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Possible origin of the 175 cm−1 Raman mode in altermagnetic MnTe
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MnTe has recently attracted exceptional attention due to its well-established altermagnetism, prompting a
thorough reexamination of its properties. In particular, it was found that a Raman-active excitation at ∼175 cm−1,
routinely assigned to the E2g phonon, is incompatible with this interpretation. It was further hypothesized that this
mode is a “leakage,” due to symmetry lowering, of an otherwise forbidden phonon. Here, using first-principles
calculations, we decisively rule out this hypothesis and propose an alternative interpretation that the “mystery
mode” is an electronic excitation, i.e., a plasmon, enabled by hole self-doping. The resolution of this mystery
will require additional experiments and could shed new light on the nature of electronic transport in MnTe.
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I. INTRODUCTION

MnTe has gained a lot of attention recently. Arguably,
it is the best studied altermagnetic material, with 25 papers
published and 47 preprints posted just in 2025 (see Ref. [1],
and references therein). One of the reasons for the broad
scientific appeal of MnTe is its perceived simplicity. However,
as discussed in this paper, there is a completely unresolved and
not understood issue related to its Raman spectrum, which
may have important ramifications for its electronic structure
and transport properties.

Despite intense interest in MnTe, only a handful of Raman
studies have been published [2–7], as summarized in Table I.
While all papers report a Raman mode around 170–200 cm−1,
the results are somewhat contradictory in terms of the exact
frequency, temperature variation, and polarization depen-
dence. In this respect, the recent preprint of Wu et al. [7]
stands out. While previously this mode had been assigned
to the E2g phonon (the only one allowed by symmetry), they
pointed out that density-functional theory (DFT) calculations
place this phonon below 100 cm−1. Such an error is highly un-
usual in DFT, especially in such a simple material. In Ref. [7]
the calculated frequency was 83 cm−1; we have verified that
varying input parameters, such as the Hubbard U , or changing
the density functional to metaGGA or hybrid ones, cannot
raise this frequency to more than 100 cm−1.

Furthermore, Wu et al. have also measured the polarization
dependence and found the mode to be active only in the
parallel polarization, while by symmetry [8] the E2g phonon
should be equally active in both geometries. (This claim con-
tradicts some earlier claims [3,4] based on thin films, which
can probably be considered superseded by these more recent
measurements.) At first glance, the ∼175 cm−1 feature might
be interpreted as a two-phonon process, since its energy is not
far from twice the calculated E2g frequency. However, several
arguments disfavor this assignment. First, the observed line
is too narrow for a two-phonon signal, which samples finite-
momentum phonons and is therefore usually broader. Second,

a two-Eg-phonon process should also appear in cross polar-
ization, contrary to the polarization-resolved data reported in
Ref. [7]. Note that potential resonant effects are unlikely to
account for the ∼175 cm−1 feature appearing similarly across
studies summarized in Table I, as Raman data in several of
these works were obtained with different excitation wave-
lengths 514–633 nm (e.g., 532 nm in Ref. [6], 632.8 nm in
Ref. [5], and 633 nm in Ref. [7]).

Overall, Ref. [7] makes a convincing case against the
assignment of the 175 cm−1 mode to the E2g phonon. In
addition, a report of a coherent pump-probe excitation at this
frequency in Ref. [9] also casts doubt on its Eg symmetry:
within the displacive excitation of coherent phonons (DECPs)
mechanism [10], normally only A1 modes can be coherently
excited, not Eg modes

This raises the question: What is it then? A leakage of
modes forbidden by symmetry or by momentum conservation
is highly unlikely, since it would require a large concentra-
tion of symmetry-breaking defects, and is not expected to
produce a single narrow linebecause all momenta contribute
to such leakage. Given that 120–140 cm−1 modes are tradi-
tionally associated with Te precipitates [4], one may think of
another precipitate phase, which we will discuss later. Ref-
erence [7] proposes an interesting, albeit probably incorrect,
as we argue later in this paper, scenario: they suggest that
the experimentally well-established crystal structure of the
space group P63/mmc (No. 194) is incorrect, and in reality the
Mn planes are alternatively shifting up and down along c by
δ ∼ ±0.001c ≈ 0.007 Å, which is 20 times smaller than the
zero-point motion amplitude for this mode. While Wu et al.
correctly point out that in the resulting space group, P6m2
(No. 187), the originally silent B1u mode becomes Raman
active (but not in the cross polarization), they missed the
point that the acquired activity is proportional to δ2, so likely
negligibly small.

In the following, we carefully verify this hypothesis by
(i) fully optimizing the DFT crystal structure, and showing
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TABLE I. Reported frequencies of the Raman mode in the
170–200 cm−1 range in MnTe from the literature. The column
“note” distinguishes thin films, bulk samples, and single crystals
(denoted as “Xtal”). The column “polarization” lists the scattering
geometries in which the mode was reported; “–” indicates that no
polarization-resolved Raman analysis was reported in the corre-
sponding reference. The entry marked by ∗ shows the frequency of a
coherent phonon extracted from pump-probe measurements.

ω (cm−1) T (K) Polarization Ref. Note Year

∼178 320 – [2] bulk 1985
∼187 100 –
∼215 27 XY only [3] film 1997
195–197 25 XX or XY [4] film 2014
∼175 360 – [5] film 2020
∼177 200 –
∼167 310–360 – [6] Xtal 2024
∼170 240 –
∼175 RT XX only [7] Xtal 2025
∼175 320 [9] Xtal 2021
∼178 77 *

that it invariably converges to the P63mmc structure, and (ii)
by calculating, using the Placzek formula [11], the Raman
activity, and showing that it is negligibly small. We further
suggest another explanation, that the mode in question is in
fact a plasmon excitation of the self-doped holes. We calculate
the plasmon frequencies in DFT and show that they are in the
right frequency range. Note that plasmon is only Raman active
in the XX polarization, in agreement with the experiment in
Ref. [7].

It remains to be seen why the plasmon frequency (if it is
one) is relatively robust from sample to sample. In Table II we
summarized reported measurements of the hole concentration
n. There are some outliers, which also contradict each other,
but in general for the stoichiometric MnTe n ∼ (2–6.8)×1018,
indicating a variation in ωp by ±30%, while the frequency
of the mode in question at room temperature (RT) varies
between different experiments by less than 4%. One possible
explanation is that ωp is a direct probe of carrier density,
regardless of the transport relaxation time, while the Hall
coefficient can be dramatically affected by different bands
crossing the Fermi level having different relaxation rates, plus
can be contaminated by anomalous Hall conductivity.

If our proposal is confirmed by experiment, it will open up
another window into the so far poorly understood origin of

TABLE II. Available data on the carrier concentration.

n (1018 cm−3) T (K) Method Ref. Note Year

50 77–400 Hall [12] bulk 1964
0.04 ∼0 Hall [13] bulk 2014
2 310
6.8 RT Hall [14] bulk 2016
3.2 RT Hall [15] bulk Mn1.06Te 2016
<10 300 Hall [16] bulk 2017
6 ∼0 Hall [17] film 2016

this hole doping; in particular, why the doping level appears
to be rather stable between different samples.

II. FORBIDDEN-PHONON HYPOTHESIS

As discussed above, Wu et al. [7] proposed that the true
crystal structure belongs to the lower symmetry group P6̄m2
(No. 187) rather than the commonly reported P63/mmc (No.
194). In this scenario, small alternating displacements of the
Mn planes along the c axis (by δ = ±0.1%c) are conjectured
to render the otherwise silent B1u mode Raman active, poten-
tially explaining the observed peak.

We have tested this hypothesis in two different ways. The
first was to check whether DFT calculations starting with the
proposed structure, converge to a structure with a finite δ, or to
a δ = 0, within the numerical accuracy. We found the latter to
be the case, for calculations fully converged in both k-points
mesh and cutoff energy, regardless of the value of U in DFT +
U , of the pseudopotentials or the DFT flavor used (we checked
local, gradient-corrected, and a hybrid functional).

Next, we calculated the Raman activity of the E2g mode
as well as the initially forbidden B1u mode using the structure
suggested in Ref. [7], even though it was not the lowest-energy
structure in the calculations. We employed the Placzek for-
malism [11] to compute the Raman efficiency directly from
DFT.

Within the Placzek approximation, the Raman efficiency of
a phonon mode is given by [11,18]

Sis(ω) = V (4π )2

(
ω

c

)4∣∣∣∣∂εis(ω)

∂Q

∣∣∣∣
2

, (1)

where V is the unit cell volume, ω is the incident photon
frequency, c is the speed of light, and Q is the normal co-
ordinate of the phonon mode. The indices i and s denote
the polarizations of the incident and scattered light. ∂εis (ω)

∂Q is
the measure of how the phonon displacement modulates the
macroscopic dielectric response.

Several features of Eq. (1) can be summarized as follows.
(1) The (ω/c)4 prefactor reflects the familiar wavelength de-
pendence of light scattering. (2) The Raman activity is entirely
encoded in |∂ε/∂Q|2; a mode that does not modulate the
dielectric tensor is Raman silent. (3) The polarization in-
dices enforce symmetry selection rules: certain modes appear
only for specific incident-scattered polarization combination.
(4) For a mode that becomes active only through a small
symmetry-breaking distortion δ, the derivative ∂ε/∂Q itself
scales as δ, leading to an intensity scaling as δ2. By computing
∂ε/∂Q for the B1u derived mode in the P6̄m2 structure (see
Fig. 1) as a function of δ, we can quantitatively assess whether
the proposed symmetry lowering can produce a measurable
Raman intensity.

First-principles calculations were performed within DFT
using the Vienna ab initio simulation package [19–21]. The
Generalized gradient approximation (GGA) [22] functional
was used. On-site electronic correlations in Mn 3d states
were taken into account using the DFT + U method, with an
effective Hubbard parameter Ueff = 2.0 eV. Varying or even
eliminating U did not lead to a qualitative change in the
results.
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FIG. 1. Symmetry lowering B1u mode applied to parent P63/mmc.

A plane-wave cutoff was 540 eV, and a �-centered 10 ×
10 × 6 k-point mesh was used. Spin-orbit coupling was not
included in the final calculations, as it was found to have
a very small effect on the phonon frequencies or dielectric
functions in the relevant frequency range.

Starting from the parent P63/mmc (No. 194) structure, a
B1u symmetry-breaking lattice distortion was frozen to obtain
a reduced-symmetry P6̄m2 (No. 187) as shown in Fig. 1. The
phonon eigenvectors en and frequencies ωph (Table III) of this
structure were obtained using density-functional perturbation
theory. Mode symmetries and selection rules were determined
using the isotropy software suite [23,24].

To test whether the symmetry-breaking distortion proposed
in Ref. [7] produces measurable Raman activity, we con-
structed P6̄m2 (No. 187) structures for various δ. For each
structure the Raman tensor elements were evaluated by dis-
placing atoms along the phonon eigenvector and computing
the induced change in the macroscopic dielectric tensor, with
atomic displacements un = � en, where en is the normalized
phonon eigenvector for atom n. The displacement amplitude
� was chosen as � = Amax/emax, with Amax = 0.02Å, ensur-
ing numerical accuracy of the finite-difference derivative.

The Raman tensor elements were then obtained by numeri-
cal differentiation of the dielectric function εαβ (ωL ) where ωL

is the laser frequency (h̄ωL = 1.96 eV).
For each distorted structure a self-consistent electronic

calculation was first performed to obtain the charge density,
followed by a non-self-consistent optical calculation with
LOPTICS =.TRUE. on a highly refined k mesh.

The normal-coordinate mode amplitude Q was defined,
using atomic units, as usual, as un = �en was taken as

Q = �
√

2ωph

∑
n

√
Mn ‖en‖2, (2)

where ωph is the phonon frequency and Mn are the atomic
masses.

The results are summarized in Fig. 2 and in Table IV
(the calculated frequencies are presented in Table III). We
see that the Raman intensity of the A′

1 mode is nearly two
orders of magnitude weaker than that of the E ′ (or E2g in the
original structure) and not that much larger than the calcu-
lated intensity of the same mode in the zz polarization, where
it is forbidden by symmetry. Thus, we can conclude, with
confidence, the distortion-induced activity is way too weak to
explain the experimentally observed mode at ∼175 cm−1.

III. IMPURITY PHASE HYPOTHESIS

It has been suggested [25,26] that the ∼175 cm−1 mode
is associated with the MnTe2 precipitate phase, which does
have an A1g phonon in the appropriate frequency range. There
are now serious experimental arguments in favor of such
an impurity-phase assignment, including Raman and diffrac-
tion measurements on samples containing MnTe2-related
secondary phases [27]. Nevertheless, as attractive as this hy-
pothesis may be, it remains at odds with reports that the
175 cm−1 feature in Refs. [5,6] is sensitive to the magnetic
order in the MnTe host, as reflected by the anomalies near
TN ∼ 310 K in both its frequency and linewidth. This sensi-
tivity is difficult to explain if the mode is assigned solely to a
MnTe2 precipitate. (See Note added.)

IV. PLASMON HYPOTHESIS

If this feature is not a phonon, what origin can it have?
There is a Raman-active magnon in this structure [3], but it
has a much lower energy and is only observed well below TN .
Electronic charge fluctuations (electronic Raman scattering)
[28] remain the only plausible candidate.

Electronic Raman scattering is proportional to
−Im[1/ε(ω)], and in metals the Raman frequency is well
below the plasma frequency where this function peaks. Still,
even in good metals it is quite observable and routinely used
to determine the superconducting gap, for instance. It is

TABLE III. Zone-center optical phonon modes of MnTe in the undistorted P63/mmc (No. 194) structure and the P6̄m2 (No. 187) structure
obtained by freezing in a B1u symmetry-breaking distortion (0.1% displacement along the c axis). R, Raman active; IR, infrared active. The
B1u distortion lowers the symmetry and activates previously silent modes.

Undistorted (P63/mmc, No. 194) Distorted (P6̄m2, No. 187)

ωph (cm−1) Mode Activity ωph (cm−1) Mode Activity

176.91 B1u silent 176.43 A′
1 R

126.47 E1u IR 126.29 E ′ R, IR
124.97 A2u IR 124.76 A′′

2 IR
121.74 B2g silent 121.62 A′′

2 IR
91.27 E2g R 91.23 E ′ R, IR
90.13 E2u silent 89.51 E ′′ R
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FIG. 2. Dielectric derivatives dεαβ/dQ for the A′
1 Raman mode

of MnTe (P6̄m2, D3h). (a) In-plane response dεxx/dQ. (b) Out-of-
plane response dεzz/dQ. In each panel, the upper subplot shows the
real and imaginary parts of dεαβ/dQ, while the lower subplot shows
|dεαβ/dQ|2, which is proportional to the Raman intensity. By hexag-
onal symmetry, εxx = εyy; the cross-polarization components vanish
for the totally symmetric A′

1 mode, consistent with the experimental
observation that this mode is active only in parallel (XX) polarization
geometry. The out-of-plane (zz) response is significantly weaker than
the in-plane components.

hard to compare the absolute intensities of electronic and
phononic Raman scattering in DFT calculations, but it is
worth mentioning that, to a good approximation (specifically,
resonant effects), the prefactor for the Raman intensity is
determined by the fluctuations of the inverse effective mass
over the Fermi surface, i.e., m−1(k) − 〈m−1〉, where m−1(k)
is the second derivative of electron energy with respect to
momentum, and 〈m−1〉 is its average over the Fermi surface
[28]. As discussed below, at the relevant doping level several
bands with very different effective masses contribute to
transport, assuring that the prefactor is not small.

TABLE IV. Comparison of the calculated Raman response
|∂εαβ/∂Q|2 for the A′

1 and E ′ phonon modes in the distorted P6̄m2
structure. The A′

1 mode originates from the silent B1u mode and
becomes Raman active only due to symmetry breaking, whereas
the E ′ mode descended from E2g is intrinsically Raman active. The
dielectric response was evaluated at the incident laser photon energy
h̄ωL = 1.96 eV (λ = 633 nm), corresponding to the experimental
backscattering Raman configuration. A dash in the last column
means that this activity is forbidden by symmetry.

Mode Origin ωph (cm−1) |dεxx/dQ|2 |dεzz/dQ|2

A′
1 B1u 176 6.51 × 10−4 6.7 × 10−5

E ′ E1u 126 4.92 × 10−4 –
E ′ E2g 91 4.59 × 10−2 –
Ratio (E ′

91/A′
1) ∼70 –

Ratio (E ′
91/E ′

126) ∼90 –

Let us now estimate the frequency of such plasmon. Pris-
tine MnTe is a p-type semiconductor with a typical hole
concentration on the order p ∼ 1018 cm−3, or 10−4 per unit
cell (Table II). The bands near the valence band maximum
at the A point [29,30] are dominated by the Te px and py

orbital character and well described, in the altermagnetically
ordered state, by a four-band k · p Hamiltonian including
symmetry-allowed spin-orbit coupling (SOC) up to linear or-
der in k [31]. We will use this k · p model to describe the
transport properties of MnTe. Without SOC, the bands in this
model are fourfold degenerate along the A� direction with the
out-of-plane effective mass m∗

⊥ = 1.14m0, while the in-plane
dispersion exhibits two pairs of degenerate bands: light holes
with m∗

lh = 0.13m0 and heavy holes with m∗
hh = 0.53m0. Spin-

orbit coupling lifts the degeneracy at a generic k and induces
conical dispersions near the A point. The A point itself remains
fourfold degenerate up to a tiny splitting in the order of 1 meV,
which may be ignored for our purposes.

The tensor of squared plasma frequency can be calculated
directly from the band structure using the standard definition
[32]:

(
ω2

p

)
αβ

= ε−1
∑

n

∫
vnαvnβ

∂ f (En)

∂μ

d3k

(2π )3
, (3)

where ε is the dielectric constant in the absence of charge
carriers, the vn(k) and En(k) are the group velocity and energy
of band n, and f (En) is the Fermi-Dirac distribution at chem-
ical potential μ. The two independent components of this
tensor in hexagonal MnTe are ω2

p,xx = ω2
‖ and ω2

p,zz = ω2
⊥. The

resulting ω‖ and ω⊥ are plotted in Fig. 3 as a function of the
hole concentration p, neglecting semiconducting screening
for the moment. Interestingly, despite this being a multiband
and not exactly parabolic bands system, ω2

p are approximately
proportional to the hole concentration. Reported values in
Table II cluster around (2–6.8) × 1018 cm−3, corresponding
in Fig. 3 to ω‖ ∼ 500–1000 cm−1 and ω⊥ ∼ 350–660 cm−1.
Now, these should be divided by

√
ε(0), the refraction index

of undoped MnTe. Our calculations give εc(0) ≈ εab(0) ≈ 10,
in agreement with previous calculations and experiments (see
Ref. [33], Fig. 4). Thus, we expect the plasmon frequencies
to be between 170–320 and 120–220 cm−1, respectively, in
the ballpark of the observed Raman line. Given a semiquan-
tative character of the estimates above, the plasmon origin is
plausible.
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FIG. 3. Plasma frequencies ω‖ (blue circles) and ω⊥ (orange
squares) as a function of the hole concentration p at T = 150 K,
calculated assuming ε = ε0.

The above calculation assumes that transport in MnTe is
well described by the band model, which requires that the
mean-free path λ is at least a few times larger than the in-
teratomic distance. We estimate λ using the experimental data
on the electric resistivity [34] and the k · p band structure.

In the relaxation-time approximation, the in-plane conduc-
tivity is σ‖ = εω2

‖τ . According to Ref. [34], the resistivity
of undoped MnTe samples at T = 150 K (which is well
below the Néel temperature TN ) varies approximately from
0.03 to 3 � cm, depending on the heat treatment and crys-
tallographic orientation of the sample. Using our calculated√

εω‖ ≈ 360 cm−1, the corresponding range of the relaxation
time is τ ∼ 0.8–80 fs.

The mean-squared group velocity was found by dividing
εω2

‖ from Eq. (3) by the similar density-of-states-like integral

without the velocities in the integrand. This results in
√〈v2

x 〉 ≈
3.7 × 105 m/s. The mean-free path can then be estimated as
λ = √

2〈v2
x 〉 τ ∼ 0.3–30 nm.

Thus, with the possible exception of the most resistive
samples with ρ � 1 � cm, the mean-free path corresponding
to the experimental resistivity exceeds the lattice spacing,
supporting the treatment of transport properties within the
band model. This conclusion is consistent with the tempera-
ture dependence ρ(T ) of the resistivity in those samples [34]:
those with ρ < 1 � cm have metallic (monotonically increas-
ing) ρ(T ), while those with ρ > 1 � cm have a minimum
at T ∼ 100 K, suggesting thermally activated carriers with
activation energy on the order of 10 meV.

V. CONCLUSIONS

From our analysis, we arrive at the following conclusions:
(1) The strong Raman-active mode observed at about

175 cm−1 and routinely assigned to the E2g phonon [2,4–6] is
not the latter (as suggested by Wu et al. [7]), and is a Raman
excitation of unknown origin.

(2) This excitation, contrary to the conjecture of Ref. [7], is
not the forbidden B1u mode that “leaks” because of an intrinsic
symmetry lowering.

(3) While an impurity-phase (e.g., MnTe2) phonon origin
cannot be rigorously excluded, the presence of an anomaly at

the MnTe Néel temperature for this mode is hard to explain
in this scenario. On the other hand, a change in the plasmon
frequency due to magnetic ordering is naturally expected.

(4) A plausible explanation is that this mode is a plasmon
excitation due to hole self-doping, which has the right symme-
try (also for the pump-probe coherent excitations in Ref. [9]).
There are open questions with this interpretation as well—for
instance, why the second plasmon is not visible: too soft? too
weak? too broad? However, it is clear from our results that this
mode is not an intrinsic phonon, and the doped-hole plasmons
have the correct symmetry, and the frequencies in the right
range are in the right ballpark.

Final verification of this hypothesis will be provided by
future experiments, and can shed new light on the nature of
doping and electronic transport (including, but not limited to
altermagnetic transport effects) in MnTe.

VI. EXPERIMENTAL OUTLOOK

Possible experimental tests of the plasmon hypothesis
include direct detection of plasmons via energy loss spec-
troscopy or electronic microscopy, accessing the out-of-plane
polarized plasmon, which should appear at a different energy,
using the corresponding light polarization, as well as indirect
tests using MnTe modified in a way that does not significantly
change the phonon properties but does affect the carrier con-
centration, such as very low-dosage doping with Li.

Note added. Recently, we became aware of a work [27] that
presented evidence in favor of the extrinsic character of the
∼175 cm−1 Raman excitation, whose presence was sample
dependent, and its assignment to two closely spaced Ag and
Tg modes in the MnTe2 impurity phase. This conclusion is
based in part on the absence of the anomaly for these modes at
TN for MnTe and the presence of a weak anomaly near TN of
MnTe2. The absence of an anomaly near TN of MnTe strongly
disagrees with observations of Refs. [5,6]. Also, in contrast to
earlier work, Ref. [27] reports two nearby Raman modes—the
lower one active only in XX polarization (similar to Ref. [7]),
but the higher mode having larger intensity in XY polarization
compared to XX. Different properties of the Raman excitations
observed in different measurements suggest they may not be
attributable to a single origin.
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