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Altermagnetism, characterized by compensated antiparallel spins and momentum-dependent spin splitting, has offered
a promising platform for novel spintronic phenomena. Among this class of materials, hexagonal MnTe stands out due to its
high Néel temperature and giant spin splitting. However, a comprehensive understanding of its charge dynamics remains
incomplete. Here, we employ infrared spectroscopy to investigate the charge dynamics of single crystalline MnTe. The
low energy optical conductivity reveals a suppressed Drude response across all temperatures, consistent with the reported
p-type doping as indicated by previous angle-resolved photoemission spectroscopy (ARPES) measurement. An indirect
band gap of about 0.48 eV attributed to impurity-assisted transitions, and a direct gap of 1.60 eV are identified via the
Tauc relation at 10 K. Moreover, we observe a subtle difference at around 1.44 eV in the optical conductivity between the
antiferromagnetic and paramagnetic states, which might be linked to altermagnetism-related band splitting. Additionally,
Fano line shape analysis of a phonon mode at around 135 cm™! reveals appreciable coupling between the phonon and spin
fluctuations near the Néel temperature. Our results provide key insights into the charge dynamics of MnTe, underscoring

its rich physics beyond a conventional semiconductor.
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1. Introduction

Altermagnetism has drawn a great deal of attention re-
cently as a novel magnetic state that diverges from traditional
ferromagnetism and antiferromagnetism.!'! In this intrigu-
ing phenomenon, spins are ordered collinearly with antipar-
allel alignment, akin to antiferromagnets, yet the electronic
structure exhibits time-reversal symmetry breaking through
momentum-dependent spin splitting.!!:?] Unlike conventional
ferromagnets, altermagnets lack net magnetization, but their
spin-polarized bands enable exotic quantum phenomena such
as the anomalous Hall effect (AHE), spin-splitter torque, non-
relativistic magneto-optical responses, and so on.*81 This
unique interplay of compensated magnetism and spin momen-
tum locking positions altermagnets as a promising platform
for high-speed spintronic devices and fundamental studies of
symmetry breaking mechanisms.

Among the growing family of altermagnetic candi-
dates, a-MnTe with a hexagonal NiAs-type lattice struc-
ture (space group P63/mmc) stands out due to its robust
collinear antiferromagnetic (AFM) order with a high Néel
temperature of about 310 K and giant spin splitting exceed-
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ing 300 meV.[>%161 [ts crystal structure consists of ferro-
magnetically aligned Mn layers stacked antiferromagnetically
along the c-axis, while nonmagnetic Te atoms occupy oc-
tahedral sites, breaking inversion symmetry between spin

(16,17 This structural asymmetry, combined with

sublattices.
strong p—d orbital hybridization, generates a spin-split elec-
tronic structure, as revealed by ARPES.!'®] Recent experi-
ments further demonstrate spontaneous AHE in MnTe thin
films, '8 providing direct evidence of time-reversal symme-
try breaking due to altermagnetic order. Theoretical studies
suggest that this behavior originates from anisotropic superex-
change interactions and relativistic spin—orbit coupling, which
collectively stabilize the alternating spin polarization in mo-
mentum space.[!8]

Despite significant progress in understanding the alter-
magnetic properties of MnTe, critical questions regarding its
charge dynamics remain unresolved. Previous studies have re-
ported both direct and indirect band gaps, with energies vary-
ing from 0.21 eV to 1.35 eV.['%28] Moreover, in an altermag-
netic compound such as MnTe, the predicted spin-split bands
may give rise to distinct optical transitions between the spin-
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polarized states. To investigate these features, we employ
Fourier-transform infrared spectroscopy to study the charge
dynamics of single crystalline MnTe. Our measurements re-
veal an indirect gap of 0.475 eV, along with a direct gap of
1.60 eV at 10 K. Furthermore, a detailed line shape analysis
of the optical conductivity reveals weak but discernible fea-
tures that we associate with the anticipated spin-splitting of

the bands.

2. Experimental details

MnTe single crystals were grown via the flux method.
The starting materials, consisting of Mn plates (99.9%, Mack-
lin), Te powders (99.99%, Macklin), and Sb blocks (99.999%,
Macklin), were mixed in a molar ratio of 1:1:20 and loaded
into an alumina crucible. The crucible was then sealed under
vacuum in a quartz tube. The assembly was heated in a furnace
to 1050 °C over 15 hours, held at this temperature for 10 hours,
and subsequently cooled slowly to 700 °C at a rate of 2 °C/h.
At this temperature, the excess Sb flux was removed using a
high-speed centrifuge. Finally, black shiny crystals with typ-

ical dimensions of 5x4x1 mm3

were obtained. The x-ray
diffraction (XRD) pattern was obtained using a Rigaku Smart-
Lab diffractometer with Cu Ko radiation in Bragg—Brentano
(6-20) geometry. The temperature-dependent resistivity was
measured using the standard four-probe method in a physical
property measurement system, with the current flowing along
the ab plane. The optical reflectivity measurement was per-
formed on a Bruker Vertex 80 V spectrometer in the frequency
range 40-22000 cm ™. In order to obtain the exact reflectivity
R(®) value, we use a technology of in situ coating of a gold
or aluminum film on the sample. The real part of the optical
conductivity o] (®), together with the refractive index n and
extinction coefficient k, is obtained by applying a Kramers—
Kronig (KK) transformation to the measured reflectivity R(®).
For the KK analysis, we use the Hagen—Rubens relationship to
extrapolate in the low-frequency part of R(®), and we use the
x-ray atomic diffraction function to extrapolate in the high-
frequency part.[?"]

3. Results and discussion

To verify the crystal structure of the MnTe single crys-
tals used for infrared spectroscopy, we conduct a room-
temperature XRD measurement. As shown in Fig. 1(a), the 6—
26 scans display only the (00/) reflections with [ = 2, 4, 6 of
hexagonal NiAs-type MnTe (P63/mmc). The peak positions
agree with previously reported values®%3!! and no impurity
peaks are observed within the accuracy of the measurement.
The result confirms that our MnTe single crystals are in the
a-phase and exhibit high quality.

The temperature-dependent resistivity p(7') of our MnTe

sample is shown in Fig. 1(b). The data reveal a complex

non-monotonic evolution, suggesting the interplay of several
scattering mechanisms across different temperature regimes.
Upon cooling from 350 K, p(7T) remains nearly constant
within a narrow temperature window before undergoing a
sharp decrease around 300 K. This downward trend persists
until approximately 100 K, below which p(T) begins to in-
crease monotonically down to the lowest measured tempera-
ture. To elucidate these features more clearly, we have calcu-
lated the derivative of p(T'), as presented in the lower inset of
Fig. 1(b). A pronounced peak appears at Ty = 305 K, corre-
sponding to the AFM phase transition temperature, which is
close to previous reports (e.g., 307 K or 310 K[>°-161) Addi-
tionally, the derivative of p(T') changes sign at 85 K, demar-
cating two distinct regimes in the resistivity behavior.
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Fig. 1. (a) XRD pattern of single crystal MnTe at room temperature.
(b) The temperature-dependent ab-plane resistivity p(7') of bulk MnTe.
The red line indicates the cooling process. The inset (i) displays the
Arrhenius plot of MnTe resistivity measured from 2.1 K to 85 K. The
orange dashed line represents linear fits based on the activated hop-
ping formula p = poexp[Eg/kgT]. The inset (i) presents dp(T)/dT
of MnTe as a function of temperature between 2 K and 350 K.

The increase in resistivity with decreasing temperature
below 85 K is characteristic of semiconductor or insulating be-
haviors, consistent with the electronic property of MnTe as a

semiconductor, [16:19:21-23.27.28

1 To further elucidate the charge
transport mechanism in the low temperature regime, the p(7')
from 2 K to 85 K was analyzed using an Arrhenius plot, where
log,op(T) is plotted against 1/T, as shown in the upper inset

of Fig. 1(b). This approach is based on the thermally acti-
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vated relation p = poexp|Ey/kgT] for semiconductors or in-
sulators, and a linear relationship is expected in this plot. Nev-
ertheless, we observe a continuously varying slope across this
temperature range. This deviation suggests the involvement
of multiple conduction processes, such as hopping transport
and impurity-assisted conduction. A linear fitting in the very
low temperature range of 2.1-3.3 K yields an activation en-
ergy of £, = 1.94 x 1073 eV, as indicated by the orange dashed
line in the upper inset of Fig. 1(b). The magnitude of the ob-
tained E, is consistent with the impurity activation energy re-
ported by Pereverzev et al.l*?! Above 85 K, p(T) increases
upon warming, suggesting contributions from optical phonon
scattering!*?! and the magnon-drag effects,*3! both of which
intensify at higher temperatures. Above Ty, the long-range
spin order is destroyed, and conduction electrons are scattered
by disordered spins, causing the resistivity to remain nearly
constant at a high value.

Figure 2 displays the in-plane reflectivity R(®) of MnTe
up to 22000 cm™! at several selected temperatures. Unlike

[3435] MnTe exhibits a pronounced

typical semiconductors,
temperature dependence in a large energy window. Below Ty,
the low-frequency R(w) increases significantly upon cooling,
and it exhibits a pronounced rise with decreasing frequency
below 100 cm ™! at low temperatures, both of which are hall-
marks of metallic behavior. Concurrently, a sharp peak—dip
structure could be clearly observed above 200 K, characteristic
of phonon features typically observed in the reflectivity spec-
tra of semiconductors or insulators. However, the dip structure
gradually diminishes with decreasing temperature, suggesting
the screening effect related to conduction electrons.3>30] This
evolution further demonstrates the existence of free carriers in
MnTe, although it is a reported semiconductor.[16:19:21-23.27,28]
In other words, MnTe is a doped semiconductor. Our results
are consistent with previous ARPES measurements, which re-
veal hole-like bands near the Fermi level,['®37] indicating p-

type doping in this compound.
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Fig. 2. The temperature-dependent optical reflectivity R(®) for MnTe
below 22000 cm™!. The inset provides a detailed view of R(®) at 300 K
and 350 K within the spectral range of 5000-15000 cm .
The reflectivity at 350 K deviates from the evolution
trend observed below Ty, as the low-frequency component

(< 100 cm™!) is obviously higher than that at 300 K. Further-
more, although reflectivity spectra below Ty converge above
~ 4000 cm~! within experimental uncertainty, a subtle dif-
ference emerges between 300 K and 350 K in the 6800—
12600 cm~! range, as highlighted in the inset of Fig. 2. To
confirm the reproducibility of this feature, we have conducted
repeated measurements at 250 K, 300 K, and 350 K. It is
found that the spectra at 250 K and 300 K are always iden-
tical, whereas a consistent difference persists between 300 K
and 350 K. These observations demonstrate that the electronic
structure is somewhat modified by the AFM order, which will
be discussed in more detail in the following analysis of the
optical conductivity o} (®).

The obtained optical conductivity oy (@) at various tem-
peratures is shown in Fig. 3(a). The low energy responses
well below the absorption edge are shown in the inset of
Fig. 3(a). 01(w) displays a Drude-like response, typically as-
sociated with metallic systems. This feature, characterized by
a peak centered at zero frequency with a width governed by
the carrier scattering rate 7, indicates the presence of itinerant
charge carriers. However, unlike conventional metals that ex-
hibit a strong and sharp Drude peak, MnTe shows a markedly
suppressed low-frequency conductivity, in agreement with its
semiconducting nature and low direct-current conductivity.
Therefore, the presence of itinerant carriers is consistent with
the p-type doping as revealed by ARPES experiments./1637]
As the temperature increases, the Drude peak broadens, indi-
cating an increase in the scattering rate. The carrier density

N could be estimated by the plasma frequency ®,, which is

47N?
m*

linked to carrier density via (ug = . The plasma frequency

L0, o> o1 (w)do,

where @, represents a cutoff frequency that encompasses all

@, was estimated using the formula wg =

intraband transitions while excluding interband transitions.
We obtained a)g = 6.30 x 10° cm~2 at 10 K using the cutoff
frequency of @, = 1200 cm™!, yielding the carrier density N to
be approximately 2.94 x 10'° cm™3, in good agreement with
the values obtained from other experimental techniques. (!
Unlike the sharp absorption edges of the real part of op-
tical conductivity in typical semiconductors, that of MnTe ex-
tends continuously from 5000 cm™! to 17000 cm ™!, suggest-
ing a complex interband transition scheme. To unravel the
underlying mechanism, we analyzed this edge using the Tauc

relation: [38-3]

(£207)" o hoo — Ey, (1)

where & is the imaginary part of the dielectric function, and
E, is the optical band gap. The exponent n specifies the type
of transition: n = 2 for direct allowed transitions and n = 1/2
for indirect ones. The nature of the gap can be identified by
which exponent yields a distinct linear region in the Tauc plot.

The optical gap energy E; is then determined by extrapolating
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the linear fit of this region to the energy axis. As shown in
Fig. 3(b), the Tauc plot at 10 K for n = 1/2 (red solid line,
left axis) exhibits two distinct linear segments, each fitted by a
red dashed line. This behavior is characteristic of an indirect
gap. The extrapolated energies from these two fits are 0.20 eV
and 0.75 eV, as marked by black arrows in Fig. 3(b), which
correspond to Eg &= E;5, where E; represents the energy of the
assistant involved in the indirect transition. This yields an ac-
tual indirect band gap energy of 0.475+0.275 eV.

Given the nature of the indirect gap, phonons are typi-
cally expected to assist the interband transitions. However,
since the phonon population is highly temperature-dependent
while the absorption edge shows little temperature depen-
dence, it is unlikely that phonons play a major role in this

process. Furthermore, the indirect gap energy obtained here

(0.475 eV) is significantly smaller than previously reported
values (~ 1.27 eV[?7-28]) " Considering this discrepancy and
the temperature-independent behavior, we infer that impurities
most likely assist the indirect transitions in our sample. This
inference is consistent with our transport measurement re-
sults. Notably, although our data strongly suggest an impurity-
assisted process, a definitive distinction between phonon- and
impurity-assisted transitions would require further investiga-
tions, such as temperature-dependent photoluminescence or
modulation spectroscopy, which remain to be explored in fu-
ture work. Furthermore, a single linear region is present in the
Tauc plot for n = 2 (blue solid line, right axis), indicative of
a direct gap. The extrapolation of its linear fit (blue dashed
line) to the energy axis indicates a value of 1.60 eV at 10 K, as

indicated by a black arrow in Fig. 3(b).
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Fig. 3. (a) Real part of the optical conductivity &} (®) of MnTe below 22000 cm™! at selected temperatures. The inset displays o] (®) in an expanded
energy range up to 1500 cm~'. The colored dotted lines represent the low-frequency extrapolations used in the KK transformation at different temper-
atures. (b) Tauc plots of MnTe at 10 K, where the red solid line corresponds to (& wz)l/ 2 and the blue solid line corresponds to (g,@?)?; the linear
regions are highlighted by dashed lines, with extrapolations to the photon-energy axis used to estimate the band gap (left y-axis: (g,®?) 172, right y-axis:
(&,0°)?). (c) The temperature-dependent o () of MnTe in the range of 9000 cm~! to 14000 cm™! at 300 K and 350 K. The inset displays the differen-
tial conductivity Ac| () in thg range of 5000 cm™! to 15000 cm™! between 300 K and 350 K, i.e., Ac; = 61(300 K) — 6 (350 K). (d) Refractive index
n and (e) extinction coefficient k of MnTe below 22000 cm ™! at selected temperatures. (f) The phonon peak of 6 (®) in the range of 120-147 cm~!, and
the spectra are vertically offset by temperature for clarity. The black dashed lines represent the fitting curve between 125-145 cm ™! at each temperature,

with fitting parameters summarized in Table 1.

Notably, we found that the indirect and direct gap values
are essentially temperature-independent from 10 K to 300 K,
which is consistent with the almost constant absorption edge
in this temperature range. This overall temperature indepen-
dence is expected, as the gap energies (0.475 eV and 1.60 eV)
are significantly larger than the relevant thermal energy scale
(~ 0.03 eV between 10 K and 300 K), making thermal ef-
fects too weak to induce a measurable shift. In contrast, the
extracted direct and indirect gaps at 350 K are 0.51 eV and
1.58 eV, respectively, showing a slight deviation from the val-

ues below 7Ty. We attribute this minor change to the influence
of the AFM phase transition.

To elucidate the impact of AFM order on the electronic
and optical properties of MnTe, we performed a compara-
tive analysis of oj(w) at 300 K and 350 K. As shown in
Fig. 3(c), a subtle discrepancy of o) (@) appears in the 10000
13000 cm™! at these two temperatures. This feature corre-
lates with an analogous discrepancy in the reflectivity spectra.
To highlight it more clearly, we have performed the subtrac-
tion Aoy = 07(300 K) — 01(350 K), as displayed in the in-
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set of Fig. 3(c). The differential spectrum reveals a distinct
peak centered at approximately 11560 cm~! (1.44 eV). We
can rule out thermal broadening as its origin for two key rea-
sons: first, the energy of this feature is significantly larger than
the thermal energy scale of the measured temperature differ-
ence; second, it emerges specifically across the phase transi-
tions (between 300 K and 350 K) and is absent in tempera-
ture variations well below Ty where thermal effects are also
present. Instead, this feature may be linked to the altermag-
netic phase transition. ARPES measurements!'® and theoret-
ical calculations!'®] have established that the most prominent
change across 7Ty is a characteristic band splitting induced by
the altermagnetism. We therefore propose that the observed
differential peak is a manifestation of this altermagnetic split-
ting. Specifically, this feature possibly corresponds to inter-
band transitions associated with electronic bands that are de-
generate above Ty, but which split into separate transitions
below Ty, giving rise to the differential signal. This mech-
anism is reminiscent of spin-driven band reconstructions in
magnetically doped topological insulators such as Cr-doped
BiyTe;.[*! The consistency between our (@) results and
previous ARPES studies!'®! confirms that the altermagnetic
phase transition in MnTe plays a decisive role in reshaping
its electronic structure. To provide a useful reference for fu-
ture optical studies, we also present the refractive index n and
extinction coefficient k of MnTe, which together constitute the
complex index of refraction 7 = n+ ik. The corresponding n
and k below 22000 cm~! at selected temperatures are shown
in Figs. 3(d) and 3(e), respectively.

In addition to the absorption edge, the optical conductiv-
ity spectrum o7 (@) exhibits very sharp phonon peaks in the
low energy range, as can be seen in both the main panel and
inset of Fig. 3(a). To better demonstrate the phonon-related
features, we present o1 (@) in the energy range 120-147 cm™!
in Fig. 3(f), with the spectra vertically offset by temperature
for clarity. Well-defined phonon peaks are observed through-
out the entire temperature range. While the peak frequency
exhibits a monotonic softening upon warming, a sudden shift
could be observed between 300 K and 350 K. Furthermore, all
phonon peaks exhibit a slight asymmetry in their line shape.
To account for this asymmetry, we perform Fano line shape
fits to the phonon peaks within the 125-145 cm™! range using
the following expression: 41421
_ 000Y[y0(q” — 1) +2¢(0” — a5)]

47[(0? — 03)* + Y @?]

o1 (o) 2)
where @y, 0y, and 7y correspond to the resonance frequency,
intensity, and linewidth of the phonon mode, respectively. The
dimensionless parameter g characterizes the spectral asym-
metry and reflects the coupling strength between the phonon
and the continuum of excitations. The black dashed lines in

Fig. 3(f) show the fitted curves for each temperature, and the
fitting parameters are summarized in Table 1.

Table 1. Fano-like response fit parameters at different temperatures.
09,7, Wy, and ¢ correspond to intensity, linewidth of the phonon mode, the
resonance frequency, and the phonon—continuum coupling strength, respec-
tively. The error bars of all fitting parameters are included.

TK o@'em™) y(em™ @ (cm™1) q

10 294.83 (44.16) 3.66 (0.06) 137.73 (0.04) -9.09 (0.67)
50 204.49 (31.42) 3.92 (0.06) 137.61(0.04) -10.46 (0.79)
100 150.36 (20.52) 436 (0.05) 137.02(0.03) -11.19(0.75)
150 23.61 (5.18) 5.34 (0.05) 136.29 (0.03) -24.12(2.63)
200 11.41 (6.83) 6.17 (0.11) 135.93(0.07) -30.01 (8.96)
250 2.95(1.13) 6.58 (0.04) 134.57 (0.03) 53.91 (10.38)
300 221.01 (42.29) 6.87 (0.19) 133.51 (0.12) 6.09 (0.60)

350 117.94 (13.40) 629 (0.06) 131.52(0.04)  10.00 (0.57)

The phonon frequency @y softens gradually from approx-
imately 137.73 cm™! at 10 K to 133.51 cm~! at 300 K, fol-
lowed by an abrupt shift down to 131.52 cm~! at 350 K. This
anomaly across Ty strongly suggests the presence of signif-
icant spin—phonon coupling. Below 250 K, the |g| value in-
creases with temperature while remaining significantly greater
than 1. This trend suggests that the phonon line shape pro-
gressively approaches a symmetric Lorentzian profile, which
is indicative of weak coupling between the phonon modes and
the continuum background. At 300 K, however, the value of
|g| abruptly decreases to 6.09, indicating a pronounced change
in the Fano asymmetry. As the temperature further increases
up to 350 K, |g| rises again. If the Fano line arises from in-
terference between a phonon and the electronic continuum, |g|
would reflect the ratio of the corresponding matrix elements
for exciting the phonon versus electronic excitations, as well
as the electronic density of states at the phonon energy. How-
ever, across Ty, the primary changes in the band structure take
place at least 0.475 eV below the Fermi level, far away from
the phonon energy. In addition, the carrier density remains ba-
sically unchanged, indicating that electron—phonon coupling
alone cannot explain the minimum in |¢|. Given the evidence
of strong spin—phonon coupling and the minimum |¢| near 7y,
we thus conclude that the observed Fano line shape reflects in-
terference between the phonon and a background of magnetic
fluctuations, implying a modulation of the spin-exchange inte-
gral by lattice vibrations.

4. Conclusion

In summary, we have performed a detailed investiga-
tion of the charge dynamics in the altermagnetic semiconduc-
tor MnTe. The temperature-dependent resistivity exhibits a
complex conduction mechanism, including impurity-related
transport at low temperature, and enhanced scattering from
phonons, magnons, and disordered spins above 7n. The op-
tical conductivity reveals a suppressed Drude response, con-
firming the presence of itinerant carriers, which is consistent
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with the p-type doping as indicated by previous ARPES mea-
surements. Tauc analysis of the absorption edge identifies two
distinct gaps, with an indirect gap of 0.475 eV attributed to
impurity-assisted transitions and a direct gap of 1.60 eV at
10 K. Furthermore, a subtle differential feature observed near
1.44 eV in the optical conductivity above and below Ty might
be linked to band splitting associated with the altermagnetic
order. Additionally, the Fano asymmetry of the phonon mode
near Ty reflects enhanced spin—phonon coupling and interfer-
ence with magnetic fluctuations. These findings advance the
fundamental understanding of MnTe and highlight the inter-
play between electronic, magnetic, and lattice degrees of free-
dom in this material.
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