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Using circularly-polarized light to control quantum matter is a highly intriguing 26

topic in physics, chemistry and biology. Previous studies have demonstrated helicity- 27

dependent optical control of spatial chirality and magnetization M . The former is cen- 28

tral for asymmetric synthesis in chemistry and homochirality in bio-molecules, while 29

the latter is of great interest for ferromagnetic spintronics. In this paper, we report 30

the surprising observation of helicity-dependent optical control of fully-compensated 31

antiferromagnetic (AFM) order in 2D even-layered MnBi2Te4, a topological Axion 32

insulator with neither chirality nor M . We further demonstrate helicity-dependent 33

optical creation of AFM domain walls by double induction beams and the direct re- 34

versal of AFM domains by ultrafast pulses. The control and reversal of AFM domains 35

and domain walls by light helicity have never been achieved in any fully-compensated 36

AFM. To understand this optical control, we study a novel type of circular dichroism 37

(CD) proportional to the AFM order, which only appears in reflection but is absent 38

in transmission. We show that the optical control and CD both arise from the opti- 39

cal Axion electrodynamics, which can be visualized as a Berry curvature real space 40

dipole. Our Axion induction provides the possibility to optically control a family of 41

PT -symmetric AFMs such as Cr2O3, even-layered CrI3 and possibly novel states in 42

cuprates. In MnBi2Te4, this further opens the door for optical writing of dissipation- 43

less circuit formed by topological edge states. 44

Main 45

There is tremendous interest in finding innovative ways to control and manipulate complex 46

quantum materials [1]. Antiferromagnets (AFMs) have zero net M , so AFM domains are immune 47

to perturbing magnetic field. This leads to the prospect of robust magnetic storage [2, 3]. However, 48

this robustness also means that manipulating fully-compensated AFM order is extremely difficult 49

[3–6] (discussion in SI.V.2). As such, controlling AFM order has been recognized a key challenge 50

toward the AFM spintronics [2, 3]. One known approach is to use the parallel E and B fields [7– 51

9]. Compared to such electrical approach, optical control is non-contact, flexible, has good spatial 52

resolution and further allows for ultrafast manipulation. It also enables fundamental understanding 53

of the interaction of photons with charges, spins, lattice, and quantum geometry. 54

In this paper, we explore the novel possibility of controlling fully-compensated AFM order by 55

circularly-polarized light, which has never been achieved. We got inspirations from (1) discoveries 56

of helicity-dependent optical control of chiral materials and magnetization M [4, 10, 11] and (2) 57
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previous experiments reporting novel circular dichroism (CD) proportional to the AFM order in 58

Cr2O3 [12, 13] and the pseudo-gap state of cuprates [14]. We report helicity-dependent optical 59

control of fully-compensated AFM order induced by the optical Axion electrodynamics in even- 60

layered MnBi2Te4. 61

MnBi2Te4, the first intrinsic magnetic topological insulator recently synthesized in 2019, has 62

attracted great interest as it bridges three primary fields in quantum condensed matter: topology, 63

magnetism and 2D van der Waals (vdW) materials [9, 15–28]. MnBi2Te4’s lattice consists of 64

septuple layers (SL) separated by vdW gaps. Its magnetic ground state is layered AFM, which can 65

be further tuned into a ferromagnetic state by a large B field (Fig. 1e). Previous theoretical works 66

have comprehensively studied the electronic, magnetic and topological properties of MnBi2Te4 bulk 67

and thin films (SI.V.3) [15–20]. The 2D magnetic and topological ground states can be classified 68

into two kinds. The first kind has an obvious, nonzero static M hosting the Chern insulator state 69

[9, 21–27]. It includes odd-layered MnBi2Te4 near B = 0 as well as odd-layered and even-layered 70

MnBi2Te4 under large B fields. By contrast, the second, more special kind is the even-layered AFM 71

MnBi2Te4, which will be our focus. It is expected to host fully-compensated AFM with an Axion 72

insulator state [16, 17, 20–22] near B = 0. 73

Our magneto-optical setup (Fig. 1f) allows us to investigate the interaction between circularly- 74

polarized light and quantum materials by probing CD, the difference between σ+ and σ− light. 75

Importantly, our setup can measure CD both in the reflection and transmission channels and has 76

a supercontinuum light source with tunable wavelength (500 nm to 1000 nm). These capabilities 77

are crucial for our findings, including unique helicity-dependence, wavelength-dependence, and 78

reflection and transmission properties. The measurement temperature is 2 K unless noted otherwise. 79

Optical induction in a 2D topological antiferromagnet 80

In this section, we show the observation of optical induction at specific wavelengths. Systematic 81

wavelength dependences will be presented later. As shown in Fig. 2a, starting from T = 30 K, 82

we shine σ+ circularly-polarized light (λinduction = 840 nm, Pinduction ' 1 mW) onto a spot on a 83

8SL MnBi2Te4 flake (sample-S1, see Fig. 2e) while lowering its temperature. Upon reaching 2 84

K, we turn off the induction light and measure the reflection CD (RCD) with the detection light 85

(λdetection = 946 nm and Pdetection ' 30 µW). We observe significant anomalous RCD at B = 0 86

(Fig. 2c). We then measure the anomalous RCD while warming up. The RCD vanishes above 87

TN. From T = 30 K, we repeat the same induction process (Fig. 2b) only changing the induction 88

helicity to σ−. We turn off the induction light at 2 K and repeat the measurements. Remarkably, 89
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the global sign of RCD data is reversed (Fig. 2d). We repeated the induction nine consecutive times 90

(Figs. 2e-g and Extended Data Fig. 4). We find that the RCD at 2 K is consistently controlled 91

by the induction light helicity. On the other hand, when cooling down without induction light, we 92

still observe the anomalous RCD. Only the sign is random (SI.Fig. S17). 93

Understanding the optical induction by investigating the anomalous CD 94

Because the anomalous RCD correlates with the AFM order, the data above hint an exciting 95

possibility that induction helicity can control the AFM order in 8SL MnBi2Te4. To understand 96

this optical induction, we first investigate the anomalous CD, because it serves as the experimental 97

indicator of the AFM order. Here, we focus on sample-S2 on a diamond substrate, which consists 98

of four connected flakes of 5 − 8 SLs (Extended Data Fig. 5a). We performed systematic RCD 99

measurements (Extended Data Figs. 5c-p). In 5SL and 7SL, we observed the conventional magnetic 100

CD proportional to M . In 6SL and 8SL, we observed the anomalous RCD. We have further 101

confirmed the reproducibility of the anomalous CD in more than 10 samples. 102

There are two possibilities for the anomalous RCD. (1) It can be the magnetic CD proportional 103

to M (we will explain the origin of M below); (2) Actually, in the absence of any M , there can 104

be an AFM CD unrelated to M but proportional to the AFM order L in PT symmetric AFMs as 105

reported in Cr2O3 [12, 13] (this is symmetry allowed see SI.III), which is also likely the origin of 106

the CD observed in the pseudogap of cuprates [14, 29, 30]. One may think that (1) and (2) can 107

be easily discerned because they are proportional to different order parameters. But in reality this 108

is often not feasible, because the M in an AFM is typically coupled with the AFM order L. For 109

example, suppose our sample is subject to a fixed vertical, static electric field Ez due to substrate, 110

which in turn generates an M due to the static ME coupling α, i.e., M = αEz. Because the two 111

AFM states have opposite α, if one flips the AFM order L, M will also flip. In fact, the induced 112

M turned out to be the dominant mechanism for RCD in even-layered CrI3 [8, 31]. Therefore, new 113

measurements beyond the RCD are crucial to distinguish the above two possibilities. 114

We now proceed to show that CD in transmission, i.e., TCD, provides the decisive new measure- 115

ment, as proposed in Ref. [32, 33]. Magnetic CD is known to also occur in transmission channel 116

(just like the Faraday effect). By contrast, the AFM CD has TCD = 0 because of PT symmetry. 117

Extended Data Fig. 6a describes a conceptual experiment with σ− light transmitting through sam- 118

ple. Upon PT inversion, the even-layered MnBi2Te4 remains invariant and light path also stays 119

the same, but light helicity is reversed. As such, PT enforces the transmission coefficients for 120

σ± light to be identical, which means TCD = 0 (similar analysis can show that RCD is allowed, 121
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Extended Data Fig. 6b). Therefore, what truly distinguishes the AFM CD from the magnetic CD 122

is TCD = 0. 123

As such, we study TCD and RCD simultaneously in sample-S3, which consists of 5SL and 6SL 124

on diamond (Fig. 3). In 5SL, the magnetic CD indeed shows up prominently in both reflection and 125

transmission. We now turn to 6SL. At 946 nm where significant anomalous RCD was observed at 126

B = 0 (Fig. 3b), the TCD, by contrast, is zero. Continuous wavelength dependence (Fig. 3c) shows 127

that, strikingly, TCD is negligibly small over the entire spectrum. Also, we have repeated the RCD 128

vs. TCD experiments in sample-S1 (Extended Data Fig. 7), on which the induction experiments 129

were performed. In SI.II.1, we show additional data to further substantiate this. Therefore, we 130

showed that the anomalous RCD in even-layered MnBi2Te4 only appears in reflection but is absent in 131

transmission. Such unique reflection and transmission characters, although has been long proposed 132

in theory [32], have never been observed before, allowing us to rule out the magnetic CD due 133

to uncompensated M . As such, the anomalous RCD in even-layered MnBi2Te4 is the AFM CD. 134

Below, we show that the AFM CD can be further categorized by the microscopic mechanisms and 135

our results provide the first demonstration of the optical Axion mechanism. 136

CD arising from the optical Axion electrodynamics 137

The AFM CD arises from the diagonal optical ME coupling α(ω)ii [12, 32], but the optical ME 138

coupling has different components corresponding to different microscopic mechanisms. Specifically, 139

the traceless part of α(ω)ii is known as the gyrotropic birefringence (GB) [GB = 1
3
(α(ω)xx−α(ω)zz)] 140

[34, 35]; while the trace part is the Axion contribution θ(ω) = 1
3

∑
i α(ω)ii = 1

3
[2α(ω)xx + α(ω)zz] 141

(we have applied α(ω)xx = α(ω)yy because of MnBi2Te4’s C3z symmetry). However, for a long 142

time, only the GB (traceless part) was theoretically derived [34]. Only very recently, the theory of 143

Axion electrodynamics at optical frequencies was developed [33], which allows us to compute the 144

Axion optical ME coupling in quasi-2D periodic systems (see Methods for expressions). In bulk 145

MnBi2Te4, its AFM respects inversion symmetry, so the GB contribution is expected to vanish, 146

allowing us to isolate the Axion contribution. Interestingly, even for few-layered MnBi2Te4 where 147

both Axion and GB are allowed by symmetry, our DFT calculations show that Axion θ(ω) strongly 148

dominates (e.g. Fig. 3f for 6SL MnBi2Te4). Further theoretical studies are needed to understand 149

why Axion dominates over GB in few-layered MnBi2Te4. As shown in Fig. 3e, the physics of 150

Axion ME coupling can be visualized by a Berry curvature real space dipole (see derivation in the 151

Methods): Because the top and bottom surfaces have opposite Berry curvature, by applying E 152

field, they feature opposite Hall currents. In fact, if one considers the Hall currents on all four 153
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facets parallel to E field, one naturally obtains a circulating current, which leads to an M . This 154

physical picture works for both static and optical Axion ME effects. We only need the following 155

correspondence: the static E ↔ optical Eω and Berry curvature ↔ inter-band Berry curvature. 156

We note that, in contrast to the static limit, for our photon energy (500 − 1000 nm), the optical 157

transition involves many bands, not just the topological surface states; and the contributions from 158

the higher bands are more significant (SI.IV.2). 159

Using the calculated θ(ω), we can theoretically compute the Axion CD (see expressions in 160

SI.IV.1), and thus compare it with the experimental RCD data. As shown in Figs. 3c,g, we 161

observe good agreement between experimental RCD data and calculated Axion CD in terms of the 162

magnitude and the spectral shape. By contrast, the GB-induced CD is too small to account for 163

the data. In SI.I.3, we provide further systematic studies to carefully address the light-attenuation- 164

induced CD: In a layered AFM, every adjacent layer gives opposite magnetic CD. Therefore, as 165

the light attenuates layer by layer, the absorption can lead to an uncompensated RCD signal [36]. 166

We address this possibility by systematically analyzing the RCD amplitude and spectrum. Based 167

on above data and calculations, we conclude that the optical Axion ME coupling is the most likely 168

origin. In future, it would be of great interest to extend the study to terahertz, where we expect 169

a finite Kerr rotation in fully-compensated even-layered MnBi2Te4 from which one can obtain the 170

quantized Axion ME coupling [33]; meanwhile there is zero RCD due to no absorption and zero 171

Faraday due to PT symmetry. 172

Optical induction arising from the optical Axion electrodynamics 173

Our simultaneous RCD and TCD measurements demonstrated that the M in even-layered 174

MnBi2Te4 is negligibly small. Instead, circularly-polarized light with opposite helicity couples 175

differently to the opposite AFM domains. To further confirm that this is also the origin of the 176

optical induction, we now investigate its wavelength dependence. In particular, we notice that the 177

RCD data has distinct spectral dependence (Fig. 3c): E.g. RCD at 840 nm and 540 nm have oppo- 178

site signs. Therefore, if the induction has the same physical origin as the CD, i.e., the optical Axion 179

electrodynamics, then the induction effects using λinduction = 840 nm and λinduction = 540 nm should 180

be opposite. Specifically, with the same light helicity, the induction using λinduction = 840 nm and 181

λinduction = 540 nm should lead to opposite AFM domains. As such, we carry out the induction with 182

λinduction = 540 nm and 840 nm (note that λdetection is fixed to achieve consistent comparison). By 183

directly comparing Fig. 4a,c (λinduction = 540 nm) and Fig. 4b,d (λinduction = 840 nm), we indeed 184

find that the results are entirely opposite (see free energy analysis in Fig. 4f). We further study the 185
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induction at other wavelengths. As shown in Fig. 4e, our data show that the effect of induction at 186

540 nm and 580 nm is opposite to that of 740 nm, 840 nm and 946 nm. These results are consis- 187

tent with the sign of the RCD spectra for even-layered MnBi2Te4, which provide strong evidence 188

that the induction and CD share the same physical origin, i.e., the optical Axion electrodynamics. 189

Therefore, we conclude on the observation of the Axion induction, i.e., helicity-dependent control 190

of fully-compensated AFM order based on the optical Axion electrodynamics. 191

Optical creation of AFM domain wall by double induction 192

The control of AFM order with light helicity makes it possible to spatially modulate the AFM 193

domain structure. For instance, one can think of creating AFM domain wall using two close-by 194

light beams of opposite helicity. Here, we demonstrate this possibility in a 8SL flake (sample-S5). 195

As shown in Fig. 5a, the two light beams are spatially separated and their polarizations can be 196

controlled separately. When both beams are σ+ polarized (Fig. 5c), the double induction yields 197

one AFM domain, similar to the single induction before. We then change the two beams to σ+ and 198

σ− (Fig. 5d). Indeed, the double induction yields opposite AFM domains separated by a domain 199

wall. If we further change the two beams to σ− and σ+, then both AFM domains are flipped and 200

again an AFM domain wall is created. In SI.II.3, we show more systematic data. By double Axion 201

induction, we achieve helicity-dependent optical creation of AFM domain wall for the first time. 202

Direct optical switching of AFM domain by ultrafast pulse 203

The optical induction requires warming up the entire sample and then cooling down across TN 204

with light. To achieve optical writing of complex AFM structures at will, direct optical switching 205

would be highly desirable. We have achieved such direct optical switching of the AFM domain 206

using ultrafast pulsed light with circular polarization. We start from the entire 8SL sample in a 207

single AFM domain (Fig. 6), while the sample is kept at T = 18 K (below TN). We shone ultrafast 208

laser pulses with circular polarization, turned off the ultrafast laser, then checked the AFM order 209

by RCD. As shown in Fig. 6, we indeed directly switch the AFM domain at the ultrafast laser 210

spot with clear helicity dependence. In SI.II.4, we show more systematic data. Direct helicity- 211

dependent optical switching of AFM has never been achieved before. This new result opens a 212

pathway to photolithography for AFM structures. 213

Discussions 214

Our results have demonstrated a new type of helicity-dependent optical control (Extended Data 215

Fig. 2): It has been previously known that the rotating electric field of circularly-polarized (CP) 216
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light serves as an effective B field [(E∗×E) has the same symmetry as B], while the rotating elec- 217

tric field multiplies the light propagation vector leads to an effective chiral force [(E∗ × E) · q̂ has 218

the same symmetry as chirality]. Therefore, CP light can control magnetization M and chirality 219

[4, 11]. In our work, we discovered that CP light can control the AFM order. Such new control can 220

be visualized by the picture that CP light provides an effective Axion E ·B field [(E∗ × E) · ẑ has 221

the same symmetry as E ·B], where the rotating electric field of CP light serves as an effective Bz 222

field and the sample surface normal as an effective Ez. Looking forward, we highlight the following 223

future directions: First, our simultaneous RCD and TCD measurements realize a novel symmetry 224

probe for both T and PT , which is valuable to investigate novel T -breaking phases in unconven- 225

tional superconductors and charge orders. For instance, optical nonreciprocity (Kerr rotation) with 226

nominally zero magnetization was also observed in unconventional superconductors such as UPt3 227

[37–39]. A finite Kerr signal means T -breaking. Whether this state preserves/breaks PT sym- 228

metry is unknown, which can be learnt by simultaneous transmission experiments. Interestingly, 229

theory predicts exotic PT -symmetric topological superconductivity [40]. Second, we note that the 230

optical Axion θ(ω) electrodynamics is quantum geometrical (i.e., it depends on the geometrical 231

properties of Bloch wavefunction such as Berry curvature) but not topological. This is in contrast 232

to the static θ [41, 42], which can lead to topological quantized effects with exciting experimental 233

progress [22, 43–46]. This means that the optical θ(ω) cannot be used to discern topology at photon 234

energies larger than the band gap. On the flip side, it also makes this novel physics more widely 235

applicable in other PT -symmetric AFMs without mirror planes, including Cr2O3 and CrI3 and 236

even the pseudo-gap state of cuprates [14]. Third, the direct switching by ultrafast pulses (Fig. 6) 237

is potentially on the ultrafast timescale. So future pump probe experiments to directly demonstrate 238

ultrafast AFM reversal would be highly desirable. Finally, for MnBi2Te4, because the AFM order 239

is directly coupled to the sign of static θ angle (a topological invariant) as well as the half-quantized 240

surface Hall conductivity [16, 17, 20], our definitive, versatile optical control of AFM domains and 241

domain walls also leads to an optical writing of ballistic circuits of topological chiral edge states. 242
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Methods 337

Crystal growth: Bulk crystals were grown by the flux method [48]. Elemental Mn, Bi and Te 338

were mixed at a molar ratio of 15 : 170 : 270, and sealed in a quartz tube with argon environment. 339

The ampule was first heated to 900◦C for 5 hours. It was then moved to another furnace where 340

it slowly cooled from 597◦C to 587◦C and stayed for one day at 587◦C. Finally, MnBi2Te4 were 341
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obtained by centrifuging the ampule to separate the crystals from the Bi2Te3 flux. 342

Sample fabrication: To preserve the intrinsic properties of 2D MnBi2Te4 flakes, the entire de- 343

vice fabrication process was performed without exposure to air, chemicals, or heat in an Ar-filled 344

glovebox with O2 and water levels below 0.01 ppm. First, thin flakes were mechanically exfoliated 345

on a 300-nm SiO2/Si wafer. The number of layers was determined based on the optical contrast 346

shown in Ref. [9]. Second, we picked up a desired MnBi2Te4 flake and transferred it onto a dia- 347

mond, sapphire, or hBN substrate by the cryogenic pickup method developed in Ref. [49], where a 348

thin piece of PDMS (polydimethylsiloxane) was cooled to −110◦ by liquid nitrogen to achieve the 349

pickup. Third, a 20−50 nm hBN flake was transferred onto the MnBi2Te4 flake. A 200 nm layer of 350

PMMA (poly(methyl methacrylate)) was spin-coated onto the sample to further protect it before 351

transferring it from the glovebox to a cryostat. 352

Circular dichroism and optical induction: Optical CD measurements were performed in the 353

closed-loop magneto-optical cryostat OptiCool by Quantum Design (base temperature ∼ 2 K and 354

B field ±7 T) using a supercontinuum laser SuperK-EXR20 by NKT photonics (wavelength 500 355

nm to 2500 nm, pulse width ∼ 12 ps at 1064 nm). We focused on 500−1000 nm due to constraints 356

of the photodetector, lens, objective and beam splitter. A spectrometer SpectraPro-300i by Acton 357

Research was used to select the wavelength. The beam went through a photoelastic modulator 358

(PEM200, Hinds instruments) operating at λ
4

retardation with a frequency of 50 kHz. After an 359

optical chopper (1000 Hz) and a broadband plate beam-splitter (near normal, Thorlabs BSW26), the 360

beam was focused onto the sample by a 50X Mitutoyo Plan Apochromat Objective (MY50X-825). 361

The reflected beam went through the cryostat’s top window, was collimated by the same objective, 362

and was collected by a Si Avalanche Photodetector (APD410A, Thorlabs). The transmitted beam 363

was collimated by a parabolic mirror (37-282 Edmund Optics) inside the cryostat and passed 364

through a side window to reach the APD. The corresponding reflection and transmission APD 365

signals were analyzed by two lock-in amplifiers at 50 kHz (the PEM frequency) and 1000 Hz (the 366

chopper frequency), respectively. The RCD and TCD were the ratio of the 50 kHz and 1000 Hz 367

signals. Spatial imaging were achieved using a galvo scanning mirror system. The background CD 368

were obtained by performing the same measurement at a location immediately next to MnBi2Te4 369

flake (SI.II.1). In order to reduce the background CD, the beam splitter (BSW26, Thorlabs) was 370

intentionally used at near normal incidence (Fig. 1f) 371

Induction experiments were performed using the same supercontinuum laser. The induction 372

light shared the same beam path. When conducting induction experiments, the PEM was turned 373
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off. An achromatic λ
4

waveplate (AQWP10M-580, Thorlabs) was installed before the objective, 374

which generates σ± polarization. After the induction was completed, the induction light was then 375

turned off, and the λ/4 waveplate was removed from the beam path, allowing us to measure the 376

CD using the PEM. In order to check if the phase of the signal was definitive and consistent, we 377

deliberately turned off and on the PEM multiple times and took the identical measurements. Every 378

time, the phase (sign) of the signal was consistent. We show the data and explain this based on 379

the PEM instrumentation in SI.II.1. 380

The direct switching was achieved with the sample kept at T = 18 K (below TN = 25 K). The 381

pulsed light was generated by an amplified Yb:KGW laser (Pharos, LightConversion) with pulse 382

duration 168 fs, wavelength 1030 nm, repetition rate 100 kHz. The power applied on the sample 383

was 0.04 mW (= 0.4 nJ per pulse). We shone the ultrafast light for 1min, turned it off, and then 384

checked the AFM by RCD. 385

NV center magnetometry: NV center magnetic imaging was performed using a diamond sample 386

containing a near-surface ensemble of NV centers. A green laser (515 nm, 100 µW power, beam 387

spot FWHM 400 nm) was used to probe the optically-detected magnetic resonance across the NV 388

ensemble [50]. A pulsed electron spin resonance measurement (500 ns pulse length) was performed 389

on the |0〉 to |1〉 NV ground-state transition at a background field of 141 mT along the NV axis 390

(∼ 1.08 GHz). To determine the stray field dB due to the flake, a linear plane-fit background is 391

subtracted from the raw field image. The NV detection limit was about 2µB/nm2. 392

Optical Axion Electrodynamics: 393

• θ and E ·B have identical symmetry properties. They require the breaking of P , T and all 394

mirrors. Note that there are PT -symmetric phases with mirror symmetry [47]. They do not 395

support the Axion optical ME coupling because mirror forces θ = 0 but they can support 396

other novel optical effect such as the nonreciprocal directional dichroism. 397

• By adding θ(ω) e2

2πhc
Eω ·Bω into the Lagrangian, the modified Maxwell’s equations read

∇ · Eω = ρ− e2

2πhc
∇θ(ω) ·Bω (1)

∇×Bω = ∂tE
ω + jω +

e2

2πhc
(∇θ(ω)× Eω + ∂tθ(ω)Bω) (2)

The other equations (the Gauss’s law for magnetism and the Faraday’s law) are unchanged. 398

• The low frequency limit is defined as frequencies below the magnetic gap at the surface Dirac 399

point, which is typically ∼ 10 meV in magnetic topological insulators. Therefore, according 400

to this definition, terahertz light is in the low frequency limit. 401
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• According to Ref. [33], θ(ω) is given by

θ(ω) = π
2h

e2
1

3
(2α(ω)xx + α(ω)zz), (3)

αxx(ω) =
e2

~L
∑
o,u

∫
d2k

εuo
εuo − ~ω

Im[
~2 〈o|v̂x|u〉 〈u| − 1

2
(v̂yr̂z + r̂zv̂y) + m̂s

x|o〉
ε2uo

], (4)

αzz(ω) =
e2

~L
∑
o,u

∫
d2k

εuo
εuo − ~ω

Im[
~2
2

(〈o|r̂z|u〉 〈u|v̂xv̂y|o〉 − 〈o|r̂zv̂x|u〉 〈u|v̂y|o〉
ε2uo

−(x↔ y)) + ~2 〈o|v̂z|u〉 〈u|m̂s
z|o〉

ε2uo
] (5)

where L is the sample thickness, εuo(k) is the energy difference between occupied (o) and 402

unoccupied (u) states, v̂x and v̂y are velocity operators, r̂z is the position operator along z, 403

and m̂s is the spin operator. 404

• To get the Berry curvature real space dipole, we start from α(ω)xx (because the traceless part

is small, θ(ω) ' π 2h
e2
α(ω)xx.).

α(ω)xx =
e2

~L
∑
o,u

∫
d2k

εuo
εuo − ~ω

Im[
~2 〈o|v̂x|u〉 〈u|v̂yr̂z|o〉

ε2uo
]

=
e2

~L
∑
o,u

∫
d2k

εuo
εuo − ~ω

Im[
~2 〈o|v̂x|u〉

∑
p 〈u|v̂y|p(k)〉 〈p(k)|r̂z|o〉

ε2uo
]

' e2

~L
∑
o,u

∫
d2k

εuo
εuo − ~ω

〈r̂z〉oIm[
~2 〈o|v̂x|u〉

∑
p 〈u|v̂y|p(k)〉 δpo
ε2uo

]

=
e2

~L
∑
o,u

∫
d2k

εuo
εuo − ~ω

〈r̂z〉oIm[
~2 〈o|v̂x|u〉 〈u|v̂y|o〉

ε2uo
]

=
e2

2~L
∑
o,u

∫
d2k

εuo(k)

εuo(k)− ~ω
〈r̂z〉oΩuo (6)

Therefore, the Berry curvature real space dipole is a good approximation when the wavefunc- 405

tion of the electronic states is concentrated in a particular layer (〈p(k)|r̂z|o〉 ' δpo〈r̂z〉o). In 406

MnBi2Te4, because it is a vdW layered material, the interlayer coupling is expected to be 407

relatively weak. Hence, the wavefunction of the electronics states is relatively localized. 408

Free energy analysis: Similar to previous works [4, 11], we expand the system’s free energy in 409

the presence of light. Here we assume the light propagates along ẑ. 410

δF = βM · [E∗ × E] + γΦchiral[E
∗ × E] · q̂ + ξLz[E

∗ × E] · ẑ, (7)
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where E and q̂ are the electric field and unit wavevector of light; M, Φchiral and L are the order 411

parameters for FM, chiral crystals and AFM, respectively; β, γ and ξ are the corresponding coupling 412

tensors. First, we explain how each term is constructed. The guiding principle [52] is that a valid 413

free energy term must be invariant under all symmetries. For instance, M is odd under T but even 414

under P ; one can check that the same is true for [E∗ ×E], so that M · [E∗ ×E] is invariant under 415

both T and P . Similarly, the spatially-chiral order Φchiral is odd under P but even under T , and 416

the same is true for [E∗ × E] · q̂. The AFM order Lz (as in even-layered MnBi2Te4) is odd under 417

both P and T , and the same is true for [E∗ × E] · ẑ. 418

Next, we explain the physical meaning of each term. Importantly, one can check that E∗ × E, 419

[E∗×E] · q̂, and [E∗×E] · ẑ all flip sign upon reversing light helicity (while keeping the propagation 420

direction invariant). The first term is the energy coupling between M and circularly-polarized 421

light, which is responsible for the helicity-dependent optical control of magnetization observed in 422

FMs [4]. The second term is the energy coupling between spatial chirality and circularly-polarized 423

light, which is responsible for the helicity-dependent optical control of spatial chirality observed 424

in asymmetrical chemical reactions [10] and gyrotropic electronic order [11]. The last term is the 425

energy coupling between the fully-compensated AFM order and circularly-polarized light, which is 426

responsible for the helicity-dependent optical control of the fully-compensated AFM order, achieved 427

for the first time in even-layered MnBi2Te4 here. The coupling constant ξ directly arises from the 428

optical Axion electrodynamics, as we demonstrated from the data above. 429

First-principles calculations: First-principles band structure calculations were performed using 430

the projector augmented wave method as implemented in the VASP package within the generalized 431

gradient approximation (GGA) schemes. 9× 9× 1 Monkhorst-Pack k-point meshes with an energy 432

cutoff of 400 eV were adapted for the Brillouin zone integration. Experimentally determined lattice 433

parameters were used. In order to treat the localized Mn 3d orbitals, we follow previous first- 434

principles works [15, 51] on MnBi2Te4 and used an onsite U = 5.0 eV. The Wannier model for 435

the few-layered MnBi2Te4 was built using the Bi p, Te p and Mn d orbitals. All optical response 436

functions were calculated based on the Wannier model. 437
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FIG. 1: Helicity-dependent optical control of quantum matter and introduction to MnBi2Te4.

a,b, Previous studies have demonstrated helicity-dependent optical control of spatial chirality and mag-

netization [4, 10, 11]. c, We report the surprising observation of helicity-dependent optical control of

fully-compensated antiferromagnetic (AFM) order. d, Lattice structure of MnBi2Te4. e, Hall resistivity

of our 6SL MnBi2Te4 with the layered magnetic state shown by the pink arrows. For each state, two out

of six layers are pictured for simplicity. The Axion insulator state is realized by the fully-compensated

AFM near B = 0. f, Our circular dichroism set up. SP, PEM, BS, Obj. are spectrometer, photoelastic

modulator, beam-splitter, and objective, respectively.
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FIG. 2: Optical induction in a 2D topological antiferromagnet. a, We shine σ+ circularly-polarized

induction light (λinduction = 840 nm, Pinduction ' 1 mW) on the sample S1 (8SL MnBi2Te4 flake on a

sapphire substrate) while lowering its temperature from T = 30 K to 2 K. c, Upon reaching 2 K, we turn

off the induction light and measure the reflection CD (RCD) with the detection light at λdetection = 946

nm and Pdetection ' 30 µW. Surprisingly, we observe a significant RCD at B = 0. Upon warming up, the

RCD vanishes above TN. b,d, Same as panels (a,c) except that we shine σ− circularly-polarized induction

light on the sample while lowering its temperature from T = 30 K to 2 K. e, Spatial mapping of the optical

contrast near the 8SL flake. Scale bar: 2 µm. f, RCD signal after induction with opposite helicity. The

circle marks the spot subject to the induction light while cooling. g, RCD signal at the center of the circle

in panel (f) after consecutive induction processes with opposite helicity.
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FIG. 3: Unique reflection and transmission properties and observation of the Axion CD.

a,b, Simultaneous RCD and TCD measurements of the 5SL (panel a) and 6SL (panel b) in sample-

S3. c, Wavelength dependence of RCD data at B = 0 for 6SL. d, Schematic illustration of the Berry

curvature real-space dipole. Electrons at opposite positions (±Z) in even-layered MnBi2Te4 have opposite

Berry curvature. e, the Axion optical ME coupling can be visualized an itinerant electron circulation in

response to electric field as a consequence of the Berry curvature real-space dipole. f, Optical Axion θ(ω)

and gyrotropic birefringence (Txx) of 6SL MnBi2Te4 calculated from first-principles band structures. g,

Theoretically computed Axion CD and GB CD.
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FIG. 4: Observation of the Axion induction. a,c, We shine σ+ circularly-polarized induction light

(λinduction = 540 nm, Pinduction ' 1 mW) on the 8SL MnBi2Te4 flake (sample-S1) while lowering its

temperature from T = 30 K to 2 K (panel a). We turn off the induction light and measure the RCD

with λdetection = 946 nm while warming up (panel c). b,d, Same as panels (a,c) except the induction

wavelength is λinduction = 840 nm. e, Induction wavelength dependence. To consistently compare how

induction wavelength λinduction influences the results of induction, we fix all other experimental parameters

including induction helicity (fixed at σ+) and detection wavelength (fixed at λdetection = 946 nm) and we

only vary λinduction. f, Free energy diagrams summarize the optical control of the AFM order in even-

layered MnBi2Te4 with light helicity and wavelength.
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FIG. 5: Optical creation of AFM domain wall by double Axion induction. a, We shine two close-

by circularly-polarized induction light beams on an 8SL MnBi2Te4 flake (sample-S5). Scale bar: 2 µm.

λinduction = 540 nm. b, Schematic illustration of the double induction leading to an AFM domain wall.

c-e, RCD mappings of the area subject to the double induction with (σ+, σ+), (σ−, σ+), and (σ+, σ−),

respectively.
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FIG. 6: Direct optical switch of AFM order by ultrafast pulse with circularly polarization.

a, Schematic illustration of the entire 8SL sample (sample-S1) in the same AFM domain (achieved by

sweeping the B field from +7 T to 0 T). We shine circularly-polarized ultrafast pulsed light while keeping

the sample at T = 18 K (below TN = 25 K). b,c, RCD maps after shining circularly-polarized ultrafast

pulsed light. d-f, The same as panels (a-c) but for the opposite AFM domain prepared by sweeping the

B field from −7 T to 0 T. See additional data in SI.II.4. Scale bar: 2 µm.
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Extended Data Fig. 2: Three classes of CD in chiral crystals, ferromagnets and PT -symmetric

AFM. a-c, Chiral crystals, ferromagnets and PT -symmetric AFM feature distinct nontrivial interactions

with circularly-polarized light. They can only be distinguished by their transmission and reflection prop-

erties. d-f, Equally importantly, when bands with nontrivial topology or giant Berry curvature occur in

these three classes of materials, the respective CD can dominantly arise from the Berry curvature proper-

ties, namely the Berry curvature k space dipole, the total Berry curvature, and the Berry curvature real

space dipole, respectively.
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Extended Data Fig. 3: a, The Berry curvature causes transverse electron motion in response to an

external DC E field. b, Analogously, the inter-band Berry curvature causes a transverse electron motion

in response to light’s Eω field upon an interband transition. Ref. [53] provides a detailed theoretical analysis

for the clear geometrical origin of the inter-band Berry curvature. c, The Berry curvature induced optical

ME coupling can be visualized an itinerant electron circulation in response to electric field. Specifically,

upon the application of an electric field Eω, Berry curvature leads to transverse electron motion. Because

of the Berry curvature at ±Z is opposite, the transverse motions of electrons at ±Z are in opposite

directions. This in turn leads to an itinerant electron circulation Jω, which is equivalent to magnetization

Mω. d,e, Rotation of electric field Eω0 for σ± light. f, Light’s magnetic field Bω can lead to an electric

polarization Pω0 = α(ω)Bω
0 through the optical ME effect, which rotates light’s electric field Eω. Suppose

this rotation is in the clockwise direction. Then, this additional clockwise rotation would be along the

same direction as the intrinsic rotation (also clockwise) for σ+ light but opposite to the intrinsic rotation

(counter-clockwise) for σ− light. This provides an intuitive picture for why σ± light can behave differently

in an Axion insulator, a prerequisite for nonzero CD.
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Extended Data Fig. 4: Reproducible RCD measurements for nine consecutive inductions

with alternating induction helicities. a, RCD as a function of temperature while warming up after

induction with σ− light. b, Same as panel (a) but after induction with σ+ light. c, Spatial mapping

of the optical contrast near the 8SL MnBi2Te4 flake. The square box marks the region for induction

experiments. d, RCD map after induction with opposite helicity. The circle marks the spot that is subject

to the induction light while cooling; The σ+ and σ− on each small panel denotes the helicity of the

induction light. Experimental parameters used for data in this figure: λinduction = 840 nm, Pinduction ' 1

mW; λdetection = 946 nm, Pdetection ' 30 µW. Scale bars for panels (e,f) are 2 µm.
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Extended Data Fig. 5: Circular dichroism in 2D MnBi2Te4. a, Optical contrast of sample-S2

on diamond structure, which consists of four connected flakes of 5SL, 6SL, 7SL and 8SL. b, Nitrogen

vacancy center measured stray magnetic field of sample S2. c, RCD spatial mapping at B = 0 using

λdetection = 710 nm. The sample was cooled down with a finite B field and the B field was ramped to zero

before the measurements. d, Same as panel c but using λdetection = 946 nm with. No optical induction

was performed in panels c,d. Scale bars (horizontal and vertical lines) are all 5 µm. We note that the NV

and CD measurements were performed in different setups. Hence the spatial mappings (b and c,d) are

rotated with respect to each other. e-h, Magnetic hysteresis of RCD for 5SL, 6SL, 7SL and 8SL measured

at λdetection = 710 nm. i-l, Same as panels (e-h) but measured at λdetection = 946 nm. m-p, RCD spectra

at B = 0 for 5-8SL. The spectrum strongly depends on the evenness or oddness of the layer number,

consistent with the different physical origins of the CDs in even and odd layers. It is interesting to note

that ∼ 700 nm is the symmetric (antisymmetric) point for odd (even) layers.
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Extended Data Fig. 6: Symmetry analysis for CD in PT -symmetric AFM. a, σ− light transmit-

ting through a sample. Upon PT inversion, the AFM remains invariant and the light path also stays the

same, but light helicity is reversed. As such, PT enforces the transmission for σ± to be identical, which

means TCD = 0. b, σ− light reflecting off a sample. Upon PT inversion, the AFM remains invariant

but the reflection is changed to the bottom surface. This means that PT does not impose any constraint

on RCD experiments, because RCD compares the reflections of σ± lights from the same side of the sam-

ple. Carrying out the same analysis exhaustively confirms that there is no symmetry that can relate the

reflections of light with opposite helicity while keeping the AFM invariant. Therefore, RCD is allowed.
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Extended Data Fig. 7: RCD vs. TCD measurements of the 6SL and 8SL MnBi2Te4 in sample-

S1. a,b, RCD and TCD magnetic hysteresis measurements at 946 nm. c, RCD and TCD spectra at B = 0.


