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MnBi:Tes has recently been established as an intrinsic antiferromagnetic (AFM)
topological insulator - an ideal platform to create quantum anomalous Hall insulator and
axion insulator states. We performed comprehensive studies on the structure, nontrivial
surface state and magnetotransport properties of this material. Our results reveal an
intrinsic anomalous Hall effect arising from a non-collinear spin structure for the magnetic
field parallel to the c-axis. We observed negative magnetoresistance under arbitrary field
orientation below and above the Neel temperature (7~), providing clear evidence for strong

spin fluctuation-driven spin scattering in both the AFM and paramagnetic states.



Furthermore, we found that the nontrivial surface state opens a large gap (~85meV) even far
above 7n. Our findings demonstrate that the bulk band structure of MnBixTes is strongly
coupled with the magnetic property and that a net Berry curvature in momentum space can
be created in the canted AFM state. In addition, our results imply that the gap opening in

the surface states is intrinsic, likely caused by the strong spin fluctuations in this material.
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The recently discovered quantum anomalous Hall (QAH) effect [1-7] is a variant of the
Chern insulator first envisioned by Haldane [8]. Characterized by a quantized Hall conductance
and vanishing longitudinal conductance at zero magnetic field, the QAH requires combining
topology with magnetism [2,6,7]. This can be achieved in three ways: magnetic doping of a
topological insulator (TT) [3,4], proximity of a TI to a ferromagnetic (FM) or an antiferromagnetic
(AFM) insulator [9-15], or in TIs that are intrinsically FM or AFM [16]. The true QAH effect has
only been seen in thin TI films of Cr- and/or V-doped (B1,Sb),Te; [3,4]. However, the ‘critical
temperature’ required is below ~2K [3,4,17,18], severely constraining the exploration of
fundamental physics and technological applications. The recent discovery of an intrinsic AFM TI,
MnBixTes [19-21], predicted to show a high-temperature QAH effect in thin films is a key advance

in this context.

MnBi,Tes crystallizes in a rhombohedral structure with the space group R3m [22], built of
the stacking of Te-Bi-Te-Mn-Te-Bi-Te septuple layers (SLs) along the c-axis (inset of Fig. 1b).
The antiferromagnetism of this material is produced by the Mn-sub-lattice, while its nontrivial
surface state is formed by inverted Bi and Te p. bands at the I" point due to strong spin-orbital
coupling (SOC). Since its AFM state is characterized by an A-type AFM order (7n = 25K) [21],
formed by the Mn FM layers stacked antiferromagnetically along the c-axis [21,23], the FM layer
near the cleavage surface is anticipated to break time-reversal symmetry (TRS), thus opening a
large gap (~50 or 88meV [20,21,24]) in the topological surface state; this has been probed in

ARPES measurements on single crystal samples [21,24].



MnBi>Tes is expected to be an ideal quantum material for hosting interesting topological
phases, including a high-temperature QAH insulator in thin films with odd numbers of SLs
[19,20,25], an axion insulator state [9,19] exhibiting the topological magnetoelectric effect in thin
films with even numbers of SLs , an ideal Weyl semimetal state with a single pair of Weyl nodes
near the Fermi level [19,20], and possibly chiral Majorana modes via interaction with an s-wave
superconductor [26]. Recently, both the magnetic-field-driven quantized Hall state (Chern
insulator) and the axion insulator at zero field have been observed in exfoliated MnBi>Tes thin
films [27,28], which makes this material a fascinating playground for the study of topological

quantum states.

In this Letter, we report a systematic study of single crystal samples of MnBi>Tes, focusing
on elucidating the coupling between bulk electronic and magnetic properties, as well as exploring
how surface states are related to magnetism. Our studies reveal clear evidence of spin fluctuation-
driven spin scattering in both the AFM ordered state and the paramagnetic (PM) state above 7,
suggesting that the opening of a gap in the nontrivial surface states in the PM state is likely driven
by the strong spin fluctuations in this material. Moreover, we observed an intrinsic anomalous Hall
effect not linearly coupled with magnetization in a canted AFM phase for the fields applied along
the c-axis, indicating the presence of a net Berry curvature in momentum space created by the non-
collinear spin structure. These findings would advance understanding of underlying physics of this

exciting material.

MnBi>Tes single crystals (inset of Fig. 1a) were synthesized using the melt growth method

[21] (see the supplementary material (SM) [29] for details). The structure of MnBiTes crystals



were analyzed using X-ray diffraction (Fig. S1) and high-resolution scanning transmission electron
microscope (STEM) imaging. The dot-like diffraction spots seen in the electron diffraction pattern
taken along the [100] zone axis (Fig. 1a) indicate the single crystallinity of the sample with no
stacking faults between SLs. The atomic resolution high angle annular dark field (HAADF)-STEM
image taken along the [100] zone axis clearly demonstrates the layered structure of MnBi>Tes
comprised of the stacking of Te-Bi-Te-Mn-Te-Bi-Te SLs along the c-axis (Fig. 1b) [22]. Figure
Ic and 1d show the uniform intensity line profile of Mn and Bi atoms, delineated by red and blue
arrows in the STEM image, indicating little to no intermixing of the two elements. Additionally,
within the Mn intensity line profile, peaks with lower Mn intensity can be seen (marked by yellow
arrows), indicating Mn vacancies within the atomic column. Mn vacancies can also be
distinguished in the bright field (BF) and low angle annular dark field (LAADF)-STEM images

(Fig. S2) and the resulting strain contrast associated with them.

A key signature of the AFM TI state in MnBi,Tes is that its surface with preserved S
symmetry has a gapless Dirac cone, while the surface with broken S symmetry is characterized by
a Dirac cone with a large gap (50 or 88meV [20,21]). S stands for a combined symmetry, defined
as S = OT1, where @ represents TRS and 712 denotes primitive-lattice transition symmetry [30].
The (001) surface, the cleavage plane, is a S-symmetry broken surface in the AFM state and should
thus have a gapped Dirac cone [20]. Such a gapped Dirac cone has recently been probed in the
ARPES band maps of single crystal samples [21,24]; the gap magnitude measured at I" point is
~70meV at 17K, consistent with the theoretically calculated gap [19,20]. We also performed
ARPES measurements on our MnBi>Tes single crystal samples and observed clear signatures of

gapped surface states at both 5K and 300K, as shown in Fig. 2a and 2b. The gap magnitude is



~85meV at both temperatures, consistent with the previous ARPES studies [21,24]. This
observation indicates that the gap opening observed here does not originate from the AFM order
in MnBi,Tes. We speculate such a surface state gap opening in MnBi>Tes is driven by spin

fluctuations in the PM phase, as discussed below.

Using magnetic susceptibility measurements on MnBi,Tes (Fig. S3a), we observed an
AFM transition at ~25K with the spin-easy axis along the c-axis. The isothermal magnetization
measurements for H//c (Fig. 3a and Fig. S3b) reveal a remarkable spin-flop transition near 3.57T
at 2K (denoted by H.i hereafter), which leads the system to a metastable canted AFM (CAFM)

state. The non-collinear spin structure of the CAFM phase is verified by neutron scattering
measurements, which finds the AFM reflection peak (10 %) intensity decreases at magnetic fields

above 3T, while the FM diffraction peak (102) intensity increases, with an inflection point near
3.5T [31] (see section 5 in SM for details). Moreover, we also conducted magnetic torque
measurements and found the transition from the CAFM to FM phase occurs at ~7.70T (denoted
by Hc2), as shown in Fig. 3a. The measured torque is not directly proportional to magnetization,
but dependent on the components of the magnetization and magnetic field along the c-axis and in-
plane directions of the sample, as explained in the SM (section 6). In Fig. 3a, we also include
schematics of three distinct magnetic phases (i.e. AFM, CAFM and FM) in the different field
ranges. However, the metamagnetic transition does not appear for Hlc. The isothermal
magnetization measured at 2K for H Lc displays a linear field dependence (Fig. 3d), indicating that
the AFM state is gradually polarized to a FM state. The high-field torque (Fig. 3d) and
magnetotransport measurements (Figs. 3e to 3f) indicate the full FM polarization occurs around

10.5T.



Figures 4a and 4b present the temperature dependences of the in-plane (o) and out-of-
plane (p.:) resistivity under different magnetic fields (H//c). Both pu(T) and p.(T) at zero field
exhibit metallic behavior above 40K with a moderate electronic anisotropy (--/px ~ 35 at 2K) and
remarkable peaks at the AFM transition. Such resistivity peaks near 7 can be well understood in
terms of spin scattering due to spin fluctuations as discussed below. In general, in AFM or FM
materials, spin fluctuations always tend to intensify as the temperature approaches the ordering
temperature where they reach maximum strength. For a local-moment AFM state, the intensified
spin fluctuations due to spin-wave excitations near 7n can greatly affect transport properties
through spin-scattering if itinerant carriers interact with local moments. This results in a resistivity
peak near 7n. Such a scenario was previously demonstrated in an AFM material Fei+,Te [32]. The

resistivity peak near 7w observed here should follow a similar mechanism.

We systematically measured the variation of resistivity under an external magnetic field.
Figures 4a and 4b show that the peaks near 7x in both pw(7) and p..(T) are suppressed by the
magnetic fields higher than Hci. This observation is consistent with the spin-fluctuation-driven
spin scattering scenario. Further, for an A-type AFM system, interlayer AFM coupling usually
generates strong spin scattering in the ordered state, resulting in a high resistivity state. However,
when the applied field is strong enough to overcome the interlayer AFM coupling and push it to a
forced FM state, the spin-scattering would be suppressed, resulting in a low resistivity state. Such
a phenomenon is termed as a spin-valve effect and was first demonstrated in magnetic, multi-layer

thin films [33,34]. The spin-valve effect can also occur between an A-type AFM and a CAFM state



as seen in CazRu207 [35]. We indeed observed a similar spin-valve effect in the magnetotransport

measurements of MnBixTes, as shown below.

We performed magnetic field sweep measurements of both p. and p.. at various
temperatures for both H//c and Hc, as presented in Fig. 3. For H//c, pw(H) and p..(H) show steep
decrease in response to the AFM-to-CAFM transition at Hc1 (Fig. 3b and 3c¢), consistent with the
expected spin valve behavior, indicating the interlayer AFM ordering results in strong spin
scattering. When the system is across the CAFM-to-FM transition at Hc2, po(H) is constant, while
pz(H) displays a little hump at H.> which shifts to lower field at higher temperatures. These
observations suggest that the spin scattering due to the interlayer AFM coupling is mostly
suppressed in the CAFM phase. The little hump near He> observed in p.-(H) is likely due to the
fact that the magnetoresistivity also contains a positive term induced by the Lorentz effect and

anisotropic Fermi surface, as evidenced by the data measured above 15T (Fig. S7).

The suppression of spin-scattering by magnetic field is also observed in pw(H) and p..(H)
measurements for H_Lc (Figs. 3e and 3f). Since the AFM phase is gradually polarized to a FM state
in this field configuration (Fig. 3d), pu(H) and p.(H) show a gradual decrease with increasing
field and then tend to level off near Hco. In addition to observing spin-scattering in the AFM state,
we also found spin scattering is substantial in the PM state, as evidenced by the large negative MR
at 7=30K for both H//c and HLc (e.g. [ p-o(H)-p=:(0)]/ 0:2(0) ~ -6-9% at 12.5T and 30K, comparable
to the magnitude of negative MR seen in the AFM state in the same field range). These results
strongly support that the PM state has strong spin fluctuations. Since the intralayer Mn-Te-Mn FM

super-exchange interactions is much stronger than the interlayer AFM interaction, the



spin fluctuations in the PM state should feature FM correlation (i.e. FM spin fluctuations),
as manifested in the positive Curie-Weiss temperature (Acw~5K) extracted from the susceptibility
(inset of Fig. S3a). Such strong FM fluctuations might break TRS symmetry, thus resulting in the
gap opening of surface states as observed in ARPES experiments (Fig. 2). The spin fluctuation
driven gap opening in the nontrivial surface state in magnetic doped TIs has indeed been
established in previous work [36]. We note the gap magnitude of the surface states hardly varies
with temperature (Fig.2), which is consistent with previous reports [19,20] and can possibly be
attributed to the strong spin fluctuations arising from intralayer Mn-Te-Mn FM super-exchange

interactions

Another possible consequence of strong spin scattering is low transport mobility. This is
also verified in our Hall resistivity p,, measurements. Figure Sa shows px, as a function of magnetic
field at various temperatures. From these data, we found the carrier mobility is indeed low.
However, we observed an intrinsic anomalous Hall (AH) effect in the CAFM phase. When the
field is increased above H.», all the data taken at different temperatures collapse onto a single line
up to the maximum measurement field 35T (inset of Fig. 5a), consistent with the single-band nature
of this system. The Hall coefficient Ry extracted from such a linear field dependence of o,
is -4.76x1071°Q.cm/Oe, from which the carrier mobility 1 (=Ro/pw) is estimated to 79cm?/Vs at
30K, much less than the carrier mobility in bulk Bi>Tes (>800cm?/Vs) [37,38]. The carrier density
estimated from Ry is 1.31x10*°cm, falling into the carrier density range of Bi>Tes (10'7~10*cm)
[38,39]. The negative sign of Ry indicates that the carriers in our samples are electron-type,

consistent with the ARPES measurement results (Fig. 2).



Next, we focus on the intrinsic AH effect observed in the CAFM phase. The py, of this
phase shows striking hump-like features for H//c, contrasted with the linear field dependence in
the AFM phase below H.1 and the FM phase above Hc2 (Fig. 5a). The anomalous hump is gradually
suppressed as the field is tilted toward the in-plane direction (Fig. 5c). Since the linear increase of

Py above Heo is due to the normal Hall resistivity pgy, we obtain the AH resistivity Apy, after
subtracting pfc’y, as shown in Fig. 5b where Apy, under various field orientations is also presented.
Apyy can be further expressed as Apy, = p)‘?y + p)TCy [40], where pﬁy represents the AH resistivity
linearly coupled to the magnetization, whereas p}TCy stands for the AH resistivity due to the net

Berry curvature in the momentum space caused by the non-collinear spin structure. p)‘?y arises from

the combination of the extrinsic (the skew scattering and the side jump) and intrinsic contributions

and is proportional to magnetization [41]. To separate pﬁy from Apy,, we plot Ap,, as a function

of magnetization M in Fig. 5d (Note the magnetization data under various field orientations are
shown in Fig. S3c). We find Ap, (M) is nearly linear for the AFM phase below H.1, but exhibits

significant humps due to the presence of pzyin the CAFM phase (Fig. 5d). The maximum pzy for
Hj/c reaches ~14pQ.cm, more than twice of that seen in chiral antiferromagnet Mn3Sn [42]. The

angular dependence of Ap,(M) in Fig. 5d shows p}TCy is strongly suppressed for & >50°.

Additionally, we also analyzed Ap, (M) of H//c at 15K where Hc1 and Hc> can directly be probed

from magnetization (Fig. S3¢) and find the p}TCy component of the CAFM phase is also significant

at this temperature (Fig. 5d).

A large pﬁy is generally expected for an AFM state with non-collinear spin structure [43].

Symmetry breaking plus strong SOC in such systems can lift spin degeneracy, which can lead to

10



anet Berry curvature in momentum space, thus resulting in intrinsic AH effect. As indicated above,
the non-collinear spin structure of the CAFM phase is evidenced by both the magnetization and

neutron scattering measurements. Therefore, the large pzy value of the CAFM phase can

reasonably be attributed to the non-collinear spin structure. This result implies the electronic band
structure of MnBi,Tes is strongly coupled to its magnetism, offering an opportunity to observe
new topological states tuned by a magnetic field. Theoretical studies have shown the AFM TI state
can evolve into an ideal Weyl semimetal state when the system transforms into a FM phase under
magnetic field. However, we did not observe any transport signatures of a Weyl state in the FM

phase (such as chiral anomaly) probably because of the Weyl node far from the Fermi level.

In summary, the strong coupling between electronic and magnetic properties of MnBixTes
provides clear evidence of spin-scattering in both the AFM and PM states. We attribute the strong
spin scattering in the PM state to spin fluctuations that open a gap in the surface states above 7.
Moreover, we find a canted AFM state that exhibits an intrinsic AH effect as a result of the net
Berry curvature in the momentum space induced by the non-collinear spin structure, indicating
that the electronic band structure of MnBi,Tes is strongly coupled with magnetism. Given this
material has been demonstrated to host axion insulator and Chern insulator phases, our findings

will be important for further understanding of this fascinating material.

Acknowledgement

We thank Chaoxing Liu and Jun Zhu for useful discussions. The study is based upon research
conducted at The Pennsylvania State University Two-Dimensional Crystal Consortium—Materials

Innovation Platform (2DCC-MIP) which is supported by NSF cooperative agreement

11



DMR-1539916. Y.L.Z. is supported by the U.S. Department of Energy under EPSCoR grant no.
DESC0012432 with additional support from the Louisiana Board of Regents. Z.Q.M.
acknowledges the support from the US National Science Foundation under grant DMR1707502.
C.Z.C. acknowledges the support from the DOE Grant (DESC0019064) (ARPES measurements).
X.LK. acknowledges the support from the National Science Foundation under Award No.
DMR-1608752. J.H. acknowledges the support from the US Department of Energy (DOE), Office
of Science, Basic Energy Sciences program under award DE-SC0019467. The work at the National
High Magnetic Field Laboratory is supported by the NSF Cooperative Agreement No. DMR-

1157490 and the State of Florida.

12



References

[1] C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C. Zhang, Physical Review Letters 101, 146802 (2008).
[2] R. Yu, W. Zhang, H. J. Zhang, S. C. Zhang, X. Dai, and Z. Fang, Science 329, 61 (2010).

[3] C. Z.Chang, J. S. Zhang, X. Feng, J. Shen, Z. C. Zhang, M. H. Guo, K. Li, Y. B. Ou, P. Wei, L. L.
Wang, Z. Q. Ji, Y. Feng, S. H. Ji, X. Chen, J. F. Jia, X. Dai, Z. Fang, S. C. Zhang, K. He, Y. Y. Wang, L.
Lu, X. C. Ma, and Q. K. Xue, Science 340, 167 (2013).

[4] C. Z. Chang, W. W. Zhao, D. Y. Kim, H. J. Zhang, B. A. Assaf, D. Heiman, S. C. Zhang, C. X.
Liu, M. H. W. Chan, and J. S. Moodera, Nature Materials 14, 473 (2015).

[5] C.-X. Liu, S.-C. Zhang, and X.-L. Qi, Annual Review of Condensed Matter Physics, Vol 7 7, 301
(2016).

[6] C.-Z. Chang and M. Li, Journal of Physics-Condensed Matter 28, 123002 (2016).

[7] K. He, Y. Wang, and Q.-K. Xue, Annual Review of Condensed Matter Physics, Vol 99,329 (2018).
(8] F. D. M. Haldane, Physical Review Letters 61,2015 (1988).

[9] X.-L. Qi, T. L. Hughes, and S.-C. Zhang, Physical Review B 78, 195424 (2008).

[10]  P. Wei, F. Katmis, B. A. Assaf, H. Steinberg, P. Jarillo-Herrero, D. Heiman, and J. S. Moodera,
Physical Review Letters 110, 186807 (2013).

[11]  Z. Jiang, C.-Z. Chang, C. Tang, P. Wei, J. S. Moodera, and J. Shi, Nano Letters 15, 5835 (2015).
[12]  F.Katmis, V. Lauter, F. S. Nogueira, B. A. Assaf, M. E. Jamer, P. Wei, B. Satpati, J. W. Freeland,
I. Eremin, D. Heiman, P. Jarillo-Herrero, and J. S. Moodera, Nature 533, 513 (2016).

[13]  Z.lJiang, C.-Z. Chang, M. R. Masir, C. Tang, Y. Xu, J. S. Moodera, A. H. MacDonald, and J. Shi,
Nature Communications 7, 11458 (2016).

[14] H. Wang, J. Kally, J. S. Lee, T. Liu, H. Chang, D. R. Hickey, K. A. Mkhoyan, M. Wu, A.
Richardella, and N. Samarth, Physical Review Letters 117, 076601 (2016).

[15] C.Tang, C. Z. Chang, G.J. Zhao, Y. W. Liu, Z. L. Jiang, C. X. Liu, M. R. McCartney, D. J. Smith,
T. Y. Chen, J. S. Moodera, and J. Shi, Science Advances 3, 5, e1700307 (2017).

[16] P. Tang, Q. Zhou, G. Xu, and S.-C. Zhang, Nature Physics 12, 1100 (2016).

[17] M. Mogi, R. Yoshimi, A. Tsukazaki, K. Yasuda, Y. Kozuka, K. S. Takahashi, M. Kawasaki, and
Y. Tokura, Applied Physics Letters 107, 5, 182401 (2015).

[18] Y.B. Ou, C. Liu, G. Y. Jiang, Y. Feng, D. Y. Zhao, W. X. Wu, X. X. Wang, W. Li, C. L. Song, L.
L. Wang, W. B. Wang, W. D. Wu, Y. Y. Wang, K. He, X. C. Ma, and Q. K. Xue, Advanced Materials 30,
6, 1703062 (2018).

[19] D. Zhang, M. Shi, T. Zhu, D. Xing, H. Zhang, and J. Wang, in ArXiv2018), p. 1808.08014.

[20] J. Li, Y. Li, S. Du, Z. Wang, B.-L. Gu, S.-C. Zhang, K. He, W. Duan, and Y. Xu, in 4rXiv e-
prints2018).

[21] M. M. Otrokov, . I. Klimovskikh, H. Bentmann, A. Zeugner, Z. S. Aliev, S. Gass, A. U. B. Wolter,
A. V. Koroleva, D. Estyunin, A. M. Shikin, M. Blanco-Rey, M. Hoffmann, A. Y. Vyazovskaya, S. V.
Eremeev, Y. M. Koroteev, I. R. Amiraslanov, M. B. Babanly, N. T. Mamedov, N. A. Abdullayev, V. N.
Zverev, B. Biichner, E. F. Schwier, S. Kumar, A. Kimura, L. Petaccia, G. Di Santo, R. C. Vidal, S. Schatz,
K. KiBner, C.-H. Min, S. K. Moser, T. R. F. Peixoto, F. Reinert, A. Ernst, P. M. Echenique, A. Isacva, and
E. V. Chulkov, in ArXiv e-prints2018).

[22] D. S. Lee, T.-H. Kim, C.-H. Park, C.-Y. Chung, Y. S. Lim, W.-S. Seo, and H.-H. Park,
CrystEngComm 15, 5532 (2013).

[23] J. Q. Yan, Q. Zhang, T. Heitmann, Z. L. Huang, W. D. Wu, D. Vaknin, B. C. Sales, and R. J.
McQueeney, eprint arXiv:1902.10110, arXiv:1902.10110 (2019).

[24] R. C. Vidal, H. Bentmann, T. R. F. Peixoto, A. Zeugner, S. Moser, C. H. Min, S. Schatz, K. Kissner,
M. Unzelmann, C. 1. Fornari, H. B. Vasili, M. Valvidares, K. Sakamoto, J. Fujii, I. Vobornik, T. K. Kim,
R. J. Koch, C. Jozwiak, A. Bostwick, J. D. Denlinger, E. Rotenberg, J. Buck, M. Hoesch, F. Diekmann, S.

13



Rohlf, M. Kalldne, K. Rossnagel, M. M. Otrokov, E. V. Chulkov, M. Ruck, A. Isaeva, and F. Reinert, in
arXiv e-prints2019).

[25] M. M. Otrokov, I. P. Rusinov, M. Blanco-Rey, M. Hoffmann, A. Y. Vyazovskaya, S. V. Eremeeyv,
A. Emnst, P. M. Echenique, A. Arnau, and E. V. Chulkov, in ArXiv e-prints2018).

[26]  Y.Pengand Y. Xu, in ArXiv e-prints2018).

[27] Y. Deng, Y. Yu, M. Zhu Shi, J. Wang, X. H. Chen, and Y. Zhang, eprint arXiv:1904.11468,
arXiv:1904.11468 (2019).

[28] C. Liu, Y. Wang, H. Li, Y. Wu, Y. Li, J. Li, K. He, Y. Xu, J. Zhang, and Y. Wang, eprint
arXiv:1905.00715, arXiv:1905.00715 (2019).

[29] (See Supplemental Material at [ URL will be inserted by publisher | for details information.

[30] R. S. K. Mong, A. M. Essin, and J. E. Moore, Physical Review B 81, 245209 (2010).

[31] (Certain commercial equipment, instruments, or

materials (or suppliers, or software, ...) are identified in this paper to

foster understanding. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology, nor does it
imply that the materials or equipment identified are necessarily the best

available for the purpose.

[32] T.J. Liu, X. Ke, B. Qian, J. Hu, D. Fobes, E. K. Vehstedt, H. Pham, J. H. Yang, M. H. Fang, L.
Spinu, P. Schiffer, Y. Liu, and Z. Q. Mao, Physical Review B 80, 174509 (2009).

[33] M. N. Baibich, J. M. Broto, A. Fert, F. N. Vandau, F. Petroff, P. Eitenne, G. Creuzet, A. Friederich,
and J. Chazelas, Physical Review Letters 61, 2472 (1988).

[34] G. Binasch, P. Grunberg, F. Saurenbach, and W. Zinn, Physical Review B 39, 4828 (1989).

[35] M. Zhu, T. Hong, J. Peng, T. Zou, Z. Q. Mao, and X. Ke, Journal of Physics-Condensed Matter
30, 8, 075802 (2018).

[36] C. Z. Chang, P. Z. Tang, Y. L. Wang, X. Feng, K. Li, Z. C. Zhang, Y. Y. Wang, L. L. Wang, X.
Chen, C. X. Liu, W. H. Duan, K. He, X. C. Ma, and Q. K. Xue, Physical Review Letters 112, 5, 056801
(2014).

[37] D.-X.Qu, Y. S. Hor, J. Xiong, R. J. Cava, and N. P. Ong, Science 329, 821 (2010).

[38] K. Shrestha, M. Chou, D. Graf, H. D. Yang, B. Lorenz, and C. W. Chu, Physical Review B 95,
195113 (2017).

[39] J. P. Fleurial, L. Gailliard, R. Triboulet, H. Scherrer, and S. Scherrer, Journal of Physics and
Chemistry of Solids 49, 1237 (1988).

[40] T. Suzuki, R. Chisnell, A. Devarakonda, Y. T. Liu, W. Feng, D. Xiao, J. W. Lynn, and J. G.
Checkelsky, Nature Physics 12, 1119 (2016).

[41]  N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P. Ong, Reviews of Modern Physics
82, 1539 (2010).

[42] S. Nakatsuji, N. Kiyohara, and T. Higo, Nature 527, 212 (2015).

[43] H. Chen, Q. Niu, and A. H. MacDonald, Physical Review Letters 112, 017205 (2014).

14



Figures Captions

FIG. 1 (Color online). (a) The selected area diffraction pattern taken from [100] zone axis for
MnBi>Tes. Inset: a crystal image of MnBixTes. (b) HAADF-STEM image taken from the [100]
zone axis. Inset: Magnified image of a one-unit cell with the atoms overlaid on top to demonstrate
the layered structure of MnBixTes. The yellow arrows in (b) mark Mn vacancies. (c¢) and (d): The

intensity profiles of Mn and Bi atomic columns indicated by the red and blue arrows in (b).

FIG. 2 (Color online). ARPES band maps of MnBixTes single crystal along the K—T —K

direction and the corresponding second derivative maps at (a) 5K and (b) 300K.

FIG. 3 (Color online). (a) and (d): Field-dependence of magnetic torque 7 of MnBi>Tes at 2K for

H//c’ (a) and HLc’ (d) (¢’ denotes a direction nearly parallel to the c-axis). The purple and orange
data points in (a) are the neutron scattering intensities at (10 %) and (102) as a function of magnetic

field at 4.2K. Error bars represent 1 sigma errors based on Poisson counting statistics. The black
curves in (a) and (d) represent the isothermal magnetization measured at 2K with H//c and HLc.
The insets illustrate the antiferromagnetic (AFM), canted antiferromagnetic (CAFM) and
ferromagnetic (FM) phases in the different field ranges. (b) and (¢): Field dependences of in-plane
resistivity pxe and out-of-plane resistivity p-. at various temperatures for H//c. (e) and (f): Field
dependences of p. and p.: at various temperatures for Hlc. The insets in (b), (c), (e) and (f)

illustrate the experiment setups.
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FIG. 4 (Color online). Temperature dependences of the (a) in-plane resistivity pxx and (b) out-of-

plane resistivity pzz under various magnetic fields (H//c).

FIG. 5 (Color online). (a) Hall resistivity py, as a function of magnetic field at various temperatures

for MnBi,Tes. The schematic illustrates the experimental setup for o, measurements. Inset: o, vs.
H in the 0-35T field range at 1.5K and 30K. (b) The field dependence of anomalous Hall resistivity
Apxy under various field orientations, obtained after subtracting the normal Hall resistivity due to
the Lorentz effect from pxy shown in (c). (c) Hall resistivity as a function of magnetic field under
various field orientations. (d) Apxy plotted against the magnetization M for different field
orientations. The data in orange color was collected at 15K and the rest was measured at 2K (the

magnetization data used for making this plot is shown in Fig. S3c)
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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