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Layer-by-layer material engineering has produced interesting quantum

phenomena such as interfacial superconductivity and the quantum
anomalous Hall effect. However, probing electronic states layer by layer
remains challenging. This is exemplified by the difficulty in understanding
thelayer origins of topological electronic states in magnetic topological
insulators. Here we report a layer-encoded frequency-domain
photoemission experiment on the magnetic topological insulator
(MnBi,Te,)(Bi,Te,) that characterizes the origins of its electronic states.
Infrared laser excitations launch coherent lattice vibrations with the layer
index encoded by the vibration frequency. Photoemission spectroscopy
then tracks the electron dynamics, where the layer information is carried
inthe frequency domain. This layer-frequency correspondence shows
wavefunction relocation of the topological surface state from the top
magnetic layer into the buried second layer, reconciling the controversy
over the vanishing broken-symmetry energy gap in (MnBi,Te,)(Bi,Te;)
anditsrelated compounds. The layer-frequency correspondence can be
harnessed to disentangle electronic states layer by layer in a broad class of
van der Waals superlattices.

Manipulating electronic, magnetic and lattice degrees of freedom
layer by layer allows us to engineer materials’ electronic properties
at thelevel of single atomic sheets. This principle is manifested in the
fabrication of magnetic topological insulators, whereby magnetism
breaks the time-reversal symmetry and enables exotic topological
phases of matter such as the axion insulators' and quantum anomalous
Hallinsulators?. Notably, the realization of these topological quantum
phases relies on the fact that specific electronic states reside on the
magnetic layers. A surgical probe of electronic states withbothameV
energy resolution and alayer-wise spatial resolutionis key to unveiling
the topological characters of interlaced quantum materials.

We focus on one of the most promising material candidates for
realizing high-temperature topological orders: (MnBi,Te,)(Bi,Te;),

superlattices®. These superlattices consist of magnetic MnBi, Te, (MBT)
layers interleaved with non-magnetic Bi,Te; (BT) layers. Varying the
stacking order leads to a multitude of topological phases*. However,
notable controversies have arisen over the coupling between the topo-
logical surface state (TSS) and the broken-symmetry MBT layers® 2,
Angle-resolved photoemission spectroscopy (ARPES)® and scanning
tunnelling spectroscopy (STS)" studies have led to the theoretical pro-
posal that the TSS can be decoupled from the top MBT layer. However,
owingtothelack of adirectlayerresolution, the picture of TSS relocation
remains contentious. Thisisreflected from the alternativeinterpretation
of the STS results® using Rashba-split electronic states”, underscoring
the pressing need to develop spectroscopic techniques with layer resolu-
tion toshow thelayer origins of the TSS and other key electronicstates.
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Fig.1| Experimental scheme and the electronic band structure of an (MBT)
(BT) superlattice. a, Schematics of ARPES and trARPES measurements. b,c,
Static p-ARPES spectra cutting through [ — Kon the BT termination (b) and the
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MBT termination (c). d,e, Second derivative images of the spectraon the BT
termination (d) and the MBT termination (e). The black, red and yellow dashed
lines highlight the bulk bands, TSSs and RS, respectively.

Here we demonstrate a layer-encoded frequency-domain (FD)
ARPES experiment to disentangle electronic states layer by layer
in (MBT)(BT) superlattices. Infrared pump pulses launch coherent
phonon modulations, serving as the intrinsic tuning knob to probe
electron-phonon coupling'®. The crystal structure of our targeted
material, (MBT)(BT), differs layer by layer, yielding layer-specific coher-
entphonon frequencies. Subsequently, the induced energy oscillations
oftheelectronicstates are measured by time-resolved ARPES (trARPES)
and linked to different layers through the decomposition in the fre-
quency domain. This layer-frequency correspondence shows asurpris-
ing wavefunction relocation of the TSS into the buried non-magnetic
layers, and provides a critical hint to resolve the outstanding mystery of
thenear-gapless TSS. Our work is one of the first milestones in ultrafast
spectroscopy connectingthe spatial and frequency domains, concep-
tualized as ‘seeing by listening.

We performed static micro (p)-ARPES measurements” to charac-
terize the occupied electronic band structures on the two terminations
of (MBT)(BT) (Fig.1b—e). Onthe BT termination, three parabolic bands
near ['were observedandlabelled as a, p and y. On the MBT termination,
only the a and 3 bands were identified. We characterized the o, 3 and
ybands as bulk conduction bands on the basis of the comparison with
density functional theory (DFT) (Supplementary Fig. 1) and previous
ARPES studies™. In addition, we observed the TSS on the BT termina-
tion, which hybridized with a bulk valence band (Fig. 1b,d). The Dirac
pointis observed near-0.37 eV.On the MBT termination, we observed
a distinct electron-like pocket with a Fermi momentum of 0.19 A™
(Fig.1c,e). Circular dichroism ARPES measurements onaseries of (MBT)
(BT),compounds suggest that this feature probably originates froma
pair of Rashba-split pockets with a coupling constant a; ~ 0.7 eV A
(Supplementary Note 1). Therefore, we denote this pair of bands as
Rashba-split states (RS). A V-shaped feature on the MBT termination
with abinding energy of—0.2 eV originates from the TSS-RS hybridiza-
tion (Supplementary Note1).

We show the ultrafast electron dynamics on the BT termination
by trARPES (Fig. 2). Allinvestigations were performed consistently on
the targeted sample position after ensuring a precise beam alignment
between static ARPES and trARPES set-ups (Supplementary Note 2).

To account for model-dependent systematic uncertainties, we fitted
time-dependent energy distribution curves (EDCs) to various models
involving single or multiple Lorentzian peaks (Supplementary Note 3),
and extracted the consistent binding energy dynamics of the TSS
(Fig.2b). Fast Fourier transforms (FFTs) of the coherent energy oscilla-
tions (6£(¢)) exhibitadominant 1.8-THz mode along with two subdomi-
nant modesat1.2 THzand 3.4 THz (Supplementary Fig. 8). Comparison
with Raman spectroscopy allows us to identify the1.2-THzand 1.8-THz
modes as the c-axis A;, modes associated with the MBT and BT layers,
respectively (Fig. 2f)'®. These frequencies are hardly changed in the
superlattice family (MBT)(BT), for n > 1, reflecting the fact that the
1.2-THz and 1.8-THz modes are intrinsic to the individual MBT and BT
layers. Moreover, as the electronic structures of (MBT)(BT) near the
Brillouin zone centre are mainly contributed by the p, orbitals, the
c-axis A,;modeslead to the strongest modulation of the orbital overlaps
andthusthe electronicbinding energies. Fitted with cosine functions,
the coherentresponsesto the 1.8-THzand 1.2-THz modes exhibit initial
phases close to integer multiples of it (Fig. 2c insets), manifesting the
displacive excitation of coherent phonons (DECP)”. Notably, DECP
leads to fully symmetric A, modesin the superlattice unit cell spanning
one MBT layer and one BT layer”. This constrained symmetry is fully
consistent with our mode assignments. Along the TSS dispersion, the
existence and absence of the amplitude sign reversal for the MBT and
BT A, modes, respectively, both agree with theoretical calculations
(SupplementaryFig. 9). By performing a pixel-wise Fourier transform
of the trARPES data, we obtain the FD-ARPES''® maps at 1.8 THz and
1.2 THz (Fig. 2d,e). Notably, the oscillating TSS dispersion results in a
pair of bands in FD-ARPES maps with opposite oscillation phases®.
The momentum-independent and momentum-dependent phases
along the TSS dispersion at 1.8 THz and 1.2 THz, respectively, cor-
roborate well the EDC analysisin Fig. 2c. Finally, the 3.4-THzmode can
be attributed to either a second MBT A,, mode'® or a putative surface
symmetry-breaking BT mode”.. This uncertainty precludes the use
of the 3.4-THz mode to distinguish layer origins of electronic states.
Given the heterointerface of the (MBT)(BT) superlattice, there
are extra phonon modes involving coordinated atomic movements
fromboth the MBT and BT layers'®. Among the extra phonon modes,
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Fig.2|Coherent response of the TSS to phonon oscillations on the BT
termination. a, Band dispersions cutting through [ — Ktakenat¢=60 fs. The
sizes of the red and blue circles represent the oscillation amplitudes of the
1.8-THzand 1.2-THz modes, respectively. b, Oscillatory components of the TSS
energy dynamics taken at different momentum k-points indicated by the
gradient colour code in a. The oscillations are fitted to cosine functions. c,
Oscillation amplitudes of the 1.2-THz and 1.8-THz modes, with the initial phases
shownintheinsets. Data are presented as mean values and the shaded widths

indicate the error bars, which represent + one-standard-deviation (10)
uncertainties of the fitting results. d,e, Phase maps in FD-ARPES at the
frequencies of the BT A;; mode (1.8 THz) (d) and the MBT A, mode (1.2 THz) (e).
The red-blue contrast indicates cos(¢) where ¢ is the initial phase of the
oscillation. The intensity saturation indicates the oscillation amplitude of
FD-ARPES. In each FD-ARPES map, the intensities are normalized by the
maximum value in the energy-momentum space. f, Cartoons of atomic
vibrations corresponding to the BT and MBT A,; modes.

we restricted our consideration to all the A;; modes within the
enlarged unit cell. This is based on the fact that the 1.5 eV optical
excitation with a penetration depth of ~16.7 nm* is largely homoge-
neous for the top few unit cells, and hence the symmetry selection
rulesimposed by the DECP mechanism can allow only fully symmetric
modes”. In the frequency range of interest, only the 1.2-THz MBT A,,
mode and the 1.8-THz BT A, mode were relevant to our observations,
enabling us to use layer-specific phonon modes to probe the layer
origins of electronic states. We also considered broken-symmetry
modes at the material surface?*. Yet, to the best of our knowledge,
no such modes have been identified in (MBT)(BT) in the vicinity of
1.2THzand 1.8 THz.

The dominant coupling between the TSS and the BT A, mode
shows astronglocalization of the TSSonthe top BT layer. Thisresultis
fully consistent with theoretical expectations, and sets the foundation
to tackle the more non-trivial case of the MBT termination.

We turn to the trARPES measurement on the MBT termination.
The TSSand RS hybridize on this termination, resultingin a distinctively
large electron-like pocket. This electron pocket has a stronger TSS
character near [, and astronger RS character of f [ (Fig. 3b). We imple-
mented the aforementioned EDC analysis on this hybridized electron
pocket and extracted band energy dynamics. The obtained coherent
oscillations suggested the existence of multiple frequency components
(Fig.3c). As evidenced by FFT (Supplementary Fig. 8b), two coherent
modes existat1.8 THzand 1.2 THz, which are dominant near and away
from [, respectively. We fit the coherent energy oscillations with
two-cosine functions, and extract the oscillation amplitudes at differ-
ent momenta (Fig. 3d), which fully corroborate the FFT results.

We highlight the most substantial discovery on the MBT ter-
mination: the TSS and RS band characters are one-to-one mapped
to the oscillation amplitudes of the BT and MBT A,, modes,
respectively. This is further demonstrated by the FD-ARPES data
for the 1.2-THz and 1.8-THz modes on the hybridized electron-like
band (Fig. 3e,f). We explain that this observation suggests a wave-
function relocation of the TSS from the top MBT layer to the buried
BT layer.

We invoke the fundamental theory of deformation potentials.
Under the quasi-static assumption, lattice strain Sinduces the energy
shift §e of a Bloch state at momentum k and band index n. The energy
shiftis expressed as*:

O€in = Dy (k) Syy

1
D,y (k,n) = (k,n|6V*(r)| k, n) ®

where D,,, (k, n)is the deformation potential and §V*(r)is the effective
one-electron potential. Therefore, asuppressed 6ecanbetraced down
to a vanishing S, or D,,. Notably, a vanishing S, can occur for
low-symmetry modes because of the short-lived driving force”. How-
ever, the coherentmodes under considerationare fully symmetricA,,
modes, rendering the first scenario unlikely. Moreover, D,,, can vanish
when the overall parity of k,n |§V*(r)| k, nis odd*. However, our DFT
calculations have predicted a non-vanishing D, for the TSS energy
shiftin response to the MBT A,, mode, assuming the TSS is localized
on the top MBT layer (Supplementary Fig. 10). The DFT calculations
also demonstrate that other possible contributing factors such as
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Fig.3|Coherent response on the MBT termination. a, trARPES spectra cutting
through T — Ktakenat =60 fs. The sizes of the red and blue circles represent the
oscillation amplitudes of the 1.8-THz and 1.2-THz modes, respectively. b,
Simulation of the RS-TSS hybridization using an effective Hamiltonian
(Supplementary Note 1). The band characters on the modified RS are also
plotted. ¢, Oscillatory components of the RS energy dynamics taken at different
momentum k-points indicated by a gradient colour code ina. d, Oscillation
amplitudes of the 1.2-THz and 1.8-THz modes, extracted by fitting coherent

k (A7

energy oscillations to two-cosine functions. Data are presented as mean values
and the shaded widths indicate the error bars, which represent + one-standard-
deviation (10) uncertainties of the fitting results. e,f, FD-ARPES spectra of the
1.2-THz and 1.8-THz modes on the MBT termination along the [ — Kdirection (e)
and along the I’ — Mdirection (f). The red-blue contrast indicates cos(¢) where ¢
is the initial phase of the oscillation. The intensity saturation indicates the
oscillation amplitude of FD-ARPES. In each FD-ARPES map, the intensities are
normalized by the maximum value in the energy-momentum space.

electronic screening” and kinematic constraints® do not play princi-
palroles.

It is thus imperative to consider another scenario: the TSS
wavefunction on the MBT termination is relocated into the BT layer
(Fig. 4). The buried TSS will consequently exhibit a stronger coupling
to the BT A,, mode instead of the MBT A,, mode, precisely reflecting
our experimental observations. Microscopically, anincreased van der
Waals (vdW) gap between the top MBT layer and the second BT layer
can push the TSS wavefunctioninto the deeper layers™?. Our slab cal-
culations demonstrate a substantial TSS relocation when the surface
vdW gap exceeds the bulk counterpart by 10% (Supplementary Figs.
11and 12), yet the increased vdW gap alone does not yield the RS. On
the other hand, previous calculations incorporating Mn-Bi antisite
defects yielded new band structures mimicking our observed RS*.
Therefore, it is probably the combination of vdW gap increase and
antisite defects thatleads to the redistribution of the TSS wavefunction
andthe creation of the RS.

Thelayer origins of the TSS and RS shed light on the outstanding
mystery of the near-gapless Dirac cones in antiferromagnetic (MBT)
(BT), superlattices® "2, Anintense debate in the literature® > centred
around why the broken-symmetry gap on the MBT termination can
vanish, despite the strong c-axis magnetic moments confirmed by
magnetic force microscopy®"*2. Our resultsindicate that the TSS on the
MBT termination s partially pushed into the buried BT layer, andis less
influenced by the surface magnetism. Such awavefunctionrelocation
hasbeendiscussed as aframework to reconcile experimental observa-
tionsin ARPES? and scanning tunnelling microscopy” studies, yet this
theoretical framework remains inconclusive because of the lack of a
direct layer resolution, leaving alternative interpretations possible.
For instance, although previous STS measurements® used this
framework to explain the observed anomalous quasi-particle

interference pattern, the alternative scenario using RS" challenged
thisinterpretation. Onthe other hand, the experimentally evidenced
wavefunction relocationin our work fully accounts for the near-gapless
Dirac conein (MBT)(BT) (Supplementary Fig.12), and provides a hint
to understand the phenomenology in pure MBT (Supplementary
Note4). Moreover, localization of the RS onthe top MBT layer of (MBT)
(BT) isdirectly shown for the first time, to our knowledge, explaining
the energy gaps on the Rashba-like bands as observed in (MBT)(BT),
compounds>®*®*’, To this end, our work resolves outstanding contro-
versies™*** over the issue of broken-symmetry gaps in (MBT)(BT),
superlattices.

Our layer-encoded FD-ARPES experiment can be generalized
to all magnetic topological superlattices (MBT)(BT), and beyond.
This approach will provide the foundational physics insight for how
to engineer digital superlattices to manipulate topology and other
collective quantum phenomena. Layer-encoded FD-ARPES requires
the superlattice system to exhibit coherent phonon modes that are
localized inindividual layers. One needs to carefully examine the mode
origins through the comparison with theory and with Raman spectros-
copy. Symmetry-breaking modes can also exist on material surfaces
or interfaces, which can provide further information on the origins
of electronic states**. Our experiment manifests a profound meas-
urement philosophy of ‘seeing by listening, whereby the frequency
information from each layer allows us to visualize the layer origins of
electronic states. This new philosophy is particularly important and
timely, as emergent many-body physics such as superconductivity
and non-trivial topology have been explored in stacked and twisted
superlattices® %, yet little is known about their layer-by-layer wave-
function distribution using currently available spectroscopies. Our
work potentially fills this technological gap. To this end, we believe that
theimpact of this experiment goes beyond resolving the long-standing
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Fig. 4 |Schemes of layer-by-layer disentanglement of Bloch states. a,b, The BT

PRl
PR
&b

and MBT A,, phonon modes, as well as cartoons of the TSS and RS wavefunctions
onthe BT termination (a) and the MBT termination (b).

puzzlesin MnBi,,Te;,,; and establishes anew paradigm for probing the

spatial distribution of wavefunctions.
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Methods

Sample growth

The MnBi,Te, samples were synthesized using the melt growth
method™. A high-purity Mn, Bi and Te mixture was sealed in carbon-
coated quartz tubes under a high vacuum and heated in a muffle
furnace at 900 °C for 5 hours, followed by a cool-down to 595 °C in
20 hours. The mixture was then slowly cooled down to 585 °Cin 3 days
(-0.14 °C h™) and annealed for 1 day. The single crystals were then
obtained by water quenchingat 585 °C. The samples were cleaved insitu
under a base pressure lower than 8 x 10 mbar at15K.

ARPES measurements

AllARPES measurements were carried outat 15 Kon the multi-resolution
photoemission spectroscopy platformestablished at the University of
Chicago". Ultrahigh resolution p-ARPES measurements were per-
formed with a spatial resolution <10 pm and an energy resolution
<4 meV using 205-nm probe pulses with an 80-MHz repetition rate.
Ultrafast trARPES measurements were performed with an energy
resolution of 17 meV and a time resolution of 115 fs at a 200-kHz rep-
etition rate. Pump and probe wavelengths were 800 nm and 206 nm,
respectively. The incident fluence was 350 pJ cm™ The integration
of high-energy-resolution and high-time-resolution light sources in
one set-up allowed us to combine complementary probes and obtain
aholistic picture.

Computational details

All electronic structures were calculated with DFT asimplemented in
ViennaAb initio Simulation Package'**'. The electron-electroninterac-
tion was mimicked with the projected augmented wave method**with
the exchange-correlation interaction approximated by generalized
gradient approximation (Perdew-Burke-Ernzerhof)*. A Hubbard U
value of 5 eV was used for the d electrons of Mn. The energy cutoff for
the plane-wave basis set was 350 eV. The surface states were calculated
with aslabmodel of four [MBT + BT]layers (48 atomsintotal), whereby
the surfaces were fully relaxed under the experimental A-type antiferro-
magnetic configuration with the presence of DFT-D3 vdW correction**.
A k-mesh of 9 x 9 x 1was used. The spin-orbit coupling was considered
inallelectronic structure calculations except for the surface relaxation.

Data availability

Source data are provided with this paper. All other data that support
the plots and other findings of this study are available from the cor-
responding authors upon reasonable request.
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