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Spontaneous symmetry breaking—the phenomenon in which an infinitesimal perturbation can cause
the system to break the underlying symmetry—is a cornerstone concept in the understanding of
interacting solid-state systems. In a typical series of temperature-driven phase transitions, higher-
temperature phases are more symmetric due to the stabilizing effect of entropy that becomes dominant as
the temperature is increased. However, the opposite is rare but possible when there are multiple degrees
of freedom in the system. Here, we present such an example of a symmetry-ascending phenomenon upon
cooling in a magnetic kagome metal FeGe by utilizing neutron Larmor diffraction and Raman
spectroscopy. FeGe has a kagome lattice structure with simple A-type antiferromagnetic order below
Néel temperature 7T ~ 400 K and a charge density wave (CDW) transition at Tcpw =~ 110 K, followed
by a spin-canting transition at around 60 K. In the paramagnetic state at 460 K, we confirm that the
crystal structure is indeed a hexagonal kagome lattice. On cooling to around T, the crystal structure
changes from hexagonal to monoclinic with in-plane lattice distortions on the order of 10~ and the
associated splitting of the double-degenerate phonon mode of the pristine kagome lattice. Upon further
cooling to Tcpw, the kagome lattice shows a small negative thermal expansion, and the crystal structure
gradually becomes more symmetric upon further cooling. A tendency of increasing the crystalline
symmetry upon cooling is unusual; it originates from an extremely weak structural instability that
coexists and competes with the CDW and magnetic orders. These observations are against the
expectations for a simple model with a single order parameter and hence can only be explained by
a Landau free energy expansion that takes into account multiple lattice, charge, and spin degrees of
freedom. Thus, the determination of the crystalline lattice symmetry as well as the unusual spin-lattice
coupling is a first step towards understanding the rich electronic and magnetic properties of the system,
and it sheds new light on intertwined orders where the lattice degree of freedom is no longer dominant.
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Symmetry breaking occurs when a solid changes from
one crystalline phase to another at the phase-transition
temperature. Landau originally developed a theory of
symmetry restrictions on second-order phase transitions
in 1937 [1]. When a crystal structure changes continuously
from a highly symmetrical phase to a less symmetrical one,
the symmetry group of the low-symmetry phase must be a
subgroup of the high-symmetry group [2]. Generally, the
more symmetrical phase corresponds to higher temper-
atures, and the less symmetrical phase to lower temper-
atures. Thus, the symmetry-breaking phenomena are
usually detected upon cooling from high temperatures to
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low temperatures in different types of phase transitions,
including structural, incommensurate, magnetic, and liquid
crystal systems [3]. Exceptions of the symmetry breaking,
namely, symmetry ascending, from the high-temperature
phase to the low-temperature phase in a second-order phase
transition are reported in Rochelle salt crystals (monoclinic
to orthorhombic) [4] and mixed crystals Tb,Gd;_,VOy,
(orthorhombic to tetragonal) [5]. These exceptions typi-
cally suggest the importance of additional interactions
such as spin-lattice coupling or cooperative Jahn-Teller
interactions to the structural phase transition. The
symmetry-ascending phenomena are also reported in the
first-order-like transitions in iron-based and cuprate super-
conductors [6-9]. For example, the parent compound of
iron pnictide superconductors order antiferromagnetically
and ferromagnetically along two Fe-Fe directions of the
nearly square lattice to form a stripe antiferromagnetic
(AFM) structure [10]. Since the magnetic structure has the
twofold rotational (C,) symmetry, the crystalline lattice
must also exhibit a tetragonal-to-orthorhombic (C4 to C,)
lattice distortion at temperatures at or above the magnetic
ordering temperature 7y to accommodate the low-
symmetry magnetic structure [10]. However, when the
low-temperature magnetic structure becomes C, symmetric,
as seen in a narrow hole-doped regime of iron pnictides, the
lattice symmetry can change from C, to C, in a first-order-
like fashion due to the formation of the C, symmetric out-of-
plane collinear double-Q magnetic ordering [7,8,11,12].
This symmetry ascending upon cooling usually suggests
that there are several competing interactions near the phase-
transition boundary with similar energy scales [13,14].
The kagome lattice with a corner-shared-triangle net-
work is a fruitful playground to study the exotic electronic
orders and symmetry-breaking phenomenon at the inter-
play between charge, orbital, spin, and lattice degrees of
freedom [15,16], including quantum spin liquid, charge
density wave (CDW), chiral flux order, nematicity, and
superconductivity [17-29]. Signatures of threefold sym-
metry breaking have been reported in the CDW phase of the
related vanadium-based kagome AV;Sbs system by scan-
ning tunneling microscopy (STM), c-axis magnetoresist-
ance, optical, and x-ray measurements [30-34]. Recently,
the B35 phase of FeGe with hexagonal kagome lattice
structure (P6/mmm, No. 191) [Fig. 1(a)] [35-39] has
attracted considerable attention due to the interplay
amongst different phases. Below Ty =~ 400 K, FeGe orders
into a collinear A-type AFM structure. The Fe moments
within the same basal plane are coupled ferromagnetically
with the spin direction parallel to the ¢ axis, while those in
adjacent layers are coupled antiferromagnetically [38].
Below the spin-canting temperature 7 ,nin, = 60 K, the
spins form an AFM double-cone structure with a modulated
basal-plane moment while the moments are predominantly
pointing along the ¢ axis [38]. At the intermediate
temperature, a short-ranged CDW order with a transition
temperature Tcpw = 110 K was discovered by neutron

diffraction [39], STM [40], and angle-resolved photoemis-
sion spectroscopy (ARPES) measurements [41]. This short-
ranged CDW order in FeGe [39] can be further tuned
to be long-ranged by postgrowth annealing treatments
[42,43]. In particular, CDW order enhances the magnetic-
ordered moments, thus establishing a clear coupling
between CDW and magnetism [39]. From subsequent
x-ray diffraction measurements, the CDW transition is
believed to be associated with the c-axis dimerizations of
partial Ge! atoms in the kagome layer of FeGe
[Figs. 1(a) and 1(g)] [42,43], but the crystal structure is
still refined to be a hexagonal kagome lattice with the
threefold rotational (C3) symmetry at all temperatures
investigated (from 20 K to room temperature) [43,44].
Although density functional theory (DFT) phonon calcu-
lations have proposed several possible lattice distortion
patterns in the CDW phase [42,45-49], inelastic neutron
and x-ray scattering measurements did not detect soft
acoustic phonon modes at the Brillouin zone boundary
across the CDW transition [41,42].

In this article, we use neutron Larmor diffraction and
polarization-resolved Raman spectroscopy to study the
temperature-dependent lattice symmetry of FeGe and the
associated lattice dynamics. In the paramagnetic state at
460 K, we confirm that the crystal structure is indeed a
hexagonal kagome lattice [Figs. 1(a) and 1(d)]. On cooling to
below Ty, the C3 symmetry of the hexagonal kagome lattice
is broken, which is revealed by inequivalent in-plane lattice
parameters on the order of 10~* and the splitting of a double-
degenerate phonon mode [Figs. 1(b), 1(e), and 1(f)]. Upon
further cooling to a CDW temperature of Tcpw ~ 110 K, the
kagome lattice shows a small negative thermal expansion,
and the crystal structure gradually becomes more symmetric
upon further cooling, resulting in a tendency of lattice
symmetry ascending below T ying [Fig. 1(c)]. Since A-type
AFM structure is not expected to affect the in-plane kagome
lattice structure, our discovery of a series of lattice distortions
in the kagome plane, as well as the tendency of lattice
symmetry ascending upon cooling, suggests an interplay
between magnetic order, CDW, and lattice distortion in
FeGe. Our determination of crystalline lattice symmetry
forms the basis for understanding the electronic and magnetic
properties of the system.

II. RESULTS
A. AFM phase

To precisely determine the temperature evolution of
the lattice symmetry of FeGe across Ty, we carried out
neutron Larmor diffraction measurements, as shown sche-
matically in Fig. 2(a) [50]. Neutron Larmor diffraction is a
polarized neutron technique developed to increase the
resolution of conventional neutron diffractometers by fully
taking advantage of the additional spin degree of freedom
of the neutron. Inside an applied magnetic field that guides
the spin rotation of the traveling neutrons, the neutron spin
will experience a motion called Larmor precession around
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FIG. 1. Crystal structure of FeGe in the nonmagnetic phase (7" > Ty). The Ge atoms in the kagome and honeycomb layers are marked
by Ge! and Ge?, respectively. The black arrows in panel (a) represent the Ezg(Gez) in-plane lattice vibration pattern. (b) Illustration of
the monoclinic AFM unit cell (space group P2,/m) driven by the Ay lattice instability shown by the red diamond. The blue and green
solid circles represent an example of the distorted Fe atomic positions within the unit cell for the top and bottom layers, respectively. The
dashed lines represent the mirror planes. The C, axis is perpendicular to the threefold axis of the nonmagnetic phase. (c) Same as panel
(b) but for the orthorhombic AFM unit cell (space group Cmcm) driven by the Ay lattice instability shown by the red rectangle. The C,
axis is parallel to the threefold axis of the nonmagnetic phase. (d) Illustration of the E,, lattice vibration patterns for Ge* atoms in the
honeycomb layers of the hexagonal nonmagnetic phase (top view). This is a twofold-degenerate mode containing an in-plane transverse
optical (iTO) mode and an in-plane longitudinal optical (iLO) mode. (e) lllustration of the A, (A,) lattice vibration patterns for Ge? atoms
in the honeycomb layers for the monoclinic (orthorhombic) phases (top view). (f) Same as panel (e) but for the B, (B, ) lattice vibration
patterns of the monoclinic (orthorhombic) phases. The A, and B,, (B,,) modes originate from the splitting of the EQg(Gez) mode of the
nonmagnetic phase shown in panel (d). The back arrows in panels (d)—(f) indicate the vibration directions. (g) Illustration of the crystal
structure of the 2 x 2 x 2 CDW phase associated with the c-axis dimerization of partial Ge' atoms in the kagome layer of FeGe based on

Refs. [42,43]. The black arrows in panel (g) represent the Ge! displacement directions.

the magnetic-field vectors. The resulting accumulated
Larmor phase @ is proportional to the magnetic-field
intensity B, neutron wavelength A, and the path length
through the magnets L. By tilting the field boundaries of
the magnets parallel to the crystal plane of interest before
and after the sample, the measurement of the lattice spacing
d can be linearly translated into the measurement of the
Larmor phase as @ = BLd. The value of ® is independent
of the beam divergence and the mosaic spread of the
sample. For the Larmor diffraction setup at HB-1, magnetic
Wollaston prisms [51] are utilized such that the physical
tilting of the magnetic-field boundaries can be effectively
achieved by picking the appropriate combination of the
electromagnetic fields shown in Fig. 2(a), i.e., B and b. The
Larmor phase of the neutron spin is observed by a
polarization analyzer to yield P = cos(®). An example
of the measured intensity on the detector has been given in
Figs. 2(b) and 2(c) for two different values of the lattice
constant. By measuring the relative phase shift between
the two intensity oscillations with a high precision

(AD/D ~ 10‘6), the same resolution is achieved in

measuring the change in the lattice constant Ad/d =
A®/® for FeGe at the three different Bragg peak positions
shown in Fig. 2(d). The temperature dependence of the
absolute lattice spacing can be deduced from the measured
Ad/d for FeGe shown in Figs. 2(e) and 2(f).

In Fig. 2(g), we show the absolute lattice spacing derived
from the three different Bragg peak positions (2, 0, 0),
0, 2, 0), and (2,-2,0). Above 430 K, the temperature
dependence of the three lattice spacings is identical. This
finding is consistent with an ideal kagome lattice with
threefold lattice rotational symmetry. Below Ty, the tem-
perature dependence of the lattice spacing along the
(2, 0, 0), (0, 2, 0), and (2,-2,0) directions deviates,
indicating threefold symmetry breaking. The clear three
lattice spacing below T indicates that the AFM phase is
monoclinic (Appendix C). It also suggests that the sample
is in a single domain. As discussed in Refs. [50,52], neutron
Larmor diffraction can measure the broadening of the
Bragg peaks due to lattice distortion formation of twinned
domains [see Fig. 1(c) of Ref. [52] and Fig. 4 of Ref. [50] ].
In the case of NaFeAs (Ref. [52]), the samples are twinned,
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FIG. 2. (a) Schematic of the neutron Larmor diffraction instrument setup with Wollaston prisms. (b) Schematic depicting the Larmor

phase difference between two different lattice parameters. (c) Example of raw data taken during neutron Larmor diffraction
measurements for the (0, 2, 0) peak, where the red and blue points are 170 K and 20 K, respectively. The solid lines are sinusoidal fits to
the data. (d) Schematic of the three lattice Bragg peaks (2, 0, 0), (0, 2, 0), and (2, —2, 0) of the hexagonal phase. (¢) Ad/d as a function of
temperature measured for (0, 2, 0) (red), (2, 0, 0) (blue), and (2,—2,0) (brown) nuclear Bragg peaks from 20 K to 460 K. (f) Same
as panel (a) but for 380 K to 460 K. (g) Temperature dependence of the lattice spacing of three theoretically equivalent Bragg peaks for
(0,2, 0) (red), (2,0, 0) (blue), and (2, =2, 0) (brown) nuclear Bragg peaks in the [H, K, 0] plane. (h) Expanded view of panel (g) near Ty.
The dashed lines in panels (g) and (h) mark the 7'y. Since the error bars are smaller than the symbol, they are not visible in panels (e)—(h).
(i) Neutron polarization as a function of temperature measured for these three nuclear Bragg peaks from 20 K to 460 K. (j) Same as panel

(¢) but for 380 K to 460 K.

and we can precisely measure the lattice parameter change
above and below twinning. In fact, twinning of the crystal
means that multiple Bragg peaks with different lattice
parameters occur at approximately the same position in
reciprocal space but become broader below the formation
of twin domains. Since the lattice parameter correlates
linearly with the neutron spin’s Larmor phase, an expansion
or broadening of the nuclear Bragg peak corresponds to a
similar change or dispersion in the neutron spin’s Larmor
phase. Consequently, any distortion or broadening in the
lattice structure and formation of twin domains would
manifest as variations in the neutron beam’s polarization.
This is clearly seen below the Néel temperature of
YBa,Cu3;04, the AFM-ordered parent compound of

cuprate superconductors, in the neutron Larmor diffraction
experiment [53]. For FeGe, the observed flatness of neutron
polarization across T shown in Figs. 2(i) and 2(j) signifies
the absence of twinning or broadening during this tran-
sition. Surprisingly, the deviation of the three lattice
spacing appears slightly above T, which extends about
20 K above Ty, as shown in Fig. 2(h). The deviation
might be due to the fluctuations of the order parameter
above Ty, suggesting a coupling between the magnetism
and lattice. The lattice-spacing difference between
(2, 0, 0) and (2,-2,0) at room temperature is about
(dyso — droo)/ (drag + drgo) =3 x 1074, For comparison,
the orthorhombic lattice distortion in NaFeAs pnictide is
(a, —b,)/(a, +b,)~ 1.7 x 10~ (where a, and b, are
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orthorhombic lattice parameters below the structure
phase-transition temperature of 58 K), about 5 times
larger [52]. Therefore, the AFM phase of FeGe is not an
ideal kagome lattice but exhibits a weak lattice distortion
around Ty.

Furthermore, nuclear structure factor analysis indicates
that the structure factor contribution from the Ge sub-
lattice cancels out in the undistorted hexagonal phase for
(2, 0, 0) and its equivalent Bragg peaks. For the distorted
lattice, the Ge and Fe atoms’ structure factor contributions
to the now inequivalent (2, 0, 0), (0, 2, 0), and (2,-2,0)
Bragg peaks are approximately destructive and construc-
tive, respectively (Appendix D). Thus, the distinct three
lattice spacing at (2, 0, 0), (0, 2, 0), and (2, —2 0) Bragg
peaks suggests the presence of the symmetry-breaking in-
plane Fe-sublattice distortions in the kagome plane
below Ty.

The threefold symmetry breaking is also revealed
in Raman spectroscopy. Above T, FeGe has the space
group P6/mmm (#191) with three formula units in the unit
cell. Fe ions occupy the Wyckoff site 3 f, whereas Ge ions
occupy la (in-plane) and 2d (apical) sites. The ['-point
phonon modes transform as I'y, = 3A,, @ By, & By, ©
By, ® E», ® E», ® 4E,,, where there is only one two-
fold degenerate Raman-active mode T'gypan = Ep,(Ge?)
[Ge? are the apical Ge ions, which form the honeycomb
layer shown in Fig. 1(a)] (Appendix E). In Fig. 3(a), we
show the Raman spectra of FeGe at room temperature in the
AFM phase. One main phonon at around 160-162 cm™! is
detected in all four (XX, XY, RR, and RL) scattering
geometries (Appendix A). However, the peak positions in
the RR spectrum are at a slightly lower frequency than in
the RL spectrum. One mode at 160 cm™! is observed in the
RR scattering geometry while a mode at 162 cm™! is
observed in the RL scattering geometry. The proximity in

energy between these two modes is attributed to their
common origin from the splitting of the degenerate Raman-
active E, (Ge?) mode of the honeycomb layer in the
nonmagnetic phase. The detection of these two split modes
indicates threefold rotational symmetry breaking in the
AFM phase. The splitting of the E,,(Ge?) mode is only
2 cm~! at room temperature, consistent with the rather
small lattice distortion observed in the neutron Larmor
diffraction measurements shown in Fig. 2(g).

In order to explore the origin of the threefold symmetry
breaking in FeGe, we performed first-principles (density
functional theory) lattice response calculations to search
for the lattice instabilities. The phonon dispersion
displays no instabilities when the (collinear) AFM order
is imposed in the calculation, which is consistent with
Refs. [42,45,48,49]. This finding may be because DFT,
being a static mean field theory, typically overestimates the
ordered magnetic moments and hence does not correctly
capture certain electronic features such as the orbital
occupations. When we repeat the DFT calculations without
a magnetic order, we find strong instabilities at the I
and A(0,0,0.5) points of the Brillouin zone. In Fig. 3(b),
we show these DFT phonon dispersions obtained for the
nonmagnetic FeGe with an added on-site Coulomb inter-
action U =2¢eV. A complete branch of the twofold
degenerate phonon dispersion that includes I'y and Ag
modes has imaginary frequencies, indicating lattice insta-
bilities. The largest imaginary frequency is from the Ag
mode, and this mode remains unstable in many different
configurations (Appendix F). Both of the unstable modes
Ag and I'y can lead to either orthorhombic or monoclinic
structures: Ag can drive a transition to space groups Cmcm
(#63, point group D,;,) or P2, /m (#11, point group C,},),
and I'y can lead to space groups Amm2 (#38) or Pm (#6).
Details of the group-subgroup analysis are presented in

(a)0 8 (b)
| 320K — XX =
— XY ©

™ 0.6 RR N
T —RL | E©

S =
804 o
& S

H 3
L
0.0 ¥

0 100 200, 300
Raman shift (cm ')

FIG. 3.

(a) Raman spectra in the XX, XY, RR, and RL scattering geometries at 320 K. (b) DFT phonon dispersion calculation for FeGe

in the nonmagnetic phase with U = 2 eV and spin not included. The black arrow indicates the A lattice instability. The high-symmetry
k points follow the conventional notation of the hexagonal Brillouin zone. (c) Illustration of Fe displacements following the Ag lattice
instability in a Fe-Fe lattice from the ac plane. Ge atoms are omitted for simplification. The black arrows represent the Fe displacement
directions while the red arrows represent the spin ordering. In-plane exchange energy is labeled as J,,, and the nearest and next-nearest
exchange energy along the ¢ axis are labeled as J.; and J,, respectively. The two Fe-Fe connected by J., with opposite spin
orientations may form a dimerlike singlet due to the A; displacements.
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Appendix G. The main difference between Ay and I'y is
that A leads to a doubling of the unit cell along the c-axis
direction while I'; does not because Ay has the same wave
vector as the collinear A-type AFM order. While we
explicitly focus on the A; mode in the rest of this paper,
a similar argument also applies to the I'y mode, and we
cannot distinguish these different structures driven by Ag or
I'; instabilities within the resolution of the present Raman
data (Appendix G). The monoclinic and orthorhombic
structures below 7T, that the A mode leads to are
illustrated in Figs. 1(b) and 1(c), respectively.

The symmetry breaking at Ty driven by the Ay lattice
instability mainly involves displacements of Fe or Ge!
in the kagome layer. The resulting displacements have
opposite directions for the top and bottom kagome layers
(Appendix H). Thus, the Ge? atoms in the honeycomb layer
experience an anisotropy of the local crystal electrical field
[Fig. 1(b)]. As a consequence, the fundamental Ezg(Gez)
mode from the honeycomb layers splits into A, @ B,
(C,;, point group) for the monoclinic AFM phase. This
explains the two modes we observed at room temperature
shown in Fig. 3(a). The mode observed in the RR scattering
geometry is attributed to the A, mode while the one
observed in the RL scattering geometry is attributed to
the B, mode (Appendix I). Illustrations of the A, and B,
lattice vibration patterns for the Ge? atoms are shown in
Figs. 1(e) and 1(f), respectively.

B. CDW phase

Below 110 K, FeGe undergoes a CDW transition [39].
Recent x-ray studies show that the crystal structure of the
2 x 2 x 2 CDW phase is associated with the c-axis dime-
rization of Ge! atoms in the kagome layer of FeGe
[Fig. 1(g)] based on Refs. [42,43]. New phonon modes
are expected to appear in the CDW state due to Brillouin
zone folding [54]. Only those modes modulating the ionic
deviation above Tcpw Wwith a large amplitude can obtain
noticeable Raman intensity below Tcpw and thus can be
detected in the Raman spectra [55-57]. In Fig. 4(a),
we show several new phonon modes appearing in all
four scattering geometries at 90 K in the CDW state.
Specifically, four additional modes are detected in the RR
scattering geometry, and eight additional modes are
observed in the RL scattering geometry below Tcpw.
These modes are the amplitude modes of the CDW order
parameter. These new phonon peak positions are summa-
rized in Appendix J.

In the inset of Fig. 4(a), we show the Raman response in
both RR and RL scattering geometries up to 900 cm™' for
above and below T cpw. The CDW gap-opening signatures,
namely, the suppression of the low-energy spectra weight
and the enhancement of the spectra weight close to
2A ~ 50 meV determined by STM [40,43] and ARPES
[41], are not observed in the Raman response. The absence
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FIG. 4. (a) Raman spectra in the XX, XY, RR, and RL scattering
geometries at 90 K. The inset of panel (a) shows the Raman
response in the RR (top panel) and RL (bottom panel) scattering
geometries in an extended energy range up to 900 cm™! at 115 K
and 90 K. (b) Temperature dependence of the d-spacing of three
Bragg peaks for (0, 2, 0) (red), (2, 0, 0) (blue), and (2,-2,0)
(brown) nuclear Bragg peaks in the [H, K, 0] plane below 130 K.
The dashed lines in panel (b) mark Tcpw and Teying-
(c)—(e) Schematic of lattice distortion observed using neutron
Larmor diffraction for temperatures above T'cpyw and below 7 cpw-
Above Tcpw, panel (e) illustrates the monoclinic lattice distortion.
Below Tcpw, the lattice first displays a negative thermal expan-
sion, and the unit-cell volume becomes larger, as shown in panel
(d). Upon further cooling below T cpw, the unit-cell volume then
becomes smaller again, as shown in panel (c). The kagome lattices
shown in panels (c)—(e) are depicted in real space with exaggerated
distortions for visual clarity.

of CDW gap-opening signatures may be due to the multi-
band effects in FeGe, similar to the AV;Sbs system [58].

After establishing the Raman spectroscopic signature
of the CDW state, we present the lattice response data
below Tcpw. In Fig. 4(b), we show the temperature
dependence of the three lattice spacings upon cooling
across Tcpw. In the AFM phase above Tcpw, the unit
cell is monoclinic, as illustrated in Fig. 4(e). The three
lattice spacings decrease upon cooling, following the
normal thermal expansion rule. Below Tcpw, the three
lattice spacings display anomalies and increase upon cool-
ing, indicating a small negative thermal expansion, as
illustrated in Fig. 4(d). Upon further cooling, the three
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FIG. 5. (a) Color plot of the T dependence of Raman response in the RR scattering geometry for FeGe. (b) Corresponding Raman
spectra of panel (a). (¢) T dependence of the peak position, half width at half maximum (HWHM), and integrated intensity for the A,
phonon mode at 160 cm™!. The error bars represent 1 standard deviation. The 7 dependence of phononic frequency and HWHM are
fitted by an anharmonic phonon decay model (Appendix M). The dashed lines in panels (a) and (c) represent Tcpw and T canging-
(d) Color plot of the T dependence of Raman response in the RL scattering geometry for FeGe. (e) Corresponding Raman spectra of
panel (d). The right part of panel (e) shows a zoom-in of the T dependence of the B, phonon mode at around 162 cm™! and its low-
energy shoulder peak. The black solid lines are the fitting curve for the total coupled response. The red and blue shaded areas represent
the two bare modes. (f) 7" dependence of the peak position, HWHM, and integrated intensity for the bare B, phonon mode at around
162 cm™! (red) and the bare shoulder peak (blue). The inset in the bottom panel of (f) is the fitted interaction strength between the bare
B, phonon mode at 162 cm™! and the bare shoulder peak. The error bars represent 1 standard deviation. The T dependence of phononic
frequency and HWHM are fitted by an anharmonic phonon decay model (Appendix M).

lattice spacings decrease again, and the unit-cell volume  smaller and smaller and tend to be almost the same size at
become smaller, as we illustrate in Fig. 4(c). To our  the lowest temperature 20 K. This finding indicates that
surprise, the difference between the lattice spacing for  the monoclinic lattice distortion is weakened and that the
the lattice Bragg peaks (0, 2, 0) and (2, 0, 0) become lattice tends to be orthorhombic at low temperatures
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(Appendix C), signifying that the lattice symmetry tends to
ascend at low temperatures.

The weakening of the monoclinic lattice distortion below
Tcpw is also seen from the temperature dependence of the
Raman modes. In Figs. 5(a) and 5(b), we present the T
dependence of the phonon modes in the RR scattering
geometries. The phonon modes at 100 cm™!, 127 cm™,
203 cm™!, and 249 cm™! appear abruptly below Tcpy. In
contrast, the A, phonon at 160 cm™" continuously evolves
into the CDW phase. As shown in Fig. 5(c), the mode
hardens and sharpens upon cooling and experiences addi-
tional hardening and sharpening below Tcpw. However, it
softens and broadens when approaching 7'¢,yine and finally
disappears below Ty, The broadening of the Raman
modes when approaching 7 ying is also found for the other
three modes at 100 cm™!, 127 cm™!, and 203 cm™! in the
RR scattering geometry of the CDW phase (Appendix K).
Remarkably, the integrated intensity for the A, phonon at
the 160 cm~! mode is enhanced 3.5 times below T cpyw but
decreases to zero close to Tcypin,- In Figs. 5(d) and 5(e), we
present the T dependence of the phonon modes in the RL
scattering geometries. The B, phonon at 162 cm™! persists
from room temperature down to 32 K. In contrast, several
new modes appear in the CDW phase and disappear below
T caniing- In particular, a shoulder peak develops on the
lower-energy side of this phonon below T'cpy, as is shown
in a zoom-in plot on the right part of Fig. 5(e). The mode at
162 cm™! and the shoulder mode can be described by a
coupled two-Lorentzian-phonon model on a linear back-
ground (Appendix L), as shown in Fig. 5(e). In Fig. 5(f),
the B, mode at 162 cm~! hardens and sharpens upon
cooling and experiences additional hardening and sharp-
ening below Tcpw. It softens sharply when approaching
T canting and barely changes below 7 cyyin,- The weakening
and disappearance of the A, mode at 160 cm~! in the RR
scattering geometry and a single peak at 162 cm™
recovering in the RL scattering geometry below T uping
indicate that the monoclinic lattice distortion is weakened
at lower temperatures. It might be too weak to give rise to
any noticeable Raman intensity in the RR scattering
geometry.

I11. DISCUSSION AND CONCLUSION

The Ag lattice instability mainly involves in-plane Fe
or Ge' displacements in the kagome layer, leading to the
threefold symmetry breaking. The in-plane Fe displace-
ment was revealed in a recent x-ray refinement study,
though it is not an Ay type yet [44]. The degenerate
fundamental E,,(Ge?) mode in the nonmagnetic phase
splits into two modes below Ty due to the symmetry
breaking. However, we do not detect any additional
noticeable phonon intensity related to the Fe or Ge!
vibration modes in the Raman spectra at room temperature,

as shown in Fig. 3(a). We note that the x-ray scattering
measurement did not detect the dimerization lattice Bragg
peak at (H, K, L + 0.5) (H, K, L are integers) between T'y
and Tcpw [42,44]. This finding might be due to the small
amplitude of the in-plane Fe and Ge! displacements,
as the monoclinic lattice distortion is close to 0.03% at
room temperature [Fig. 2(g)], or the fact that the in-plane
Ag displacements do not modulate the distance between
the layers.

The neutron Larmor diffraction results [Fig. 2(g)] indi-
cate in-plane lattice distortion in the kagome plane in the
AFM ordered phase. Furthermore, recent inelastic neutron
scattering results show that the spin-wave dispersion along
the c-axis direction displays a spin gap of about 1 meV at
room temperature at (0, 0, 0.5) [59]. The AFM order below
Ty, accompanied by in-plane lattice distortion and a spin-
gap opening in the magnetic excitation spectrum, suggests
that the AFM transition at Ty is a likely spin-Peierls-like
transition driven by spin-lattice coupling [60]. Indeed, as
we show in Fig. 3(c), the A lattice instability displaces the
Fe atoms in opposite directions for two adjacent kagome
planes, thus modulating the interlayer Fe-Fe distance.
In particular, the two Fe-Fe distance connected by
next-nearest exchange energy J, becomes shorter
and may possibly form a dimerlike singlet, creating
the spin gap and spontaneously aligning the moment
along the c-axis direction. The existence of such a spin
gap could lead to a decrease in magnetic free energy
that outweighs the increase in lattice free energy due to
the distortion [61,62]. Thus, a compete understanding
of the AFM transition at Ty needs to treat the Ag lattice
displacements, magnetic interactions, and spin-lattice
coupling on equal footing.

The neutron Larmor diffraction results [Fig. 2(g)] reveal
in—plane lattice distortions (d200 - d()z())/(dz()o + d020) ~
002% and <d220 - dzoo)/(dzio + dzoo) ~ 004% in the
kagome plane of the AFM ordered phase at around
110-115 K, with an average lattice distortion of about
0.03%. The corresponding split-phonon anisotropy for
the A, and B, modes is (w4, —wp )/(wa, +wp )=
(172 - 168)/(172 + 168) = 1.2%, which is about 40
times that of the lattice anisotropy. In comparison, the
AFM phase of EuFe,As, has a split-phonon anisotropy
of about 4% and a lattice distortion of about 0.55% at
30 K [63]. The ratio between split-phonon anisotropy and
the lattice distortion is about 7 for EuFe,As,. The larger
ratio between split-phonon anisotropy and the lattice
distortion in FeGe suggests additional interactions such
as spin-lattice (spin-phonon) coupling play an important
role in creating a large split-phonon anisotropy with a tiny
lattice distortion [64].

The CDW phase evolves from the monoclinic AFM
phase. Since the monoclinic lattice distortion is about
0.03% at room temperature, we can thus approximately
regard the monoclinic AFM phase as a hexagonal lattice
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with a weak monoclinic lattice distortion as a perturbation.
In this case, the CDW phase could be approximately driven
by three L-point lattice instabilities of the hexagonal lattice,
leading to a 2 x 2 x 2 reconstruction of the AFM phase.
Below Tcpw, the CDW order parameter coexists with
the monoclinic lattice distortion, persisting to the lowest
temperature, and it does not show any noticeable changes
upon cooling across T uing [39]. From Fig. 4(b), the
monoclinic lattice distortion is already weakened well
above T cyping in the CDW phase. Similarly, from Fig. 5(c),
the A, mode at 160 cm™! starts to weaken and broaden
below 90 K, which is also above T ¢ping in the CDW phase.
The temperature dependence of the CDW order parameter
and the monoclinic lattice distortion suggests that the Ag
monoclinic lattice distortion is weakened by coupling to the
CDW order parameter. We note that the spin-canting order
parameter could also be coupled to the Ay order parameter
and help weaken the monoclinic lattice distortion. Thus,
both coupling mechanisms could contribute to weakening
the monoclinic lattice distortion, leading to the lattice
symmetry ascending at lower temperatures. One possible
scenario to explain the Raman data below T iy, is that the
lattice symmetry recovers to the hexagonal symmetry,
which prohibits the splitting between the A, mode at
160 cm™" and the B, mode at 162 cm™'. This scenario
differs from the lattice constant data from Larmor diffrac-
tion, where FeGe tends to become orthorhombic when
approaching 10 K. We note that the Raman phonon
intensity in FeGe is generally 2 orders of magnitude
weaker than that in the AV;Sbs compound [58]. The weak
Raman signal makes the study of Raman phonons rather
challenging in FeGe. The origin of these sharp changes in
the Raman data close to0 Tcgnine 18 @an open question and
calls for future investigation.

The interplay between the Ay monoclinic lattice dis-
tortion, CDW, and spin-canting order parameters can be
captured by a phenomenological free energy model con-
structed in the nonmagnetic hexagonal P6/mmm phase with
the highest symmetry. The free energy of FeGe in terms of
the unstable Ay mode (two dimensional, with components
A;, i =1, 2), the L-point bond-order CDW modes (either
L5 or L{ depending on the origin choice, with components
L;, i =1, 2, 3), and the spin-canting order parameter S is
the collection of all polynomials that are invariant under all
symmetry operations of the parent space group. It can be
written up to fourth order as

F=Fa+FL+Fa+Fs+ Fas, (1)
fA :aAA2+ﬁAA4, (2)

Fr=a L?+ B L+, (3L} + L3} + L3L3), (3)

Far =M AL + v {A% <%L% +§L% +%L§>
+ A3 GL% +1L3 +%L§> +%A1A2(—L% +L§)},
(4)
Fs=asS* + fsS*, (5)
F us = hasA2S?. (6)

There is no third-order coupling between A; and L,. Even
though the fourth-order couplings between the two order
parameters A and L are not isotropic, the generic biquadratic
coupling term A4; is sufficient to explain the competition
between A and L order parameters. The second-order
coefficient of A is renormalized when L is nonzero according
to Fy = (ag + s L?)A? + B4A*. If Ay > 0, the CDW
order parameter L5 (or L) would suppress A and make
the monoclinicity disappear eventually.

Since the spin-canting order parameter S transforms as a
time-reversal odd irreducible representation at the incom-
mensurate wave vector, it can couple with the A order
parameter only at the biquadratic level or higher. Since the
monoclinic distortion is small, its energy scale can be
comparable to that of the spin-canting order in FeGe; in
other words, |a,| ~ |[1,455%|. This finding would explain
that, as the spins are canted at low temperature, its
monoclinicity is weakened because the additional compe-
tition between S and A would help suppress the A order
parameter.

Settlng aA(T) :aAO(T— Ti\f)’ aL(T) = aLO(T - T/CDW)’
and ag(T) = a5, (T = Teyying)s Where Ty, Tepy, and
Taning are the phase-transition temperatures without the
coupling terms, and minimizing the free energy in Eq. (1)
with respect to A, L, and S, we obtain the solution of the T
dependence of A(T), L(T), and S(T). While it is not
possible to determine the parameters of the free energy
precisely, we could choose a combination that reproduces
the experimental observations. There are other possibilities
with different contributions from the CDW or incommensu-
rate magnetic order parameter that suppress the monoclinic
lattice distortions at low temperatures. For illustration pur-
poses, we choose the parameters to reproduce the transition
temperatures, and the fact that the lattice anisotropy (here
represented by the A order parameter) is suppressed by both
the CDW and the incommensurate magnetic order parame-
ters. As we show in Fig. 6, positive coupling constants 14; and
Aas weaken the monoclinic distortion and make it disappear
below 7T cqning. Other possibilities describing the interplay
between A and L order parameters may involve the y,; term,
which prefers a certain direction of A order parameters
depending on the direction of L order parameters.
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FIG. 6. lustration of the Landau free energy model in Eq. (1).

The parameters used in the model are a, =0.1, 4 =1,
ap, = 0.1, pp =0.01, 14, =0.05, 4, =0, y4r =0, a5, = 0.2,
ps =0.06, 145 = 0.14, T = 410, Tipy = 117.5, and T’Caming =
67.5. The red, blue, and black solid lines represent the T
dependence of the order parameters A, L, and S, respectively.
The two dashed lines represent T'cpw and 7 cqping- The blue and
yellow shaded areas represent the AFM phase (T caning <7 <7Tn)

and the CDW phase (T < Tcpw), respectively.

The interplay between the A; monoclinic lattice distor-
tion, CDW, and magnetic order originates from the fact that
they are competing orders with similar energy scales. This
case is similar to the C, reentrance phase observed
in the hole-doped iron pnictides, where the formation
of an out-of-plane collinear double-Q magnetic ordering
[7,8,11,12,65] leads to the restoration of lattice symmetry
from orthorhombic to tetragonal upon cooling due to
competing orders [13,14]. The difference is that the weak-
ening of the A7 monoclinic lattice distortion is a gradual
process in FeGe while it is more drastic in iron-based
superconductors. It originates from the different nature of the
phase transition involved in the symmetry ascending,
namely, the second-order-like phase transition in FeGe while
it is first-order-like in iron-based superconductors.

We note that the CDW-related phonon modes disappear
in the CDW phase, and they cannot be explained by the
phenomenological model of the A; mode and spin-canting
interplay. One possible interpretation of the disappearing
CDW-related phonon modes is their coupling to incom-
mensurate spin fluctuations. From our inelastic neutron
scattering experiments on FeGe, we find that the intensities
of the low-energy incommensurate spin fluctuations do not
follow the Bose population factor below Tcpyw. Instead,
they are enhanced dramatically below Tcpw [59]. Although
it is unclear why the CDW-induced phonons would dis-
appear in the incommensurate magnetic ordered phase, it is
possible that a coupling between the incommensurate static
order and lattice can induce a secondary lattice instability
below T'caniing- As Raman scattering is a Q = 0 probe, any
small deviation from commensurate positions would have
a large impact on Raman scattering results, but it would

not dramatically influence the neutron and x-ray scatter-
ing results.

Compared with all the other kagome magnets, FeGe
possesses magnetic order, CDW order, and strong inter-
actions between magnetic and CDW order [39]. The CDW
can also be tuned by a simple annealing process where the
correlation length of CDW can change from 0 to 100%
[43,44,66]. Beyond kagome systems, to the best of our
knowledge, we are not aware of other CDW materials
where the CDW can have such a strong coupling with
magnetism and the CDW can also be tuned. Thus,
determining the symmetry of the crystal structure of
FeGe is the very first step in sorting out the rich electronic
and magnetic properties of this system.

The experimental observations in FeGe provide a rather
rare type of spin-lattice coupling because the collinear
A-type AFM structure is not expected to have an impact
on the kagome lattice structure, particularly the in-plane
crystal structure. We have shown that FeGe displays a series
of structural phase transitions in the magnetic ordered phase,
including threefold rotational symmetry breaking at 7'y, a
CDW transition, negative thermal expansion, and a tendency
of symmetry ascending at lower temperatures in the spin-
canting phase, which are all directly related to the in-plane
lattice distortion in the kagome structure. In particular, the
lattice distortion is on the order of 10~*; such a small lattice
distortion is observed both by Raman and phase-sensitive
Larmor neutron techniques. In general, the energy scale of
the crystal structural distortions is much larger than the
magnetic exchange energy and spin-orbit coupling strength,
as seen in cuprates, nickel oxides, and iron pnictides. FeGe
seems to be a rare case where magnetic, lattice, and spin-
orbit coupling energy scales are similar, resulting in their
interaction and interplay. This finding renders FeGe an
interesting system where an extremely weak structural
instability breaks the threefold symmetry, coexists, and
competes with the CDW and magnetic orders. The unusual
intertwined orders between spin, charge, and lattice degrees
of freedom unveiled here may arise from the correlated
electron effect of flattish electronic bands [41].
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APPENDIX A: METHODS

1. Single crystal preparation and characterization

Single crystals of FeGe were synthesized via the chemi-
cal vapor transport method described in Ref. [39], and the
chemical compositions were determined by x-ray refine-
ment [39]. These samples were characterized by electric
transport and magnetic susceptibility measurements. The
extracted collinear A-type antiferromagnetic phase-
transition temperature 7, CDW transition temperature
(Tcpw), and spin-canting transition temperature (7 caning)
for FeGe were about 400, 110, and 60 K, respectively [39].
The sharpness of the Raman modes and the low residual
spectra background (Fig. 5) indicate the high quality of the
single crystals.

2. Raman scattering measurements

The as-grown FeGe sample with the (0 0 1) surface was
positioned in a continuous-helium-flow optical cryostat.
The Raman data shown in the main text are obtained from
this sample. A polished (0 O 1) surface and an as-grown
(1 0 0) surface of the FeGe crystals were also studied, and
they showed consistent results. The Raman measurements
were mainly performed using the Kr™ laser line at 647.1 nm
(1.92 eV) in a quasibackscattering geometry along the
crystallographic ¢ axis. The excitation laser beam was
focused into a 50 x 100 pm? spot on the ab surface, with
an incident power around 17 mW. The scattered light was
collected and analyzed by a triple-stage Raman spectrom-
eter and recorded using a liquid-nitrogen-cooled charge-
coupled detector. Linear and circular polarizations were
used in this study to decompose the Raman data into
different irreducible representations. The instrumental res-
olution was maintained better than 1.5 cm™'. All linewidth
data presented were corrected for the instrumental reso-
lution. The temperatures shown in this paper were corrected
for laser heating (Appendix B).

All spectra shown were corrected for the spectral
response of the spectrometer and charge-coupled
detector to obtain the Raman intensity /,,, which is related
to the Raman response y" (o, T): 1 ,,(0.T) = [1 4+ n(w, T)]
X (@, T). Here, u(v) denotes the polarization of the
incident (scattered) photon, @ is the energy, 7 is the
temperature, and n(w, T) is the Bose factor.

The Raman spectra were recorded from the ab (0 0 1)
surface for scattering geometries denoted as uv = XX, XY,
RR, RL, which is short for Z(uv)Z in Portos notation, where
X and Y denote linear polarization parallel and perpendicular
to the crystallographic a or b axis, respectively, and R =
X +1iY and L = X —iY denote the right- and left-circular
polarizations, respectively. The Z direction corresponds to
the c-axis direction perpendicular to the (0 O 1) plane.

3. Neutron Larmor diffraction measurement

Neutron Larmor diffraction measurements were per-
formed on the HB-1 polarized triple axis spectrometer of
the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory (ORNL), USA. We used a single
crystal (about 100 mg) mounted inside a closed-cycle
refrigerator with an operating temperature range between
20 and 460 K. It is a bulk measurement and probes the
entire sample. The momentum transfer Q in 3D reciprocal
space in A™! was defined as Q = Ha* + Kb* + Lc¢*,
where H, K, and L are Miller indices with a=aX, b =
b(cos 120% + sin 120§), and ¢ = cZ (ax b~ 4.99 A, ¢~
4.05 A at room temperature). Although this definition of an
ideal kagome lattice structure, strictly speaking, is only
valid above Ty, we use this notation throughout the paper
as the in-plane lattice distortion is small enough that it does
not affect the discussion.

4. Density functional theory calculations

DFT calculations were performed within the Perdew-
Burke-Ernzerhof-type generalized gradient approximation
[67], which is implemented in the Vienna Ab initio
Simulation Package (vAsp) [68,69] using the experimental
crystal structure. The projected augmented wave potentials
with nine valence electrons for the Fe atom and five valence
electrons for Ge were employed. The cutoff energy for
the plane-wave basis set was 300 eV. The zero-damping
DFT-D3 van der Waals correction was employed throughout
the calculations. The phonon dispersion was calculated by
using the finite displacement method as implemented in the
phonopy code [70]. The on-site Coulomb interaction U was
set to 2 eV for Fig. 3(b). For the phonon calculation in the
nonmagnetic phase, we did not introduce a magnetic order.

Group theory predictions were performed using the tool
provided in the Isotropy Software Suite and the Bilbao
Crystallographic Server [71-73]. The information for the
irreducible representations of point groups and space
groups follow the notations of Cracknell, Davies, Miller,
and Love [74].

APPENDIX B: LASER HEATING
DETERMINATION

The laser heating rate, a measure of the temperature
increase per unit laser power (K/mW) in the focused laser
spot, in the Raman experiments was determined by
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TABLEL  Cryostat temperature T, laser spot temperature 7 g,
laser heating AT, and heating coefficient k for FeGe at different
temperatures with a constant laser power of P = 17 mW.

Ty (K) T'spor (K) AT (K) k (K/mW)
10 425 325 1.91
20 46.6 26.6 1.56
40 60.8 20.8 1.22
90 110 20 1.18
150 172 22 1.29
200 223 23 1.35
300 323 23 1.35

monitoring the appearance of new phonon modes induced
by the CDW order during the cooling process with a
constant laser power of 17 mW.

At the cryostat temperature 95 K, we barely detect any
new phonon modes, indicating the laser spot temperature is
above Tcpw = 110 K. When cooling the sample to 90 K,
we start to detect several weak new-phonon signals both in
the RR and RL scattering geometries, indicating the laser
spot temperature is slightly below 110 K. When cooling the
sample to 85 K, the intensity of these new modes develops
significantly, indicating the laser spot temperature is well
below 110 K. Thus, the heating coefficient can be deter-
mined via 90 K+ 17 mW x k= 110 K. In this way, we
have deduced the heating coefficient k ~ 1.2 +£ 0.1 K/mW.

We note that the heating coefficient k is not a constant
with cooling. The 7" dependence of the heating coefficient k
can be estimated by solving the heat transfer equation.
The thermal conductivity, incident laser power P, and
temperature of interest inside the laser spot T, are
connected by the integral equation [75,76]

where T is the cold helium-gas temperature where the
sample is located in the cryostat, S is the area of the laser
spot, and d* is an effective thickness. The constant P - d*/S
can be determined by a single measurement of a distinctive
temperature in the laser spot, as we did at T = 90 K,
where T, = 110 K.

Since the thermal conductivity data of FeGe are not
available in the literature, we estimated it from the
measured in-plane electric conductivity data ¢(7), which
is connected by the in-plane resistivity as 1/p(T) [39].
Based on the Wiedemann-Franz law for a simple metal,
the thermal conductivity «(7) can by approximated by
o(T) = T * Ly, where Ly is the Lorenz number 2.44 x 107>
mWK=2. We note that the Wiedemann-Franz law is
generally valid for high temperatures and for low (i.e., a
few Kelvins) temperatures but may not hold at intermediate
temperatures [77]. Nevertheless, we roughly estimate the
T-dependent heating coefficient assuming that Ly =
k(T)/(o(T)«T) is a constant for FeGe. The estimated
T-dependent heating coefficients are shown in Table 1.

For Tp =10 K and 20 K, the heating coefficient
changes substantially (less than 1.6 times) compared with
Ty = 90 K. For a wide temperature range from 7, = 20 K
to 300 K, the heating coefficient does not vary much
compared with T, = 90 K.

APPENDIX C: SIMULATION OF THE LATTICE
BRAGG PEAKS IN MOMENTUM SPACE

In this appendix, we present the simulation of the three
lattice Bragg peaks (2, 0, 0), (0, 2, 0), and (2, —2,0) in the
k, =0 momentum space for FeGe. These three lattice
Bragg peaks correspond to three lattice spacings in real
space as shown in Fig. 2(g). The simulation is performed

T\' ot . * .
/ N x(T)dT = P-d — constant, (B1) using the ISODISTORT program from the ISOTROPY
Ty S Software Suite [78,79].
Orthorhombic (c) Monoclinic

(a) Hexagonal (b)
@

FIG. 7. Lattice Bragg peaks simulation in momentum space for the hexagonal phase (a), orthorhombic phase (b), and monoclinic
phase (c) in the k, = 0 plane using the ISODISTORT program from ISOTROPY Software Suite [78,79]. The Lattice Bragg peaks
0,2,0),(2,0,0),(2,-2,0),(0,1,0), (2,—1,0), and (0, 0, 0) are represented by A, B, C, D, E, and O, respectively. The distance of OA,
OB, and OC are marked by solid red, blue, and brown lines following the same color scheme as in Fig. 2(d), respectively.
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For the nonmagnetic hexagonal phase shown in Fig. 7(a),
threefold symmetry is preserved; thus, OA = OB = OC.
For both the orthorhombic and monoclinic phases of FeGe,
they can be driven by either Ay or I'y lattice instabilities
(Appendix G). Note that A and I'y lattice instabilities give
rise to a similar unit-cell shape. The difference is that Ag
leads to unit-cell doubling along the ¢ axis while I'y does
not. Since we focus on the k, = 0 plane, the Ay and I'y
lattice instabilities contribute to similar Bragg peak struc-
tures in momentum space.

In Fig. 7(b), we show the simulation of the orthorhombic
phase in momentum space. Because of the in-plane unit-
cell doubling [Fig. 1(c)], new Bragg peaks appear in either
the OA, OB, or OC directions corresponding to different
domain orientations. For illustration purposes, we show
that new Bragg peaks appear in the OA direction, e.g., at
half of OD and equivalent positions. The rectangular shape
of the OEBD restricts the diagonal of the rectangle to be
equal, namely, DE = OB. Since DE = OC, we obtain
OB = OC. Because of the threefold symmetry breaking,
OB and OC deviate from OA. As a consequence, we obtain
the relation OB = OC # OA.

For the monoclinic phase, the symmetry is lower than the
orthorhombic phase. The restriction that OB = OC is
removed. Thus, we obtain OB # OC # OA.

APPENDIX D: STRUCTURE FACTOR
ANALYSIS FOR THE (2 0 0) AND ITS
EQUIVALENT BRAGG PEAKS

In the undistorted hexagonal phase, the Fe and Ge atoms
all occupy the high-symmetry positions (Wyckoff position:
3f for Fe, la for Ge', and 2d for Ge?). The neutron
scattering structure factor for a general nuclear Bragg peak
Qukr = (H,K, L) is given by

Fhex (H, K, L)
= bFeZ?eiQHKL'R(Fej> + bGez%eiQ”KL'R(Gej)
= bpe [eizn(H/2> + ei2n(K/2) 4 e"2”<H/2+K/2)]

T+ bee[e?(O) 4 @i2n(H/3+2K/35L/2) | oi2n(2H/34K/3+L/2)]

Here, bg, and bg, are the neutron scattering lengths for the
Fe and Ge nuclei, respectively, and R (Fe/) and R (Ge/) are
the fractional coordinates for Fe and Ge, respectively. Note
that j is the index for the three Fe and Ge atoms in one unit
cell. For (2, 0, 0) and its equivalent Bragg peaks, the above
formula results in the following:

Fhex(Z, O, 0) - 3 . bFe + 0 . bGe'
It is clear that in the undistorted hexagonal phase, the

(2, 0, 0) and its equivalent Bragg peaks only have a Fe
contribution because the three Ge atoms in the unit cell add

up destructively at this particular reciprocal space position
while the three Fe atoms add up constructively.

The above equations for the structure factor still hold in
the case of the slightly distorted lattice. The difference is
that in the distorted lattice, the site symmetry for both Fe
and Ge atoms will be lower compared with the hexagonal
phase. Thus, the in-plane coordinates of Fe and Ge are no
longer protected by the point-group symmetry of the
hexagonal phase and can deviate from the high-symmetry
fractional numbers of 1.1, and % In this case, the Ge
contribution to the (2, 0, 0), (0, 2, 0), and (2, —2,0) Bragg
peaks will not exactly cancel out. Since the lattice
distortion obtained from the Larmor diffraction measure-
ment is of the order of 107*, the Ge component at those
Bragg positions should also be approximately 107
compared to the Fe component. Because the lattice
spacing difference obtained in Larmor data is based on
measurements of (2, 0, 0), (0, 2, 0), and (2,—2,0) Bragg
peaks, these results are mainly affected by the Fe sub-
lattice in the kagome plane.

APPENDIX E: GROUP-THEORETICAL
ANALYSIS OF THE RAMAN-ACTIVE MODES
OF THE NONMAGNETIC FeGe

In this appendix, we discuss the group-theoretical
analysis of the phonon modes in the high-temperature
nonmagnetic phase (7" > Ty). The high-temperature non-
magnetic FeGe belongs to the hexagonal structure with
space group P6/mmm (No. 191) (point group: D). The
Fe, Ge! (in the kagome layer), and Ge® atoms (in the
honeycomb layer) have Wyckoff positions 3 f, 1a, and 2d,
respectively. From the group theoretical considerations
[71], I'-point phonon modes of the hexagonal nonmagnetic
FeGe can be expressed as 'y = 34,5, @ By, @ By, ©
By, ® E», ® E»; & 4E;,. Raman active modes are
I'Raman = E»g» IR active modes are T'g = 24,, & 3E,,
the acoustic mode is I',cqusic = Az, @ Eq,, and the silent
modes are gy = By, @ By, @ By, @ E,,. Note that
(1) the Raman-active E,, mode is related to the in-plane
lattice vibrations of the Ge? atoms of the honeycomb layer;
(2) E», and A, modes can be accessed from the ab-plane
measurement while the E;, mode can only be accessed
from the side surface measurement; (3) the A}, and E,
modes are not symmetry allowed in the high-temperature
nonmagnetic phase; and (4) there are no Raman-active
modes for Fe and Ge! atoms in the kagome layer of the
high-temperature nonmagnetic phase.

APPENDIX F: ROBUSTNESS OF THE
A; LATTICE INSTABILITY

In this appendix, we show that the Ag lattice instability is
robust for a reasonable range of parameters in the DFT
calculations.
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TABLE II. Three lowest phonon modes at the A point based on
the DFT phonon calculations at different ISMEAR and SIGMA
parameters.

Smearing Smearing U Softest A

TABLE III. Unstable phonon modes and their irreducible
representations for the high-symmetry points in k space based
on the DFT phonon calculation in a 2 x 2 x 2 supercell. (No
magnetic order was imposed, and U = 2 eV was used.)

method  width (eV) (eV) Magnetism? point modes (cm™!) Frequency (cm™!) Degeneracy Representation
Gaussian 0.05 0 —-172 105 210 98 3 L3
Gaussian 0.20 0 =71 118 216 71 2 Iy
Fermi 0.05 0 —-193 104 210 63 1 A3
Fermi 0.10 0 —-165 105 210 35 3 Ly
Fermi 0.20 0 —-123 109 212 21 3 Mi
Fermi 0.20 1 —-128 108 212 0 2 I
Fermi 0.20 2 —-131 107 213 0 1 Iy
Fermi 0.20 3 —-104 110 218 38 1 Iy
Fermi 0.20 0 AFM 78 168 248 45; 3 M;
Fermi 0.20 1 AFM 82 177 262 113i 2 Fé
Fermi 0.20 2 AFM 87 184 277 132 2 A6—
Fermi 0.20 3 AFM 90 191 291

Two input parameters, which are not well determined
but can affect the outcome of this type of first-principles
calculation, are the Hubbard +U and the Fermi surface
smearing parameter o. The 4+U correction helps to capture
the on-site repulsion between the d electrons for the
transition metal, and the ¢ parameter determines how the
partial occupancies near the Fermi level are treated. In
systems where the lattice instabilities are intertwined and
possibly driven by the Fermi surface effects, ¢ can lead to
very large changes for the unstable mode frequencies. As a
result, different values of ¢ should be examined to ensure
the robustness of the reported unstable modes.

In Table II, we show the lowest three phonon frequencies
at the A point with different ¢ values and smearing types
(the “ISMEAR” tag in VASP, which determines Gaussian vs
Fermi smearing). In the absence of a magnetic order,
we always find an Ag instability. This calculation is
performedina I x 1 x 2 supercell using the frozen-phonon
approach in order to avoid the possible errors in the
procedure used to obtain phonon dispersions. When the
calculation is performed without spin polarization, there is
a single A-point mode that is sensitive to the smearing
width but is consistently unstable. When the magnetically
ordered (AFM) phase is considered, this mode becomes
stable. The absence of an A-point instability in the AFM
phase is consistent with the DFT calculations shown in
Refs. [42,45,48,49], and it suggests that the instability at
the A point is very sensitive to the magnetic order.

One drawback for a DFT phonon calculation without
taking the magnetic order into account is that fictitious
instabilities may emerge throughout the Brillouin zone.
While this is not the case for the phonon dispersions
presented in Fig. 3(b), we performed frozen-phonon
calculations in a 2x2x2 supercell to confirm this
observation and extract the representations of the insta-
bilities. This supercell is commensurate with the I', M, L,

and A points of the Brillouin zone. In Table III, we list the
softest phonon frequencies on these points. There are no
other instabilities at high-symmetry points other than those
in Fig. 3(b).

APPENDIX G: GROUP-SUBGROUP ANALYSIS

In Tables IV and V, we show the low-symmetry space
groups that can be obtained from the parent P6/mmm by
the symmetry-breaking I'; and Ag irreducible representa-
tions (irreps).

The Ag instability can drive a transition to orthorhombic
space groups Cmcm (#63, point group D,;,) or monoclinic
P2,/m (#11, point group C,,). The I'y instability, if it
freezes in and drives the transition to a lower-symmetry
phase, leads to either the orthorhombic space group Amm?2
(point group C,,) or the monoclinic space group Pm (point
group C). The conclusion is the same: that both Ag and I'g
lead to either the orthorhombic or monoclinic phase,
breaking the threefold symmetry at 7. The difference is

TABLE IV. Low-symmetry space groups that can be obtained
from the parent P6/mmm by the symmetry-breaking Ag irrep.

Direction Space group Fe sites Ge sites
Ag (a,0) Cmcm (# 63) 4c, 8g 4c, 8f
Ag (0,a) Cmcm (# 63) 4c, 8g 4c, 8e
Ag (ab) P2,/m (#11) 2e, 2e, 2e 2e, 4f

TABLE V. Low-symmetry space groups that can be obtained
from the parent P6/mmm by the symmetry-breaking I'; irrep.

Direction Space group Fe sites Ge sites
Iy (0,2) Amm?2 (# 38) 2a, 4d 2a, 2b, 2b
Iy (a,v/3a) Amm?2 (# 38) 2a, 4d 2a, 4e
I'y (ab) Pm (#6) la, la, la la, 1b, 1b
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FIG. 8. The Ag displacement pattern of the nonmagnetic phase
based on the DFT phonon calculation.

that A leads to a doubling of the unit cell along the c-axis
direction while I'; does not. However, all of the low-
symmetry structures have a large number of Raman-active
modes, most of which are too weak to give rise to
detectable mode intensity. Thus, a I'y lattice instability
does not fundamentally change our conclusions, except that
the interlayer c-axis dimerlike singlet cannot be formed due
to the I'; mode.

APPENDIX H: Ay DISPLACEMENT

In this appendix, we present the Ag displacement pattern
for the nonmagnetic hexagonal phase shown in Fig. 8
based on the DFT phonon calculations for the nonmag-
netic phase.

APPENDIX I: RAMAN TENSOR ANALYSIS

The Raman tensor R, for an irreducible representation
(u) of a point group is a 2 x 2 matrix. With the unit vectors
for the polarization of the incident light (¢;) and scattering
light (&,), the phononic Raman response is described in the
following way:

Zio = D R, (1)
u

1. D4, Raman tensor

The Raman tensors R, (4 = Ay, Ay, By, Esy) for the
irreducible representations (¢) of point group Dg;, have the
following forms:

a00 0 c0\ /000\ /0 0—d
0a0|,]-co0]|,[ooal|]l 00 0],
00b 000/ \0e0/\=0 0
00\ /f 00
foollo-fo
000/ \0 0 0

We choose &; and &, tobe X, Y, R, and L, where X = (100),
=(010), R=1/+/2(1i0), and L =1//2(1—i0).
Based on Eq. (I1), we obtain

Z;/(gﬁh = a2 +f2,

2o =+

Z/I/ag()h — a2 + CZ,

Xri" =212 (12)

Thus, the Raman selection rules for the Dg;, point group
indicate that the XX, XY, RR, and RL polarization
geometries probe the A, + E,j;, Ay, + Epy Ajg+ Ay,

and 2E,, symmetry excitations, respectively (Table VI).
Dy, /Dﬁh 11D, //Déh

The sum rule that yy" +rxy" = xre’ +Xpi" =
a* + c* +2f? sets a constraint for the Raman response
in different scattering geometries, thus providing a unique
way to check the data consistency.

From Eq. (I12), we can calculate the square of the Raman
tensor element:

Dy, D¢y,
"= e /2,

a? =Xxx
c2 _Xxgﬁh _)(;élzsh/z’
1= xr /2. (13)

Therefore, the algebra in Eq. (I3) can be used to decompose
the measured Raman signal into three separate irreducible
representations (A, A,,, E,,) of the point group Dy
(Table VII).

This decomposition algebra is a characteristic property
of a lattice system with trigonal or hexagonal symmetry,
where the threefold rotational symmetry is preserved.

TABLE VI. Relationship between the scattering geometries and
the symmetry channels. Here, A4, Ay, and E,, are the irreduc-
ible representations of the D, point group.

Scattering geometry Symmetry channel

XX A+ Epy
XY Ay + Eyy
RR Ay + Ay,
RL 2E,,
TABLE VII. Algebra used to decompose the Raman data into
three irreducible representations of the point group Dgy,.
Symmetry channel Expression
Ay )( Xx —Xr/2
Agg —Xre/2
E2g )( RL/ 2
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Whether sixfold rotational symmetry is preserved or not
depends on the system.

2. C5;, Raman tensor

The Raman tensors R, for the irreducible representation
of point group C,;, (4 = A,, B,) have the following form:

p t 0 0 0 w
s g 01,10
0 0 r u v

For the Ag-driven AFM monoclinic phase, the C, axis
is perpendicular to the threefold axis of the nonmag-
netic phase. In this case, we choose ¢; and e, to be
X, Y, R, and L, where X=(1 0 0),Y=(0 0 1),
R=1/v2(1 0 i),and L=1/v/2(1 0 —i). Note
that the choice of ¢; and ¢, is with respect to the monoclinic
Raman tensor where the C, axis lies in the ab plane.
Following Eq. (I1), we obtain

1 = P

2wt =1

2 =W

Ao = 1/4((p + 1) + (u—w)>),

Aa = 1/4((p = )2 + (u+w)?). (14)

The Raman selection rules for the C,;, point group in a
single-domain sample indicate that XX, YY, and XY
polarization geometries probe the A, A, and B, symmetry
excitations, respectively (Table VIII).

Since the monoclinic lattice distortion is about 3 x 107*
at room temperature in the AFM phase [Fig. 2(g)], the
anisotropy of the Raman tensor elements would be tiny.
We thus obtain p ~ r and u ~ w. According to Eq. (I14), RR
mainly probes the A, symmetry excitations while RL
mainly probes the B, symmetry excitations.

In the case of p ~r and u ~w, the decomposition rule
recovers to the Dg, case shown in Table VII. The two
modes in between 160 and 162 cm™' can be separated
using the decomposition rules shown in Table VII. As we

TABLE VIII. Relationship between the scattering geometries
and the symmetry channels for the C,, Raman tensor. Here, A,
and B, are the irreducible representations of the C,;, point group.

Scattering geometry Symmetry channel

XX A,
YY A,
XY B,
RR Mainly A,
RL Mainly B,

320 K ! —— XX-RL/2
: — RLI2
0.4+ : —— XY-RL/2
2 :
c
3
g
S 02t
=
0.0
0

Raman shift (cm_1)

FIG.9. Symmetry decompositions into separate channels using
the decomposition rules shown in Table VII for FeGe at 320 K.

show in Fig. 9, a broader peak at around 160 cm™! in the
XX — RL/2 channel and a sharper mode at 162 ¢cm™! in the
RL/2 channel can be clearly seen, while there is barely
any phonon intensity in the XY — RL/2 channel. The
application of the decomposition rule according to the
point group Dg;, for FeGe additionally confirms that
the AFM monoclinic phase only slightly deviates from
the hexagonal lattice.

APPENDIX J: PHONON PEAK POSITIONS
IN THE CDW PHASE

In this appendix, we present a summary of the phonon
peak positions in the CDW phase at 90 K in Table IX.

TABLE IX. Experimentally observed phonon frequencies at the

Brillouin zone center for FeGe in the CDW phase at 90 K. All the

units are in cm™!.

Scattering geometry Frequency

100
127
RR 174
203
249

84

116

130

140

RL 166
171

233

248

265
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FIG. 10. The T dependence of the peak position, HWHM,
and integrated intensity for the A, phonon mode at 100 cm™',
127 cm™!, and 203 cm™! in the RR scattering geometry. The

error bars represent 1 standard deviation.

APPENDIX K: FITTING PARAMETERS
FOR THE A, CDW MODES

In this appendix, we discuss the 7 dependence of the
peak position, HWHM, and integrated intensity for the
three A, phonon modes at 100 cm~!, 127 cm™!, and
203 cm~! in the RR scattering geometries below Tcpw.
As shown in Fig. 10, the T dependence of the peak
frequencies for the three modes does not change much
between 60 K and 110 K. The HWHM for the three modes
becomes a bit larger when approaching 7 caping, similar to
the A, mode at 160 cm™' shown in Fig. 5(c) of the main
text. The integrated intensities for the three modes first
increase below Tcpw, reach a maximum at 90 K, then
decrease below 90 K, and finally become zero at Tcaping-
They are consistent with the 7" dependence for the A, mode
at 160 cm™! shown in Fig. 5(c) of the main text.

APPENDIX L: COUPLED TWO-LORENTZIAN-
PHONON MODEL

In this appendix, we present the fitting model for the
peak at 162 cm™! and the shoulder peak between T -pyw and
T caniing 10 the RL scattering geometry.

Both the peak at 162 cm™! and the shoulder peak on
the lower-energy side have B, symmetry; thus, they are
allowed to be coupled. An interaction between the two
modes can induce spectra weight transfer and also repelling
of energy levels. We use Green’s function formalism to
construct a model describing the main mode (p;) and its
shoulder peak (p,) [76].

The Raman response of the coupled modes can be
calculated from an interacting Green’s function:

7" ~ImTTGT, (L1)
where T = [t,1,1,,], and 7, and t,, represent the light
coupling amplitudes to the main peak p; and the shoulder
peak p, in the RL scattering geometries, respectively. The
superscript T denotes the transpose operation, and G is the
Green’s function for the two interacting phononic systems.
The Green’s function G can be obtained via the Dyson
equation

G=(Gg'-V)™. (L2)
where Gy is the bare Green’s function and V represents the
interaction. Here, we consider two Lorentzian peaks that
are coupled to each other.

The bare Green’s function G is

G, 0
G":((f G )
p2

where G, and G, represent the bare main mode and the
bare shoulder mode, respectively. They have the Lorentzian
forms G,; = —1/(w =, +iy,) +1/(0 + @y + iy )
and G, =—1/(@—wy +iy,) +1/(0+ o, +ir,),
where w,; and ,, are bare frequencies, and y, and
Yp, are bare HWHMs.

Note that V is an off-diagonal matrix that describes the
coupling strength v between the two modes:

0 v

V= .

(o)

Inserting Eq. (L2)—(L4) into Eq. (L1), we obtain the

coupled two-Lorentzian phonon model. By fitting the

Raman data shown in Fig. 5(e), we obtain the bare mode

energy, HWHM, and the light coupling amplitudes, as well

as the integrated areas for the two bare modes between

Tepw and Tiyping in the RL scattering geometry. The

temperature dependence of these parameters is shown in
Fig. 5(f) of the main text.

(L3)

(L4)

APPENDIX M: ANHARMONIC PHONON
DECAY MODEL

In this appendix, we discuss the anharmonic phonon
decay model. We fit the temperature dependence of the
phonon frequency and HWHM using the anharmonic
phonon decay model [80,81]:

o(T) = wo = C,[1 +2n(Q(T)/2)], (M1)

I(T) = yo + [l +2n(Q(T)/2)]. (M2)
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where Q(T) = hw/kgT, n(x) = 1/(e* —1) is the Bose-
Einstein distribution function. Note that (7)) and I'(T)
involve mainly three-phonon decay processes, where an
optical phonon decays into two acoustic modes with equal
energy and opposite momentum.
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