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Abstract
This first-principles study investigates the structural, electronic, lattice dynamical properties,
and electron–phonon coupling in ferromagnetic (FM) cubic B20 FeGe under applied pressure.
The implemented spin-scaling exchange-correlation (ssxc) approach allowed to modify the
magnetic moment and FM phase energetics using a single scaling parameter, thereby yielding
an adjustment of the critical pressure (pc) to its experimental value. The ssxc scheme resulted in
a subtle energy shift of the electronic bands in the spin-up channel, and reduced the magnetic
moment, bringing it closer to the experimentally reported value. Application of the ssxc
approach to phonon dispersion and electron–phonon interaction resulted in a slight mitigation of
the pronounced softening and large linewidths of the lowest-frequency acoustic branch close to
the R-point, typically observed with standard density functional theory calculations. With
increasing pressure, phonon anomaly and linewidths diminish significantly and practically
disappear at pc and beyond. This trend parallels the pressure dependence of the magnetic
moment. A comparative analysis of the electronic joint density of states with the phonon
linewidths revealed that the momentum dependence of linewidths around the R-point closely
follow the momentum dependence of the electron–phonon matrix elements. This indicates that
the correlation between magnetic moment and linewidths under applied pressure originates
from the electron–phonon matrix elements, presenting a distinct scenario compared to other
B20 family members, where nesting plays a more dominating role.

Keywords: first-principles calculations, lattice dynamics, magnetism, electron–phonon coupling,
pressure

∗
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative CommonsAttribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-648X/ae177c
https://orcid.org/0000-0001-6590-3807
mailto:omar.seaman@correo.buap.mx
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ae177c&domain=pdf&date_stamp=2025-11-11
https://creativecommons.org/licenses/by/4.0/


J. Phys.: Condens. Matter 37 (2025) 465801 R-A Tonacatl-Monez et al

1. Introduction

Transition metals (Mn, Fe, Co) together with group 14
elements (Si, Ge) form compounds that can crystallize in
two polymorphs with hexagonal B35 (space group P6/mmm,
#191) and cubic B20 structure (space group P213,#198), that
interestingly lacks inversion symmetry. These systems are of
interest for technological development due to their magnetic
properties, such as helical spin ordering and the presence of
skyrmionic phases for the B20 structures, which show great
potential for spintronics applications [1, 2]. Notable examples
of B20 systems that have attracted significant interest include
FeSi [3], MnSi [4], FeGe [5, 6], and the Fe1−xCoxSi solid
solution [7].

In particular, FeSi has been under intense investigation
due to the temperature-dependent behavior of its electronic,
transport, and magnetic properties [8, 9]. Furthermore, a
strong temperature dependence of its phonon spectra has
been observed, specifically an anomalous softening of low-
frequency phonon modes along the [111] high-symmetry dir-
ection (close to the R-point), around 100K, which corresponds
to a crossover from a low-temperature non-magnetic (NM)
ground state to a state with an induced paramagnetic moment
[10, 11]. This phenomenon, along with drastic changes in the
related phonon linewidths that follow the observed magnetiz-
ation trends with temperature, clearly indicates a correlation
between magnetism and lattice dynamic properties in FeSi
[12–14]. This interplay between magnetic order and lattice
dynamics is not unique to FeSi. For instance, in MnSi, substi-
tutional doping with Fe (Mn1−xFexSi) leads to the suppression
of its helical magnetic order, reaching a magnetic critical point
at a critical concentration of xc = 0.17 [15]. Interestingly, this
system also exhibits a significant softening and broadening of
a low-frequency phonon mode along the [111] direction with
an increasing Fe-content, a phenomenon linked to changes in
the Fermi surface geometry [16].

A similar behavior of the low-frequency phonon modes
along the same direction of FeSi and Mn1−xFexSi (both at its
magnetic phase) is also observed in ferromagnetic (FM) first-
principles calculations for cubic FeGe [17]. The B20 cubic
polymorph is stable below 853K, while above this temperat-
ure the hexagonal structure is preferred [18]. In the B20 struc-
ture, FeGe has a long-range helical spin structure, along the
[111] direction, below a critical temperature of Tc ∼ 280K [5].
Near Tc its characteristic helical magnetic order transits to a
conical one as the applied magnetic field raises, reaching a
skyrmion phase (swirling spin texture) for a specific region of
magnetic field and temperature [19]. Unlike FeSi, FeGe exper-
imentally exhibits a reduction of the magnetic moment (from
3.928± 0.007µB per unit cell) as the temperature increases
up to Tc, where it undergoes a magnetic to non−magnetic
phase transition [20, 21]. However, neither experimental nor
theoretical work exists addressing the question, if the phonon
softening predicted for the FM phase also persists into the NM
high-temperature phase. In addition to modifying the FeGe
magnetic phase by temperature, as in FeSi, or by doping, like

Mn1−xFexSi, experimental studies show a reduction of the
magnetic moment as a function of applied pressure. In particu-
lar, the observed long-range helical magnetism (typical of B20
materials) disappears at approximately 19GPa, reaching an
inhomogeneous chiral spin state which finally changes to the
paramagnetic state at a critical pressure (pc) value of 28.5GPa
[22]. There have been attempts to reproduce the observed pc
value through first-principles studies, yielding a wide range of
values, from 10GPa to 40GPa with local-density approxima-
tion and generalized gradient approximation (GGA) (PW91)
functionals, respectively [23]. Clearly, such reported values
differ from the experimentally determined one, although the
FeGe structural ground-state properties are reasonably well
described.

Thus, the aim of this work is twofold for FeGe: first, analyze
a different methodological approach to properly describe the
critical pressure at which the magnetic transition takes place
and sense its influence on the electronic and lattice dynamical
properties, and second, to analyze the evolution of the lattice
dynamics (phonon frequencies and linewidths) as a function of
pressure. This analysis aims to determine if there is any correl-
ation betweenmagnetism and lattice dynamics, similar to what
is observed in FeSi or Mn1−xFexSi, by using applied pressure,
instead of temperature or doping content, as a method to mod-
ulate magnetism in the system.

2. Methodology

First-principles calculations were performed using dens-
ity functional theory (DFT) [24, 25] implemented in the
mixed-based pseudopotential method (MBPP) [26] and using
the GGA by Perdew–Burke–Ernzerhof (PBE) [27] for the
exchange and correlation functional, neglecting spin–orbit
coupling. The NM calculations were considered to model the
paramagnetic state. We are aware that the NM state does not
take into account the localized magnetic moments present in
the paramagnetic one. However, it represents an approximate
description of the non-polarized electronic system. The mag-
netic phase was approximated by a collinear spin-polarized ,
i.e. FM phase, since the FeGe helical spin structure possesses
a long pitch-period in comparison with the unit cell (approx-
imately 150 times larger) [28]. Norm-conserving pseudopo-
tentials for Fe and Ge were constructed using the Vanderbilt
scheme [29], including semicore states Fe 3s and 3p in the
valence region. Furthermore, s, p, and d local functions at Fe
sites were added to the plane-wave expansion up to a kinetic
energy of 24 Ry. For the integration of the Brillouin zone, the
Monkhorst–Pack special k-point set technique was used, with
a Gaussian smearing of 0.1 eV and a grid of 16× 16× 16 for
the crystal structural optimization, and a 48× 48× 48 mesh
for the electronic properties.

Phonon properties, that is, phonon dispersion and phonon
density of states, were calculated via density functional per-
turbation theory (DFPT) [30, 31], implemented in the MBPP
code [32]. Complete phonon dispersions were obtained via
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standard Fourier interpolation of dynamical matrices calcu-
lated on a 4× 4× 4 q-point mesh, on basis of a 16× 16× 16
k-point grid. The differences in interpolation (phonon disper-
sion) were minimal (less than 0.4meV) when comparing with
denser meshes. For the calculation of electron–phonon (e–ph)
coupling matrix elements, a denser k-point mesh of 48× 48×
48 for the Brillouin sampling was required to achieve conver-
gence. The reported numerical parameters were chosen such
that frequencies were converged better than 0.05 meV, con-
stituting a compromise between precision and computational
cost.

The standard DFT spin-polarized (ssp) calculation tends
to overestimate the ordered magnetic moment in the FM
state especially for itinerant magnets, where spin fluctu-
ations effectively weaken the magnetic interaction. An elegant
method to amend this is the spin scaling exchange-correlation
(ssxc) correction [33–35]. This scheme introduces a linear
scaling of the magnetization density and potential in the evalu-
ation of the exchange-correlation potential by a single scaling
parameter (s), while the charge potential remains unchanged.
It can be interpreted as a scaling of the effective Stoner
parameter, which characterizes the strength of the magnetic
interaction [33]. This scheme is variational and adapts the
spin polarization for all standard types of exchange-correlation
functionals in a self-consistent way. A value s= 1 corres-
ponds to the standard ssp calculation. This approach has pre-
viously been applied to the Mn1−xFexSi solid solution [16],
where it successfully described a significant reduction of
the ordered magnetic moment, while the LDA+U method
required unrealistic high values ofU> 6− 7 eV to achieve the
same reduction [36, 37].

3. Results and discussion

3.1. Structural properties

The B20 crystal structure is cubic with four formula units
(f.u.) within the unit cell, where its Wyckoff atomic posi-
tions (4a) are given by the coordinates (u,u,u), (0.5+ u,0.5−
u,−u), (−u,0.5+ u,0.5− u) and (0.5− u,−u,0.5+ u) [28].
The FeGe lattice structure was fully optimized by determin-
ing the total energy for a set of volumes. For a given volume,
the internal coordinates uFe and uGe were optimized by force
minimization, with a force threshold of 0.005 Ry/a.u. Results
for E(V) were then fitted to the Birch–Murnaghan equation
of state (EOS) [38], from which the optimized structure as
well as the relation p(V) were extracted. Optimized structural
parameters for the NM and FM phases are shown in table 1,
along with the corresponding magnetic moment (m) per unit
cell. Values for the FM state do agree nicely with available
experimental data [28, 39, 40], but the magnetic moment is
overestimated by about 10%.

The critical pressure (pc) where the magnetic transition
from FM to NM takes place, is determined by comparing the
enthalpy H(p) = E(V)+ pV for both phases as a function of
pressure. In figure 1(a) the enthalpy difference (∆H) between

Figure 1. Evolution of (a) the enthalpy difference (between NM and
FM phases) as a function of pressure, where a negative value
indicates a more stable magnetic phase, and (b) magnetic moment
for the FM ssp and ssxc schemes. The vertical lines indicate the
critical pressure (pc): 28.7GPa for ssxc with s= 0.979, and
35.3GPa for ssp.

the FM and NM phases is presented. For low pressures, ∆H
is negative indicating the stability of the FM state. The sign
change of ∆H signals the phase transition from FM to NM
as function of pressure and determines pc. From this analysis,
pc = 35.3GPa was determined for the ssp scheme, which dif-
fers considerably from the experimental value of 28.5GPa
[22].

In order to improve the critical-pressure value, the spin
scaling exchange-correlation (ssxc) correction was employed
[33–35]. Figure 2 shows the dependence of pc and the mag-
netic moment m at p= 0GPa on the scaling parameter s.
The critical pressure is very sensitive to s, reaching the
experimental value with a moderate reduction to s= 0.979.
Simultaneously, the magnetic moment for p= 0GPa is also
improved, showing a difference of roughly 6% with respect to
the experimental value (see table 1).

The evolution of the magnetic moment as a function
of pressure obtained by both schemes, ssp and ssxc (with
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Table 1. The optimized structural parameters, in particular the volume (V0), bulk modulus (B0), and lattice internal parameters (u) for Fe
and Ge, for the NM and FM phases at ambient pressure. Shown is also the magnetic moment m (per unit cell) without applied pressure and
the critical pressure pc for the standard spin-polarized case (ssp) and for the spin-scaling exchange-correlation correction (ssxc) with
s= 0.979. The last column indicates the calculated magnetic moment at pc.

V0 B0 u u m pc m@pc
(Bohr3) (GPa) (Fe) (Ge) (µB) (GPa) (µB)

NM 677.48 170.23 0.13 335 0.83 842 – – –
FM-ssp 687.99 149.43 0.13 495 0.84 178 4.31 35.3 3.82
FM-ssxc 686.85 156.74 0.13 493 0.84 173 4.19 28.7 3.70

Exp. 700.63 [39] 147.00 [39] 0.13 524 [28] 0.8414 [28] 3.928 [20] 28.5 [22] –

Figure 2. Determined critical pressure (pc) and magnetic moment as a function of the ssxc parameter s. The dotted horizontal line indicates
the experimental pc value [22].

s= 0.979), is compared in figure 1(b). Trends are qualitatively
similar, but with a reduced pressure range for the FM phase
and with slightly smaller magnetic moments in the case of the
ssxc sheme. It is important to mention that there are still mag-
netic solutions for FeGe at pressure values above pc for both
schemes. However, as can be seen from the enthalpy differ-
ence in figure 1(a), these FM solutions are energetically less
favorable than the NM state, representing metastable states.
Thus the pressure induced transition from FM to NM is pre-
dicted to be of first order. Interestingly, the structural proper-
ties obtained by the ssxc scheme with s= 0.979 differ only
marginally from those obtained by the ssp scheme, as can
be seen in table 1, indicating that both schemes equally well
describe the experimental data.

3.2. Electronic properties

The band structure and density of states (DOS) for FM FeGe,
without applied pressure (p= 0GPa), are shown in figure 3 for
the spp and ssxc with s= 0.979, respectively, to elucidate the
effects of spin-scaling on its electronic properties. In general,
the spin-down channel possesses a higher value of the density
of states at the Fermi level, N(EF), as compared to the spin-up
channel. In particular, the spin-down channel does not show
any visible effects when using the ssxc approach, while that

is not the case for the spin-up channel, where ssxc leads to a
slight shift in the bands and DOS towards higher energies than
ssp. Since the ssxc scheme scales down the exchange potential
and reduces the magnetic moment, it tends to reduce the ori-
ginal exchange splitting between spin channels. Due to the lar-
ger N(EF) for the spin-down channel as compared to the spin-
up channel, the spin-down channel essentially pins the Fermi
energy, while the spin-up bands shift relative to EF. Atom-
resolved DOS for the FM state of FeGe at ambient pressure
are presented in Figure 4 for the ssxc scheme, using s= 0.979.
For both spin channels, the larger contribution is due to Fe-d
orbitals, with much lower participation of Ge states, mainly
coming from d and p orbitals.

To illustrate the effect of pressure on the electronic struc-
ture, figure 5 presents the DOS for two different pressures, cal-
culated with ssxc (s= 0.979). For the spin-up channel, there
is a shift toward higher energy values, while the opposite is
observed for the spin-down channel, that is, a shift to lower
energy values with respect to the Fermi level, especially for
states below 1 eV. This behavior is understood by the tendency
to reduce the magnetic moment of FM FeGe and to approach
the NM solution as the pressure increases.

The evolution of the density of states at the Fermi level
(N(EF)) as a function of pressure, for each spin channel,
is presented in figure 6 for both schemes, ssp and ssxc
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Figure 3. Electronic band structure and density of states of FM
FeGe (p= 0GPa), for both spin-channels, comparing ssp and ssxc
(with s= 0.979) schemes. The related first Brillouin of the simple
cubic structure zone is presented as an inset.

(s= 0.979). In general, both schemes show not only the same
trend as a function of pressure, but also agree quantitatively for
a wide range of applied pressure. Differences start to appear
as one approaches pc. The smaller pc value for ssxc results
in a shrinking of the pressure range. However, independent of
the spin channel, the N(EF) differences between the schemes
are not very large, even for pressures close to pc, indicating
that spin-scaling induces only subtle changes in the electronic
properties.

3.3. Lattice dynamical properties and e–ph coupling

To study the sensitivity of phonons and e–ph coupling with
respect to the magnetic order, in particular with respect to
the magnetic moment, phonon dispersion and linewidths were
calculated for four cases with different magnetic moments,
obtained by changing the s parameter: 4.31 µB (s= 1), 4.19 µB
(s= 0.979), 4.0 µB (s= 0.930), and the NM case (0 µB)
for comparison. The first one corresponds to the standard
spin-polarized calculation (ssp), and the second one to the s
value that fits the critical pressure to the experimental data.
The third one uses an even smaller s value to further sup-
press the magnetic moment, while the last one corresponds
to the non-spin polarized case. All calculations were done
for their corresponding optimized structures at p= 0GPa. The
ssp scheme shows a phonon anomaly close to the R-point
in the acoustic branches, as previously noted [17], while the

Figure 4. Spin-polarized density of states (DOS) for FM FeGe,
obtained with the ssxc scheme (using s= 0.979) without applied
pressure, showing the contribution by atom (in the unit cell).

corresponding linewidths are, by far, the largest ones in the
whole phonon spectra. With decreasing magnetic moment,
the frequencies of all phonons increase, but the most prom-
inent modification is a drastic hardening of the low-frequency
acoustic phonon branches in the neighborhood of the R-point,
accompanied by a reduction of their linewidths. In particular,
the lowest-frequency mode at the R-point exhibits a clear cor-
relation between phonon hardening and linewidth reduction
(see figures 7(a) and (b)). Branches attached to this mode also
show the highest sensitivity to changes in the ordered mag-
netic moment. For example, when going from the s= 1 to the
s= 0.979 case, the phonon anomaly as well as the correspond-
ing linewidths are visibly downsized, despite an only 3% dif-
ference between their corresponding magnetic moments.

Phonon dispersions and linewidths for the FM phase with
a scaling parameter s= 0.979 are presented for several pres-
sure values in figure 8. Increasing pressure generally hardens
the phonon frequencies, which is particularly evident for the
acoustic branches in the Γ−R path where the phonon anom-
aly is present at p= 0GPa. This phonon renormalization is
notably stronger in the pressure range where the FM phase
is the more stable one, that is, for pressure values lower than
pc = 28.7GPa.

For the analysis of the phonon linewidth, γqη, we recall that
it is expressed as

γqη = 2πωqη

∑
kνν ′

∣∣∣gqηk+qν ′,kν

∣∣∣2 δ (ϵkν −EF)δ (ϵk+qν ′ −EF) ,

(1)
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Figure 5. Spin-polarized DOS of two different applied pressure
values, 0GPa and 35GPa, calculated under the ssxc scheme with
s= 0.979.

where ωqη is the frequency of the phonon mode at the q vec-
tor and branch η, and ϵkν is the one-electron band energy
with momentum k and band index ν. γqη is closely related
to the electronic joint density of states (eJDOS), given by∑

kνν ′ δ (ϵkν −EF)δ (ϵk+qν ′ −EF), but with the difference
that the sum is weighted by squared e–ph coupling matrix ele-
ments gqηk+qν ′,kν . We explicitly calculated eJDOS (which is
also referred as the Fermi surface nesting function) to discrim-
inate between the influence of e–ph coupling matrix elements
and Fermi surface geometry on the linewidths. The same k-
mesh and broadening parameters were used as in the linewidth
calculation. Since the FeGe ground state is spin polarized, the
eJDOS is also spin dependent. However, due to its low N(EF),
the contribution from the spin-up channel is almost negligible
in comparison with the spin-down channel (a couple of orders
of magnitude smaller, not shown here). Thus, we present only
the results for the spin-down channel in figure 9 together with
the linewidth of the corresponding lowest-frequency acous-
tic branch in the Γ-R path. Additionally, the ratio between
γq and eJDOS is presented, which defines an average of the
momentum-dependent e–ph coupling matrix elements.

From the p= 0GPa case (see figure 9), it is clear that the
linewidth is significantly larger as q approaches the R-point.
As pressure increases, with a simultaneous decrease of the
magnetic moment, the linewidth starts to decrease and prac-
tically disappears for p⩾ pc. Although eJDOS shows a slight
shoulder around the R-point throughout the analyzed pressure

Figure 6. Evolution of the density of states at the Fermi level,
N(EF), as a function of applied pressure for FM FeGe, separated by
atomic contribution and calculated with both schemes, ssp and ssxc
(s= 0.979). The dotted vertical lines represent the critical pressure
value obtained for each scheme: 28.7GPa for ssxc, and 35.3GPa for
ssp.

Figure 7. (a) Comparison of phonon dispersion and linewidths
(phonon branches width), without applied pressure, for several
magnetic cases: 4.31 µB (ssp), 4.19 µB (s= 0.979), 4.0 µB
(s= 0.930), and 0 µB (NM). Evolution as a function of magnetic
moment of (b) frequency and (c) linewidth for the lowest-frequency
mode at the R-point.

range, it is unclear whether the linewidth behavior is related
to nesting features. However, the γq/eJDOS ratio, which, as
stated before, is a measure of the q-dependent e–ph coup-
ling matrix elements, closely follows the same behavior as
the linewidth: a steady increase as q approaches the R-point,
and a drastic reduction as the applied pressure increases and
the magnetic moment decreases. Thus, large linewidth values
around the R-point for the lowest-frequency acoustic branch
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Figure 8. Phonon dispersion and linewidths calculated for the FM ssxc scheme (s= 0.979) at several applied pressure values.
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Figure 9. Comparison of eJDOS (scaled), phonon linewidth of the
lowest-frequency acoustic branch γq, and the ratio of γq and
eJDOS, which describes an average of the q-dependent e–ph
coupling matrix elements, for several pressure values, calculated
under the ssxc scheme with s= 0.979.

are linked to presence of magnetism, and originates in a signi-
ficant increase of e–ph couplingmatrix elements in this region.

4. Conclusion

As a summary, we have performed a first-principles study
on the structural, electronic, lattice dynamical properties, and
e–ph coupling of FM cubic FeGe as a function of applied
pressure. Implementing the spin-scaling exchange-correlation
(ssxc) approach, allowed us to adjust the critical pressure, pc,
to the experimental value. A small reduction of the scaling
parameter from s= 1 to s= 0.979 was sufficient to reduce
the magnetic moment and the energetics of the FM phase to
yield a proper pc value. The spin-scaling correction essen-
tially affects the energetic position of the spin-up bands only.
Subsequently, using the ssxc scheme, at a fixed scaling para-
meter s= 0.979, we analyzed the evolution of the phonon dis-
persion, ωq, and linewidths, γq, as a function of applied pres-
sure. Firstly, we observed that the pronounced softening and
large linewidths at the R-point, obtained by standard DFT cal-
culations, are lessened by the ssxc scheme, which reduces at
the same time the magnetic moment. Secondly, the phonon
anomaly and associated large linewidth values diminished
with increasing pressure, practically disappearing beyond pc.
To understand the origin of this behavior, we compared the
eJDOS, γq, and the average of the momentum-dependent e–
ph coupling matrix elements (obtained through the γq/eJDOS
ratio) for the lowest-frequency acoustic branch in the Γ-R
path. With increasing pressure, we found very similar trends
between γq and this ratio as q approaches the R-point, with a
simultaneous reduction of the magnetic moment. These find-
ings strongly suggest that the observed correlation between
the decrease in the magnetic moment and the reduction in
linewidths with applied pressure has its origin in significant
changes of the e–ph coupling matrix elements. This repres-
ents a mechanism distinct to other members of the B20 family,
such as the Mn1−xFexSi solid solution, where doping induced
changes in linewidths are dominated by changes in the Fermi
surface geometry, i.e. nesting.
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