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A 2 x 2 x 2 charge density wave (CDW) was recently observed deep inside the antiferromagnetic phase
of a kagome metal FeGe, which significantly enhances its spin-polarization. A key question is whether the
CDW in FeGe is driven by its electronic correlation and magnetism. Here, we address this problem using
density functional theory and its combination with U as well as dynamical mean-field theory. Our calculations
show that large dimerization (~1.3 A) of Gel sites along the ¢ axis will enhance electronic correlation of the

Fe-3d orbitals and, as a result, it enhances the spin-polarization and saves more magnetic exchange energies.
We find that the balance between magnetic energy saving and structural energy cost via partially dimerizing
Gel sites in an enlarged superstructure could induce a new local minimum in total energies. The response to
the large partial Gel-dimerization will induce additional small modulations (<0.05 A) of other sites in the

kagome and honeycomb layers, which further reduces the total energy and leads to a stable 2 x 2 x 2 CDW
ground state in FeGe. Our results are in good agreement with the existing experiments and reveal a different
unconventional CDW mechanism driven by primarily saving magnetic energies via the interplay of structure,

electronic correlation, and magnetism.
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I. INTRODUCTION

A charge density wave (CDW), the static modulations
of small amplitude in the electron density distribution ac-
companied by a periodic lattice distortion [1,2], is one of
the most important phases of matter in condensed matter
physics. A common driving force for a CDW includes Fermi-
surface nesting [3] and electron-phonon couplings [4-7]. A
more exotic mechanism driven by strong electron-electron
interactions is also suggested, for example, in copper ox-
ides [8-16] and nickel oxides [17,18]. Recently, an exotic
chiral 2 x 2 x 2 CDW that breaks time-reversal symmetry
was observed [19,20] in a kagome metal AV3Sbs (A=K,
Rb, Cs) [21-23], which was suggested to be triggered by
van Hove singularities (VHSs) [24-35]. Since kagome metals
can simultaneously feature geometry frustration [36-38], flat-
band-induced electronic correlation [39-44] and magnetism
[45-50], nontrivial topology [22,51-53], VHSs [25,26], as
well as strong electron-phonon interactions [54-57], it has be-
come an ideal platform for exploring CDWs driven by various
mechanisms.

Very recently, another 2 x 2 x 2 CDW was observed
around Tcpw = 100 K, deep inside the A-type antiferromag-
netic (AFM) phase (Ty ~ 410 K) of a magnetic kagome metal
FeGe [59,60]. Both neutron [59] and x-ray [61] scattering
experiments indicate a first-order nature of this CDW tran-
sition. Possible anomalous Hall effect [59] and topological
edge modes [60] were observed in its CDW phase, which are
similar to those observed in AV3Sbs [23,62]. However, there

“yilinwang @ustc.edu.cn

2475-9953/2023/7(10)/104006(11)

104006-1

are more differences between the CDWs in FeGe and AV;Sbs.
(i) The ordered magnetic moments were found to be enhanced
in the CDW phase of FeGe [59]. (ii) A sharp superlattice
peak, Q = (0, 0, 2.5), that probes lattice distortion along the
¢ axis was observed in FeGe by the x-ray scattering experi-
ment with the same onset temperature as CDW [61], which is
absent in AV3Sbs. (iii) First-principles calculations find only
a little phonon softening around the three L points, i.e., (0.5,
0, 0.5), (0, 0.5, 0.5), and (0.5, 0.5, 0.5), but the phonon
frequencies never become negative in FeGe in the parameter
regime that produces the correct ordered magnetic moment
[61]. Such behavior in the phonon spectrum is very different
from AV;Sbs [27,54], while it shows some similarities to
the electronic-correlation-driven CDWs in copper and nickel
oxides. These indicate a different origin of the CDW in FeGe,
in sharp contrast to AV3Sbs. A natural question thus arises
as to whether the CDW in FeGe is driven by its electronic
correlation and magnetism. Despite several investigations by
experiment [59-61,63] and theoretical calculations [61,64—
68], the driving force of the CDW in FeGe still remains an
open question.

In a previous work [61] that primarily focuses on the
phonon properties of FeGe, we have obtained a stable 2 x
2 x 2 superstructure of FeGe with lower energy than its
ideal structure by density functional theory (DFT) calculation,
guided by the soft phonon mode at L points and the first-order
nature of the CDW transition in FeGe. A key finding is that
there is a large dimerization (~1.3 A) of 1/4 of Gel sites
along the ¢ axis in the 2 x 2 x 2 superstructure. However,
based on the information in [61], a clear physical picture
on exactly how the interplay of electronic correlations, mag-
netism, and lattice drives the CDW in FeGe is still unknown.
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To be specific, (i) What drives such a large Gel-dimerization
and why is it stable? (ii)) Why is the large Gel-dimerization
partial (1/4), not full? (iii)) Why is a2 x 2 x 2 superstructure,
and not another superstructure, chosen as the ground state?
(iv) Since there are also small distortions of the Fe and
Ge2 sites, which distortions drive the enhancement of spin-
polarization, and how? (v) Which energies are primarily saved
in forming the CDW: electronic, magnetic, or structural?

In this work, we focus on answering these questions to
identify the driving force for the CDW in FeGe, using DFT
and its combination with U (DFT+U) as well as dynamical
mean-field theory (DFT+DMFT) [69,70]. Our calculations
show that large dimerization of Gel sites along the c axis will
enhance electronic correlation of the Fe-3d orbitals and, as a
result, enhance the spin-polarization and save more magnetic
exchange energies. We find that the balance between magnetic
energy saving and structural energy cost via partially dimer-
izing Gel sites in an enlarged superstructure could induce a
new local minimum in total energies. The response to the large
partial Gel-dimerization will induce additional small modula-
tions (<0.05 A) of other sites in the kagome and honeycomb
layers, which further reduces the total energy and leads to a
stable 2 x 2 x 2 CDW ground state in FeGe. Thus, our results
demonstrate a clear physical picture for the CDW formation in
FeGe and reveal an unconventional CDW mechanism driven
primarily by saving magnetic energies via the interplay of
structure, electronic correlation, and magnetism, which are in
good agreement with the existing experiments.

II. METHODS

As shown in Fig. 1(a), hexagonal FeGe consists of a
kagome layer of Fe;Ge and a honeycomb layer of Ge,. There
are two nonequivalent Ge sites: Gel (blue) in the center of
the hexagon of the Fe kagome structure and Ge2 (gray) in
the honeycomb layer. The DFT calculations are performed
using the VASP package [71,72], with the exchange-correlation
functional of the generalized gradient approximation (GGA)
[73]. Although FeGe is a strongly correlated magnet, the
DFT calculations without Hubbard U correction have already
correctly produced the ordered magnetic moments of its AFM
phase (around 1.5 pg/Fe), observed by a neutron scattering
experiment [59]. Therefore, DFT calculations are applicable
to the AFM phase of FeGe. The experimental lattice parame-
ters of FeGe, a = 4.985 A and ¢ = 4.048 A [59,74], are used
in the calculations.

To better capture the strong electronic correlations of
FeGe, we also perform fully charge self-consistent single-
site DFT4+DMFT calculations for its paramagnetic (PM) and
AFM phases, using the EDMFTF code developed by Haule ez al.
[75,76] based on the WIEN2K package [77]. For the AFM cal-
culation, a nonmagnetic calculation is performed in the DFT
part, while the AFM spin-polarization is considered in the
DMEFT part by breaking the spin degeneracy of the local self-
energy. The Hubbard U and Hund’s coupling Jy are chosen
to be 3.9 and 0.85 eV, respectively, to reproduce the ordered
magnetic moments that are observed experimentally. We note
that a larger U value is required on the dynamical mean-field
level than the static mean-field level in DFT4-U to produce
the same ordered magnetic moments. This is reasonable since
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FIG. 1. (a) 1 x 1 x 2 ideal kagome structure of FeGe. There are
two types of Ge sites. Gel (dark blue) is at the center of the hexagon
of the Fe kagome layer. Ge2 (gray) forms a honeycomb layer in
between two kagome layers. (b) All the Gel atoms deviate from the
kagome layers and form dimers along the ¢ axis. The strength of Gel
dimerization is defined as d = d3,; go; — dGe1-Ge1, Where d&,, o, and
dgei-ce1 are the bond lengths of Gel-Gel before and after dimeriza-
tion, respectively. (¢c) A 2 x 2 x 2 superstructure of FeGe with space
group P6/mmm. It consists of a large dimerization (|d| ~ 1.3 A) of
1/4 of the Gel sites along the ¢ axis and small distortion (<0.05 A,
indicated by short arrows) of other sites. The Gel-Gel bond lengths
before and after dimerization are 4.0 and 2.755 A, respectively. The
crystal structures are constructed using VESTA [58].

local spin fluctuations are considered in DFT+DMFT, but
not in DFT4-U. More computational details are presented in
Appendix A.

III. RESULTS

Figure 2 shows the results calculated by DFT. Figure 2(a)
shows the total energy difference of the 1 x 1 x 2 super-
structure of FeGe between the one with large dimerization
of all the Gel sites along the c¢ axis and the one without
dimerization, AE = E\y(d) — Eio(d = 0), as functions of the
Gel-dimerization strength d (see Fig. 1). AE for the non-
magnetic (NM) state keeps increasing with |d|, indicating
that it has to pay for energies for structure distortions. How-
ever, the increasing rate slows down when the dimerization
strength d is ~1.0-1.3 A. When d = 1.3 A, the Ge1-Gel bond
lengths before and after dimerization are 4.0 and 2.755 A,
respectively. We note that 2.755 A is close to the Ge-Ge
bond length (~2.5 A) in the diamond cubic crystal struc-
ture of Ge. Therefore, Gel atoms are easier to form dimers
when their bond lengths are close to this value. Although AE
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FIG. 2. Enhanced spin-polarization via partial Gel-dimerization calculated by DFT. (a) The difference of total energy between the distorted
and ideal kagome structure, AE = E,(d) — E(d = 0), as functions of the strength of Gel-dimerization d. Dashed and solid curves are for
nonmagnetic and antiferromagnetic states, respectively. The black arrow labels a local energy minimum around d = 1.3 A. (b) The magnetic
exchange energy, AEapy — AEny, and the average of ordered magnetic moments per Fe in the AFM state as functions of d are shown in the left
and right y axis, respectively. (a) and (b) are for the 1 x 1 x 2 structure with large dimerization of all Gel sites. (c)—(h) are analogous to (a) and
(b), but for enlarged superstructures and two different cases labeled “S1” and “S2” (see the main text). (c) and (d) are for the V3x/3%x2
superstructure (P6/mmm) with large dimerization of 1/3 of Gel sites. (e) and (f) are for the 2 x 2 x 2 superstructure (P6/mmm) with large
dimerization of 1/4 of Gel sites. (g) and (h) are for the V3 x/5x%2 superstructure (Cmmm) with large dimerization of 1/5 of Gel sites.

also increases with |d| for the AFM state, its magnitude is
much smaller than that of the NM state, indicating that the
spin-polarization is enhanced and more magnetic exchange
energies are saved by Gel-dimerization. This is shown in
Fig. 2(b), where the magnetic exchange energies, AEapv —
AEnM, are negative and their magnitude keeps increasing
with |d| (left y axis), and the ordered magnetic moments also
increase with |d| (right y axis). This is a main finding of
the present work. The competition between magnetic energy
saving from enhanced spin-polarization and structural energy
cost from Gel-dimerization may induce a new local mini-
mum in the total energies of the AFM state, as illustrated
by the black arrow around 4 = 1.3 A in Fig. 2(a). It may
further become a global energy minimum if the magnetic
energy wins and drive a first-order phase transition. This has
not been achieved in the 1 x 1 x 2 superstructure because it
costs too much structural energy to dimerize all the Gel sites.
Therefore, a straightforward strategy to balance the magnetic
energy saving and structural energy cost is to enlarge the
structure along the a and b crystal axis, but dimerize partial
Gel sites.

Along this line, we construct three superstructures: v/3 x
V3 x 2 with large dimerization of 1/3 of Gel sites [Figs. 2(c)
and 2(d)], 2 x 2 x 2 with large dimerization of 1/4 of Gel
sites [Figs. 2(e) and 2(f)], and V3 x /5 x 2 with large dimer-
ization of 1/5 of Gel sites [Figs. 2(g) and 2(h)]. We then
perform calculations for two different cases: (S1) The super-
structure with only fixed large dimerization of partial Gel
sites but other sites are not relaxed; (S2) the superstructure

with fixed large dimerization of partial Gel sites and all the
other sites are relaxed until the force of each of those atoms is
less than 1 meV/A.

As shown by the solid blue curves in Figs. 2(c), 2(e),
and 2(g), well-defined local energy minimums have already
formed around d = 1.3 A in all three superstructures with
only large partial Gel-dimerization (S1). The energy min-
imums are only ~2-3 meV/atoms higher than that of the
non-distorted structures (d = 0). The magnetic exchange en-
ergies and the ordered magnetic moments shown in Figs. 2(d),
2(f), and 2(h) follow the same behaviors as the 1 x 1 x 2 su-
perstructure. Large dimerization of partial Gel sites will exert
extra potential on other sites, such that they will slightly relax
their positions to further reduce the total energy, which are
shown by the solid orange curves in Figs. 2(c), 2(e), and 2(g).
The energy minimums around d = 1.3 A of all three super-
structures get much closer to that of the ideal structure, but it
only becomes a global minimum in the 2 x 2 x 2 superstruc-
ture, consistent with the experimentally observed 2 x 2 x 2
CDW in FeGe. This is because the 1/3 Gel-dimerization
in the /3 x +/3 x 2 superstructure pays for more structural
distortion energy and the 1/5 Gel-dimerization in the V5 x
V5 x 2 superstructure cannot save enough magnetic energy,
comparing to the 1/4 Gel-dimerization in the 2 x 2 x 2 su-
perstructure. Therefore, we can conclude that the form of
the 2 x 2 x 2 CDW superstructure in FeGe results from a
subtle balance between magnetic exchange energy saving and
structure energy cost via large structural dimerization of 1/4
of Gel sites.

104006-3



YILIN WANG

PHYSICAL REVIEW MATERIALS 7, 104006 (2023)

TABLE 1. The mass enhancement, m* /mDFT = 1/Z, of Fe-3d
orbitals from DFT+DMFT calculations of the paramagnetic phase of
the 1 x 1 x 2 superstructure with (d = 1.3 A) and without (d = 0 A)
Gel-dimerization, at T =290 K, U = 3.9 eV, and Jy = 0.85¢eV.

dyp_p  dap dy. dy. dy,
d=0A 2.146 3232 3342 3239 2055
d=134A 2.287 3971 4171 3642 2.136

The distortions of other sites are very small (<0.05 A). The
arrows in Fig. 1(c) illustrate such distortions in the 2 x 2 x 2
superstructure. In the kagome layers, the atoms mainly move
out of plane along the ¢ axis, and with a small in-plane com-
ponent. In the honeycomb layers, the atoms move in plane
to form a Kekulé-type distortion [65,78]. We note that the
magnetic exchange energies and ordered magnetic moments
are not further enhanced by those additional distortions [green
curves in Figs. 2(d), 2(f), and 2(h)], indicating that the driving
force for the enhanced spin-polarization is primarily from
the large dimerization of Gel sites. The small 2 x 2 charge
modulations in the kagome and honeycomb layers which are
observed by the scanning tunneling microscopy (STM) exper-
iments [59,60,79], are induced, as a consequence, to respond
to the extra potential induced by the large dimerization of
partial Gel sites.

In order to understand how Gel-dimerization will enhance
the spin-polarization, we compare the electronic correlations
of the paramagnetic state of the 1 x 1 x 2 superstructure
with and without Gel-dimerization by DFT+DMFT calcula-
tions. The calculated mass enhancement m*/mP°FT of Fe-3d
orbitals at 7 =290 K, U =39 eV, and Jy = 0.85 eV is
tabulated in Table I, which qualitatively agrees with a previous
DFT+DMEFT calculation [80]. The mass enhancement, in par-
ticular, of d,>_2, d,;, and d,, orbitals, increases substantially
from the ideal kagome structure to the structure with a Gel-
dimerization of d = 1.3 A. It indicates that the height of Gel
atoms relative to the Fe kagome plane will affect the electronic
correlations of the Fe-3d orbitals. This is similar to the iron-
based superconductors, where the electronic correlations of
Fe-3d orbitals are found to be very sensitive to the heights of
As or Se sites [8§1-83]. Stronger electronic correlations will
enhance the spin-polarization of the AFM state of FeGe. Anal-
ogous to Fig. 2, we also perform DFT+DMFT calculations
for the 2 x 2 x 2 superstructure, which are shown in Fig. 3.
Similar profiles of energy and ordered magnetic moments as
functions of d are produced, and a global energy minimum
is also found around d = 1.3 A, which validates the findings
from the simple DFT calculations.

The subtle competition between magnetic and structural
energy indicates that the 2 x 2 x 2 CDW in FeGe is sensitive
to the variation of its magnetism and crystal structure. Thus,
on the one hand, increasing Hubbard U in DFT+U calcu-
lations is expected to further save the magnetic energy and
stabilize the CDW state. The DFT+U results at U = 1 eV
for the 2 x 2 x 2 superstructure are shown in Figs. 4(a) and
4(b). The ordered magnetic moment is enhanced to about
2 ug/Fe, much larger than the experimental value, and the
energy of the CDW ground state is further reduced. We note
that the energy minimum around d = 1.3 A becomes a global
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FIG. 3. Analogous to Fig. 2, but calculated by DFT+DMFT for
paramagnetic (PM) and AFM phases of the 2 x 2 x 2 superstructure,
at T =290 K, U =3.9 eV, and Jy = 0.85 eV. Here, E stands for
total free energy. The orange star in (a) and (b) stands for the total
free energy and ordered magnetic moments, respectively, of the fully
relaxed 2 x 2 x 2 superstructure.

energy minimum even in the superstructure with only large
dimerization of 1/4 of Gel sites (solid blue curve), which
further confirms that the large dimerization of partial Gel sites
is the driving force. We also find that the +/3 x /3 x 2 super-
structure becomes the ground state instead of the 2 x 2 x 2
superstructure at U = 1 eV. This is also expected within our
theory since the magnetic energy saving becomes even greater
in the superstructure with more dimerized Gel sites at larger
U, such that the V3 xA3x2 superstructure saves the most
energy among the superstructures at U = 1 eV. This result
further supports our conclusion that the CDW in FeGe results
from a subtle competition between magnetic energy saving
and structural energy cost.

On the other hand, elongating the crystal ¢ axis of FeGe
may cause it to pay for more structural distortion energy when
dimerizing Gel sites. We show this in Figs. 4(c) and 4(d) by
increasing c to 4.4 A. Indeed, the 2 x 2 x 2 CDW state is no
longer favored.
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FIG. 4. Analogous to Fig. 2 for the 2 x 2 x 2 superstructure of
FeGe. (a) and (b) are calculated by DFT+U at U = 1 eV with the
experimental lattice parameters. (c) and (d) are calculated by DFT,
but with a larger lattice parameter of ¢ = 4.4 A.
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IV. CONCLUSION AND DISCUSSION

To summarize, by DFT, DFT+U, and DFT+DMEFT calcu-
lations, we show that the driving force of the 2 x 2 x 2 CDW
in FeGe is electronic-correlation-enhanced spin-polarization
via large dimerization of partial Gel sites in an enlarged
superstructure. The small 2 x 2 charge modulations in the
kagome and honeycomb layers observed by STM [59,60,79]
are thus induced as a consequence to respond to the large
dimerization of partial Gel sites. We thus have established
a clear physical picture for the CDW formation in FeGe and
revealed an unconventional CDW mechanism driven primar-
ily by saving magnetic energies via the interplay of electronic
correlation, magnetism, and large lattice distortions.

Our results thus indicate a first-order CDW transition
in FeGe, which is consistent with both neutron [59] and
x-ray [61] scattering experiments. The large Gel-dimerization
along the ¢ axis is consistent with the observation that an
additional sharp superlattice peak Q = (0, 0, 2.5) was found
in the elastic x-ray scattering experiment with the same onset
temperature as the CDW transition [61], since this peak probes
the structural distortion along the ¢ axis. The calculated en-
hancement of the ordered magnetic moments by 0.05 np/Fe
in the 2 x 2 x 2 superstructure [Fig. 2(f)] is very close to the
value observed by the neutron scattering experiment [59]. The
enhancement of spin-polarization by electronic correlation
should also be effective in the spin canting phase at T = 60 K
and the spin-flop phase, so these two phases should not sup-
press CDW, which is also consistent with the phase diagram
found in [59].

Similar to AV3Sbs, there are also VHSs at the M point near
the Fermi level in the electronic structure of FeGe [59,61,63],
so VHSs may also play roles in driving the CDW in FeGe.
However, Wan et al. [67] have computed the nesting functions
of FeGe and found that the maximum of the nesting function
is at the K point instead of the M point. This excludes the
possibility of VHSs or a Fermi-surface-nesting-induced CDW
in FeGe.

We noted that although similar large Gel-dimerization was
also reported in Ref. [65] based on the DFT calculation, its
crucial roles in enhancing the electronic correlations of Fe-3d
orbitals and in driving the CDW in FeGe were not discussed.
Instead, Ref. [65] suggests the Fermi-surface nesting as the
driver of the CDW formation in FeGe. Thus, our DFT+DMFT
calculations provide compelling evidence for the crucial role
of electronic correlation effects related to the large Gel-
dimerization, in driving the CDW in FeGe, which has not been
captured in previous investigations by the conventional DFT
method.
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Note added. Recently, the large 1/4 Gel-dimerization has
been confirmed by a recent single-crystal x-ray diffraction ex-

periment [84] on a high-quality FeGe sample with long-range
CDW order, which provides strong support for our present
theoretical analysis.

Recently, an angle-resolved photoemission spectroscopy
(ARPES) experiment [85] performed on the high-quality
FeGe sample excludes the conventional Fermi-surface-
nesting-induced CDW mechanism in FeGe, and instead
provides strong support for the unconventional CDW mech-
anism proposed in the present work.

APPENDIX A: MORE COMPUTATIONAL DETAILS

In the VASP calculations, the energy cutoff of the plane-
wave basis is set to be 500 eV. A I'-centered K-point grid
of 16 x 16 x 10, 10 x 10 x 10, 8 x 8 x 10, and 6 x 6 x 10
is used for the superstructures of 1 x 1 x 2, \/§ X \/§ X 2,
2 x 2 x 2, and /5 x +/5 x 2, respectively. The criterion of
total energy convergence is set to be 1078 eV. For the case of
S1, superstructures are construed by dimerizing one pair of
Gel sites in adjacent layers along ¢ axis, with a dimerization
strength d = dQ,; Ge; — dGel-Gel» Where dy; Go; and dcel-Gel
are the Gel-Gel bond lengths before and after dimerization,
respectively (see Fig. 1). For the case of S2, starting with the
structures used in S1 and fixing the positions of the dimer-
ized Gel-Gel pair, the internal atomic positions of all other
sites are relaxed until the force of each atom is smaller than
1 meV/A (selective dynamics). For DFT+U calculations,
the simplified (rotationally invariant) approach introduced by
Dudarev et al. [86] is used (LDAUTYPE=2), which is param-
eterized by Hubbard U.

In DFT+DMFT calculations, the exchange-correlation
functional of the local density approximation (LDA) is chosen
in the DFT part. We choose a wide hybridization energy
window from —10 to 10 eV with respect to the Fermi level.
All five Fe-3d orbitals are considered as correlated ones and
a local Coulomb interaction Hamiltonian with Ising form is
applied. The local Anderson impurity model is solved by the
continuous time quantum Monte Carlo solver [87]. We use
a “nominal” double-counting scheme with a nominal Fe-3d
occupancy of 6.0, which is close to the value given by the
DFT calculation. The self-energy on real frequency ¥(w) is
obtained by the analytical continuation method of maximum

m*

entropy. The mass enhancement is then computed by —5= =

1-— Wlwzo. We follow the method introduced by Haule
et al. [83] to perform structure relaxation in the framework
of DFT4+DMFT. All the calculations are performed at T =
290 K. Following Ref. [76], we use the Yukawa representa-
tion of the screened Coulomb interaction, in which there is
a unique relationship between U and Jy. If U is specified,
Jy 1s uniquely determined by a code in EDMFTF [88]. The
U is chosen to be 3.9 eV, which correctly produces the or-
dered magnetic moment of the AFM phase of FeGe (about
1.5 pp/Fe). For AFM calculations, a constant self-energy
which breaks the spin degeneracy is provided in the first step
of DFT+DMFT self-consistency. For the WIEN2K calcula-
tions, a 12 x 12 x 13 K-point grid is used for the 2 x 2 x 2
superstructure. The radius of muffin-tin (RMT) values for Fe
and Ge are 2.34 and 2.27, respectively, and Ry * Koy is 7.0.
The spin-orbit coupling is not included in all the calculations
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FIG. 5. Simulated XRD pattern of the (a) ideal structure and
(b) 2 x 2 x 2 CDW superstructure of FeGe.

since it is very small for the Fe and Ge ions and will not
change the conclusions of the present work.

We note that a larger U value is required on the dynamical
mean-field level than the static mean-field level in DFT+U
to produce the same ordered magnetic moment. This is rea-
sonable since the local spin fluctuations are considered in
DFT+DMFT, but not in DFT4-U. This is why the enhance-
ment of the magnetic moment in DFT+DMFT at U = 3.9eV
and Jy = 0.85 eV (around 1.6) is lower than DFT4+U at
U =1 eV (around 2); see the main text.

Due to a technical problem of the DFT+DMFT code used
in this work, we cannot perform atomic relaxation in the se-
lective dynamics mode as the VASP code does, i.e., it is difficult
to fix the Gel-Gel dimerization strength, but only relax other
atoms. This is why we only show the result of the fully relaxed
structure for the case (S2); see Fig. 3(a).

APPENDIX B: MORE RESULTS FOR FeGe

As shown in Fig. 5, we simulate the x-ray diffraction
(XRD) pattern for the ideal structure and the distorted 2 x
2 x 2 superstructure with large dimerization of 1/4 of the Gel
site obtained in the main text, using the VESTA software [58].
Several additional reflection peaks with weak intensity appear
in the 2 x 2 x 2 superstructure, especially 26 ~ 10° and 15°.

TABLE II. The atomic positions (fractional coordinates) of the
2 x 2 x 2 CDW superstructure of FeGe relaxed by DFT. a = 9.97 A,
¢ = 8.096 A, space group P6/mmm.

X y Z Site Sym.
Fel 0.25182 0 0.75260 12n ..m
Fe2 0.24986 0.49972 0.74748 120 m.
Gel 0 0 0.82990 2e 6mm
Ge2 0.5 0 0.74821 6i 2mm
Ge3 0.16919 0.33837 0 6l mm?2
Ge4d 0.83796 0.67591 0.5 6m mm?2
Ge5 0.33333 0.66667 0 2c —6m?2
Geb 0.33333 0.66667 0.5 2d —6m?2

We also tabulated the atomic positions of the 2 x 2 x 2 CDW
superstructure of FeGe in Table II.

We plot the charge density map of the 2 x 2 x 2 CDW
superstructure of FeGe in Fig. 6, which indeed shows the
charge dimers of the 1/4 Gel sites.

To further confirm the stability of the 2 x 2 x 2 CDW
superstructure of FeGe with 1/4 of Gel-dimerization, we have
calculated the phonon spectra by DFT. As shown in Fig. 7,
there is no obvious soft phonon mode, indicating that it is very
stable.

We have performed optimization of the lattice volume
and shape of the ideal structure of FeGe at the DFT level
without the Hubbard U correction since the DFT calculation
has already correctly produced the ordered magnetic moment
of the AFM state measured by the neutron scattering exper-
iment. The optimized lattice parameters are a = 4.9625 A,
¢ = 4.0667 A, which are very close to the experimental val-
ues a = 4.985 A, ¢ = 4.048 A. Using the optimized lattice
parameters, we have further performed the same calculations
for the 2 x 2 x 2 superstructure, as shown in Figs. 2(e) and
2(f). The results are shown in Fig. 8. The CDW state with
large dimerization of 1/4 Gel sites is still stable, so the
slight change of the lattice parameters will not change our
conclusion.

As discussed in [61], the lattice instability of FeGe is asso-
ciated with the By, soft phonon mode at the L point. However,
this soft phonon mode never becomes negative (imaginary) in

FIG. 6. The charge density map of the 2 x 2 x 2 CDW super-
structure of FeGe, calculated by DFT and plotted by VESTA [58]. The
red ellipse marks the Gel-Gel dimer.
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FIG. 7. The calculated phonon spectra for the distorted 2 x 2 x
2 CDW superstructure of FeGe by DFT.

FeGe, which seems to be in contrast to the soft-mode theory.
Actually, for a first-order structural transition, the phonon
spectra can be harmonically stable even at T = 0 K, which
was discussed by Krumhansl and Gooding in Ref. [89]. The
famous example is the @ phase in Zr and its alloys. For
first-order transitions, the “phonon” concept loses meaning
because of a large finite jump and anharmonicity in the order
parameters. As we showed in Figs. 2 and 3, and also by x-ray
[61] and neutron scattering [59] experiments, the structural
transition in FeGe is first order in nature, so we would not ex-
pect an imaginary phonon mode; even the distorted structure
has lower energy than the ideal structure.

It is known that the double-counting issue of DFT+DMFT
may cause trouble in structural optimization in DFT+DMFT
calculations, and a different double-counting scheme may
lead to different lattice volume. It is possible that the nominal
double counting may overestimate the lattice volume in some
circumstances. To check how the nominal double-counting
scheme affects the lattice volume of FeGe, we have com-
puted the equilibrium volume of FeGe within DFT+DMFT
for the AFM state with the same setup, i.e., U = 3.9 eV,
Jg = 0.85 eV, with the nominal double-counting scheme. The
result is shown in Fig. 9. It turns out that the calculated equi-
librium volume of FeGe (about 0.975V.) is very close to the

FeGe, a=4.9625A, c=4.0667A
2x2x2, Large dimerization of 1/4 Ge1-sites
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FIG. 8. Analogous to Figs. 2(e) and 2(f), but calculated with the
lattice parameters optimized by DFT.
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FIG. 9. The total energy vs lattice volume V, calculated by
DFT+DMFT for the AFM state of FeGe at U = 3.9 eV, Jy =
0.85 eV, with the nominal double-counting scheme. V. is the exper-
imental lattice volume. The calculated equilibrium volume is about
0.975Vexpt-

experimental value (Veyy), indicating that the nominal double-
counting scheme is a very good choice for the DFT+DMFT
calculations for FeGe.

APPENDIX C: DFT RESULTS FOR FeSn

It is noted that the electronic band structures and magnetic
orders of FeGe are very similar to its sister compound FeSn,
but no CDW has been observed experimentally in FeSn. We
also perform DFT calculations for FeSn with the experimental
lattice parameters a = 5.2765 A and ¢ = 4.4443 A [74]. The
results of the 2 x 2 x 2 superstructure are shown in Fig. 10(a).
The DFT method yields an ordered magnetic moment of
about 1.94 ug/Fe at d = 0, which is also close to the value
(~1.85 pupg/Fe) from the neutron scattering experiment [90].
Therefore, the DFT calculation without Hubbard U is also
applicable to the AFM states of FeSn. Although we also
find similar behavior of enhanced spin-polarization via large
partial Snl-dimerization in FeSn, the local energy minimum
around d = 1.5 A is 5 meV/atom higher than that at d = 0
and is far from becoming a true global minimum, consistent
with the experiments. Further DFT+U calculations show that
it becomes a global minimum only at large U (>2.2 eV),

FeSn, 2x2x2, Large dimerization of 1/4 Sn1-sites
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FIG. 10. Analogous to Fig. 2, but calculated by DFT for FeSn
with experimental lattice parameters a = 5.2765 A, ¢ = 4.4443 A,
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but that will yield a very large ordered magnetic moment of
about 2.6 upg/Fe, much larger than the experimental value.
One possible reason may originate from the fact that Sn has a
larger atomic radius than Ge, which also leads to much larger
lattice parameters in FeSn than FeGe, i.e., 5.8% larger in a
and 9.8% larger in c. The larger atomic radius of Sn and larger

crystal volume may cause it to have to pay for more structural
distortion energy by dimerizing Snl sites, such that the mag-
netic energy saving never wins in FeSn. Indeed, as shown by
the dashed curves in Fig. 10(a), AE keeps increasing with |d|
without slowing down the rate when the dimerization strength
d is ~1.0-1.5 A, in sharp contrast to FeGe.
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