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Magnon gap tuning in lithium-doped MnTe
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Manganese telluride (MnTe) is a prospective platform for ultrafast carrier dynamics, spin-based thermo-
electrics, and magnon-drag transport due to its unique electronic and magnetic properties. We use inelastic
neutron scattering to study both pure and lithium-doped MnTe, focusing on the influence of doping in opening a
magnon gap. We use neutron powder diffraction to determine critical exponents for the phase transition in both
pure and Li-doped MnTe and complement this information with muon spin rotation/relaxation. The opening of
the magnon gap and spin reorientation in Li-doped MnTe is mainly due to increased magnetic anisotropy along
the [001] axis, a feature not present in pure MnTe.

DOI: 10.1103/PhysRevB.109.214434

I. INTRODUCTION

The interactions between magnons and electrons or
phonons creates the physical foundations of modern spin-
tronic applications [1–4]. Recent research in both fundamental
and applied spintronics has increasingly emphasized the sig-
nificance of magnon-mediated interactions, which include
magnon spin conductance [5], magnon-drag effects [6,7],
magnon-photon interactions [8,9], magnon-phonon interac-
tions [10,11], and magnon-based computing [4,12], among
many others. Previous research explored magnon transport
properties for various spintronics applications and how a gap
affects the transport [13,14]. The magnetic anisotropy of a ma-
terial often determines the magnon gap energy and provides
vital information, such as magnetic ordering, stability, and
excitations in magnetic phases [15–17]. The ability to tune the
magnetic anisotropy is highly desirable because it enables the
manipulation of magnetic structure through spin reorientation
[18,19]. In this regard, manganese telluride (MnTe) offers
an ideal platform for the investigation of magnon-mediated
interactions and transport properties, spin-reorientation phe-
nomena, the interplay between the magnon gap and magnetic
anisotropy, and their tunability via chemical doping.

MnTe has been extensively investigated for its magnetic
[20–22], thermoelectric [23], electronic [24], and optical
properties [25]. It is a magnetic semiconductor (p type) with
hexagonal NiAs-type structure (space group P63/mmc) and
has a relatively high Néel temperature (TN ≈ 307 K) [20,26],
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below which it develops type-A antiferromagnetism, where
Mn2+ spins (with S = 5/2) exhibit in-plane ferromagnetic
ordering along the 〈110〉 direction, coupled antiferromagneti-
cally along the c axis. The magnetic structure and spin waves
in MnTe were previously modeled by using a Heisenberg
Hamiltonian with isotropic exchange terms up to three near-
est neighbors [27]. The magnetic propagation wave vector
is (000), and two magnon modes were observed, one un-
gapped and one gapped [27]. Manganese telluride is also
the first antiferromagnet in which a magnon-drag effect was
observed [6]. Recently, MnTe was identified as a candidate for
altermagnetism with collinear antiferromagnetism and bro-
ken time-reversal symmetry that could exhibit an anomalous
Hall effect [28–30] and was shown to exhibit record piezo-
magnetism [31]. Consequently, a more in-depth study of the
relationship between the properties associated with altermag-
netism and the magnons and magnetic structure of MnTe is
warranted to elucidate any potential for control or tunability.

In this paper, we use inelastic neutron scattering to study
the effects of Li doping on MnTe, which results in the forma-
tion of a magnon gap, and we use neutron powder diffraction
and muon spin relaxation/rotation (μSR) to estimate the crit-
ical exponent of the magnetic phase transition. Subsequently,
we explain the tunability of the magnon gap via magnetic
anisotropy (single-ion anisotropy) by using complementary
linear spin wave theory (LSWT) and density functional theory
(DFT) calculations.

II. EXPERIMENTAL METHODS

Both pure and 5% Li-doped MnTe samples were
synthesized following established procedures [7,32,33].

2469-9950/2024/109(21)/214434(9) 214434-1 ©2024 American Physical Society

https://orcid.org/0000-0001-9462-7434
https://orcid.org/0000-0003-4351-8347
https://orcid.org/0000-0001-7073-2213
https://orcid.org/0000-0002-8179-2841
https://orcid.org/0000-0003-3667-3672
https://orcid.org/0000-0003-4053-9986
https://orcid.org/0000-0002-4047-9453
https://orcid.org/0000-0002-6138-5624
https://ror.org/01qz5mb56
https://ror.org/047rhhm47
https://ror.org/01qz5mb56
https://ror.org/03kgj4539
https://ror.org/04tj63d06
https://ror.org/05cvf7v30
https://ror.org/034t30j35
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.214434&domain=pdf&date_stamp=2024-06-24
https://doi.org/10.1103/PhysRevB.109.214434


GEORGE YUMNAM et al. PHYSICAL REVIEW B 109, 214434 (2024)

FIG. 1. The powder magnon spectra from inelastic neutron scattering of pure and 5% Li-doped MnTe at T = 10 K as a function of the
wave-vector transfer |Q|, showing experimental data with an incident energy of (a) and (e) Ei = 30 meV and (c) and (g) Ei = 150 meV. Extra
magnon intensity attributed to an MnO impurity is observed in Li-doped MnTe [highlighted in (e) and (g) by the dashed magenta rectangle].
The color bar represents the intensity as S(Q, E ) in arbitrary units. (b) and (f) show LSWT simulated powder magnon spectra, and (d) and
(h) show calculated momentum-resolved magnon spectra based on the same LSWT model. The insets show the magnetic structures and the
exchange interaction terms used in the LSWT calculations.

High-resolution neutron diffraction was performed at the
POWDER (HB2A) instrument at the High Flux Isotope Re-
actor (HFIR) of Oak Ridge National Laboratory. Rietveld
refinement using FULLPROF [34] showed that the crystal struc-
tures of both pure and doped MnTe have the P63/mmc space
group with lattice parameters a = 4.121 Å and c = 6.650 Å
for pure MnTe and a = 4.108 Å and c = 6.657 Å for 5%
Li-doped MnTe at T = 4 K (See Table S1 in the Supplemental
Material [35] for more detail). Analysis of the pure MnTe
composition revealed the presence of 3 wt % MnTe2, while
the Li-doped MnTe sample revealed the presence of 3.1 wt %
MnO. We then performed inelastic neutron scattering (INS)
on the Wide Angular-Range Chopper Spectrometer (ARCS)
[36] at the Spallation Neutron Source (SNS) for powder sam-
ples of pure and 5% Li-doped MnTe to investigate the role of
Li doping in the magnon dispersion of MnTe. We measured
polycrystalline samples because single crystals of Li-doped
MnTe were not available. Inelastic neutron scattering serves
as an effective tool for probing magnetic excitations because
it provides direct access to the spin-spin correlation func-
tion, Sm,n(Q, E ) ∝ ∑

RR′
∫

eiEt/h̄e−iQ·(R−R′ )〈Sm
R (t )Sn

R′ (0)〉dt ,
where Q is the wave-vector transfer, defined as Q = ki − k f ,
where ki and k f are the initial and final wave vectors of
the scattered neutron, and m and n are the spin components.
The magnon spectra of the system can be obtained from
the inelastic neutron scattering cross section. The magnon
dispersion of a material provides critical information about
the magnetic structure and dynamics, such as the exchange
interaction, magnetic anisotropy, stiffness, and damping. Pure
and 5% Li-doped MnTe were measured using INS on ARCS
for various incident neutron energies (Ei = 30, 60, 75, and
150 meV) and temperatures (T = 10, 20, 40, 60, 80, 100,
175, and 298 K).

Density functional theory calculations. First-principles
calculations were performed within the linearized aug-
mented plane-wave approach, using the all-electron density-
functional theory code WIEN2K [37]. The experimentally
determined crystallographic and magnetic (i.e., alternating
Mn magnetic planes) structure was employed, along with a
U value of 5 eV applied to the Mn 3d orbitals. Spin-orbit
coupling was applied to determine the magnetic anisotropy,
and lithium alloying was modeled via the virtual crystal ap-
proximation (VCA), with lithium assumed to substitute in
a monovalent manner for divalent Mn. Sufficient numbers
of k points were employed to allow an accurate estimate
of magnetic anisotropy. The increase in magnetic anisotropy
associated with lithium alloying was reported earlier [32] and
mimics the increase in the single-ion magnetic anisotropy
term K assumed in the spin-wave gaps depicted in Fig. 2
below, although the magnitudes observed experimentally are
smaller than these calculated values, with the difference po-
tentially due to the frequent overstatement of anisotropy by
the VCA.

III. RESULTS AND DISCUSSION

Inelastic neutron scattering. We consider magnon pow-
der spectra with incident energy Ei = 30 meV at T = 10 K
for pure and Li-doped MnTe, as shown in Figs. 1(a) and
1(e), respectively. The higher-energy regime is captured in
measurements with Ei = 150 meV, as shown in Figs. 1(c)
and 1(g), which highlights the upper limits of the magnon
spectra around 35 meV, albeit with a lower energy resolution.
The energy resolution of the INS measurements at ARCS
is given by the full width at half maximum that is 3%–5%
of Ei; i.e., measurements at Ei = 30 and 150 meV have an
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FIG. 2. Magnon gap dependence on the doping concentration
of Li. (a) S(E ) integrated over Q = 0.929–0.949 Å−1 for pure and
5% Li-doped MnTe. (b) Magnon gap with respect to the single-
ion anisotropy K used in LSWT calculations in comparison to the
magnon gap with respect to the Li-doping concentration. The pseu-
dogap of Eg � 2.6 meV from Ref. [27] is shown as a star.

energy resolution of 0.9–1.5 and 4.5–7.5 meV, respectively.
A previous INS study [27] estimated a 2.6 meV pseudogap
at the � point of pure MnTe, which is an overlap of gapped
and ungapped magnons. However, lithium doping transforms
the magnon spectra in MnTe, introducing a ∼6 meV gap,
as shown in Figs. 1(e) and 1(g). Note the presence of MnO
impurity magnons at |Q| � 1.2–1.5 Å−1. The presence of this
impurity does not affect our analysis and interpretation of
the magnon dispersion. From Figs. 1(c) and 1(g), we observe
that both the pure and doped MnTe have the same cutoff in
magnon energy, although the cutoff in doped MnTe is more
broadened at higher energies, which might indicate some
disorder in exchange constants. Unavoidably, there is some
low-lying (E > 5 meV) phonon mode scattering at higher |Q|,
visible as bands with intensity proportional to Q2.

Spin wave calculation. Within a strong correlation limit,
the magnon dispersion is described by a Heisenberg spin
Hamiltonian of the form

HS = −
∑

i j

Ji jSi · S j −
∑

i

K|Sz
i |2, (1)

where Ji j represents the exchange constant between the i and
j ions, K is the single-ion magnetic anisotropy term, and Si is
the spin vector of the ith ion. In our notation, negative (pos-
itive) values of Ji j favor antiferromagnetic (ferromagnetic)
states. We performed LSWT-based calculations using SPINW

[38] to simulate the magnon spectra in the polycrystalline av-
erage by using a model with four nearest-neighbor exchange
constants Jn (n = 1, 2, 3, 4, where n denotes the nth-nearest
neighbor of a given Mn atom) and a single-ion magnetic
anisotropy term K , as shown in the inset of Fig. 1(d) for pure
MnTe and the inset of Fig. 1(h) for doped MnTe. In our model,
the spins are oriented along the [110] and [001] directions for
pure and doped MnTe, respectively. Spins are antiferromag-
netically coupled along the c axis, which is in agreement with
Rietveld refinements and representational analysis [32,33].
Furthermore, the single-ion anisotropy term was set to zero
(K = 0) in pure MnTe, whereas in the Li-doped MnTe we set

K = 0.08 meV, a value of K determined by comparing the
LSWT simulated powder spectra with experimental magnon
spectra; see spectra simulated on the basis of this model in
Figs. 1(b) and 1(f) for pure and doped MnTe, respectively. For
both pure and Li-doped MnTe, we used exchange constants Jn

(as defined above) obtained from DFT-based simulations [39],
which are given as J1 = −4.125 meV, J2 = −0.025 meV,
J3 = −0.55 meV, and J4 = −0.2175 meV, noting a factor of
S2 (S = 5/2) difference in the normalization. The symmetry-
allowed exchange matrix is given by the symmetry of the
crystal structure and it has a magnetic wave vector k = 0. This
is equally true for the system with Li doping. The simulated
magnon spectra from our LSWT model based on the exchange
constants given above agree very well within the experimental
resolution with our INS powder-averaged magnon spectra, as
shown in Figs. 1(a)–1(c) and 1(e)–1(g).

Magnon gap tunability. The magnon gap Eg in Li-doped
MnTe is directly related to single-ion magnetic anisotropy,
where Eg ∼ K〈Sz〉. Simulated LSWT momentum-resolved
magnon spectra are shown in Fig. 1(d) for pure MnTe and
Fig. 1(h) for 5% Li-doped MnTe. In pure MnTe, we see a
gapped magnon mode and an ungapped magnon mode, which
agrees well with a previous report [27]. In contrast, in the
doped MnTe we see two magnon modes, both gapped at the
� point. A closer comparison of the two magnon modes in
pure and doped MnTe reveals that the ungapped mode in pure
MnTe (shown in blue) transforms into a gapped magnon upon
Li doping (also shown in blue). The gapped magnon mode
in pure MnTe (shown in red) is visually unchanged upon Li
doping (also shown in red). To quantify the gap, we integrated
S(E ) in the Q = 0.929–0.949 Å−1 range for pure and 5% Li-
doped MnTe [see Fig. 2(a)]. For the estimation of the magnon
gap in pure MnTe (0% Li) and 5% Li-doped MnTe, we chose
the INS measurements at T = 10 K and Ei = 30 meV. Due
to the unavailability of 10 K and 30 meV data for 0.3%
and 1% Li-doped MnTe, we chose the INS measurements at
T = 150 K and Ei = 60 meV, which are the lowest available
T and Ei. See the Appendix for a description of how the
magnon gap cuts were obtained, as demonstrated for 0.3%
and 1% Li-doped MnTe in Figs. 5 and 6. In the T = 150 K
and Ei = 60 meV data for 0.3% and 1% Li-doped MnTe,
some magnetic low-energy quasielastic scattering was also
observed which was absent at T = 10 K. For the 150 K data,
we subtracted this quasielastic scattering before estimating the
incipient magnon gap, as described in the Appendix. We esti-
mate the magnon gap Eg, shown in Fig. 2(b) by black circles,
by fitting to an error function of the form Aerf(x − Eg) + B,
where A and B represent a fitted scale factor and a fitted
offset for the error function, respectively. The erf(x) function
is the primitive of the normal distribution. The magnon gap
energy as a function of the single-ion anisotropy term K
is obtained from the LSWT-based magnon spectra with the
magnetic structure configuration of the Li-doped MnTe, as
shown in Fig. 2(b) by red squares (see the Appendix, Figs. 7
and 8). We note that Fig. 2(b) assumes a linearity in the
dependence of Eg with respect to K and the Li-doping con-
centration. Figure 2 demonstrates the tunability of the magnon
gap energy or magnon dispersion as a function of magnetic
anisotropy K . The controllability of the magnon dispersion
by tuning the magnetic anisotropy suggests the possibility
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to design switchable devices with contrasting magnon group
velocity, which is defined as vm

g = (δE/δq) = h̄(δω/δq)q→� .
vm

g is dependent on the slope of the magnon dispersion near
the � point, which is significantly different for pure and Li-
doped MnTe [see Figs. 1(d) and 1(h)]. Generally, magnetic
anisotropy is sensitive to the electronic structure near the
Fermi level, which is easily perturbed via external parame-
ters such as temperature, pressure, and chemical doping and
associated structural changes. Examples of these include the
planar-to-uniaxial transition with increasing temperature in
Nd2Fe14B [40], the transition from planar to uniaxial behav-
ior caused by interstitial nitrogen substitution into Sm2Fe17

[41], and the temperature-related magnetostructural transition
[42,43] in MnBi associated with a transition from planar to
uniaxial behavior. In all these materials, the addition of an
external parameter perturbs the near-EF electronic structure
sufficiently to greatly alter the anisotropy of the system. This
electronic structure generally derives from the transition metal
3d orbitals, whose exchange constant distance dependence
and associated electronic structure alterations originate from
magnetoelastic coupling [44]. In view of the large effective
spin of Mn (S = 5/2), we likewise contend that the change in
magnetic anisotropy upon Li doping is due to a combination
of this aforementioned coupling and the charge alloying due
to lithium substitution.

The presence of a magnon gap of ∼6 meV (70 K) for the
Li-doped sample but not the pure MnTe sample is expected
to lead to disparate low-temperature magnon-associated trans-
port behaviors in both the spin and magnon-associated
heat transport channels, stemming from the Bose-Einstein
distribution applicable to bosonic magnon excitations. In
particular, below approximately 50 K, we expect that, in
the Li-alloyed material, these transport channels will expe-
rience an exponential suppression [i.e., the thermal factor
(eh̄ωG/kBT − 1)−1], whereas the ungapped pure sample should
experience a power-law (in temperature) behavior. It is an-
ticipated that magnetic scattering, as well as the evident
compositional disorder in the alloyed sample, will signifi-
cantly impact the quantitative interpretation of these results;
see Ref. [45] for an example of such an interpretation.

Order parameter. The (001) magnetic reflection at Q =
0.939 Å−1 in pure MnTe disappears completely in Li-doped
MnTe due to the reorientation of the spins along the c axis
upon Li doping [32]. To determine the behavior of both pure
and Li-doped MnTe near the phase transition, we analyze
the neutron powder diffraction data previously published in
Ref. [32] in more detail. Figure 3(a) shows the Rietveld re-
finement of HB-2A neutron powder diffraction data of pure
MnTe at 4 K. Similarly, Fig. 3(c) shows the Rietveld refine-
ment of neutron powder diffraction of 5% Li-doped MnTe at
4 K. Note the presence of MnO impurity peaks highlighted
in the shaded boxes, which are excluded in our refinement. A
detailed investigation determining the Li site using Rietveld
refinement indicated that Li most likely occupies the Wyckoff
2d sites in comparison to other sites like 2a and 2c, which is
consistent with Ref. [32]. The next best fit was provided by Li
occupying 2a sites (i.e., Mn sites), which is consistent with the
defect analysis based on transport measurements presented in
Ref. [7] that indicated Li ions can be present as a neutral state
(effective negative charge) in the interstitial (Mn) site, i.e.,
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FIG. 3. Neutron powder diffraction data from HB-2A (from Ref.
[32]) showing magnetic peaks (001) and (101) and highlighting the
difference between (a) pure MnTe and (c) Li-doped MnTe. Rietveld
refinement was used to resolve the crystal and magnetic structure.
The observed (red), refined (blue), and data-fit (green) curves are
labeled. Magnetic MnO impurity reflections, which are excluded in
our fit are highlighted by the shaded boxes in (c). The insets of
(a) and (c) show the observed reflections between Q = 1.65 and
2.05 Å−1 at T = 4 K and T > TN. The peaks from the structure
(green), aluminum sample container (red), and magnetic component
(blue) used in our refinement are also shown. (b) and (d) show the
order parameter (OP) from the (101) reflection of (b) pure MnTe and
(d) Li-doped MnTe from the ARCS (green circles) and HB-2A (red
circles) instruments. Note that the (101) reflection contains nuclear
and magnetic contributions and so does not vanish above TN. The OP
is fitted by a power-law expression, as shown by blue lines. The insets
in (b) and (d) illustrate the magnetic spin orientation. Error bars
represents one standard deviation. The magnetic structure analysis of
the HB-2A diffraction data was reported in Ref. [32] and is analyzed
here in the critical regime together with ARCS diffraction data.

the 2d (2a) site. We analyzed the magnetic ordering in both
pure and Li-doped MnTe by focusing on the (101) peak at
Q ∼ 2 Å−1, noting the absence of the (001) peak in Li-doped
MnTe [see Figs. S1 and S2 in the Supplemental Material for
the estimation of the order parameter from Gaussian fitting
of the (101) reflection]. The (101) peak comprises the (101)
magnetic reflection superimposed onto the (101) structural
reflection. We also used elastic cut diffraction data of the
neutron inelastic scattering performed at ARCS to supplement
the data for magnetic ordering at higher temperature. The
elastic cuts were performed by using an energy integration
from Ei = −1 to +1 meV.

The magnetic order parameter is derived from a Gaussian
fitting of the (101) reflection and fitted with a power-law
expression given as A(1 − T/TN)2β , where TN is the Néel
temperature, β is the critical exponent, and A is the intensity
scaling constant. The fitted parameters are presented in Ta-
ble I, which shows that Li doping induces a small reduction of
both β and TN. A closer look at the temperature dependence
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TABLE I. The magnetic order parameters fitted by using a
power-law relation in pure and doped MnTe via neutron powder
diffraction (NPD) and muon spin rotation (μSR). μSR probes the
local or intermediate range (IR) correlation. We also include criti-
cal exponents from the magnetic pair distribution function (mPDF)
based total scattering analysis which probes both long-range (LR)
and short-range (SR) correlations from Ref. [46] for completeness.

MnTe Method β TN (K)

Pure NPD 0.317(20) 305.9 (2.0)
mPDF (LR) 0.300(30) 304.5 (3.0)
μSR (IR) 0.450(10) 307.5 (0.1)

mPDF (SR) 0.710(50) 302.0 (3.0)
Doped NPD 0.285(30) 290.3 (1.0)

of this (001) reflection of Li-doped MnTe as measured at
ARCS revealed a transient temperature range (290–350 K),
where a significant order-parameter spin correlation persists,
which indicates a temperature-dependent weak fluctuation of
the spins perpendicular to the [001] direction near TN [46] (see
the inset in Fig. S2 in the Supplemental Material [35]).

Table I shows a monotonic progression of β from ∼0.3 for
long-range correlations probed by neutron powder diffraction
(NPD) or long-range (LR) magnetic pair distribution function
(mPDF) to ∼0.45 for intermediate-range correlations probed
by μSR and ∼0.71 for the shortest-range (SR) correlations
probed by mPDF, i.e., nearest-neighbor magnetic correlations.
mPDF can probe magnetic correlations on various length
scales based on the range of real-space mPDF data used for
the analysis. If we look just at the nearest-neighbor magnetic
correlations in MnTe using mPDF, i.e., SR mPDF, and com-
pare them to the long-range correlations, i.e., LR mPDF, we
see an obvious difference in the development of magnetic
correlation with respect to temperature [46]. Unlike the pure
MnTe, the NPD-derived β of Li-doped MnTe clearly deviates
from a conventional three-dimensional Ising antiferromagnet
(β = 0.326) [47]. The decreasing of Néel temperature TN in
doped MnTe indicates a lowered exchange-coupling strength
compared to the pure MnTe. In order to investigate the change
in the exchange constants due to Li doping, we performed
DFT calculations based on a simple model consisting of only
two exchange constants (J ′

1 and J ′
2). As shown in Table II,

the exchange constants of the Li-doped MnTe are lower than
those of pure MnTe, which agrees with the reduction in Néel
temperature in experiments. Note that J ′

1 and J ′
2 obtained here

are different from the exchange constants J1, J2, J3, and J4

used in our LSWT model, which were obtained from DFT
calculations for pure MnTe.

TABLE II. The exchange constants (J ′
1 and J ′

2) obtained from
density functional theory calculations. Virtual crystal approximation
was used to model the Li doping.

MnTe J ′
1 (meV) J ′

2 (meV)

Pure −3.36 −0.016
Doped −3.04 −0.008

FIG. 4. (a) Early-time, zero-field asymmetry spectra of MnTe
showing the development of coherent oscillations as long-range
magnetic order is established. Black curves are fits to the data
using two exponentially damped cosine functions and a slowly
decaying tail. (b) Long-time, zero-field asymmetry spectra show-
ing a rapid transition between the paramagnetic state at 307.9 K
and the antiferromagnetic (AFM) state with 100% ordered volume
fraction at 306 K. The dashed horizontal line represents the constant
background asymmetry of 0.135 contributed by the sample holder.
(c) Asymmetry oscillation frequency as a function of temperature,
which is proportional to the AFM ordered moment. The black
curves represent a power-law fit. (d) Long-time, zero-field asymme-
try spectra for Li-doped MnTe, showing predominantly paramagnetic
behavior at 297 K and a full magnetic volume fraction at 274 K.

Muon spin-relaxation analysis. The neutron diffraction-
derived analysis of the order-parameter is corroborated by
μSR data [48] collected for pure and 5% Li-doped MnTe at
TRIUMF. Key results are summarized in Fig. 4. The μSR
asymmetry spectra collected from pure MnTe in zero field
show coherent oscillations below TN with two distinct fre-
quencies [see Fig. 4(a)], reflecting the long-range magnetic
order. We performed fits to the spectra to extract the oscilla-
tion frequencies as a function of temperature [black curves in
Fig. 4(a)]. The relative weight of the two oscillating compo-
nents was refined as a global parameter in the fit, but the two
frequencies were allowed to vary independently. The frequen-
cies extracted from the fits serve as an order parameter for the
magnetic transition and are shown in Fig. 4(c). A power-law
fit performed for the two sets of frequencies simultaneously
[black curves in Fig. 4(c)] yielded TN = 307.5(1) K and β =
0.45(1), which is sizably larger than β determined from the
neutron measurements, as shown in Table I. We attribute this
to the sensitivity of μSR to local magnetic correlations, in
contrast to the long-range correlations probed by neutrons.
We also show critical exponents obtained from mPDF analysis
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which confirm the trend of higher critical exponents for short-
range correlations in Table I [46].

The long-time asymmetry spectra for pure MnTe in
Fig. 4(b) show a sharp drop in the long-time tail between
307.9 and 306.0 K, confirming that the full sample volume
becomes magnetically ordered in this narrow temperature
window. In contrast, the Li-doped sample [Fig. 4(d)] still
shows a large paramagnetic fraction at 297 K, confirming the
reduction of TN with Li doping. No oscillations are observed
in the early-time spectra of the doped sample, which is not
surprising considering the increased disorder associated with
the dopant ions. As a result, TN and the critical exponent
for the doped sample could not be determined. Comparing
Figs. 4(b) and 4(d), the Li-doped MnTe long-time asymmetry
goes from ∼0.15 to 0 near the transition, while the long-time
asymmetry of the pure MnTe sample goes from ∼0.24 to
∼0.15. The reason for this difference is that the asymmetry
spectra for the pure compound include a constant background
of ∼0.135 arising from the sample holder, while the doped
sample was measured in a different sample holder that con-
tributed a negligible background.

IV. CONCLUSIONS

Our study sheds light on the effects of Li doping on
the magnetic and magnonic properties of MnTe. Pure MnTe
undergoes a transition from an easy-plane to an easy-axis
antiferromagnet upon Li doping. Inelastic neutron scattering
experiments revealed the emergence of an enhanced magnetic
anisotropy due to Li doping, resulting in the opening of a
magnon gap. This magnon gap in Li-doped MnTe is attributed
to the increased magnetic anisotropy along the c axis, a phe-
nomenon absent in pure MnTe. Muon spin rotation/relaxation
data confirmed the transition to a long-range antiferromag-
netic state at the Néel temperature (TN = 307 K) in pure
MnTe. Furthermore, linear spin wave theory and inelastic
neutron scattering experiments illustrated the alterations in the
magnetic structure and magnon dispersion caused by Li dop-
ing. Notably, the spin reorientation and magnon gap opening
observed in Li-doped MnTe have significant implications for
understanding spin-based phenomena and spintronic applica-
tions, such as the tunability of the magnon gap via doping
or by tuning the magnetic anisotropy of the material. These
findings provide valuable insights into the potential use of
Li-doped MnTe for advanced magnonic and spintronic device
applications.

DOE will provide public access to the results of federally
sponsored research in accordance with the DOE Public Ac-
cess Plan [49]. The neutron scattering data associated with
this work is available at Ref. [50].
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APPENDIX: MAGNON GAP DETERMINATION

The magnon gap in 0.3% and 1% Li-doped MnTe
is obtained by fitting the Q-integrated S(E ) around Q =
0.929–0.949Å−1. We also visually compare these cuts and fits
with a similar Q-integrated S(E ) from the linear spin wave
theory calculated powder-averaged magnon dispersion. The
estimated magnon gaps from the 0.3%, 1%, and 5% concen-
trations of Li doping are 3.6 (1.3), 5.0 (1.3), and 7.5 (0.4)
meV, respectively. In Fig. 5, we show the process of obtain-
ing the magnon gaps in the case of 0.3% and 1% Li-doped
MnTe. As shown in Figs. 5(a) and 5(b), we start by taking
the cuts around Q1 = 0.939, Q2 = 1.25, and Q3 = 1.45 Å−1,
with an integration width of dQ = 0.02 Å−1. INS spectra of
0.3% and 1% Li-doped MnTe were measured on ARCS with
Ei = 60 meV and T = 150 K (which are the lowest Ei and
T available for these doping concentrations). The obtained
cuts S(E ) are shown in Figs. 5(c) and 5(d). We subtract the
magnetic quasielastic scattering by taking the difference in
S(E ) from Q1 − Q2 and Q1 − Q3. The subtraction of the mag-
netic quasielastic scattering is performed for two different Q
cases to ensure the correct procedure is applied and check for
oversubtraction, as shown in Figs. 5(e) and 5(f).

These background-subtracted cuts were fitted with the
error function Aerf(x − Eg) + B, where erf(x) is the error
function and A and B have the same definition as before.
We refer to the magnon gaps obtained in these two cases
(0.3% and 1% Li-doped MnTe measured at Ei = 60 meV and
T = 150 K) as incipient magnon gaps since we performed
the subtraction of the magnetic quasielastic scattering. Note
that the magnon gap cuts for pure and 5% Li-doped MnTe
shown in Fig. 2(a) do not involve the subtraction of the
magnetic quasielastic background because they were mea-
sured at near-ideal low background conditions (Ei = 30 meV
and T = 10 K). As shown in Figs. 2 and 6(b), the magnon
gap of 5% Li-doped MnTe is estimated by taking the cuts
S(E ) at Q1 = 0.939 Å−1, without performing any further
background subtraction. Therefore, we make the clear dis-
tinction that the magnon gap estimated in the case of the
5% Li-doped MnTe is not an incipient gap. The fit was
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FIG. 5. Magnon gap obtained from fits of S(E ) as shown in
the main text. The powder magnon spectra S(Q, E ) of (a) 0.3%
and (b) 1% Li-doped MnTe. The Q-integrated cuts S(E ) with an
integration range of dQ = 0.02 Å−1 at Q1 = 0.939, Q2 = 1.25, and
Q3 = 1.45 Å−1 are shown for (c) 0.3% and (d) 1% Li-doped MnTe.
The magnetic quasielastic scattering subtracted cuts (Q1 − Q2 and
Q1 − Q3) and the fits based on an error function, Aerf(x − Eg) + B,
for (e) 0.3% and (f) 1% Li-doped MnTe.

performed by taking the same function as mentioned above.
We note the presence of nonzero intensity at low E , which
is attributed to a limitation of the low-angle detector in the
ARCS instrument. The MnO magnons are also avoided in this
estimation.

The magnon gaps estimated from the powder-averaged
magnon spectra based on the linear spin wave theory (LSWT)

FIG. 6. (a) Magnon gap estimation in the case of 5% Li-doped
MnTe is performed by taking S(E ) cuts at Q1, shown by the magenta
rectangle in (b). The nonzero intensity in S(E ) at low E (highlighted
by the yellow rectangle, near the elastic line) is due to a low-angle
detector limitation in the ARCS instrument. The MnO magnons are
also highlighted in the orange rectangle.
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FIG. 7. Magnon gaps from the LSWT calculated powder-
averaged magnon spectra using the magnetic structure of the
Li-doped MnTe at varying single-ion anisotropy K .

calculations for different magnetic single-ion anisotropy
terms K are also given in Fig. 7. The integrated S(E ) cuts from
the LSWT calculated powder-averaged magnons have squig-
gles because of the nonuniformity in the averaging method
implemented, which does not affect our discussion of the
estimated magnon gap. The model used for these calculations
is described in detail in the main text. We used the mag-
netic structure model for the Li-doped MnTe with varying
magnetic single-ion anisotropy terms K . Figure 8 shows the
LSWT calculated powder-averaged magnon spectra for dif-
ferent single-ion anisotropies K as identified in the legend of
each panel. Note that the powder average magnon dispersion
is calculated by considering the instrument resolution as de-
scribed in the main text; i.e., the ARCS instrument has an
energy resolution of 3%–5% of Ei, and therefore, we take
0.9 meV as our energy resolution in the LSWT calculations.

FIG. 8. Magnon gaps from linear spin wave theory calculations
were estimated as a function of single-ion anisotropy Eg(K).
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