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Inap-njunction, the separation of positive and negative charges

leads to diode transport, in which charge flows in only one direction.
Non-centrosymmetric polar conductors are intrinsic diodes that could be
of use in the development of nonlinear applications. Such systems have
recently been extended to non-centrosymmetric superconductors, and
the superconducting diode effect has been observed. Here, we report

an antiferromagnetic diode effect in a centrosymmetric crystal without
directional charge separation. We observed large second-harmonic
transportinanonlinear electronic device enabled by the compensated
antiferromagnetic state of even-layered MnBi,Te,. We show that this
antiferromagnetic diode effect can be used to create in-plane field-effect
transistors and microwave-energy-harvesting devices. We also show
that electrical sum-frequency generation can be used as atool to detect
nonlinear responses in quantum materials.

Antiferromagnets (AFMs) are magnetic internally but have zero net
magnetization externally. Although the internal magnetic structure
does not manifest as a global magnetization, it can affect other mac-
roscopic properties. For example, in strongly correlated systems, the
antiparallel spin structure promotes virtual hopping, which makes
antiferromagnetism afavourable ground statein undoped Mott insu-
lators’. Alternatively, in topological physics, the internal AFM spin
structures can lead to topological phases such as AFM topological

insulators®, AFM Dirac semimetals’ and axioninsulators*. The absence
of net magnetization, combined with their fast dynamics, also makes
AFMs a promising platform for spintronics’.

Intrinsic second-order transport has been reported in non-
centrosymmetric conductors® >, It leads to a diode-like /I-V character
(for example, if V=al + B, then V(+I) # -V(-I), where a and B are coef-
ficients). These non-centrosymmetric materials (including ferromag-
netic materials) can exhibit magneto-chiral anisotropy, nonreciprocal
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magnetoresistance and unidirectional magnetoresistance induced
by the nonlinear Drude effect'®". They can exhibit the nonlinear Hall
effect without amagnetic field due to the Berry curvature dipole”™,
andthey cansupportlarge second-order transport without amagnetic
field due to skew scattering'®".

Recently, a superconducting diode effect has been reported in
non-centrosymmetric polar superconductors®. In these systems,
the spatial directionality that is required for diode transport is pro-
vided by the non-centrosymmetric charge distribution. Distinct from
non-centrosymmetric materials, nonlinear transport has also been
reported in time-reversal breaking (magnetic) systems. Such systems
canleadto the quantummetric effect, which has been observed experi-
mentally*>?, aswell as potentially nonlinear effects in magneticinsula-
tors and disorder scattering?*332-3¢,

In this article, we report an AFM diode effect in a centrosym-
metric crystal without directional charge separation (even-layered
MnBi,Te,). The spins of an AFM generated a directional current upon
a.c. excitation (Fig. 1a-c and Extended Data Fig. 1). We show that the
effect can be used to create an in-plane field-effect transistor and a
microwave-energy-harvesting device. We also show that electrical
sum-frequency generation (SFG), which is analogous to the optical SFG
previously discovered in wide-gap insulators, can be used as a tool to
detect nonlinear responses in quantum materials.

AFMdiode effect

Akey characteristic of the AFM diode effect is that the diode direction
should reverse when switching between the two opposite AFM states
(AFM-land AFM-II; Fig.1b,c). However, due to the absence of net mag-
netization (Fig. 1e and Extended DataFig. 2), itis difficult to detect and
control the two opposite AFM statesin adevice. Moreover, many AFMs
have several domains. If the numbers of domains in AFM-land AFM-II
are equal, the AFM diode effect will cancel. Therefore, to test the AFM
diode effect, we need an AFM material that can be prepared as asingle
domain. We also need a detection method that can distinguish AFM-|
and AFM-Ilinadevice setting. Two-dimensional even-layered MnBi, Te,
is a prototypical parity-time (J°)-symmetric AFM. Its lattice is cen-
trosymmetric (Fig. 1d), but its AFM spins break inversion symmetry
(Fig.1b,c)**** . Moreover, we have recently shown that optical circular
dichroism (CD) can distinguish between the AFM-1and AFM-Il states,
even though both have zero net magnetization®.

We fabricated devices with either Hall bar electrodes or radially
distributed electrodes. They all gave consistent results as afunction of
AFMorder, spatial direction, doping and vertical electric field. We focus
here on device A, which is a six-septuple-layer (6SL) MnBi,Te, sample
with radially distributed electrodes (Fig. 1f) and dual gating. The dual
gating allows us to simultaneously control the carrier density n.and the
vertical electric field E,. All measurements were performed without a
magneticfield at 7=1.7 Kunless otherwise noted. We start by consider-
ingthed.c.longitudinal /-Vcharacteristics. We observed aclear diode
behaviour, asshowninFig. 1g, with alarger resistance in one direction
butasmaller resistance in the opposite direction. We subtracted the lin-
ear background fromour/-Vdata. The difference (inset of Fig. 1g) shows
clear quadratic behaviour AV =V - al=BP. Therefore, this diode effect
is characterized by second-order nonlinear transport. Such nonlinear
transport can be measured by the lock-intechnique, for whichwe inject
ana.c. current /° and probe the second-harmonic voltage *° (Fig. 1h).

Next, we performed simultaneous optical and electrical measure-
ments. Optically, we used the CD to confirm that our 6SL MnBi,Te,
was, indeed, inasingle-domainstate®. Then, electrically, we detected
the nonlinear transport signal to search for the AFM diode effect. As
demonstrated by previous experiments, the 27 -symmetric AFM order
can be controlled by the E - B field*>*°. We followed the established
procedures*. Under afixed vertical electric field (£,=-0.2 V nm™), we
swept the vertical magnetic field (1,H,) from -8 to O T to prepare AFM-I
(Fig. 2a) and from +8 to O T to prepare AFM-II (Fig. 2b and Extended
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Fig.1|Introduction to PJ -symmetric antiferromagnetism in even-layered
MnBi,Te,. a-c, Schematicillustration showing the AFM diode effect.Ina
non-magnetic crystal with a centrosymmetric lattice, the diode effectis absent
(a). Theintroduction of AFM spininto the lattice breaks the inversion symmetry,
resultingin the AFM diode effect (b). After reversing the AFM states from AFM-1
to AFM-II, the diode signal also reverses its sign (c). d, Lattice of an even-layered
MnBi,Te, flake (bilayer used as an example). The lattice is centrosymmetric with
theinversion centre between the two layers. e, NV measurement of aMnBi,Te,
flake. The magnetization (M,) in 6SL MnBi,Te, was negligible. x is the length of the
line scan. f, Schematic illustration of an even-layered MnBi,Te, (MBT) device with
dual gating. V¢ and V¢ are the top and bottom gate voltages, respectively. V, and
V, are the voltages probed along the longitudinal and transverse directions of the
applied current (/). g, d.c. -V characteristic of our 6SL MnBi,Te, device. We
subtracted alinear background (V) from the measured longitudinal voltage V”d'c'.
Theresulting AVﬁ'C' (inset) shows quadratic behaviour. /*“ is the d.c. bias current.
h, a.c./-Vcharacteristic of the 6SL MnBi,Te, device. We injected a current with
frequency w (/) and recorded the 2w frequency longitudinal voltage (\ﬁ“’) atzero
external magnetic field (1,H, = 0). 7SL, seven-septuple-layer sample.

Data Fig. 3). To prove that we had, indeed, prepared a single-domain
AFM state, we measured the spatially resolved CD. As mentioned
above, a 27 -symmetric AFM with zero net magnetization can support
AFM CD in the reflection channel®*, such that the signal is opposite
between AFM-1and AFM-II. As shown in Fig. 2¢,d, the entire sample
hasthe same CD signal. We then measured the longitudinal nonlinear
transportsignals for such single-domain AFM states. Our data (Fig. 2e,f
and Extended Data Fig. 4) show that the two AFM states feature oppo-
site longitudinal nonlinear voltages Vﬁ"’. Hence, they exhibit opposite
diode effects. By contrast, the longitudinal linear voltages (the regular
resistances) shown in Extended Data Fig. 3 are the same for the two
AFM states. We also measured the second-harmonic conductivity (6*)
while increasing the temperature. Shown in Extended Data Fig. 5, the
nonlinear signal disappears above the Néel temperature Ty, ~ 21 K.
Therefore, our datashow that the single-domain AFM state in 6SL
MnBi,Te, exhibits a clear nonlinear transport signal. Its sign depends
onthe AFMstate. Hence, the observed nonlinear effect directly arises
fromthe inversion breaking of the AFM spin structure, whichis oppo-
site for AFM-1and AFM-II. This finding is equivalent to the nonlinear
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Fig.2|Observation of the antiferromagnetic diode effect. a,b, Schematic of
AFM-I (a) and AFM-11 (b), which can be prepared by sweeping the magnetic field
under afixed electric field following the procedures established by previous
works*? (Extended Data Fig. 3). ¢,d, As shown by our recent work*, a 7
-symmetric AFM with zero net magnetization can support non-zero CD in the
reflection channel (the AFM CD), whose sign is opposite for AFM-I (c) and AFM-II
(d). Therefore, our spatial mapping of the reflection CD shows that our 6SL
MnBi,Te, device has been prepared in a single-domain AFM state depending on
the preparation procedure, as explained in Extended Data Fig. 3. The colour

legend shows the value of CD = "t“’: ,where ¢ and ¢® are the reflected light
ot+0

90 180 270
Angle (°)

intensities of left and right circularly polarized light, respectively. e,f, Nonlinear
longitudinal voltage (\/\le) asafunction ofincident current (/) for AFM-I (e) and
AFM-II (f). g,h, We determined the crystalline axes of device A by optical SHG (h).
The non-zero SHG regions are shaded to make them more noticeable. We
deliberately aligned the electrodes with the crystalline axes (g). The dashed lines
labelled M denote the mirror line of MnBi,Te,. a;, a,and a; are the three
crystalline axes of MnBi, Te,. i,j, Angular dependence of the longitudinal (i) and
transverse (j) nonlinear voltages as the direction of the currentis varied. These
datawastakenat /=8 pA.

conductivity ag]t, where i,jand k are laboratory coordinate axes (the
first subscript { is the measurement direction and the next two sub-

scriptsjand kare the bias directions), being odd under a time-reversal

oM = g

ik T ppe T RS wd’
J Tk J ok

operation, a hallmark of the AFM diode effect:

where R is the sample resistance, jl?"’ is the second-harmonic electric
currentdensityinthejdirection, Ej‘" and E7 are theelectricfieldsinthe
Jandkdirections, /? and [ are the currentsinthejand k directions, and
[,wand d are the sample length, width and thickness.
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Fig.3|Systematic investigations of the intrinsic antiferromagnetic diode
effect. a, Nonlinear conductivity * and longitudinal resistance R,, as functions
ofthe vertical electric field £,. b, Nonlinear conductivity as a function of the
vertical magnetic field p1,H, in the AFM state. The red dashed line is the average
line of 6*. ¢, Experimentally measured longitudinal resistance (upper panel)
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and nonlinear conductivity (lower panel) as functions of charge density n.. The
positive and negative > regions are shaded pink and light blue, respectively.

d, Scaling between the nonlinear conductivity and the square of the regular linear
conductivity. The dark dashed line is the linear fit to the scaling curve.

Systematic studies of the intrinsic AFM diode
effect
To further confirm that the nonlinear signal is an intrinsic effect of the
AFM, we study how the nonlinear signal depends on the crystallographic
directions. We deliberately aligned the electrodes in device A with the
crystalline axes (Fig. 2g), which were determined by optical
second-harmonic generation (SHG; Fig. 2h). These preparations allowed
ustotest thedependence of the nonlinear signal on the crystalline direc-
tion. The longitudinal nonlinear signal oscillated between zero and
non-zero, respecting the threefold rotational symmetry of the MnBi, Te,.
Inaddition to the longitudinal nonlinear signal, we actually also detected
atransverse nonlinear signal. Later in this paper (Fig. 4), we will study
the exchange property to differentiate this transverse diode signal from
anonlinear Hall effect. Here, we focus on the crystallographic directional
dependence. By comparing Fig. 2i,j, we can observe the following: the
longitudinal second-harmonic voltage Vﬁ“’ was zero when the current
was paralleltoacrystalline axis (dotted lines in Fig. 2h) but amaximum
when the current was perpendicular. By contrast, the transverse
second-harmonicvoltage Vi“’had the opposite directional dependence:
Vi“’ was a maximum when the current was parallel to a crystalline axis
but zero when the current was perpendicular (Extended Data Fig. 6).
This directional dependence can help usto understand the nature
ofthe observed nonlinear signals (whether they intrinsically obey the
symmetry of the AFM order or are artefact due to device imperfection
orasymmetry). If the signals are anintrinsic response of the AFM state
of even-layered MnBi,Te,, the nonlinear signals and their directional

dependence should be consistent with the symmetry of the AFM state,
whichis —3’'m’for even-layered MnBi, Te,. Through symmetry analysis,
one can show that the group —3'm’ dictates that o)}, = —o)), are
non-zerobut o}, = ot = 0, consistentwith our data, which, therefore,

strongly suggests thaﬁ{)ur observed nonlinear signals are intrinsic.
We performed further systematic studies. Figure 3a shows the
dependence of the nonlinear conductivity 6 on E,, from which we see
that V*“in our MnBi,Te, system did not require a finite electric E, field.
Because £, led to afinite electric polarization P,= x.E,, where x. is the
electric polarizability, equivalently, our system supports nonlinear
transporteventhoughit haszeroelectric polarization (P,= 0). Figure 3b
shows the dependence of V** on u,H,, from which we see that V**in our
system also did not require a finite magnetic field. Therefore, the
observed nonlinear signal was notinduced by the external electric or
magnetic field. Figure 3c shows the dependence of ¢® on charge den-
sity n,. Touncover further information about the microscopic mecha-
nisms, we studied the dependence of ¢** on relaxation time 7 by
measuring the scaling between ¢*° and the linear Drude conductivity
o2 through the temperature dependence. Our data (Fig. 3d and
Extended Data Fig. 5) show that the nonlinear conductivity 0® has two
components, one proportional to 7 and the other proportional to 7°
(0% = a,1° + a,T’, where a, and a, are coefficients). The existence of two
components suggests that there are several coexisting microscopic
mechanisms. Based on theoretical studies of nonlinear transport in
AFMs»730°2735 'we propose that the 72 component can arise from the
nonlinear Drude effect and disorder scattering®>***, whereas the r°
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Fig. 4| SFG measurements and applications of the AFM diode effect.

a, Schematic of the SFG measurements. We inject two currents with different
frequencies (/and /2) and probe the SFG voltage V*1+%2 (see Methods and
Extended Data Fig. 9 for technical details). This electrical SFG is particularly
advantageous for studying nonlinear conductivity OL‘IVLX (where the first subscript
isthe probe direction and the next two subscripts are the applied current
directions). The two currents have different frequencies, making it feasible to
inject them along different directions. b, V)i and V)x measured using the SFG
measurement method. The SFG signal is symmetric upon exchanging the first
twoindices of V), whichis consistent with the AFM group —3'm’of MnBi, Te,.

¢, SFGrealizes anintrinsic in-plane field effect. When we take w, > 0, the SFG

1,600
Time (s)
9 o3
0.3
Eo2® 0 g .
a mal o
< (NNS
02 >
E o 2 4 6
~ w (GHz)
Q
3
S 01
Ny
1 1 1
0 10 20 30
T(K)
experiment becomes J,"' = of, Ed<E ' (where E4“ is the d.c. electricfield in the
ydirection, and E;"is the a.c. electric field with frequency w in the x direction).

This equation can be further rewrittenas J,” = Ao, E,”, where Ao, o ON5 ES-.

Inother words, the conductance or resistance along x can be directly modulated
by an electric field bias alongy. d, Measured change of resistance R,

(AR, = V' /1™ as afunction of an electric field bias along V,.e,Schematic
illustration of the wireless microwave radiation harvesting. f, Measured d.c.
rectification voltage as a function of the wireless electromagnetic power (P) for
both AFM states. g, Measured d.c. rectification voltage as a function of
temperature. The inset shows the d.c. rectification voltage as a function of
frequency w.

component may arise from the quantum metric and disorder scatter-
ing****. We directly computed the nonlinear Drude conductivity based
ontheintrinsicband structure of 6SL MnBi,Te, (Extended DataFig. 7c).
Their difference suggests that beyond nonlinear Drude, the quantum
metric and disorder scattering could also have made important con-
tributions to our data. Note that, in contrast to the well-known nonlin-
ear Drude effect, the quantum metric and disorder scattering are still
under active theoretical investigation®>%*2*_Qur current data are
insufficient to isolate the contribution of the quantum metric from
contributions induced by disorder scattering. It would be interesting
tomeasure the nonlinear conductivity of pristine MnBi, Te, at terahertz
frequencies (w7 > 1), at which the disorder scattering may be
suppressed*®.

Electrical SFG by AFM spins

We now reportelectrical SFGin our MnBi, Te, devices. Although optical
SFGis wellknown, electrical SFG has rarely been studied. We show that
electrical SHG can be used to study the exchange property, which can
be used to differentiate our transverse diode signal from a nonlinear
Hall effect. To demonstrate theimportance of the exchange property,
we first give an example of linear conductivity, namely a simple 2 x 2

Oxx Oxy

yx Oyy
physical mechanisms for non-zero transverse linear conductance: (1)
the Hall effect and (2) crystalline anisotropy. These two distinctly dif-
ferent kinds of transverse linear conductance are differentiated by
their exchange properties. The Hall effect is antisymmetric, 0,, = -0,,.
By contrast, anisotropy-induced transverse conductance is symmetric,
0,,= 0, (Extended Data Fig. 8a,b).

The same logic can be applied to nonlinear conductivity. Our
observation of a transverse nonlinear voltage means that o)y, is
non-zero. However, to understand its origin, we studied the exchange
property (Extended Data Fig. 8c,d), that is, we compared o), and o},
If g}, = —0Y), (antisymmetric), then the transverse nonlinear signalis
anonlinear Hall effect’®. By contrast, if 0}, = 0}, (symmetric), thenit
is not a Hall effect. Rather, it is an AFM diode effect just like the longi-
tudinal component.

Measuring ojz‘ny inan electrical SHG experiment, however, is diffi-
cult, because it requires passing one current / along x and another /*
alongy without undesired interference. As such, to isolate and study
NL we present ameasurement that was unachieved previously, electri-

0
cal SFG. Weinjected two currents with different frequencies (/“1and /%)

tensor ( ) intwo dimensions. There are two distinctly different

Xyx’
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and probed the SFG voltage V“1*92, (We needed to set w, > w, to achieve
the electrical SFG measurements. See Methods for technical details.)
Electrical SFG is particularly advantageous for studying o)’:‘ny. The two
currents have different frequencies, so clearly separating their trajec-
tories along orthogonal directions is feasible (Extended Data Fig. 9 and
Methods). As shown in Fig. 4a,b, our sample indeed supported strong
SFG Vx"y’{’“’z by injecting currents along both the x and y directions.
Moreover, we used this SFG method to measure both o}, and o};\,. In
our data Yy, = o)}, which shows that our transverse nonlinear signal
was not a Hall effect. Rather, it was an AFM diode effect, just like the
longitudinal component. More broadly, our SFG measurement estab-
lishes a universal method for studying the nonlinear electrical transport
processes of quantum materials and can be applied to many other
systems.

In-plane field-effect transistor and AFM
harvesting of wireless radiation

The anyx realized anintrinsicin-plane field-effect transistor (Fig.4cand
Extended Data Fig. 10) and potentially an electro-optical modulator.
To see this, let us take w, > 0. Then the SFG experiment evolves into
N = oW EVCES = Aoy, E," Hence, we have Ady, = o3 Fa-<. Inother
words, the conductance or resistance along x can be directly modulated
byanelectricfieldbiasalongy.InFig.4c,d, weappliedana.c.biasalong
xandad.c.biasalongy. By turning the d.c. bias along y on and off, we,
indeed, observed a clear change of resistance along x, therefore dem-
onstrating thein-planefield effect. In traditional field-effect transistors,
theelectricfieldis supplied by the gate along the out-of-plane direction.
In many cases, the capacitance of gate dielectrics is the bottleneck
limiting its on/off speed. By contrast, in our case, gating is not needed,
astheelectric field is supplied by a bias across two contacts along the
in-plane direction. This in-plane field effect can potentially enable
ultrafast transistors. Further increasing w, to terahertz range could
potentially realize an electro-optical modulator, such that the optical
conductivity (the dielectric constant) of the terahertz light can be
modulated by the d.c. bias EJ‘}C Whereas the known electro-optic effect
occursininsulators, the effect envisioned here arises from a Fermi
surface contribution.

Inaddition to SHG and SFG, the second-order transport also ena-
blesrectification. We demonstrated the rectification of wireless micro-
wave radiation into d.c. electricity based on the AFM diode effect. As
showninFig. 4e, wireless microwaves were irradiated onto the device
from free space (Methods).Ad.c. electric voltage that waslinear to the
microwave power (hence, quadratic to the microwave electric field)
was observed (Fig. 4f). Moreover, the d.c. signal could be directly
switched by reversing the AFM order (Fig. 4f). The rectification had a
broadband response (inset of Fig. 4g), including at Wi-Fi frequencies
(2.4and 5 GHz). Assuch, our datademonstrates a wireless rectification
device that can be controlled by the AFM spins.

Conclusions
We havereportedintrinsic spin-induced nonlinearity in 27 -symmetric
AFM conductors. This was achieved using a spatially resolved optical
method (AFM CD) to determine that we had a single AFM domain, using
electrical SFG measurements to determine that the nonlinear conduc-
tivity studied in the pristine MnBi,Te, was indeed symmetric and deter-
mining that systematic dependences as functions of temperature,
spatial direction, AFM domain, E field and p,H field were all consistent
with theintrinsic magnetic group of the AFM order of MnBi,Te, (—3'm’).
We have also shown that electrical SFG measurements, which are
analogous to the optical SFG previously discovered inwide-gap insula-
tors, can be used as a tool to detect nonlinear responses in quantum
materials.

For strongly correlated materials, our AFM diode effect is a sensi-
tive probe of the exotic 7 -symmetric order parameter of Fermi sur-
face electrons such as the loop current (pseudo-gap) states®*>*°. Our

approach could be used to develop new device concepts, such as AFM
logiccircuits, AFM-based microwave harvesters and self-powered AFM
spintronicdevices. Inthe future, theidentification of room-temperature
AFM materials with large nonlinear responses could also potentially
lead to approaches that combine AFM spintronics, nonlinear electron-
ics and topological materials.

Methods

Bulk crystal growth

Our MnBi,Te, bulk crystals were grown by the Bi,Te; flux method™".
Elemental Mn, Bi and Te were mixed at a molar ratio of 15:170:270,
loadedintoacrucible and sealedina quartztube under Ar at one-third
atmospheric pressure. The ampule was first heated to 900 °Cfor 5 h. It
was then moved to another furnace whereit slowly cooled from 597 °C
to 587 °C and kept at 587 °C for 1 d. Finally, MnBi,Te, was obtained by
centrifuging the ampule to separate the crystals from the Bi,Te; flux.

Sample fabrication

Owningto the sensitive chemical nature of MnBi,Te, flakes, all fabrica-
tion processes were completed in an argon environment without expo-
suretoair, chemicals or heat. An argon-filled glovebox was maintained
at0,and H,O levelsbelow 0.01 ppm and adew pointbelow-96 °C. The
glovebox was attached to an e-beam evaporator, allowing us to deposit
metal without exposure to air. MnBi,Te, was mechanically exfoliated
onto abaked 300 nmSiO,/Siwafer using Scotch Magic tape. MnBi,Te,
flakes with straight edges were deliberately chosen, as the straight
edges were probably along the crystalline direction. After scratching
a flake into a rectangular or circular shape with a tip, a stencil mask
technique* was used to make Cr/Au contacts on top of the MnBi,Te,
without exposingittoair or chemicals. Hexagonal boron nitride (h-BN)
flakes were directly exfoliated onto a polydimethylsiloxane film, and
a10-30-nm-thick h-BN flake was identified and transferred onto the
MnBi,Te, as the top gate dielectric layer. Next, ametal gate was evapo-
rated onto the h-BN/MnBi,Te, heterostructure. The contacts were
aligned along the straight edges of the MnBi,Te,. To check the angle
betweena contactand the MnBi,Te, crystalline direction, optical SHG
measurements were performed on the sample after the transport
measurements were done. The h-BN and top gate were removed using
bluetape (Ultron Systems, Inc. P/N:1007R-6.0) before the SHG meas-
urements. This approach ensured that the MnBi,Te, flakes were fresh
for transport measurements.

Optical SHG measurements

All optical SHG experiments were performed using anear-infrared fem-
tosecond laser at room temperature. The light source was anamplified
Yb:KGW laser (Pharos, LightConversion) emitting 168 fs pulses at1.2 eV
with a pulse energy of 100 pJ and a default repetition rate of 100 kHz.
Allmeasurements were performed at normalincidence. The polariza-
tion of the incident laser was controlled using anachromatic half-wave
plate, while a Glan-laser polarizer prism was used as an analyser to
select the polarization of the outgoing SHG signal. Both the half-wave
plate and the Glan-laser prism were mounted on motorized rotation
stages. At room temperature, the crystal structure in the interior of
a thin MnBi,Te, flake is centrosymmetric (group Ds,). Therefore, the
SHG signals were expected to originate only from the surface (surface
group C,,). These results are consistent with previous SHG results with
Bi,Se, (same symmetry as MnBi,Te, above Ty)*.

Optical CD measurements

Optical CD measurements were performed in a closed-loop
magneto-optical cryostat (OptiCool, Quantum Design; base tem-
perature ~2 K and Bfield 7 T) using a supercontinuum laser (Superk
Extreme, NKT Photonics; wavelength 500 to 2,500 nm, pulse width
12 psat1,064 nm). Aspectrometer (SpectraPro-300i, Acton Research)
was used to select the wavelength. The wavelength used for the CD
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measurementwas 946 nm. The beam went through a photoelastic mod-
ulator operating at A/4 retardation with a frequency of 50 kHz. After
anoptical chopper (1,000 Hz), the beam was focused onto the sample
by a super apochromatic objective (Mitutoyo; numerical aperture of
0.42). Thereflected beam went through the cryostat’s top window, was
collimated by the same objective and was collected by an avalanche
photodiode. The corresponding reflected signal from the avalanche
photodiode was analysed by two lock-inamplifiers at 50 kHz (the pho-
toelasticmodulator frequency) and 1,000 Hz (the chopper frequency),
respectively. The CD was the ratio of the 50 kHz and 1,000 Hz signals.
Spatial imaging was achieved using a scanning mirror galvanometer.

Nitrogen-vacancy measurements

The magnetization of 6SL and seven-septuple-layer MnBi,Te, flakes
was measured with a home-built scanning nitrogen-vacancy (NV)
magnetometry microscope at a base temperature of 4 K and in a He,
vapour environment. The set-up is described in ref. 53. A flake was
field-cooled and measured with an external field aligned with the NV
axis (out-of-planefield of 80 mT and in-plane field of 140 mT). The NV
centre measures the static magnetic field generated by the odd-layered
ferromagnetic flake at a stand-off height of about 100 nm. The magneti-
zation was reconstructed with the Fourier transform method, whichis
like the method described in ref. 54.

Nonlinear electrical transport measurements

Electrical transport measurements were carried out with a physical
properties measurement system (Quantum Design DynaCool). The
base temperature was 1.65 K, and the maximum magnetic field was
9 T. The gate voltages were applied by Keithley 2400 source meters.
Longitudinal and transverse voltages were measured simultaneously.
Both first- and second-harmonic signals were collected by standard
lock-in techniques (Stanford Research Systems Model SR830) with
excitation frequencies between1and 600 Hz.

SFG measurements

For the SFG measurements, we injected two currents with frequencies
w; and w, and detected the SFG voltage V12, By separating the two
currentsinthe frequency domain, itis easier to control their directions
separately. The SFG voltage can be expressed as V192 « sin(w; + w,)t.
Standard lock-in detectors (SR830) cannot directly lock to the w; + w,
frequency. Instead, we measured sin w;tsin w,¢, which directly relates
to sin(w; + w,)t by the angle addition theorem. We chose w, = 547.1Hz
and w,=1.77 Hz, so that w, > w,. To properly define the current trajec-
tories of the w, currentand w, current,a40 Hinductor and 1 pF capaci-
tor were used. To probe sin w, ¢ sin w,t, the SFG voltage signal was fed to
the first lock-in amplifier (A), which was locked to w;, and its integral
time was set to 2m/w; < t; < 2n/w, . The output was then fed to the
second lock-in amplifier (B), which was locked to w,, and its integral
time was set to ¢, > 2/w,. The output of the second lock-in amplifier
was sin w;  sin w,t. The measurement set-ups for o2, and 0%, are shown
in Extended Data Fig. 9.

In-plane field-effect measurements

Thein-plane field-effect experiments were like the SFG measurements
exceptthatw, > 0.Thed.c.signal was applied by aKeithley 2400 source
meter alongy, and the w, signal was applied by alock-inamplifier along
x.Toproperly define the trajectories of the d.c. current and the w, cur-
rent, we connected a 40 H inductor in series in the d.c. current loop
before grounding, and a1 pF capacitor in series in the w, current loop
before grounding. Thein-plane field-effect voltage V&' can be expressed
as V" = Ryl 1S = (R [FI™ = AR I , where ARy, = Ry, /3. The
chiralinner product was smallinthe near d.c. transport regime. V was
directly recorded by standard lock-in detectors. The in-plane
field-effect resistance AR, was calculated by AR, = V,**/I", whichcan
be modulated by /< (Fig. 4d).

Wireless radio-frequency rectification measurements

We set up a simple experiment to harvest wireless radio-frequency
(RF) signals and record the generated d.c. signals. The RF signal
generator was Hittite HMC-T2220. The samples were connected to
alow-temperature probe. The RF signals wentinto the low-temperature
probe through a coaxial cable. The other end of the coaxial cable was
connected to an antenna, which was made from a 50-mm-long con-
ducting wire with a diameter of ~0.2 mm. The end of the antenna was
parallel tothe sample, and the spacing was ~10 mm. The electrical field
directionand power of the RF signals shone on the sample were not well
defined. The d.c. voltage signals were recorded by digital multimeters
(Agilent 34401A).

Density functional theory calculations

Ab initio calculations based on density functional theory were per-
formed using the projector augmented-wave pseudopotentialsand a
plane-wave basis set asimplemented in the VASP package. Spin-orbit
coupling was included following the standard implementation in the
VASP package®. A9 x 9 x1/-centred k-grid was used for the Brillouin
zoneintegration. Thekinetic energy cutoff for the plane-wave basis was
setto400 eV. The generalized gradient approximationscheme with an
on-site Coulomb potential (U= 5.0 eV) was used for the localized Mn 3d
orbitals®. The Wannier function-based tight binding model was built
using the Wannier90 code”’.

Data availability
Source data are provided with this paper. Further data related to this
work are available from the corresponding authors upon request.

Code availability
The computer code usedin this study is available from the correspond-
ingauthors upon reasonable request.
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spins make the band to be + k,asymmetric. This AFM spin-induced asymmetry

is opposite for opposite AFM states. This explains the observation that the AFM
diode effect signal is opposite for opposite AFM states shown in Figs. 2e~f, 4fand

Extended Data Fig.1| The asymmetric band contoursinduced by AFM
spinsin 6SL MnBi,Te, at Fermi energy E,= 0.2 eV. a, The band contours of the
Dirac surface states without AFM order. The band contour is symmetric for
momentum £ k. + k. and + k,are the momentum along x and y direction. b, The Extended DataFig. 4.
band contours of the Dirac surface states for opposite AFM states. The AFM
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Extended Data Fig. 2| The fully compensated antiferromagnetism for ofthesamplein (a)). The magnetizationis only observed in odd-layered MnBi,Te,
6SLMnBi,Te,. a, b, NV center magnetometry measurement for even-and

and negligible in even-layered MnBi,Te,. The cyan dotted line denotes the line cut
odd-layered MnBi,Te, (outlined by blue and red dashed lines in the optical image datashowninFig. le.
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Extended DataFig. 3| The linear and nonlinear signals for opposite AFM voltage Vﬁ’ asafunction ofinjection current for AFM-1. d, Same as (panel b) but
statesina 6SL MnBi,Te,. a, ¢, At afinite external magnetic field uoH, field, AFM-1  for AFM-II. For different AFM states, the linear signal is the same. These data were

state can be prepared by sweeping p,H, from -8 Tto O T (panel a); AFM-llstatecan  taken from Device A and the current was along 30" in Fig. 2g.
be prepared by sweeping y,H,from+8Tto O T (panel ¢). b, Thelinear longitudinal
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opposite V** at u,H=0T.b, The nonlinear voltage difference

(diff 2o = %(Vi“F’M_I — V2o ) between two AFM orders as a function of poH.

Extended Data Fig. 4| AFM order determined nonlinear signal. a, Nonlinear
voltage V*“as afunction of z-direction external magnetic field p1,H,. V** is
opposite for two AFM orders (|uoH| <2 T). The red and blue circles denote the two
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Extended DataFig.5|The tenz'lperature dependence of the nonlinear signal. a, b, Nonlinear conductivity fo(’x and square of linear conductivity (o)g)2 asafunction
oftemperature. cﬁf’x and (0,2)” showasimilar temperature dependence.
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Extended Data Fig. 6 | Nonlinear voltage versus current direction. a, b, Longitudinal and transverse nonlinear voltage when the current is injected along x (panel a)
andalongy (panelb). A crystalline axes is along xin Device A (Fig. 2g,h).
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Extended Data Fig. 7 | DFT calculated band structure of 6SL MnBi,Te,.
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note that our calculations are based on the DFT band structure of 6SL MnBi,Te,,

a, Band structure of 6SL MnBi,Te, in k, direction. b, DFT calculated band contours  which predicts amagnetic gap - 50 meV. However, experimentally, the gap size is

at specific energies (0.05 eV and 0.10 eV), marked with dashed lines in panel (a).
The low energy Dirac bands show dramatic asymmetry between + k, and - k.
¢, DFT calculated nonlinear conductivity 0® as a function of Fermi level £.. We

notsettled”*°. In particular, spatial inhomogeneity can smear out the magnetic
gap**. Moreover, the antisite defects could suppress the band gap and can
increase the quantum metric effect, as predicted in Ref. 32.

obtained the relaxation time r=2.1x 10 s based on the Drude conductivity. We
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Extended Data Fig. 8 | The exchange property of transverse conductance.
a, b, Schematics of two different types of linear transverse conductance, the
Hall effect (panel a) and the anisotropy induced transverse signal (panel b). The
Hall effect occurs due to external magnetic field or internal magnetization. The
anisotropy induced transverse signal occurs due to crystalline anisotropy (for
example orthorhombic or monoclinic). These two different mechanisms can
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b Anisotropy induced transverse signal

d AFM diode effect
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be distinguished by their exchange properties. The Hall effect is antisymmetric
(0,y=-0,,), whereas the anisotropy induce transverse signal is symmetric
(04=0,,).¢,d,Schematic of nonlinear Hall signal (panel ¢) and the transverse
component of the AFM diode signal (panel d). The nonlinear Hall signal is
antisymmetric (0,,, = - 0,,), while the AFM diode signal is symmetric (0, = 0,)-
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Extended Data Fig. 9 | Electrical sum-frequency generation (SFG) measurement. The capacitor and inductor were used to define the current
measurement for 6SL MnBi,Te,. a, b, Schematic for V> *2 and V1t trajectory for I1and /2 (see Methods for more details).

YXX XyX
measurements, respectively. w,=547.1Hz and w,=1.77 Hzwere used in the
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Extended Data Fig. 10 | In-plane field effect in another 6SL MnBi,Te, device. a, Measured change of resistance Ry (AR, = V,*'/I") asafunction of an electric field
bias along V,°¢. b, Temperature dependence of AR,,.
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