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We report on time-resolved optical and terahertz ultrafast spectroscopy of charge-carrier dynamics in the
room-temperature antiferromagnetic semiconductor ¢-MnTe. By optically pumping the system with 1.55 eV
photons at room temperature, we excite charge carriers in the conduction band through the indirect band gap and
investigate the dynamical response of the nonequilibrium states using optical as well as terahertz transmission
probes. Three relaxation processes are revealed by their characteristic relaxation times of the order of 1, 10, and
100 ps, whose exact values are a function of the pump fluence. For high pump fluences a nonlinear dependence

on the pump fluence is observed both in the optical and terahertz probes.
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I. INTRODUCTION

Semiconductors with long-range antiferromagnetic order
and zero net magnetic moment are promising versatile can-
didates for applications in spintronics [1,2]. Especially for
optospintronic applications the potential of antiferromagnetic
semiconductors has not been fully investigated so far [3].
Hexagonal «-MnTe is a representative antiferromagnetic
semiconductor which can host a long-range antiferromagnetic
order at room temperature because of its relatively high Néel
temperature Ty = 307 K [4]. A wide range of interesting mag-
netic properties and related functionalities have been reported
recently in this material (see, e.g., Refs. [5-13]).

The hexagonal crystalline structure of «-MnTe with a
space group of P63/mmc is constituted by alternating hexago-
nal layers of Mn and Te atoms [12,14]. Below Ty the Mn spins
within the hexagonal layers are aligned ferromagnetically,
while along the ¢ axis these layers are coupled antiferromag-
netically [15]. The magnetic phase transition at 7y manifests
not only as a peak in specific heat [4], but also as a pronounced
change of electric resistivity and thermopower [7]. Below Ty
anisotropic magnetoresistance and an anomalous Hall effect
have been reported [5,11], which also indicate coupling be-
tween magnetic and charge degrees of freedom. Moreover,
coupling between a spin and lattice was recently evidenced by
optical spectroscopic studies [8,9]. By optically pumping the
system with a 2.4 eV laser pulse the magnetic response was
probed by measuring the time-resolved polarization rotation
of another laser pulse of 1.72 eV [9]. While the change of
polarization can be associated with the magneto-optic Faraday
effect, an additional oscillatory behavior at a frequency of
5.3 THz was found from the probe beam [9], which corre-
sponds to an optical phonon mode in o-MnTe [16].

The experimentally determined indirect band gap in
a-MnTe is about 1.27-1.46 eV depending on tempera-
ture [5,8,17]. This value is consistent with ab initio band
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structure calculations [11,18]. In the fabrication of het-
erostructures, o-MnTe has been used as an exchange bias for
topological insulators and metals [6,10], and was also found to
affect the properties of superconductors [13]. The magnetic,
electric, and thermal properties of w-MnTe are sensitive to
chemical doping [12] and external conditions [19]. For ex-
ample, by 5% Li doping the spin order is tuned from in-plane
to c-axis orientation [12]. At the same time, thermopower and
electric resistivity are reduced by a factor of more than 50%
and 70%, respectively [7]. Comparing with single crystals,
a-MnTe thin films grown on a substrate can exhibit a lower
Néel temperature and a larger band gap [19].

In this paper we investigate the ultrafast dynamics of op-
tically excited charge carriers above the band gap in o-MnTe
at room temperature using both terahertz and optical probe
beams. Relaxation processes are revealed by their character-
istic relaxation timescales. While a linear dependence of the
optical and terahertz response on pump fluence is found in the
low-fluence limit, we observe a clear nonlinear dependence at
high fluences. Our studies provide a systematic characteriza-
tion of the ultrafast charge-carrier dynamics in «-MnTe.

II. EXPERIMENTAL DETAILS

In our time-resolved pump-probe spectroscopic experi-
ment, 800-nm laser pulses (corresponding to 1.55 eV in
photon energy) from a Ti:sapphire laser system (1 kHz, 100 fs)
are used to excite the a-MnTe sample (see Fig. 1 for an
illustration). To probe the response of the optically excited
states, we synchronize terahertz or 800-nm pulses with the
pump pulses. A transmitted terahertz field or 800 nm intensity
is recorded as a function of the tunable time delay #,, between
the pump and probe pulses. The terahertz probe pulses are
generated using a LiNbOj3 crystal [20] and gate-detected by
electro-optic sampling with a 0.5-mm-thick (110)-cut ZnTe
crystal [21]. The transmission of the 800-nm probe beam is

©2023 American Physical Society
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pump-THz-probe spectroscopy. The pump and probe pulses are syn-
chronized with a variable delay time #,,. The measured sample is an
o-MnTe thin film grown on a SrF; substrate.

measured by using a balanced photodetector. For the measure-
ments an o-MnTe thin-film sample with a thickness of 200 nm
is epitaxially grown on a (111)-oriented SrF, substrate. All
measurements are performed at room temperature.

III. EXPERIMENTAL RESULTS

A. Optical-pump and optical-probe measurements

In order to study the relaxation dynamics of the excited
charge carriers in o-MnTe, we first use 800-nm laser pulses
to probe the material after an excitation by 800-nm pulses.
Figure 2(a) displays the pump-induced relative changes of
transmission AT /Ty for a pump fluence of 1.2 mJ/cm?
through o-MnTe on a SrF, substrate, and through a bare
substrate for reference. The bare substrate does not exhibit a
detectable pump-induced response, therefore the pump-probe
response obtained in our experiment is primarily from the
a-MnTe thin film. Due to the optical pump, the transmission
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FIG. 2. (a) Transient optical transmission AT /T, through a bare
SrF, substrate and an «-MnTe film on a substrate as a function of
delay time f,,, between the optical-pump and optical-probe pulses. Ty
is the static optical transmission without photoexcitation. The dashed
line represents a fit of three exponential decay functions, whose
fitting parameters are presented in Fig. 6. (b) AT /T; of the sample
for various pump fluences. The two arrows for 4.4 mJ/cm? indicate
an oscillatory behavior, which is observed at the highest fluences,
corresponding to a frequency of 35 GHz.

FIG. 3. (a) Broadband and (b) narrowband THz probe transmis-
sion of the optically excited states for various pump fluences. The
pump-induced changes of the transmitted THz peak electric field
AE /E, are plotted vs the pump-probe delay #,,. Eq is the transmitted
peak electric field without pump. The dashed lines represent fits of
double-exponential functions (see Fig. 7 for the fitting parameters).
The peak fields of broadband and narrowband probes are 140 and
130 kV/cm, respectively.

at 800 nm drops by about 10% at zero pump-probe delay
top = 0 ps, which is followed by a continuous increase of
the transmission towards the value of the equilibrium state.
The dashed line represents a fit of three exponential decay
functions, which will be discussed in Sec. IV.

The results for various pump fluences are presented in
Fig. 2(b). With increasing pump fluence the pump-induced
changes are enhanced and the relaxation of the system be-
comes slower. For fluences higher than 1.9 mJ /cmz, one can
clearly see oscillationlike behavior, as marked by the two
arrows, which damps out after 100 ps. For #,, < 50 ps, the
two kinks around 10 and 30 ps are caused by a backreflection
of the laser pulse in the sample and by a parasitic postpulse
from the laser system, respectively. Both of them blur the
observation of additional oscillation maxima at smaller fp,.
Since the time difference between the two observed maxima
is about 28.3 ps, corresponding to a rather low frequency of
35 GHz, the oscillationlike behavior is likely due to acoustic
phonons excited by the impact of the high laser fluence.

B. Optical-pump and terahertz-probe measurements

Since the energy of terahertz photons is rather low
(1 THz ~ 4 meV) in comparison with 800-nm (1.55 eV) pho-
tons, the terahertz photons cannot induce interband transitions
but are more sensitive to intraband dynamics [22-26]. Thus,
by using terahertz-probe beams we can provide complemen-
tary information on the ultrafast charge carrier dynamics in
a-MnTe. To comprehensively characterize the nonequilibrium
dynamical response, we use both single-cycle and multicy-
cle THz pulses, which are broadband and narrowband in the
frequency domain, respectively, to probe the optically excited
states.

Figures 3(a) and 3(b) display the optically induced changes
AE /E of the transmitted terahertz electric field for single-
cycle and multicycle THz pulses, respectively, at a gate
time delay fgae = 0 ps, which means the gate laser pulse
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FIG. 4. Waveforms of transmitted THz electric fields measured
atfp, = 0 ps in the time domain for (a) the broadband and (c) narrow-
band THz probe pulses at various pump fluences. The corresponding
spectra in frequency domain for (b) the broadband and (d) narrow-
band THz probe pulses. The inset in (b) presents the pump-induced
transmission change (1 — 7'/Ty) for various pump fluences, where Tj
denotes the transmission without pump. The arrow in (c) indicates
the onset of pump-induced transmission change [cf. Fig. 3(b)].

overlaps with the peak-field position of the THz pulses in
time. In the frequency domain, the spectrum of the broadband
probe beam extends from about 0.1 to 1 THz [see Fig. 4(b)],
while the narrowband spectrum is centered around 0.35 THz
as a corresponding bandpass filter with 20% full width at
half maximum (FWHM) is used [see Fig. 4(d)]. The pump-
induced changes are qualitatively similar for the broadband
and narrowband probes. The changes are negative, corre-
sponding to a reduced transmission of the THz pulses due to
the photoexcitation. For a pump fluence around 1 mJ/cm?, the
maximum change AE /E of the probe pulses can be as high
as 30%. The dashed lines in Figs. 3(a) and 3(b) represent fits
of double-exponential decay functions, whose parameters will
be presented in Sec. IV.

The pump-induced changes of the terahertz response
can be further characterized by measuring of the trans-
mitted terahertz waveforms in the time domain, which are
shown in Figs. 4(a) and 4(c) for selected pump fluences
and t,, =0 ps. The pump-probe time delay of #,, =0 ps
is chosen corresponding to the maximum change induced
by the pump pulse (see Fig. 3). A Fourier transforma-
tion of the time-domain traces provides the spectra in the
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FIG. 5. Waveform of transmitted THz electric fields measured
at different pump-probe delays f,,’s in a time domain for (a) the
broadband and (c) narrowband THz probe pulses with pump fluences
of 3.8 and 1.8 mJ/cm?, respectively. (b) and (d) present the corre-
sponding spectra in the frequency domain. The inset in (b) presents
the pump-induced transmission change (1 — 7'/ Tj) for various pump-
probe delays, where T denotes the transmission without pump.

frequency domain, which are presented in Figs. 4(b) and 4(d),
respectively, for the broadband and narrowband probes. After
optical excitation, the system becomes more absorptive not
only for the narrowband probe but in the whole available
terahertz frequency range. The optically induced absorption is
already very evident for a relatively small pump fluence, e.g.,
0.2 mJ/cm? in Fig. 4(d). With increasing fluence the changes
are however not linear, a quantitative discussion of which will
be provided below (see Fig. 7). In the inset of Fig. 4(b), we
present the pump-induced transmission changes (1 — T /Tj)
in the frequency domain for various pump fluences, where Tj
denotes the transmission without pump. The increase towards
the low-frequency limit is expected as a Drude-type metallic
response of optically excited charge carriers. Such a response
is stronger for a higher pump fluence, in line with the en-
hanced population of photoinduced charge carriers.
Furthermore, to probe the relaxation dynamics we measure
the changes of the terahertz waveforms at different pump-
probe delays after 7,, = 0 ps, which are summarized in Fig. 5.
For a fixed pump fluence of, e.g., 3.8 mJ/cm? [Figs. 5(a)
and 5(b)], the pump-induced changes reduce monotoni-
cally with increasing pump-probe delay f,, for the whole
THz waveform in the time domain and also for the whole
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FIG. 6. (a) Pump fluence dependence of transient optical transmission (—AT /Tp),,,=o. The dashed line is a linear fit to the lowest fluences.
The arrow indicates the onset of a deviation from the linear dependence. The obtained (b) relaxation times ¢, 7, t¢ and the corresponding
(c) amplitudes A?, A9, AS for fitting the pump-probe signal with a sum of three exponential decay functions (see Fig. 2).

spectral range in the frequency domain. A similar evolution of
the transmitted terahertz waveform with a pump-probe delay
is observed for the narrowband probe [Figs. 5(c) and 5(d)].
As reflected by the time-dependence evolution of (1 — 7'/T)
in the inset of Fig. 5(b), the Drude-type metallic response
decreases with increasing pump-probe delay. By comparing
Figs. 5 and 4 phenomenologically, one can see that the effects
of reducing the pump fluence are similar to that of increasing
the pump-probe delay. This qualitatively reflects the fact that
both variations lead to a decrease of the optically excited
charge carriers in the nonequilbrium states. However, such a
qualitative observation is valid essentially only in the linear
regime. As we will discuss below, a nonlinear dependence
regime can be found by a quantitative analysis of the experi-
mental data.

IV. DISCUSSION

For the bare SrF, substrate under the 800-nm pump, both
the 800-nm and the THz responses are essentially zero (see
Figs. 2 and 3). These are consistent with the fact that the pump
photon energy of 1.55 eV is much smaller than the band gap of
about 9-10 eV in StF, [27]. The observed pump-probe signals
reflect the dynamical response of the optically excited charge
carriers in the ¢-MnTe thin films.

To quantify the 800-nm response of the nonequilibrium
states, we plot the optically induced maximum change of the
800-nm transmission versus pump fluence in Fig. 6(a). For
low pump fluences we can fit the fluence dependence by a
linear function, as shown by the dashed line in Fig. 6(a). How-
ever, above ~2 mJ/ cm?, it clearly shows that the experimental
data deviate evidently from the linear dependence.

To provide a further quantitative analysis of the experimen-
tal data, we simulate the relaxation behavior of the optically
induced changes after f,, = 0 ps by a sum of the exponential
functions A; exp(—t/t;), where t; represents the characteristic
relaxation time of different relaxation processes and A; is the
corresponding amplitude. For the 800 nm (Fig. 2) and THz
probes (Fig. 3), A; = AT /Ty and A; = AE /E correspond to
the changes of transmitted 800 nm intensity and THz electric
field, respectively. We find that the relaxation behavior probed

by 800-nm transmission and THz transmission should be sim-
ulated by three and two relaxation functions, respectively.

A representative fit by three exponential functions to the
800-nm probe data is shown in Fig. 2(a). The obtained three
relaxation times t{, t¢, and t are presented in Fig. 6(b) as
a function of pump fluences. The three relaxation processes
are characterized by very different relaxation times, which
are of the order of 7:10 =1 ps, r20 = 10 ps, and 1:30 = 100 ps,
respectively, at the lowest fluences. With increasing fluence,
they increase continuously to about 2, 20, and 300 ps, respec-
tively, at about 6 mJ/cm?. The corresponding amplitudes A?,
A9, and A obtained from the fits are presented in Fig. 6(c). It
evidently shows that the faster decaying process contributes a
more dominant amplitude change. We should note that at the
highest fluences due to the oscillation behavior [see Fig. 2(b)]
the fit is rather a parametrization of the data. Although the ob-
tained values of the relaxation times have a larger uncertainty,
they are still different by orders of magnitude, which clearly
distinguish the three relaxation processes. The obtained relax-
ation times 72, 7, and t¢ are characteristic for processes
involving electron-phonon scattering, phonon-phonon scat-
tering, and heat diffusion, respectively. While quantitatively
these values are consistent with those reported from 2.4-eV
pump—1.7-eV probe measurements [9], we note that the THz
pulses probe intraband processes whereas the 1.7-eV probe
involved rather interband transitions.

In contrast to the optical probe, we find that our terahertz
probe is sensitive to only the two slower relaxation processes.
As shown in Fig. 3, the relaxation behaviors can be fitted by
a sum of two exponential relaxation functions, whose charac-
teristic relaxation times are summarized in Figs. 7(b) and 7(e)
for the broadband and narrowband THz probes, respectively,
with the corresponding amplitudes presented in Figs. 7(c)
and 7(f). For the two different probes, the obtained values of
the relaxation times are similar. At the lowest fluence 7; is
about 80 ps which decreases slightly with increasing fluence
and levels off above 2 mJ/cm?. The values of 7! are about
~10 ps at high fluences, whereas at the lowest fluence they
are slightly different for the broadband and the narrowband
probe beams where the fit uncertainty is also larger due to the
smaller signals.
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FIG. 7. Optical pump-induced changes of the transmitted THz
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The obtained (c), (d) relaxation times 7, t¥ and (e), (f) amplitudes
AT, AT by fitting the pump-probe signals with two exponential func-
tions (see Fig. 3).

The leveling off of t/ and t occurs not only con-
comitantly with the appearance of the nonlinear dependence
observed in the 800-nm probe [see Fig. 6(a)], but is also
accompanied by a saturationlike feature in the terahertz re-
sponse. As shown in Figs. 7(a) and 7(d), the pump-induced
maximum change of the transmitted electric field exhibits a
saturation above the pump fluence of 2 mJ/cm?, while below
this fluence the dependence increases monotonically.

For a-MnTe the pump photon energy of 1.55 eV is just
above the indirect band gap of 1.46 eV. The observed reduc-
tion of 800 nm and THz transmission is clear evidence of
the optically excited charge carriers. Phenomenologically, the
dependences of the THz probe on the pump fluence (Fig. 4)
and on the pump-probe delay (Fig. 5) look very similar. At
lower pump fluences the THz transmission is relatively higher
(Fig. 4), because fewer charge carriers are excited. Also for
longer pump-probe delays the THz transmission is relatively

higher (Fig. 5), because an increased portion of the excited
charge carriers have relaxed already. These qualitative depen-
dencies hold for both the broadband and narrowband probes,
at least for the available THz spectral range.

One possible reason for the observed nonlinear behavior in
the 800-nm probe and in the terahertz probe could be the Pauli
repulsion of the excited electrons. This effect may become
evident only for a sufficiently high density of optically excited
charge carriers at high pump fluences. At the same time,
for this indirect band-gap semiconductor, phonons should
be involved to assist the interband excitations, therefore the
available density of states for the involved phonons could
be another limiting factor, which might lead to the observed
nonlinear dependence at high fluences.

Since our experiment was carried out at a room tem-
perature of 293 K, not far below 7y = 307 K of a bulk
a-MnTe crystal [4], the magnetic moments remain largely
disordered. For an a-MnTe thin film previous studies showed
that anisotropic magnetoresistance disappears already at
285 K [5], suggesting that Ty in a thin film may be even
lower than 285 K. Therefore, in the nonequilibrium dynamics
we probed the majority of the magnetic degrees of freedom
is essentially not involved. This means that to investigate
the magnetic dynamics, it is necessary to perform the mea-
surements at much lower temperatures where the sublattice
magnetization is strongly enhanced (see, e.g., Ref. [19]).

In contrast to earlier time-resolved spectroscopic studies
using a 2.4-eV pump pulse [9] which excited an optical
phonon mode of about 5 THz (~20 meV) [16], we resolve
rather an acoustic phononlike feature at 35 GHz. The differ-
ence may result from the fact that the energy of the 2.4-eV
photons was sufficiently high to allow various possible inter-
band excitation mechanisms, whereas the photon energy of
1.55 eV is only slightly larger than the indirect band gap,
which cannot trigger the dynamical processes involving the
5-THz optical phonons.

To conclude, we have studied the ultrafast dynamics of
optically excited charge carriers in the antiferromagnetic
semiconductor «-MnTe at room temperature, by perform-
ing time-resolved 800-nm pump-terahertz probe and 800-nm
pump—800-nm probe spectroscopic measurements as a func-
tion of pump-probe delay for various pump fluences. Char-
acteristic relaxation processes are identified not only in the
low-fluence limit where a linear dependence occurs, but also
tracked at high fluences beyond the linear regime. Our work
motivates further investigation of the charge carrier dynamics
deep into the antiferromagnetic phase.
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