields in a temperature range of 320 K- 220 K after the FC manipulation. Figure 

R5 shows the LTEM images of NdMn2Ge2 taken under zero magnetic field at a 330 K, b 220 K, and 

c 180 K after the FC manipulation. In the revised manuscript, we have added these LTEM images 

into the supplementary information.  

 

 

 

 

 

 

Figure R3. LTEM images of REMn2Ge2 (RE = Ce, Pr, and Nd) taken under different external magnetic fields 

at room temperature. The scale bar is 500 nm. 

 



 

 

 

 

 

 

 

 

 

 

 

Figure R4. LTEM images of NdMn2Ge2 taken under different external magnetic fields in a temperature range of 

320 K- 220 K after the FC manipulation. The scale bar is 1μm. 

 

 

 

 

 

 

Figure R5. LTEM images of NdMn2Ge2 taken under zero magnetic field at a 330 K, b 220 K, and c 180 K after the 

FC manipulation. The scale bar is 500 nm. 

 

Reviewer B’s Comment #5: In Figure 4c, the value of the angle in the image is 15° but, in the 

caption, it has been mentioned that the angles are from 0° to 20°. Maybe, it needs to be corrected. 

Authors’ Reply: We sincerely thank the reviewer for careful reading of our manuscript. Actually, the 

angle ranges from 0° to 15°. In the revised manuscript, the caption has been corrected (see page 18, 

line 14).  

 

Reviewer B’s Comment #6: There is a typo in section 3.2, in the sentence "As shown in Fig. 4n, the 

temperature-induced transitions between different magnetic states can be clearly demonstrated". 

Instead of "Fig. 4n", it should be "Fig. 3n". 

Authors’ Reply: We sincerely thank the reviewer for careful reading of our manuscript. In the 



revised manuscript, this point has been corrected (see page 8, line 23).  

 

 

Response to the Report of Reviewer C 

Reviewer C’s General Comment: Topological spin configurations, including skyrmions and 

skyrmionic bubbles, have attracted tremendous attention from researchers for their promising 

application in the field of magnetic memories or logic circuits. From the application perspective, it is 

interesting to find the materials with room-temperature stabilized skyrmionic spin configurations. In 

this work, the authors reported the realization of high-density and room-temperature stabilized 

skyrmionic bubbles in a family of rare earth based intermetallics, REMn2Ge2 (RE = Ce, Pr, and Nd), 

which greatly enriches rare-earth-based material candidates that host room-temperature-stabilized 

skyrmionic spin configurations. In my opinion, it is a timely report and can have large impact in this 

research field. I recommend the present manuscript for publication after addressing the following 

comments. 

Authors’ Reply: We sincerely thank the reviewer for careful reading of our manuscript. The 

valuable suggestions and comments are greatly helpful to improve our manuscript. Below we answer 

the reviewer’s questions and comments in a point-by-point basis. We hope the reviewer will be 

satisfied with the revised manuscript as well as our responses.  

 

Reviewer C’s comment #1: The authors observed the skyrmionic bubbles in REMn2Ge2 by using 

LTEM. I would like to know whether these compounds can be synthesized in the single crystal form 

that is more appreciated for further investigating the exotic physics, such as the domain structures at 

different crystal faces, magneto-electronic properties and current-driven dynamics.     

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. We agree with the 

reviewer that the single crystal is more appreciated for further investigating the exotic physics. 

Actually, high-quality REMn2Ge2 single crystals have been synthesized by using an indium-flux 

method, as is shown in the references [J. Appl. Phys 61, (1987)4237; J. Phys. Soc. Jpn. 72, (2003) 

3197; J. Phys.: Condens. Matter 14, (2002) L687].  

 

Reviewer C’s comment #2: It is well known that many rare earth-transition metal alloys are 

generally easy to be oxidized. The authors should point out that whether the samples are stable in the 

air and whether their results are reproducible. 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. Although some of the 



rare-earth containing compounds are prone to be oxidized, we find that the single crystals of 

REMn2Ge2 (RE= Ce, Pr, and Nd) are stable in the air. For x-ray measurement, the powders are first 

exposed to be the air for two weeks. We have not observed obvious oxidation peaks, indicating that 

the REMn2Ge2 (RE= Ce, Pr, and Nd) is not easy to be oxidized in the air. We should also note here 

that the energy-dispersive x-ray spectrometry (EDX) shown in Figure 1c was measured based on a 

sample that is exposed to be the air for several days. No evidence of component segregation or 

oxides-cluster has been observed. Based on the XRD and EDX experiments, we can conclude that 

the material system REMn2Ge2 (RE= Ce, Pr, and Nd) is robust against the oxidation. 

   We have also carried out the LTEM observations in another PrMn2Ge2 sample. As shown in 

Figure R6, we can also find the formation of skyrmionic bubbles, suggesting that our results are 

repeatable.  

 

 

 

Figure R6. Magnetic field-dependent domain evolution process of PrMn2Ge2 at room temperature.  

 

Reviewer C’s comment #3: In Figures 2 and 3, the authors declare that they have observed 

high-density skyrmionic bubbles in REMn2Ge2. As far as I know, the size of skyrmionic bubbles is 

one of the crucial parameters for their application in the field of magnetic memories. However, the 

authors do not show the readers about the size. The authors should summarize the magnetic 

field-dependent size of skyrmionic bubbles in the REMn2Ge2 family and compare them with other 

compounds hosting room-temperature stabilized skyrmionic spin configurations. 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. Based on the 

suggestions and comments, we have summarized the size of skyrmionic bubbles in the REMn2Ge2 

(RE = Ce, Pr, and Nd) under the critical magnetic field where the stripe domain just transforms into 

skyrmionic bubble. It is found that their size falls within the range of 320-250 nm. Such a size range 

is similar to that observed in the Fe3Sn2 but one or two times larger than that of MnNiGa, 

Co-Zn-Mn, and multi-layered Pt-Co-Ta. In the revised manuscript, we have added the declarations 

above into the main text (see page 7, lines 18-21).  

http://www.youdao.com/w/expose/#keyfrom=E2Ctranslation
http://www.youdao.com/w/expose/#keyfrom=E2Ctranslation


 

Reviewer C’s comment #4: In the main text, the authors declare that both the trivial bubbles and 

skyrmionic bubbles can be observed in REMn2Ge2. However, the trivial bubbles are not suitable for 

further application in the skyrmionic devices due to their topologically trivial spin texture. So the 

trivial bubbles should be excluded by a certain manner. Can the authors comment on how to get rid 

of the trivial bubbles? 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. We agree with the 

reviewer that the trivial bubbles are not suitable for further application in the skyrmionic devices due 

to their topologically trivial spin texture. In our previous work [ACS Nano 13, (2019) 922], we have 

found that geometrically confined effect in a nanostructure can get rid of the trivial bubbles. As 

shown in Figure R7, with the decrease of the track width, the trivial bubbles are gradually excluded 

and the skyrmionic bubbles are gradually formed. In particular, when the width falls below 500 nm 

(including 500 nm), only the skyrmionic bubbles survive in the track (see Figure R7). So, we 

propose that the trivial bubbles in REMn2Ge2 may be excluded by designing suitable geometrical 

confinement, e,g., nanotrack and nanodot.  

 

 

 

 

 

Figure R7. LTEM images for Fe3Sn2 nanotracks with various width under their corresponding 

critical field, where the stripe domains just transform into bubbles or skyrmionic bubbles completely. 

 

Reviewer C’s comment #5:  Please write the details about the experimental equipment of LTEM. 

Authors’ Reply: We sincerely thank the reviewer for the valuable comments. The details about the 

LTEM measurements are presented in the Experimental section (see page 4, lines 17-20). 
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 Skyrmionic bubbles in REMn2Ge2 can stable in a wide temperature range 

 Skyrmionic bubbles were observed first time in rare earth based magnets. 

 Great significance for practical skyrmionic applications 

Highlights



 

Manuscript File



1 

 

Emergence of room temperature stable skyrmionic bubbles in the rare 1 

earth based REMn2Ge2 (RE = Ce, Pr, and Nd) magnets 2 

 3 

Zhipeng Hou1, Lingwei Li2, Chen Liu3, Xingsen Gao1, Zhipan Ma2, Guofu Zhou1, Yong Peng3*, Mi Yan2,4, 4 

Xi-xiang Zhang5, and Junming Liu6 5 

1Guangdong Provincial Key Laboratory of Optical Information Materials and Technology & Institute for 6 

Advanced Materials, South China Academy of Advanced Optoelectronics, South China Normal University, 7 

Guangzhou 510006, P. R. China 8 
2 Key Laboratory of Novel Materials for Sensor of Zhejiang Province, Institute of Advanced Magnetic Materials, 9 

Hangzhou Dianzi University, Hangzhou 310012, P. R. China 10 

3 Key Laboratory for Magnetism and Magnetic Materials of Ministry of Education, Lanzhou University, Lanzhou 11 

730000, P. R. China 12 
4 School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, P. R. China 13 

5 Physical Science and Engineering Division, King Abdullah University of Science and Technology, Thuwal 14 

23955-6900, Saudi Arabia 15 
6Laboratory of Solid State Microstructures and Innovation Center of Advanced Microstructures, Nanjing 16 

University, Nanjing 211102, P. R. China 17 

 18 

 19 

Abstract: Skyrmionic spin configurations, including skyrmions and skyrmionic bubbles, have 20 

attracted much attention for their intriguing magneto-electrical properties. To date, most skyrmionic 21 

spin configurations are observed in transition metal based magnets, the correlations between 22 

topological structures and f orbital electrons are still unclear due to the lack of rare earth (RE) based 23 

magnets hosting skyrmionic spin configurations, especially at room temperature. Here, a family of 24 

RE-based intermetallics compounds, REMn2Ge2 (RE = Ce, Pr, and Nd) magnets, are demonstrated to 25 

be able to host skyrmionic bubbles in a wide temperature range of 220-320 K. By further applying a 26 

field-cooling procedure, high-density hexagonal lattices of skyrmionic bubbles are realized under 27 

zero magnetic field. By combing the micromagnetic simulations, the rotation of easy-magnetized 28 

axis plays a dominated role for present REMn2Ge2 magnets, plays a dominated role in the 29 

temperature and field induced magnetic domain evolutions. The skyrmionic spin configurations 30 

observed in the RE-based magnets can overcome the limiting factors in terms of material variations, 31 
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operating temperature, and working magnetic field, which is of great significance to practical 1 

applications of the skyrmionic spin configurations. 2 

 3 

Keywords: REMn2Ge2 (RE = Ce, Pr, and Nd) magnets, skyrmionic bubbles, rare earth, magnetic 4 

properties, magnetic domain evolution 5 

 6 

1. Introduction 7 

Recent years have witnessed a booming development of skyrmionic spin configurations, including 8 

skyrmions (SKs) and skyrmionic bubbles (SKBs), for their promising application in the field of 9 

magnetic memories or logic circuits [1-3]. Magnetic SKs are vortex-like spin configurations that are 10 

generally observed in non-centrosymmetric chiral crystals [4-9] or asymmetric magnetic thin films 11 

[10-16]. In such systems, broken inversion symmetry leads to a certain Dzyaloshinskii-Moriya 12 

interaction (DMI) that not only stabilizes SKs but also endows them with a fixed helicity. In contrast, 13 

SKBs are generally observed in centrosymmetric magnets and stabilized by a delicate interplay of 14 

uniaxial magnetic anisotropy, ferromagnetic exchange interaction, and dipole-dipole interaction 15 

[17-23]. Unlike DMI-stabilized SKs, SKBs have two additional degrees of freedom, i.e., helicity and 16 

vorticity. However, from the perspective of topology, the two classes of skyrmionic spin 17 

configurations are approximately equivalent to each other, and consequently they show numerous 18 

similar topological features, such as skyrmion Hall effect [16,23], topological Hall effect [18,24], and 19 

low current density for motion [25-27]. These novel magnetoelectric properties, in combination with 20 

their topologically stable feature, make both SKs and SKBs potential candidates for carrying 21 

information in future spintronic devices [1-3].  22 

As information carriers, skyrmionic spin configurations should be manipulated by external stimuli 23 

at room temperature. To date, room-temperature (RT) stabilized skyrmionic spin configurations are 24 

generally observed in non-rare-earth intermetallics/thin films (e.g., Co-Zn-Mn [7], Fe3Sn2 [17], FeGe 25 

[8,28], and Pt/Co/Ta multilayered thin films [11,15]), where the topological non-collinear magnetism 26 

originates from the interplay of d orbital electrons and/or d-p orbital electrons. Moreover, the 27 
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rare-earth (RE) based magnetic systems have attracted a great deal of attention from researchers 1 

because the introduction of f orbital electrons from RE elements may bring about numerous 2 

intriguing physical properties, such as, various magnetic ordering, heavy fermion behaviors, 3 

superconductivity and large magnetocaloric effect, as well as extoic magneto-electrical properties for 4 

the skyrmionic spin configurations [12,20,21,29-32]. For example, Woo et al. experimentally 5 

demonstrated that the skyrmion Hall angle during the current-driven motion of SKs could be 6 

significantly inhibited in the RE-containing GdFeCo/Pt thin films due to their ferrimagnetic features 7 

originating from the coupling of f-d orbital electrons [12]. Moreover, recent investigations revealed 8 

that frustrated SKBs could be stabilized at low temperature via Ruderman-Kittel-Kasuya-Yosida 9 

(RKKY) interactions originating from the 4f moments in the RE-intermetallic, Gd2PdSi3 and 10 

GdRu2Si2 [21, 30]. These particular properties of skyrmionic spin configurations in RE-based 11 

magnetic systems are highly advantageous for both fundamental physics and practical applications, 12 

which may break a brand new ground for the further development of skyrmionic spintronics.  13 

Despite their promising potential, the reported RE-based magnetic systems hosting skyrmionic 14 

spin configurations are still quite limited [12,20,21,29], especially at room temperature [12,20,29]. 15 

To date, only the RE-based amorphous thin films [12,20,29] or RE-containing ferrites [33] have been 16 

reported to be able to host skyrmionic spin configurations at room temperature. However, no 17 

RT-stabilized skyrmionic spin configurations have been observed in the RE-based intermetallics 18 

though these compounds are rich in magnetic properties and generally show good electrical 19 

conductivity that is highly appreciated for further manipulation of skyrmionic spin configurations by 20 

electric current. Therefore, one particularly important current task aims at discovering new RE-based 21 

intermetallic compounds that host RT-stabilized skyrmions or skyrmionic bubbles. 22 

Here, we reported an experimental observations of RT-stabilized SKBs in a family of RE-based 23 

intermetallic compounds, REMn2Ge2 (RE = Ce, Pr, and Nd), via Lorenz transmission electron 24 

microscopy (LTEM). The critical magnetic field for the nucleation of SKBs falls within the range of 25 

40-70 mT, which is two or three times lower than that of other magnetic systems hosting 26 

RT-stabilized SKBs [17,18,20]. By further applying an appropriate field-cooling (FC) procedure, 27 

high-density hexagonal SKB lattices can be realized under a zero magnetic field (H).  28 
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 1 

2. Experimental and simulation details 2 

2.1 Polycrystalline sample preparation 3 

Single phased polycrystalline REMn2Ge2 (RE = Ce, Pr, and Nd) compounds are fabricated by 4 

arc-melting the high-purity components (Ce-99.9wt.%, Pr-99.9wt.%, Nd-99.9wt.%, Mn-99.9wt.%, 5 

and Ge-99.99wt.%) in a pure argon atmosphere. Excess rare earth (2 mol%) and Mn (3 mol%) over 6 

the stoichiometric composition are added to compensate for the loss during the arc-melting process.  7 

2.2 Magnetization measurements  8 

The tenperature dependence of magnetization for REMn2Ge2 compounds were determined in 2-300 9 

K with a field cooling mode by using a dynacool magnetic properties measurement system 10 

(MPMS-XL-7) with a superconducting quantum interference device (SQUID) magnetometer 11 

(Quantum Design, USA) 12 

2.3 LTEM sample preparation and observation  13 

Samples for LTEM observations are first cut from a bulk polycrystalline alloy and subsequently are 14 

mechanically polished to 70 m in thickness. Hereafter, the polished sample is fixed on a copper ring 15 

and is further milled by using PIPS II (model 695, GATAN). The initial angle is 6, and the energy is 16 

5 keV. To obtain a relatively large thin region in the LTEM sample, the angle is adjusted to 4 and 17 

the energy is decreased to 3 keV, when holes appear in the sample. The magentic domains are 18 

observed by using a FEI Tecnai F30, in the Lorentz TEM mode. The acceleration voltage is 300 kV. 19 

The out-of-plane magnetic field was applied on the sample by increasing the current of objective lens 20 

and maximum magnetic field is 2 Tesla. The HRTEM was measured by using a Titan G2 60-300 21 

(FEI) at an acceleration voltage of 300 kV.  22 

2.4 Micromagnetic simulations 23 

Micromagnetic simulations were carried out with three-dimensional object oriented micromagnetic 24 

frame work (OOMMF) code [34], based on the LLG function. Slab geometry for the nanostripe is 25 

2000 nm × 2000 nm × 150 nm with rectangle mesh of size 5 nm × 5 nm × 5 nm. The material 26 

parameters are chosen according to the experimental values. 27 

3. Results and discussion 28 
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3.1 Room-temperature skyrmionic bubbles in REMn2Ge2 (RE = Ce, Pr, and Nd) 1 

The target materials, CeMn2Ge2, PrMn2Ge2 and NdMn2Ge2, belong to a large family of RE-based 2 

intermetallic compounds, RET2X2 (where T represents the d metals and X represents the Si, Ge, and 3 

As elements), which exhibit extoic physical properties including the superconductivity, giant 4 

magnetocaloric effect, magnetoelastic coupling, etc. [35-38]. The RET2X2 compounds are 5 

crystallized in a ThCr2Si2-type tetragonal structure (Fig. 1a) [33]. In such a structure, the component 6 

atoms RE, Mn and Ge occupy 2(a), 4(d) and 4(e) sites, respectively, so that the respective atoms can 7 

be considered as a stacking structure along the c-axis with a centrosymmetric sequence of 8 

Mn-Ge-RE-Ge-Mn [39]. The centrosymmetric feature of the crystal structure excludes the bulk DMI 9 

as a source of the possible skyrmionic spin configurations in REMn2Ge2; instead, a dedicate 10 

interplay of uniaxial anisotropy, dipole-dipole interaction and ferromagnetic exchange interaction 11 

may dominate. Neutron diffraction studies reveal that when the RE site of REMn2Ge2 is occupied by 12 

a heavy rare earth (e.g., Gd and Dy), this compound shows a collinear antiferromagnetism at room 13 

temperature owing to the competition of Mn-Mn and RE-Mn exchange interactions [40]. However, if 14 

the heavy RE element is replaced with a light one (e.g., Ce, Pr, and Nd), the collinear 15 

antiferromagnetism will transform into a non-collinear helical ferromagnetism along the c-axis at 16 

room temperature [39]. Similar to the case of magnetic systems hosting skyrmionic bubbles, e.g., 17 

Fe3Sn2 [17] and MnNiGa [18], such helimagnetic spin structures in the REMn2Ge2 (RE = Ce, Pr, Nd) 18 

are very likely to warp into SKBs if an appropriate magnetic field is applied along the out-of-plane 19 

direction of sample.  20 

Temperature-dependent magnetization measurements demonstrate that CeMn2Ge2, PrMn2Ge2, and 21 

NdMn2Ge2 alloys show a Curie temperature (Tc) of approximately 310 K, 320 K and 330 K, 22 

respectively (Fig. 1b). These experimentally established values are in good agreement with previous 23 

reports [39-41], which confirms that the as-prepared samples possess expected crystal structure. 24 

Moreover, we find some obvious humps in the temperature-dependent magnetization curves 25 

(enclosed by the dashed boxes in Fig. 1b). Such humps have also been observed in many other 26 

magnetic systems hosting skyrmionic spin configurations [17,18], and indicate the appearance of a 27 
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spin reorientation in the REMn2Ge2 (RE = Ce, Pr, and Nd) during the variation of temperatures 1 

[17,18].  2 

In left panel of Fig. 1c, we present the scanning transmission electron microscopy (STEM) image 3 

of a typical LTEM sample for NdMn2Ge2. Energy dispersive spectrometer (EDS) analysis 4 

demonstrates that the componential elements of Nd, Mn, and Ge are distributed uniformly across the 5 

surface of the sample (right panel of Fig. 1c), and their average chemical composition ratio (i.e., Nd: 6 

Mn: Ge) is approximately 19.02%: 40.76%: 40.22%, which is close to the ideal percentage. 7 

Selected-area electron diffraction (SAED) is performed on the normal direction of the sample to 8 

check its orientation. The corresponding diffraction spots (Fig. 1d) show a perfect four-fold 9 

symmetric feature, revealing that the out-of-plane direction of the sample is along [001] orientation 10 

of the NdMn2Ge2 crystal. By further using high-resolution scanning transmission electron 11 

microscopy (HR-STEM) to visualize the sample along [001]-direction (Fig. 1e), we find that the 12 

arrangement of atoms agrees well with the (001) crystal plane of NdMn2Ge2, which suggests that the 13 

LTEM sample is in a good quality.  14 

To determine the formation of SKBs in REMn2Ge2 (RE = Ce, Pr, and Nd), we have performed 15 

real-space observations of their magnetic field-dependent domain evolution processes at room 16 

temperature by LTEM (the magnetic field is applied along the out-of-plane direction of sample). Fig. 17 

2a-l show the typical LTEM images of REMn2Ge2 (RE = Ce, Pr, and Nd) taken under different 18 

magnetic fields. At H = 0 mT and 300 K (Figs. 2a, e, and i), all the three samples host spontaneous 19 

stripe domains at their ground state. Such stripe domains possess a long-period helimagnetic 20 

structure and the corresponding helix period for CeMn2Ge2, PrMn2Ge2, and NdMn2Ge2 can be 21 

established to be 380, 330, and 350 nm, respectively, by measuring the sinusoidal variation of the 22 

LTEM contrast. As H increases from zero along the [001] direction of these samples, a gradual 23 

transformation from the stripe domains to bubble domains is clearly observed (Figs. 2a-d, e-h, and 24 

i-l). The LTEM images of these bubble domains generally show a symmetric contrast variation 25 

(bubble “1”), that is, white-dark-gray-dark-white (or dark-white-gray-white-dark) along their 26 

diameter direction (Fig. 2m). By further combining the LTEM images with simulations [42], the 27 

observed bubble domains in REMn2Ge2 (RE = Ce, Pr, and Nd) are established to be orthodox SKBs 28 
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(Figs. 2n and o) [17,19], where the thickness of the Bloch wall is comparable to the radius of the 1 

bubble domain (Fig. 2o). We have also observed some of the bubbles in CeMn2Ge2 and PrMn2Ge2 2 

show an assymmetric contrast variation (bubble “2”), that is, white-dark-gray-white-dark along their 3 

diameter direction (Fig. 2p). On basis of the simulations, the observed bubble “2” can be established 4 

to be trivial type (Figs. 2q and r), which composes of a pair of non-convergent Bloch lines and 5 

possess a topological number of 0. We should note here that, the coexistence of SKBs and trivial 6 

bubbles in our experiments is not extraordinary but commonly observed in the centrosymmetric 7 

magnetic systems without DMI, e.g., Fe3Sn2 and MnNiGa [17,18]. Moreover, we have established 8 

the critical magnetic field (Hc), where the stripe domain completely transforms into SKBs, to be 40 9 

mT, 60 mT, and 70 mT for CeMn2Ge2, PrMn2Ge2, and NdMn2Ge2, respectively, as shown in Fig. 2d, 10 

h, and l. These values are two or three times lower than those of other magnetic systems hosting 11 

RT-stabilized SKBs (e.g., Fe3Sn2 [17], MnNiGa [18], and Fe/Gd multilayered thin films [20]), and 12 

comparable to those of the Co-Zn-Mn alloys [7] or Pt-Co-Ta multilayered thin films [11,15] hosting 13 

RT-stabilized skyrmions. When we increase the external magnetic field above Hc, the SKBs 14 

gradually shrink and finally vanish under a magnetic field of about 120 mT in all the three samples. 15 

Details about the magentization processes are shown in Supplementary Fig.S1. Moreover, we find 16 

that the size of skyrmionic bubbles at Hc in the REMn2Ge2 (RE = Ce, Pr, and Nd) falls within the 17 

range of 320-250 nm. Such a size range is similar to that observed in the Fe3Sn2 [17] but one or two 18 

times larger than that of MnNiGa [18], Co-Zn-Mn [7], and multi-layered Pt-Co-Ta [15].  19 

3.2 Realization of zero magentic filed skyrmionic bubbles by field cooling  20 

Our experimental results above have revealed that the REMn2Ge2 (RE = Ce, Pr, and Nd) series of 21 

compounds, can host SKBs at room temperature. However, their nucleation is random, and the 22 

arrangement is not well ordered. These features are similar to those observed in the Fe3Sn2 [17] and 23 

MnNiGa [18,43] alloys. Using NdMn2Ge2 as an example, we will next illustrate that the high-density 24 

hexagonal lattices of SKBs can be realized at room temperature by applying a field-cooling (FC) 25 

procedure. Fig. 3a schematically shows the detailed FC process, where the temperature of the sample 26 

is first heated above Tc without applying any magnetic field and subsequently is decreased to the 27 

target temperatures under a magnetic field of 30 mT. Fig. 3b shows a typical LTEM image taken at 28 
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the target temperature of 300 K after FC manipulation. In contrast to the low-density and random 1 

distribution of SKBs purely induced by the magnetic field, their density after FC process is 2 

significantly enhanced, and meanwhile the SKBs orderly arrange into high-density hexagonal lattices 3 

at zero magnetic field with an average lattice contrast (a) of approximately 250 nm. We further find 4 

that the zero-field hexagonal lattices are extremely stable even after keeping the sample in the air for 5 

several days at room temperature, thereby exhibiting promising application for the non-volatile 6 

magnetic memory devices. However, if we increase the magnetic field, the hexagonal lattices of 7 

SKBs would vanish at a magnetic field of approximately 100 mT (Figs. 3b-d). This value is slightly 8 

lower than that for the domain evolution process induced purely by the magnetic field, as shown in 9 

Fig. 2. We have further established that the zero-field hexagonal lattices can be stabilized at 10 

temperatures ranging from 320 K to 270 K (Figs. 3b-g) but their density decreases correspondingly 11 

with decreasing the temperature from 320 K. When the temperature decreases below 270 K (Figs. 3h 12 

and k), the zero-field hexagonal lattices can no longer remain stable, and some of them begin to 13 

spontaneously transform into stripe domains. If we increase the external magnetic field (Figs. 3h-m), 14 

the hexagonal lattice can reform in the sample. However, the maximum density decreases 15 

significantly compared with that at room temperature. Moreover, we find that, below 270 K, the 16 

bubble domains transform from the skyrmionic type to the trivial one (enclosed by the white dashed 17 

boxes in Figs. 3h and l). Details about the magentization processes are shown in Supplementary 18 

Fig.S2 and Fig S3. Based on these LTEM results, we have summarized a T-H phase diagram of the 19 

magnetic states after FC manipulation. As shown in Fig. 3n, the temperature-induced transitions 20 

between different magnetic states can be clearly demonstrated. Previous neutron diffraction results 21 

demonstrate that the easy-magnetized axis of NdMn2Ge2 gradually rotates towards the in-plane 22 

direction as the temperature decreases from approximately 250 K and completely lies into the 23 

in-plane direction below 220 K [40]. We propose that the observed transitions between different 24 

magnetic states are closely associated with the temperature-induced spin reorientation process 25 

because the spin reorientation can decrease the out-of-plane component of magnetic uniaxial 26 

anisotropy (Ku) which may show a significant influence on the magnetic domain evolution.  27 
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To further prove this point, we have performed micromagnetic simulations based on the 1 

experimentally established magnetic parameters of NdMn2Ge2. Slab geometry for the nanostripe is 2 

2000 nm × 2000 nm × 150 nm with rectangle mesh of size 5 nm × 5 nm × 5 nm. The material 3 

parameters are chosen according to the experimental values of NdMn2Ge2, with a saturation 4 

magnetization Ms = 2.2×105 A/m at room temperature, and an uniaxial magnetocrystalline anisotropy 5 

constant Ku=5.0×104 J/m3. Here, Ku was estimated by the approximation of Ku=HkMs/2, where Hk is 6 

the anisotropy field defined as the critical field, where the magnetization curve measured along the 7 

easy magnetization axis of a magnetically oriented sample intersects that measured along the hard 8 

magnetization axis. The exchange constant A was estimated to be 4.0×10-12 A/m by 𝑤 = π√𝐴 𝐾u⁄ , 9 

where w is the domain wall width obtained from the LTEM results and is approximately equal to 28 10 

nm. To simulate the evolution of the field cooling process, the slab is initially set to a magnetic state 11 

that the spin configuration is random in three dimensions. Then, we relaxed the random initial spin 12 

configuration with a fixed magnetic field 30 mT. Finally, we removed the external magnetic field 13 

and relaxed the magnetic system to the equilibrium state. A damping constant α=0.5 was applied to 14 

ensure a quick relaxation to the equilibrium state. In the simulations, an out-of-plane magnetic field 15 

of 30 mT is applied on the sample at its initial random state to agree with the FC process. As shown 16 

in Fig. 3o, the thin plate can host SKBs under zero magnetic field at the equilibrium state. This result 17 

is consistent with the experimental observations, which validates our theoretical model and 18 

numerical approach. As the decrease of Ku, we can find that some of the SKBs first gradually 19 

transform into trivial bubbles and subsequently integrate together with adjacent two or more ones to 20 

form a dumbbell-like stripe domain (Figs. 3o-q). The simulated domain evolution process is 21 

qualitatively consistent with that observed in our experiments. Thus, we can hence conclude that the 22 

decrease of Ku, which originates from the rotation of easy-magnetized axis, plays a dominated role in 23 

the temperature-induced transitions between different magnetic states.  24 

3.3 Angle-dependent spin texture of the bubble domain   25 

We have further investigated the stabilization of SKBs by varying the angle (θ) between the sample 26 

and horizontal direction under an out-of-plane magnetic field of 30 mT (Fig. 4). At initial state (θ = 27 

0°), the sample hosts hexagonal lattices of SKBs (Fig. 4a). When θ is gradually titled from 0° to an 28 
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angle of approximately 15°, we find that the contrast variation of bubble domains changes from the 1 

symmetric white-dark-gray-dark-white along their diameter direction into the assymmetric 2 

white-dark-gray-white-dark (Figs. 4a-f). These features suggest that the spin texture of the bubble 3 

domain gradually changes from the skyrmionic type to the trivial one. We have also simulated the 4 

magnetic domain evolution process by varying the angle between the sample and horizontal direction 5 

(Figs. 4g-i). The simulated results qualitatively agree with the experimental results, which confirms 6 

our experimental observations are reliable. As known to us, SKBs have two additional degrees of 7 

freedom, i.e., helicity and vorticity, which is distinguished from the fixed spin texture of 8 

DMI-stabilized SKs. Such a feature makes the internal spin texture of SKBs easy to be manipulated 9 

by external stimuli, e.g., magnetic field [19] and electric current [44]. In the case of our experiments, 10 

after titling a certain angle between the sample and horizontal direction, the in-plane component of 11 

the external magnetic field can induce the motion of Bloch lines in the SKB, which may force the 12 

SKBs to transform into trivial bubbles.  13 

4. Conclusions 14 

In this work, magnetic field-dependent domain evolution processes in a family of RE-intermetallics, 15 

REMn2Ge2 (RE = Ce, Pr, and Nd) are systematically investigated, via real-space LTEM observations 16 

and micromagnetic simulations. We find that the REMn2Ge2 (RE = Ce, Pr, and Nd) can host isolated 17 

SKBs at room temperature. By further applying an appropriate FC process, zero-field hexagonal 18 

skyrmionic lattices can be realized in NdMn2Ge2 at a wide temperature ranging from 320 K to 270 K. 19 

When the temperature decreases below 270 K, the zero-field hexagonal lattices can no longer remain 20 

stable, and some of them begin to spontaneously transform into stripe domains. Meanwhile, the 21 

bubble domains transform from the skyrmionic type to the trivial one. By combining micromagnetic 22 

simulations, we reveal that the rotation of easy-magnetized axis of NdMn2Ge2 plays a dominated role 23 

in the temperature-induced transitions between different magnetic states. The discovery of the series 24 

of RE-intermetallic compounds, REMn2Ge2 (RE = Ce, Pr, and Nd), may not only greatly enrich 25 

RE-based material candidates that host RT-stabilized skyrmionic spin configurations, but also 26 

provide a novel platform for further investigating intriguing magneto-electric properties of 27 

skyrmionic spin configurations.  28 
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Figure 1. Crystal structure and temperature-dependent magnetization of REMn2Ge2 (RE = Ce, Pr, and Nd). (a) Side 11 

(left panel) and top (right panel) view of the REMn2Ge2 lattice. The blue, red, and gray particles represent the 12 

component elements RE, Mn, and Ge, respectively. (b) Temperature-dependent magnetization curves of 13 

REMn2Ge2 (RE = Ce, Pr, and Nd) measured by using a field cooled manner under a magnetic field of 10 mT at the 14 

temperatures ranging from 380 K to 10 K. The humps in the curves are enclosed by the dashed boxes and signal the 15 

occurrence of spin reorientation at the corresponding temperature range. The left panel of c shows a typical STEM 16 

image of NdMn2Ge2 and the right panel of (c) shows the color maps for the elemental distributions of Nd (light 17 

blue), Mn (green), and Ge (orange) acquired by scanning EDX on the region enclosed by dashed boxes in the left 18 

panel of (c). (d) Selected-area diffraction pattern and (e) HR-STEM image taken along the out-of-plane direction of 19 

the sample. Inset shows an enlarged image of e, and the Nd (blue particle), Mn (red particle), and Ge (gray particle) 20 

atoms are orderly arranged on the experimentally established crystal lattices. 21 
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Figure 2. Magnetic field-dependent domain evolution process of REMn2Ge2 (RE = Ce, Pr, and Nd) at room 12 

temperature. The over-focused LTEM images of NdMn2Ge2, PrMn2Ge2, and CeMn2Ge2 taken under different 13 

magnetic fields are shown in (a-d), (e-h), and (i-l), respectively. The scale bar represents 500 nm. (m) Enlarged 14 

image of bubble “1” enclosed by dashed box in (g). (n) Enlarged image of bubble “2” enclosed by dashed box in 15 

(h). (o) Simulated LTEM image based on the spin configuration of a Bloch-type skyrmionic bubble shown in (q). 16 

(p) Simulated LTEM image based on the spin configuration of a trivial bubble shown in (r). 17 
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Figure 3. Field-cooling (FC) process and phase diagrams of skyrmionic bubbles after the FC process. (a) 13 

Schematic diagram for FC procedure. (b-m) LTEM images taken under different external magnetic fields at the 14 

temperatures ranging from 300 K to 220 K after the FC manipulation. The hexagonal white lines represent a typical 15 

hexagonal lattice of skyrmionic bubbles. The white boxes in (h) and (l) mark the trivial bubbles. The scale bar is 1 16 

μm. (n) Phase diagrams of bubble domains by mapping their density in the T-H plane. (o-q) Variation of simulated 17 

magnetic domain structures with Ku. The magnetization along the y-axis (My) is represented by regions in red (+My) 18 

and blue (−My). 19 
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Figure 4. Angle-dependent experimentally observed bubble domain lattices and simulated bubble lattices.(a-c) 12 

LTEM images taken under  an out-of-plane magnetic field of 30 mT at 300 K with tilting angles ranging from 0° 13 

to 15°, as schematically shown in the inset of (a). The scale bar of all the LTEM images is 1 μm. (d-f) Enlarged 14 

images of bubble domains enclosed by dashed boxes in (a-c). (g-h) Angle-dependent simulated bubble domain 15 

lattices under a fixed out-of-plane magnetic field of 30 mT. The magnetization along the y-axis (My) is represented 16 

by regions in red (+My) and blue (−My). 17 
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