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Magnetic-order-mediated carrier and phonon dynamics in MnBi, Te,
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We investigate the quasiparticle dynamics in MnBi,Te, single crystals using ultrafast optical spectroscopy.
Our results show that there exist anomalous dynamical optical responses below the antiferromagnetic (AFM)
ordering temperature Ty. In specific, we reveal that both the initial carrier decay and recombination processes
can be modulated via introducing the AFM order in subpicosecond and picosecond timescales, respectively.
We also discover a long relaxation process emerging below Ty with a timescale approaching the nanosecond
regime, and can be attributed to the 7-dependent spin-lattice interaction. There also emerges an unusual phonon
energy renormalization below Ty, which is found to arise from its coupling to the spin degree via the exchange
interaction and magnetic anisotropy. Our findings provide key information for understanding the dynamical
properties of nonequilibrium carrier, spin, and lattice in MnBi, Te,.
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I. INTRODUCTION

Magnetic order is one of the essential elements for manip-
ulating quantum materials due to its capability of mediating
the abundant spin-related phenomena [1-3], as exemplified
in strong correlated systems, magnetic two-dimensional ma-
terials, as well as the highly focused magnetic topological
materials. Their promising applications, e.g., spintronic de-
vices, photonics, and quantum information, are based on the
research of interactions between magnetism and related de-
grees of freedom [3,4]. MnBi,Te4, a three-dimensional (3D)
antiferromagnetic (AFM) topological insulator (TI), is very
suitable for studying the interaction between the magnetic
order and fermionic carriers in the topological nontrivial band.
It has a van der Waals—type layered structure with the space
group R3m [5,6]. Previous theoretical calculation and exper-
iments show that its Néel temperature (7y) is around 24 K,
below which the AFM order along crystallographic ¢ axis
occurs [5,7-9]. Compared to conventional nonmagnetic TIs,
the MnBi, Tey is also expected to be ideal for exploring exotic
topological quantum phenomena such as quantum anomalous
Hall effect, axion insulator states, etc. [5,7—15], where it is
critical to understand how the charge and lattice degrees of
freedom interact with the magnetic order below the transition
temperature in this system. The spin-lattice interaction below
Ty is found to play the key role for the A]  phonon mode with
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terahertz frequency, deviating from the anharmonic model in
both the bulk MnBi,Tes [16] and few-layer MnBi, Te4 flakes
[17], where, however, there exists discrepancy of the reported
T-dependent behaviors. Besides, it is still unclear whether the
low-energy phonons with gigahertz frequency can be coupled
to the spin system [18]. Consequently, several issues remain
to be elucidated in this material system, e.g., (1) interaction
between the nonequilibrium carriers and the magnetic order,
and (2) the spin-lattice coupling in various timescales or en-
ergy scales.

Ultrafast optical pump-probe spectroscopy (UOPP) has
been proved to be a very effective technique in studying the
coupling between different degrees of freedom in the ultrafast
timescale, including the charge, phonon, as well as spin or
magnon. In this work, we perform temperature-dependent
UOPP measurements in MnBi,Te, single crystals to study
the carrier and lattice dynamics, which are discovered to be
strongly coupled with the AFM order below Ty. We discuss
quantitatively the relevant interactions contributing to the ob-
served dynamics.

II. EXPERIMENT

Figure 1(a) shows the schematic of our experimental
setup, which is commonly used for UOPP measurements.
The time-resolved transient reflectivity change AR/R was
measured based on a pump-probe scheme using a Ti:sapphire
laser oscillator that produces 35-fs pulses with a repeti-
tion rate of 80 MHz at a center wavelength of 800 nm
(~1.55 eV). The pump beam, with a typical fluence of
~0.3 wJ/cm?, directs along the normal incidence and is kept
p-polarized. Meanwhile, the probe beam, with a typical flu-
ence of ~0.03 wJ/cm?, is incident at a ~10° angle to the
sample normal and is kept s-polarized. In our measurements,
the sample temperature can be tuned between 5 K and 300 K
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FIG. 1. (a) Schematic picture of the ultrafast optical pump-probe
spectroscopy setup. (b) Transient reflectivity AR(z)/R as a function
of temperature for bulk MnBi,Te, single crystal. (c) Fitting of the
nonoscillatory signal at 5 K in short timescale. (d) Fitting of the long-
rising component at 5 K in long timescale.

in vacuum. The single-crystal MnBi, Te, sample was synthe-
sized by flux method, and characterized by x-ray diffraction
(XRD) and Raman spectroscopy measurements. Details about
the sample preparation and its characterization are given in
Appendix A.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the measured signal AR/R as a
function of temperature. Upon photoexcitation, we observe
an instantaneous rise followed by a nonoscillatory relax-
ation superimposed with oscillatory signals. The relaxation
components exhibit several decays with different lifetimes,
indicating multiple relaxation channels for the photoexcited
carriers. Surprisingly, after ~10 ps below the Néel tempera-
ture, there emerges a very slow rising process extending into
the nanosecond regime, characterized by Tion.

In fact, the signals AR/R within the initial ~10 ps are
quite similar to those measured in other topological insulators,

e.g., BirSe; [19-21], where the oscillatory and exponential
decay processes could also be found. This is understandable
considering that the MnBi,Te4 belongs to the 3D topologi-
cal insulator Bi,Se; family with layered structure. In these
materials, the short-lifetime decay process is usually related
to carrier relaxations, such as carrier cooling or recombina-
tion, while the oscillatory components represent the coherent
phonon or other collective excitation. They will be discussed
in detail below.

First, we focus on the relaxation processes within the initial
~10 ps. To quantify these decays, we fit the signals with
following formula [22,23]:

AI;(I)Z Y e +C | @G0, M

i=1,2

where A; and 7; (j = 1, 2) are the amplitudes and relaxation
times, respectively. C is a constant representing long-lifetime
processes, and G(¢) is a Gaussian function standing for the
pump-probe cross correlation. The fitting quality is very good,
as manifested by Fig. 1(c), where we can see that A; < 0 with
71 having a subpicosecond timescale (blue curve), and A, > 0
with 1, having a timescale of few picoseconds (green curve).

The decay time 7; as a function of temperature is shown
in Fig. 2(a). t; above Ty with a subpicosecond timescale is
usually attributed to electron-phonon scattering [21,24,25].
Quantitatively, it could be described by the two-temperature
model (TTM) [21,24,25] (see Appendix B), which was previ-
ously used to study the relaxation dynamics of photoexcited
carriers in metals or semimetals.

As seen in Fig. 2(a), the fitting quality via the TTM is
excellent and proves its validity to describe the fast relax-
ation process characterized by t; at 7 > Ty. We can obtain
the electronic specific heat coefficient y = 4.5 Jm K2
and the electron-phonon (e-ph) coupling constant g,, =
8.9 x 10" Wm™>K~!. These fitted parameters are close to
those of the 3D topological insulators in the Bi,Se; family
[21], indicating their similar electron-phonon interaction.

Particularly, we notice that t; decreases rapidly below the
Néel temperature. The sudden change of 7| near Ty clearly
cannot be explained by the conventional TTM. Due to the
AFM phase transition appearing below 7Ty, the magnetic order
should strongly affect the carrier relaxation [26,27]. Specifi-
cally, at T < Ty, values of 7 are clearly smaller than those
expected by the conventional TTM, suggesting that formation
of the AFM order opens a new relaxation channel for the
hot electrons, which might arise from the electron-magnon
interaction [28]. This type of relaxation could be estimated
by simply considering the heat exchange between electron
and spin subsystems. The associated decay time 7., can be
estimated by [29]

4 1 1

Fen o‘gE‘S[CEm - CS<T)]’ @
where gg_s, CE(T), and CS(T) are the electron-magnon
coupling constant and specific heat of electron and spin reser-
voirs, respectively. Here, CE(T) = yT,, which is obtained
from TTM fitting, the temperature T is the ambient temper-
ature, and 7, is the electron temperature (see Appendix B).
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FIG. 2. The decay times 1, (a) and 7, (b) as a function of tem-
perature. The red solid curve in (a) is the TTM fitting at T > Ty and
the dashed curve is the extension to below Ty . The blue solid curve is
the fitting via electron-magnon interaction for 7 < Ty. In (b), the red
curve is the fitting based on the phonon-assisted e-h recombination
process, which is schematically shown by the inset.

Values of CS(T) are from previous heat capacity measure-
ments [8,30]. In fact, due to CE(T) > CS(T'), we can ignore
the term 1/CE(T) in Eq. (2). Therefore, we can fit the val-
ues of 7; below Ty using the formula 77! =17, !+ 7!,
where 7! represents the contribution from the temperature-
insensitive relaxation channel, which is often attributed to
e-ph coupling at low temperatures [21,31]. As shown in
Fig. 2(a), the fitted results agree well with the experimental
data. It is worth mentioning that we treat the value of gg_g
as a constant during the fitting. However, deviation of the
fitting curve from the experimental data as 7 approaches
Ty might indicate the temperature-dependent property of
8E-s, €.g., gradual vanishing of gg_g caused by the dimin-
ishing of long-range magnetic order. Moreover, considering
the analogy between electrons and phonons, we can further
estimate the product of dimensionless electron-magnon cou-
pling constant and the square of magnon cut-off frequency
(kmwfn) to be 42.1 THZ?, according to t,,, = SwkpT,/ 3hk,,1w,%1
[28]. Although there is no known parameter value(s) for
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FIG. 3. 7jone and g; s as functions of temperature.

comparison due to the lack of related work from other re-
search groups, such value should be useful for future related
research.

7, as a function of temperature, characterizing the decay
process with a timescale of several picoseconds, is shown in
Fig. 2(b). As is known, after e-ph thermalization, the nonequi-
librium electrons (holes) can cool down and accumulate at
the minimum (maximum) of the conduction (valence) band.
The subsequent relaxation involves the recombination pro-
cesses. Since direct recombination normally takes a long time
with a nanosecond timescale [32], it cannot account for the
T-dependent t,. However, the phonon-assisted electron-hole
(e-h) recombination [24,25,33], where the electron and hole
recombine with the assistance of e-ph scattering between the
electron and hole pockets, has exactly the same timescale as
that of 7,. Actually, in the electronic structure of single-crystal
MnBi;Tey4, the conduction band can be very flat along some
specific momentum direction within the Brillouin zone, i.e.,
bands along I — Z in the inset of Fig. 2(b) [34], which is in
favor of such indirect recombination. Therefore, we can use
the phonon-assisted e-ph recombination model to describe the
decay time 1, as

1 X 1

—=A +_7 3
T sinh’x 10 )

where x = hiw,/2kpT, and w, corresponds to the average
frequency of phonons involved in the e-h recombination.
Ty represents a temperature-independent recombination time
which relies on the impurities or defects of the sample. A
is a parameter related to the density of states in the elec-
tronic energy bands and the matrix elements for interband
e-h scattering. It can be seen from Fig. 2(b) that the fitted
results agree quite well with the experimental 7, above the
Néel temperature. We further obtain that w/2w = 1.38 THz
and 9 = 4.16 ps. Here, w is quite close to frequency of the
dominant oscillation observed [as shown in Figs. 4(a)—4(c)],
ie., Aig mode.

Similar to the temperature-dependent t;, the values of 1,
at T < Ty deviate from the trend predicted by the indirect
recombination scenario. Due to the existence of the long-
range AFM order in this temperature regime, two possible
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FIG. 4. (a) Fourier transform spectra of the extracted oscillations
as a function of temperature (map color rescaled via log,). (b) Ex-
tracted oscillation at 10 K (black) and the fitted curve (red) using
damped harmonic oscillators. (c) The three oscillation components
with different frequencies derived from the fitting. [(d)—(f)] The
frequencies of three phonon modes obtained via fitting as a function
of temperature. The red lines are fitted curves using Eq. (5). The blue
line in (d) is the fit via Eq. (9).

mechanisms might contribute to such temperature depen-
dence. First, we can consider the interaction between phonons
and magnons [16], which can renormalize the phonon fre-
quency and change its population, and hence is able to affect
the phonon-assisted recombination. Second, the magnon-
assisted recombination can also contribute to the carrier
relaxation, where the magnon plays a similar role to the
phonon, i.e., compensates the conservation of energy and
momentum in the recombination process. However, in the
second case magnon should open a new relaxation chan-
nel that will accelerate the recombination process. This
is clearly not consistent with our observation. Therefore,
we believe that the phonon-magnon interaction, rather than
the magnon-assisted recombination, dominates the relaxation
characterized by 1, at T < Ty. Renormalization of the phonon
energy is indeed observed in our experiment, as discussed in
detail below.

As mentioned earlier, after ~10 ps there emerges a long-
rising process below Néel temperature characterized by Tiong,

which should originate from the AFM order [29,35-37]. Its
T-dependent timescale spans from hundreds of picoseconds
to a nanosecond, and is consistent with previous observation
associated with the spin-lattice interaction in several other
magnetic materials [29,35]. This type of interaction could be
phenomenologically described by the energy exchange be-
tween spin and lattice subsystems [29]. Their coupling can be
effectively described by a parameter g; s, which indicates the
coupling strength or energy transfer rate. Then, the relaxation
time of nonequilibrium coupled spin-lattice system can be
characterized by a decay time [29]:
1
]- “

Tlgnlg x gL—S(T)[ ST

) T

Here, the C'S are the phonon and spin heat capacity of the
two reservoirs, and their values are from previous heat ca-
pacity measurements [8,30]. Values of i, can be obtained
via the single exponential fit to the experimental data with
long timescale, as shown in Fig. 3, where a divergence-like
behavior near Ty can be seen. Since CS peaks around Ty,
such a phenomenon can be understood via Eq. (4). It is worth
noting that in the long lifetime process, the electronic cou-
pling can usually be omitted due to the very small electronic
specific heat at low temperatures, and also explains why it
is typically addressed in short lifetime processes in prior
researches [28,38].

According to the Tjo,g, We can further obtain the coupling
coefficient gr_s as a function of temperature for MnBi, Te,4
below Ty, using the specific heat C and C® extracted from
previous heat capacity measurements [8,30]. Surprisingly,
gL—s does not show a monotonic behavior as a function of
temperature below 7y, and it maximizes around a critical
temperature 7* ~ 17 K. Phenomenologically, below T* its
increasing with 7' could be attributed to the increment of
phonon population, while above T* its reduction with increas-
ing T should arise from the magnetization M (T ) vanishing
gradually when approaching 7y. Moreover, due to the long
lifetime of this spin-lattice interaction process, the involved
collective excitation in the scatterings should have low-energy
scales, e.g., acoustic phonon and sub-meV magnon. Since the
AFM order is along the out-of-plane direction, its associated
magnetic excitation should have the strongest coupling with
modes vibrating along the c axis.

Fourier transform spectra of the oscillations extracted
from the nonoscillatory AR/R components are shown in
Fig. 4(a). Three coherent optical phonon modes in MnBi,Te4
can be clearly seen, and manifested by a pronounced peak,
f1 ~ 1.5 THz, and two smaller peaks, f, ~ 3.4 THz and
f3 ~ 4.3 THz, respectively. These modes are consistent with
the previous Raman spectroscopy studies [16,17,39], and
can be assigned as A}g (f1), A%g (f2), and A?g (f3) modes,
respectively.

The data could be fitted well by three damped harmonic os-
cillators [40]. A typical example is demonstrated in Figs. 4(b)
and 4(c). The obtained temperature-dependent frequencies
fi(T) (j=1,2,3) are illustrated in Figs. 4(d)—4(f), which
show clear softening with increasing temperature and usually
can be explained by the anharmonic phonon model [40-42],
where the 7'-dependent phonon frequency ws(= 2w fy) is
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given by
oA(T) = 0y + a1 +2n3(%, 7)] )

where g is the intrinsic frequency, and a is the fitting
parameter. ng(w, T) = [¢"*/*T — 1] is the Bose-Einstein
distribution function. We can see that the T-dependent phonon
frequencies follow this model in general. However, as shown
in Fig. 4(d), it can only describe the T-dependent f; for tem-
peratures larger than ~Tj, while it fails to predict the behavior
of f1(T) at lower temperatures. Such a result agrees with
the measurements via Raman spectroscopy [16,17]. Since the
Al . mode represents the interlayer atomic vibrations along
the crystallographic ¢ axis, modulation of the interlayer ex-
change interaction and anisotropy constant becomes easily
achievable. This leads to the spin-lattice coupling effect,
which will renormalize the energy of related phonons or
magnons.

We can understand such phonon renormalization by incor-
porating the linear-chain model in MnBi,Te, [43], i.e., the
Hamiltonian with a phonon can be written as

1
H= Ewouz —i—JZM My — —K Z(M ()

where u is the normal coordinate. J is the exchange in-

teraction. M; is the magnetization in the ith layer. K (> 0)

is easy-axis anisotropy energy along the z direction

(or ¢ axis). N is the number of septuple layers. We

then can solve the phonon frequency for f; mode via
=d*H/du*:

1d?’K &

3 200

227 V!
oi(T) = d_ZM i1 —

(N

Under the approximation of small displacement, J and
K can be written as J(u) =Jy +J'u+ %J”u2 and K(u) =
K0+K/u+%K”u2. Here, the linear terms in u do not
affect the phonon frequency. Therefore, we can ex-
pect the T dependence of w; in the low-temperature
regime to be

N—1
of = wj +J" ) M;- M,H—EK”Z(M . ®

i=1 i=1

In order to catch the main physics, we only consider a
simple case [44], where |Mi(T)| = M(T), and M; is parallel
or antiparallel with the out-of-plane Z direction (easy axis).
Then, Eq. (8) can be rewritten as

w? = ) + aM*(T), )

where « is given by « = (N — 1)J" — %NK”. If M(T) takes
the form M(T) = M,(1 — T /Ty)? [43], we can easily fit
J1(T) using Eq. (9). As seen from Fig. 4(d), an excellent
fit can be obtained with 8 = 0.53 & 0.08. Such g value is
very consistent with the results measured by the reflectance
magnetic circular dichroism [43]. Clearly, Eq. (9) indicates
that the competition between J” and K” terms can lead to

either « > 0 or @ < 0. Due to J and K having thickness de-
pendence, we can understand the contradicting softening and
hardening effect observed in the few-layer and bulk samples
[16,17], respectively. The spin-lattice coupling dominating
the phonon renormalization may also inhibit the anharmonic
effect, as manifested by the decay of coherent Aj . mode (see
Appendix C).

We note that the anomalous 7-dependent f; below Ty
could also be deduced by the phonon-assisted recombination
characterized by 7, where the A] . phonon mode participates
as the indirect scattering media and 7, shows anomaly near
Ty. Unfortunately, due to the low signal-to-noise ratio, it is
hard to discern if there is any anomaly appearing near 7y in
the T-dependent phonon modes f and f3, as seen in Figs. 4(d)
and 4(e).

IV. CONCLUSION

In conclusion, we performed ultrafast transient reflectivity
measurements on MnBi,Tes. The experimental results show
that the ultrafast nonequilibrium carrier and phonon dynamics
can be strongly coupled to the long-range AFM order via
the electron-magnon, electron-phonon, and spin-lattice inter-
actions. In specific, the AFM transition at Ty in MnBi,Te4
creates an anomaly in the carrier and coherent phonon relax-
ation processes. It also causes an unusual phonon hardening of
the f; mode relative to the values expected by the anharmonic
phonon effect below 7y, and demonstrates the strong coupling
between the AFM order and phonon.
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APPENDIX A: SAMPLE GROWTH
AND CHARACTERIZATION

The sample was synthesized by the flux method. In the
growth process, mixtures of Mn, Bi pieces, and Te shot in
a molar ratio of 1:10:16 (MnTe:Bi,Te; = 1:5) were placed
in a 2-mL alumina growth crucible of a Canfield crucible
set, and then sealed in a silica ampoule under approximately
1/3 atmosphere of argon gas. The sealed ampoule was heated
to 900°C and held for 12 h. After slowly cooling across an
~ —10°C window below 600°C over 2 weeks, the excess flux
was removed by centrifugation above the melting temperature
of BiyTes (585°C).

The sample was characterized by x-ray diffraction
(XRD) and Raman spectroscopy, whose results are shown
in Figs. 5 and 6. The XRD result shows the single-
crystal diffraction pattern without impurity peaks, indicating
the high quality of the crystals. Moreover, the Raman
modes detected are consistent with the values reported
in Ref. [16].
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FIG. 5. X-ray diffraction data of the single-crystal MnBi,Te,
sample.

APPENDIX B: FITTING PROCEDURES VIA
THE TWO-TEMPERATURE MODEL

In the two-temperature model [21,31], the e-ph relaxation
time (T,_py) is given by

J/(Tez _ le)
Te—ph = S350 o -
2H(T., T))

(B1)
Here, y is the electron specific heat coefficient; 7, corre-
sponds to the electron temperature after electron-electron (e-¢)
thermalization, which is initially higher than the lattice tem-
perature 7;; and H(T,, T;) is the energy transfer function,
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FIG. 6. Raman spectroscopy of the MnBi, Te, sample measured
at room temperature.
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FIG. 7. Experimental reflectivities (800 nm) for p- and s-
polarization as a function of the incident angle. The solid curves are
the fitted values.

which takes the form
H(T,, T)) = f(T.) — f(T}), (B2)
where
5 pop/T 4

X
04
05 Jo

f(T)=4g dx, (B3)

e* —1
with 6p and goo denoting the Debye temperature and the e-ph
coupling constant, respectively. T, can be calculated using

, 20N\
L=\T"+—) .
14

where U; is the deposited laser energy density. In the
fitting process, ¥, oo, and Op are determined as fitting
parameters. Our fitted results, with 6p =~ 340 K, agree
well with the experimental data above ~80 K, and hence
strongly support our initial assignment of t; to the relax-
ation based on e-ph interaction. The electron temperature 7,
obtained here is also used for fitting 7; via Eq. (2) in the
main text.

(B4)

APPENDIX C: EXTRA EXPERIMENTAL DATA

To determine the pump light (800-nm) penetration depth,
We performed a static reflectivity measurement. The reflec-
tivities for p- and s-polarized light (Rp, Rs) were measured
as functions of the incident angle. The experimental data and
the fitting results using the complex Fresnel equations for
lossy materials are shown in Fig. 7(a). According to the fitting
results, we extracted the real and imaginary parts of the refrac-
tive index (N = n + ik), which are n ~ 3.23 and k ~ 3.13,
respectively. The latter gives a penetration depth of ~20.3 nm,
which is consistent with other topological materials [22,45]. If
we consider the thickness of ~1.4 nm for one layer, the depth
of our pump and probe region can be calculated as ~14.5
layers.
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The phonon decay rate of the A}, mode extracted from
the damped harmonic oscillators is shown in Fig. 8, and the
abrupt change at Ty reflects the influence of magnetic phase
transition on the spin-lattice interaction.

APPENDIX D: ADDITIONAL DISCUSSIONS OF Tj,

We assign the Tjone process to the spin-lattice coupling
because (1) such process disappears at T > Ty, which reflects
its long-range magnetic order origin; (2) because its timescale
is about 1 ns, the related energy scale of corresponding collec-
tive modes should be quite small, i.e., acoustic phonons and
magnons. Since the acoustic phonon exists at all temperatures,
it solely cannot explain the emergence of this long-rise com-
ponent below Ty.

We note that applying a strong magnetic field with several
tesla might be able to alter the long-range magnetic order,
and possibly can further change the long-rise component (or
the pump-probe signal), which needs more exploration in the
future.
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FIG. 8. Phonon decay rate of A{g mode as a function of
temperature.
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