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Kagome metals provide a material platform for probing new correlated quantum phenomena due to the
naturally incorporated linear dispersions, flat bands, and Van Hove singularities in their electronic structures.
Among these quantum phenomena is the charge density wave (CDW), or the distortion of the lattice structure
due to the motion of correlated electrons through the material. CDWs lower the energy of the compound,
creating an energy gap that facilitates behaviors akin to superconductivity, nonlinear transport, or other quantum
correlated phenomena. The kagome metal FeGe has been shown to host a CDW transition at approximately
100 K, and its occurrence is strongly influenced by the sample annealing conditions. However, a notable gap
in the literature is the lack of clear thermoelectric transport evidence for electronic structure changes associated
with this CDW transition. Here, we present evidence of electron behavior modification due to annealing disorder
via thermoelectric measurements on FeGe crystals presenting a CDW transition and those without a CDW.
The observed Nernst effect and Seebeck effects demonstrate pronounced modifications of electrical transport
properties associated with CDW formation and its suppression by annealing-induced disorder, including a change
in the thermopower sign and a strong enhancement of the Nernst response in the CDW state. Our results provide
evidence of multiple phase transitions, which confirms the influence of CDW on the thermal properties of FeGe
and demonstrates the suppression of CDW with sufficient disordering.
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I. INTRODUCTION

Novel electronic and magnetic materials have garnered
considerable interest in recent years because of their envi-
ronmental, technological, and practical benefits. In particular,
novel thermoelectric materials are materials that exhibit en-
hanced and attractive thermoelectric behaviors [1] such as
higher electrical conductivity, lower thermal conductivity,
or generally unique thermoelectric signatures such as the
anomalous Nernst effect found in strongly spin-orbit-coupled
materials [2-8]. The Nernst effect [9-11] provides evidence of
mobile vortices in superconductors [12—-15]. Fundamentally,
the quasiparticle thermopower (Seebeck effect) provides a
different test of the carrier types [16], and the quasiparticle
Nernst effects are observed in semimetals with small Fermi
surfaces [17]. The thermoelectric effect thus provides unique
insight into the underlying physical properties of kagome
materials [18,19] and other strongly correlated electron
materials [20].

Thermoelectric transport provides a particularly sensi-
tive probe of electronic structure changes associated with
symmetry-breaking transitions, because both the Seebeck and
Nernst coefficients depend on the energy derivative of the
electrical conductivity near the Fermi level. As a result,
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relatively modest Fermi-surface reconstructions or changes in
carrier compensation can generate pronounced thermoelectric
signatures even when corresponding changes in longitudinal
resistivity are subtle.

The kagome material FeGe (the B35 phase) was reported
to host a charge density wave (CDW) transition around
100 K in the antiferromagnetic phase [21-24]. Evidence
for this transition has been observed with scanning tunnel-
ing microscopy [22], photoemission spectroscopy [23,25,26],
magnetic susceptibility, heat capacity, and the electrical
transport measurements [21]. There is also a strong spin-
lattice-charge coupling across the CDW transition [27]. The
amorphous and thin films of the cubic (the B20 phase) FeGe
samples have been reported to exhibit the anomalous Hall
effect [28,29]. However, the anomalous Hall effect in kagome
lattice FeGe was only found at a temperature well below the
CDW transition, where spin density wave order was estab-
lished below Tiant (Teant < Tepw) [30-36]. In addition, the
suppressibility of CDW in kagome FeGe has been investi-
gated, specifically with regard to annealing-induced CDW
suppression and its effects on magnetic ordering [32-36].

However, despite the evidence for unique thermoelec-
tric behavior in other topological and kagome compounds
[37-43], Weyl materials [44—46], and evidence of anomalous
Nernst effects and novel thermoelectric behavior in various
ferrous materials [47-51], published observations regarding
the unique thermoelectric features linked to the charge and
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magnetic ordering present in this compound are lacking. In
particular, a question remains as to whether there are any sharp
features in transport properties associated with the transitions.
This paper seeks to fill this gap. Additionally, this work seeks
to identify the role of disorder in both thermal behavior and
magnetic ordering, as disorder has been shown to influence
Nernst effects [52]. We report the finding of a strong Nernst
effect in kagome FeGe, providing evidence of its features for
the proposed CDW. We demonstrate here that kagome FeGe
exhibits evidence of a charge density wave in thermopower
measurements and a strong Nernst effect, and that this be-
havior is strongly suppressed when CDW order is removed
through the process of high-temperature annealing [32-35].
We also provide evidence here for magnetic disordering when
the CDW feature is suppressed.

In kagome FeGe under appropriate annealing conditions,
recent Hall and anomalous Hall transport measurements have
already demonstrated a substantial reconstruction of the elec-
tronic structure below the CDW transition and the emergence
of strongly modified transverse transport in the magnetically
ordered state [26,35]. Motivated by these results, we focus
here on thermoelectric transport as a complementary and
highly sensitive probe of CDW formation and disorder in
FeGe.

II. EXPERIMENTAL METHODS

Single crystals were grown using Sn flux, and then
annealed in separate batches under different temperature con-
ditions. One batch was annealed at 320°C for 96 h, and
another batch was annealed at 560 °C for 96 h [35]. The
orientation of the annealed samples was confirmed using
X-ray diffraction. Samples were cut and polished to approx-
imately 1 mm x 0.5 mm x 0.1 mm, perpendicular to the ¢
axis, and each was mounted on a copper block as a heat bath.
Thermocouple type-E wires and gold-wire electrical contacts
were mounted along the a-b plane. The negative Constantan
leads were electrically shorted together. A 1-kS2 resistor was
mounted on top of the sample to provide the necessary heat
gradient for the measurement, and a layer of thermal epoxy
was applied between the sample and the heater to prevent
electrical contact. Each lead was mounted to its own nylon
pillar using silver epoxy, and the electrical and thermal con-
tacts were made to the physical property measurement system
(PPMS) puck using silver paint. Thermal epoxy was applied
to each of the thermocouple joints, which were adhered to the
sample without making electrical contact. This experimental
setup is illustrated in Fig. 1, along with the FeGe crystal
structure.

Measurements were taken using a quantum design phys-
ical property measurement system (PPMS) Dynacool with a
maximum field of 14 T. The magnetic field is oriented normal
to the crystal plane surface. In FeGe, a square wave current
excitation with an amplitude of 1.6 mA and a frequency of
0.04 Hz was utilized to energize the heater. The Nernst effect
is measured perpendicular to the direction of the temperature
gradient, and the Seebeck effect is measured along the direc-
tion of the temperature gradient. Each thermoelectric voltage
signal was obtained by subtracting the bottom, heater-off sig-
nal, from the top, heater-on signal. The experiment for each

(b)

Heat Bath ‘;" heater

V™~ Seebeck V* Seebeck

V* Nernst

FIG. 1. (a) Crystal structure of Kagome magnet FeGe. (b) Exper-
imental configuration for FeGe thermoelectric measurement. Gold
leads indicate electrical contacts, with the sign convention labeled.
The sample is oriented with the magnetic field applied along the
crystal ¢ axis.

sample consisted of several fixed-temperature field sweeps,
varying the temperature in 5 K increments until after the an-
ticipated 100 K charge density wave, and then with a slightly
coarser temperature granulation after this feature.

III. RESULTS AND DISCUSSION

The signal evolutions of the Seebeck signal, S,,, for both
conditions as a function of temperature and magnetic field are
shown in Fig. 2. As can be noted in Fig. 2(a), the thermopower
signal shows a distinct curvature change in its magnetic field
dependence that evolves with temperature—first appearing at
~5 T at low temperatures, and shifting gradually to ~9 T at
higher temperatures.

Comparing our data with early reports, we identify this
feature with the spin-flop transition [32,35,36]. This feature
appears to be present in the 320°C annealed sample, but
does not appear qualitatively similar in the thermopower data
for the 560 °C annealed sample, although the field-induced
spin-flop transition occurs in both samples [35]. There is some
curvature that occurs in the thermopower data for the 560 °C
annealed sample, but the field dependence here is not as well
defined. The small magnitude of both of these signals and their
corresponding noise levels should be taken into consideration
as a possible caveat for the exact field dependence of this fea-
ture. Also of note regarding the signal strength, the magnitude
of the thermopower signal is an order of magnitude larger for
the 320 °C sample for T < Tcpw, but is of a similar order of
magnitude for 7 > Tepw.
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FIG. 2. Thermopower signal S,, of (a) the 320 °C annealed sam-
ple as a function of the magnetic field at selected temperatures, and
(b) the 560 °C annealed sample as a function of the magnetic field at
selected temperatures.

To understand the trend of the Nernst effect in this mate-
rial and its dependence on annealing, fixed-temperature field
sweeps were performed for several different temperatures. Af-
ter deriving the raw Nernst signal S)((’y (H) from the raw signal,

. . . . SO (H)—S% (—H
the signal was antisymmetrized according to %,

with H the applied magnetic field applied along the ¢ axis.
This is done to isolate the true Nernst component of the signal
and to remove any artifacts or contributions from the longitu-
dinal voltage. The resulting Nernst effect signal Sy, for each
of the annealing conditions is shown in Figs. 3(a) and 3(b).
Furthermore, the zero-field slope of Sy, — woH is defined as
the Nernst coefficient v, which will be discussed later.

The Nernst effect in both annealed samples has a generally
linear trend, with some curvature appearing in the signal from
the 320 °C annealed sample for temperatures below the onset
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FIG. 3. Nernst signal Sy, of (a) the 320 °C annealed sample as a
function of the magnetic field at selected temperatures, along with
selected linear fits as dotted lines, and (b) 560 °C annealed sample
as a function of the magnetic field at selected temperatures, plotted
alongside linear fits of the antisymmetrized transverse signal for
clarity, as well as defining the Nernst coefficient v.

of magnetic canting. Again, this curvature appears to corre-
spond to the previously noted spin-flop feature, and the slope
has its largest magnitude at ~50 K before sharply changing
inflection. This trend is notably absent in the 560 °C annealed
sample signal, which does appear to have a maximum slope
around 120 K, but then decreases in magnitude, and does not
exhibit any other notable magnetic features. In addition to the
general linear trend, the 320 °C signal also exhibits a bump
feature around 6 T, which is strongest between 40 and 45 K,
and evolves with increasing temperature. This feature is likely
a consequence of the 6 T spin-flop phase. However, as this
signal is small, the noise is too prominent to see evidence of
the 9 T spin-flop transition. The bump feature noted in the
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FIG. 4. (a) Seebeck coefficient S,, for both annealing conditions
with zero-field temperature sweep curves and (inset) Seebeck co-
efficient and zero-field temperature sweep for the 560 °C annealed
sample, with the literature reported canting temperature marked.
(b) Nernst coefficient v for both conditions in magnetic fields up to
14 T. The heat current is applied along the ab plane, and the Seebeck
data points were obtained from the zero-field values of the longi-
tudinal voltage extracted from field sweeps at fixed temperatures,
normalized by the sample geometry and the temperature gradient
across the sample.

320 °C sample does not appear to be present under the 560 °C
annealing condition.

Further analysis of these trends can be observed in
Fig. 4(a), which displays the zero-field thermopower S, as
a function of temperature for each annealing condition, and
Fig. 4(b), which shows v for each annealing condition as a
function of temperature. The field-dependent Seebeck coeffi-
cient S,,(H) was extracted from the zero-field intercepts of
the symmetrized field sweeps at fixed temperature. For the

Nernst coefficient, linear fits were applied to S,,(H) over a
restricted low-field window below the onset of the spin-flop
feature in the 320°C annealed sample, while the full field
range was used for the 560 °C annealed sample. Statistical
uncertainties of these linear fits are shown as error bars in
v(T'). Both figures show remarkably similar features in both
Sy and v, with the 560 °C annealed sample remaining exclu-
sively positive, and the 320 °C annealed sample changing sign
close to T = Tepw at ~120 K. Both of these samples share
holelike charge carriers at room temperature, which we define
here as a positive Seebeck signal.

Furthermore, a rapid slope change appears to occur in
Syy for the 320°C annealed sample in the vicinity of the
charge density wave transition, and S,, exhibits a kink fea-
ture near Tcpw, which we observe close to 110 K. This sign
change is clearly absent in the sample annealed at 560 °C.
In the CDW-containing sample, this trend continues for the
temperature range Tcpw < T < 300 K. For T < Tepw, the
sample exhibits a sizable negative (electronlike) thermopower
signal, indicating that electronlike contributions dominate the
thermoelectric response in the CDW state. Holes become the
dominant quasiparticle charge carriers at ~120 K, when S, is
positive in Fig. 4(a). The temperature of the sign change in S,
follows Tcpw by about 10 K, a picture that is consistent with
a gradual evolution of the chemical potential, scattering rates,
or more general Fermi-surface reconstruction associated with
CDW formation. Thus, the sign change in S, is not a sharp
first-order transition at a single temperature. However, the
magnitude of S, experiences its largest change for T < Tcpw.
By contrast, the absence of any comparable anomaly in the
560°C annealed sample indicates that disorder suppresses
both long-range CDW coherence and the associated energy-
dependent transport asymmetry.

Recent neutron scattering and susceptibility measurements
on annealed FeGe demonstrate that while long-range CDW
order is strongly suppressed by high-temperature anneal-
ing (such as 560 °C), the incommensurate antiferromagnetic
phase persists to a lower characteristic temperature in the
absence of CDW order [36]. Annealing-induced Ge vacan-
cies reduce the onset temperature of this incommensurate
magnetic order but do not eliminate it, indicating that the
incommensurate spin configuration is an intrinsic magnetic
instability that survives even without static CDW order [35].
Teane 1s pushed to ~25 K, which is where we also note the
greatest inflection in v [see Fig. 4(a) inset].

Figure 4(a) shows that only the 320°C annealed sam-
ple, which hosts long-range CDW order, exhibits a large
enhancement and sign reversal of the Seebeck coefficient. In
contrast, the 560 °C annealed sample, in which CDW coher-
ence is suppressed by disorder, displays a smooth, weakly
temperature-dependent, and strictly positive thermopower.
This strongly implicates CDW-induced Fermi-surface recon-
struction as the primary origin of the thermopower reversal
and large low-temperature magnitude. Although a subtle
change in slope of S,(T') is visible near the canting tem-
perature, no additional sign change or abrupt enhancement
is observed at this magnetic transition. This indicates that
the onset of noncollinear magnetism provides only a sec-
ondary renormalization of the thermoelectric response, likely
through modest band reshaping and scattering changes, while
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FIG. 5. The phase diagram of poH vs T for (a) the 320°C
annealed sample and (b) the 560 °C annealed sample, using the loca-
tions of various magnetic features to define the phase transitions. The
boundaries of the canted antiferromagnetic (AFM) phase and CDW-
ordered phase are delineated here as ¢,y and Tepw, respectively.

the dominant thermoelectric reconstruction is driven by CDW
formation. Within this coupled-order framework, incom-
mensurate magnetic order renormalizes the low-temperature
electronic state but does not by itself generate the enhanced
thermopower. Thus, we conclude that incommensurate mag-
netic order leaves a thermoelectric fingerprint, but does not
control the sign or main enhancement of S,,. The CDW is
the primary driver of both the sign change and the large
low-temperature thermopower, while incommensurate mag-
netic order provides only a secondary renormalization of the
thermoelectric response.

Similarly, the Nernst coefficient v exhibits a similar trend
in T. For T < Tcpw, the sample exhibiting the CDW shows a
much more sizable Nernst coefficient in the opposite sign than
that after the CDW transition. The Nernst coefficient v-T is
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FIG. 6. Magnetization as a function of magnetic field for the
320 °C annealed sample (a) plotted alongside dM/dH (b).

plotted in Fig. 4(b). Notably, v for the 320 °C annealed sample
is significantly larger than that of the 560 °C annealed sample.
This signal has a peak at ~50 K, and changes sign around
105 K. The absolute magnitude of the Nernst coefficient in the
320 °C annealed sample is almost 22 x larger than the 560 °C
sample at its largest magnitude as well. We also note that the
320°C annealed sample has much stronger incommensurate
magnetic peaks associated with spin density wave order be-
low 60 K which are considerably suppressed for the 560 °C
annealed sample [35]. These findings are further examined in
the phase diagrams shown in Figs. 5(a) and 5(b).

We construct H-T diagrams using a combination of the
spin-flop affiliated inflections in S,,(H) and M (H) data. We
note that the phase diagrams shown for each sample are both
numerically and characteristically different. In Fig. 5(a), we
notice the spin-flop feature remains roughly localized for
T < T.uni, and then increases smoothly and monotonically for
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FIG. 7. Magnetization as a function of magnetic field for the
560 °C annealed sample (a) plotted alongside dM/dH (b).

T > T.un- Unlike the sign change we see in both the Seebeck
and Nernst effects, there are no sharp features that occur in
H-T at T = Tepw. Likewise, the 560 °C annealed sample re-
veals the same qualitative phase topology—a low-temperature
incommensurate phase, and a field-induced spin-flop transi-
tion for H || c. Quantitatively, Fig. 5(b) demonstrates a slight
shift of the spin flop to higher fields while T,y is pushed
to a lower temperature. However, all characteristic scales
are systematically enhanced in the CDW-hosting sample: the
canting temperature is higher, the spin-flop field is larger at all
temperatures, and the magnetic anomalies are sharper.

The H-T phase diagram of annealed FeGe is organized
by the emergence of a low-temperature canted or incom-
mensurate antiferromagnetic phase, which persists even when
long-range CDW order is suppressed by annealing. This
indicates that incommensurate order is an intrinsic mag-
netic instability rather than a direct consequence of CDW
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FIG. 8. (a) Seebeck coefficient S,,(T) of the 320°C annealed
sample extracted from the set-field values of fixed-temperature field
sweeps at 0, 3, and 10 T fields. The sign change of S,,(7") remains
sharp and essentially field independent, demonstrating that the ther-
mopower reversal is not associated with the field-fragile magnetic
anomaly near 140 K. (b) Magnetic susceptibility x(7) under the
same annealing condition measured at fixed magnetic fields, show-
ing a weak anomaly near 7 =~ 140 K that rapidly smears out with
increasing field.

formation. However, CDW coherence systematically renor-
malizes the temperature and field scales associated with this
instability: samples hosting long-range CDW order exhibit
a higher canting temperature, an enhanced spin-flop field,
and sharper magnetic transitions. This behavior is naturally
understood in terms of CDW-induced Fermi-surface recon-
struction, which modifies the electronic contribution to the
magnetic free energy and thereby renormalizes the stability
of the noncollinear magnetic state without generating new
magnetic phases.
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Previous works have also asserted the presence of incom-
mensurate magnetic Bragg peaks around 60 K [21,23,32],
which is also supported by our measurements and labeled here
as Teane. It is interesting to point out that recent photoemission
work has also identified changes in the electronic structure at
this characteristic temperature scale in the 320°C annealed
sample, while absent in the 560°C annealed sample [25],
consistent with the trends of S, and v.

IV. CONCLUSIONS

In conclusion, in the Kagome metal FeGe, this ther-
moelectric effect study demonstrates a dramatic change in
electronic structure accompanying the CDW transition. Com-
pared to the crystal without the CDW transition, the crystal
with the CDW is revealed to have a significantly enhanced
Nernst effect and a dramatic sign change of the dominant
carrier in the thermopower effect. This result suggests that
the disorder created by the annealing conditions in Ge-1
sitte. may prevent the CDW formation [35]. Thermoelec-
tric effects are also shown to detect the spin-flop transition
and the onset of spin canting. While T¢,, leaves a measur-
able thermoelectric fingerprint in both samples, the dominant
reconstruction of the thermoelectric response is driven by
CDW formation, while canting provides only a secondary
renormalization.
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APPENDIX

To further investigate and contrast the magnetic transitions
in FeGe under varying amounts of disorder, the magnetization
for each annealing condition was contrasted. A portion of the
information shown in these figures is reflected in the phase
diagrams shown in Fig. 5. Specifically, the points of inflection
in dM/dH before the peaks are used in part to formulate the
phase information for both annealing conditions. The mag-
netization trends for both samples are displayed in Figs. 6
and 7, alongside the corresponding dM/dH for each condi-
tion. There is a distinct shift in the magnetization of the 320 °C
annealed sample in the temperature range 90 < T < 130 K,
specifically observable in the 110 K curve. This observation
is not present in the 560 °C annealed sample, where dM/dH
shifts monotonically and increases in sharpness with increas-
ing temperature. The spin-flop phase seen in Fig. 5 reflects
the ordered state after the spin flop has taken place, and the
AFM phase describes the region in the magnetization at lower
fields, prior to the rapid change in magnetization.

A weak magnetic anomaly is also observed near T ~
140 K in the 320°C annealed sample, raising the question
of whether this feature could influence the observed ther-
mopower reversal. To address this possibility directly, Fig. 8
compares the temperature dependence of the magnetic sus-
ceptibility and the Seebeck coefficient for this sample under
applied magnetic fields. The susceptibility anomaly near
140 K is rapidly suppressed with increasing field, whereas
the Seebeck coefficient retains a sharp and well-defined sign
change that is essentially field independent. This contrasting
field response demonstrates that the thermopower reversal
cannot originate from the 140 K magnetic feature. Instead, the
robustness of the Seebeck sign change against the magnetic
field is consistent with an electronic reconstruction driven
by CDW formation, rather than by a field-fragile magnetic
instability.
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