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Spin waves in the collinear antiferromagnetic phase of Mn5Si3
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By combining two independent approaches, inelastic neutron-scattering measurements and density-functional-
theory calculations, we study the spin waves in the collinear antiferromagnetic phase (AFM2) of Mn5Si3. We
obtain its magnetic ground-state properties and electronic structure. This study allowed us to determine the
dominant magnetic exchange interactions and magnetocrystalline anisotropy in the AFM2 phase of Mn5Si3.
Moreover, the evolution of the spin excitation spectrum is investigated under the influence of an external
magnetic field perpendicular to the anisotropy easy axis. The low-energy magnon modes show a different
magnetic field dependence, which is a direct consequence of their different precessional nature. Finally, possible
effects related to the Dzyaloshinskii-Moriya interaction are also considered.
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I. INTRODUCTION

The study of magnetism at a microscopic level can lead
to designing cutting-edge technological applications for data
processing and storage, information transmission, and mag-
netic refrigeration. In recent years, antiferromagnetic (AFM)
materials have attracted great interest in the research field
of spintronics [1]. Bulk Mn5Si3 is an AFM intermetallic
compound that hosts rich physics. Its interesting properties,
such as the complex magnetic structure [2], the anomalous
Hall effect [3], and the inverse magnetocaloric effect [4],
have been attributed to an instability of the Mn magnetic
moments. It is also worth mentioning that in nanoparticle [5]
and nanowire [6] form, Mn5Si3 is considered to have great
potential in future electronic and spintronic devices. Despite
the intense research activity over the past decades [2–4,7–16],
many open questions remain regarding the minimal magnetic
model Hamiltonian, the role of the spin fluctuations in the
magnetically ordered phases, and which Mn site is responsible
for them. To address some of these questions, in the present
study, we performed inelastic neutron-scattering experiments
and applied first-principles calculations.

The crystal and magnetic structure of bulk Mn5Si3 has been
established by neutron-diffraction measurements [2,7,8], and
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the magnetic phase diagram as a function of temperature and
magnetic field has been extensively studied by magnetization
and electrical transport measurements [9–12,17]. In the para-
magnetic (PM) state, Mn5Si3 crystallizes in the hexagonal
space group P63/mcm with two distinct crystallographic po-
sitions for Mn atoms (sites Mn1 and Mn2) [7] and undergoes
two successive first-order phase transitions towards antiferro-
magnetic phases, which occur at TN2 ≈ 100 K (AFM2) and
TN1 ≈ 66 K (AFM1), respectively [17]. The electric resistivity
shows a metallic behavior with two anomalies corresponding
to these phase transitions [10].

At TN2 ≈ 100 K (AFM2), the crystal structure changes
from hexagonal to orthorhombic with space group Ccmm, and
Mn2 divides into two sets of inequivalent positions [8]. In
the orthorhombic cell, magnetic reflections follow the con-
dition h + k odd, and the magnetic propagation vector is
κ = (0, 1, 0). In the AFM2 phase, the Mn1 and one-third of
the Mn2 atoms have no ordered moments, and the remain-
ing Mn2 atoms have their magnetic moments of magnitude
1.48(1) μB aligned almost parallel and antiparallel to the b
axis of the orthorhombic cell [8] [see Fig. 1(a)]. At a lower
temperature, at TN1 ≈ 66 K (AFM1), a structural distortion
occurs to an orthorhombic cell without inversion symmetry
(space group Cc2m) [2]. The magnetic moments reorient in a
highly noncollinear and noncoplanar arrangement, while the
propagation vector remains the same. Mn1 atoms acquire a
magnetic moment of magnitude 1.20(5) μB, and still one-third
of the Mn2 atoms have no ordered moments, just as in the
AFM2 phase. The rest of the Mn2 atoms carry a moment of
2.30(9) and 1.85(9) μB, depending on their site.
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FIG. 1. (a) Projection of the structure of Mn5Si3 in the AFM2
phase in the ab plane of the orthorhombic cell according to single-
crystal neutron-diffraction data [8]. The blue solid lines indicate the
relevant exchange interactions used in the Heisenberg Hamiltonian.
(b) Predicted metastable FM phase from first-principles calculations
(see details in text). The two triangles indicate Mn2 atoms located in
different planes.

II. EXPERIMENTAL PART

A. Experimental details

The Mn5Si3 single crystal was grown by the Czochral-
ski method [4]. The sample with a mass of about 7 g was
mounted on an aluminum sample holder and was oriented
in the [100]/[010] scattering plane of the orthorhombic sym-
metry. Inelastic neutron-scattering (INS) measurements were
carried out on the cold triple-axis spectrometers (TASs) IN12
[18] and Three Axis Instrument for Low Energy Spectrometry
(ThALES) at the Institut Laue-Langevin (ILL) in Grenoble,
France. Both TASs were set up in the W configuration, and
inelastic scans were performed with constant k f , where k f is
the wave vector of the scattered neutron beam.

Unpolarized INS measurements were performed at IN12,
and focusing setups were employed. The spectrometer was
equipped with pyrolytic graphite [PG(002)] crystals as
the monochromator and analyzer, and 40’-open-open col-
limations were installed. Higher-order contamination was
removed using a velocity selector (VS) before the monochro-
mator and a beryllium (Be) filter in the scattered neutron
beam. The sample was cooled below room temperature with a
4He flow cryostat. Spin dynamics investigations with unpolar-
ized neutrons under the magnetic field were carried out using
a 10-T vertical field magnet. For these measurements, the Be
filter was removed. The single crystal was cooled down from
the PM state to T = 80 K (AFM2 phase) without the presence
of an external magnetic field. The field was applied along the c
axis of the orthorhombic symmetry of Mn5Si3, and the spectra
were collected with increasing field strength.

With ThALES, longitudinal polarization analysis (LPA)
was performed using Cryogenic Polarization Analysis De-
vice (CRYOPAD) [19] to guide and orient the neutron
beam polarization with a strictly zero magnetic field in the

FIG. 2. Temperature dependence of the dynamical spin suscep-
tibility χ ′′(Q, E ) of Mn5Si3 at Q = (0.9, 2, 0) and E = 0.5 meV
measured with unpolarized neutrons with k f = 1.5 Å−1. The vertical
red dashed lines indicate TN2 ≈ 100 K and TN1 ≈ 66 K. The arrow in-
dicates the temperature (T = 80 K) where INS data were collected.

sample position. The TAS was equipped with polarizing
Heusler [Cu2MnAl(111)] crystals as the monochromator and
analyzer. A flipping ratio of 14 was determined from mea-
surements in a graphite sample. Fully focusing setups were
employed, and higher-order contamination was removed us-
ing a VS and a Be filter before the monochromator and in
the scattered neutron beam, respectively. Inelastic scans were
performed with a constant k f of 1.1 Å−1. For the polarized
INS experiments the common Cartesian coordinate system
was used [20]: the x axis parallel to the scattering vector Q
[21], the y axis perpendicular to Q in the scattering plane, and
the z axis perpendicular to the scattering plane.

B. Unpolarized INS measurements

To determine the extent of the critical spin fluctuations re-
lated to the two AFM transitions, spectra were collected with
an unpolarized neutron beam at small q. A (Q, E ) position
was carefully selected to avoid contributions to the mea-
sured intensity from the elastic and inelastic scattering from
the magnetic zone centers and low-energy magnon modes,
respectively. The obtained intensity after background subtrac-
tion was corrected by the detailed balance factor so that the
final result relates to the imaginary part of the dynamical spin
susceptibility χ ′′(Q, E ). Figure 2 shows the extent of the spin
fluctuations for Q = (0.9, 2, 0) and E = 0.5 meV in the PM
state, as well as the critical fluctuations due to the two AFM
phase transitions as seen by the broad tail above TN . χ ′′(Q, E )
shows two maxima at TN2 and TN1 , in agreement with the
established magnetic phase diagrams of Mn5Si3 where the
AFM transitions occur [9,12].

Magnetic excitations were measured around the magnetic
zone center G = (1, 2, 0) at T = 80 K, a temperature selected
well inside the AFM2 phase where the intensity shows a
plateau and the combined critical spin fluctuations from the
PM to the AFM2 (TN2 ≈ 100 K) and from the AFM2 to the
AFM1 (TN1 ≈ 66 K) transitions have minimal intensities (see
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FIG. 3. (a) Energy spectra of Mn5Si3 at Q = (1 + qh, 2, 0) mea-
sured with the IN12 spectrometer with unpolarized setup with k f =
1.05 Å−1 at T = 80 K. While the two modes are unresolved at larger
values of qh, we show, using polarized neutrons, that polarization
analysis resolves the peaks to qh = 0.06 r.l.u. (b) Fitting of the E scan
at Q = (1.005, 2, 0). The three dashed lines correspond to Gaussian
functions sitting on top of a flat background. The solid lines indicate
the overall fits as described in the text. (c) Low-energy magnon
dispersion at T = 80 K along the (h00) direction. The solid lines
are fits with the empirical dispersion relation E = √

�2 + C2q2.

Fig. 2). The energy dependence of the measured excitations
at different Qh positions is shown in Fig. 3(a), where Q =
(Qh, 2, 0). The individual spectra consist of three peaks. The
first peak that is always centered at E = 0 meV corresponds
to the elastic line. The two other peaks appear at finite E and
shift to higher-energy transfers as Qh increases, characteristic
of dispersive spin waves. To analyze the obtained spectra, a
constant background was assumed, and Gaussian functions
were selected to describe the peaks. One could argue that the
signal at finite E at Q = (1.037, 2, 0) and Q = (1.05, 2, 0)
could be described by a single broad peak. However, the use

of polarized neutrons (see Sec. II D) justifies the existence of
two peaks for the excitations, since the polarized INS cross
sections implore strict fitting conditions. A typical E scan
collected at Q = (1.005, 2, 0) with the individual fit for the
elastic and spin-wave signals is shown in Fig. 3(b).

The obtained low-energy experimental spin-wave disper-
sion along the (h00) symmetry direction in the AFM2 phase
of Mn5Si3 is shown in Fig. 3(c). There are two charac-
teristic features: (i) There are two small energy gaps at
q = 0, and (ii) the lowest magnetic excitations can be de-
scribed by the empirical dispersion relation E =

√
�2 + C2q2

[22], where � refers to the spin gap and C is a constant.
The obtained values for the two magnon modes are as fol-
lows: �α = 0.408(7) meV, Cα = 6.3(5) meV/r.l.u., �β =
0.181(4) meV, and Cβ = 4.7(3) meV/r.l.u. The observed
gaps are indications of two easy-axis anisotropies, an assump-
tion stemming from the collinear spin arrangement in the
AFM2 phase of Mn5Si3. In order to describe the magnon
spectrum and to extract the dominant magnetic exchange
interactions and magnetocrystalline anisotropy in the AFM2
phase, theoretical calculations were employed (see Sec. III).
In what follows, the modes originating from �α and �β will
be referred to as the α and β modes, respectively.

C. Unpolarized INS measurements under a magnetic field

For H ‖ ĉ, neutron-diffraction measurements [13] per-
formed in single crystals of Mn5Si3 indicate that no
field-induced transition occurs within the AFM2 phase, and
consistent with the macroscopic data [9,11,12], the PM state
is not reached up to H = 8 T due to the steep TN2 (H ) phase
boundary. In order to investigate the magnon spectrum under a
magnetic field, energy spectra were collected at three different
Qh positions (1, 1.018, and 1.025 r.l.u.) around the magnetic
Bragg peak G = (1, 2, 0). Figure 4(a) shows such character-
istic scans at Qh = 1 r.l.u. for different magnetic fields. The
obtained spectra were analyzed as described in the previous
section. For increasing magnetic field, the two peaks that
correspond to the α and β modes show different behavior. As
the field increases, the position and intensity of the α mode
are not significantly affected in contrast to the β mode, which
disperses with the field and in which a continuous diminution
of intensity is observed. It should be noted that at H = 4 T,
the two peaks seem to merge.

The same observations regarding the behavior of the two
modes stem from measurements at Qh = 1.018 r.l.u. and Qh =
1.025 r.l.u. and are summarized in Fig. 4(b). The obtained
results indicate that the modes behave differently under the
external magnetic field possibly due to their different polar-
ization. To shed light on this behavior, spectra were collected
using the polarized INS method.

D. Polarized INS measurements

As a general rule, neutron scattering is only sensitive to
magnetic excitations perpendicular to Q [20]. With LPA it
is possible to separate magnetic fluctuations polarized along
different directions in spin space. The initial polarization was
prepared parallel to the x axis, perpendicular to Q in the
scattering plane (y axis), and perpendicular to the scattering
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FIG. 4. (a) Inelastic spectra of Mn5Si3 for H ‖ ĉ obtained at
Q = (1, 2, 0) at T = 80 K (AFM2 phase) with an unpolarized beam
with k f = 1.05 Å−1 at IN12. The lines indicate fits with Gaussian
functions. (b) Energy of the spin excitations as a function of the
external magnetic field at three different Qh positions at T = 80 K
(AFM2 phase). Lines are guides for the eyes.

plane (z axis), and the final polarization was analyzed for a
scattering process reversing the initial polarization by 180◦.
The corresponding measurement channels are canonically la-
beled SFxx, SFyy, and SFzz, where SF stands for “spin flip.”

The neutron-scattering double-differential cross sections
for the three SF channels are [20]

SFxx =
(

d2σ

d�dE

)x

SF

∝ BGSF + 〈δMy〉 + 〈δMz〉, (1)

SFyy =
(

d2σ

d�dE

)y

SF

∝ BGSF + 〈δMz〉, (2)

SFzz =
(

d2σ

d�dE

)z

SF

∝ BGSF + 〈δMy〉, (3)

where BGSF is the background (which includes the nuclear
spin scattering) and 〈δMy〉 and 〈δMz〉 are the measured mag-
netic fluctuations. Considering that (i) Q is in the ab plane,
(ii) in the AFM2 phase the magnetic moments lie parallel and
antiparallel to the b axis, and (iii) spin waves correspond to
precession perpendicular to the ordered moment, then in the
crystal frame the cross sections become

SFxx ∝ BGSF + sin2 θ〈δMa〉 + 〈δMc〉, (4)

SFyy ∝ BGSF + 〈δMc〉, (5)

SFzz ∝ BGSF + sin2 θ〈δMa〉, (6)

FIG. 5. Subtracted spin-fluctuation spectra 〈δMa〉 and 〈δMc〉 of
Mn5Si3 obtained with ThALES and measured at Q = (1.06, 2, 0)
at T = 80 K. The intensity for 〈δMa〉 was corrected by the factor
sin2θ = 0.545. The lines indicate fits with Gaussian functions.

where θ is the angle between Q and the [100] direction and
can be calculated by θ = arctan( Qk

Qh

a
b ).

To gain further insight regarding the polarization depen-
dence of the two magnon modes, E spectra at different Q
positions were collected in the three SF channels at T = 80 K.
The magnetic fluctuations 〈δMa〉 and 〈δMc〉 were extracted by
taking the difference of intensities between the different po-
larization channels. A typical result of such analysis is shown
in Fig. 5 at Q = (1.06, 2, 0) where the intensity for 〈δMa〉
is corrected by the angle prefactor. The peak positions of
the subtracted spin-fluctuation spectra are consistent with the
established low-energy magnon dispersion curves obtained
from the unpolarized data and shown in Fig. 3(c). Moreover, it
is evident that the maximum of intensity in 〈δMa〉 and in 〈δMc〉
corresponds to the α mode and the β mode, respectively. This
hints that the elliptic polarization of each mode is different
and points along different crystal axis.

III. THEORETICAL CALCULATIONS

A. Density functional theory

First-principles calculations were performed to determine
the ground-state electronic and magnetic properties of the
AFM2 phase of Mn5Si3. Our study was based on the
atomic structure specified in Ref. [8]. We employed density
functional theory (DFT) using the full-potential Korringa-
Kohn-Rostoker–Green’s-function (KKR-GF) method includ-
ing spin-orbit coupling, as implemented in the Jülich KKR
(JuKKR) code [23], using the local-spin-density approximation
[24]. The cutoff for the angular momentum expansion of the
scattering problem was set to lmax = 3. Furthermore, the en-
ergy integration was performed in the upper complex energy
plane [25] with 30 points in a rectangular path and 5 Mat-
subara frequencies at a temperature of T = 473.68 K, and the
Brillouin zone integration was performed with 30 × 15 × 30
k points. The magnetic exchange tensor, which parametrizes
the spin Hamiltonian discussed in the following section, was
obtained through the infinitesimal-rotation method [26,27]. In
these calculations, the number of Matsubara frequencies was
increased to 10 with T = 100 K.
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We explored two possible magnetic configurations with
self-consistent calculations: the AFM configuration that is
shown in Fig. 1 and a ferromagnetic (FM) phase with finite
magnetic moments in both Mn1 and Mn2 sites. The AFM
was found to be the most energetically favorable with the FM
phase being 146 meV per unit cell higher in energy. In the FM
phase, the magnetic moments are 2.6 and 1.2 μB for the Mn2
and Mn1 sites, respectively, while the Si sites have magnetic
moments of 0.1 μB antiparallel to those of the manganese
sites. For the AFM phase, two-thirds of the Mn2 site carry
magnetic moments of 2.4 μB, while the other Mn and the Si
atoms have no magnetic moment.

Combining the magnetic force theorem with the frozen
potential approximation, the magnetocrystalline anisotropy
was determined from band energy differences between states
with different orientations of the spin magnetic moments. For
the AFM phase, we obtained the following energy differences
when aligning the magnetic moments along the main crystal
axes: Ea − Eb = 0.12, Ec − Eb = 0.09, and Ea − Ec = 0.03
meV per magnetic atom, which indicates that b and c are the
first and second preferred axes, respectively, and a is the hard
axis.

B. Model Hamiltonian and spin-wave calculation

We mapped the ab initio calculations onto a quantum
Heisenberg Hamiltonian to study the spin-wave excitations in
the adiabatic approximation, which reads as

H = −
∑

i j

Ji jSi · S j −
∑

α

kα
∑

i

(
Sα

i

)2
. (7)

The first term is due to the magnetic exchange interaction,
whose coupling is given by Ji j . Si is the spin, for which we set
S = 1. The second term accounts for the biaxial magnetocrys-
talline anisotropy (Hani) with kb = Ea − Eb = 0.12 meV and
kc = Ea − Ec = 0.03 meV, both being positive. From the
DFT calculations, we obtained that kb > kc, which makes b
the primary easy axis and c the secondary easy axis. The
biaxial anisotropy could also be modeled by a combination of
an easy axis along b and an easy-plane (bc plane) anisotropy.

The magnetic exchange interactions were obtained from
first-principles calculations for the AFM2 phase. The results
for the first few Mn2 pairs as indicated in Fig. 1(a) are
J1 = −12.23, J2 = −2.16, J3 = 3.98, and J4 = −2.89 meV.
Most interactions, apart from J3, have AFM character. This
indicates that the AFM2 phase is favored by all those pair
interactions; that is, within this set of interactions, there is
no frustration. J1, J2, and J3 correspond to couplings between
magnetic moments in the same [Mn2]6 octahedra. J1 has the
highest value and is the exchange interaction between the
spins located on a triangle in the ab plane (distance 2.789 Å).
J2 and J3 couple spins located on adjacent triangles separated
by c/2 with distances 2.893 and 4.019 Å, respectively. The ex-
change interaction J4 concerns the shortest distance (4.364 Å)
between spins located on adjacent [Mn2]6 octahedra.

We employ the linear spin-wave approximation to obtain
the spin-wave excitations of the quantum Heisenberg Hamil-
tonian using the computed magnetic interaction parameters.
The spin-wave excitations are the eigenstates of the dynamical
matrix associated with the quantum Heisenberg Hamiltonian

in Eq. (7), as explained in detail in Ref. [28]. We start by
constructing a local coordinate system for every magnetic site
with the local z axis coinciding with the classical ground-state
spin orientation. In this local frame, we expand the quantum
spin operators using the linearized Holstein-Primakoff trans-

formation as Si = (
√

2S ai+a†
i

2 ,
√

2S ai−a†
i

2i , S − a†
i ai ), where a†

i
and ai are bosonic ladder operators [29]. Keeping only terms
up to second order in the Holstein-Primakoff bosons, the
Hamiltonian can be written as H = H0 + H2. The H0 term is
a constant corresponding to the classical ground-state energy.
The second term

H2 = −
∑

k

∑
μν

a†(k)Hμν (k)aν (k) (8)

contains the quadratic terms of the Holstein-Primakoff bosons
describing the spin excitations, where H(k) is a 2n × 2n ma-

trix and aμ(k) = ( aμ(k)
a†

μ(−k)
) with aμ(k) = 1√

N

∑
m e−ik·Rm amμ.

n and N are the number of atoms in the unit and the
number of unit cells under periodic Born–von Kármán bound-
ary conditions, respectively. The spin-wave eigenvalues ω(k)
and eigenvectors |k〉 are then obtained by a Bogoliubov
transformation [30]. This process diagonalizes the system’s
dynamical matrix D = gH2, where g is a diagonal matrix
containing −1 on its first half and 1 on the second half,
while ensuring the bosonic character of the diagonalizing ba-
sis. The spin-wave inelastic scattering spectrum is computed
with our theory for spin-resolved electron-energy-loss spec-
troscopy (SREELS) of noncollinear magnets presented in Ref.
[28], where we employ time-dependent perturbation theory to
describe the interaction between the probing beam and the
magnetic excitations. The same theory can be applied with
little modification to describe inelastic neutron scattering.
This method has been applied to investigate ferromagnetic and
antiferromagnetic noncollinear spin textures in Refs. [31–33].

IV. COMPARING EXPERIMENTAL AND
THEORETICAL RESULTS

A. Results without an external magnetic field

As already mentioned, the DFT calculations found that the
collinear AFM2 phase is more stable than the FM one, in
line with the experimental finding that the collinear AFM2
phase is stable in an intermediate temperature range [8]. The
AFM2 phase has the peculiarity that one-third of the Mn2
sites and all the Mn1 sites have vanishing ordered magnetic
moments, with the main question being whether this is due
to a collapse of the local magnetic moment or due to a
disordering of their orientation. In the DFT calculations, we
considered the collapse scenario, which did not lead to a
strong energetic penalty, given that the FM phase was still
substantially higher in energy. However, the obtained strong
AFM exchange interactions between the Mn2 moments in the
[Mn2]6 octahedra (the stacked triangles in Fig. 1) can also
lead to a finite-temperature scenario where a third of the Mn2
moments is orientationally disordered, as proposed for Mn3Pt
in Ref. [34]. The DFT calculations can thus also support a
hybrid scenario where orientational disorder is mixed with
sizable fluctuations of the magnitude of the moments for the
Mn2 sites with vanishing ordered moments. Concerning the

024407-5



F. J. DOS SANTOS et al. PHYSICAL REVIEW B 103, 024407 (2021)

FIG. 6. (a) Theoretical inelastic scattering spectrum for the
AFM2 phase of Mn5Si3 with parameters obtained from DFT calcu-
lations in the absence of an external field. (b) Zooming in on the
low-energy regions of the spectrum, a splitting of the spin-wave
modes is observed (double spin gap) due to the system’s biaxial
anisotropy.

Mn1 sites, the DFT calculations suggest that their magnetic
moments are unstable on their own and come into existence
depending on the Mn2 environment. When this environment is
FM, a sizable magnetic moment arises in the Mn1 sites, while
if this environment is AFM, the magnetic moment collapses.
We conclude that the DFT calculations do not rule out the
existence of strong spin fluctuations either on the Mn1 or on
the Mn2 sites. Previous experimental work [4] has suggested
that the magnetic excitation spectrum of the AFM2 phase con-
sists of propagating spin waves and diffuse spin fluctuations,
originating from the presence of magnetic and nonmagnetic
Mn sites within this phase, respectively. Further investigation
is required to enlighten this phenomenon.

The INS data obtained in the collinear AFM2 phase of
Mn5Si3 have demonstrated a spin excitation double energy
gap for zero field at Q = (1, 2, 0); see Fig. 4(b). That is,
the low-energy spectrum is composed of two excitations of
nonvanishing and distinct energies. In a system with uniaxial
anisotropy, these two excitations would be degenerate. Using
the parameters obtained in our first-principles simulations and
given in the previous sections, we calculated the inelastic
scattering spectrum for this phase of our material, as seen
in Fig. 6(a). In the low-energy region around the Brillouin
zone center G = (1, 2, 0), we observe an energy gap of about
3 meV. However, a closer look reveals the double energy-gap
structure, which is due to the second easy-axis anisotropy
predicted in our calculations, as demonstrated by Fig. 6(b).

Despite this qualitative agreement, these energy gaps are
much higher than those in Fig. 4(b) obtained through the
neutron-scattering measurements. We believe that this dis-
crepancy comes from the difficulties associated with modeling
the spin-wave spectrum at finite temperature. For example,
the computed magnetic moments (2.4 μB) are higher than
the ones obtained experimentally (1.48 μB) [8], which could
be explained by the thermal fluctuations of their orientations,

which have not been theoretically considered. Possible effects
associated with the spin fluctuations of the Mn1 or Mn2 sites
are also not taken into account by our model Hamiltonian.
Another source of uncertainty is how temperature may affect
the magnetic interactions that define the spin-wave excita-
tion spectrum. For instance, the effective magnetic anisotropy
energy was found to be strongly temperature dependent in
Mn5Ge3 [35], the ferromagnetic counterpart of Mn5Si3.

To allow a direct comparison between the theoretical spin-
wave energies and the experimental data, we rescaled the
DFT parameters to match the experimental results. A good
agreement was obtained by scaling down uniformly the mag-
netic exchange interaction and the anisotropy parameters by a
factor of 10. For fine-tuning, the second easy-axis anisotropy
parameter was adjusted from the scaled DFT value kc = 0.003
meV to kc = 0.009 meV.

B. Results under an external magnetic field

Using the rescaled parameters, we calculated the spin-wave
energies as a function of the applied magnetic field to shed
light on the observed behavior of the two low-energy magnon
modes. To this aim, we included in our model Hamiltonian the
Zeeman term,

HZ = −2μB

∑
i

H · Si, (9)

to account for an external magnetic field applied along the c
and a crystal axes. It is worth mentioning that previous inves-
tigations in AFM systems with uniaxial and biaxial anisotropy
have described the influence of an external magnetic field in
the magnon properties [36,37]. However, the observed behav-
ior from our INS results shown in Fig. 4(b) is not sufficiently
covered.

The results of our calculations for an external magnetic
field applied along the c crystal axis are shown in Fig. 7(a).
We observe that the energy of one mode is insensitive to the
magnetic field (α mode), while the energy of the other mode
(β mode) increases monotonically for larger fields. Moreover,
the β mode is lower in energy than the α mode for zero
field, and for increasing field strength they eventually cross,
which is in qualitative agreement with the INS data shown in
Fig. 4(b). No avoided crossing is observed with our model.
At zero field, the energy of the α mode is solely a function
of kb and the magnetic exchange interactions. The energy
difference between the two modes is determined by kc, which
is zero for kc = 0. When kc = kb, the β-mode gap closes.
These results are made explicit by our analytical study of
a corresponding one-dimensional antiferromagnetic system
including nearest-neighbor-only exchange interaction J and
a biaxial anisotropy. In the asymptotic limit of k 
 J [38],
the energies of two spin-wave modes are Eα ≈ 2S

√
Jkb and

Eβ ≈ 2S
√

J (kb − kc). We note that kc > kb represents an un-
stable situation because the c axis becomes the preferred one
but the magnetic moments are aligned along b. If we apply the
field along a, the field dependence of these modes inverts, as
shown in Fig. 7(b).
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FIG. 7. Adiabatic spin-wave energies of Mn5Si3 as a function of
the external field. (a) External field applied along the c axis (per-
pendicular to the preferred axis but parallel to the second anisotropy
easy axis). The β mode disperses with the field because it has linear
polarization perpendicular to it. Meanwhile, the α mode has linear
polarization parallel to the field (along the c axis). (b) External field
applied along the a axis (parallel to the hard axis). The field couples
with the α mode, which has linear polarization perpendicular to it.
In this case, no energy crossing occurs. Lines in (a) and (b) are
guides for the eyes. (c) and (d) Precessional dynamics of the spins for
biaxial anisotropy and without an external magnetic field for modes
α and β, respectively. The red and blue arrows indicate antiparallel
spins within a Mn2 triangle precessing around their equilibrium
direction (b axis). The central gray arrows represent the dynamics
of the net magnetization of the system, which correspond to linear
(longitudinal) precessions.

C. Precessional nature of the spin-wave modes

To understand why the two spin-wave modes react so
differently to the external magnetic field, we now discuss
their precessional nature. For zero field and kc = 0 (i.e., with
uniaxial anisotropy), the modes are degenerate as pointed out
before. For these modes, the spins have an elliptical preces-
sion because in a certain instant of their revolution they are

perfectly antiparallel but a quarter of a revolution later they are
noncollinear [36]. This noncollinear alignment is unfavored
by the exchange interaction, making the precession elliptical.
The ellipses describing the precession of each mode have
their major axes perpendicular to each other. However, there
is no preferred orientation for these major axes as long as
the system remains isotropic in the ac plane. Besides, these
modes can also be globally characterized by the dynamics of
the net magnetization, which is defined by the sum of all spins
at each instance in time. For these modes, the net magneti-
zation oscillates linearly along the minor ellipse axis of the
corresponding mode, as illustrated by the central gray arrow
in Figs. 7(c) and 7(d). These modes are said to be linearly
polarized along the oscillation axis of the net magnetization.
Furthermore, they have no net angular momentum and can be
thought of as longitudinal modes [28].

A preferred direction of the ellipse major axes can be
achieved in two ways. Firstly, we can apply a magnetic field
perpendicularly to the preferred axis, i.e., ⊥ b axis. Assum-
ing that the field was applied along c, the α mode becomes
linearly polarized along c, and consequently, the β mode is
polarized along a. An oscillating net magnetization parallel
to the field is not subjected to a torque due to that field.
Therefore only the β mode with polarization perpendicular
to the magnetic field is affected such that its energy increases
with the field.

Secondly, we can introduce a second anisotropy axis per-
pendicular to the first with weaker strength, let us say along
c. The energy of the mode with the major axis of the ellipse
along c (β mode) is reduced because the system gains energy
when the spins tilt in that direction. The energy of the α

mode, which tilts mostly perpendicularly to c, is not much
affected. Adding the magnetic field also along c increases the
energy of the β mode as before, which eventually leads to
the crossing of the energy of the two modes [see Fig. 7(a)].
Figure 7(b) demonstrates that if we apply the magnetic field
along a, therefore perpendicular to the linear polarization of
the α mode, then it would be the energy of this mode that
would increase with the field.

Polarized neutron-scattering experiments around an AFM
zone center capture the elliptic polarization of the magnon
modes. Therefore the proposed behavior regarding the polar-
ization of the α and β modes is also reflected in the polarized
INS spectra shown in Fig. 5. The major axis of the ellipse of
the precessional motion of the α mode is along the a axis,
and consistently, the intensity of this mode will appear in
the subtracted spin-fluctuation spectra obtained from LPA in
〈δMa〉. Equivalently, the β mode shows maximum intensity in
〈δMc〉, since the major axis of the precessional motion is along
the c axis.

D. Canting of magnetic moments

Polarized single-crystal neutron-diffraction experiments
[8] in the AFM2 phase of Mn5Si3 showed that the magnetic
moments are aligned along the b axis and that there are no
components of moments parallel to the c axis. However, a
more recent neutron-diffraction study performed on polycrys-
talline samples [7] suggested a deviation from the perfect
collinearity, which is temperature dependent increasing up to
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FIG. 8. Effects of the DMI on the spin-wave dispersion of
Mn5Si3 at Q = (1, 2, 0). The external field was applied (a) along the
c axis (perpendicular to the preferred axis but parallel to the second
anisotropy easy axis) and (b) along the a axis (parallel to the hard
axis). The DMI increases the energy of the β mode, and its effect on
the α mode is almost negligible. |Di j | = D is in units of meV. Lines
are guides for the eyes.

8◦ near 70 K with respect to the b axis, but with the moments
still confined in the ab plane. Such a spin canting could
originate from the Dzyaloshinskii-Moriya [39,40] exchange
interaction (DMI). To investigate the field dependence of the
two modes in the presence of DMI, we included the following
term in our model Hamiltonian:

HDMI = −
∑

i j

Di j · (Si × S j ). (10)

The results of the ab initio calculation indicated that the
DMI is indeed finite and smaller than 10% of the exchange
interaction for the Mn2 pair coupled by J1 where Di j ||ĉ. The
impact of DMI on the α and β modes for two field directions
is shown in Fig. 8. The effect of the DMI in the α mode is
almost negligible, independently of the direction of the exter-
nal magnetic field. In contrast, the DMI causes the β-mode
energy to increase. For a field applied along the a axis, the
almost flat dispersion of the β mode shifts to higher energies
with increasing D, which eventually results in a crossing with
the α mode [see the blue curves in Fig. 8(b)]. When the
field is applied along the c axis, the increase in energy is
accompanied by a change in the “parabolic” dispersion of

the β mode, as shown in Fig. 8(a). It is worth noticing that
at zero fields, the energy of the α mode is solely given by
the exchange interaction and the first anisotropy axis, while
the β-mode energy is determined by the DMI in combination
with the second anisotropy axis. Based on our results from the
INS measurements [see Fig. 4(b)], we can conclude, since a
crossing of the two modes is observed for H ‖ ĉ, that the DMI
should be very weak in the AFM2 phase of Mn5Si3.

V. CONCLUSIONS

We investigated the microscopic magnetic properties of
the collinear antiferromagnetic phase of Mn5Si3 with inelas-
tic neutron-scattering measurements and density-functional-
theory simulations. The measurements have revealed two
low-energy spin-wave modes that disperse with the wave vec-
tor as expected for gapped antiferromagnetic magnons. The
high resolution of the measurements also allowed us to detect
the small energy splitting between the two modes of about
0.2 meV. When a magnetic field was applied to the sample
along the c axis, the two modes showed a very different
response to the field. The energy of the lower-energy mode
increased with increasing field, eventually crossing the energy
of the other mode, which showed no observable response
to the field. These modes were further characterized by po-
larized neutron-scattering measurements, which showed that
their polarization is distinct and likely elliptical, with different
major axes for each ellipse. Our first-principles calculations
capture the main features observed so far experimentally,
namely, the collinear arrangement of the magnetic moments,
the coexistence of magnetic and nonmagnetic Mn sites, and
the biaxial magnetocrystalline anisotropy. Also, we expanded
the existing studies for collinear antiferromagnets with biax-
ial anisotropy regarding the polarization of the low-energy
spin-wave modes and their evolution under the influence of
an external magnetic field. Finally, we investigated theoreti-
cally the impact of the Dzyaloshinskii-Moriya interaction in
the magnon spectrum and its implications depending on the
strength of the anisotropy. Our results could find echo in other
similar systems where interesting magnonic phenomena occur
in the field of antiferromagnetic spintronics.

The neutron data collected at the Institut Laue-Langevin
for this paper are available [41–43].
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