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ABSTRACT: We theoretically study the effect of low-frequency light pulses in resonance with 6 o o o o
phonons in the topological and magnetically ordered two-septuple layer (2-SL) MnBi,Te, oo oo oo oo
(MBT) and MnSb,Te, (MST). These materials share symmetry properties and an ﬁ 3 ﬁ 3 g
antiferromagnetic ground state in pristine form but present different magnetic exchange 0¥ 0% ov o
interactions. In both materials, shear and breathing Raman phonons can be excited via °° oo oo oo o
nonlinear interactions with photoexcited infrared phonons using intense laser pulses that can be
attained in the current experimental setups. The light-induced transient lattice distortions lead
to a change in the sign of the effective interlayer exchange interaction and magnetic order 0 @0 @0 oo
accompanied by a topological band transition. Furthermore, we show that moderate antisite oo Oo oo o° o
disorder, typically present in MBT and MST samples, can facilitate such an effect. Therefore, ﬂ a 3 3
our work establishes 2-SL MBT and MST as candidate platforms for achieving non-equilibrium © 0 o o
magneto-topological phase transitions. © 0 0 0 O
O 0 o o
Antiferromagnetic topological insulators (ATIs) can host ATIs.”>"* Most notably, nonlinear phononics,”>***’ a
exotic phases of matter such as the quantum anomalous transient and controlled lattice distortion induced by photo-
Hall (QAH) effect and axion insulators." The search for these excited phonons, has been successfully used to transiently
topological phases motivated the addition of magnetic dopants enhance superconductivity,”**° manipulate and induce ferro-
in topological insulators, which led to the observation of a electric states,””*” and induce dynamical ferrimagnetic
QAH effect and candidates for axion insulators at very low transitions.>> More recently, Stupakiewicz et al. induced
temperatures.” " However, intrinsic ATTs promise to manifest switching of magnetization in yttrium iron garnet (YIG) thin
these phases at higher temperatures, which are desirable for films by pumping of phonon modes.”" More generally, light
applications. Indeed, the recent predictions, synthesis, and has b3e5en shown to induce metastable charge-densi3 -wave
exfoliation of the van der Waals materials MnBi,Te,, states™ and incite transitions into hidden phases.” This
MnBi,, Tes,,;, and MnSb,Te,” "> allowed the detection of experimental evidence motivates the use of non-equilibrium
QAH states in odd septuple layers (SLs) and axion states in approaches to manipulate magneto-topological order in ATIs.
even SLs'*™" and the observation of an electric field-induced In this work, we show theoretically that an AFM to FM

magnetic transition accompanied by a topological transition
can be induced in 2-SL MXT (X = Bi or Sb) samples with
intense, experimentally accessible terahertz laser pulses in
resonance with the phonons. Interestingly, the moderate
antisite disorder typically present in these materials reduces
the laser intensity threshold to induce the transition.

In MXT materials, the constituent SLs (see Figure la) are
held together via van der Waals forces, which allows exfoliation
in thin samples.””** We will focus on systems with two SLs,
because they correspond to the minimal system that can

layer Hall effect in six SL samples."®

The intertwined nature of the magnetic and topological
order in ATIs offers the possibility of exploring topological
transitions induced by changes in the magnetic order and vice
versa. For example, recent experiments suggest that increasing
the distance between the magnetic planes in the MnBi,,Tes,,,
family leads to ferromagnetic order.” On the contrary,
decreasing the distance in MnBi,Te, single crystals via
hydrostatic pressure leads to the suppression of the AFM
order.'””® In contrast, in Crl;, a low-dimensional magnetic
system with trivial topology, hydrostatic pressure induces an
antiferromagnet (AFM) to ferromagnet (FM) transition.”! Received: January 10, 2022
However, a suitable mechanism for modifying the magnetic Accepted:  April 19, 2022
order in ATIs without applied external magnetic fields or Published: May 4, 2022
superlattices remains elusive.

To this end, non-equilibrium approaches provide a possible
pathway for achieving magneto-topological transitions in
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Figure 1. (a) 2-SL MXT lattice structure and magnetic order 0'.00' ? o o o &$ 3 e o
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accommodate interlayer AFM order. Within each layer, the
magnetic moments are aligned ferromagnetically, but opposite
layers possess opposite magnetic moment directions. For 2-SL
MBT, the critical temperature is approximately 20 K.** For
bulk MST, a critical temperature of 19 K has been reported.*’
However, depending on the synthesis conditions, bulk MST
can possess a ferromagnetic ground state,""*

2-SL MBT and 2-SL MST present space group P3m1 (No.
164) with point group Dsy in their paramagnetic phase. The
unit cell contains N = 14 atoms with Te atoms located in
Wyckoff positions 2d (*/3, /3, z) and 2¢ (0, 0, z), Mn atoms at
position 2d, and X = Bi and Sb atoms at positions 2¢ and 2d.
The lattice vibration representation is given by the equation
Ly = 7A1, @ 7A,, © 7E, @ 7E,, which corresponds to seven
nondegenerate (A,,) and seven double-degenerate (E,) Raman
modes, with equal numbers of their infrared counterparts,
including the three acoustic modes (E, @ A,,). The character
table for Ds,; is shown in the Supporting Information.

Employing group theory and projection operators, we derive
the set of real-space displacements that bring the dynamical
matrix into block-diagonal form, according to their irreducible
representations (see the methods in the Supporting
Information for details). We find that the shear mode where
one SL shifts in the [100] direction and the opposite SL in the
[100] direction belongs to the Eg irrep. Its partner corresponds
to an orthogonal in-plane displacement. The breathing mode
consists of the SLs moving away from and toward each other in
the direction normal to the plane ([001] and [001],
respectively) and belongs to the Aj, representation. Figure
1b shows representations of these modes. For a detailed group
theory study of few-SL MBT, see ref 43.

Now that we have established that the shear and breathing
modes are allowed by symmetry and determined their irreps,
we calculate the phonon frequencies at the I' point. We
considered paramagneticc FM, and AFM configurations
without spin—orbit coupling and found only negligible
differences among the corresponding phonon frequencies.
The results for both 2-SL MBT and MST are summarized in
Figure 2. Panels a and b show the I" point phonon frequencies
with their corresponding irreducible representation indicated
by the shape of the marker. In both materials, the shear and
breathing modes present the smallest frequency among the
optical modes (indicated by downward gray arrows), and their
frequency is smaller by a factor of 2 compared with that of the
next optical phonon.
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Figure 2. Phonon frequencies for (a) 2-SL MBT and (b) 2-SL MST
obtained with first-principles calculations. The gray arrows indicate
the phonons illustrated below. (c and d) Real-space lattice
displacements with their corresponding frequencies. Red arrows
indicate the displacements.

Having characterized the properties of the phonons in the
harmonic regime, we next consider the symmetry aspects of
their nonlinear interactions and their laser excitation. A laser
pulse incident onto a sample can couple directly with infrared
(IR) modes, depending on the laser frequency and electric field
direction. In turn, such an IR mode can couple nonlinearly
with some Raman modes, provided their irreps satisfy the
condition [I'x ® I'r] ® I'x D Alg.27 This mechanism is
termed nonlinear phononics’®*”** and has allowed exper-
imental”>**7?%**** 4nd theoretical manipulations of corre-
lated states of matter.**™*’ For the 2-SL MXT’s point group,
driving a A,, mode can rectify totally symmetric modes, such
as the breathing modes, because A,, ® A,, = A, Thus, the
shear modes (E, irrep) are not affected. On the contrary,
driving an E, mode allows coupling with the low-frequency
shear modes in conjunction with the breathing mode, because
E,®E, = A, ® Ay ® E,

Once an IR mode has been driven with a sufficiently strong
laser pulse, coupling to all Raman modes with compatible
irreps is allowed by symmetry. However, in our case, because
the solution of the dynamical equations scales with the inverse
square of the Raman frequency (~Qp %), we can simplify the
calculation and restrict the nonlinear interactions to only the
low-frequency shear and breathing modes.””** We now
consider a laser pulse optimized to couple with the highest-
frequency IR modes, with irrep A,,. This mode presents the
strongest coupling with the laser as shown by the largest Born
effective charge Z*°>' (see the Supporting Information). In
this case, the nonlinear potential for 2-SL MBT takes the form

1 2 2 1 2 2
VIQuy QR(3)’ t] = EQIR Qr™ + EQRG) QR(3)

1 .
+ ysQIRZQR(3) + gﬂsQRGf + Z*-E, sin(Qt)F(t)Q,,
(1)

where y; and ff; are nonlinear coefficients determined from
DFT calculations (for the procedure and numerical values, see
the Supporting Information), E, is the electric field amplitude
with the Gaussian profile F(t) = exp[—£*/(27*)], and Q is the
laser frequency, which we choose in resonance with the IR
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mode Q = Qpy = 4.69 THz. Note that the driven A,, nonlinear
potential is much simpler than that for driven E, modes. This is
because the A,, phonons do not couple to E, modes up to
cubic-order interactions.

For 2-SL MST, there are two IR modes with A,, irreps,
similar Born effective charges, and similar frequencies.
Therefore, we need to consider the simultaneous excitation
of the two A,, IR modes, which leads to the potential

2

1 2 2

V[{QIR(i)}’ Q—R(3)’ t] = Z EQIR(i) QIR(i)
i=1

1 2 2 2 2
+ EQRB) QR(3) + 71,3Q1R(1) QR(S) + yz,sQIR(z) QR(S)
1 3
+ 71,2,3Q1R(1)Q1R(2)QR(3) + §ﬂ3QR(3)

+ (2] Q1) + Z3 Qo) Eo sin(QUF(2) @)

For 2-SL MST, we consider the laser frequency Q = [Qp(})
+ Qg(2)]/2 THz. The phonon dynamics are determined by the

equations of motion 0,Qg = —dg, V[Qr() Qr] and 0/ Qi =
=09, VIQr@), Qrl, where i runs over the driven IR modes.

We solve the differential equations numerically. In this work,
we do not consider the phonon lifetime. Recent Raman
measurements have shown that the lifetime of the breathing
mode is approximately 13.3 ps,”” which is sufficiently long for
the electronic degrees of freedom to respond.

The phonon dynamics for a general laser intensity and pulse
duration can be obtained by solving the equations of motion
numerically. In Figure 3a, we show a sketch of a laser-irradiated
2-SL MBT sample. The incoming light with frequency Q = Q
= 4.69 THz couples directly to the corresponding resonant IR
mode. As we show in Figure 3b, this mode oscillates around its
equilibrium position. Anharmonic coupling induces dynamics
in the Raman breathing mode, even though it does not couple
directly to the laser. The nonlinear nature of the interaction
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Figure 3. (a) Sketch of a light-induced lattice distortion. (b) Time
dependence of the infrared phonon mode directly excited by the
incident laser pulse in 2-SL MBT. (c) Nonlinearly excited breathing
mode, which oscillates about a new shifted position. The laser
parameters used in panels b and ¢ are 7 = 0.6 ps and E, = 0.6 MV/cm.
(d) Average displacement of the nonlinearly photoexcited breathing
mode Qg(s) for MBT (black) and MST (red) for 7 = 0.3 ps and laser
frequency Q = Qp(yy for 2-SL MBT and Q = [Qr(yy + Qir(y)]/2 for
2-SL MST.
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(73QxQ*) leads to oscillations about a position shifted with
respect to the equilibrium position. Figure 3¢ shows such
oscillations for a laser with peak electric field E, = 0.6 and pulse
duration 7 = 0.6 ps. Similar responses were obtained in 2-SL
MST, where the main difference is the presence of two A,, IR
modes, instead of one. Notice that with light, we can obtain
only (Qgs)) = 0, which corresponds to an effective increase in
the Mn—Mn layer separation. This is a consequence of the sign
of the nonlinear coefficients (y; for MBT and y, ; and 7, ; for
MST), which is intrinsic for the materials.

The complementary process of bringing the Mn planes
closer to each other could be achieved by applying uniaxial
pressure. Theoretically, ref 53 predicts that bulk MBT
undergoes a topological quantum phase transition under
2.12% compressive strain.

In Figure 3d, we plot the time average of the shear modes as
a function of E; for 7 = 3 ps. Experimentally, fields of <100
MV cm™ have been reported in the range of 15—50 THz,>*>®
but limitations are imposed by the amplitude of the
corresponding lattice distortion. For 2-SL MBT (2-SL
MST), (Qgaz)) = S A/vamu corresponds to a 1.68%
(1.88%) increase in the Mn—Mn plane interlayer distance.
For 2-SL MST, the dynamical equations become unstable for
E, 2 2 MV/cm. However, the range of stability is large enough
to obtain a magnetic transition.

Inelastic neutron scattering measurements°° suggest that the
magnetic order in bulk MBT is described by the local-moment
Hamiltonian (S = °/,) H = H,, + Hierr where the

intra
intralayer Hamiltonian written as

can be
Hiora = —Zi;. ]il,Si~Sj -DY, (Siz)2 with exchange interaction
Ji (up to fourth-neighbor interactions are needed to fit the data
correctly with SJ; = 0.3 meV, SJ, = —0.083 meV, and §J, =
0.023 meV), and SD = 0.12 meV is a single-ion anisotropy.
Thus, the effective intralayer coupling is positive and leads to
the ferromagnetic order in each Mn layer. The interlayer
Hamiltonian is given by H,.., = —J. Z@ §;S;, where experi-
ments suggest a nearest-neighbor AFM interlayer interaction
SJ. = —0.055 meV.>® We obtain the spin Hamiltonian from
first-principles calculations, employing a Green’s function
approach and the magnetic force theorem.’”® The calcu-
lations were performed using a GGA+U approximation, which
describes adequately localized Mn 3d states with U,g=U — ] =
5.3 eV.”*" For the interlayer interactions, the Hamiltonian

Hoer = — ZI.J,JC..S--S- where

inter i oj
longer-range interactions are relevant. In pristine MXT
compounds, the interlayer coupling governs the antiferromag-
netic order in the ground state, which is mainly mediated by a
long-range double-exchange interaction via Te ions.”"'
However, natural lattice defects such as antisite Mn—Bi or
Mn—Sb disorder or Mn excess in Bi (Sb) layers can lead to
ferromagnetic order in these systems.*"”

We now study the effect of laser-induced transient lattice
distortions on the magnetic order. Under a time-dependent
lattice deformation, small compared with the equilibrium
interatomic distances, the spin exchange interaction can be
approximated as®

takes the more general form

Jlu()] =J° + 8J6-u(t) + Olu(t)’] (3)
where u(t) is the real-space lattice displacement, J° is the
equilibrium interaction, and o] is the coupling constant
between the phonon and the spins. The connection with
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phonon amplitude Q is given by u, = Q/ /m, e, where m, is
the mass of atom k and e, is the normalized dynamical matrix
eigenvectors.

Next, we define the effective spin interaction employing
Floquet theory. The exchange interactions set the relevant
energy scale, with <1 meV. Because the infrared phonon
frequency (Qp ~ 4.95 and 4.69 THz) used is larger than the
exchange energy, we can define an effective time-averaged
exchange interaction J*f = J° + 5J6-(ug), where (---) indicates
the time average. Thus, when the phonons oscillate about their
equilibrium positions (harmonic phonons), such that (u) = 0,
the exchange interactions are not modified in the picture
discussed here. The non-zero average shift, however, can
renormalize the interactions leading to different magnetic
configurations compared with the equilibrium counterparts.

We compute the light-induced effective exchange inter-
actions as a function of phonon amplitude Qg(s). Our results
are summarized in Figure 4. We plot the average interlayer

(@

—e— Pristine

- 5% ASD

—e— Pristine
-#-5% ASD

Figure 4. Effective averaged interlayer exchange interaction as a
function of average breathing mode (Qg(;)) for (a) 2-SL MBT and
(b) 2-SL MST. The purple circles correspond to pristine samples,
while squares correspond to 5% antisite disorder (ASD).

exchange interaction J [« = LN Y. J... as a function of Qg(s).

ij £t]
We used a supercell, which consists of seven SLs of MBT
(MST) and three SLs of vacuum simulated by empty spheres.
Joi represents an average exchange interaction, and N is the
number of interacting magnetic moments taken for the
average. For pristine 2-SL MBT (2-SL MST), we find a sign
change in the interlayer exchange interaction at Qp(z) ~ 2.4 A
vamu [Qgg) ~ 0.7 Ay/amu |. These phonon amplitudes can
be obtained with a laser pulse with an E; of 1.7 MV/cm and a
7 of 0.3 ps (E; ~ 1.5 MV/cm, and 7 = 0.3 ps), as we show in
Figure 3. Generally, increasing the vertical distance between
the Mn magnetic moments weakens the antiferromagnetic
coupling and favors ferromagnetic order in these systems. The
time scale for the spin reorientation following the sign change
in J.& depends on parameters such as the Gilbert damping
factor,”' the exact spin anisotropy for 2-SL MBT and MST,
and the laser-induced J.¢ but is within the limits of the effect
we predict to occur.
Because MXT samples are prone to antisite disor-
der,"*?9*7% with disorder percentages depending on the
sample fabrication process, we also discuss the role of disorder
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in the light-induced magnetic transition. Depending on the
concentration percentage, Mn—Sb antisite disorder can tune
the interlayer magnetic interaction into ferromagnetic states.”
Here, we study theoretically the role of antisite disorder in the
light-induced magnetic transition discussed previously.

First, we will assume that the antisite disorder has a
negligible effect on the phonon frequencies. This assumption is
supported by recent Raman measurements in 2-SL MBT
samples with inherent antisite disorder, because the measured
phonon frequencies are in agreement with density functional
calculations for pristine samples.”

Next, we introduce disorder into our calculations for the
exchange interactions. The antisite disorder is assumed to be
an interchange of Mn with Bi(Sb) elements between the Mn
layer and Bi(Sb) layers. This is consistent with recent
experiments.*' Antisite disorder effects were found to have a
quantitatively important effect on the exchange interaction in
these materials. Disorder effects are treated using a coherent
potential approximation (CPA) as it is implemented within
multiple scattering theory.”® We show our results in Figure 4,
where we consider 5% antisite disorder, which is a realistic
concentration in most of the known MXT samples.”*"** In
general, antisite disorder favors a ferromagnetic interlayer
coupling. The main reason for this is that Mn moments in
Bi(Sb) layers favor a long range ferromagnetic coupling
between the septuple layers.”” Also, the reduction of magnetic
moments in Mn layers diminishes the extent of antiferromag-
netic coupling. At zero displacement, a finite amount of
disorder can weaken the effective exchange interaction, leading
to weaker electric fields that are necessary to drive the
transition. In Figure 4, the concentration we consider leads to a
disorder-induced ferromagnetic ground state.

We established theoretically the possibility of tuning the
interlayer magnetic order from antiferromagnetic to ferromag-
netic in 2-SL MXT samples using light in resonance with the
phonons. Now we demonstrate that a topological transition
accompanies such a light-induced magnetic transition.

The topology in MBT is rich. In bulk MBT, the magnetic
structure is invariant with respect to time reversal and half-
lattice translation symmetries. This leads to a Z, topological
classification, with Z, = 1.’ In the thin-film limit, the topology
depends in the number of SLs.”® For example, 1-SL MBT is
predicted to be a FM trivial insulator, with Chern number C =
0. 2-SL, 4-SL, and 6-SL MBT present a zero plateau QAH,
with C = 0 in the AFM phase and ICl = 1 in the FM phase.
Odd layer (3-, S-, and 7-SL) MBT is predicted to be in a ICl =
1 QAH insulating state. Experimentally, the QAH state has
been observed in 5-SL MBT at 1.4 K*” and a zero Hall plateau,
characteristic of an axion insulating state, in 6-SL MBT.*®

We study the topology of 2-SL MBT as a function of the
lattice displacements by examining the electronic band
structure and the projection of the p X = Bi, Sb, and Te
states. The band inversion serves as an indicator of the
topolog1cal nature of the material within topological band
theory.”” Our results are summarized in Figure 5. In the
equilibrium configuration (left panels with Q = 0) with FM
order, both 2-SL MBT and 2-SL MST exhibit the expected
band inversion.”*' For the out-of-equilibrium distorted
structures (right panels), FM order is preferred as we showed
before. We find that the band inversion is present, which
indicates the topological nature of the new laser-induced
structures.
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Figure 5. Band structure with projected p states for 2SL-MXT in the
FM state. In all cases [FM static (Q = 0) and FM out of equilibrium
(Q # 0)], we find that the bands are inverted.

This work studied the effect of terahertz light pulses in
resonance with infrared phonons in the magnetic and
topological order of 2-SL MXT samples theoretically. We
found that moderate laser intensities, which can be attained in
current experimental setups, can induce nonlinear dynamics in
the Raman breathing mode. The time average of these
dynamics leads to effective lattice distortions that separate the
SLs, effectively increasing the distance between magnetic atom
planes. Using first-principles methods, we found that the new
non-equilibrium lattice configuration can favor ferromagnetic
order. Furthermore, the transition between antiferromagnetic
and magnetic order can be tuned via antisite disorder. We
showed that the magnetic change is accompanied by a
topological transition, as diagnosed by a band inversion as a
function of phonon amplitude. Thus, our theoretical work
demonstrates the possibility of achieving a sought-after
magnetic topological transition in 2-SL MXT samples
experimentally. Such a transition in both 2-SL MBT and
MST establishes a broader trend in materials, which could be
applied to other van der Waals magnetic topological materials.
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