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Bringing magnetism to the itinerant electronic states on the surface of three-dimensional (3D) topological 
insulators (TIs) is foundational to a variety of low-dimensional topological orders [1, 2]. The magnetism 
in 3D TIs can be established via various mechanisms. However, the unconventional Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction on the material surface is required for the time-reversal (T) symmetry 
breaking on the topological surface states (TSSs) in magnetic TIs (MTIs)[3]. This mechanism has been 
predicted to enhance the surface magnetism of 3D MTIs, where the itinerant Dirac fermions with 
vanishing Fermi momenta strongly favor ferromagnetic coupling [4]. Thus, the 2D RKKY interaction 
fundamentally determines the size of the T-symmetry–broken energy gap, and, consequently, the 
operating temperatures of low-dimensional topological orders, such as the quantum anomalous Hall effect. 

Here, we combine time- and angle-
resolved photoemission spectroscopy 
(trARPES) and time-resolved magneto-
optical Kerr effect (trMOKE) to reveal 
this distinct mechanism contributing to 
the surface magnetism in MnBi2Te4 
(MBT): A quasi-2D state mediates the 
surface 2D RKKY interaction via p-d 
coupling on the top MBT layer, Fig. 
1(a). While trARPES resolves the 
dynamics of the exchange gap in the q-
2DS with meV-scale precisions, Fig. 
1(b), trMOKE observes the evolution of 
the magnetization. We construct a 2D RKKY model involving localized Mn 3d moments and itinerant p 
electrons, which accounts for the rapid dynamics of the magnetization and the exchange gap. Furthermore, 
it can reconcile several open problems in MBT. These include the vanishing gap at the Dirac point of the 
TSSs [5] and the nonzero residual magnetization in even-layer MBT flakes [6]. Our work highlights the 
special magnetic interactions on the surface of MBT and establishes the physics foundation for effective 
ultrafast manipulation of magnetism in tandem with topological orders. 
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Figure 1: ARPES and trARPES spectra of MnBi2Te4. (a) Static ARPES 
spectrum shows a quasi-2D state splitting into S1 and S2 at 12 K. (b, c) 
trARPES taking at 360 fs at the base temperature of 12 K and 42 K 
respectively, under 1.5-eV pump fluence of 10 µJ/cm2. 



Supplementary information 

Figure 2.	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 interaction 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. Error bars show SD of the fitting. Solid curves denote simulation results using a 
microscopic Boltzmann model. 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 demagnetization 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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