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C O N D E N S E D  M AT T E R  P H Y S I C S

Distinguishing surface and bulk electromagnetism via 
their dynamics in an intrinsic magnetic 
topological insulator
Khanh Duy Nguyen1, Woojoo Lee1†, Jianchen Dang2, Tongyao Wu2, Gabriele Berruto1,  
Chenhui Yan1, Chi Ian Jess Ip1‡, Haoran Lin1, Qiang Gao1, Seng Huat Lee3, Binghai Yan4,  
Chaoxing Liu3, Zhiqiang Mao3, Xiao-Xiao Zhang2, Shuolong Yang1*

The indirect exchange interaction between local magnetic moments via surface electrons has been long predicted 
to bolster the surface ferromagnetism in magnetic topological insulators (MTIs), which facilitates the quantum 
anomalous Hall effect. This unconventional effect is critical to determining the operating temperatures of future 
topotronic devices. However, the experimental confirmation of this mechanism remains elusive, especially in in-
trinsic MTIs. Here, we combine time-resolved photoemission spectroscopy with time-resolved magneto-optical 
Kerr effect measurements to elucidate the unique electromagnetism at the surface of an intrinsic MTI MnBi2Te4. 
Theoretical modeling based on 2D Ruderman-Kittel-Kasuya-Yosida interactions captures the initial quenching of 
a surface-rooted exchange gap within a factor of two but overestimates the bulk demagnetization by one order of 
magnitude. This mechanism directly explains the sizable gap in the quasi-2D electronic state and the nonzero re-
sidual magnetization in even-layer MnBi2Te4. Furthermore, it leads to efficient light-induced demagnetization 
comparable to state-of-the-art magnetophotonic crystals, promising an effective manipulation of magnetism and 
topological orders for future topotronics.

INTRODUCTION
Bringing magnetism to the itinerant electronic states on the sur-
face of three-dimensional (3D) topological insulators (TIs) is 
foundational to a variety of low-dimensional topological orders 
such as the quantum anomalous Hall insulators (1, 2) and axion 
insulators (3–5). The magnetism in 3D TIs can be established via 
Anderson-Goodenough-Kanamori superexchange (6, 7), valence 
electrons (Van Vleck paramagnetism) (8, 9), or magnetic proxim-
ity coupling (10). However, the unconventional Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction on the material surface is 
exclusively required for the time-reversal (T) symmetry breaking 
on the topological surface states (TSSs) in magnetic TIs (MTIs) 
(2, 10–14). This mechanism has been predicted to enhance the sur-
face ferromagnetism of 3D MTIs, where the itinerant Dirac fermi-
ons with vanishing Fermi momenta strongly favor ferromagnetic 
coupling between magnetic moments (11–17). The effect is further 
boosted when the magnetic moments are densely and uniformly 
distributed as in intrinsic MTIs. Thus, the 2D RKKY interaction 
fundamentally determines the size of the T-symmetry–broken en-
ergy gap, and, consequently, the temperature scale at which the 
low-dimensional topological orders can operate. A quantitative 
experimental revelation of the 2D RKKY interaction on the sur-
face of intrinsic MTIs is of fundamental importance to the study of 

low-dimensional topological orders and to the ultimate material 
engineering for applications at realistic temperatures.

Although there have been discussions of the RKKY interactions 
in several magnetically doped TI systems (18–20), the surface 2D 
RKKY interaction has not been observed directly and exclusively in 
intrinsic MTIs where the quantum anomalous Hall effect (QAHE) is 
expected to be realized at higher temperatures. Revealing this inter-
action in MTIs can be a substantial challenge using equilibrium 
spectroscopies, as magnetic interactions of various origins can all 
contribute to the overall magnetism (21). Here, we combine time- 
and angle-resolved photoemission spectroscopy (trARPES) and 
time-resolved magneto-optical Kerr effect (trMOKE) to reveal this dis-
tinct mechanism contributing to the surface magnetism in MnBi2Te4 
(MBT), a platform on which the QAHE has been realized (2): A 
quasi-2D state (q-​2DS) mediates the surface 2D RKKY interaction 
via p-d coupling on the top MBT layer. While trARPES resolves the 
dynamics of the exchange gap in the q-​2DS with mega–electron 
volt–scale precisions, trMOKE observes the evolution of the magne-
tization with a dominant contribution from the bulk. Both quanti-
ties undergo a rapid quenching within 500 fs, suggesting the 
electronic nature of the demagnetization process. Layer-encoded 
frequency-domain ARPES on related MnBi2nTe3n+1 compounds 
(22) allows us to identify the surface nature of the q-​2DS. We con-
struct a 2D RKKY model involving localized Mn 3d moments and 
itinerant p electrons. The 2D RKKY framework not only accounts 
for the rapid quenching of the magnetization and the exchange gap 
but also provides a direct explanation for the considerably large ex-
change gap in the q-​2DS. Furthermore, it can reconcile several open 
problems in intrinsic MTIs represented by MBT. These include the 
anomalously small gap at the Dirac point of the TSSs (23–27) and 
the nonzero residual magnetization in even-layer MBT (28, 29). Our 
work highlights the special magnetic interactions in the surface 
layer of MBT and establishes the physics foundation for effective 
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ultrafast manipulation of magnetism in tandem with topological or-
ders through the p-d interactions.

RESULTS
MBT hosts A-type antiferromagnetism (AFM) with the Mn 3d mo-
ments ordered ferromagnetically within each septuple layer (SL) yet 
antiferromagnetically across adjacent SLs (Fig. 1A). The dynamics 

of the electronic band structure upon optical excitation is shown in 
Fig.  1. The static ARPES spectrum in Fig.  1C displays the typical 
band structure of MBT. The Dirac point of the TSS remains gapless 
at all temperatures within our energy resolution. The second derivative 
plot in Fig. 1D clearly shows the splitting of the q-​2DS near −0.2 eV 
(23, 26). These two bands merge into one once the temperature is 
elevated above the Néel temperature TN  =  25 K, as shown in 
Fig. 1E. The q-2DS band splitting is thus attributed to the magnetic 
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Fig. 1. Evolution of the electronic structure in MnBi2Te4 (MBT) resolved by trARPES. (A) Scheme of trARPES experiment on MBT. (B) The static ARPES spectrum of MBT 
along the Γ − K direction (left) and the energy distribution curve (EDC) taken at Γ (right) with quasi-2D sub-bands S1 and S2 and Dirac point marked. a.u., arbitrary units. 
(C) Full ARPES spectrum at 12 K. Second derivative plots at (D) 12 K and (E) 42 K are also shown. (F) Time-dependent ARPES spectra at select delays and the base tem-
perature of 12 K for an incident pump fluence of 10 μJ/cm2. Time-dependent, second-derivative spectra at (G) 12 K and (H) 42 K are also shown.
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exchange interaction. The right panel of Fig. 1B displays the energy 
distribution curve (EDC) taken at Γ , with the S1 and S2 peaks fur-
ther illustrating the splitting of the q-​2DS. The second derivative 
plot (Fig.  1D) also reveals a Rashba band splitting with the band 
bottom near −0.1 eV (24). These observations generally agree with 
the previous studies on MBT (23, 24). In this report, to study the 
interaction between the electronic and magnetic degrees of free-
dom, we focus on the evolution of the exchange gap of the q-​2DS 
under optical excitation. Figure 1F displays the temporal evolution 
of the band structure upon 1.5-eV ultrafast optical excitation 
with an incident fluence of 10 μJ/cm2 at the base temperature of 
12 K. Because of the compromised energy resolution in trARPES 
(Materials and Methods) and of the transient spectral broadening, 
the S1-S2 band splitting is less pronounced in the trARPES spectra. 
Meanwhile, second-derivative plots in Fig. 1G suggest the existence 
of band splitting at all delays. This is in stark contrast to the experi-
mental results obtained at the base temperature of 42 K (Fig. 1H), 
where a single q-​2DS is always identified. The comparison between 
Fig.  1G and Fig.  1H illustrates that optical excitation at 12 K 

broadens the spectral features corresponding to the split q-​2DS 
rather than completely destroying the magnetic exchange gap. On 
the other hand, the strong diffuse photoemission intensities prevent 
reliable quantification of an exchange gap in the Rashba states. 
However, its existence is suggested by the second-derivative maps of 
the trARPES spectra at 360 fs when the density curvature near EF is 
suppressed. The dispersions revealed in the second-derivative map 
at 12 K (Fig. 1G) hint that a gap may open at the crossing points of 
the two split Rashba bands near −0.05 eV, compared to the data at 
42 K (Fig. 1H).

To quantify the exchange gap at each time delay, we present a de-
tailed analysis of the time-dependent EDCs taken at k = 0 in Fig. 2. 
We first focus on the EDCs taken at 12 K (solid balls in Fig. 2A). The 
EDC taken from the static ARPES spectrum exhibits two clear peaks 
near −0.23 and − 0.19 eV, which correspond to the S1 and S2 bands 
marked in Fig. 1B. Similarly, time-dependent EDCs taken at −620, 
1380, and 5400 fs also exhibit two bumps corresponding to these two 
bands. We note that, at 7 and 360 fs, this two-bump feature may not be 
clearly identified. However, these EDCs are distinct from the 
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Fig. 2. Analysis of EDCs at the � point. (A) EDCs taken at Γ for select delays, with the pump fluence of 10 μJ/cm2. Results for the base temperature of 12 K (solid balls) 
and 42 K (dashed lines) are directly compared. Solid curves denote the fit curves using a five-Lorentzian model to extract the exchange gap (pink triangles) at each delay. 
(B) Exemplary fits to the EDC taken with static ARPES (gray balls) and that with trARPES at the delay of 1.38 ps (blue balls). (C) Time-dependent exchange gaps between 
the S1 and S2 sub-bands for the IR fluences of 10 and 20 μJ/cm2. The dashed lines are guides to the eyes. Error bars show one SD of uncertainty of the fitting.
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counterparts taken at 42 K (dashed lines), which exhibit a clear single-
peak feature near −0.22 eV. It appears that the position of this single 
q-2DS shifts to a slightly higher binding energy instead of residing in 
the middle between S1 and S2. This is due a slight doping change in the 
sample used for the higher-temperature measurements. Fitting the 
EDCs at 12 K to a five-Lorentzian model yields time-dependent ex-
change gaps shown in Fig. 2C. Notably, for pump fluences of 10 and 
20 μJ/cm2, the exchange gaps are transiently reduced by ~5 and ~8%, 
respectively. This result shows that the functional shapes of the EDCs 
at 7 and 360 fs in the energy range of −0.17 to −0.25 eV are best un-
derstood as two broadened peaks corresponding to the S1 and S2 
bands. Furthermore, because the exchange splitting gap between S1 
and S2 is a manifestation of the magnetic ordering in MBT, our results 
give spectroscopic evidence that the magnetic subsystem is mildly af-
fected using an infrared (IR) pump fluence of up to 20 μJ/cm2. We 
notice that the gap values obtained in the trARPES experiment using 
an IR fluence of 20 μJ/cm2 are consistently smaller than the corre-
sponding ones using 10 μJ/cm2 (Fig. 2C). This is due to the steady-
state heating by the IR laser, resulting in an elevated sample 
temperature before time zero, which we estimate to be ~16 K for 
10 μJ/cm2 and ~21 K for 20 μJ/cm2 (Supplementary Text S1). In con-
trast to previous trARPES studies (24, 30), our ultrahigh-quality 
trARPES experiment resolves the mega–electron volt–scale dynami-
cal change of this magnetic exchange gap. This is due to a combination 
of ultrahigh crystal qualities, meticulously optimized time and energy 
resolutions, and a high signal-to-noise ratio enabling the detailed fit-
ting analysis.

To compare the dynamics of the magnetic and electronic sub-
systems, we extract the transient electronic temperature (Te) using 
trARPES and compare it with the magnetization measured by 
trMOKE. By integrating EDCs over the range of [−0.2, 0.2] Å−1 
along Γ − K , we obtain the overall electron population distribution 
of MBT near the Fermi level (EF). After the initial electron-electron 
thermalization in the first 300 fs, the population distribution can 
be described by a modified Fermi-Dirac (FD) function, which al-
lows us to extract Te (fig. S1). Figure 3B summarizes the transient 
Te for pump fluences of 10 and 20 μJ/cm2. It reaches the peak val-
ues of 550 K for 20 μJ/cm2 and 270 K for 10 μJ/cm2, which are 
much higher than TN  ~  25 K. Moreover, Te relaxes to near the 
equilibrium value within ~2 ps, in contrast to a previous ultrafast 
electron diffuse scattering measurement reporting a significantly 
elevated Te even after 10 ps (31). This difference can be understood 
by considering that the measurement in (31) used bulk-sensitive, 
3.7-MeV electron beams, whereas our ARPES measurements use 
6-eV photons and are relatively surface sensitive. The ultrafast dy-
namics of the magnetization is tracked by trMOKE (Fig. 3E). No-
tably, although trMOKE using 1.5-eV probe predominantly reflects 
the magnetic dynamics in the bulk, the initial demagnetization 
timescale of ~500 fs matches the onset timescale of Te as resolved 
by surface-sensitive trARPES, indicating a connection between 
the conduction band electrons and magnetic interactions. We note 
that the higher pump fluences in trMOKE do not cause substantial 
lattice heating due to the much smaller laser illumination area 
with the focused ~1.5-μm spot, which assists efficient thermal 

Fig. 3. Magnetic interactions in a 2D system with itinerant p electrons and localized Mn d electrons. (A) Illustration of an RKKY model that assumes the indirect in-
teraction between localized d electrons via itinerant p electrons in two dimensions. (B) Transient electronic temperatures extracted by fitting the momentum-integrated 
EDC at each delay to a modified Fermi-Dirac (FD) function (Supplementary Text S1). Error bars show SD of the fitting. Solid curves denote simulation results using a micro-
scopic Boltzmann model (Supplementary Text S2). The resulting p-d and RKKY coupling strengths are calculated and summarized in (C) based on the transient electronic 
temperature using a pump fluence of 20 μJ/cm2. (D) Time-dependent exchange gap in the q-2DS also using the pump fluence of 20 μJ/cm2. (E) Photoinduced demagne-
tization measured by trMOKE using a pump fluence of 36 and 72 μJ/cm2. Solid lines indicate the fitting curves using an exponential decay convolved with a Gaussian 
function.
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relaxation into colder regions. This is also verified by the tem-
perature dependence of reflective magnetic circular dichroism 
(RMCD) when using the pulsed laser as the excitation source, with 
similar fluences and pulse conditions as used in trMOKE, that 
shows the expected magnetic transition (fig. S9). While the direct 
3d electronic transition occurs at a higher energy compared to the 
1.5-eV probe light, optical spectroscopies using <2-eV photons 
still reflect the Mn magnetic moments (29, 32). In particular, the 
optical Kerr signal has contributions from both the real and imag-
inary parts of the dielectric function. The real part contains a 
broad response from excitations at all frequencies and, therefore, 
the higher-energy 3d transitions (33, 34). The applied external 
magnetic field (1 T) in our trMOKE measurements does not 
change the AFM ground state of MBT (29, 35), and, thus, the re-
vealed demagnetization dynamics is intrinsic to the material.

We clarify the origin of the q-​2DS by looking into existing studies 
in the literature. First, static ARPES studies suggested that the q-​2DS 
in MBT evolves into a pair of Rashba-split states in MnBi2nTe3n+1 
superlattices, with the binding energy systematically increased as a 
function of the superlattice order n (22, 23). Second, our previous 
study using layer-encoded, frequency-domain ARPES on MnBi4Te7 
elucidated that these q-2DSs are mostly spatially confined to the top 
MBT layer, based on the selective coupling between the q-2DS and 
the MBT-derived A1g phonon (22). Notably, the timescale of the Te 
relaxation of the q-2DS in MnBi2Te4/(Bi2Te3)n thin films is similar to 
that in MBT single crystals but substantially different from that in 
Bi2Te3 films (Supplementary Text S3). This observation further cor-
roborates the literature on the fact that the q-2DS of MBT single 
crystals is predominantly localized in the top MBT layer. This layer 
origin implies that the q-2DS is only sensitive to ferromagnetic or-
dering in the top layer, which reconciles the sizable exchange gap as 
seen in Figs. 1 and 2.

The insight of the spatial location of the q-2DS renders the top 
layer of MBT a unique system for magnetic interactions: The q-2DS 
effectively mediates the indirect exchange interaction between the 
Mn 3d local moments in a 2D layer, which is, by definition, the 2D 
RKKY interaction (36–38). In addition, previous ARPES studies 
(24, 39) have resolved a 30-meV exchange gap in the Rashba-split 
states at the binding energy of nearly 0.1 eV, suggesting that these 
states also contribute to the RKKY interactions. One should note 
that other interaction channels such as Anderson-Goodenough-
Kanamori superexchange via p-d orbital mixing (6, 7) and the Van 
Vleck mechanism via the valence electrons (8, 9) must not be ne-
glected for the full picture of magnetism in MBT. In our study, we 
focus on the ultrafast processes driven by the excitation of conduc-
tion electrons, leading to a transient change of the 2D RKKY in-
teraction.

To elucidate the role of RKKY physics in this system, we set up 
a 2D RKKY model for the topmost SL of MBT, as illustrated in 
Fig. 3A. Taking into account the available ARPES data, we assume 
a nearly free-electron–like conduction band of Bi-​p and Te-​p 
characters while fixing the dispersion-less d electrons to the 
binding energy of 4 eV (40). This is a simplification of the MBT 
system, as both the q-2DS and the Rashba-split states contribute  
to the RKKY interaction. In this model, the effective magnetic 
Hamiltonian is

Here, the RKKY coupling constant ℑij between the magnetic mo-
ments Si and Sj at the lattice sites ri and rj, respectively, is formulated 
as follows (41–43)

where N is the number of lattice sites; k and q are the momenta of p 
electrons; function n represents the occupation number of an elec-
tronic state where ε is the corresponding binding energy. We let nk 
follow the FD statistics with a double degeneracy, which contributes 
to the temperature dependence of the formalism. The Kondo cou-
pling constant J defines the coupling strength Jpd between the p and 
d electrons (44), which directly corresponds to the exchange gap in 
the conduction band observed by ARPES. As MBT is a cooperative 
magnetic system, the formation of Kondo singlets is excluded (45). 
Therefore, it is possible to use Anderson’s Poor-Man scaling ap-
proach (43–46) to track the evolution of this p-d coupling strength 
Jpd (T) with respect to the electronic temperature

in which ρ is the density of states of the conduction band and D 
is the corresponding half bandwidth (Supplementary Text S4). 
Last, the total temperature dependency of the RKKY coupling 
strength becomes

The calculated results show that the temporal evolution of Jpd and 
JRKKY closely follow that of the transient electronic temperature 
(Fig. 3C). The negative values of JRKKY support the ferromagnetic 
ground state of MBT in a single SL (Supplementary Text S4). We 
note that the RKKY interaction can also be viewed as the weak-
coupling limit of the generic p-d exchange mechanism of ferromag-
netism in dilute magnetic semiconductors (47).

A direct comparison of the temporal evolutions of Jpd and JRKKY 
with that of the exchange gap (Fig. 3D) and that of magnetization 
(Fig. 3E) elucidates the RKKY physics right after time zero. All four 
quantities reach their minima within the first 500 to 1000 fs. This 
fast response resembles that in 2D metallic ferromagnets FexGeTe2 
(x = 3 to 5) (48–50) and differs from the slower demagnetization 
normally seen in 2D ferromagnetic insulators at the low fluence 
limit, where RKKY coupling is generally unavailable (51). Theoreti-
cally, Jpd is proportional to the exchange gap (52). The 16% maxi-
mum reduction of the calculated Jpd is twice the maximum reduction 
of the exchange gap observed by trARPES (~8%). However, in this 
model, we use the overall spectral width of the Mn 3d band to esti-
mate the bare resonant width Δ (Supplementary Text S4). This is 
likely an overestimation of Δ due to extrinsic contributions to the 
spectral width such as electron-impurity scattering, which may sub-
sequently lead to an exaggeration of the transient reduction of Jpd. 
Considering these complications and the large uncertainties in the 
observed gap dynamics, we conclude that the 2D RKKY model 
sufficiently describes the initial quenching of the exchange gap 
in the q-2DS. Meanwhile, JRKKY is theoretically connected to the 
magnetization measured by trMOKE, but the connection is less 
straightforward. The calculated JRKKY is reduced by 30% under the 

H
RKKY

=

∑

i≠ j

ℑijSi ⋅ Sj (1)

ℑij=−

[

J(T)

N

]2
∑

k,q

cos[(k−q) ⋅ (r i−r j)]
nk−nq

εq−εk
(2)

Jpd(T)≡ρJ(T)≈ρJ+2(ρJ)2ln
(

D

T

)

+�[(ρJ)3] (3)

JRKKY(T)∝
∑

i≠j

−

(

Jpd(T)

N

)2
∑

k,q

cos[(k−q) ⋅ (r i−r j)]
nk−nq

εq−εk

(4)
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IR fluence of 20 μJ/cm2. Assuming that the 2D RKKY interaction is 
the only magnetic interaction in the Weiss model for ferromagne-
tism, this leads to ~10% reduction in the magnetization (Supple-
mentary Text S5). However, using the linear fluence dependence of 
the demagnetization magnitude in trMOKE (fig. S8) and consider-
ing the different pumping and probing depths in trARPES and 
trMOKE, we obtain ~1.9% demagnetization in the trMOKE experi-
ment for the same absorbed energy density as used in trARPES 
(Supplementary Text S5). Even after this proper normalization, the 
demagnetization magnitude from trMOKE is still one order of mag-
nitude smaller than the theoretical prediction, which can be under-
stood as follows. The magnetic dynamics probed by trMOKE using 
1.5-eV light reflects magnetic interactions predominantly in the 
bulk. The substantial difference between the theoretical and experi-
mental demagnetization percentages suggests that RKKY interac-
tions make a much smaller contribution to the bulk magnetic order 
of MBT, as compared to the surface of MBT that hosts the q-2DS to 
mediate the surface RKKY coupling. Instead, superexchange and 
Van Vleck mechanisms can be the more dominant channels in the 
bulk and are mostly Te independent in sub-picosecond dynamics 
(Supplementary Text S5) (8, 53). At later time (>1 ps), the calculated 
coupling constants quickly return to the equilibrium values following 
the Te dynamics, yet the experimental exchange gap and magnetiza-
tion exhibit prolonged relaxation dynamics (fig. S11). This reflects 
the delayed lattice heating and its impact on the orbital overlap in 
the superexchange interaction (53).

DISCUSSION
We have used a 2D RKKY model to successfully account for the 
initial demagnetization timescale as well as the order of magnitude 
for the exchange gap quenching. Notably, the combination of 
trARPES and trMOKE experiments confines the theoretical pic-
ture. We have also considered the Elliott-Yafet–type spin-flip model, 
which is widely used for metallic ferromagnets (54). Using our ex-
perimental transient Te and material parameters in the literature 
(31, 54, 55) as inputs, this model would lead to 100% demagnetiza-
tion, which is inconsistent with either our trARPES or trMOKE re-
sults (Supplementary Text S6). Another theoretical framework 
widely adopted by studies on 2D magnets is the Landau-Lifshitz-
Gilbert model (31, 49, 51), in which the leading terms can be equiv-
alent to the RKKY Hamiltonian if explicitly incorporating the p-d 
interactions (Supplementary Text S7) (31). The success of the 2D 
RKKY model in explaining the timescale and magnitude of the ex-
change gap reduction also corroborates the fact that the q-2DS re-
sides predominantly on the top layer of MBT. The formation of the 
q-2DS can be fundamentally driven by surface defects (56). The 
same defects can lead to the relocation of the TSS into the space 
between the first and second SLs (57). The opposite magnetic mo-
ments from the first and second SLs may give rise to a vanishing 
T-symmetry–broken gap on the TSS. This hints to a direction for 
future designs of high-​Tc QAHE, in which the TSSs should be spa-
tially confined to the top SL by mitigating the surface defects via 
chemical or thermal treatments to enhance the interaction with the 
magnetism.

Moreover, the additional RKKY interactions mediated by the 
q-2DS suggest that the surface SL is magnetically inequivalent to 
the interior SLs. In ultrathin MBT flakes, the electronic structure 
at the top vacuum/MBT interface is expected to be different from 

that at the bottom MBT/substrate interface, giving rise to disparate 
magnetic interactions on the top and bottom surfaces. This may 
lead to an inversion symmetry breaking and, thus, provide an ex-
planation for the residual magnetization at zero field and the hys-
teresis loop in even-layer MBT, characterized by RMCD (29, 32) 
and anomalous Hall effect measurements (28, 58). As the external 
field is scanned toward 0 T, the surface magnetization boosted by 
the 2D RKKY interactions on the top surface may not be compen-
sated by that on the bottom surface, leading to an overall residual 
magnetization.

The 2D RKKY mechanism suggests a unique path for effective 
magnetic manipulation through the surface electrons, which can be 
relevant for future device applications. First, 2D electronic systems 
generally have weak dielectric screening, leading to enhanced interac-
tions between electromagnetic fields and individual charge carriers 
(59). This aspect, together with the miniscule electronic heat capacity 
due to the small Fermi surfaces, gives rise to an effective electronic 
heating to a peak temperature > 500 K even using a mild fluence of 
20 μJ/cm2. Furthermore, in MBT, the absorbed energy is rapidly trans-
ferred to the magnetic system through the d-p interaction (see Fig. 4 
for a comparison with other magnets). The efficiency of modulating 
the magnetism in MBT, characterized by the percentage of magneti-
zation changes normalized by the incident fluence, is higher than 
those of many common magnets (60–71) and comparable to that of 
engineered magnetophotonic crystals (66). This accelerated channel 
of energy transfer from optical excitation to magnetic subsystems in 
MBT is particularly beneficial in applications such as optoelectronics 
and magnetic memories toward the 2D limit. Moreover, MBT is an 
MTI where the magnetism and topology of the electronic structure 
are mutually locked. Recently, the axion optical induction of antifer-
romagnetic domains has been demonstrated in even-layer MBT 
flakes (72). Here, the revealed 2D RKKY interaction can be involved 
in this process and can potentially facilitate a more energy-efficient 
optoelectronic switching of both even-layer and odd-layer MBT 
flakes using circularly polarized light. This special property can seed 
the development of topological spintronics based on edge-state chi-
rality switching (73, 74) using ultrafast optical excitations.

Fig. 4. Summary of the percentages of demagnetization normalized by inci-
dent pump fluences, measured by trMOKE on MBT and some common mag-
nets. Data points other than that of MBT are taken from (60–71).
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MATERIALS AND METHODS
Sample growth
The MBT single crystals were grown using a self-flux method (75). 
The mixtures of high-purity manganese powder (99.95%), bismuth 
shot (99.999%), and tellurium ingot (99.9999+%) with the molar 
ratio of Mn:Bi:Te = 1:10:16 are heated up to 900°C for 12 hours to 
promote homogeneous melting and slowly cooled down (1.5°C/
hour) to a temperature within the 590° to 630°C range, followed by 
centrifugation to remove excess flux. The MBT single crystals were 
cleaved in situ under a pressure < 5 × 10−11 mbar for the ARPES 
measurements.

The thin-film materials (MnBi2Te4)/(Bi2Te3)30 and (Bi2Te3)27 
(Supplementary Text S3) were grown by molecular beam epitaxy 
(MBE) using 99.9998% Mn, 99.999% Bi, and 99.9999% Te. Bi2Te3 
films were grown on 0.05 wt % Nb-doped SrTiO3 (111) substrates at 
240°C with a Bi:Te flux ratio of 1:16. The MBT top layer was formed 
by depositing MnTe on top of Bi2Te3 and annealed at 270°C in a 
Te-rich atmosphere. The films were then transferred in situ to the 
ARPES chamber for measurements.

ARPES measurements
The static and trARPES measurements were performed on the multi-
resolution photoemission spectroscopy platform at the University of 
Chicago (76). The 6-eV laser for static ARPES was generated from 
a mode-locked Ti:sapphire oscillator with a repetition rate of 80 MHz. 
The trARPES setup featured a 200-kHz Yb:KGW laser accompa-
nied by noncollinear optical parametric amplifiers to produce 
ultrafast 1.5-eV IR pump pulses and 6-eV ultraviolet probe pulses. 
The energy resolutions of the static and trARPES setups were better 
than 4 and 20 meV, respectively. Focused probe beam waists, as 
characterized by the full width at half maximum, were 14 μm by 
20 μm and 34 μm by 53 μm for the static and trARPES experiments, 
respectively. A systematic alignment procedure was adopted to en-
sure the overlap of the probed regions for static and trARPES (22). 
The linearly polarized, ~110 μm–by–140 μm–sized, ~20-fs-long IR 
pump pulses were dimmed to incident fluences of 20 μJ/cm2 and 
below. The time resolution was determined to be ~150 fs, limited by 
the duration of the probe pulses.

trMOKE measurements
Steady-state RMCD measurements were done with 1.95-eV continuous-
wave laser and with the pulsed 1.55-eV Ti:sapphire output (Coher-
ent Chameleon), respectively. The light beam was modulated at 
50 kHz between the left and right circular polarization using a 
Hinds photoelastic modulator. The reflected light was focused 
onto a photodiode. The magnetic circular dichroism was deter-
mined as the ratio of the ac component of the photodiode signal 
measured by a lock-in amplifier at the polarization modulation 
frequency and the dc component of the photodiode signal mea-
sured by a voltmeter. In trMOKE, the probe beam was the out-
put of the Ti:sapphire laser at 1.55 eV, and the pump beam was 
the second harmonic of a Coherent Compact optical parametric 
oscillator at 1.88 eV. The time delay between the pump and 
probe pulses was controlled by a motorized linear delay stage, 
and the pump was modulated with a mechanical chopper. The 
reflected probe light passed through a half-wave Fresnel rhomb 
and a Wollaston prism and detected by a balanced photodiodes 
locked at the chopper frequency. The pump light spot diameter 
was around 1.5 μm. The optical measurements were done on 

a ~100-nm-thick sample flake on a SiO2/Si substrate in a micro-
scopic optical cryostat (attoDry 1000) with a base temperature 
of 3.5 K and a superconducting solenoid magnet up to 9 T.

Supplementary Materials
This PDF file includes:
Supplementary Text S1 to S7
Figs. S1 to S11
References

REFERENCES AND NOTES
	 1.	C .-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M. Guo, K. Li, Y. Ou, P. Wei, L. L. Wang,  

Z. Q. Ji, Y. Feng, S. Ji, X. Chen, J. Jia, X. Dai, Z. Fang, S. C. Zhang, K. He, Y. Wang, L. Lu,  
X. C. Ma, Q. K. Xue, Experimental observation of the quantum anomalous hall effect in a 
magnetic topological insulator. Science 340, 167–170 (2013).

	 2.	 Y. Deng, Y. Yu, M. Z. Shi, Z. Guo, Z. Xu, J. Wang, X. H. Chen, Y. Zhang, Quantum anomalous 
Hall effect in intrinsic magnetic topological insulator MnBi2Te4. Science 367, 895–900 
(2020).

	 3.	 X.-L. Qi, T. L. Hughes, S.-C. Zhang, Topological field theory of time-reversal invariant 
insulators. Phys. Rev. B 78, 195424 (2008).

	 4.	 F. Wilczek, Two applications of axion electrodynamics. Phys. Rev. Lett. 58, 1799–1802 (1987).
	 5.	C . Liu, Y. Wang, H. Li, Y. Wu, Y. Li, J. Li, K. He, Y. Xu, J. Zhang, Y. Wang, Robust axion insulator 

and Chern insulator phases in a two-dimensional antiferromagnetic topological 
insulator. Nat. Mater. 19, 522–527 (2020).

	 6.	C .-Z. Chang, C.-X. Liu, A. H. MacDonald, Colloquium: Quantum anomalous Hall effect. Rev. 
Mod. Phys. 95, 011002 (2023).

	 7.	C . Śliwa, C. Autieri, J. A. Majewski, T. Dietl, Superexchange dominates in magnetic 
topological insulators. Phys. Rev. B 104, L220404 (2021).

	 8.	 J. H. Van Vleck, On dielectric constants and magnetic susceptibilities in the new quantum 
mechanics part III—Application to dia- and paramagnetism. Phys. Rev. 31, 587–613 (1928).

	 9.	 R. Yu, W. Zhang, H. J. Zhang, S. C. Zhang, X. Dai, Z. Fang, Quantized anomalous Hall effect 
in magnetic topological insulators. Science 329, 61–64 (2010).

	 10.	 R. Watanabe, R. Yoshimi, M. Kawamura, M. Mogi, A. Tsukazaki, X. Z. Yu, K. Nakajima,  
K. S. Takahashi, M. Kawasaki, Y. Tokura, Quantum anomalous Hall effect driven by magnetic 
proximity coupling in all-telluride based heterostructure. Appl. Phys. Lett. 115, 102403 (2019).

	 11.	 Q. Liu, C. X. Liu, C. Xu, X. L. Qi, S. C. Zhang, Magnetic impurities on the surface of a 
topological insulator. Phys. Rev. Lett. 102, 156603 (2009).

	 12.	 J. Wang, B. Lian, S.-C. Zhang, Quantum anomalous Hall effect in magnetic topological 
insulators. Phys. Scr. T164, 014003 (2015).

	 13.	D . Pesin, A. H. MacDonald, Spintronics and pseudospintronics in graphene and 
topological insulators. Nat. Mater. 11, 409–416 (2012).

	 14.	D . K. Efimkin, V. Galitski, Self-consistent theory of ferromagnetism on the surface of a 
topological insulator. Phys. Rev. B 89, 115431 (2014).

	 15.	D . A. Abanin, D. A. Pesin, Ordering of magnetic impurities and tunable electronic 
properties of topological insulators. Phys. Rev. Lett. 106, 136802 (2011).

	 16.	 J.-J. Zhu, D. X. Yao, S. C. Zhang, K. Chang, Electrically controllable surface magnetism on 
the surface of topological insulators. Phys. Rev. Lett. 106, 097201 (2011).

	 17.	 R. R. Biswas, A. V. Balatsky, Impurity-induced states on the surface of three-dimensional 
topological insulators. Phys. Rev. B 81, 233405 (2010).

	 18.	 J. G. Checkelsky, J. Ye, Y. Onose, Y. Iwasa, Y. Tokura, Dirac-fermion-mediated 
ferromagnetism in a topological insulator. Nat. Phys. 8, 729–733 (2012).

	 19.	 P. Sessi, F. Reis, T. Bathon, K. A. Kokh, O. E. Tereshchenko, M. Bode, Signatures of Dirac 
fermion-mediated magnetic order. Nat. Commun. 5, 5349 (2014).

	 20.	 X. Kou, L. He, M. Lang, Y. Fan, K. Wong, Y. Jiang, T. Nie, W. Jiang, P. Upadhyaya, Z. Xing,  
Y. Wang, F. Xiu, R. N. Schwartz, K. L. Wang, Manipulating surface-related ferromagnetism 
in modulation-doped topological insulators. Nano Lett. 13, 4587–4593 (2013).

	 21.	 W. Wang, Y. Ou, C. Liu, Y. Wang, K. He, Q. K. Xue, W. Wu, Direct evidence of ferromagnetism 
in a quantum anomalous Hall system. Nat. Phys. 14, 791–795 (2018).

	 22.	 W. Lee, S. Fernandez-Mulligan, H. Tan, C. Yan, Y. Guan, S. H. Lee, R. Mei, C. Liu, B. Yan,  
Z. Mao, S. Yang, Layer-by-layer disentanglement of Bloch states. Nat. Phys. 19, 950–955 
(2023).

	 23.	C . Yan, S. Fernandez-Mulligan, R. Mei, S. H. Lee, N. Protic, R. Fukumori, B. Yan, C. Liu,  
Z. Mao, S. Yang, Origins of electronic bands in the antiferromagnetic topological insulator 
MnBi2Te4. Phys. Rev. B 104, L041102 (2021).

	 24.	D . Nevola, H. X. Li, J. Q. Yan, R. G. Moore, H. N. Lee, H. Miao, P. D. Johnson, Coexistence of 
surface ferromagnetism and a gapless topological state in MnBi2Te4. Phys. Rev. Lett. 125, 
117205 (2020).

	 25.	 Y.-J. Hao, P. Liu, Y. Feng, X. M. Ma, E. F. Schwier, M. Arita, S. Kumar, C. Hu, R. Lu, M. Zeng,  
Y. Wang, Z. Hao, H. Y. Sun, K. Zhang, J. Mei, N. Ni, L. Wu, K. Shimada, C. Chen, Q. Liu, C. Liu, 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 12, 2024



Nguyen et al., Sci. Adv. 10, eadn5696 (2024)     9 August 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

8 of 9

Gapless surface Dirac cone in antiferromagnetic topological insulator MnBi2Te4. Phys. Rev. 
X 9, 041038 (2019).

	 26.	 Y. J. Chen, L. X. Xu, J. H. Li, Y. W. Li, H. Y. Wang, C. F. Zhang, H. Li, Y. Wu, A. J. Liang, C. Chen,  
S. W. Jung, C. Cacho, Y. H. Mao, S. Liu, M. X. Wang, Y. F. Guo, Y. Xu, Z. K. Liu, L. X. Yang,  
Y. L. Chen, Topological electronic structure and its temperature evolution in 
antiferromagnetic topological insulator MnBi2Te4. Phys. Rev. X 9, 041040 (2019).

	 27.	 M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, D. Estyunin, A. Zeugner, Z. S. Aliev, S. Gaß, 
A. U. B. Wolter, A. V. Koroleva, A. M. Shikin, M. Blanco-Rey, M. Hoffmann, I. P. Rusinov,  
A. Y. Vyazovskaya, S. V. Eremeev, Y. M. Koroteev, V. M. Kuznetsov, F. Freyse,  
J. Sánchez-Barriga, I. R. Amiraslanov, M. B. Babanly, N. T. Mamedov, N. A. Abdullayev,  
V. N. Zverev, A. Alfonsov, V. Kataev, B. Büchner, E. F. Schwier, S. Kumar, A. Kimura,  
L. Petaccia, G. di Santo, R. C. Vidal, S. Schatz, K. Kißner, M. Ünzelmann, C. H. Min,  
S. Moser, T. R. F. Peixoto, F. Reinert, A. Ernst, P. M. Echenique, A. Isaeva, E. V. Chulkov, 
Prediction and observation of an antiferromagnetic topological insulator. Nature 576, 
416–422 (2019).

	 28.	 Y.-F. Zhao, L. J. Zhou, F. Wang, G. Wang, T. Song, D. Ovchinnikov, H. Yi, R. Mei, K. Wang,  
M. H. W. Chan, C. X. Liu, X. Xu, C. Z. Chang, Even-odd layer-dependent anomalous Hall 
effect in topological magnet MnBi2Te4 thin films. Nano Lett. 21, 7691–7698 (2021).

	 29.	 S. Yang, X. Xu, Y. Zhu, R. Niu, C. Xu, Y. Peng, X. Cheng, X. Jia, Y. Huang, X. Xu, J. Lu, Y. Ye, 
Odd-even layer-number effect and layer-dependent magnetic phase diagrams in 
MnBi2Te4. Phys. Rev. X 11, 011003 (2021).

	 30.	 P. E. Majchrzak, Y. Liu, K. Volckaert, D. Biswas, C. Sahoo, D. Puntel, W. Bronsch, M. Tuniz,  
F. Cilento, X. C. Pan, Q. Liu, Y. P. Chen, S. Ulstrup, Van der Waals engineering of ultrafast 
carrier dynamics in magnetic heterostructures. Nano Lett. 23, 414–421 (2023).

	 31.	H . Padmanabhan, V. A. Stoica, P. K. Kim, M. Poore, T. Yang, X. Shen, A. H. Reid, M. F. Lin,  
S. Park, J. Yang, H. H. Wang, N. Z. Koocher, D. Puggioni, A. B. Georgescu, L. Min, S. H. Lee,  
Z. Mao, J. M. Rondinelli, A. M. Lindenberg, L. Q. Chen, X. Wang, R. D. Averitt, J. W. Freeland, 
V. Gopalan, Large exchange coupling between localized spins and topological bands in 
MnBi2Te4. Adv. Mater. 34, e2202841 (2022).

	 32.	D . Ovchinnikov, X. Huang, Z. Lin, Z. Fei, J. Cai, T. Song, M. He, Q. Jiang, C. Wang, H. Li,  
Y. Wang, Y. Wu, D. Xiao, J. H. Chu, J. Yan, C. Z. Chang, Y. T. Cui, X. Xu, Intertwined 
topological and magnetic orders in atomically thin chern insulator MnBi2Te4. Nano Lett. 
21, 2544–2550 (2021).

	 33.	 M. Wu, Z. Li, T. Cao, S. G. Louie, Physical origin of giant excitonic and magneto-optical 
responses in two-dimensional ferromagnetic insulators. Nat. Comm. 10, 2371 (2019).

	 34.	 J. Ahn, S.-Y. Xu, A. Vishwanath, Theory of optical axion electrodynamics and application to 
the Kerr effect in topological antiferromagnets. Nat. Comm. 13, 7615 (2022).

	 35.	 J. Cai, D. Ovchinnikov, Z. Fei, M. He, T. Song, Z. Lin, C. Wang, D. Cobden, J. H. Chu, Y. T. Cui, 
C. Z. Chang, D. Xiao, J. Yan, X. Xu, Electric control of a canted-antiferromagnetic Chern 
insulator. Nat. Comm. 13, 1668 (2022).

	 36.	 M. A. Ruderman, C. Kittel, Indirect exchange coupling of nuclear magnetic moments by 
conduction electrons. Phys. Rev. 96, 99–102 (1954).

	 37.	T . Kasuya, A theory of metallic ferro- and antiferromagnetism on Zener’s model. Prog. 
Theor. Phys. 16, 45–57 (1956).

	 38.	 K. Yosida, Magnetic properties of Cu-Mn alloys. Phys. Rev. 106, 893–898 (1957).
	 39.	D . A. Estyunin, I. I. Klimovskikh, A. M. Shikin, E. F. Schwier, M. M. Otrokov, A. Kimura,  

S. Kumar, S. O. Filnov, Z. S. Aliev, M. B. Babanly, E. V. Chulkov, Signatures of temperature 
driven antiferromagnetic transition in the electronic structure of topological insulator 
MnBi2Te4. APL Mat. 8, 021105 (2020).

	 40.	 R. C. Vidal, H. Bentmann, T. R. F. Peixoto, A. Zeugner, S. Moser, C.-H. Min, S. Schatz,  
K. Kißner, M. Ünzelmann, C. I. Fornari, H. B. Vasili, M. Valvidares, K. Sakamoto, D. Mondal,  
J. Fujii, I. Vobornik, S. Jung, C. Cacho, T. K. Kim, R. J. Koch, C. Jozwiak, A. Bostwick,  
J. D. Denlinger, E. Rotenberg, J. Buck, M. Hoesch, F. Diekmann, S. Rohlf, M. Kalläne,  
K. Rossnagel, M. M. Otrokov, E. V. Chulkov, M. Ruck, A. Isaeva, F. Reinert, Surface states and 
Rashba-type spin polarization in antiferromagnetic MnBi2Te4(0001). Phys. Rev. B 100, 
121104 (2019).

	 41.	 J. H. Van Vleck, Note on the Interactions between the Spins of Magnetic Ions or Nuclei in 
Metals. Rev. Mod. Phys. 34, 681–686 (1962).

	 42.	 B. Simons, A. Altland, Condensed Matter Field Theory (Cambridge Univ. Press, ed. 3, 2010).
	 43.	 P. Coleman, Introduction to Many-Body Physics (Cambridge Univ. Press, 2015).
	 44.	 J. Kondo, Resistance minimum in dilute magnetic alloys. Prog. Theor. Phys. 32, 37–49 (1964).
	 45.	 P. Coleman, Heavy fermions and the Kondo lattice: A 21st century perspective. 

arXiv:1509.05769 (2015).
	 46.	 P. W. Anderson, A poor man’s derivation of scaling laws for the Kondo problem. J. Phys. C: 

Solid State Phys. 3, 2436 (1970).
	 47.	 K. Sato, L. Bergqvist, J. Kudrnovský, P. H. Dederichs, O. Eriksson, I. Turek, B. Sanyal,  

G. Bouzerar, H. Katayama-Yoshida, V. A. Dinh, T. Fukushima, H. Kizaki, R. Zeller, First-
principles theory of dilute magnetic semiconductors. Rev. Mod. Phys. 82, 1633–1690 (2010).

	 48.	 Z. Fei, B. Huang, P. Malinowski, W. Wang, T. Song, J. Sanchez, W. Yao, D. Xiao, X. Zhu,  
A. F. May, W. Wu, D. H. Cobden, J. H. Chu, X. Xu, Two-dimensional itinerant 
ferromagnetism in atomically thin Fe3GeTe2. Nat. Mater 17, 778–782  
(2018).

	 49.	 M. Khela, M. Da̧browski, S. Khan, P. S. Keatley, I. Verzhbitskiy, G. Eda, R. J. Hicken,  
H. Kurebayashi, E. J. G. Santos, Laser-induced topological spin switching in a 2D van der 
Waals magnet. Nat. Comm. 14, 1378 (2023).

	 50.	 K. Yamagami, Y. Fujisawa, B. Driesen, C. H. Hsu, K. Kawaguchi, H. Tanaka, T. Kondo,  
Y. Zhang, H. Wadati, K. Araki, T. Takeda, Y. Takeda, T. Muro, F. C. Chuang, Y. Niimi, K. Kuroda, M. 
Kobayashi, Y. Okada, Itinerant ferromagnetism mediated by giant spin polarization of the 
metallic ligand band in the van der Waals magnet Fe5GeTe2. Phys. Rev. B 103, L060403 (2021).

	 51.	 M. Strungaru, M. Augustin, E. J. G. Santos, Ultrafast laser-driven topological spin textures 
on a 2D magnet. NPJ Comput. Mater. 8, 169 (2022).

	 52.	 K. Mæland, H. I. Røst, J. W. Wells, A. Sudbø, Electron-magnon coupling and quasiparticle 
lifetimes on the surface of a topological insulator. Phys. Rev. B 104, 125125 (2021).

	 53.	 S. K. Hoffmann, W. Hilczer, J. Goslar, Weak long-distance superexchange interaction and 
its temperature variations in copper(II) compounds studied by single crystal EPR. Appl. 
Magn. Reson. 7, 289–321 (1994).

	 54.	 B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fähnle, T. Roth, M. Cinchetti,  
M. Aeschlimann, Explaining the paradoxical diversity of ultrafast laser-induced 
demagnetization. Nat. Mat. 9, 259–265 (2010).

	 55.	 J.-Q. Yan, Y. H. Liu, D. S. Parker, Y. Wu, A. A. Aczel, M. Matsuda, M. A. McGuire, B. C. Sales, 
A-type antiferromagnetic order in MnBi4Te7 and MnBi6Te10 single crystals. Phys. Rev. Mat. 
4, 054202 (2020).

	 56.	 J. Sitnicka, K. Park, P. Skupiński, K. Grasza, A. Reszka, K. Sobczak, J. Borysiuk, Z. Adamus,  
M. Tokarczyk, A. Avdonin, I. Fedorchenko, I. Abaloszewa, S. Turczyniak-Surdacka,  
N. Olszowska, J. Kołodziej, B. J. Kowalski, H. Deng, M. Konczykowski, L. Krusin-Elbaum,  
A. Wołoś, Systemic consequences of disorder in magnetically self-organized topological 
MnBi2Te4/(Bi2Te3)n superlattices. 2D Mater. 9, 015026 (2022).

	 57.	H . Tan, B. Yan, Distinct magnetic gaps between antiferromagnetic and ferromagnetic 
orders driven by surface defects in the topological magnet MnBi2Te4. Phys. Rev. Lett. 130, 
126702 (2023).

	 58.	 R. Mei, Y.-F. Zhao, C. Wang, Y. Ren, D. Xiao, C.-Z. Chang, C.-X. Liu, Electrically controlled 
anomalous hall effect and orbital magnetization in topological magnet MnBi2Te4. Phys. 
Rev. Lett. 132, 066604 (2024).

	 59.	 M. Bernardi, C. Ataca, M. Palummo, J. C. Grossman, Optical and electronic properties of 
two-dimensional layered materials. Nanophotonics 6, 479–493 (2017).

	 60.	E . Carpene, E. Mancini, C. Dallera, M. Brenna, E. Puppin, S. de Silvestri, Dynamics of 
electron-magnon interaction and ultrafast demagnetization in thin iron films. Phys. Rev. B 
78, 174422 (2008).

	 61.	 A. L. Chekhov, Y. Behovits, J. J. F. Heitz, C. Denker, D. A. Reiss, M. Wolf, M. Weinelt,  
P. W. Brouwer, M. Münzenberg, T. Kampfrath, Ultrafast demagnetization of iron induced 
by optical versus terahertz pulses. Phys. Rev. X 11, 041055 (2021).

	 62.	 A. Eschenlohr, M. Battiato, P. Maldonado, N. Pontius, T. Kachel, K. Holldack, R. Mitzner,  
A. Föhlisch, P. M. Oppeneer, C. Stamm, Ultrafast spin transport as key to femtosecond 
demagnetization. Nat. Mater 12, 332–336 (2013).

	 63.	L . Guidoni, E. Beaurepaire, J.-Y. Bigot, Magneto-optics in the ultrafast regime: Thermalization 
of spin populations in ferromagnetic films. Phys. Rev. Lett. 89, 017401 (2002).

	 64.	 A. V. Kimel, R. V. Pisarev, J. Hohlfeld, T. Rasing, Ultrafast quenching of the 
antiferromagnetic order in FeBO3: Direct optical probing of the phonon-magnon 
coupling. Phys. Rev. Lett. 89, 287401 (2002).

	 65.	T . Kise, T. Ogasawara, M. Ashida, Y. Tomioka, Y. Tokura, M. Kuwata-Gonokami, Ultrafast spin 
dynamics and critical behavior in half-metallic ferromagnet: Sr2FeMoO6. Phys. Rev. Lett. 
85, 1986–1989 (2000).

	 66.	 K. Mishra, R. M. Rowan-Robinson, A. Ciuciulkaite, C. S. Davies, A. Dmitriev, V. Kapaklis,  
A. V. Kimel, A. Kirilyuk, Ultrafast demagnetization control in magnetophotonic surface 
crystals. Nano Lett. 22, 9773–9780 (2022).

	 67.	C . D. Stanciu, A. Tsukamoto, A. V. Kimel, F. Hansteen, A. Kirilyuk, A. Itoh, T. Rasing, 
Subpicosecond magnetization reversal across ferrimagnetic compensation points. Phys. 
Rev. Lett. 99, 217204 (2007).

	 68.	 R. Takahashi, Y. Tani, H. Abe, M. Yamasaki, I. Suzuki, D. Kan, Y. Shimakawa, H. Wadati, 
Ultrafast demagnetization in NiCo2O4 thin films probed by time-resolved microscopy. 
Appl. Phys. Lett. 119, 102404 (2021).

	 69.	 P. Tengdin, W. You, C. Chen, X. Shi, D. Zusin, Y. Zhang, C. Gentry, A. Blonsky, M. Keller,  
P. M. Oppeneer, H. C. Kapteyn, Z. Tao, M. M. Murnane, Critical behavior within 20 fs drives 
the out-of-equilibrium laser-induced magnetic phase transition in nickel. Sci. Adv. 4, 
eaap9744 (2018).

	 70.	 J. Wang, C. Sun, J. Kono, A. Oiwa, H. Munekata, Ł. Cywiński, L. J. Sham, Ultrafast quenching 
of ferromagnetism in InMnAs induced by intense laser irradiation. Phys. Rev. Lett. 95, 
167401 (2005).

	 71.	 M. Wietstruk, A. Melnikov, C. Stamm, T. Kachel, N. Pontius, M. Sultan, C. Gahl, M. Weinelt, H. A. 
Dürr, U. Bovensiepen, Hot-electron-driven enhancement of spin-lattice coupling in Gd and 
Tb 4f ferromagnets observed by femtosecond X-ray magnetic circular dichroism. Phys. Rev. 
Lett. 106, 127401 (2011).

	 72.	 J.-X. Qiu, C. Tzschaschel, J. Ahn, A. Gao, H. Li, X. Y. Zhang, B. Ghosh, C. Hu, Y. X. Wang,  
Y. F. Liu, D. Bérubé, T. Dinh, Z. Gong, S. W. Lien, S. C. Ho, B. Singh, K. Watanabe, T. Taniguchi,  

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 12, 2024



Nguyen et al., Sci. Adv. 10, eadn5696 (2024)     9 August 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

9 of 9

D. C. Bell, H. Z. Lu, A. Bansil, H. Lin, T. R. Chang, B. B. Zhou, Q. Ma, A. Vishwanath, N. Ni,  
S. Y. Xu, Axion optical induction of antiferromagnetic order. Nat. Mater. 22, 583–590 (2023).

	 73.	 K. Yasuda, M. Mogi, R. Yoshimi, A. Tsukazaki, K. S. Takahashi, M. Kawasaki, F. Kagawa,  
Y. Tokura, Quantized chiral edge conduction on domain walls of a magnetic topological 
insulator. Science 358, 1311–1314 (2017).

	 74.	 O. Breunig, Y. Ando, Opportunities in topological insulator devices. Nat. Rev. Phys. 4, 
184–193 (2022).

	 75.	 S. H. Lee, D. Graf, L. Min, Y. Zhu, H. Yi, S. Ciocys, Y. Wang, E. S. Choi, R. Basnet, A. Fereidouni, 
A. Wegner, Y. F. Zhao, K. Verlinde, J. He, R. Redwing, V. Gopalan, H. O. H. Churchill,  
A. Lanzara, N. Samarth, C. Z. Chang, J. Hu, Z. Q. Mao, Evidence for a magnetic-field-
induced ideal type-II Weyl state in antiferromagnetic topological insulator Mn(Bi1−x Sbx)2 
Te4. Phys. Rev. X 11, 031032 (2021).

	 76.	C . Yan, E. Green, R. Fukumori, N. Protic, S. H. Lee, S. Fernandez-Mulligan, R. Raja,  
R. Erdakos, Z. Mao, S. Yang, An integrated quantum material testbed with multi-
resolution photoemission spectroscopy. Rev. Sci. Instrum. 92, 113907 (2021).

	 77.	 S. Harris, An Introduction to the Theory of the Boltzmann Equation (Dover Books on Physics) 
(Dover Publications, 2004).

	 78.	 G. Grimvall, The Electron-Phonon Interaction in Metals, Series of Monographs on Selected 
Topics in Solid State Physics (North-Holland Publishing Co., 1981).

	 79.	 P. B. Allen, Theory of thermal relaxation of electrons in metals. Phys. Rev. Lett. 59, 
1460–1463 (1987).

	 80.	 J. Ning, Y. Zhu, J. Kidd, Y. Guan, Y. Wang, Z. Mao, J. Sun, Subtle metastability of the layered 
magnetic topological insulator MnBi2Te4 from weak interactions. NPJ Comput. Mater. 6, 
157 (2020).

	 81.	 B. Li, J. Q. Yan, D. M. Pajerowski, E. Gordon, A. M. Nedić, Y. Sizyuk, L. Ke, P. P. Orth, D. Vaknin, 
R. J. McQueeney, Competing magnetic interactions in the antiferromagnetic topological 
insulator MnBi2Te4. Phys. Rev. Lett. 124, 167204 (2020).

	 82.	 J. A. Sobota, S. Yang, J. G. Analytis, Y. L. Chen, I. R. Fisher, P. S. Kirchmann, Z. X. Shen, 
Ultrafast optical excitation of a persistent surface-state population in the topological 
insulator Bi2Se3. Phys. Rev. Lett. 108, 117403 (2012).

	 83.	 S. Blundell, Magnetism in Condensed Matter, Oxford Master Series in Condensed Matter 
Physics (Oxford Univ. Press, 2014).

	 84.	 Z. A. Jahangirli, E. H. Alizade, Z. S. Aliev, M. M. Otrokov, N. A. Ismayilova, S. N. Mammadov, 
I. R. Amiraslanov, N. T. Mamedov, G. S. Orudjev, M. B. Babanly, A. M. Shikin, E. V. Chulkov, 
Electronic structure and dielectric function of Mn-Bi-Te layered compounds. J. Vac. Sci. 
Technol. B Nanotechnol. Microelectron. 37, 062910 (2019).

	 85.	 M. P. Seah, W. A. Dench, Quantitative electron spectroscopy of surfaces: A standard data 
base for electron inelastic mean free paths in solids. Surf. Interface Anal. 1, 2–11 (1979).

Acknowledgments: We thank J. Ning from Tulane University for providing details of the 
published data on the heat capacity calculation. We also thank Y. Bai, J. Park, and P. Littlewood 
at the University of Chicago, as well as H. Pfau and C. Chang at Pennsylvania State University 
for helpful discussions. Funding: This work was supported by the US Department of Energy, 
DE-SC0022960 (K.D.N., W.L., G.B., C.Y., C.I.J.I., H.L., Q.G., and S.Y.) and DE-SC0022983 (J.D., T.W., 
and X.-X.Z.), and by the National Science Foundation through the Penn State 2D Crystal 
Consortium-Materials Innovation Platform 2DCC-MIP under NSF Cooperative Agreement DMR 
2039351 (S.H.L. and Z.M.). Author contributions: Conceptualization and supervision: S.Y. 
μARPES and trARPES measurements: K.D.N., W.L., G.B., C.Y., C.I.J.I., H.L., Q.G., and S.Y. MBE 
growth: K.D.N. and W.L. trMOKE experiments: J.D., T.W., and X.-X.Z. Single-crystal growth: S.H.L. 
and Z.M. Theoretical support: C.L. and B.Y. Data analysis and theoretical calculations: K.D.N. 
Writing—original draft: K.D.N. and S.Y. Writing—review and editing: K.D.N., S.Y., X.-X.Z., C.L., 
Z.M., G.B., S.H.L., J.D., and B.Y. Competing interests: The authors declare that they have no 
competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 1 January 2024 
Accepted 2 July 2024 
Published 9 August 2024 
10.1126/sciadv.adn5696

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 12, 2024


	Distinguishing surface and bulk electromagnetism via their dynamics in an intrinsic magnetic topological insulator
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Sample growth
	ARPES measurements
	trMOKE measurements

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


