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Probing the quantum geometry and topology in condensed matter systems has relied heavily on static
electronic transport experiments in magnetic fields. Yet, contact-free optical measurements have rarely
been explored. Here, we report the observation of resonant magnetic circular dichroism (MCD) in the
infrared range in thin film MnBi2Te4 exhibiting a spectral intensity that correlates with the anomalous Hall
effect. Both phenomena emerge with a field-driven phase transition from an antiferromagnet to a canted
ferromagnet. By theoretically relating the MCD to the anomalous Hall effect via Berry curvature for a
metallic state, we show that this transition accompanies an abrupt onset of Berry curvature, signaling a
topological phase transition from a topological insulator to a doped Chern insulator. Our density functional
theory calculation suggests the MCD signal mainly originates from an optical transition at the Brillouin
zone edge, hinting at a potential new source of Berry curvature away from the commonly considered Γ
point. Our findings demonstrate a novel experimental approach for detecting Berry curvature through
spectroscopy of the interband MCD, generally applicable to magnetic materials.

DOI: 10.1103/PhysRevLett.134.016601

Resonant photoabsorption magnetic circular dichroism
(MCD) refers to the optical response of a magnetic material
that preferentially absorbs light of a specific circular
polarization direction [Figs. 1(b) and 1(c)]. [1] Resonant
MCD has been employed to probe the Zeeman splitting and
spin polarization of magnetic semiconductors [2–4]. More
recently, it was employed to identify a topologically non-
trivial phase in ultracold atomic lattices [5–8]. Theoretical
efforts in linking optical and photoemission measurements
to the quantum mechanical geometry of the Bloch states in
emerging magnetic and topological materials have brought
new light to the information that MCD carries [9–15].
In particular, resonant absorption MCD in magnetic

insulators was recently related to the Chern number [10]
responsible for the quantized anomalous Hall effect and
arising from Berry curvature (BC), [14,16] the imaginary

part of the quantum geometric tensor [13]. Infrared (IR)
MCD, resonant with optical transitions involving
BC-hosting bands, is, therefore, a novel approach for
detecting the band geometry and topology [10]. To date,
no experimental measurements of a BC-induced resonant
MCD in photoabsorption manifesting a topological phase
transition have been reported. Magnetic topological insula-
tors (TIs) characterized by a Chern number are an ideal
platform to experimentally detect BC-induced MCD.
However, as most topological materials are degenerately
doped in the bulk, a relation between MCD and BC is
required for the metallic state. Motivated by recent
advances in the study of topological properties through
optical response [9,12,17–19], this Letter aims to demon-
strate how resonant MCD probes the changing topological
character of the antiferromagnetic TI MnBi2Te4 despite its
native doping, as a proof of concept that MCD encodes
information about the BC.
MnBi2Te4 [Fig. 1(a)] is a magnetic TI that exhibits a rich

phase diagram. It is, hence, an interesting platform to
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search for BC-induced MCD [20–25] In MnBi2Te4, Mn
spins within the Mn layers are coupled ferromagnetically
whereas the interlayer coupling is antiferromagnetic.
A-type antiferromagnetic MnBi2Te4 was found to be a
TI [26–29]. For thin films and flakes, experiments found a
topological phase transition driven by an out-of-plane
magnetic field from an antiferromagnetic TI at zero field
to a canted ferromagnetic state, and finally to ferromagnetic
saturation. [26–28] The latter two phases were suggested to
be Chern insulators through the observation of chiral edge
states [30–32]. As-grown thin films of MnBi2Te4 are,
however, naturally metallic, making the detection of edge
states challenging [26,33]. This motivates alternative
probes of the changing topological character of MnBi2Te4
through its phase diagram. A large IR Faraday and Kerr
rotation were recently predicted in ferromagnetic
MnBi2Te4 when time-reversal symmetry is broken [9,19]
and a large band-edge BC is activated. This BC generates a
nonzero optical Hall conductivity σxyðωÞ and must also
yield a resonant MCD that has yet to be observed.
We report the observation of resonant IR-MCD in

MnBi2Te4 films that onsets at the field-driven phase
transition into the canted ferromagnetic state. The MCD
and the associated optical transition are absent in the
antiferromagnetic state. We attribute the manifestation of
the MCD to the abrupt onset of BC when MnBi2Te4
undergoes a topological phase transition from an antifer-
romagnetic TI to a doped Chern insulator [Fig. 1(c)]. First,
the MCD signal is extracted from the measured optical
absorption spectroscopy and tied to the magnetization.
Second, the first negative moment of the antisymmetric
(dissipative) part of the optical Hall conductivity σA;xyðωÞ is
theoretically related to the BC even in metallic states, and is
shown to be proportional to the nonquantized anomalous
Hall conductivity. This relation indicates that the onset of
the MCD signal originates from the onset of BC in the

canted phase. Third, the intensity of the measured MCD
scales with the static anomalous Hall conductivity, con-
firming its relation to BC. A comparison between the
magneto-optical response, the Hall response, and first-
principles calculations allows us to infer that this MCD
likely originates from an optical transition at the vertical
Brillouin zone boundary. Our findings directly detect the
onset of BC of Bloch bands along with the bands and
momenta responsible for it, which enables the extraction of
topological indices [10] and the optical detection of
topological phase transitions in future studies.
To unveil the MCD of MnBi2Te4, we employ magneto-

optical IR spectroscopy and measure thin films grown on
GaAs(111) (ND) and SrF2ð111Þ (JKU) by molecular beam
epitaxy [34]. With a fixed circular polarization, we detect
the MCD as a nonreciprocity in the relative optical trans-
mission when the polarity of the magnetic field B is
switched [Fig. 1(b)]. The relative transmission is defined
as τ ¼ TSðBÞ=TSð0Þ, where TSðBÞ is the transmission
through the sample (B is parallel to the c axis). The
MCD is plotted in Figs. 1(e) and 1(f). Below 3 T, the
relative transmission is close to 1 and has no energy
dependence regardless of the direction of the magnetic
field for either sample. At 3 T and above, a minimum
marked Tex in Fig. 1(e) is observed only when the magnetic
field is negative. The intensity of the MCD is extracted at
jBj using

τðþBÞ − τð−BÞ
τðþBÞ þ τð−BÞ ¼ MCDð%Þ:

It is plotted as a function of energy in Figs. 2(a) and 2(b)
and appears as a peak between 200 and 300 meV. The
integrated intensity of the MCD signal is subsequently
extracted and plotted in Fig. 2(c). The dichroism emerges
at the spin-flop (SF) transition BSF and gains intensity

Te

Mn
Bi

Septuple
layer (SL)

Tex

(a)

FIG. 1. (a) Crystal structure of MnBi2Te4 consisting of septuple layers separated by a van der Waals gap. (b) Magnetic circular
dichroism (MCD) manifesting as an absorption of light dependent on the direction of circular polarization and (c) as a nonreciprocal
absorption of circularly polarized light at opposite magnetic states of a material. (d) Magnetic phase diagram of MnBi2Te4, Ω is the
Berry curvature. AFM, antiferromagnet; FM, ferromagnet. Relative transmission spectra at different magnetic fields at T ¼ 4.2 Kwith a
defined polarization for the (e) ND and (f) JKU samples. Tex marks the optical transition studied in this Letter.
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with increasing field. In MnBi2Te4, 2 T marks the phase
boundary of the antiferromagnetic ground state. Above 2 T,
a surface SF transition followed by a bulk SF lead to a
canted phase. It persists up to saturation to ferromagnetism
at Bsat [26–28]. The behavior of anomalous Hall effect
(AHE), plotted in Fig. 2(d), allows us to extract BSF for
both samples. BSF ¼ 2.95 T for ND and 3.1T for JKU,
consistent with the delayed onset of the MCD observed in
the JKU sample. Complete Hall and magnetometry mea-
surements are shown in [34]. Magnetic canting breaks time-
reversal symmetry, which induces a topological phase
transition to a state with finite Berry curvature above
the SF, activating the AHE and the MCD. Both the
AHE [Fig. 2(d)] and the MCD signal [Fig. 2(c)] increases
in strength as of 2 T, consistent with the activation of BC as
MnBi2Te4 undergoes a transition from from an antiferro-
magnetic TI to a doped Chern insulator.
We understand the emergence of the MCD in the canted

magnetic state through the following symmetry argument.
The MCD signal can be expressed as the difference
between the absorption of oppositely polarized light
σþðωÞ − σ−ðωÞ ¼ −2ImðσH;xyðωÞÞ, where ImðσH;xyðωÞÞ
is the imaginary part of the dissipative (Hermitian) optical
conductivity. ImðσH;xyðωÞÞ is also given by the imaginary
part of the antisymmetric optical conductivity σA;xyðωÞ ¼
1
2
ðσxyðωÞ − σyxðωÞÞ. According to the Onsager relation, the

optical conductivity obeys σxyðω;MÞ ¼ σxyðω;−MÞ for
opposite magnetizationM, and thus becomes symmetric in
the Cartesian coordinate system when M ¼ 0. It follows
that the antisymmetric part vanishes at M ¼ 0 such that
σA;xyðω; 0Þ ¼ 0. Therefore, we expect that the MCD signal
vanishes in the antiferromagnetic state, grows with increas-
ing magnetization strength M upon entering the canted
state, and saturates to a maximum value in the ferromag-
netic state, as was observed in our experiment [Fig. 2(c)].
While the MCD signal directly detects the magnetization

strength, its first negative moment is known to be related

to the Berry curvature and the static anomalous Hall
conductivity σxyðω ¼ 0Þ through the Hall sum rule at
temperature T ¼ 0 K [10,14,35] as

Im
�Z

∞

0

dω
σA;xy
ω

�
¼ − πe2

2ℏ

Z
dk

ð2πÞ3
Xocc
n

fðℏωn;kÞΩxy;n;k

¼ π

2
σxyðω ¼ 0Þ; ð1Þ

where −e is the electron charge and, theoretically, the
frequency (energy) cutoff ωc → ∞. The key quantity in
Eq. (1) is the Berry curvature Ωxy;n;k of band n,

Ωn;k;xy ¼ −2ℏ2Im
Xunocc
m

hun;kjvxjum;kihum;kjvyjun;ki
ðωn;k − ωm;kÞ2

where un;k is the periodic part of the magnetic Bloch wave
function, ωn;k is the energy of band n at wavevector k, and
vi is the velocity operator in the i ¼ x, y direction. Note that
since the MnBi2Te4 samples we investigate are naturally
doped, the number of occupied bands n and unoccupied
bands m in the summations can be different at different
crystal momenta k. The right-hand side of the sum rule is
proportional to the static anomalous Hall conductivity [36],
which we experimentally found to onset in the canted
ferromagnetic phase [see Fig. 2(d)]. See [34] for the
derivation of this sum rule [10,35,37]. In our experiment,
the frequency integration is over the infrared range that
covers the low-energy regime in MnBi2Te4. We therefore
expect that the sum rule approximately holds since con-
tributions from bands far away from the Fermi level are
suppressed by the frequency appearing in the denominator
in the expression forΩn;k;xy. Therefore, our measured MCD
signal is directly tied to the BC and the AHE through the
sum rule [Eq. (1)] and experimentally through the data
in Fig. 2.

(a) (c) (d)

(b)

FIG. 2. (a),(b) Magnetic circular dichroism (MCD) in% as a function of energy for different magnetic field strengths for twoMnBi2Te4
samples studied in Fig. 1 (ND and JKU). MCD measurements are taken at T ¼ 4.2 K. (c) Integrated MCD versus magnetic field. AFM,
antiferromagnetic; SF, spin-flop transition. The integral is done between 200 and 290 meV, the range over which the wave plate induces a
phase shift of π=2 within a 25% tolerance (see [34]). The error bars are obtained by varying this tolerance by �5%. (d) Anomalous
Hall resistance (AHR) measured for the two samples. BSF denotes the spin-flop transition, and Bsat denotes the saturation field.
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We further show that the energy of the optical transition
exhibiting MCD is determined by the intrinsic magnetiza-
tion of MnBi2Te4 and not by Zeeman splitting confirming
its relation to BC. The relative transmission spectra of the
ND sample are presented in Figs. 3(a) and 3(b) for different
magnetic fields. The measurements yield the optical tran-
sition labeled Tex between 230 and 260 meV. Under
circular polarization, Tex exhibits a dichroism up to 30 T
[Fig. 3(c)]. We track its field dependence in Fig. 3(d). Its
energy increases between 3 and 8 T and then saturates
above 8 T, consistent with the magnetization of MnBi2Te4
computed using the Mills model with parameters con-
strained by previous measurements [26,27] [Fig. 3(e)].
Above 28 T, the behavior of Tex is not captured by the Mills

model, [26,27,38] and is believed to originate from the
response of MnBi antisites [39].
We additionally find that Tex consistently occurs

between 230 and 260 meV in four samples (see Table I
and [34]) that have vastly different carrier densities. This is
an unexpected finding since the Fermi energy Ef must
cross the conduction or valence band in MnBi2Te4, which
yields a Moss-Burstein shift of Tex to higher energies by an
amount proportional to Ef for each specific sample. Since
Tex does not follow this expectation, we conclude that it
cannot be a transition at a small momentum off the Γ point.
This can imply that the magnetic exchange splitting at the Γ
point is giant and much larger than the differences in Ef

between different samples or that Tex is a transition

FIG. 3. Unpolarized relative transmission spectra of sample ND at different magnetic fields up to (a) 34 T measured in Grenoble
(GRE) and (b) 17 T measured in Tallahassee (TLH). (c) Relative transmission spectra acquired with a defined σþ polarization up to 30 T
for sample ND. (d) Variation of the energy of Tex as a function of magnetic field. The blue region highlights the canted magnetic phase of
MnBi2Te4. (e) Magnetization relative to saturation (black curve) and canting angle with respect to the basal plane (red curve) of
MnBi2Te4 computed using the Mills’model for a magnetic field applied along the c axis. FM, ferromagnet; AFM, antiferromagnet. The
canted phase is illustrated by the purple arrows in (e). The blue circles represent the magnetic states used for the first-principles
calculations.

TABLE I. Carrier density, thickness, and transition energy of the four samples studied here. The carrier density is extracted from Hall
measurements at 5 K or below (see Supplemental Fig. 1) [34]. The transition energy is extracted from Fig. 1 for ND and JKU and from
the data in [34] for ND-2 and ND-3. The uncertainty is determined by fitting the minimum observed in relative transmission. For sample
ND, the uncertainty is the standard deviation taken on the two measurements shown in Fig. 3(d).

Sample ID Carrier density Thickness, substrate Transition energy (Tex) at 5 T

ND n ¼ 2.2 × 1019 cm−3 41 nm=GaAsð111Þ 234� 2 meV
JKU p ¼ 7.6 × 1019 cm−3 200 nm=SrF2 257� 1 meV
JKU-2 n ¼ 2.3 × 1019 cm−3 200 nm=BaF2
ND-2 n ¼ 4.6 × 1019 cm−3 27 nm=GaAsð111Þ 237� 6 meV
ND-3 p ¼ 2.8 × 1019 cm−3 83 nm=GaAsð111Þ 255� 4 meV
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occurring between other band extrema at a high symmetry
point away from Γ.
While our data does not provide a definitive answer,

density functional theory (DFT) calculations favor an
interpretation involving an interband transition at the Z
point of the Brillouin zone [see Fig 4(a)]. We compare our
experimental results to DFT by computing the band
structure for two canting angles (30° and 45°) and for
the ferromagnetic state [blue dots in Fig. 3(e)]. The DFT
scheme is based on the model from Ref. [20,40] (details in
[34] and references therein [26,41–48]). The calculation of
the band structure for these three magnetic states allows us
to track the field dependence of Tex, excluding the
cyclotron and Zeeman effects. The results are shown in
Figs. 4(a)–4(d) where the interband transition at the Z point
is highlighted by the blue arrow and labeled A1. Interband
transitions involving the two lowest conduction bands at
the Γ point are Pauli blocked because their edges fall below
the Fermi energy [see Figs. 4(c) and 4(d)]. However, A1 is
not. The magnetization (and field) dependence of A1 is
extracted from Figs. 4(a)–4(c) and plotted in Fig. 4(e). It
shows remarkable agreement with the experimental data,
for model parameters taken from Ref. [44], despite a slight
overestimation of the transition energies. The DFT model is
also not consistent with Tex occuring at the Γ point because
it yields a magnetic exchange splitting that is too small
compared to Ef to allow a transition energy independent
from carrier density. DFT thus favors that a transition at the
Z point is the cause of Tex and the BC-induced MCD.
We have hence shown that an IR-MCD signal is

activated by the onset of the canted magnetic state in
MnBi2Te4 and scales in intensity with the nonquantized

anomalous Hall conductivity, tying it to a topological phase
transition that activates a BC. A comparison with first-
principles calculations indicates that this MCD is likely due
to an optical transition occurring at the Z point of
MnBi2Te4 where the activated BC remains large. Our
results demonstrate how resonant MCD can be used to
track the changing Berry curvature through the evolving
magnetic phase diagram of MnBi2Te4 films under a
magnetic field despite native doping. Unlike the static
Hall conductivity, resonant MCD is only sensitive to
intrinsic band contributions to the dynamic Hall response,
crucial to reliably extract BC. Our result motivates future
studies of the resonant magneto-optical response of other
magnetic materials expected to host a large BC, including
other intrinsic magnetic TIs [49–52], extrinsic magnetic
TIs [53], chiral magnets [54], and altermagnets [55].
Broadly speaking, we demonstrate that resonant MCD
and magneto-optical absorption can be regarded as inter-
esting complementary schemes to probe the quantum
geometry tensor, since they directly probe the quantum
mechanical transition dipole matrix element [12,56,57].
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