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Ferrimagnets, which have both ferromagnetic and antifer-

romagnetic coupling are attracting increased attention in 

the realm of spintronic devices due to advantages such as 

ultrafast dynamics and a suppressed skyrmion Hall effect. 

Thus, understanding the behavior of non-trivial spin tex-

tures in ferrimagnets is crucial, however comprehensive re-

ports on this topic remain limited. Here, we explore the 

magnetic spin textures of ferrimagnetic Mn2 – xZnxSb (x = 

0.85) as a function of temperature and applied magnetic 

field. Spin textures that can be tuned into a variety of states, 

including stripes, skyrmion bags, and a skyrmion lattice.Chiral 

Néel-type magnetic structures are visualized using Lorentz 

transmission electron microscopy. Mn(I) ions prefer shift-

ing slightly toward to Sb sites, which may be due to a strong 

electrostatic interaction between Mn and Sb ions. The struc-

ture defect breaks the local structure symmetry and intro-

duces the effective Dzyaloshinkii-Moriya interaction. Our 

work thus provides a pathway to use doping and hetero-

geneity in a ferrimagnet to control and generate chiral non-

trivial spin textures. 

K E Y W O R D S 

Ferrimagnet, temperature dependence, Néel type, rich spin 

textures, Mn ion displacement, structural asymmetry 

mailto:yue.li@anl.gov
mailto:cd@anl.gov
mailto:tevelthuis@anl.gov


2 

 

 
4 1  |  INTRODUCTION 

 

 
5  Magnetic skyrmions are topologically non-trivial spin textures that are fascinating not only due 

6  to their fundamental physics arising from symmetry breaking but also technologically useful 

7  for future spintronic applications[1–4]. The majority of the research on magnetic skyrmions has 

8  focused on ferromagnetic (FM) materials with broken symmetries either due to a chiral crystal 

9  lattice, such as MnSi[5], FeGe[6], Co-Mn-Zn,[7] or to asymmetric interfaces in heterostructures, 

10  for example in Ta/CoFeB/TaOx [8] or Pt/Co/X, where X is a heavy metal[9,10]. The interplay be- 

11  tween the Heisenberg exchange and the anti-symmetric exchange, Dzyaloshinkii-Moriya inter- 

12  action (DMI), leads to the formation of skyrmions of Bloch-type or Néel-type[11]. Bloch-type 

13  spin textures are stabilized due to inversion symmetry breaking of the bulk crystal, while the 

14  formation of Néel spin textures arises from the broken inversion symmetry at interfaces[12]. 

15  Recently, skyrmions have also been observed in achiral materials, which are stabilized due to 

16  long-range dipolar interactions. In particular, materials with achiral crystal lattices and com- 

17  peting types of magnetic order, such a ferrimagnetic (FiM) order, are extremely interesting 

18  as they provide additional degrees of freedom that can lead to a larger variety of topologi- 

19  cal spin textures and a rich phase space with respect to temperature and magnetic field[4]. 

20  Ferrimagnets have unbalanced antiparallel-aligned magnetic spins at inequivalent sublattices, 

21  simultaneously possessing antiferromagnetic (AFM) and ferromagnetic (FM) orders. This leads 

22  to unique magnetic properties: small stray field, small net magnetization and ultrafast dynam- 

23  ics[13,14]. Although bulk and interfacial DMI have been reported in FiM multilayers[15,16] and 

24  amorphous alloys[17], the DMI in FiM crystals still remain little known and has recently gar- 

25  nered interest. 

 
26 One of the outstanding issues with skyrmions in FM materials is the skyrmion Hall ef- 

27  fect, which results in a non-collinear motion of skyrmions with respect to an applied electric 

28  current[18,19]. This is not desirable for spintronic applications such as skyrmion racetrack mem- 
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29  ories. Here again, it has been predicted and observed that the use of FiM materials can lead 

30  to suppression of the skyrmion Hall effect due to competing magnetic order on different sub- 

31  lattices in the material[20,21]. The formation of skyrmions and chiral domains in FiM materials, 

32  due to the presence of a DMI has only recently been reported,[21–29] however, a majority of 

33  these material are based on rare-earth metals which are not earth-abundant and considered 

34  critical raw materials such as Gd, Tb, Dy as multilayers or alloys such as GdFeCo. 

35 Mn2Sb is a rare-earth-free FiM material that crystallized in a layered structure with a 

36  P4/nmm space group. It has two inequivalent Mn sites, Mn(I) and Mn(II), which have different 

37  magnetic moments and are coupled antiferromagnetically, leading to FiM order[30–32]. The 

38  difference in magnetisation of the two distinct Mn sublattices results in exotic temperature- 

39  dependent magnetic properties, such as the switching of the magnetic easy axis from the basal 

40  plane at low temperatures (<240 K) toward the c axis at higher temperatures (> 240 K)[30]. 

41  Doping the Mn2Sb with transition metals such as Co[33,34], Cr[35] and Zn[32,36–39], can also 

42  be used to control the magnetic behavior. FiM Mn2 – xZnxSb, in which Zn atoms only substi- 

43  tute for the Mn(II) sites, displays rich temperature-dependent phase transitions and electronic 

44  properties as a function of the Zn content[32,36]: for example, when Zn atoms occupy all Mn(II) 

45  sites, MnZnSb becomes FM ordering at room temperature[37]. As a result, Mn2 – xZnxSb offers 

46  a unique material platform to explore the effect of competing magnetic order (ferromagnetic 

47  and antiferromagnetic coupling) on emergence of non-trivial magnetic spin textures. 

48 In this work, we explore the way in which temperature and applied field influence the 

49  formation of variety of topological spin textures in FiM Mn2 – xZnxSb (x=0.85). We determine 

50  the type of spin texture and their behavior using a combination of magneto-optic Kerr effect 

51  (MOKE) microscopy and Lorentz transmission electron microscopy (LTEM). The observation 

52  of diverse spin textures (including the stripe structure, skyrmion lattice and skyrmion bag) in 

53  the bulk crystal is attributed to the variation of magnetic parameters, such as the uniaxial 

54  anisotropy, coercive field and saturation magnetization, as a function of temperature. The 
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55  chiral Néel-type domains were seen via the LTEM. The Mn atoms at the Mn(I) sites were found 

56  to be closer to the Sb atoms than the Mn(II) sites, determined using atomic-resolution scanning 

57  TEM (STEM) high-angle annular dark-field (HAADF) imaging. The displacement of Mn(I) sites 

58  could be responsible for breaking the inversion symmetry, thereby introducing the effective 

59  DMI to form the Néel-type spin textures. 
 
 

 
60 2  |  RESULTS AND DISCUSSION 

 

 
61 2.1 | Temperature-dependent Magnetic properties 

 

 

F I G U R E 1 Temperature-dependent magnetic properties of a Mn1.15Zn0.85Sb bulk crystal. (a) The schematic of 

crystal structure of Mn2 – xZnxSb[36]. (b) Magnetization as a function of temperature for zero-field-cooling (ZFC) and 

field-cooling (FC) protocols in a 50 mT magnetic field applied along the c axis or in the ab plane. The 

temperature-dependent curves can be divided into three temperature regimes, I, II and III. Inset is the derivative of 

the ZFC curve showing two phase transition temperatures at 170 K and 286 K. The background colors highlight the 

three temperature regimes. (c) Temperature-dependent coercive field, Hc , when the net magnetization is 0 A/m. (d) 

Temperature-dependence of the remnant magnetization Mr 0 (blue) and of the quasi-saturation magnetization Mqs 

(red) at a 400 mT applied magnetic field (red). The external magnetic field was applied along the c axis of crystal for 

(c) and (d). 

 
62 In order to determine the magnetic behavior of Mn1.15Zn0.85Sb, we measured the temperature- 

63  dependent magnetization and hysteresis loops that determine the magnetic parameters, such 

64  as coercive field, remnant magnetization and perpendicular anisotropy, and the associated 

65  phase transitions. Figure 1(a) shows the out-of-plane (H ∥ c) and in-plane (H ∥ ab) magneti- 

66  zation as a function of temperature during the zero-field-cooling (ZFC) and field-cooling (FC) 
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67  protocols in a 50 mT magnetic field. The details of Mn2 – xZnxSb crystal orientation in our work 

68  is sketched in Figure 1(d)[36]. It can be seen that there are three regions showing different 

69  temperature-dependent magnetization behaviors across the temperature range from 2 K to 

70  330 K, which are labeled as Regions I, II and III, with transition temperatures at 170 K and 

71  286 K, as shown in the inset in Figure 1(a). The higher transition temperature corresponds to 

72  the transition from a paramagnetic state (Region I) to a FiM state (Region II). As the tempera- 

73  ture is lowered, there is an gradual increase in magnetization along the c-axis (Region II) until 

74  approaching to 170 K, below which the magnetization along the c-axis decreases abruptly 

75  (Region III). In Region II, Mn1.15Zn0.85Sb shows a strong perpendicular magnetic anisotropy, as 

76  measured from hysteresis loops (Supporting Figure S2), which decreases below 170 K (Region 

77  III) along with the decrease in magnetization. We also measured the magnetization in the ab 

78  plane which shows a slight increase near the lower transition temperature of 170 K. These mea- 

79  surements suggest that there could be a spin reorientation occurring near 170 K which tilts 

80  the magnetic moment of the Mn ions away from the c-axis and towards the ab plane[30,32,36]. 

81  The comparison of temperature-dependent magnetic magnetization under varying magnetic 

82  fields is detailed in Supporting Section S1. 

83 Based on isothermal hysteresis measurements with the magnetic field along the c axis[36], 

84  we also determined the coercive field, and the remnant and quasi-saturation magnetization 

85  of Mn1.15Zn0.85Sb, which are also temperature dependent. The definitions of these three 

86  magnetic parameters are shown in Supporting Figure S2. Figure 1(b) shows that the value 

87  of the coercive field (Hc ) is very low in the Regions I and II, and then increases as the tem- 

88  perature reduces into Region III. The temperature-dependent remnant magnetization (Mr 0) 

89  (Figure 1(c)) slowly increases with decreasing temperature within each region but shows a 

90  significant change across the transition between regions. The increase in the remnant mag- 

91  netization suggests a more square hysteresis loop (Supporting Figure S2). We also measured 

92  the magnetization at µ0H = 400 mT applied along the c axis as a function of temperature (Fig- 
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93  ure 1(c) ), which we refer as to the quasi-saturation magnetization (Mqs ) since the upper and 

94  lower branch of the hysteresis loop almost overlap for all temperatures (see Supporting Fig- 

95  ure S2). The behavior of this magnetic parameter shows a similar trend as the M vs. T curve 

96  for in Figure 1(a): the value of Mqs reaches a maximum value of 1.04 × 10−5 A/m in Region 

97  II and decreases as the temperature is reduced. These findings show that the FiM coupling 

98  in Mn1.15Zn0.85Sb is strongly dependent on temperature, which results in the variation of the 

99  magnetic parameters of the bulk crystal. 
 
 

 
100 2.2 | Diverse magnetic spin textures 

 
101  To gain further insight into the effect of varying magnetic parameters on the spin textures, we 

102  systematically studied the temperature- and field-driven behavior in each of the three regimes. 

103  Polar MOKE microscopy was utilized to directly visualize real-space magnetic spin textures 

104  of a bulk Mn1.15Zn0.85Sb crystal. The sample was cooled to a given temperature with the 

105  field applied perpendicular to the sample surface along the c axis and varied between 0 and 

106  135 mT. Figure 2 shows the magnetic spin textures observed at specific applied field values 

107  and temperatures. At 300 K (region I), when the magnetization is very weak, we observe the 

108  formation of stripe domains in a low applied field as shown in Figure 2(a). Although the bulk 

109  crystal has paramagnetic order at a high temperature, 300 K is at the phase transition region, 

110  and magnetic net magnetic moment is not completely zero. As the applied field is increased 

111  (center and right panes of the figures), the stripe domains break down and initially form a mixed 

112  state of short stripes and skymionic bubbles at 67 mT, with a disorder skyrmion lattice forming 

113  at 87 mT magnetic field. All magnetic spin textures are polarized in an applied field of 97 mT. 

114  It should be noted that these skyrmionic bubbles are of the order of approximately 700 nm 

115  in diameter at the 87 mT magnetic field (see more details in Supporting Figure S3). We find 

116  that the skyrmions prefer forming at the intersection of a couple of stripe domains or at the 
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F I G U R E 2 Magnetic spin textures observed at the surface of a bulk Mn1.15Zn0.85Sb crystal. MOKE images 

showing evolution of the magnetic spin textures as a function of a magnetic field applied perpendicular to the 

sample and along the c axis, at temperatures of (a) 300 K (Region I), (b) 200 K (Region II) and (c) 120 K (Region III). 

SkX refers to a skyrmion lattice and ’Sky bag’ to a skyrmion bag. Scale bars:5 µm for (a), 10 µm for (b) and (c). 

 
117  end of stripe domains, and a few skrymions are created at the vicinity of structural defects 

118  (Supporting Video S1). 

119 In region II at a temperature of 200 K, as discussed before, the perpendicular anisotropy 

120  and saturation magnetization are higher than those in region I, resulting in the formation of 

121  mixed states consisting of stripes and bubbles at a lower field ( µ0H < 124 mT), as shown in Fig- 

122  ures 2(b) and Supporting Figure S4. As the field is increased to 81 mT, we observe an interesting 

123  transition of the spin texture to skyrmion lattices that are each enclosed in a large closed-loop 

124  stripe domain; these are referred to as skyrmion bags. The skyrmion bag configuration, which 

125  has a high topological charge, has been reported in a 2D liquid crystal[40] as well as in materi- 
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126  als with an intrinsic DMI, such as FeGe[41? ]. Interestingly, unlike the isolated skyrmion bag in 

127  other published work, the connected skyrmion bags emerge in the Mn1.15Zn0.85Sb. As the field 

128  is increased up to 103 mT, the skyrmion bag configuration remains stable and the connected 

129  multiple domains shrink to a single looped stripe. The skyrmion bag configuration eventually 

130  breaks down to form a skyrmion lattice again at a field of 124 mT. 

131 In the low-temperature regime (Region III) at 120 K, where the magnetization decreases 

132  significantly, we only observe the formation of stripe domains in an applied field range from 0 

133  mT to 135 mT, as shown in Figure 2(c). The increase in the magnetic field results in narrowing 

134  the width of stripe domains. The sample was not fully saturated at the maximum applicable 

135  field in our experimental setup (135 mT). The formation of bubbles is not seen. This suggests 

136  that the out-of-plane anisotropy significantly reduces. The black spots in the images are sur- 

137  face contamination and could not be removed by image processing (details in the Methods 

138  section). 
 

F I G U R E 3 Magnetic phase diagram as a function of applied magnetic field at varying temperature, showing the 

formation of diverse spin textures, including stripe, mixed stripe and skyrmion, skyrmion (Sky) bag, skyrmion lattice 

(SkX) and FM states. The background colored gradients highlight the three temperature regimes, and the black 

dashed lines indicate the two phase transition temperatures (170 K and 286 K respectively). The red dashed curve 

marks the phase region where the Sky bag configuration is observed. 
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139 Based on our extensive imaging of the magnetic spin textures, we can establish a mag- 

140  netic phase diagram for Mn1.15Zn0.85Sb showing various spin textures that form as a func- 

141  tion of temperature and magnetic field, as shown in Figure 3. The phase diagram explicitly 

142  demonstrates that the resulting magnetic spin texture is strongly associated with the three 

143  temperature regimes. In Region I, at higher temperature, the spin texture gradually evolves 

144  forming stripes, then a mixed state, then skyrmion lattices, and finally a uniformly-magnetized 

145  state as a function of applied field. However, as the perpendicular anisotropy increases, and 

146  thus the net magnetization along the c-axis, is dramatically enhanced in Region II. This leads 

147  to the formation of the skyrmion at a lower magnetic field, µ0H = 5 mT (Supporting Figure 

148  S4) or µ0H = 0 mT [42]. The zero-field skyrmions induced by the increase in the perpendicular 

149  anisotropy were also reported in the synthetic Pt/CoGd/Pt ferrimagnetic multilayers[43]. The 

150  similar mixed bubble and stripe domains, which introduced by the surface stay field, have been 

151  observed in a bulk cobalt crystal[44]. In addition, a unique skyrmion bag structure forms in the 

152  intermediate field range, along with a skyrmion lattice created at a higher magnetic field. 

153 Finally in region III, due to a decrease in net magnetization along the c-axis, and a change 

154  in anisotropy, we only observe the formation of stripes across the entire applied field range. 

155  These findings show that the variation of FiM coupling as a function of temperature and ap- 

156  plied field in Mn1.15Zn0.85Sb can be leveraged to create a diverse variety of spin textures. It 

157  should be noted that the sample was cooled under a zero applied field to the specific temper- 

158  ature, at which the images were recorded, in all these cases,. 
 
 

 
159 2.3 | In-situ temperature dependent imaging of Néel spin textures 

 
160  To understand the nature of magnetic spin textures, we employed the LTEM for imaging of 

161  the magnetization distribution in Mn1.15Zn0.85Sb. The LTEM has the capability to efficiently 

162  determine whether the magnetic spin textures are Néel- or Bloch-type in a magnetic sample 
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F I G U R E 4 Evolution of Néel magnetic spin textures of a thin Mn1.15Zn0.85Sb lamella, viewed along the [001] 

zone axis, as a function of temperature. (a−c) LTEM images recorded at 250 K of a thin lamella of Mn1.15Zn0.85Sb as 

a function of tilt angle, α , showing the Néel-type magnetic spin texture. (d) Average intensity profile along the 

orange and the blue lines across the Néel-type skyrmions at tilt angles of α = −20◦ and α = +21◦. LTEM images of 

the evolution of a stripe spin texture as a function of temperature during (e) a ZFC run and (f) a ZFH run. 

 
163  with strong perpendicular anisotropy, based on changes in image contrast as a function of 

164  sample tilt[45]. A thin TEM lamella (thickness < 200 nm) was prepared for LTEM imaging with 

165  a zone axis along [001] direction. Figures 1 (e-g) show out-of-focus LTEM images at varying 

166  tilt angles (−20◦, 0◦ and 21◦) at 250 K (temperature Region II). Skyrmions are visible in the 

167  images at non-zero tilt, but the magnetic contrast disappears when the sample is tilted to 0◦, 

168  with the only contrast being due to bend contours . The projected in-plane magnetic induction 

169  from the two opposite tilt angles results in the domain contrast reversing as indicated by the 

170  blue and orange line plots shown in Figure 1 (h). The LTEM results indicate that the spin 

171  textures in Mn1.15Zn0.85Sb are Néel-type, suggesting the presence of an Dzyaloshinkii-Moriya 

172  interaction (DMI) that results in the chiral domains. This agrees with previous work which has 

173  shown that Mn1.15Zn0.85Sb exhibits a finite topological Hall effect[36]. This is quite surprising 

174  since the crystal structure of Mn1.15Zn0.85Sb is tetragonal and centrosymmetric, belonging to 
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175  the P4/nmm space group. 

176 However, it is worthy noting that the thicknesses of the LTEM lamella and MOKE bulk 

177  sample are different, the former being less than 200 nm and the latter being around 130 µm. 

178  The variation in the thickness can significantly alter the density, size and nature of spin tex- 

179  tures[46–48]. It has been reported that the increase in the thickness would lead to the transfor- 

180  mation from Néel to Bloch spin textures[49]. Rising thickness results in the increase of dipolar 

181  energy, which would favor the formation of Bloch domains[44,48]. Therefore, although the Néel 

182  spin texture is observed, the nature of spin texture in the bulk crystal could also be the Bloch 

183  type. Besides, the reduction of dimensionality of the lamella would introduce the boundary 

184  effect to impact the formation of spin texture. For example, the creation of stripe domains in 

185  the ab plane starts at the edge of the lamella (Supporting Figure S5). 

186 In the previous section, we discussed the field-driven behavior of the spin textures in 

187  Mn1.15Zn0.85Sb at a given fixed temperature in each of the three temperature regimes. It is 

188  also interesting to gain insight into how the spin textures evolve continuously as a function 

189  of temperature, and we can explore this at high spatial resolution using LTEM. We performed 

190  the in situ ZFC and zero field-heating (ZFH) experiments and recorded the LTEM images as 

191  displayed in Figure 4(a) and (b). The TEM lamella was fabricated along the ab plane, thereby 

192  resulting in the c− axis and the easy axis of magnetization to aligned with the electron beam 

193  direction. During the ZFC experiment, at 295 K the magnetic contrast is not clearly evident, 

194  while the spin textures at 300 K in the MOKE experiment were clearly visible. This is most likely 

195  a result of sample thickness; the thickness of the LTEM sample is less than 200 nm, while the 

196  MOKE specimen was a bulk crystal with thickness of a few tens of microns. A similar scenario 

197  also occurs when the temperature is less than 155 K, as the magnetic moment is too weak in 

198  Region III to give rise to detectable LTEM contrast. A stripe spin texture is observed at 277 

199  K, and as the temperature decreases, the width of the stripe domains is observed to increase 

200  with a corresponding decrease in domain density. 
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201 The spin texture during the ZFH experiment shows the reverse temperature-dependent 

202  behavior. The LTEM contrast of the stripe domains appears when the temperature increases 

203  to 162 K (Figures 4(b)). Interestingly, when the stripe domains are seen to nucleate at the 

204  low temperature, their width is small, and the domain walls are wavy. As the temperature is 

205  increased to 195 K, the width of the stripe domains greatly increases and the domain walls 

206  become smoother. The increased width of domains observed during heating at 250 K is very 

207  close to the one observed during cooling at 250 K, which shows that the domain growth and 

208  shrinking is a reversible process without any hysteresis. When the temperature reaches 280 K, 

209  the stripe domain width again decreases and the density increases. The LTEM contrast finally 

210  disappears at 290 K. These results agree with the change in the component of magnetization 

211  along the c-axis as a function of temperature (Figure 1(a)). Below the paramagnetic-FM tran- 

212  sition temperature, the magnetization component along the c-axis increases with decreasing 

213  temperature, resulting in the initial domains that are nucleated being small and gradually in- 

214  creasing in size to decrease the domain wall energy, which is dependent on Ms . Similarly while 

215  heating, the initial domains that are formed are small and they grow in the size eventually again 

216  becoming smaller before disappearing 290 K. 

217 One possibility in region III is that a spin reorientation may occur, which changes the mag- 

218  netic moment orientation from the c-axis to the ab plane. To explore this possibility, we imaged 

219  magnetic domains in a TEM lamella fabricated with the c-axis in the plane of the TEM sample 

220  (Supporting Figure S5). In this orientation, due to the strong magnetocrystalline anisotropy 

221  of Mn1.15Zn0.85Sb, we observe the magnetization to be in the plane of the lamella oriented 

222  along the c-axis. As the temperature was decreased to below 180 K, we did not observe any 

223  changes in the magnetization orientation, which suggests that there is no evident spin reori- 

224  entation from along the c axis to the ab plane, or the reoriented net magnetic moment at the 

225  temperature Region III is too weak to be measured. 



13 

 

 
226 2.4  |  Origin of effective DMI 
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235 

F I G U R E 5 Origin of interfiacial DMI. (a) STEM HAADF image showing atomic-resolution crystal structure viewed 

along the [010] zone axis. The left schematic shows the atomic positions viewed [36] along the [010] zone axis. (b) 

The spatial distributions of Mn(I) (white circles), Mn(II) (magenta circles), Zn (blue circles) and Sb (yellow circles) 

atoms in the magnified region that is highlighted by the box in (a). The Mn(I) atoms prefer being located close to Sb 

atoms. (c) The average intensity of line profiles for two vertical columns, which are labeled by the pink and blue dash 

box, showing the peaks of Mn(I) sits close to Sb and is away from Zn/(Mn(II)). The gray arrow in (b) indicating the 

direction of vertical line profile. (d) The average intensity profile along the horizontal direction, for the STEM HAADF 

image shown in inset and the black arrow the direction of the line profile. The Mn(II) and Zn atoms can be identified 

by the intensity difference, Mn(II) with lower atomic number having lower-intensity peaks as compared to Zn having 

higher intensity. The two gray dashed lines indicates the maxima of Mn(II) and Zn peak intensity. (e-g) Histogram of 

(a) Sb-Mn(I) distance (dSb−M n ), Zn-Mn(I) distance (dZ n−M n ) and Sb-Zn distance (dSb−Z n ), where the black curve is the 

normal distribution. The two black dash lines in (e) and (f) highlights the average distance of dSb−M n and dZ n−M n . 

 

 

In order to elucidate the origins of the DMI that results in the Néel-type spin textures, we 

performed atomic resolution STEM HAADF imaging to determine atomic positions. The STEM 

HAADF image seen in Figure 5(a) displays the atomic-resolution structure of the Mn1.15Zn0.85Sb 

sample viewed along the [010] zone axis. The Mn(I), Zn/Mn(II), and Sb atomic column posi-

tions agree very well with the reference crystal structure shown in the left schematic of Fig-

ure 5(a)[36]. It should be noted here that Zn is known to replace the Mn atoms at the Mn(II) 

atomic sites in the crystal structure, as discussed earlier in this paper, however, it not known 

whether they form an ordered or a disordered structure. Surprisingly, the Mn(I) atoms are not 

aligned in a straight line, but form a zig-zag trajectory (the white circles in Figure 5(b)). It can 
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236  be seen that the Mn(I) sites are preferentially located close to the Sb ions than to the Zn/Mn(II) 

237  sites, as shown in Figure 5(b) and from the average intensity profiles shown in Figure 5(c). We 

238  statistically evaluated the interatomic distances between the Sb and Mn(I) positions (dSb−M n ), 

239  the Zn/Mn(II) and Mn(I) positions (dZ n−M n ) and the Zn and Sb positions (dSb−Z n ) as shown 

240  in the histograms in Figures 5(e−g). The average values of the three projected distances are: 

241  dSb−M n = 1.68(±0.15) Å, dZ n−M n = 1.77(±0.17) Å and dSb−Z n = 2.80(±0.07) Å. The quantita- 

242  tive analysis further illustrates that the Mn(I) ions prefer sitting further away from Zn/Mn(II) 

243  sites and closer to the Sb ions. The physical mechanism to form this local structure defect may 

244  be complicated, which involves electrostatic interaction and magnetic correlation from neigh- 

245  boring ions, as well as atom size, during the growth of crystal. For example, this might attribute 

246  to electrostatic interaction between Mn(I)+1 and Sb−3 is attractive and stronger compared to 

247  that between Mn(I)+1 and Zn+2 (M(II)+2) which is repulsive[37]. In addition, we observe that the 

248  Mn(II) substitution by Zn is not uniform or ordered across the sample. Although Mn(II) and 

249  Zn ions have very close atomic number of Z = 25 and Z = 30, respectively, thereby making 

250  it difficult to determine them in a HAADF image based on intensity, we did careful measure- 

251  ments of the intensity line profiles of several atomic columns as shown in Figure 5(d). Based 

252  on these measurements, we are able to see that Zn substitution on the Mn(II) sites occurs ran- 

253  domly across the crystal. Therefore, the displacement of Mn(I) ions results in a local symmetry 

254  breaking, which induces effective DMI. The local defects have been reported to enhance the 

255  DMI[50]. The similar phenomenon was also reported by C. Liu et al.[51], the so-called effective 

256  DMI giving rise to Néel skyrmion. 
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257 3  |  DISCUSSION AND CONCLUSIONS 

 

 
258  Zn-rich Mn1.15Zn0.85Sb exhibits two magnetic phase transitions that are related to tempera- 

259  ture. The magnetic properties, such as teh magnetic anisotropy, coercive field and remnant 

260  magnetization, are also highly dependent on temperature, leading to clear changes in spin 

261  texture in the three temperature regimes. The temperature-dependent magnetic behavior 

262  is due to the changes in the magnetic interactions between the two Mn sublattices thereby 

263  affecting the FiM order. The transition from paramagnetic to FiM order occurs at first transi- 

264  tion temperature. Due to the significantly high magnetization, this state is effectively a weak 

265  FiM state. At the second transition temperature the phase transition is from a FiM state to a 

266  stronger FiM state. It has been reported that out-of-plane spins at the Mn(I) and Mn(II) sites 

267  reorient to the in-plane direction in Mn2Sb across the second phase transition temperature, 

268  resulting in the decrease in the magnetization along the c axis[30]. However, we do not see 

269  obvious switching from an out-of-plane magnetization to an in-plane magnetization in thin or 

270  bulk crystals at the low-temperature Region III, using either LTEM or MOKE imaging. We also 

271  performed temperature-dependent X-ray diffraction, which did not show any changes in the 

272  crystal structure, therefore eliminating the possibility of a magneto-structural transition (see 

273  the Supporting Figure S6). Thus, the changes in magnetic phase are due to changes in the 

274  magnetic interactions as a function of temperature in the Zn-doped Mn2 – xZnxSb system. 

275 We can further understand the formation of skyrmions in this material based on the criti- 

276  cal material parameter for the skyrmion stability[52], κ = πD /4
√

AKu , where D is the DMI coeffi- 

277  cient, A is the micromagnetic exchange constant, and Ku is the uniaxial anisotropy constant. As 

278  the temperature changes from region I to region III, the effective anisotropy of Mn1.15Zn0.85Sb 

279  gradually increases as determined from the change in the coercive field and the remnant mag- 

280  netization. This increase in anisotropy is inversely proportional to κ and hence reduces the 

281  tendency of the material to form stable skyrmions. A similar observation was also made for 
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282  FiM multilayers of [Pt/Fe1 – xTbx/Ta] [27]. 

283 In summary, we have explored the temperature-dependent magnetic properties of Mn1.15Zn0.85Sb, 

284  and have confirmed the presence of non-trivial chiral Néel spin textures in the thin lamella via 

285  direct visualization. The resulting spin textures show very different behavior in three distinct 

286  temperature regions. The unique skyrmion bag spin textures are formed only in the presence 

287  of a strong perpendicular anisotropy (Region II). The displacement of the Mn(I) atomic sites to- 

288  ward the Sb sites results in an effective DMI that enables the formation of the Néel-type spin 

289  textures. Our work thus demonstrates interesting pathways to introduce a symmetry-breaking 

290  DMI interaction in centrosymmetric crystal structures through doping. Our study shows the 

291  existence of rich topological spin textures in FiMs, which can be controlled by temperature and 

292  magnetic fields, thereby making this material a promising candidate for future applications in 

293  spintronics or information storage. 
 
 

 
294  Methods 

 

295  Crystal Synthesis: Single crystals of Mn2-xZnxSb were grown with a self-flux method using a 

296  Zn flux. To initiate the growth process of an Mn1.15Zn0.85Sb crystal, Mn powder (99.6%, Alpha 

297  Aesar), Zn powder (99.9%, Alpha Aesar), and Sb powder (99.5%, Beantown Chemical) were 

298  loaded in an alumina crucible at a atomic ratio of Mn : Zn : Sb = 1.2 : 6 : 1. The crucible was 

299  then sealed in a quartz tube evacuated below 10−1 Pa. The tube was gradually heated over 

300  30 –40 h to reach the maximum temperature of 900 ◦C, held at this temperature for 3 days, 

301  slowly cooled down (3 K /min) to 600 ◦C, followed by subsequent centrifuge to remove the 

302  Zn flux. 

303 Magnetization characterization: The temperature-dependent magnetization was measured 

304  using a superconducting quantum interference device (SQUID) magnetometer. The crystal was 

305  cooled down from 330 K to 2 K without (with) an applied magnetic field for the ZFC (FC) run, 

https://www.sciencedirect.com/topics/materials-science/aluminum-oxide
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306  with the field applied along the c axis of the Mn1.15Zn0.85Sb crystal. The strength of the mag- 

307  netic moment was recorded with a 50 mT or 100 mT magnetic field applied when heating the 

308  sample from 2 K to 330 K. The calculated density of the Mn1.15Zn0.85Sb crystal (7.33 gcm−3) 

309  was used to normalize the magnetization to mass. 

310 The field-dependent magnetization was measured using a physical properties measure- 

311  ment system (PPMS). The sample was mounted in a standard quartz holder for in-plane mag- 

312  netization measurements, while a standard brass holder was used for out-of-plane magneti- 

313  zation measurements. Isothermal magnetization measurements were performed by sweeping 

314  the applied magnetic field between -9 T and 9 T for hysteresis loop measurements. To en- 

315  sure accurate magnetization measurements, the background signal from the sample holder 

316  was separately measured and subtracted. 

317 MOKE measurement: Polar-MOKE images were recorded using a commercial microscope 

318  from Evico magnetics. The bulk Mn1.15Zn0.85Sb sample was mounted using GE varnish inside 

319  an optical cryosta,t which was cooled using liquid nitrogen to obtain a minimum temperature 

320  of 80 K. An in-house made solenoid was utilized to apply magnetic fields up to 135 mT, perpen- 

321  dicular to the crystal surface being imaged. Magnetic contrast was optimized by subtracting 

322  a MOKE image taken at a saturating field of 135 mT from images acquired at lower fields. 

323  However, magnetic domains of the Mn1.15Zn0.85Sb crystal cannot be polarized by a 135 mT 

324  magnetic field when the temperature is 120 K. Therefore, the magnetic contrast cannot be 

325  improved and contaminating black spots cannot be removed using this approach. 

326 TEM experiment: Thin Mn1.15Zn0.85Sb lamellae for TEM analysis were prepared using a 

327  Zeiss NVision focused ion beam (FIB) system. The cryo LTEM measurements were carried out 

328  using a Gatan liquid nitrogen holder. The experiment to confirm the Néel-type domains was 

329  carried out using a FEI Tecnai F20ST TEM operating in Lorentz mode at 200 kV. The LTEM 

330  images as a function of temperature were recorded on a JEOL 2100F TEM with an image 

331  corrector. The STEM HAADF experiment to analyse atomic-resolution structure was carried 
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332  out in a ThermoFisher Scientific Spectra 200 with the 200 kV accelerating voltage. 
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