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Two-dimensional (2D) kagome lattice metals are interesting because their
corner sharing triangle structure enables a wide array of electronic and mag-
netic phenomena. Recently, post-growth annealing is shown to both suppress
charge density wave (CDW) order and establish long-range CDW with the
ability to cycle between states repeatedly in the kagome antiferromagnet
FeGe. Here we perform transport, neutron scattering, scanning transmission
electron microscopy (STEM), and muon spin rotation (uSR) experiments to
unveil the microscopic mechanism of the annealing process and its impact on
magneto-transport, CDW, and magnetism in FeGe. Annealing at 560 °C creates
uniformly distributed Ge vacancies, preventing the formation of Ge-Ge dimers
and thus CDW, while 320 °C annealing concentrates vacancies into stoichio-
metric FeGe regions with long-range CDW. The presence of CDW order greatly
affects the anomalous Hall effect, incommensurate magnetic order, and spin-
lattice coupling in FeGe, placing FeGe as the only kagome lattice material with
tunable CDW and magnetic order.

In most correlated electron materials such as hole-doped high-transi-
tion temperature copper oxide and iron-based superconductors'™,
electronic, magnetic, transport, and lattice properties change drama-
tically as a function of chemical doping, forming a complex electronic
phase diagram where intertwined orders of charge-spin-lattice degrees
of freedom compete and coexist®. In electron-doped copper oxide
superconductors, however, chemical doping alone is insufficient, and
annealing the as-grown sample in a low-oxygen environment, which

removes a tiny amount of oxygen (-1%), is necessary to tune the system
from an antiferromagnetic (AFM) metal into a superconductor without
magnetic order>®. Annealing the electron-doped superconductor in a
high-oxygen environment can reverse the effect by adding oxygen
back to the system, yielding a non-superconducting antiferromagnet?.
While the microscopic origin of such annealing processes remains
under debate®”’, it is remarkable (and rare) that such a minor mod-
ification of the oxygen content in electron-doped copper oxides can so
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dramatically affect their electronic and magnetic properties?. Similarly,
annealing and quenching van der Waals magnet FesGeTe, is also found
to form and destroy vacancy order that dramatically affects the elec-
tronic structures of the system'’.

Recently, there has been much excitement on kagome lattice
antiferromagnet FeGe (the B35 phase)" because this correlated elec-
tron material exhibits a charge density wave (CDW) order deep within
the AFM ordered phase that strongly couples with the magnetic order
(Fig. 1a-d)**, much different from the usual CDW order observed
above or at the magnetic ordering temperature in copper and nickel
oxides?® . FeGe has a CoSn type structure” in the P6/mmm space
group with two Ge positions (Fig. 1a, Gel in the Fe;Ge layer and Ge2
between the Fe;Ge layers)" . With decreasing temperature, the as-
grown FeGe exhibits collinear A-type AFM order, ie. ferromagnetic
order within each Fe;Ge layer that couples antiferromagnetically along
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the c-axis, below the Néel temperature Ty = 410 K (Fig. 1b, ¢) and then
develops incommensurate AFM structure along the c-axis below
T canting = 60 K, commonly understood as a double-cone AFM structure
(Fig. 1d)'>". It also displays a short-range CDW order below T¢py = 100
K suggested to be associated with an enhanced Fe moment (Fig. 1c)*
and the formation of Ge-Ge dimers at the Gel-site along the c-axis
(Fig. 1a)*. Surprisingly, annealing the as-grown sample in vacuum at
320 °C changes the short-range CDW into long-range CDW, while
annealing at 560 °C suppresses the CDW order” >, Annealing the
CDW-suppressed sample at 320 °C can re-induce the long-range CDW
order?”?; therefore, the annealing-induced long-range CDW to no
CDW transition is reversible much like the annealing-induced AFM
order to superconductivity transition in electron-doped copper
oxides”’. From transport, magnetic susceptibility, heat capacity, X-ray
diffraction, and scanning tunneling microscopy measurements, it was
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Fig. 1| Impacts of post-growth annealing on CDW, magnetism, and AHE.

a-d Magpnetic structure of FeGe in four phases. e Order parameter scans of CDW
Bragg peaks for two different annealing conditions. f Order parameter scans of
canted AFM Bragg peaks for a long-range CDW and no CDW annealed samples. The
curve is a guide to the eye. g Magnetic susceptibility of the same sample through
multiple annealing cycles. h Anomalous Hall resistivity as a function of temperature
for as-grown sample from", long-range and no-CDW samples. The inset shows the
anomalous Hall conductivity over the same temperature range. Anomalous Hall

resistivity and conductivity are related by o7, = ﬁ i 0 Vs. 0y for annealed

and as-grown FeGe single crystals alongside other materials®>**"°, j and k are

schematic representations of defect regions in long-range CDW samples and
samples with no-CDW, respectively. The red regions in (j) represent extended
defects, while those in (k) represent uniformly distributed Ge vacancies. The blue
regions in both (j, k) represent areas of the sample with stoichiometric FeGe. (I and
m) show the refined structure for long-range ordered FeGe above and below T¢cpy
respectively. n Refined structure of FeGe with no long-ranged order with Ge
vacancy preventing dimerization. All vertical error bars indicate statistical errors of
one standard deviation.
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argued that large occupational disorders or defects at Gel-sites may
prevent the formation of a long-range CDW order, although a micro-
scopic understanding of the annealing process and its impact on
magneto-transport, CDW, and magnetic properties is still lacking” .

Here we perform transport, neutron scattering, scanning trans-
mission electron microscopy (STEM), and muon spin rotation (uSR)
experiments to study the annealing effect on as-grown FeGe. We find
that annealing FeGe at 560 °C leads to Ge loss that creates point
defects (vacancies) on Gel-sites throughout the sample, preventing

the formation of Gel-Gel dimers and CDW order (Fig. 1a, k, n)*. Such a
process also dramatically reduces the ordering temperature of the
incommensurate AFM structure to T¢gnring = 25 K from 60 K in as-grown
sample (Fig. 1f)"*. For 320 °C annealed FeGe with long-range CDW
order”*, the vacancies precipitate and form dislocations and stacking
faults (Figs. 1j, 3¢, 1, 4a, e), thus allowing the majority of the sample to
be stoichiometric and the formation of Gel-Gel dimers and long-range
CDW order (Figs. 1I-n, 3, 4). The long-range CDW order in FeGe
enhances the spin-lattice coupling at the CDW ordering temperature.
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Fig. 2 | Neutron scattering analysis of as-grown and annealed single crystals.
a-c 2D reciprocal space maps from neutron scattering with three samples under
different annealing conditions: long-range CDW, short-range CDW and no-CDW
respectively. d Q-scan of CDW lineshape change between as-grown and long-range
CDW samples demonstrating the long-range CDW sample is resolution limited. As-
grown sample is from'. e Comparison of CDW peaks under different annealing
conditions via neutron scattering. The CDW Bragg peaks are normalized to the
(1,0,0) nuclear Bragg peak in each sample. f Order parameter scans of two annealed
samples using unpolarized neutrons normalized to the (1,0,0) nuclear Bragg peak
in each sample. g Schematic for polarized neutron scattering geometry within the
[H,0,L] scattering plane. h Polarized neutron Q-scan of an AFM Bragg peak with all

polarization channels. i. Order parameter scans of an as-grown sample and long-
range CDW sample using polarized neutrons. j Polarized Q-scans at base tem-
perature of the incommensurate magnetic peaks along [0,0,L]. k and I show Q-
scans of the incommensurate AFM Bragg peaks above and below Ty ing for long-
range CDW sample and no-CDW sample respectively. m Comparison of the com-
mensurate AFM peak intensity at base temperature and just above the canted AFM
transition. n shows the refinement considering double-cone AFM structure for
long-range CDW and as-grown samples. 0 compares incommensurate AFM peaks
along the [0,0,L] direction for long-range, short-range, and no-CDW samples. All
vertical error bars indicate statistical errors of one standard deviation.

The magnetic ordered moment associated with incommensurate AFM
peaks below T 4using increases (Fig. 2m-o), and cannot be accounted
for by the double-cone magnetic structure”. Furthermore, we
observe a massive enhancement of the anomalous Hall effect (AHE)
compared with as-grown FeGe', but at a temperature below Teaning
(Fig. 1h), which suggests the enhancement results from topological
Hall effect (THE) originating from the non-collinear spin texture®.
These results unveil the microscopic origin of the annealing process
and establish FeGe as the only known kagome lattice material with
tunable CDW and magnetic order that can dramatically affect the
magneto-transport (AHE/THE) properties, thus potentially useful for
in-situ sensing and information transmission.

Experimental results
Transport and magnetic susceptibility measurements
We characterize the macroscopic effects of post-growth annealing in
FeGe via neutron scattering, transport, and magnetic susceptibility
measurements. Four annealing conditions are studied in this work, and
are labeled as follows: long-range CDW refers to samples annealed at
320 °C for 96 hours; short-range CDW refers to samples annealed at
320 °C for 8 hours; no-CDW refers to samples annealed at 560 °C for
96 hours, and as-grown samples receive no post-growth annealing.
Consistent with previous X-ray diffraction work”?’, we find that T¢epy
is enhanced in long-range CDW samples. Figure le compares the order
parameter scans on the strong CDW Bragg peak Q = (3.5, 0, 1.5) for
long-range and short-range CDW samples, revealing a roughly 15 K
increase in T¢pyy for the long-range CDW ordered sample. A dramatic
suppression of the incommensurate AFM order occurs for the no-CDW
sample, suggesting a strong interplay between incommensurate
magnetic and CDW orders. The order parameter scans at the incom-
mensurate AFM wavevector Q = (0, 0, 0.54) show an onset of AFM
order in long-range CDW samples at Tcqneing = 65 K while the onset of
AFM order occurs at Teanring = 27 K in the no-CDW samples (Fig. 1f). We
note that the due to the sensitive nature of the annealing process, the
precise incommensurate magnetic order onset is sample dependent
with a range under 10 K. For instance, the cusp in the magnetic sus-
ceptibility for samples with no CDW in Fig. 1g occurs at 35 K compared
to the 27 K transition seen in Fig. 1f since two different samples were
used for each measurement. From magnetic susceptibility and neutron
diffraction measurements carried out on the same sample, we find that
the cusp in magnetic susceptibility corresponds to the incommensu-
rate magnetic order parameter (Supplementary Fig. 3). Lastly, the
A-type AFM order is not much affected by the presence or absence of
CDW order (Fig. 2f).

In previous work on as-grown FeGe, an AHE was observed at
temperatures approximately below T¢pyy in the spin-flop phase of the

A-type order for a c-axis aligned magnetic field", thus suggesting that
the AHE in FeGe may be associated with the CDW order similar to that
of the AV3Sbs superconductors with CDW order® 3, Our magneto-
transport measurements in the spin-flop phase of long-range CDW-
ordered FeGe reveal that the onset of AHE occurs around Tcgpying and
well below Tcpy (Fig. 1h). Furthermore, the long-range CDW order
enhances the AHE by order of magnitude at base temperature (7=2K)
compared to the as-grown FeGe case (Fig. 1h), reaching a value com-
parable to that of AV;Sbs***. While AHE in AV3Sbs falls within the
extrinsic, skew scattering regime at low temperatures®*>**, AHE in FeGe
sits in the middle of the intrinsic regime (Fig. 1i). Given that the AHE
occurs around Teqneing, it must arise from conduction electrons scat-
tering off non-collinear spin texture and/or spin fluctuations in the
geometrically-frustrated antiferromagnets, as seen in the kagome lat-
tice antiferromagnet YMn¢Sn¢**” and Gd,PdSis (breathing kagome)*®,
and be associated with THE*. Conversely, no-CDW FeGe shows no
evidence of AHE (Fig. 1h), consistent with the weak incommensurate
AFM order (Fig. 1f).

To unveil the microscopic origin for the reversibility of long-
range and no-CDW ordered phases through the annealing process,
we carried out a series of annealing at 560 °C and 320 °C, similar to”.
Between each annealing sequence, the magnetic susceptibility was
recorded for the same single crystal (Fig. 1g). Long-range CDW order
is still recoverable after at least five annealing cycles. Detailed mass
measurements were taken before and after each annealing process
(Table 1). We find no mass loss in the samples after annealing at 320
°C for 96 hours within the tolerance of our scale, whereas annealing
at 560 °C for 96 hours results in a loss of mass between 0.14% and
0.55%. Between cycles, the samples were sonicated to remove any
surface contamination; this can cause some mass loss due to brittle
samples breaking into tiny pieces. Only larger single crystals were
used in each cycle, which accounts for the different starting mass
between each cycle. The observed mass loss is attributed to the
removal of a tiny amount of germanium by creating Ge vacancies in
FeGe since germanium has a higher vapor pressure than Fe. The
amount of weight loss is approximately proportional to the anneal-
ing time (see supplementary information for details). The Ge
vacancies coalesce to form extended defects in samples annealed at
320 °C, while the vacancies are uniformly distributed in samples
annealed at 560 °C, indicated by red regions in Fig. 1j-k. We have
performed the crystal structure refinements for each annealing
condition using single-crystal neutron diffraction data. Consistent
with earlier X-ray diffraction work®**’, we find no evidence of the
cubic B20 phase of FeGe as an impurity phase. However, Ge ions at
the Gel-site form Gel-Gel dimers below the CDW transition tem-
perature as illustrated in Fig. 1I,m.

Table 1| Mass loss through cycling

Cycle number (1) 320 °C (2) 560 °C (3)320°C (4) 560 °C (5) 320 °C
Mass (mg) 250.38(1) - 250.36(1) 250.08(1) - 249.72(1) 248.02(1) > 248.01(1) 246.30(1) > 244.95(1) 242.76(1) > 242.76(1)
Percentage loss (%) -0.008% -0.144% -0.004% -0.548% -0.0%
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Unpolarized and polarized neutron scattering experiments

2D reciprocal space maps from neutron scattering experiments at 6 K
are presented in Fig. 2a-c for long-range, short-range, and no-CDW
samples respectively. AFM Bragg peaks are indexed at Q = (H, O, L +
0.5). CDW peaks appear at Q= (H+0.5,0, L), (H+0.5,0, L +0.5), (O,
K+0.5,L),and (0, K+ 0.5, L +0.5), where H, K, L =0, + 1, + 2, ... "%,
Incommensurate peaks arising from the canted AFM structure appear
atQ=(H, 0, L+ 0.5+ 5 where 6 = 0.0447,

CDW peaks at H = 0.5 vanish for the no-CDW sample (Fig. 2c) and
the incommensurate peak intensity from the canted AFM structure is
greatly diminished compared to the long-range and short-range CDW
samples (Fig. 20). Integrated intensity Q-cuts of the strong CDW Bragg
peak Q = (3.5, 0, 1.5) become resolution limited in long-range CDW
samples with a Gaussian line shape, whereas as-grown samples possess
a Lorentzian line shape with an associated correlation length of -33.2 A
in the plane and -48.7 A along the c-axis from" (Fig. 2d). The lower
bounds on the correlation lengths of long-range CDW samples are
78.2 + 0.7 A in the plane and 162 + 0.9 A along the c-axis, respectively.
The intensities of the long-range CDW and as-grown samples are
normalized to one another in Fig. 2d to demonstrate the contrast in
line shape.

To compare the intensity of CDW peaks between long-range,
short-range, and no-CDW samples, Q-cuts of CDW peaks are normal-
ized with respect to the nuclear Bragg peak (1,0,0) (Fig. 2e). The short-
range CDW signal shows more than a 50% reduction in intensity
compared to the long-range CDW signal and the no-CDW sample
shows no signal above the background. Order parameter scans of the
A-type AFM order using unpolarized neutrons for long-range CDW and
no-CDW samples show the magnetic Bragg peaks retain identical
intensity above T¢py, with only the long-range CDW sample seeing a
jump below Tgpy (Fig. 2f). In the initial report of CDW in as-grown
FeGe, an enhancement of the magnetic moment size was reported
below T¢py via unpolarized neutrons™. Since unpolarized neutrons are
unable to separate magnetic contributions from nuclear structure
contributions due to the CDW order at the same wave vector**, we
performed neutron polarization analysis to separate the magnetic and
structural contributions of the scattering similar to our prior work on
iron pnictides®*°. Figure 2g shows the scattering geometry within the
[H, 0, L] scattering plane for a polarized neutron configuration. The
incident neutrons are polarized along the Q(x), perpendicular to Q but
in the scattering plane (y), and perpendicular to the scattering plane
(2). In this setup, the neutron spin-flip (SF, o', 0", 03") and non-spin-
flip (NSF, o}*, o)/, 0}'5F) scattering cross sections are related to the
magnetic scattering along the y (M) and z (M) directions and nuclear
scattering N via

oy —b R R 1

o) — b, LR 1|,

of —by |_, [R L 1|7 "
ofSF—b, | *'f1 1 R NZ ’

olSF — b, R 1R

oS _ b, 1 R R

where R is the quality of the neutron beam polarization (flipping ratio,
R=0} ¢/ O8agg ~ 13), and by and b, are background (and nuclear-
spin incoherent and other nonmagnetic background scattering) for SF
and NSF channels, respectively’. If the Fe-ordered moments have in-
plane components along and perpendicular to the [H, O, 0] direction
defined as M,, and Mp, we have M, o sinz(G)Mb | +cos?(O)M, and
M, =My, where 6 is the angle between Q and the (H, 0, 0) direction with
b, and b, referring to directions perpendicular and parallel to real
space b-axis respectively***°.

Full polarization analysis of the magnetic Bragg peak Q= (2, 0, 0.5)
is shown in Fig. 2h. The direction of the moment in a sample must have

some perpendicular component to the neutron momentum transfer
direction Q in order to observe SF scattering, i.e. purely magnetic
signal. For Q= (2, 0, 0.5), neutrons polarized along the y direction point
almost directly along the c-axis. The ajF signal is the same magnitude
as the NSF signal, effectively registering as background. The identical
magnitude of the o3 and ¢5f means the moment direction is per-
pendicular to both x and z, confirming the sample as an A-type
antiferromagnet.

Figure 2 i shows order parameter scans of the AFM peak (2,0,0.5)
for as-grown and long-range CDW samples in the SF channel. Both
samples demonstrate a similar jump in intensity below T¢py that can
be attributed strictly to an increasing magnetic moment, not addi-
tional structural scattering from the CDW order since the SF channel
only observes magnetic contributions. Figure 2f compares the AFM
order parameter of a long-range CDW and no-CDW sample normalized
to the (1,0,0) nuclear Bragg peak using unpolarized neutrons. Polar-
ization analysis of the incommensurate peaks around [0,0,0.5 * 6]
reveals identical spin-flip scattering intensity in the y and z channels for
the long-range CDW sample (Fig. 2j), suggesting no preferential
orientation of the moment within the plane, i.e. the in-plane spin
component takes on a screw-like character (Fig. 1d). Below Tcpw,
incommensurate magnetic peaks at Q = (H, 0, L + 0.5 = 6) observed
below Teaneing depend greatly on the post-growth annealing condi-
tions (Fig. 20).

Figure 2 k-1 shows Q-cuts of the incommensurate Bragg peaks
above and below Tcaping for long-range and no-CDW samples respec-
tively. The order parameter is extracted from these plots in Fig. 1f.
Although the double-cone AFM structure can reasonably well describe
the incommensurate peaks with a canting angle a = 28° for the long-
range CDW sample and a = 16° for the as-grown sample (Figs. 1d, 2n),
we did not observe the expected large intensity reduction at the
commensurate AFM Q = (H, 0, L + 0.5) expected for such a model
(Fig. 2m)'>"*"_From Equation 2 (see “Methods”), we expect a reduction
of the commensurate AFM Bragg peak intensities of roughly 22% for a
canting angle of 28°. However, we observe a 10% reduction on average
and no peak experiences a 22% reduction within error bars (Supple-
mentary Fig. 1f). Additionally, we observe a large intensity gain in the
incommensurate peaks for the long-range CDW sample (Fig. 20) that
corresponds to an increased in-plane magnetic moment. We therefore
conclude that incommensurate AFM peaks cannot arise from the local
moment double-cone AFM structure”. Instead, the incommensurate
AFM peaks arise from an in-plane screw order with in-plane moment
size of 0.88up (Fig. 1d, Supplementary Fig. 1c).

Scanning transmission electron microscopy (STEM)
measurements

To understand the microscopic origin of the annealing process, we use
STEM for local structural characterization for the short- and long-range
CDW samples (Fig. 3). Four FeGe samples were imaged at -~100 K in the
[110] zone axis: as-grown sample annealed at 320 °C and quenched (A4),
and then re-annealed at 560 °C and quenched (AB), as-grown sample
annealed at 560 °C and quenched (B), and then re-annealed at 320 °C
and quenched (BA). Figure 3a shows the heat-treatment history of the
four samples. Consistent with previous work”~?’ and Fig. 2, the 320 °C
heat treatments resulted in a long-range CDW in samples A and BA,
evidenced by the sharp satellite peaks from the CDW in selected area
electron diffraction (SAED) patterns in Fig. 3d, m. Correspondingly,
samples B and AB that experienced 560 °C as the last annealing step,
did not have satellite peaks in their SAED patterns (Fig. 3g, j), indicating
an absence of CDW.

These four FeGe samples were imaged using bright-field TEM (BF-
TEM) to reveal a positive correlation between long-range CDW in
samples and the presence of extended defects. The BF-TEM images of
AB and B samples (no-CDW, Fig. 3f, i) do not show diffraction contrast
from any extended defects. On the other hand, samples with long-
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Fig. 3 | STEM imaging of a single crystal through multiple annealing cycles.

a Heat-treatment plot of the four FeGe samples used in the (S)TEM characteriza-
tions. b Schematic and simulated HAADF-STEM image of FeGe in the [110] zone
axis. All experimental (S)TEM images in this figure are in the [110] zone axis. BF-
TEM, SAED and averaged HAADF-STEM image for different annealing conditions:
(c, d, e) 320 °C (sample A), (f, g, h) 320° C > 560" C (sample AB), (i, j, k) 560" C
(sample B), and (I, m, n) 560° C > 320" C (sample BA). o. Intensity line profile from
(b, k, n) showing variation in Ge|Fe and Fe columns. Only the sample annealed at
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Annealing condition

320" C (long-range (LR) CDW) shows the expected intensity profile. p Ratio of
intensities for Ge|Fe and Fe columns. Samples where the final anneal was 320" C,
show the expected intensity ratio. q Measured ellipticities of Fe and Ge|Fe columns
from full HAADF-STEM images. The plot shows the standard error in our mea-
surements. For samples with LR CDW (samples A, BA), the Ge|Fe column is more
elliptical suggesting displacement of the Ge atoms in the Gel sites. Scale bars for
(c, f, i, I) =1 um. Scale bars for (b, e, h, k, n) =2 A.

range CDW, A and BA (Fig. 3¢, 1), exhibit diffraction contrast features in
the BF-TEM images that are consistent with dislocations and stacking
faults found in hexagonal crystals*. We note that these extended
defects do not change when imaged at 300 K and 100 K (Supple-
mentary Fig. 8).

Hexagonal systems can host various types of dislocations, some of
which are imperfect and create stacking faults*. These systems can
exhibit five types of stacking faults - basal, two pyramidal, and two
prismatic types*’. Figure 4e shows a Fourier-filtered atomic-resolution
STEM image of an imperfect dislocation with a Burgers vector

perpendicular to the basal plane and with a magnitude of ¢/2. This
dislocation creates a prismatic stacking fault, observable as a change in
stacking across the dislocation in the atomic-resolution image. Addi-
tionally, pyramidal stacking faults are observed, where the defect is
inclined with respect to the incoming electron beam, resulting in
bright and dark fringes in the BF-TEM images.

To further investigate the structural differences from the different
annealing conditions, we image the four FeGe samples along the [110]
zone axis at atomic-resolution using high-angle annular dark-field
(HAADF) STEM at ~100 K (Supplementary Fig. 9). From these images,
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Fig. 4 | Real-space distribution of the CDW. a Virtual BF-STEM image recon-
structed from 4D-STEM scan of sample shown in Fig. 31. b Diffraction patterns from
two probe positions. The CDW peaks are stronger in the defective region, as can be
seen in the line profiles. ¢ Real-space map generated by selecting Bragg peaks in
diffraction pattern. d Real-space CDW map. e Fourier-filtered HAADF-STEM image
showing a Burger’s circuit around the dislocation in the sample boxed in (a). The
dislocation core is also drawn. Scale bars for (a, ¢, d) = 1 um, and for (e) =1 nm.

we constructed a mean 2 x 2 unit cell projection by averaging inten-
sities of each atomic column in the images (Fig. 3e, h, k, n). Figure 3b
(left half) shows the arrangement of Ge (dark blue), Fe (red) and Ge|Fe
(light blue) atomic columns in FeGe in the same [110] projection. In
HAADF-STEM, a Z-contrast imaging method, the intensity of atomic
columns scales with their atomic number Z (intensity, / « Z%,
a = 1.6 — 2)***, Hence, atomic columns with heavier atoms appear
brighter. Given that the atomic numbers of Fe and Ge are 26 and 32
respectively, Fe columns will have lower intensity than the Ge|Fe col-
umns in HAADF-STEM images. This intensity difference is evident in
the simulated HAADF-STEM image (Fig. 3b, right half) and the intensity
line profile (Fig. 30, black curve). By measuring the intensities of Fe and
Ge|Fe atomic columns from the constructed mean unit cells
(Fig. 30, p), we observe that in samples with long-range CDW, these
intensities match those of the simulated image. In samples without
CDW, the relative intensity of Ge|Fe column is lower, indicating a lower
net Z for this atomic column compared to samples with long-range
CDW. This suggests the presence of Ge vacancies (owing to the higher
vapor pressure of Ge) or substitution of Fe in Ge sites in the Ge|Fe
columns, reducing the net Z and thereby reducing the column inten-
sity in samples without CDW. To test the presence of Ge vacancies in
samples annealed at 560 °C, we perform an in-situ STEM experiment,
collecting energy-dispersive x-ray spectra after different annealing
conditions (Supplementary Fig. 10). We find that after annealing at 520
°C, the intensity of Ge-La peak decreases, showing Ge loss in the
sample.

We hypothesize that the absence of CDW in samples with the final
annealing temperature of 560 °C is related to the presence of point
defects (either Ge vacancies or Fe substitutions) in Ge|Fe columns.
Since the Ge atoms in the Ge|Fe columns are displaced along the c axis
to form Ge dimers in the CDW state®, these point defects likely pre-
vent the Ge displacement, thereby preventing FeGe from entering a

CDW state. Our careful mass measurements on samples with different
annealing histories reveal a net mass decrease of ~ 0.5% after each
560 °C annealing cycle, suggesting the formation of Ge vacancies.
When annealed at 320 °C, the vacancies precipitate and form dis-
locations and stacking faults. In this case, there are no point defects in
the Ge|Fe columns, which allows the Ge atoms to displace and enable
the samples to enter the CDW state.

To gain a microstructural understanding of the coupling between
the long-range CDW and extended defects, we performed four-
dimensional (4D) STEM at -~100 K. In 4D-STEM, a focused electron
probe scans the sample, collecting diffraction patterns at each spatial
coordinate in the scan. Figure 4a shows a reconstructed real-space
image of the BA FeGe sample. Diffraction patterns from two locations
(Fig. 4b) - one away from extended defects (spot 1) and one near a
stacking fault (spot 2) - reveal higher-intensity satellite peaks near the
the stacking fault, which is also evident in the line profile (red arrow).

Since the satellite peak intensity reflects the CDW strength, a
higher peak intensity near defects indicates that these defects stabilize
the CDW compared to defect-free regions of the crystal. To confirm
this, we created virtual apertures (see “Methods”) to construct real-
space Bragg and CDW maps. While the Bragg map (Fig. 4c) shows a
real-space intensity distribution consistent with BF-TEM where the
defects appear darker due to more scattering®, the real-space CDW
map shows the opposite intensity distribution as the CDW is stronger
near the extended defects (Fig. 4d). Given that the sample temperature
was -100 K, close to the CDW transition temperature for FeGe, the
higher intensity at the defects suggests that these defects act as the
nucleation sites for the CDW, similar to recent observations in CDW
transition of 17-TaS,".

To confirm that stronger CDW at the extended defects is not due
to local compositional variations, we performed STEM energy dis-
persive x-ray spectroscopy (STEM-EDX) on the BA sample and found
no local compositional variations (Supplementary Fig. 11).

We further analyzed our atomic-resolution HAADF-STEM images
to investigate displacement of Gel atoms in the Fe;Ge Kagome layer in
the CDW state. Since the Gel atoms either shift up or down along the
c-axis while the Fe atoms remain undisplaced, the Ge|Fe columns
should appear elliptical in the [110] zone axis, due to the projection
nature of HAADF-STEM images. We fit two-dimensional Gaussians to all
the atomic columns in the atomic-resolution images of all four samples
at 100 K and extracted the ellipticity (see “Methods”) of the Ge|Fe and
Fe columns. In samples with long-range CDW (i.e., A and BA), the Ge|Fe
columns were more elliptical than the Fe columns, whereas no sig-
nificant differences were observed between the two columns in the no-
CDW samples (B and AB) (Fig. 3q). Thus, our HAADF-STEM measure-
ments suggest Ge displacement in the Fe;Ge Kagome layer.

Muon Spin Rotation (uSR) measurements

To gain further insight into the magnetic properties of FeGe, we
employed the uSR technique, which serves as an extremely sensitive
local probe for detecting microscopic details of the static AFM order,
ordered magnetic volume fraction, and magnetic fluctuations (Fig. 5a).
Figure 5d-f show the zero-field uSR time-spectra at different tem-
peratures for as-grown, no-CDW, and long-range CDW samples,
respectively. At 410 K (T > Ty), the entire samples are in the para-
magnetic state as evidenced by the weak uSR depolarization and its
Gaussian functional form arising from the interaction between the
muon spin and randomly oriented nuclear magnetic moments*’. At 5K,
a spontaneous muon spin precession with a well-defined single fre-
quency is observed (Fig. 4d-f). The behavior at intermediate tem-
peratures in these three samples is quite different.

Using the data analysis procedure described in the “methods”
sections, we obtained quantitative information about the magnetic
volume fraction and the magnitude of the static internal field at the
muon site for each of these FeGe samples. Figure 5b shows the
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Fig. 5 | #SR analysis of samples under different annealing conditions.
a Schematic of the uSR experimental setup. Temperature dependence of the
magnetic fractions (b). and internal magnetic fields (c). for three annealing

conditions of FeGe. d-f Zero-field (ZF) uSR time spectra for three annealing con-
ditions of FeGe from detectors 3 and 4 at various temperatures. The vertical error
bars in (d-f) are statistical errors of one standard deviation.

temperature dependence of the magnetically ordered fraction F in a
wide temperature range. The magnetic volume fraction increases on
cooling for all three samples. Around the CDW ordering temperature,
no-CDW FeGe has the highest magnetic volume fraction, nearly 100%,
consistent with STEM data in Fig. 3f, i, which shows no extended
structural defects in the sample. For comparison, magnetic volume
fractions for long-range CDW and as-grown samples are lower, which
we attribute to the formation of extended defects as shown in Fig. 3c, I.
The temperature dependence of the internal fields (uyH,,; :w/(y,;l))
for these three samples is shown in Fig. 5c. In the as-grown and no-
CDW samples, an internal field emerges just below 400 K, with a fur-
ther increase observed around 150 K and the incommensurate AFM
ordering temperature (30-50 K). This suggests that the total magnetic
moment of the system increases below Tcanring. Conversely, in the
sample with long-range CDW, the internal field remains zero from
below 400 K down to 100 K, after which it becomes detectable. This
indicates that, in the long-range CDW sample, the magnetic order is
relatively disordered between 400 K and 100 K on the uSR measure-
ment time scale, and well-defined oscillations only appear below Tcpy.

Discussion

Our comprehensive measurements provide a tantalizing microscopic
scenario for the annealing process and demonstrate its impact on the
macroscopic properties of kagome lattice antiferromagnet FeGe.
Using neutron polarization analysis, we have conclusively shown that
CDW order below -100 K is coupled with an increased magnetic
moment of iron in FeGe'. Furthermore, we find that although the
double-cone canted AFM structure can describe the incommensurate
magnetic peaks in as-grown samples'>”, it cannot account for the
dramatic enhancement of the incommensurate magnetic scattering in
the long-range CDW sample, suggesting the formation of a screw
magnetic structure or spin density wave along the c-axis below Tcaping
weakly coupled with the A-type AFM order (Fig. 1d)". Instead of being
associated with the CDW ordering temperature', the AHE in the spin-
flop phase of the long-range CDW sample is dramatically enhanced
compared with the as-grown sample and appears below Tcgpeing
(Fig. 1h). Therefore, AHE in FeGe is likely to stem from itinerant elec-
tron interactions with incommensurate AFM order and field-induced
non-collinear spin structure in the spin-flop phase* . In other words,
the non-collinear spin texture below Ti4uing in long-range CDW

ordered samples gives rise to a THE that greatly enhances the AHE.
Further, the AHE in FeGe possesses a dominant intrinsic mechanism,
sitting firmly in the scattering independent conductivity regime
(Fig. 1i). Dominant extrinsic and intrinsic mechanisms underpinning
AHE are identified through regimes of high conductivity (skew scat-
tering), low conductivity i.e. bad metal (localized hopping), and an
intermediate conductivity regime corresponding to an intrinsic
mechanism®>**,

From previous experimental and theoretical work, it was argued
that the tunability of the CDW order in FeGe is closely intertwined with
the disorder on the Gel-site?’ 23], From systematic mass measure-
ments in different annealing processes (Table 1), we know that FeGe
single crystals lose mass upon annealing at 560 °C, but not so when
annealed at 320 °C. Attributing all mass loss to Ge results in aloss of 1in
every 400 Ge atoms in the system for each annealing cycle, which is
beyond the detection limits of EDX (Supplementary Fig. 11). The
resulting Ge vacancies are distributed uniformly throughout the sys-
tem for samples annealed at 560 °C as indicated by the smooth BF-TEM
images in Fig. 3f, i. Conversely, Ge vacancies coalesce in samples
annealed at 320 °C, forming dislocations and stacking faults, leaving
the rest of FeGe sample to have lower point defect concentration
(Fig. 3c, 1). We note that the CDW order near defective regions is
enhanced (Fig. 4a, b), thus suggesting that defects stabilize the long-
range CDW order. From the intensity line profiles of the Fe;Ge layer for
long-range and no-CDW samples (Fig. 30), we conclude that Ge is lost
primarily from the Gel-sites. The uniform shortage of Gel atoms in no-
CDW samples can be interpreted as a reduced occupancy at each Gel
site. Therefore, for samples annealed at 560 °C, the uniform distribu-
tion of Ge vacancies at Gel-sites interrupts large-scale Ge-Ge dimer-
ization, thereby preventing the formation of long-range CDW order.
The coalescing of Ge vacancies to form stacking faults in samples
annealed at 320 °C yields regions in the sample with full occupancy at
the Gel site (Fig. 1j) enabling the formation of Ge-Ge dimers and long-
range CDW order consequently (Fig. 4a-d).

The mechanism described above is similar to the microscopic
annealing process of electron-doped copper oxides®. There, Cu
vacancies in as-grown samples can be “repaired" by removing oxygen
in CuO, layers through the annealing process, resulting in one distinct
region with fully occupied CuO, layers and another region with a
C-type sesquioxide structured impurity phase without Cu. By
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reoxygenating superconducting electron-doped sample, both the
superconductivity and impurity phase disappear®.

Unlike the CDW in the AV;Sbs family of materials which is believed
to arise from phonon softening or Fermi surface nesting®>**, the CDW
in FeGe does not arise from Fermi surface nesting®®**** with recent
ARPES work showing negligible difference in the nesting of long-range
CDW samples and samples with no CDW®. Instead, our results are in
line with the proposal of dimerization emerging as an energy saving
counter to enhanced spin-polarization, resulting in a new local mini-
mum and leading to a stable 2 x 2 x2 CDW in the system*®.

The enhancement of the AHE in long-range CDW samples in Fig. 1h
can also be understood through a similar microscopic picture. For-
mation of the defect regions provides more efficient pathways for
electrons, resulting in the lower residual resistivity ratio (RRR) for
samples with long-range CDW order?. This produces an exceptionally
large anomalous Hall conductivity that is of similar magnitude to the
giant AHE observed in KV5Sbs*>*. Since the onset of AHE in long-range
CDW samples appears at temperatures far below Tcpy (Fig. 1h), it
cannot arise from the chiral flux phase as originally speculated™**.

In a recent work, it was found that long-range CDW order along
the c-axis is suppressed below the incommensurate AFM ordering
temperature while the in-plane CDW order persists®. Although there is
no evidence of intensity reduction at (0, 0, 0.5) across Tcaneing in OUr
long-range CDW sample (Fig. 2k), we note that neutron scattering is
not sensitive to electron cloud and only sensitive to nuclei-induced
lattice distortions. It is possible that a small charge-redistribution
below Tcqneing does not dramatically affect the nuclei positions. An
X-ray diffuse scattering experiment suggests that the CDW order in
FeGe is the order-disorder type originating from the frustration
introduced by the dimerization of the original G1-site on the kagome
plane”, consistent with our notion that the dimerization in Gel
vacancy-free regions is critical for the CDW transition. In kagome lat-
tice FeGe, the annealing tunable CDW order and the resulting dramatic
changes in electronic, magnetic, and transport properties make it a
unique quantum material potentially useful for in-situ annealed con-
trolled sensing and information transmission.

Methods

FeGe synthesis and annealing

Single crystals of FeGe were synthesized via vapor chemical transport
as described in previous work™. In addition to the as-grown samples,
three other categories of single crystals were subject to different post-
growth annealing procedures which include samples with long-range
CDW order, short-range CDW order, and no-CDW order. Long-range
CDW samples were annealed in a vacuum at 320 °C for 96 hours and
then quenched immediately with water, as described in”. Short-range
CDW samples were prepared under the same conditions, but with an
annealing temperature of 320 °C for 8 hours. Lastly, samples with no-
CDW order were annealed at 560 °C for 96 hours.

A collection of single crystals was cycled six times between 560 °C
for 96 hours and 320 °C for 96 hours to show the loss and recovery of
long-range CDW order. The mass of the samples was recorded on a
Sartorius MSE-125P-100-DA electronic scale between each annealing
with a tolerance of 0.01 mg.

Neutron scattering

Unpolarized neutron scattering measurements on FeGe were carried
out on the CORELLI, BL-9, spectrometer*® of the Spallation Neutron
Source and the HB-3A DEMAND* and HB-1A spectrometers at the High
Flux Isotope Reactor (HFIR) at Oak Ridge National Lab (ORNL), USA.
Neutron polarization analysis®**° was performed on the HB-1 polarized
triple-axis spectrometer at HFIR. To directly compare the impact of
post-growth annealing, all neutron scattering data on the long-range
CDW sample was collected using the same 30 mg single crystal used
in'*. Specifically, all neutron data in Fig. 2 labeled “long-range CDW”

and “as-grown” was first collected on the as-grown sample, then
annealed at 320 °C for 96 hours and measured again. The short-range
CDW and no-CDW samples are distinct and roughly 15 mg each, but
from the same batch as the 30 mg sample. The momentum transfer Q
in 3D reciprocal space in A&ring;* was defined as Q = Ha + Kb  + Lc’
where H, K, and L are Miller indices and a' = 2n(bxc)/[a - (bxc)],
b" = 2n(cxa)/[b - (cxa)], ¢ = 2n(axb)/[c - (a x b)] with a=ax,
b=a(cos120x + sin120y),andc=cz (a=b=4.99 A, c~4.05A atroom
temperature).

Electrical transport and magnetic susceptibility

Electrical resistivity and Hall effect were simultaneously studied using
a Quantum Design physical property measurement system (PPMS)
with five-point contacts. A magnetic field up to 14 T was applied par-
allel to the c-axis, while the current was applied in the ab plane. Mag-
netic susceptibility measurements were conducted using the VSM
option on the PPMS.

Structural and magnetic refinement

To determine the structural evolution of FeGe across the CDW tran-
sition, we performed crystal structure refinement using the Fullprof
Suite software. 3D reciprocal space maps of FeGe were collected at
CORELLI above and below T¢py for all three annealing conditions.
Integrated intensities of the structural Bragg peaks were extracted for
use in the refinement process. Additionally, a separate set of integrated
intensities was collected on the four-circle diffractometer HB-3A for
the long-range and short-range CDW samples. We utilized the dimer-
ization framework described theoretically and experimentally in ear-
lier work to construct a 2x2 x2 unit cell to refine the positions of
corner Gel atoms.

The canted AFM phase contains two propagation vectors,
(0,0,0.46) and (0,0,0.5). The magnetic intensities of the double cone
AFM structure at low temperatures can be represented by the fol-
lowing equation®:

FA(@) = A(f (@) |Gy, 12 [ — €)8(q — Ty, Jc0s?at

2
+ %(1 + ef)5(q +Q — Ty)+6(q-Q— THKL)sinza @

where A is a constant scaling factor, fr. is the magnetic form factor of
iron, Gy is the geometric structure factor for the Fe kagome lattice
where Gy, = 6 for even Hand Gy, = 2 for odd H when restricted to the
[H, O, L] scattering plane, e, is the z-axis projection of the unit
scattering vector g, Ty is the reciprocal lattice vector for the (H, K, L)
reflection, Q = (0, O, 0.04) is the modulation vector, and « is the
canting angle. The only unknown variable is the canting angle a which
we determine through refinement. Each annealing condition possesses
stark differences in the relative intensities of incommensurate Bragg
peaks (Fig. 20). Setting the canting angle to 16° and 28° for the as-
grown and long-range CDW samples respectively results in strong
agreement with the experimental data (Fig. 2(I-m)).

Neutron polarization analysis

The triple-axis spectrometer HB-1 at HFIR, ORNL was used to conduct
polarized neutron scattering experiments. A vertically focused Heusler
monochrometer was used to select neutrons with particular polariza-
tions. To detect the polarized neutrons, a flat Heusler analyzer was used.
As neutrons are not sensitive to magnetic scattering unless they are
perpendicular to Q%, defining the x direction as parallel to Q allows for
magnetic responses in the y — z plane to be measured. Scattered neutrons
may have parallel or antiparallel spins (NSF and SF respectively) with
respect to the incident neutrons. A neutron will see its spin flipped only if
the incident spin is perpendicular to the moment within the sample.
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Solving for 03", 03", and 03" using the equation in the main text, we find

oy = g5iMy+ 5 M. +B,
0y = My + 22 M, +B, 3)
+ LM, +B

SF_ R
07 = gaMy

R+1

R+1

where B is a combination of the sample environment background b,,
nuclear scattering N, and Q-independent incoherent scattering. We
can simplify this further by taking the difference of scattering cross
sections

> 4)

To determine the direction of the AFM order, recall
M, =sin*(6)M,, +cos*(6)M.,. At the AFM Bragg peak (2,0,0.5), 6 = 17°.
The equation for M, becomes M,, =< 0.09M,, + 0.91M., meaning M, is
incredibly sensitive to moments along the c-axis. By contrast, M, «
of —o5F and is highly sensitive to moments perpendicular to the
c-axis. As o5F ~ o5 from Fig. 2g, we conclude that there is virtually no
magnetic contribution to M. Additionally, o;" ~ o}*F meaning there is
no magnetic signal picked up by o;F , in effect maximizing M,. From
this we conclude that the moment direction of the AFM order is
exclusively along the c-axis.

Scanning transmission electron microscopy

Cross-section samples, along [110] zone axis, were prepared from
single crystals of FeGe using a Ga focused-ion beam (FIB) liftout pro-
cedure on a Thermo Fisher Scientific (TFS) Helios G4 X FIB. (S)TEM
data at 100 K were collected on a FEI/TFS Titan Themis 300 and a TFS
Spectra 300 X-CFEG at an accelerating voltage of 300 kV, with a Gatan
636 double-tilt cryogenic sample holder. Atomic-resolution STEM
images were acquired using a high-angle annular dark-field (HAADF)
detector with a convergence semi-angle of 30 mrad, and beam current
of 50-70 pA. To avoid mechanical and thermal instabilities in atomic-
resolution images at cryogenic temperatures, multiple images were
acquired with a frame rate of 0.26 s, and subsequently registered to get
a high signal-to-noise ratio image®. The mean unit cells presented in
Fig. 3e,h,k,n are obtained from the registered images by measuring the
shape and position of the atomic columns after fitting two-dimensional
(2D) Gaussians®. Intensities for each identified atomic column were
averaged to obtain a mean unit cell.

The form of the 2D Gaussian used for fitting is given by:

Gx ) =Ae [ (i) (scmmgrme L )

where A is the amplitude of the Gaussian, (x,, y,) is the center, g;, 0, are
the spread (standard deviations) of the Gaussian along two principal
axes, and 6 is the rotation angle determining the orientation of the
Gaussian.

After fitting each atomic column with a 2D Gaussian, the ellipti-
cities were extracted by e= ”',:—’ where 0gjor = 01, Ominor = 02 if 01> 02,
else Omajor = 02, Ominor = O1-

The simulated HAADF-STEM image of FeGe in [110] zone axis was
generated using abTEM’s multislice package®® using 300 keV electrons
and a 30 mrad convergence semi-angle. 25 frozen phonons were used
to simulate the effect of thermal vibrations. The 4D-STEM datasets
were acquired using an EMPAD-G2 detector with a beam current of -~
40 pA and convergence semi-angle of 0.2 mrad (probe size of -7 nm).
To obtain the CDW maps, each diffraction pattern in the dataset was
upsampled by a factor of 4. The Bragg peaks and CDW peaks were
identified, and their positions refined by fitting 2D Gaussians. For each
of the real-space map, two sets of virtual apertures were defined as

binary masks: one for the Bragg or CDW peaks, and the other for region
around the diffraction peaks for local background intensity. The real-
space Bragg and CDW maps were constructed by integrating the
intensity within the virtual aperture for the diffraction peaks. The mean
background is subtracted before the integration.

Muon spin rotation

In a uSR experiment nearly 100% spin-polarized muons u* are
implanted into the sample one at a time. The positively charged u*
thermalize at interstitial lattice sites, where they act as magnetic
microprobes. In a magnetic material, the muon spin precesses in the
local field B at the muon site with the Larmor frequency (muon gyro-
magnetic ratio J: =135.5 MHz T7).

The GPS (mM3 beamline) uSR instrument®, equipped with He gas-
flow cryostat and CCR at the Paul Scherrer Institute, Switzerland, was
used to study the single crystalline samples of FeGe. Single crystals
used in SR measurements are from a separate batch of samples than
the single crystal used in our neutron scattering experiments. Mea-
surements are conducted under zero-field conditions to obtain infor-
mation about the internal magnetic field and the fraction of ordered
magnetic volume. The ZF-uSR spectra for x < 0.3 were analyzed using
the following incommensurate model:

2
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This model consists of an anisotropic magnetic contribution
characterized by an oscillating “transverse” component and a slowly
relaxing “longitudinal” component. The longitudinal component arises
due to muons experiencing local field components which are parallel
to the initial muon spin polarization. In polycrystalline samples with
randomly oriented grains the orientational averaging results in a so-
called “one-third tail” with f; = 1/3. For single crystals, f; varies between
zero and unity as the orientation between field and polarization
changes from being perpendicular to parallel. J, is the zeroth order
Bessel function which is used to describe the field distribution created
by incommensurate magnetism. The depolarization rates Ar and A,
characterize the damping of the oscillating and non-oscillating part of
the uSR signal, respectively. Note that in the entire investigated tem-
perature range, in addition to the magnetically ordered contribution,
there is a paramagnetic signal component characterized by the width o
of the field distribution at the muon site created by the densely dis-
tributed nuclear moments. The temperature-dependent magnetic
ordering fraction O < F <1 governs the trade-off between magnetically-
ordered and paramagnetic behaviors.

Data availability
The data that support the plots in this paper and other findings of this
study are available from the corresponding authors on request.
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