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Understanding spin and lattice excitations in a metallic magnetic ordered system form the basis to
unveil the magnetic and lattice exchange couplings and their interactions with itinerant electrons.
Kagome lattice antiferromagnet FeGe is interesting because it displays rare charge density wave
(CDW) deep inside the antiferromagnetic ordered phase that interacts with the magnetic order.
We use neutron scattering to study the evolution of spin and lattice excitations across the CDW
transition Tcpw in FeGe. While spin excitations below ~100 meV can be well described by spin
waves of a spin-1 Heisenberg Hamiltonian, spin excitations at higher energies are centered around
the Brillouin zone boundary and extend up to ~ 180 meV consistent with quasiparticle excitations
across spin-polarized electron-hole Fermi surfaces. Furthermore, c-axis spin wave dispersion and Fe-
Ge optical phonon modes show a clear hardening below Tcpw due to spin-charge-lattice coupling
but with no evidence for a phonon Kohn anomaly. By comparing our experimental results with
density functional theory calculations in absolute units, we conclude that FeGe is a Hund’s metal
in the intermediate correlated regime where magnetism has contributions from both itinerant and

localized electrons arising from spin polarized electronic bands near the Fermi level.

In insulating magnets where unpaired electrons are lo-
calized on magnetic atomic sites, interactions of local spin
moments are governed by the Heisenberg exchange cou-
plings ﬂ] Magnons arising from spin vibrations about
their equilibrium positions should be characterized by lin-
earized spin wave theories that ignore all terms of order
higher than quadratic and interactions with lattice vibra-
tions ﬂa, E] For a magnetic ordered material with more
than one magnetic ion per unit cell, we expect to ob-
serve acoustic and optical spin waves, just like acoustic
and optical phonon modes are expected for a crystalline
solid with more than one atom per unit cell M].For exam-
ple, spin waves in insulating kagome ﬂﬂ] and honeycomb
ﬂa] lattice ferromagnet have well-defined acoustic and op-
tical modes as expected for a local moment Heisenberg
magnet. A spin gap between the acoustic and optical
spin waves at the Dirac points can give rise to protected
topological magnon bands and edge modes ﬂﬂ, ]

For metallic magnets, magnetic order can arise from
either localized moments similar to an insulating magnet
or quasiparticle spin-flip excitations between the valence
(hole) and conduction (electron) bands at the Fermi level,
dubbed a spin density wave (SDW), due to electron-
electron correlations ﬂyj] Spin excitations from these
magnets can arise from vibrations of localized moments
ﬂ] or electron-hole Fermi surface quasiparticle excita-
tions of itinerant electrons B—Iﬁ], respectively. Since
SDW order can coexist and intertwine with other orders
such as charge density wave (CDW) [L1] and supercon-
ductivity ﬂﬁ, ], a determination of the interplay be-

tween magnetic and other intertwined orders forms the
basis to understand correlated electron materials.

Recently, kagome lattice magnet FeGe was found to
have a CDW order deep inside the magnetic ordered
phase that couples with the ordered moment (Fig. 1la)

|. With decreasing temperature, FeGe first ex-
hibits collinear A-type antiferromagnetic (AFM) order at
Tn ~ 400 K (Fig. 1b), forms a 2x2x2 CDW order below
Tepw =~ 110 K with an enhanced ordered moment, and
finally develops incommensurate AFM structure below
Tcanting ~ 60 K (Fig. 1c) M] In previous angle re-
solved photoemission spectroscopy (ARPES) and inelas-
tic neutron scattering experiments, electron-boson inter-
action induced kink around 30 meV seen in ARPES spec-
tra was identified as electron and optical phonon coupling
ﬂﬂ] From temperature dependent low-energy spin wave
measurements, incommensurate spin fluctuations associ-
ated with incommensurate AFM static order show a kink
at Tepw and survive up to Tx [21]. Although these re-
sults suggest that incommensurate AFM order is actually
a SDW phase instead of the double cone AFM structure
as suggested originally ﬂﬁ, @], there is no determination
of the spin-charge-lattice coupling across Tcpw @] and
the microscopic origin of the magnetic order. Using first
principle calculations, it was predicted that the nearest-
neighbor magnetic exchange interactions are dominate
and ferromagnetic (FM), incommensurate AFM order is
due to lattice distortion-induced Dzyaloshinskii-Moriya
(DM) interactions [22]. Furthermore, spin waves should
be strongly dispersive in the kagome plane with acoustic
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mode below about 100 meV and two optical modes ex-
tending up to 250 meV ﬂﬂ], similar to optical modes in
insulating kagome lattice magnet [3].

Here we use inelastic neutron scattering to study the
evolution of spin and lattice excitations of FeGe across
Tepw 23], While spin excitations below ~100 meV
can be well described by a spin-1 (S =~ 1) local mo-
ment Heisenberg Hamiltonian, spin excitations at higher
energies are centered around the Brillouin zone bound-
ary and extend up to ~ 180 meV (Figs. 1d-f), clearly
different from the predictions of the first principle cal-
culations ﬂﬁ] and the local moment picture. Instead,
the high energy spin waves are consistent with quasi-
particle excitations between spin-polarized electron-hole
Fermi surfaces, similar to spin excitations in metallic an-
tiferromagnets FeSn M] and Feo,ggCoo,uSnﬁ?], van
der Waals metallic ferromagnet Fes 70GeTeqy ], weak
itinerant ferromagnet MnSi @, @], and heavy Fermion
CePd3s @] Furthermore, spin wave dispersions and Fe-
Ge optical phonon modes show a clear hardening below
Tepw due to spin-charge-lattice coupling but with no ev-
idence for phonon Kohn anomaly. By comparing these
results with density functional theory (DFT) calculations
in absolute units, we conclude that FeGe has an intimate
coupling between itinerant electrons and magnetism sim-
ilar to iron pnictides @], suggesting that it is a Hund’s
metal with intermediate electronic correlations ﬂﬁ, @]
The strong spin-charge-lattice coupling in FeGe is differ-
ent from FeSn ﬁ and all other kagome lattice ma-
terials @], making this an unique system to investigate
intertwined orders in spin, charge, and lattice degrees of
freedom.

We first examine energy (F) and momentum (Q) dis-
persion of the in-plane spin excitations of FeGe in the
A-type AFM ordered phase at 120 K. At low energy, spin-
wave-like excitations stem from the I'" point at the zone
center and gradually disperse to the zone boundary, first
reaching the M points at £ = 90+ 10 meV and then the
K points at £ = 120+ 10 meV, showing intensity modu-
lation across zone boundaries (Figs. 1d and 2a). Figure
2b shows the spin excitation dispersion along the high-
symmetry direction [H, —0.5H, —1.5] with L = [-3,0] as
defined in Fig. 1d taken with incident neutron energy of
E; = 300 meV. We take systematic constant energy cuts
from E; = 45, 100, and 300 meV data at temperatures
across Topw and Tcanting, and fit them with two Gaus-
sians with a linear background. After averaging between
the left and right, we obtain the spin wave dispersions
at different temperatures, and find no significant change
change across Tcpw and Tcoanting from 120 K to 8 K (Fig.
2¢).

To understand magnetic excitations using a local mo-
ment picture, we consider the Heisenberg Hamiltonian:

Ho= Y Ji;Si 8, —i—ZD

<i,j>

:KMKE r ; i:

e spin up spin down
° 0.2
<j 0.1
Jo2 <
° Ir to ﬁ w
-0.1
o (-]
-0.2
Q o! 4!
° ° ¢” 03 KM K
a ’J-—b
c f 0.01
—o
0.2
3 B
o w £

r KMK r KMK 0

FIG. 1. (a) In-plane lattice structure of FeGe with red and
grey denoting Fe and Ge atoms respectively. Magnetic struc-
ture of FeGe at (b) T" > Tcanting and (¢) T < Tcanting. (d)
Reciprocal space of FeGe. The thick red line denotes the
momentum path along the [H,—0.5H, —1.5] direction. (e)
DFT (with no spin orbit coupling) calculation. The red and
blue bands represent spin up and down bands respectively.
Thick arrows indicate particle-hole (p-h) scattering. (f) Dy-
namic susceptibility calculated from p-h scattering of the set
of bands in (e), where the energy axis has been renormalized

by 1.7 [19].

Model J1 Jz Jcl ch Dz (meV)
Heisenberg | —16.4 |—7.2(11.3| O —0.015
First principle|—41.97|5.49 |8.44|—2.04 0

TABLE I. The first row gives magnetic exchange coupling
constants obtained from the Heisenberg Hamiltonian simula-
tion. The solid and dashed lines in Fig. 2b shows the resulting
spin wave dispersions. The second row shows exchange pa-
rameters predicted from the first principle calculations m]

Here, J;; represents the magnetic exchange interaction
between the ith and jth Fe atoms, S; and S; are the
local spins at the ¢th and jth sites, respectively, and D,
is the single-ion anisotropy. For in-plane dispersions, we
use Jp and Jo as the nearest and next-nearest-neighbor
couplings, respectively (Fig. la). The c-axis nearest and
next-nearest-neighbor couplings J.; and J.o (Fig. 1b)
are determined in Ref. ] We can simulate spin wave
dispersions using the above Heisenberg Hamiltonian and
compare with experiments.

In previous low-energy inelastic neutron scattering ex-
periments, the dispersion of spin excitations along the L
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FIG. 2. (a) Constant energy slices at £ = 30 £ 10, 50 £ 10,
70£10, 90£10, 110410, 130410, 150410, 170£10 meV. The
white lines are Brillouin zone boundaries, and high symmetry
points are labeled with black points. (b) In-plane magnetic
excitation along the [H,—0.5H, —1.5] direction. The black
solid lines and gray dashed lines indicate simulated acoustic
and optical spin wave branches, respectively, using a Heisen-
berg model (SpinW) [36]. Data in (a) and (b) is taken at 120
K. (c) Spin wave dispersions extracted by Gaussian fitting
with a linear background of the symmetrized spectra along the
[H,—0.5H,—1.5] direction. The vertical error bars indicate
the energy integration range. Horizontal error bars are from
fitting. Integration along the orthogonal in-plane direction is
[-0.1, 0.1]. (d) Integrated magnetic intensity in the first in-
plane Brillouin zone and averaged between L = [—2.5, —0.5].
The black line indicates the calculated spin wave intensity
in absolute units assuming S = 1 in the SpinW + Horace
program @] Red, green and blue symbols represent 120 K,
70 K and 8 K data respectively ﬂﬂ] The red-dashed line is
the DFT estimated spin susceptibility from the two electronic
bands in Figs. 1f and le.

direction was found to have a band top around F ~ 24
meV and asmall D, ~ —0.015 meV ﬂz_ll] To better fit the
high-energy in-plane spin excitation data, the anisotropic
term was set loose in the fitting process due to the large
L integration range with F; = 300 meV. The solid black
lines in Fig. 2b represent the acoustic spin-wave branches
that are in agreement with the data below ~100 meV
with magnetic exchange couplings in Table 1. However,
two distinctions between the data and the simulation
cannot be explained by the Heisenberg model. First,
the optical branches predicted by the Heisenberg model
and first principle calculations ﬂﬁ] are absent in the data
(Fig. 2b). Second, when approaching the Brillouin zone

boundary at K (Dirac points) and M points (Figs. 2b,
2c), the magnetic excitations continue to rise and form
a convex shape, instead of bending over to a concave
shape as predicted by the simulation. As a consequence,
there is no spin gap at the Dirac points and we do not
expect spin excitations of FeGe to have protected topo-
logical magnon bands and edge modes E, ] Figure 2d
compares the integrated local dynamic spin susceptibil-
ity in the first Brillouin zone at 8 K, 70 K, and 120 K
with L = [0.5,2.5], normalized by acoustic phonons near
a nuclear Bragg peak to absolute unit @], with calcu-
lated results from Heisenberg model assuming S = 1.
The susceptibility shows a broad peak around 100 meV,
and decays rapidly for energies above 100 meV (Fig. 2d).
Although DFT calculations of the hole-electron quasipar-
ticle excitations (Figs. le and 1f) correctly predicted the
high energy spin excitations, the absolute magnetic scat-
tering estimated from the DFT is much smaller than the
observation (Fig. 2d), similar to iron pnictides [39)].
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FIG. 3. High energy magnetic excitations along (a) [0, K]
with [H,—0.5H] = [-0.1,0.1] and (b) [H,—0.5H] with K =
[-0.1,0.1], L = [—4,0] (r.l.u.) measured with E; = 300 meV.
The dashed lines indicate the M points in (a) and K points in
(b). Constant energy slices at (c¢) E = 130+ 10, (d) 150 £ 10,
(e) 170 £10 meV and (f) 190 & 10 meV. The solid black lines
mark the Brillouin zone boundaries. Data is taken at 120 K.

Since spin excitations above 120 meV in FeGe are rod-
like at both the M (Fig. 3a) and the K points (Fig. 3b),
they are similar to metallic antiferromagnets FeSn
lﬁ], ferromagnets Feg 70GeTes ﬂﬁ], MnSi @, @], and



heavy Fermion CePds ﬂﬂ] To further investigate the
behavior of this rod-like dispersion, we plot the constant
energy slices in multiple Brillouin zones (Figs. 3c-f). The
magnetic excitations are concentrated at Brillouin zone
boundary (Figs. 3c-e), clearly different from that of MnSi
where the rod-like dispersions reside inside Brillouin zone
boundaries m, @] Spin excitations gradually vanish
around E = 200 meV (Fig. 3f), different from expecta-
tions of a local moment Heisenberg Hamiltonian and the
first principle calculations ﬂﬁ] These results are simi-
lar to high-energy spin excitations of FeSn, which also
has A-type AFM but without CDW order [24, [25]. The
wave vector dependence of these excitations are clearly
different from cluster spin excitations associated with lo-
calized spins in insulating frustrated pyrochlore @] and
triangular lattice antiferromagnets |[41], as well as in high
energy spin excitations in metallic kagome lattice ferri-
magnet ThMngSng [42, [43)].
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FIG. 4. Temperature dependent spin excitations along the
c-axis (L direction) at (a) 8 K, (b) 70 K and (c) 120 K mea-
sured with E; = 45 meV. (d) Spin wave dispersions deter-
mined by fitting constant momentum cuts taken from (a-c)
with Lorentzian on a constant background. Red and blue ar-
rows in (a) and (d) mark L = 1.35 and L = 1.25, respectively.
(e) Temperature dependent spin wave energy at L = 1.35
(blue dots) and 1.25 (red dots), obtained from IN8. Grey and
blue dashed lines mark Tcanting and Tcpw respectively. Thick
blue and red lines are guides to the eye.

Figures 4a-c show the out-of-plane spin wave excita-
tions at different temperatures across Tcpw and Tcanting-
The fitted spin wave dispersions are shown in Fig. 4d.
By extracting the band top E,, at L = —1.25 for each
temperature, we find that spin waves harden by around
11.6% from 120 K to 70 K across Tcpw, but remain un-
changed across Tcanting. The temperature dependence of
the spin wave energy measured at L = 1.25 and L = 1.35
near the zone boundary using a triple-axis spectrometer
shows a clear hardening of spin wave dispersion around

2 meV below Tcpw (Fig. 4e). This hardening of spin
waves coincides with an increase of around 0.1 up/Fe
in the static magnetic moment, from around 1.5 up/Fe
to 1.6 pp/Fe across Tecpw ﬂﬂ The behavior is not
as prominent for the in-plane dispersion because of its
steeper dispersion ﬂﬁ] Therefore, the hardening of spin
wave dispersion below Tcpw arises from the CDW or-
der induced moment increase and spin waves from the
A-type AFM order mostly conform to a local moment
Hamiltonian below about 100 meV.
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FIG. 5. (a) In-plane phonon dispersion at L = [-3.1,—2.9]

and 120 K. The solid black lines are DFT calculations. Two
separate optical phonon branches are labeled as OP1 and
OP2, corresponding to Fe-Ge Az, and Fe out-of-plane vibra-
tions, respectively. Phonon dispersions of (b) the OP1 and
(c) OP2 at 50 K, 120 K, 200 K and 300 K. (d) Temperature
dependence of the OP1 energy shift throughout the Brillouin
zone at 10 K, 50 K, 80 K, 120 K, 140 K, 160 K, and 300 K.
The phonon energy at the base temperature (10 K) is sub-
tracted. Temperature dependence of the OP1 phonon mode
at (e) I', (f) M points, and the OP2 phonon mode at M point.
The thick colored lines in (b-d) and the gray lines in (e-g) are
guides to the eye. Temperature dependence of phonon full
width half maximum (FWHM) at the OP1 T" (h), OP1 M (i)
and OP2 M (j).

After mapping out spin excitation evolution across
Tepw and Toanting, We investigate temperature depen-



dence of the in-plane phonon spectra (Figs. 5a-5j) ﬂﬁ]
In previous Raman and neutron Larmor diffraction mea-
surements, the crystal structure is found to change from
hexagonal to monoclinic with a small in-plane lattice dis-
tortion, but becomes more symmetric below Tcpw M]
However, much is unclear on the dynamic spin-lattice-
charge interactions acrossing the CDW transition. Fig-
ure 5a shows the overall phonon spectra where optical
phonon 1 (OP1) and optical phonon 2 (OP2) are marked.
They agree well with the DFT calculated spectra shown
in solid black lines. For both OP1 and OP2, the en-
tire phonon dispersion hardens about 1 meV at all mea-
sured wave vectors on cooling from 300 K to 10 K (Figs.
5b-5d), distinct from previous work on acoustic phonon
mode where no phonon energy shift is observed at M
points HE] To further determine if the phonon harden-
ing is coupled with CDW order, we plot the temperature
dependence of phonon energy at high symmetry I' and
M points for OP1 and OP2 (Figs. 5e-5g). There is al-
most no shift in phonon dispersion below around 80 K,
and CDW order is clearly coupled with phonon harden-
ing at M points for OP1 and OP2 modes (Figs. 5f and
5g). Since OP1 is the optical Ag, mode involving out
of plane Fe-Ge vibrational modes and OP2 is Fe out of
plane vibrational mode, the results suggest a strong cou-
pling of these modes with the CDW order associated the
Ge c-axis dimerization @] Note that the phonon full
width half maximum (FWHM) at different wave vectors
consistently decreases with decreasing temperature (Fig.
5h-j), corresponding to a larger phonon lifetime at lower
temperatures. For comparison, acoustic zone boundary
phonon lifetime was found to decrease at A point from
400 K to 200 K but not at M point from inelastic X-ray
scattering experiments HE]

In previous work on FeGe M], the CDW transition is
suggested to arise from Ge c-axis dimerization different
from the usual Kohn anomaly in electron-phonon cou-
pled CDW materials but similar to spin-lattice coupling
in FeSi [45] and CuGeOs [46, [47]. These results are con-
sistent with first principle calculations | and subse-
quent experiments ﬂﬂ, @], suggesting that CDW order in
FeGe arises from electron correlations instead of the usual
electron-phonon interaction @] From our inelastic neu-
tron scattering experiments summarized in Figs. 2-5, we
find that high energy spin excitations of FeGe behave
similarly to other itinerant magnets m—l&_ﬂ] The lack
of optical spin waves and rod-like spin excitations con-
fined to the Brillouin zone boundary for energies above
100 meV (Fig. 3) are consistent with quasiparticle ex-
citations from spin down to spin up bands across the
Fermi level as shown in our DFT calculations (Figs. le
and 1f), indicating that itinerant electrons play an im-
portant role in determining the high energy spin exci-
tations. However, the magnitude of the magnetic scat-
tering determined from DFT is much smaller than that
of the observation (Figs. 1f and 2d). For comparison,

we note that high energy spin excitations in iron pnic-
tides are consistent with a local moment picture while
low-energy spin excitations are from the nesting of elec-
tron and hole Fermi surfaces and DFT calculated spectral
weight is also much smaller than the observation @, @]
Since the DFT calculated electronic dispersions need to
be renormalized by about 1.7 to account for those de-
termined from ARPES experiments ﬂﬁ similar to the
values in iron pinctide superconductors E‘ﬂ], we conclude
that FeGe is a Hund’s metal in the intermediate electron
correlation regime. Similarly, while a pure local moment
Heisenberg model with S = 1 can account for tempera-
ture dependent spin excitations above the anisotropy gap
energy of ~1 meV ], spin excitations above 100 meV
appear to have an itinerant origin (Fig. 2d). These re-
sults are consistent with recent theoretical calculations
indicating that FeGe is slightly more electron correlated
compared with FeSn @], and the flatish electronic bands
near the Fermi level responsible for correlated properties
of FeGe arise from (d,,d,2_,2) and (d,.,d,.) orbitals
@] Therefore, FeGe is in the intermediate correlated
regime where magnetism has contributions from both
itinerant and localized electrons, and couples with CDW
order to form a strong spin-charge-lattice coupled kagome
metal, suggesting that FeGe is a rare case where the en-
ergy scales of spin, charge, lattice degrees of freedom are
similar and their interactions give rise to the observed
exotic properties different from its sister compound FeSn
and all other known kagome lattice magnets M]
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