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The axionis a hypothetical fundamental particle that is conjectured to correspond to
the coherent oscillation of the 8 field in quantum chromodynamics'?. Its existence
would solve multiple fundamental questions, including the strong CP problem of
quantum chromodynamics and dark matter, but the axion has never been detected.
Electrodynamics of condensed-matter systems can also give rise to a similar 8, so far
studied as a static, quantized value to characterize the topology of materials®>.
Coherent oscillation of @in condensed matter has been proposed to lead to physics
directly analogous to the high-energy axion particle—the dynamical axion quasiparticle
(DAQ)® 2. Here we report the observation of the DAQ in MnBi, Te,. By combining a
two-dimensional electronic device with ultrafast pump-probe optics, we observe
acoherent oscillation of @ at about 44 gigahertz, whichis uniquely induced by its
out-of-phase antiferromagnetic magnon. This represents direct evidence for the
presence of the DAQ, which in two-dimensional MnBi,Te, is found to arise from the
magnon-induced coherent modulation of the Berry curvature. The DAQ also has
implicationsin light-matter interaction and coherent antiferromagnetic spintronics®,
as it mightlead to axion polaritons and electric control of ultrafast spin polarization®>,
Finally, the DAQ could be used to detect axion particles? >, We estimate the detection
frequency range and sensitivity in the millielectronvolt regime, which has so far been
poorly explored.

In optically driven quantum materials, phonons—coherent modulation
of the lattice—can markedly modify the electronic structure, leading
to exotic non-equilibrium phenomena® % such as light-induced super-
conductivity?® and phonon switch of Weyl fermions®. Beyond phonons,
quantum materials have many other collective excitations, suggesting
handles to engineer electronic structure at ultrafast timescales. Mag-
nets have coherent oscillation of spins—magnons?7°, Specifically,
in two-dimensional (2D) MnBi,Te,, the antiferromagnetic Mn spins
couple with the low-energy surface Dirac bands, giving rise to large
Berry curvatures. A fundamentally interesting question is how the

magnon-induced ultrafast Berry curvature modulationin 2D MnBi,Te,
also leads to a dynamical axion quasiparticle (DAQ) that is directly
analogous to the high-energy axion particle.

In particle physics, the axion is a boson generated by the coherent
oscillation of the @ field"* (where Ois the CP violating term in quantum
chromodynamics; see Fig. 1a). This particleis ofimportancein quantum
chromodynamics, cosmology and string theory?. However, owing
to the weak interaction with normal matter, the search for axion has
been achallenging problem. Incondensed matter, a similar @was intro-
duced?asastatic value, whichis proportional to amaterial’s magneto-

Berry curvature will be modulated by the magnons. Interestingly, the electric coupling 9= n%a (h, Planck constant; e, elementary charge;
e
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Fig.1|Axion particle and quasiparticle and basicinformation of 2D
MnBi,Te,. a, The axion particleis the coherent oscillation of the 8 field in
quantum chromodynamics"? (V(6) is the axion potential for the 8field; ,is the
staticangle). b, Incondensed matter, the 8 angleis directly proportional to
the trace of the magnetoelectric coupling, 6= ";Thz Zi:wz a; (the purplearrows
representthe electric fieldinduced magnetization). The DAQis the coherent
oscillation of the magnetoelectric coupling (a, is the static magnetoelectric
coefficient).c, MnBi,Te, has acentrosymmetric rhombohedrallattice structure
(thenon-magnetic groupis -3m). It hasalayered antiferromagnetic order
(thered arrowsrepresent the magnetic spins), where Mn spins withinalayerare

a, magnetoelectric coefficient). In the presence of time-reversal 7
or space-inversion P symmetry, 8 is quantized in insulators and it
describesthe topologicalinvariant. Experimental studies of the static
Ohaveled to breakthroughs, generating great interest*>*'. Beyond the
static 6, the coherent oscillation of 8is proposed to lead to new physics
directly analogous to the high-energy axion particle, the DAQ. When
7T and P symmetries are both broken (for example, in certain anti-
ferromagneticinsulators), 8 can coherently oscillate when coupled to
certain magnetic fluctuations, giving rise to the DAQ. Since the initial
predictionby ref. 6, the DAQ has attracted great interest and has been
anticipated by many theoretical works® 2, The key motivations driving
these theoretical interests are as follows. (1) The DAQ enables a wide
range of quantum electromagnetic and spin phenomena®> 2, (2) The
DAQ provides a condensed-matter simulation of the high-energy axion
particle. (3) Beyond a simulator, the DAQ can be used as a detector of
the axion particle® %,

In principle, any antiferromagnetic material that breaks 7 and Pcan
host the DAQ. However, inmost systems, both topologically non-trivial
and trivial, the DAQ turns out to be very weak®: that is, the coherent
oscillation of @is very weak even under a strong magnetic fluctuation.
Also, the DAQ needs to be driven by specific magnetic fluctuations.

ferromagnetic with an out-of-plane easy axis and Mn spins between two
adjacentlayersare antiparallel (the magnetic group of an even-layer 2D
MnBi,Te,is-3’m’).d, Experimentally measured frequencies for the in-phase
magnon and out-of-phase magnon modes asafunction of the in-plane magnetic
field B, of six-layer MnBi,Te, (the insetsillustrate the spin precession of the
two magnon modes). See schematics in Extended Data Fig.1a-d for a detailed
visualization of the magnon modes. e, The dual-gate resistance map fora
six-layer MnBi,Te, electrical device (V;;, back gate voltage; V;¢, top gate
voltage; R,,, longitudinal resistance).

Previous theoretical works considered the antiferromagnetic ampli-
tude mode®®1°, whichis difficult to excite experimentally. These chal-
lenges have hindered the experimental detection of the DAQ.On a
separate front, beyond antiferromagneticinsulators, the dynamical 8
hasalso been proposed to arise from the phason (sliding mode) of the
charge-density-wave state in Weyl semimetals. Promising d.c. transport
evidence has been reported in Ta,Segl (ref. 32), but definitive demon-
stration remains lacking®. In this paper, we make critical conceptual
advances to bridge theory and experiments including: (1) identifying
anantiferromagnetic system that features alarge DAQ; (2) figuring out
amagnetic fluctuation that can induce the DAQ but is much more
experimentally accessible; and (3) developing an experimental scheme
thatcandirectly measure the 6 oscillation. Previous studies have inves-
tigated the optical detection as well as the ultrafast magnon dynamics
inMnBi,Te,, Crl; and Cr,Ge,Te, (refs. 34-40). In particular, ref. 36 sys-
tematically studied the dynamics of the out-of-phase magnons in
MnBi,Te, and ref. 40 reported the antiferromagnetic Kerr effect in
even-layer MnBi,Te,. These studies provide important knowledge that
guides our work here. Assuch, we present the observation of the DAQ,
driven by the out-of-phase antiferromagnetic magnons under an
in-plane magnetic field in 2D even-layer MnBi,Te,.
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Basic characterization

Figure 1c shows a side view of 2D even-layer MnBi,Te, (refs. 34-39,
41-52). Thecrystal structure is centrosymmetric, but the layered anti-
ferromagnetic order breaks both time-reversal and space-inversion
symmetries (the Mn spins have an out-of-plane easy axis). As such, 2D
even-layer MnBi,Te, is a possible platform to host the DAQ, as predicted
by both symmetry analysis and theoretical calculations in ref. 10.

We study the antiferromagnetic magnonsin 2D even-layer MnBi,Te,,
focusingonthe scenarioin the presence of anin-plane static magnetic
field B as it is most relevant to our experiments. The B, cants the Mn
spins away from the out-of-plane easy axis, where the equilibrium spin
directions under finite B, are indicated by the dashed lines in Fig. 1d.
Supplementary Information section 1.6 shows additional measure-
ments to validate such evolution. The magnons are spin precessions
away from the dashed lines. Considering the two antiferromagnetic
sublattices, there are naturally two magnon modes, where the spin
precisions of the antiferromagnetic sublattices have the same phase
(the in-phase mode) or opposite phase (the out-of-phase mode).
Extended DataFig.1a,b shows the complete time evolution of the spin
precessions. Moreover, itisinformative to study the projection of the
spins to the 2 axis (S,). As shown in Extended Data Fig. 1c,d, for the
out-of-phase mode, the net out-of-plane magnetization M,=S,, +S,,is
zero. For the in-phase mode, by contrast, the net magnetization M, is
non-zero and it oscillates as a function of time. We have characterized
their resonant frequencies as a function of B (ref. 53; Methods). As
showninFig.1d, the in-phase magnon frequency increases monoton-
ically with B;; the out-of-phase magnon frequency remains roughly
invariant and starts to slightly decrease at 7 T. Strictly speaking,
6SL (where SL denotes septuple layer) has six magnon modes. In Sup-
plementary Information section1.2.1, we present thorough discussion
in connection with our experimental data.

Next, we have made dual-gated electrical devices with six-layer
MnBi,Te,. The combination of the top and bottom gates allows us
to control the charge density n and the out-of-plane electric field £,
independently. We keep the Fermi level inside the gap at n=0 unless
otherwise noted. Also, we studied the E-field dependence by the lock-in
method where £ was a.c. modulated (see ‘How we measured the DAQ’
inMethods). Figure le shows itsresistance gate map, where the charge
neutrality resistance peak is observed.

Static O measurements

The DAQis a coherent oscillation of 6(¢) (t denotes time), which directly
manifests as a coherent oscillation of the magnetoelectric coupling
a(t) because of their proportionality (6= n%a). Before searching for
the time-dependent oscillation, we first stuéy the staticmagnetoelec-
tric coupling a. The magnetoelectric coupling is defined as the
electric-field-induced magnetizationa = ‘;—"54 Experimentally, we meas-
ure a by measuring the E-induced Kerr effect while keeping the Fermi
level always at charge neutrality n = 0 (unless otherwise noted). Spe-
cifically, an out-of-plane electric field £, is applied by the dual gates;
we use the optical Kerr rotation under normal incidence to measure
the net out-of-plane magnetization, Kerr rotation = M,/y, where yis a
material-specific conversion coefficient (Supplementary Information
sections I.3 and Il present additional studies including symmetry
analysis, wavelength dependence, and simultaneous Kerr and Faraday
data that further strengthen the conclusion that our £-field-induced
Kerr rotation measures the E-field induced M,). Therefore, we measure
abymeasuringtheslope of the Kerr rotation withrespectto E,, that s,
o=y derrotation

Indeed, our data in Fig. 2b show that the measured Kerr rotation
increases linearly with increasing £,. Its slope is proportional to the
magnetoelectric coupling a. We then studied the temperature depend-
ence of a (Fig.2c): aisthelargest at the base temperature and decreases
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to zero at the Neel temperature T,. We also studied a in the opposite
antiferromagnetic state (Fig. 2e,f), which shows the opposite sign. We
further studied the spatial dependence. As shown in Fig. 2g, our data
reveal homogeneous a across the entire device. As aside point, this also
demonstrates a way to spatially resolve antiferromagnetic domains,
which has been challenging. Moreover, we have converted a from the
unitofprad V! nm (left axis) to the unit of €%/2h (right axis) (Methods).
We also studied the in-plane magnetic field B, dependence (Fig. 2h).
We found that a monotonically decreases as B, cants the equilibrium
spin directions away from the out-of-plane easy axis.

Observing the dynamical axion quasiparticle

Now that we have individually characterized the magnons and the static
6, we combine them to search for the ultrafast coherent oscillation
of 6. To this end, we construct an experimental set-up that combines
ultrafast pump-probe optics with 2D electronic devices. As shownin
Fig.3a, the pump laser launches coherent magnons (both the in-phase
and the out-of-phase modes). The probe detects the magnetoelectric
coefficient a, which is measured by £,-induced Kerr rotation. By vary-
ingthe delay time ¢t between the pump and probe, we can measure the
time-dependent magnetoelectric coupling with femtosecond resolu-
tiona(¢). Itis noted that the time-dependent magnetoelectric coupling
contains a static component and a pump-induced dynamical change,
a(t) = Agoic + Aa(t). The ag,,. has been studied above, so we focus
onAa(t).

Figure 3¢ shows the most essential dataset of our study here: the
X axis is the delay time ¢; the y axis is the pump-induced dynami-
cal change of the magnetoelectric coupling Aa(t); and the in-plane
magnetic field B, is 6 T. From the data, we clearly observe a coherent
oscillation of magnetoelectric coefficient a(¢) (< 6(t)), therefore dem-
onstrating the DAQ by its definition.

Interestingly, the magnitude of a oscillation is quite large: the Aa(¢)
oscillation reaches 0.05 e%/2h (right axis of Fig. 3c), which is 12% of
the static a at the corresponding magnetic field B, = 6 T (Fig. 2h). The
fast Fourier transform (inset of Fig. 3c) shows a distinct resonance at
about 44 GHz, consistent with the out-of-phase magnon mode. The
underlying out-of-phase magnon oscillation (arrows in Fig. 3¢c) are
drawn synchronized with the observed a oscillation, which allows
us to directly visualize how the coherent spin preccesion controls
«a at different time point. Interestingly, although both the in-phase
and out-of-phase magnons are launched by the pump laser, only the
out-of-phase magnonsdirectly coupleto the @field in MnBi,Te,, giving
risetoa coherent oscillation of 8, which s explained in the next section.

To further substantiate our conclusion, we perform systematic
measurements. First, it isimportant to check that we are really meas-
uring the a oscillation in Fig. 3c. In other words, each data point of
Aain Fig. 3c should correspond to the slope between pump-induced
Kerr and electric field E, (see also Extended Data Fig. 2). This is explic-
itly checked in Fig. 3b, where the pump-induced AKerr (=< AM,) shows
alinear dependence to £,. Therefore, all AM, observed in Fig. 3b are
induced by the electric field. Comparing Fig. 3b,c directly, the slope
for1psand 9 psinFig.3bis opposite. Correspondingly, the Aa(¢) at
1psand9 psinFig.3cindeed show opposite sign. Second, we meas-
ure Aa(t) as a function of the in-plane magnetic field B, where the
raw data are shown in Fig. 3d. By performing fast Fourier transform
on every time trace, we found (Fig. 3f) that the resonant frequency
shows weak dependence on B, again confirming that the observed
DAQ s induced by the out-of-phase magnons. Third, we performed
temperature-dependent measurements. As shown in Fig. 3e,g, we
found acritical slowdown behaviour, thatis, the resonance frequency
decreases to zero at the transition temperature. In addition, it is cru-
cialto check that the magnetic properties such as exchange coupling,
anisotropy and magnon frequency of MnBi,Te, are not significantly
changed by gates. Supplementary Information sections 1.3, 1.4 and I
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Fig.2|Probingthe static magnetoelectric couplingin 2D MnBi,Te,.

a, Schematic experimental set-up to probe the static magnetoelectric coupling.
The out-of-planeelectricfield £,is applied by the top and bottom gates. The
E,-induced magnetizationis measured by the optical Kerr rotation under normal
incidence. Hence, ais measured by dKe"drfm“"". b, Measured Kerrrotationasa
function of a.c. E,modulation for our six-lzayer MnBi,Te, device (¢, permittivity).
Theslopehereisa.c,Measured aas afunction of temperature. We have
converted a from the unit of prad V! nm (left axis) to the unit of €2/2h (right axis)
(Methods). The shaded area highlights the fitting curve. Supplementary
InformationsectionIl.2shows thed.c. E,dependence, whichyields consistent

present additional systematic magneto-optical Kerr effect (MOKE)
measurements, including d.c. gate dependence and similar meas-
urements in odd layer MnBi,Te,, which demonstrate that within the
experimental £ and n ranges studied here, the magnetic properties
are roughly invariant. We also present additional measurements to
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results for a. d-f, The same as panels a-c, respectively, but for the opposite
antiferromagnetic (AFM) domain. g, Spatial map of the measured a over the
entire device (theinset shows an optical microscopy image of the device).
Scalebar,10 um. h, Measured aas a function of B, (the inset (bottom) shows

the evolution of the AFM order with the in-plane magnetic field). The probe
wavelength was 515 nm. Supplementary Information section 1.3 shows the
wavelength-dependent data. The sample was cooled witha parallel E - Bfield.
Dependingonthesign of E - B, the sample was prepared into a specific
antiferromagneticstate. Allmeasurements were performed at normalincidence.
Thesmallincidence angleisonly anartistic choice.

assess the sample quality following the processing of the electric con-
tacts and to disentangle magnon and phonon origin for the observed
DAQ (Supplementary Information sections 1.3 and 1.5). These sys-
tematic studies further strengthen our experimental observation
of the DAQ.
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Fig.3|Observation of the dynamical axion quasiparticlein 2D MnBi,Te,.

a, Schematic experimental set-up to probe the time-dependent magnetoelectric
coupling. The pump laser launches coherent magnons; the probe laser,
combined with the dual gate E,, measures 3errotion . yy varying the delay time ,
we canmeasure pump-induced Aa(¢) with femtozsecond resolution. b, Measured
pump-induced Kerr rotation AKerr(¢) as afunction of £,and t. ¢, Measured pump-
induced Aa(t) at B=6 T (thered and blue bars correspond to a delay time of 1 ps
and 9 ps). A clear oscillation of a(t) provides the experimental observation of
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the DAQ. Inset: fast Fourier transform (FFT) of the data. The bottom inset
schemesillustrate the spin precession process of the out-of-phase magnon.
d,e, Aa(t) at different B, (d) and temperature (e) values. The curves are offset
for clarity. f,g, Fast Fourier transform of the dataind and e, respectively
(thetwo dashedlinesinfcorrespond toin-phase and out-of-phase magnon
dispersions). Theerrorbarsingrepresent one standard deviation from the
fitting parameters. The smallincidence angleis only an artistic choice.
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opposite Berry curvatures on the top and bottom surfaces (Q; = —Qg), resulting
inaBerry curvaturereal-space dipole D.b,c, Experimentally measured (b)

and theoretically calculated (c) static a as afunction of carrier density n for
six-layer MnBi,Te,. For theory, the orbital and spin contributions are computed
separately (theinsetsillustrate the doping of the Dirac bands). d, The coherent
precession of antiferromagnetic order potentially leads to an ultrafast

control of Berry curvature. e, Calculated Berry curvature sum for the top

and bottom surfaces at different spin angles for the out-of-phase magnons.
Thespinequilibriumangles are calculated based on the Heisenberg model
(Supplementary Section1.2.1). The grey area corresponds to the Berry
curvaturereal-space dipole D.f, Schematicillustration of using the DAQ to

Berry curvature origin

We now study the microscopic origin of a. We note that, independent
ofthe microscopic origin, acoherentoscillation of falways generates a
DAQ. In other material candidates, the DAQ may arise from other mecha-
nisms beyond Berry curvature (see discussionin the previous section).

The magnetoelectric coupling a has two contributions: spin and
Berry curvature. The spin part comes fromthe localized magneticions
(for example, 3d of Mn or Cr); the Berry curvature part comes from
the orbital motion of itinerant electrons. Their relative contribution
dependsonthespecificelectronicstructure of asystem. Toinvestigate

Dark-matter-axion mass (eV)

detect the dark-matter axions (O°V, the @field of the dark matter axion).

g, Dark-matter detectionsensitivity (g,,) as afunction of the axion mass. The
missionistosearchforthe axioninthe entire areathatis below the horizontal
dottedline (thatis, the astrophysics limit). The microelectronvolt regime has
beenextensively explored. Each vertical coloured streak denotes a particular
previous experiment (see ‘Estimation of the dark-matter-axion detection
sensitivity’in Methods). By contrast, the millielectronvolt regime (grey area) is
particularly promising according to cosmology and astrophysics****, but there
isnodetector. The yellowribbonis the region where the dark-matter axion
further solves the strong CP problem of quantum chromodynamics (QCD).
Thelightgreenareashows the estimated detection range and sensitivity for
the DAQinMnBi,Te,.

thisin MnBi,Te,, we measureits static a asafunction of the charge den-
sity n. Our datashow that a varies with n (Fig. 4b). Importantly, changing
n corresponds to changing the occupation of the itinerant electrons,
whereas the localized Mn 3d orbitals are not affected. This can be clearly
seen in the MnBi,Te, band structure shown in Extended Data Fig. 5,
where the Mn 3d bands are far (afew electronvolts) away from the Fermi
energy. Therefore, the observed n dependence provides qualitative
experimental evidence that the magnetoelectric coupling ain MnBi,Te,
isdominated by the orbital contribution from the itinerant electrons.

To achieve quantitative studies, we directly compute the different
contributions of a based on the first-principles band structure of
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six-layer MnBi, Te, (Fig. 4c). Interestingly, the calculated Berry curvature
contribution strongly dominates over the spin contribution, providing
further supporting evidence. Moreover, the calculated n dependence
show reasonable agreement with our experimental data. Therefore,
we conclude that a in MnBi,Te, is dominated by the orbital Berry cur-
vature contribution. Specifically, this contribution equals the Berry
curvature real-space dipole D, for which we provide a band structure
understanding as follows. A topological insulator features Dirac fer-
mions onthe top and bottom surfaces, which are gapped by the antifer-
romagneticorder, resulting in opposite Berry curvatures on opposite
surfaces (Qr=-0). Hence, thereis aBerry curvaturereal-space dipole
D= ﬁfk (Q1 - Qp) (where k is the wavevector in momentum space;
see details in Fig. 4a). One can show from Berry phase theory that the
orbital contribution of a equals D (see derivationin‘a originating from
Berry curvature real-space dipole D’ in Methods).

We can now achieve further evidence for a equals D. Even-layer
MnBi,Te, hosts an electric-field-induced anomalous Hall effect—the
so-called layer Hall effect*®. This electrical transport Hall measurement,
whichisindependent from the optical measurement above, provides
another probe of D. Specifically, one can show that the electric-
field-induced anomalous Hall effect g,, measures dD/dn (derivation
in Supplementary Information section IV). In addition, we obtain
da/dn by taking a derivative of our a data in Fig. 4b. As shown in
Extended DataFig. 3, the agreement between dD/dnand da/dn further
supports a =D, that is, the Berry curvature origin for the magneto-
electric coupling in MnBi,Te,.

Ultrafast control of Berry curvature by AFM magnon

Our experimental observation in Fig. 3¢ of ultrafast modulation of a
naturally establishes an ultrafast modulation of Berry curvature
real-space dipole because we showed a = D above. To further confirm
this, we directly compute the band structure at different spin angles
of the magnon oscillation under the frozen magnon approximation.
For the out-of-phase magnon, we see (Fig. 4e) that the top and bottom
Berry curvatures oscillate with opposite phase. As such, their difference
(grey areainFig.4e), whichisthe Berry curvaturereal-space dipole D,
also oscillates in time.

We canfurther try tounderstand why the in-phase magnon does not
induce a oscillation. For the in-phase magnons, our calculation shows
thatthe top and bottom Berry curvatures oscillate intimebut with the
same phase (Extended DataFig. 6). So the Berry curvature real-space
dipole Dis invariant in time. Therefore, the coherent oscillation of
Berry curvature real-space dipole generates the DAQ in even-layer
MnBi,Te,.

We explainwhy the DAQis strongin even-layered MnBi,Te,. Beyond
Berry curvature, it also requires hybridization between the top and
bottom surface states owing to finite thickness. The strength of DAQ
is measured by % (ref. 6), that is, the change of 8 per change of the
antiferromagnetic order L,. If we reduce the hybridization strength,
6becomes robust when L, changes, leading to a small %. Only when
the hybridization is comparable to the magnetism-incflfced Zeeman
gap, alarge % isachieved. Our calculations in Extended Data Fig. 7
indeed shows that 6SL MnBi,Te,isagood choice because of its large 29,
The thickness-dependent % calculation also provides guidance on
howthestrength of the effectzmay evolveasafunction of layer number.

Sensitivity of dark-matter-axion detection

Searching for the dark-matter axion is one of the most challenging
yet exciting topics in fundamental physics. Below, we describe the
state of theartin this field in terms of existing detectors and proposed
future detectors and then estimate the axion detection frequency
range and sensitivity based on our experimental results. This will justify
why our DAQ approach can break new ground and make important
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contributions. The axion mass is not known but astrophysics experi-
ments have excluded mass >1 eV. Therefore, the mission is to search
forthe axionbelow1eV, whichisrepresented by the entire areabelow
the horizontal dotted line (the astrophysics limit) in Fig. 4g. Given
the vast frequency range, detectors should have tunable frequency.
For example, the microelectronvolt regime, which corresponds to
microwave frequencies, has been experimentally explored (vertical
streaks in Fig. 4g), because microwave photon cavities with tunable
frequencies can serve as the axion detectors in that regime.

By contrast, the millielectronvolt mass regime is particularly prom-
ising according to cosmology and astrophysics®** (grey region in
Fig.4g), butthereis noaxiondetector for the millielectronvolt regime.
Thisregimeis more technologically challenging: cavity methods strug-
gle, astuning over wide ranges becomes difficult. As such, any detector
inthe millielectronvolt regime that goes below the astrophysics limit
breaks new ground, and there are only two proposed future detectors
known as BRASS and BREAD®*¥, Interestingly, theory* 2 predicts
that the DAQ can serve as a detector in this regime (Fig. 4f). The basic
working principleis explainedin‘Estimation of the dark-matter-axion
detection sensitivity’ in Methods. A unique advantage is that the detec-
tion frequency can be continuously tuned over a wide range by B,,
because the detection frequency is given by , lmDZAQ + CZB”2 , where
Mpyq =44 GHz=0.18 meV and Cis a constant (see ‘Estimation of the
dark-matter-axion detection sensitivity’ in Methods). However, this
proposal has not been prominent in experimental particle physics as
the DAQ remained a proposal. Going beyond the theory proposal® %,
our work (1) provides realization of the DAQ, serving as an essential
step forward, (2) makes the conceptional advance that the out-of-phase
magnonunder B, can effectively replace the antiferromagnetic ampli-
tude mode; and (3) experimentally determines the DAQ frequency.

Using our experimental data and theoretical calculations, we cal-
culate the DAQ sensitivity g,, in Fig. 4g (see Methods for details). The
DAQ is able to go below astrophysical limit (the horizontal dotted
line) over a wide frequency range, and even reach sensitivity to the
quantum chromodynamics axion (yellow band in Fig. 4g) in a certain
range. To build awell-functioning detector, more experimental studies
and preparations are needed such as addressing the DAQ sample size
issue and experimentally measuring the terahertzlosses. We describe
our solutions to these issues in ‘Estimation of the dark-matter-axion
detection sensitivity’ in Methods and Supplementary Information sec-
tionllL.2.In Supplementary Information section 1.3, we compare our
DAQ approach with the other two proposed future detectors, BRASS
and BREAD**%, and show that our approach has unique advantages.

DAQ materials beyond MnBi,Te, and other outlooks

Itis of interest to find other materials with alarge DAQ. We need large
but non-quantized 6 that changes significantly upon asmall change of
the magnetic order. For example, although 8in Cr,0;and Crl;are small,
some multiferroics are reported to have large a, which are potentially
promising for alarge DAQ. The microscopic mechanism will be differ-
ent, as the Berry curvature will be nearly zero in wide-gap insulators
but there could be a large spin contribution.

Looking to the future, theory works®** have predicted awide range
of phenomena, such as the axion polariton®, the dynamical chiral mag-
netic effect’, finite momentum instability?® and so on. In particular,
the DAQarises from magnetoelectric coupling and antiferromagnetic
magnons, two phenomena of importance inspintronics. The observed
coherent oscillation of a(¢) means thatad.c. Efield can control ultrafast
spin polarization, M(t) = a(¢)E, which is potentially relevant to recent
coherent antiferromagnetic spintronics?. The coherent control of
Berry curvature demonstrated here can be generalized. Berry cur-
vature is only the imaginary part of quantum geometry, whereas the
real part is the quantum metric, which has recently been observed
in MnBi,Te, (refs. 58,59). The magnons may be able to coherently



modulate its quantum metric, which can be detected by measuring
the nonlinear Hall effect with time resolution. Beyond MnBi,Te,, in
magnetic Weyl semimetals such as Co,Sn,S, or Mn,Sn, the magnetic
spin direction dictates the k-space locations of the Weyl nodes. The
magnons may coherently control the Weyl node locations, leading to
atime-dependent anomalous Hall effect. Finally, nonlinearly driven
magnons® may induce new non-equilibrium phases in analogy to the
light-induced superconductivity driven by phonons?.
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Methods

Bulk crystal growth and 2D sample fabrication

Our MnBi,Te, bulk crystals were grown using the Bi,Te, flux method®".
Elemental Mn, Bi and Te were mixed at a molar ratio of 15:170:270,
loadedinacrucible, and sealed inaquartztube under one-third atmos-
pheric pressure of argon. The ampule was first heated to 900 °C for
5h.Itwasthen movedto another furnace where it slowly cooled from
597 °Ct0587 °Cand stayed at 587 °Cfor1 day. The 2D device fabrication
processes were completed inan argon environment without exposure
to air, chemicals, or heat (oxygen and water level below 0.01 ppm and
adew point below —96 °C). The glovebox was attached to an e-beam
evaporator, allowing us to make metal deposition without exposure to
air. MnBi,Te, was mechanically exfoliated onto abaked 300-nmsilicon
dioxide/silicon wafer using Scotch tape. A stencil mask technique*®
was used to make chromium/gold contacts on top of MnBi,Te,. Boron
nitride (BN) flakes were directly exfoliated onto a polydimethylsiloxane
film,and a10-30-nm-thick BN flake was identified and transferred onto
the MnBi,Te, as the top gate dielectric layer. Next, a metal gate was
evaporated onto the BN/MnBi,Te, heterostructure. Supplementary
Information section 1.3 presents additional measurements to assess
the sample quality following the processing of the electric contacts.

How we characterized the magnon frequencies
We followed the experimental methodsin refs. 53,62, which measured
the magnon frequenciesin bilayer Crl,, also a fully compensated layered
antiferromagnet. In thismethod, monolayer WSe, is stacked on top of
the layered antiferromagnet (Extended Data Fig. 1e). This monolayer
WSe, breaks the layer degeneracy, allowing us to selectively probe the
top-layer information®*¢2, Pump-probe Kerr rotation under normalinci-
dence was performed on this heterostructure. The pump laser launches
the magnons. The probe Kerr rotation measures the out-of-plane mag-
netization M, of the top layer preferentially because of the WSe,. The
data are shownin Extended Data Fig. 1f,g. Coherent oscillations com-
posed of two distinct frequencies are clearly observed, correspond-
ing to the in-phase and the out-of-phase magnons. The monolayer
WSe, allows us to selectively probe the top layer, which is crucial for
observing bothmodes. We emphasize that the monolayer WSe, is only
used in this dataset (Extended Data Fig. 1) to characterize the magnon
frequencies. For all other measurements (everything in the main text),
we used even-layer MnBi,Te, without WSe,. Additional pump photon
polarization dependence (Supplementary Information section 1.2)
shows that the excitation mechanismis laser-heating-induced coher-
ent precession. Infuture, one way to selectively excite the in-phase and
out-of-phase magnons may be to use microwave/terahertz photons that
are resonant with the corresponding magnon polariton frequencies.
The femtosecond laser pulse was generated by an amplified
ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser
(Pharos, LightConversion) with a pulse duration of 168 fs, awavelength
0f1,030 nm and a repetition rate of 100 kHz. For the pump beam, an
optical parametric amplifier (Orpheus, LightConversion) was used
to tune the wavelength to 720 nm (pump fluence of about 3 pj cm™).
For the probe beam, a beta-barium borate (BBO) crystal was used to
convertthelaser wavelength to 515 nm. The pump beam went through
anoptical chopperat1,000 Hzand was combined with the probe beam
by a dichroic mirror, both of which were focused on the sample (spot
sizeabout1um). Thereflected beamwas filtered to remove the pump
beam, passed through a half-wave plate and a Wollaston prism, and
entered the balanced photodiode detector. The balanced photodiode
signal was analysed by alock-in amplifier at the chopper frequency.

How we converted a to the unit of e*/2h

The antiferromagnetic ground state of even-layer MnBi, Te, features
magnetoelectric coupling, which is the electric-field-induced mag-
netizationa = d— .The out-of-plane electric field £, was applied by the

top and bottom gates; the net out-of-plane magnetization MZ was
probed by the optical Kerr rotation under normal incidence®, Kerr
rotation=M,/y (ylsa material-specific conversion coefficient). There
fore,wehavea = yM To convertafromthe directly measured
unit of prad V'nm to the unit of e*/2h, we need to determine the
coefficient y.

We (semi-)quantitatively determined y using a method reported in
ref. 64. This method uses the fact that the magnetic order of MnBi,Te,
canbe controlled by the out-of-plane magnetic field B, . Withincreasing
B/, the magnetic order changes from the layered antiferromagnetic
stateto aspin-flop state. Inthe spin-flop state at B, = 6 T, we measured
boththeKerrrotation and the M,, from which we determined the value
of y (Extended DataFig. 4). Using this y, we converted the a of the anti-
ferromagnetic state to the unit of €%/2h. In this method, we needed to
assume that the spin-flop state at B, = 6 T and the antiferromagnetic
state at B, = 0 T have the same y. This is an approximation.

How we measured the DAQ
The DAQ manifests as a coherent oscillation of the magnetoelectric
coupling, whichrequires us to measure a(t) with femtosecond time res-
olution. This was achieved by combining ultrafast pump-probe optics
with 2D electronic devices. We built a dual-gated six-layer MnBi,Te,
device (no WSe,). The probe beam combined with the gate-applied £,
measures a, whereas the pump beam excites the magnons. By varying
the delay time ¢, we can measure a(t) with femtosecond time resolution.
Experimentally, this was achieved by connecting two lock-in
amplifiers in series as illustrated in Extended Data Fig. 2a. An opti-
cal chopper modulated the pump laser at frequency w; =1,000 Hz.
A functional generator modulated the electric field at frequency
w,=0.7 Hz and with a.c. modulation amplitude AeE=0.84 Vnm™.
The signal collected by the balanced photodiode detector was first
fed into a lock-in at the chopper frequency w; =1,000 Hz and then
into the second lock-in at the functional generator (E,) frequency
= 0.7 Hz. We used the fundamental beam of our Yb:KGW laser as
the pump (1,030 nm and fluence is about 160 pJj cm™) and its second
harmonicas the probe (515 nm). For the static MOKE measurement in
Fig. 2, the probe wavelength was also set to 515 nm. Supplementary
Information section 1.3 shows the photon-energy dependence, con-
firming that the specific choice of photon energy does not affect our
conclusion.

aoriginating from Berry curvature real-space dipole D
Ina’P7-symmetric material, the magnetoelectric coupling a manifests
as an electric-field £-induced magnetization. Here we focus on the
orbital contribution of a, so a° = Ll .According to refs. 65-67, the
orbital magnetization M"rb ofa quasn -2D system with thickness d is
given by

e dkdk,
M= 7d'™ ZL o @)’ 7Ok Ukl i+ = 201104 Ui,

Intheequationabove, iis thereduced Planck constant, izis the chem-
ical potential, and u,, is the periodic part of the Bloch wavefunction for
the nth band. Therefore, we have®®
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Here we have utilized the fact that the Berry curvature
0y = =20m{0 Uy |0 Upi)- AS the Berry curvature vanishes inside the
bulk, we can focus on the surface degrees of freedom.

Under a uniform vertical electric field E,, the chemical poten-
tials for the top (T) and bottom (B) surfaces change by §(u" - u®) =
eE,d, such that for the total out-of-plane orbital magnetization
M2 = Mot 1 pgB-otd: changes by
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Estimation of the dark-matter-axion detection sensitivity

Detection scheme 1 (photon counting). In the presence of external
magpnetic field B, the dark-matter (DM) axion of mass m,, canbe con-
verted into a photon at the same energy. In the DAQ material, that
terahertz photon and the DAQ can resonantly couple to form a DAQ
polariton®. The resonant interaction leads to enhanced electromag-
netic signals (that is, photon amplification)??*%*’°, which are eventu-
ally emitted off the DAQ material and detected by a single-photon
detector (Fig. 4f). Moreover, resonant frequency between the DAQ
and the photon can be directly controlled by the external B, field,

2
giVeN bY @, esonance = [ Maq + b*, Where b = 73w By Mosa s the DAQ
mass, which is about 44 GHz in our materials, €, and e are the permit-
tivity of vacuum and of the material, and f, = 82 eV for our material. The
small correction (Sa)jz (see equation (4.33) in ref. 22) is negligible, as

shownin Supplementary Information sectionIII.1.

Sensitivity estimation. The detectionsensitivity g, based on photon
countingis shown in Fig. 4g. g, is given by*

gy 1, e
¥ BB [Snpp, 1T T

In the expression above, ppy = 0.4 GeV cm™ is the local axion dark-
matter density. 7is the measurement time at a specific magnetic field,
which was on the order of minutes to scan 1 decade in axion dark-
matter massif the total experimental runtimeis 3 years. is the detec-
tion efficiency of the terahertz single-photon detector (set to 95%).
Aqis the dark-count rate of the photon detector (set to 107). S is the
sample area, which was set to 0.16 m?. Bis the boost factor, which was
estimated to be 100 in our material using the following expression,

.Herenisthedielectric constant of the mate-

4
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i ) p
rial (about 6.4) and d is the thickness of the material (we assumed an
optimal thickness of 0.4 mm). I, is the magnetic impurity density,
whichisestimated tobe 0.7 x107. 7, is the imaginary part of the dielec-
tric constant at the frequency of mp,, (about 0.2 x 107%). Supplementary
Information section Ill details how we estimated the values of the
parameters above based on our experimental and theoretical results.

We also note that in Fig. 4g, each vertical streak denotes a particular
previous experiments (data extracted fromref. 71).

Future experimental preparations are needed to actually build a
functional detector. For example, this photon-counting approach
requires a large sample with optimal thickness about 0.4 mm. How-
ever, the DAQ insix-layer MnBi,Te, relies on finite-thickness hybridiza-
tion. Supplementary Information section Il describes our proposed
future works to address all issues, including sample size and terahertz
single-photon detectors. For example, we propose to grow thick sam-
plesthat consist of arepeating superlattice betweenssix-layer MnBi,Te,
and the spacer layer.

Detection scheme 2 (Kerr). We propose a different detection approach
thatdoes not need athick sample. Although this approachisless sensi-
tive (Extended Data Fig. 8), it serves as a first step that is readily app-
licable to our existing six-layer MnBi,Te,. Meanwhile, we address the
sample thicknessissue (Supplementary Informationsectionlll.2). This
Kerr method is very similar to the experiments in the main text, but
replace the pump laser (visible photons) by the dark-matter axion.
In the presence of a B, field, the dark-matter axion can be converted
into a millielectronvolt (subterahertz) photon, and that photon and
the DAQ can resonantly couple to form an axion polariton, which is
essentially a coherent oscillation of 8(w), where (1)=/lmDZAQ+b2 .
By applying an out-of-planeelectricfield E,, such a coherent oscillation
of 8(w) will lead to an oscillating magnetization M,(w) = 8(w)E,. We
propose to use MOKE with start-of-the-art sensitivity to measure this
oscillating magnetization. In this way, the sample size is not anissue,
because Kerr measures the magnetization, whichis per volume.

Sensitivity estimation. The sensitivity g,, of thisapproachis shownin
Extended DataFig. 8. g,,canbe expressed by

g.= 2hySer S MomMpaqlm
W €2EZB” 2TKerrpDM

HereE, isthe applied electric field, for whichwe use avalue of 2V nm™,
yisthe conversion factor between Kerr rotation and magnetization,
whichisestimatedas1.4 x 10* Am™ radin the best-case scenario’. S,
is the sensitivity for Kerr rotation measurement, which is estimated to
be0.7 nrad/~/Hz under a.c. modulation™. his the Planck constant and
eistheelectron charge. 7y, is the measurement time for Kerr rotation,
whichis estimated to be 3 months. Itis noted that ppy, I, Mpag. fo, Mpy
and B, have been defined and estimated in the previous section.

Electronic-structure calculations. First-principles calculations were
performed using the projector-augmented-wave method as imple-
mented inthe Viennaabinitio simulation package (VASP). To simulate
thin-film MnBi,Te,, a9 x 9 x 1T-centred k-grid was used for the Brillouin
zone integration, and thekinetic energy cut-offwas set to 400 eV. The
exchange-correlation was approximated within the generalized gradi-
entapproximation (GGA) framework. The Wannier models of MnBi,Te,
were built usingMn d, Bi pand Te p orbitals. On-site Coulomb potentials
of U=5eVforMn dwere applied. We also used the tight-binding model
for six-layer MnBi,Te, (see Supplementary Information section V for
details), whichwas described inref. 74. Each layer contained two orbit-
als and two spins (four bands) and different layers were coupled with
symmetry-allowed interlayer hybridization. The antiferromagnetic
order was described by alayer-dependent Zeeman energy.

The @is the trace part of the magnetoelectric coupling a.

Y o “4)

i=x,y,z

Hznz—hz
3e

We note that the above expression only holds only when the Dirac
surface states are gapped by magnetic order. In the presence of perfect
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time-reversal symmetry bothin the bulkand onthe surface ofasample,
aiszeroirrespective of thetopological nature. We also note that in the
main text, we assumed that aisisotropica,, = a,,= a,,, sothatg = n a
This is agood approximation for MnBi,Te, but not necessarily true
for other materials. a; was directly computed from the electronic struc-
ture by the following expressions

XXVZ

[r <’"(k)|—*(ﬁy P+ 0%y +mt S ln(k)>} (5)

a,=5y Jﬂﬁ] _f'" Re{ry (m(k)15 Lo i x)+m;1§y|n(k)>}, (6)

€m

2 —

e S, 1

a,=— z I n_"Mm Re|l = Z (r,,mrmpv;,,—rprpm

4 En— & 2
m,n Digp*em

@

rrzm mnuﬁ‘;m_ (xoy)+r, e_l(jz)mn ’

In the equations above, m, n are the band indices,f:fdkxdky/(ZTr)z,
f,isthe FermiDirac function with energy €, of band n, #, 6 and § are the
position, velocity and spin operators, and m, is the electron mass. As
explained in the main text, a has two microscopic contributions, spin
and orbital. The last term of each equation, related to the spin operator
$, accounts for the spin contribution; the other terms account for the
orbital contribution. We note that the expressions above are valid when
the Fermilevelisinside the bandgap, whichis true for all experiments
except the carrier density dependence in Fig. 4b,c. When the Fermi
level cutsinto the band, a,,has an additional Fermi surface contribu-
tionterm*- 2, J ;’ﬁ” SWIg X ~v,g?), where 87 = Rel Y rimlihal is the
quantum metric ofband n.

The Berry curvature real-space dipole Dis

2

_ ¢ T_ B
b= 4T[h % [‘[‘,‘nkiﬂ Qn ‘Lnkiﬂ an (8)

()nT(B’ is the layer-resolved Berry curvature of the nth band as
definedinref.75 (T and Bindicate the top and bottom surface, respec-
tively), whichis given by

v,ln’(k))

Q'®=-2m ¥ (n(K) v, | m(K)}Xm(K)|v

2 prBK)  (9)

where pT® (k)= . 1@ MUOL)YIn’ (1)) describes the projection on
tothetopor bottom layer.
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ontop of MnBi,Te,, which breaks the layer degeneracy, allowing us to selectively
probe the top layer information®. Pump-probe Kerr rotation under normal

incidence was performed on this heterostructure. The pump laser launches the
magnons. The probe Kerr rotation measures the out-of-plane magnetization M,

oscillation of net magnetizationalong 2. e, We followed the method established  of the top layer preferentially because of the WSe,. f,g, Pump-induced AKerr
inref. 53 (see detailed discussionin Methods.2). Amonolayer WSe, wasstacked ~ dataand FFT atdifferentB,.
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Extended DataFig.2 | Experimental setup for measuring the DAQ. a, The Thesignal collected by the balanced photodiode detector wasfirstfedintoa
DAQ manifests as acoherent oscillation of the magnetoelectric coupling, lock-inatthe chopper frequency w,=1000 Hz and theninto the second lock-in
whichrequires us to measure a(¢) with fs time-resolution. This was achieved by attheE,frequency w,=0.7 Hz. The wavelength of the pump beam was set to
combining ultrafast pump-probe optics with 2D electronic devices. We builta 1030 nm, and the pump fluenceis - 160 uJ/cm?. b, Pump-induced Kerr rotation
dual-gated 6L MnBi,Te, device (no WSe,). The probe beam combined with the atdifferent AC Efield modulation amplitudes. ¢, Pump fluence dependence of
gate-applied £, measures a, whereas the pump beam excites the magnons. the oscillation amplitude of Aa. d, Coherent oscillation of Aa as afunction of
By varying the delay time ¢, we can measure a(t) with fs time-resolution. pump light polarization. The indifference of pump light polarization suggests
Experimentally, this was achieved by connecting two lock-in amplifiers. excitation mechanismis laser heatinginduced coherent oscillation of spins®.
Anoptical chopper modulated the pump laser at frequency w,=1000 Hz. e, Coherentoscillation of Aaas a function of pump wavelength.

Afunctional generator modulated the gate F, at frequency w,=0.7 Hz.



5 |
E,#0, M,#0 1
EZ=01MZ=O ’ ’ !
[
I
|
I
I
| !
I
b x.]o—'lz . . . :
_ |
£ 0.1 ' !
5 I
e

8 o '
> [
I

3101} '
= a=9 i :
L = * . I
4 -2 0 2 1
n (x 1012 cm'z) !
I
C , . - - I
. {08 |
E 5ol -
c Q § |
3 5load !
& 104 5 4
S 30 | S S A AP !
l \ \ N\ I
0 4 6 :
B” (T) '

Extended DataFig. 3| The magnetoelectric coupling and the layer Hall
effectinMnBi,Te,. a, Schematics for the magnetoelectric coupling (a = %).

b, Maintext Fig. 4b shows the measured a as a function of the charge density n.
By taking a derivative of this data, we geti:asa functionofn.c,Measuredaasa
function of in-plane magnetic field B,.d, Schematics for the layer Hall effect.
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Anout-of-planeelectricfield E,induces an anomalous Hall effect (finite ,,) in
6L MnBi,Te,.e,E,induced o,,as afunctionof carrier density n. This E,induced
o, directly measuresd;f(D isthe Berry curvature real space dipole), whichis
markedintherightaxis.f,E,induced o,,as afunctionof B,.
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Extended DataFig. 4 |Determining the conversion factory. a, Out-of-plane 6L MnBi,Te, featuresanelectric fieldinduced magnetization. The magneto-
magnetization as function of out-of-plane magnetic field B, for bulk MnBi,Te, electriccouplingaisgivenbya= ydffz”. Therefore, by using the y determinedin
measured by SQUID. Withincreasing B, the magnetic order changes from the thespin-flop state, we converted a of the antiferromagnetic state to the unit of
layered antiferromagnetic state to a spin-flop state. b, In the spin-flop state ;7 Inthis method, we needed to assume that the spin flop stateat B, =6 Tand
atB, =6T,wemeasured both the Kerr rotation and the M,, from which we theantiferromagneticstateat B, =0 T have the samey. Thisis an approximation.

determined the value ofy. ¢, Inthe antiferromagnetic ground stateat B, =0T,
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Extended DataFig. 5| Microscopic mechanism for the magnetoelectric contributions. Thetotal a,, is the sum of the two contributions. ¢, Comparison
couplingin 6L MnBi,Te,. a, First-principles band structures of 6L MnBi,Te, of@and T, whichare the trace partand traceless part of a;;, respectively
with the Mn 3d orbitals highlighted. b, Calculated a,, from the spin and orbital (normalized by €%/2h).
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Extended DataFig. 6 | Ultrafast Berry curvature oscillation by
antiferromagnetic magnons. a,d, Inthe even-layer MnBi,Te,, the
antiferromagnetic order couples to the Dirac surface states, generating

large Berry curvature on the top and bottom surfaces. We study how the Berry
curvature responds upon exciting the out-of-phase or the in-phase magnon.
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b,e, Calculated Berry curvature sum ofthe top and bottom surfaces at
different spinangles during the magnon oscillation under the frozen magnon
approximation. The grey area (i.e., the difference of Berry curvature from
top and bottom surfaces) is the Berry curvaturereal space dipole D (D =a).
¢c,f, Calculated O at different spin angles during the magnon oscillation.
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Extended DataFig.7|Calculated DAQstrength of 2D even-layer MnBi,Te,.
Thestrength of DAQis measured by the change of @ per change of the
antiferromagnetic order parameterL, %". In2D even-layer MnBi,Te,, the

top and bottom surface state wavefunction can overlap and hybridize.
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hybridization for 6SLand 14SL. ¢, Calculated 6 vs. AFM order L, for different
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Extended DataFig. 8| Kerr effect scheme of dark matter axion detection
using DAQ. a, The Kerr effect scheme: adark matter axion resonantly excite an
axionpolaritoninside the DAQ material under an external B, field (B,=5T). The

axion polaritonis essentially acoherent oscillation of 8(w), where w = m[fAQ +b°.

By applying an out-of-plane electric field £,, such a coherent oscillation of 8(w)

Dark matter Axion mass (eV)

willlead to an oscillating magnetization M,(w) = 0(w)E,. We propose to use
MOKE with to measure this oscillating magnetization. b, Dark matter detection
sensitivity (g,,) asafunction of the axion mass using the Kerr scheme (see details
inMethods.6).
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