Science Advances

AVAAAS

Supplementary Materials for

Distinguishing surface and bulk electromagnetism via their dynamics in an
intrinsic magnetic topological insulator

Khanh Duy Nguyen et al.

Corresponding author: Shuolong Yang, yangsl@uchicago.edu

Sci. Adv. 10, eadn5696 (2024)
DOI: 10.1126/sciadv.adn5696

This PDF file includes:

Supplementary Text S1 to S7
Figs. S1to S11
References



Supplementary Text
1. Modified Fermi Dirac Fitting

The ARPES spectra are integrated around I' in the momentum window of [-0.2, +0.2] A1,
The resulting energy distribution curves (EDCs) are fitted to the modified Fermi-Dirac (FD) profile
on the log scale to make sure the data points at energies (&) far above the Fermi level are weighted

properly. Based on the original FD function for the free electron gas with a chemical potential at
U:

n(e T) = , (s1.1)

ee_ﬂ/ kT + 1
where kgT is the thermal energy, we used the following function for fitting:

A+ Be

f(e,T) =1In l( + F) ®Gauss(e, Ae)l + fo(u,C, D). (s1.2)

1+ eE_u/ kpT
Here, first we convolve the FD function with the Gaussian distribution function, Gauss(&A¢)
where the energy resolution Ag corresponds to the full width half maximum (FWHM) of the
Gaussian function. We approximate the DOS near p using a linear function 4 + Be. F is the
background intensity. fy (¢, C,D) is the background function on a log scale, which is comprised of
a constant background for € < u joint with a linearly decaying profile for £ > u, in the form of C
+ De. This empirical function accounts for the background signals from different sources including
instrument artifacts, non-thermalized hot electrons, excitation continuum, etc., which are normally
negligible on the linear scale. This background has a minimal impact on the FD fitting after 360 fs
due to the thermalized electronic distribution, which is what the main text focuses on.

The parameters for fitting are:

e A, B: parameters for the DOS function near g,

F: background on the linear scale,

C, D: parameters for the background function at ¢ > u on the logarithmic scale,

e u: chemical potential,

T: electronic temperature.
The energy resolution A¢ = 20 meV is obtained by fitting EDCs obtained from static ARPES at

12K with the same probe. The fitting function for this case is simply:



f'(e) = (i + F) ®Gauss(e, A€). (s1.3)

1+ QE_M/RBT T=12K

The fitting results using the modified FD profile are shown in Fig. S1 for two IR fluences at 10
and 20 wJ/cm? at some representative delays. Note that the modified FD fitting was done on a large
number of delay points, whereas the detailed exchange gap analysis in main text Fig. 2 could only
be performed on extremely high-quality ARPES spectra taken separately at a small subset of delay

points.
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Fig. S1. Modified-FD fitting results for representative delays at incident IR fluences of 10
and 20 pJ/cm?.
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Fig. S2. Five-Lorentzian-peak fitting results for sub-bands S; and S; at representative delays.
Only the two peaks corresponding to the g-2DSs are shown in the figure. (a) The results for the IR
pump fluence of 20 uJ/cm?. (b) The results for the IR pump fluence of 20 pJ/cm?.



2. Microscopic Boltzmann Transport Model
TrARPES yields the time dependence of electronic structures. In the following, we perform

calculations to estimate the ultrafast dynamics of bosonic quasiparticle ensembles (phonons and
magnons) to facilitate the subsequent discussion on the demagnetization mechanisms
(Supplementary Text 6). We follow the Boltzmann transport formalism, take into account electron-
boson couplings (77, 78), and assume that the electron population is instantaneously thermalized
at any time point (79).
Assuming Bose-Einstein (BE) statistics for phonons and magnons, we have:

(%’f)) = TN Mg kP (BT — f(E)In@n )6 (Ex — Eye + hao(q,m)

e-b o

+ fED[L = f(E)[L +n(q,1)]8(Ex — B — ha(q, 1))

— fED[L = FEIIL +n(qn)8(Ex — Epr + hw(q,7))

— fEL = fEINn(n)I8(Ex — Exr — ha(q,m))}. (s2.1)
Here, 1 (E)) is the occupation function of electrons at energy Ex. At equilibrium, this function is

the Fermi-Dirac function. The bosonic distribution, n(g, 77) follows:

0 4
( nfgfk)> = =25 19U kP FEOIL = F(E] [n(g,1)8 (B, — By + heo(q, )
e—b k

—[1+n(q,n)18(Ey — Epr — has(q,m)]- (s2.2)
These equations consider 4 processes involving an electron at momentum state k being scattered
to a new state of momentum k’, accompanied by generating or annihilating a boson of energy
haXq, n7), where ¢ and 77 are momentum and polarization (or mode) of that boson, respectively.
g(k,k’; ) is the coupling strength. Based on the Eliashberg model for electron-boson coupling,
the Eliashberg coupling function o?F(w), F(w) being the density of states (DOS) for the bosons)

and electron-boson coupling constant (/.5 ) can be derived as (78):

dQy [ dQ
@?F(w) = N(EF)Z | o | G lgkimPo(ho - hot@m).  (23)
Ay =2 f wmaxazi)(w) dw. (s2.4)

If we further approximate that g(k,k’;n) is isotropic, then o&?F(w) is directly proportional to

lg(k,k’;m)|*and A, can be easily obtained.



We apply this framework to our case with the following considerations: (1) Transient electronic
temperatures are obtained by the modified FD fitting described in Supplementary Text 1. (2) For
phonons, the phonon DOS (phDOS) is taken from Ref.(80); while for magnons, the magnon DOS
(mDOS) was measured in a neutron scattering study (87). (3) Using the equation for the heat
capacities of phonons and magnons (Eqn. (s2.5)) and the calculated ratio of these two from a

previous DFT calculation (80), we deduce the ratio between the amplitudes of phDOS and mDOS.

» () g
T
c, = ﬁ = z deU(w)(e/fhw—_l)z (525)
n

(4) The electronic density of states (eDOS) is taken from Ref.(80). (5) The evolution of f (Ex) is
then numerically calculated by (s2.1) and (s2.2) which yield transient electronic temperatures. At
time zero, the electron population is suddenly changed to an FD distribution with an elevated
temperature; then it is relaxed via scattering with phonons and magnons. The phonon and magnon
populations are forced to follow the BE distribution at any given time and decay according to their
own decay rates: dT}/dt = — (T»— 12 K)/m,which roughly approximate the bosonic decays due to
boson-boson interactions and diffusions. The electron population is enforced to follow the FD
distribution at any given time. Also, since the model assumes all particle ensembles are
thermalized, we force T, to stay under 7x ~ 25 K, which allows long range magnetic order to exist.
The calculated evolution of the electronic temperature then serves as a fitting function for the
experimental data. Overall, the fitting parameters in this calculation are the decay rate of the
phonon temperature (7), the decay rate of the magnon temperature (), scaling factor for phDOS
(and mDOS) as compared to eDOS, and the Eliashberg coupling strength ¢2. Finally, the
calculation results in 4., = 0.2 and a minimal contribution from magnons (Ae.» < 0.01). Note that
the small electron-magnon coupling strength only represents the coupling with low-frequency
magnons, with the static magnetization being the zero-frequency component. The overall electron-

magnon coupling can be much larger.
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Fig. S3. Density of states (DOS) functions for phonons and magnons and their relative
scaling.
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Fig. S4. Electronic DOS function of MBT (dashed line) multiplied with FD functions (solid

lines) and its evolution in the numerical calculation.
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Fig. S5. Microscopic Boltzmann transport simulation and fitting of electronic temperatures
for MBT. The solid lines are the fitting curves for the experimental transient electronic
temperatures using two fluences. The purple and red dashed lines are the corresponding phonon

temperatures. The blue and yellow dashed lines correspond to the resulted magnon temperatures.



3. Electronic Temperature Dynamics in the MBT/BT Heterostructure

We performed control experiments on MnBixTes/(BixTes)so [MBT/(BT)30] and (BT)27
films, grown by molecular beam epitaxy (Methods), using trARPES (Fig. S6(a)). These films’
quality was optimized such that the electronic and structural properties are comparable to the single
crystals. By the same procedure described in Supplementary Text 1, we extract the electronic
temperature 7, and the electronic relaxation time scale using 7= —T/(d7¢/dt) near the maximum
T¢. The relaxation time scales are similar for bulk-crystal MBT and MBT/(BT)30 films, being ~ 1
ps and ~ 1.6 ps, respectively, despite the different species of materials underneath the top MBT
layer. In contrast, the time scale for the (BT),7 film is ~6 ps (Fig. S6(b)). Moreover, the maximum
T.’s reached by bulk-crystal MBT and MBT/(BT)3 film are both in the range of 260-270 K using
the pump fluence of ~10 pJ/ecm? (Fig. S6(b)). This comparison suggests that the electronic
relaxation dynamics in MBT is mostly unaffected by scattering processes in the layers underneath
the top MBT layer, or by diffusion along the c-axis. Correspondingly, the wavefunctions of the
electronic states near Er in bulk-crystal MBT and MBT/(BT)30 cannot have substantial presence
in the layers underneath the top MBT layer. The long-lived excited population in BixTes is
attributed to the bulk-to-surface scattering which continues to refill the topological surface state

using electrons from the bulk conduction band reservoir(82).
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Fig. S6. Comparison between the T. dynamics of the MBT single crystal, MBT/(BT)s0

heterostructure, and (BT)27 film. The latter two are grown by molecular beam epitaxy (MBE).
(a) trARPES spectra of the MBT/(BT)30 (left) and (BT),7 film (right) taken at ~500 fs. (b) The Te

dynamics of the three systems, MBT and MBT/(BT)s30 have similar relaxation dynamics, in

contrast with the case of the (BT)7 film. Error bars show one standard deviation of the fitting

uncertainties.



4. 2D RKKY Model
We start from the Kondo lattice model. The Hamiltonian is:
Hyy = z el luo + ]Z S, s;. (s4.1)
ko i

The second term corresponds to the coupling between the localized spin §; and the effective spin
of the conduction electrons s;. J is the Kondo coupling constant. In a Kondo lattice, there are two
scenarios for the ground state of the system as indicated by the Doniach phase diagram: a Fermi
liquid of Kondo singlets or a cooperative magnetic system, known as the RKKY picture (45). The
RKKY interaction is derived from Eqn. (s4.1) by reducing the Hamiltonian to the space of the
localized spins S;:

D (SilHealS)) — Hrser = ) ek oo + %Z 5,8:- 5. (s4.2)

i#j ko i#j
Here, 3 is the RKKY coupling constant; ¢’ indicates the kinetic energy after the transformation

and is different from the first term on the RHS of Eqn. (s4.1). J;; is formulated as:

2

~ ] ng—n
Sij = — (N) Z cos[(k —q) - (r; —1;)]| — 1. (s4.3)
Sq Ek
kq
or in the continuous limit
i =-2 (L)Z ff dkdq cos|(k — )-R--]—"" (s4.4)
5] NV q q 19 gq _ Sk) .

where, R;; = r; — rj; V is the total volume in the momentum space. We can remove the n, term in
(s4.3) due to the symmetry between k and ¢ in this formalism. Now we calculate the RKKY

coupling constant in 2D. Eqn. (s4.4) in 2D polar coordinates becomes:

Ny

o~

] 2 [e9) 2T
i =— (W) ffo kqdkdq ffo do; d9qcos[kRij cos 0, — qR;j cos Hq] -

Solving this integral yields the following results, with Jo(x) and Yo(x) being the zero-order Bessel

. (s4.5
— o (549)

functions of the first and second kinds, respectively:



2m]\? ([ n
Iy =2 (W) ﬂo kqdkdq Jo(kRi;)]o(qRi;) e _kgk

2)\*2m [ “ qlo(qRy;)
=2 (W) il dkk]o(kRij)nka dqqg_—k;
2mnf 2omm [
:<W) hZ fo dick Jo (kRij) Yo (kRyj Jrue (T). (s4.6)

Combined with the temperature dependence of the Kondo coupling constant, the total temperature

dependency of the RKKY coupling strength finally becomes

2m] (T)\* 2mm
Jusr = 9 (Tor) S [ ik o (kR Yo Ry Ime (D) (s47)

NV

i%)
The Anderson’s Poor-Man scaling renormalization reduces the energy range of excitations in the
Kondo model to the conduction band only. It is valid as long as the electronic temperature is larger
than the Kondo temperature. Therefore, in our study of MBT, considering 7 > 12 K and that MBT
is a cooperative magnetic system, this scaling approach should be appropriate. The value of o/ in

Eqn. (3) of the main text is calculated as (43):

4A

Jp=—5 (54.8)

in which, A is the so-called bare resonant level width of the Anderson model which is
approximately the spectral half-width of the localized band; U is the repulsive potential of 3d
electrons.
Specifically, we gather the following details of the band structure for the calculation of J,4 using
this model:
e Mn 3d flat band localized at -4 eV with a spectral FWHM ~ 0.4 eV (40), thus A ~ 0.2
eV,
e Assuming U=2Eg’**~8eV,
¢ Conduction band bottom at -0.25 eV (we assume the Fermi level crossing in the middle
of the band), thus D = 0.25 eV and the corresponding temperature is ~2900 K,
e The RKKY interaction becoming negligible beyond 10 unit-cell distances from a Mn
atom, thus we only sum until 10 unit-cells in equation (s4.7). The absolute value of this
RKKY interaction strength is negative, supporting the ferromagnetic ground state for

the top septuple layer of MBT.



5. RKKY Coupling Strength and Magnetization
We use the Weiss model of ferromagnetism to relate the change in the RKKY coupling
constant to the change in magnetization. Magnetization at a finite temperature can be found by

solving simultaneously the two following equations (83):

M
E = B;(y) (s5.1)
_ gjusjAM

, s5.2

T, T (s5.2)
where M and M; are the magnetization and its saturation value, respectively; B;(y) is the Brillouin
function; j is the spin number; gj is the Landé-g value; us is the Bohr magneton; A is a constant

parameterizing the strength of the molecular field as a function of the magnetization:

2V %)ijS;

A=- . s5.3
Gy vs Y
The Curie temperature can also be written as:
up(j + 1AM
TC :g]:uB(] ) s. (85.4)

3kg
Therefore, equation (s5.2) becomes

ﬂ _ kgTy _gj.UB(j +1) _ G+ DTy (5.5)
Mg g;ugj 3kpTc 3jTe .

Eventually, solving (s5.1) and (s5.2) can be done by plotting the functions of y in (s5.1) and (s5.5)
and finding their crossing point. In our case of MBT, j = 5/2 for each Mn atom, 7c = 25 K. As the
RKKY interaction is considered, reducing J;; will also lead to smaller A and 7¢ as shown in (s5.3)
and (s5.4), which finally results in a smaller M.

At T=10K, M/Ms =~ 0.938 as shown in Fig. S7(a). When J;; is reduced by 30 %, M/M; = 0.845
(Fig. S7(b)), which means the demagnetization is about 1 -0.845/0.938 = 10%.

The Van Vleck coupling involves excited states of valence electrons, which is mostly 7e-
independent (8). Moreover, the superexchange interaction depends on how well the p and d orbitals
overlap in covalent bonds, which will vary in response to thermal lattice expansion and vibrations
(53) but can be neglected in the first 500 fs. Therefore, if the magnetism in the bulk of MBT is
dominated by the Van Vleck or superexchange interactions, the initial fast demagnetization due to
RKKY interactions will be much smaller in magnitude measured by the bulk-sensitive trMOKE

experiments, as compared to the theoretical prediction above.



To extract the appropriate value for the initial demagnetization from trMOKE, we first obtain ~1%
at 200 fs for the pump fluence of 20 puJ/cm? (Fig. S8). Moreover, we take into account the different
pumping and probing depths in the trARPES and trMOKE experiments. We calculate the average

absorbed energy density for each experiment by the following equation:
—Z —Z
foo dzF (1 — R)e%ump ¢ %probe
(D>obs = 2 —Z —Z ) (556)
) O°o dze%ump [ 0°° dz e%probe

where F is the pump fluence; R is the reflectance; dpump and dprobe are the pumping and probing
depths, respectively. Generally, dpump and dprobe  at specific wavelengths are obtained using the
imaginary part of the refractive indices (84), except for that dpove Of the trARPES experiment is
determined by the inelastic mean free path of the photoexcited electrons in solids (85). For

trARPES, R = 0.41, dpump ~ 20.9 nm and dprobe ~ 4 nm, Whlle fOI‘ tI‘MOKE, R = 0.52, dpump ~ 17.5

nm and dpobe =~ 20.9 nm. Thus, the ratio of the average absorbed energy densities is

(D trARPES

obs (D)trMOKE ~ 1.9. Based on this result, we estimate that the effective demagnetization
obs

magnitude in the trMOKE experiment is ~1.9 % for the same energy absorption as in the trARPES

measurements.
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Fig. S7. The reduction of magnetization following the reduction of the RKKY coupling
constant. (a) The original M/M; value is graphically found to be 0.938. (b) 30% reduction of the
RKKY strength leads to a new M/M; value of 0.845.

AM/M (%)

0 20 40 60 80

Fluence (uJd/cm?2)
Fig. S8. Extrapolated demagnetization at 200 fs for the pump fluence of 20 uJ/cm? (yellow

star) based on the linear dependence of the demagnetization on the incident pump fluences.
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Fig. S9. The temperature-dependent RMCD was measured with a pulsed laser (1.9 eV) with
the fluence ~ 60 pJ/cm?, which is similar to the pump laser conditions. The observed magnetic
transition temperature shows there is no substantial lattice heating due to the pump laser
illumination. The transition temperature (~28 K) is slightly higher than what has been reported in
the literature (~25 K) (29), which is attributed to the temperature difference between the cryostat

sample heat plate and the sample surface.



6. Elliott-Yafet-Type Spin-Flip Model
We follow Koopmans et al. (54) for the Elliott-Yafet model, which is formulated by three

coupled differential equations:

dT,
Ce(Te) d_te =V, (kV,Te) + gep (T, — T),

C, =2 =V,(kV,T.) + gep(T. — T,),  (s6.1)

dm_R T, 1 thmTC
ar ~ fmq (1= mecoth(=

))-

Here, « is the electronic thermal conductivity, ge, is the electron-phonon coupling constant, m =
M/Ms, Tcis the Curie temperature of the ferromagnet; C. and C, are the electronic and phononic
heat capacities, respectively. R is defined as
_ 8asfgepkBTc2Vat
 EBac/us

where a,ris phonon-induced spin flip probability; V. is the atomic volume in the case of elemental

, (s6.2)

magnets; Ep is the Debye energy; s is the atomic magnetic moment; and ws is the Bohr magneton.
We used 7 as obtained from Supplementary Text 1, 7, as obtained by the microscopic Boltzmann
model in Supplementary Text 2, and the following selection of parameters for MBT based on Refs.
(31, 54). asy = 0.06, gep = 0.27 x 103 JK'm>3fs!, Vi =4/3w x (1.6 x 10°)* m? (volume of a Bi atom),
Har = 0.05 for a combined p-spin of Bi and Te, Ep = ksTp = 100ks (31, 55). The resulted dynamics
of magnetization is completely different from experimental data, as shown in Fig. S10. The
magnetization quickly collapses to zero within the first 1 ps, and never recovers in the next 6 ps.
The fundamental reason for this result is that the 7. we used reaches > 500 K near time zero, which
is 20 times bigger than the magnetic transition temperature (25 K). In a traditional ferromagnetic
metal, this transient electronic temperature would have led to a complete demagnetization,
reflected by Fig. S10. However, in a p-d coupled system such as MBT, where the RKKY
mechanism connects the p-electrons and the 3d moments, the high temperature of the p-electrons

only has a small impact on the magnetization as seen in our experiment.
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Fig. S10. Elliot-Yafet-type three-temperature model fails to capture the ultrafast
demagnetization in MBT. The electronic temperature and phonon temperature are collected from

fittings in Supplementary Texts 1 and 2.



7. Landau-Lifshitz-Gilbert (LLG) model
The LLG model starts with a Heisenberg-type Hamiltonian:

H: _Z]l]SlS]_KZSlZZ_]pdzslsl (871)
ij i i

This Hamiltonian is a more comprehensive Hamiltonian compared to Eqn. (1) in the main text.
The exchange coupling constant (J;) here includes all coupling channels for two 3d spins
(superexchange and others), while K is the single-ion anisotropy coefficient which breaks the
continuous symmetry in 2D, making ferromagnetic ground state possible (avoiding the Wigner-
Mermin theorem). S% is the z-component of $i, and Jpq is the intra-atomic exchange coupling
constant for the d spin and p spin in one atom. From this Hamiltonian, the effective field in the

LLG equation can be calculated:

i oH i
eff — _E + Hyppise- (57'2)
l
The general LLG equation is:
ds; y . .

for both d- and p-spins, where, y is the gyromagnetic ratio and A is the Gilbert damping parameter.
In fact, the superexchange is barely affected on our time scale (<500 fs) due to the slow thermal
responses of the lattice. The first term in (s7.1) rather contributes a constant in the effective field
written in (s7.2), and the dynamics is mainly contributed by the last term with J,,. In that case we

can consider the effective Hamiltonian for the ultrafast dynamics as:
H' = —]pdzsi'si. (574)
i

This Hamiltonian is in fact the Kondo lattice Hamiltonian we discussed in Supplementary Text 3.
Since both models start with the same Hamiltonian, fundamentally they are equivalent up to the
treatment of the effective fields in the LLG model and the scaling renormalization in the RKKY

model.
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