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SPECIAL TOPIC — Recent progress on kagome metals and superconductors
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The complex symmetry breaking states in AV3Sbs family have attracted extreme research attention, but controversy
still exists, especially in the question of time reversal symmetry breaking of the charge density wave (CDW). Most recently,
a chiral CDW has been suggested in kagome magnet FeGe, but the related study is very rare. Here, we use a scanning
tunneling microscope to study the symmetry breaking behavior of both the short- and long-range CDWs in FeGe. Different
from previous studies, our study reveals an isotropic long-range CDW without obvious symmetry breaking, while local
rotational symmetry breaking appears in the short-range CDW, which may be related to the existence of strong structural
disorders. Moreover, the charge distribution of the short-range CDW is inert to the applied external magnetic fields and
the detailed spin arrangements of FeGe, inconsistent with the expectation of a chiral CDW associated with chiral flux. Our
results rule out the existence of spontaneous chiral and rotational symmetry breaking in the CDW state of FeGe, putting
strong constraints on the further understanding of CDW mechanism.
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1. Introduction

Electronic states in condensed matter systems generally
follow certain symmetries of the underlying crystal lattice,
however, spontaneous symmetry breaking occurs frequently
due to the existence of appreciable many-body interactions,
leading to rich emergent quantum states. For instance, fer-
romagnetism breaks time reversal symmetry,!'*! supercon-
ductivity breaks U(1) symmetry,>! charge density wave

H0-151 etc. However,

(CDW) breaks translational symmetry,
in real materials, the observed symmetry breaking states are
not necessarily spontaneous, and might be induced by un-
avoidable defects, disorders, or local strain. For example,
the existence of oxygen vacancies in metal oxides often in-
duces magnetism,!'%!7] Jocal strain can induce exotic CDW
or PDW states in transition metal dichalcogenides and iron-

(18197 These symmetry-breaking states

based superconductors.
are completely different in origin from the spontaneous ones,
thus distinguishing them is very important for revealing the
more essential physical mechanism.

Kagome superconductors AV3Sbs (A = Cs, K, Rb) have

TThese authors contributed equally to this work.
fCorresponding author. E-mail: yanyj87 @ustc.edu.cn

CSTR: 32038.14.CPB.adb389

recently attracted extreme research attention due to the coex-
istence of superconductivity, CDW, nematic order and PDW

[20-26] More specifically, the triple-Q

all in a single material.
2 x 2 x 2 CDW has been suggested to possess both the ro-
tational symmetry breaking (RSB) and time-reversal symme-
try breaking (TRSB).[?>2327-331 The RSB in the CDW has
been widely confirmed, which might be induced by a shift
of complex structural distortions between adjacent kagome

411 and so

layers, 3*4 anisotropic electron—phonon coupling
on. As for the TRSB in the CDW, it is theoretically suggested
to be related to the existence of a chiral flux phase or charge
bond order with orbital currents induced by the unique sub-
lattice structures of kagome lattice.[*>~*4! The chirality of or-
bital currents will reverse under the external/internal magnetic
fields with opposite directions, leading to a chirality reversal
of the associated CDW. 458! One manifestation of the CDW
chirality is the inequivalence of CDW intensities among three
propagating directions, by applying strain, polarized light,
magnetic field and so on, possibly due to the unusual electro-

striction or piezo-magnetic responses of the CDW and the cor-
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(49,50

responding lattice distortions | This allows one to define

the clockwise and counterclockwise chiralities based on the

2748511 and to observe it exper-

sequence of CDW intensity,!
imentally. However, the presence of TRSB in the CDW of
AV3Sbs system remains contentious, as different experimen-
tal techniques have yielded conflicting results.[27-31,32:43.47-58]

Recently, a novel CDW order has also been discovered
deep inside the antiferromagnetic (AFM) phase of kagome

(5967 which develops an A-type AFM order

magnet FeGe,
below 410 K with in-plane ferromagnetic coupling and inter-
layer AFM couplings and then undergoes a CDW phase tran-
sition at ~ 110 K.5°-01] The CDW was suggested to be chi-

159601 poten-

ral based on neutron scattering and STM studies,
tially related to the chiral flux phase as that in AV3Sbs family.
However, they mainly studied the short-range CDW in the as-
grown FeGe crystals, 7067 which have strong phase separa-
tion and a large amount of defects that may confuse the judge-
ment of an intrinsic chiral CDW in FeGe. Until recently, we
found that the sample quality of FeGe can be greatly improved
by post-annealing treatment, and a long-range CDW can be
obtained.[04-96.68] Here, we revisit the presence of the chiral
CDW in post-annealed FeGe crystals by STM. Different from
previous studies, our STM measurements reveal an isotropic
long-range CDW without obvious symmetry breaking in the
post-annealed FeGe. Meanwhile, we find that local RSB ap-
pears for the short-range CDW in the as-grown FeGe, which
may be related to the structural disorders. Furthermore, the
short-range CDW is inert to the applied external magnetic field
and the detailed spin arrangements in FeGe, inconsistent with
the expectation of a chiral CDW associated with chiral flux.
Our results rule out the existence of spontaneous chiral and ro-
tational symmetry breaking in the CDW state of FeGe, putting
strong constraints on the further understanding of CDW mech-
anism in FeGe.

2. Methods

In our study, two FeGe crystals were studied, one is the
as-grown FeGe with a short-range CDW (labeled as sam-
ple #S), the other one is the post-annealed FeGe at 320 °C,
which exhibits a long-range CDW (labeled as sample #L).
The influence of annealing treatments on CDW behavior has
been described in detail in Refs. [64-66,68]. For STM mea-
surements, FeGe crystals were mechanically cleaved at 80 K
in ultrahigh vacuum with a base pressure better than 1 x
107! mbar and immediately transferred into a UNISOKU
cryogenic STM at T = 4.2 K. Pt-Ir tips were used after be-
ing treated on a clean Au (111) substrate. Spin-polarized
tips were prepared by manually indenting the tips into the
FeGe surface.’%%%701 The topographic images were acquired
in constant-current mode. The d//dV spectra were collected

by a standard lock-in technique with a modulation frequency
of 973 Hz and a typical modulation amplitude AV of 20—
30 mV at 4.2 K. The dI/dV maps at different energies were
collected by using the corresponding voltages as the setpoint
conditions to minimize the setpoint effect.

3. Experimental results
3.1. Isotropic long-range CDW in sample #L

To reveal the intrinsic character of CDW in FeGe, we first
examine sample #L. with a long-range CDW, where the influ-
ence of phase inhomogeneity and structural disorders can be
excluded as much as possible. Figure 1(a) displays the typi-
cal topographic image of a sample region in Fe3Ge kagome
layer (its determination has been discussed in our previous
work[0+67]) " containing two FeszGe terraces separated by a
single-unit-cell-height step of ~ 4 A (Fig. 1(b)). The long-
range CDW is clearly demonstrated in the dI/dV map of the
same sample region (Fig. 1(c)). We then explore whether the
previously observed symmetry breaking in AV3Sbs family is
present in the CDW state of FeGe. For RSB, we expect to see
a preferred direction with much stronger or weaker CDW in-
tensity than the other two propagation directions over a wide
energy range. For TRSB induced by orbital magnetism, we
anticipate a chiral distribution of the CDW intensities along
three propagation directions over a wide energy range, with
the chirality that is defined as the counting direction from the
lowest to the highest (clockwise or anticlockwise) reversed
under opposite magnetic field directions or in different do-
mains/terraces with opposite spin orientations, [43:46:601

To extract the CDW intensity, we obtain the fast Fourier
transformation (FFT) images of the dI/dV maps for separate
Fe3;Ge terraces, as shown in Figs. 1(d) and 1(e). Three sets of
strong and sharp 2 x 2 CDW spots are clearly resolved for both
terraces, as enclosed by the colored circles and labeled as Q%ao
Q%ao and Q%ao, respectively. Figures 1(f) and 1(g) show the
intensity profiles along the three lattice directions, it is found
that the full widths at half maximum (FWHM) of all the CDW
peaks are comparable to those of Bragg peaks of the under-
lying lattice, further confirming the long-range nature of the
CDW. For both sample regions, the CDW intensity, defined as
the intensity of CDW spots in the FFT image and labeled as
I, follows the tendency of I} = I, =~ I3 at E = 0.3 eV, which
suggests an isotropic CDW. To confirm this, we track the en-
ergy dependence of CDW intensity for both terraces, with the
results shown in Figs. 1(h) and 1(i). For both terraces, the
difference in CDW intensity for Qéao (i=1,2,3)is most pro-
nounced at £ = 0.2 eV, but becomes very small at other ener-
gies. Moreover, the relative intensity for the three propagation
directions varies with energy. These behaviors differ from the

27,47,48

anisotropic or chiral CDW in AV3Sbs family, | I suggest-
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ing an isotropic CDW without significant symmetry breaking
in FeGe. A closer examination of the d7/dV maps in Fig. 1(c)
reveals that the local distribution of CDW near defects (dark

Sample #L
(@) Fes;Ge (up)

Fe3Ge (down)

spots) exhibits a certain degree of anisotropy, which might
contribute to the observed weak CDW anisotropy. Specific
selectivity of STM tips might be another reason.
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Fig. 1. Experimental evidence for an isotropic long-range CDW in sample #L. (a) Typical topographic image of FezGe layer, including a single-
unit-cell-height step. (b) Height profile along the orange line in panel (a). (c) Typical dI/dV map of the same sample region shown in panel (a).
(d), (e) FFT images of the d//dV maps for up and down Fe3Ge terraces in panel (c). The Bragg spots of CDW and underlying atomic lattice are
enclosed by circles and rectangles, respectively. Three sets of CDW spots are labeled as Q%ao, Q%ao and Q% a0 respectively. (f), (g) Line profiles of

FFT intensity along the three lattice directions for up and down terraces, respectively. (h), (i) Energy dependence of CDW intensities for Q% ao° Q% a0
and Q%ao, Measurement conditions: (a) Vy, = 0.3 V, It =300 pA; (c) V, =0.3 V, Iy =300 pA,AV =20mV,B=0T.

3.2. Local rotational symmetry breaking of the short-

range CDW in sample #S

.

Since our study suggests an isotropic long-range CDW in
sample #L, a natural question arises: how to reconcile this with
the previously reported chiral CDW in as-grown FeGe?!®0]
To address this, we conduct the same measurements on the
as-grown FeGe (sample #S) using both Pt—Ir tips and spin-
polarized FeGe tips. Unless specified, the following presented
data were measured by spin-polarized tips; the related datasets
measured by Pt—Ir tips are present in Section S1 of the supple-
mentary materials (SM).

Figure 2(a) shows a typical dI/dV map of Fe;Ge layer
in sample #S, containing two Fe3Ge terraces separated by a
single-unit-cell-height step. Two distinct features are revealed.
Firstly, the down Fe3Ge terrace shows a much higher density
of states (DOS) than the up Fe3Ge terrace, confirming spin-
polarized tunneling into different spin-polarized bands in ad-
jacent kagome layers. This is consistent with the A-type AFM
structure of FeGe, characterized by in-plane ferromagnetic
coupling and interlayer AFM couplings.>! More datasets and
discussions for spin-polarized measurements are displayed in
Section S2 of SM. Secondly, distinct from the post-annealed
sample #L, sample #S exhibits strong phase separation be-

tween the 2 x 2 CDW and the initial undistorted 1 x 1 lattice,
resulting in a short-range CDW. This is further demonstrated
by the broadened CDW spots in FFT images (Figs. 2(b) and
2(c)) and the larger FWHM of CDW peaks in FFT line pro-
files (Figs. 2(d) and 2(e)), comparing to those of underlying
atomic lattice.

We then check the existence of RSB and TRSB in sam-
ple #S. Figures 2(f) and 2(g) show the energy dependence of
CDW intensities along three propagation directions for both
Fe3;Ge terraces. For each Fe;Ge terrace, the CDW intensi-
ties for all Qéao are closely aligned and exhibit a nearly iden-
tical trend in their relative difference between 0.4 €V, i.e.,
Iy > I, > Iz. This seems to suggest the presence of rotational
symmetry breaking or a chiral CDW in sample #S. However, if
a chiral CDW does exist, the weak orbital magnetism induced
by Berry curvature would couple to the internal magnetic field
of in-plane ferromagnetism, exhibiting a staggered chirality
between adjacent kagome layers. However, here in our study,
the CDW chirality remains consistent for both up and down
FesGe terraces over a wide energy range, contradicting previ-
ous STM studies that reported opposite chirality on adjacent

S. [60

Fe3Ge terraces.®"] Moreover, the opposite chirality on adja-

cent FezGe terraces is also absent for a long-range CDW in
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sample #L, as shown in Figs. 1(h) and 1(i).

The above discussions are based on spatially averaged re-
sults over a large sample region. However, the CDW is short-
range in sample #S, thus we analyze the CDW behavior in
a single domain. A closer look at Fig. 3(a) reveals that the
CDW in some small domains exhibits distinct unidirectional
behavior, and even stripe-like in certain regions; the preferred
orientation changes in different domains, as indicated by the

colored arrows. These observations can rule out the artificial
effects induced by specific tip shapes, which generally result in
a preferred orientation across the whole sample region. There-
fore, our results reveal local RSB of the short-range CDW in
sample #S. Furthermore, these findings have been confirmed
by using a metal Pt-Ir tip (see Section S1 of SM for more de-

tails), ruling out the influence of spin selectivity.
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Fig. 2. Spatially averaged anisotropy of the short-range CDW in sample #S. (a) Typical dI/dV map of Fe3Ge layer, including a single-unit-cell-height step.
(b), (c) FFT images of the d//dV maps for up and down Fe3Ge terraces in panel (a). (d), (e) Line profiles of FFT intensity along the three lattice directions

for up and down terraces. (f), (g) Energy dependence of CDW intensities for Qéao, Q%uo and Q%a

AV =30mV,B=0T.
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Fig. 3. Presence of local rotational symmetry breaking in the short-range CDW of sample #S. (a) Typical d//dV map of FesGe layer, including a
single-unit-cell-height step. Unidirectional CDWs along different orientations are observed in different domains, as indicated by the colored arrows.
(b)—(d) Enlarged views of three CDW domains, as enclosed by the colored rectangles in panel (a). (e)—(g) Corresponding FFT images of panels
(b)—(d), with the strongest CDW spots in each image enclosed by the colored circles. The Bragg spots of underlying atomic lattice are labeled
by the black crosses. (h)—(j) Line profiles of FFT intensity along three lattice directions for panels (e)—(g), respectively. Measurement conditions:

(@)W =0.1V, I, =300 pA, AV =30mV,B=0T.

To be more quantitative, we select three CDW domains
as examples. Their enlarged d//dV maps are shown in
Figs. 3(b)-3(d), with the corresponding FFT images displayed
in Figs. 3(e)-3(g). In each domain, one of the CDW com-
ponents is significantly stronger than the other two, as high-

lighted by the colored circles in Figs. 3(e)-3(g). Figures 3(h)-

3(j) show the line profiles of FFT intensity along three lattice
directions for the three domains, respectively. The relative in-
tensity of three sets of Qyaice 1S the same for all three domains,
but the relative intensity of three sets of CDW spots varies sig-
nificantly. This confirms that the observed local RSB is gen-
uine and not merely inherited from the properties of the under-
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lying lattice. Additionally, these three domains are located on
the same Fes;Ge terrace, possessing the same spin orientation
and similar DOS intensity (Fig. 3(a)), which indicates that the
local RSB of CDW is independent of the spin orientation in
FesGe layer.

We further investigate the response of CDW distribution
to energy and magnetic field. Taking domain II as an example,
Figs. 4(a) and 4(b) show two representative dI/dV maps at
different energies, with the corresponding FFT images shown
in Figs. 4(c) and 4(d). Obviously, the intensity of Q%ao is
higher than the other two CDW components at both energies.
This behavior is also consistent over a wider energy range, as
illustrated in Fig. 4(e), confirming the presence of RSB.

DomainIl E=-0.4¢eV

DomainIll E=0.3¢eV

measured at B =1 T and 14 T for the same sample region
are displayed in Figs. 5(a) and 5(b). At B=1 T, DOS contrast
is obvious between the up and down Fe3;Ge terraces, but is al-
most absent at B = 14 T. This is because the tip spin is always
along the c-axis, preventing the resolution of in-plane spin ori-
entations (please see Section S2 of SM for more details). The
unidirectional CDWs in different domains, as highlighted by
the colored arrows in Figs. 5(a) and 5(b), have no response
to the applied magnetic fields, although the spin configura-
tion of FeGe has changed with magnetic fields. Figure 5(c)
tracks the evolution of CDW intensities for different ano in
domain II as a function of magnetic field at a fixed energy of
E = 0.1 eV. The intensity of Q%ao is always the strongest, and
the so-called chirality of CDW remains unchanged for both
positive and negative magnetic fields. Such inert responses
of CDW in FeGe to magnetic structure and external magnetic
field are more consistent with electronic nematicity (i.e., RSB)
rather than TRSB.
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Fig. 4. Energy dependence of the CDW intensity in domain II of sample #S.
(a), (b) Typical dI/dV maps of domain Il at E = 0.3 eV and —0.4 eV, re-
spectively. (c), (d) Corresponding FFT images of panels (a) and (b). (e) En-
ergy dependence of normalized CDW intensities for Qéao, Q%ao and Q%ao.

The intensity of CDW spots is normalized by that of Q%uo for clarity. Mea-
surement conditions: (a) V, = 0.3 V, [y =300 pA, AV =30 mV,B=0T,
b)W=-04V,I; =300 pA,AV =30mV,B=0T.

According to the previous studies on AV3Sbs and
FeGe,!?747:501 applying magnetic field might be an effective
way to investigate the relationship between CDW and mag-
netism, as well as to distinguish TRSB from RSB, since the
former is sensitive to magnetic field while the latter would not
be. Here we applied magnetic fields ranging from —14 T to
14 T to check the evolution of the CDW intensity, with the
maximum field of 14 T exceeding the threshold value needed
for FeGe to spin flop.®”! Two representative d//dV maps
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Fig. 5. Magnetic field dependence of CDW intensity in domain II of
sample #S. (), (b) Typical d//dV maps measured at B=1T and 14 T
for the same sample region. (c) Evolution of normalized CDW intensi-
ties for Q%ao, ano and ano as a function of B. The CDW intensities

are normalized by that of Qéu for clarity. Measurement conditions:
(@ W =0.1V, ;=200 pA, AV =20mV,B=1T; (b) , =0.1V,
I =200 pA, AV =20mV,B=14T.

4. Conclusion and perspectives

By systematical STM studies on the long- and short-range
CDWs in FeGe, we do not find convincing evidence to support
the presence of RSB or TRSB in the long-range CDW; how-
ever, local RSB is present for the short-range CDW. Neutron
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scattering experiments have revealed that the CDW in FeGe is
robust against spin canting at low temperatures and spin flop

1591 which is consistent with our STM

at high magnetic fields,
results. Moreover, we find that the CDW distribution, partic-
ularly the preferred direction of RSB in the short-range CDW,
is independent of both internal and external magnetic fields.
These findings imply that the emergence of CDW in FeGe is
not contingent upon the details of spin arrangements, which
provides crucial clues to further understand the CDW mecha-
nism in FeGe.

Our results differ from the observed CDW chirality regu-
lated by the orientations of external magnetic fields in AV3Sbs
family and by the spin orientations in FeGe.l?7#3601 Tt ig
suggested that the CDWs in AV3Sbs family and FeGe are
topological, which are often accompanied with Berry cur-
vature induced weak orbital magnetism.[**-%8 The direction
of orbital magnetism can be polarized by either an external
magnetic field or the internal magnetic order, thus resulting
in the chirality of CDW distribution.
tence of a chiral CDW in AV3Sbs family is still under strong
debates, [27:4347:48.56.711 and our STM study does not support
a chiral CDW in kagome magnet FeGe. Experimental signa-
tures of chirality have been reported for the short-range CDW

Currently, the exis-

in the as-grown FeGe.!°! However, here we find that the long-
range CDW is isotropic, and the short-range CDW in small
domains breaks rotational symmetry, with the unidirectional
behavior varying across domains on a single Fe3Ge terrace.
The selection of specific CDW domains on adjacent Fe;Ge
terraces may result in the coincidental chirality inversion. Our
results suggest that there is no spontaneous time-reversal sym-
metry breaking or chiral symmetry breaking in the CDW state
of FeGe, and put strong constraints on the presence of or-
bital magnetism in FeGe, which may not exist or may be even
weaker than that in AV3Sbs system if existed.

Finally, we try to understand the local RSB of the
short-range CDW. Similar RSB has been observed in other
CDW materials, such as 1T-TiSe, and 2H-NbSe,. For 1T-
Cu,TiSe;, the intercalated Cu atoms shorten significantly the
in-plane correlation length of the CDW and even induce stripe
CDW.[7?! Such a stripe CDW can also be induced in 2H-
NbSe, by local strain. '8 In our previous study, we found that
the occurrence of CDW in FeGe is accompanied by a first-
order structural transition with one quarter of Gel atoms in
the kagome layers dimerized along the c-axis. Annealing treat-
ments at different temperatures can tune the degree of Gel-site
disorder to obtain a long- or short-range CDW.[%*! In the as-
grown samples (sample #S here), the large amount of disorders
in Gel-sites prevent the formation of large domains with 1/4
Gel-dimerization, resulting in nanoscale phase separation and
a short-range CDW. (04671 We speculate that the strong phase
separation and numerous defects in FeGe may induce strong
disorder effect and local strain, responsible for the emergence

of local RSB. The exact origin of local RSB for the short-range
CDW in FeGe needs further theoretical and experimental in-
vestigations.
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