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The kagome system has attracted great interest in condensed matter physics due to its unique structure that can
host various exotic states such as superconductivity (SC), charge density waves (CDWs) and nontrivial topological states.
The topological semimetal RbTizBis consisting of a Ti kagome layer shares a similar crystal structure to the topological
correlated materials AV3Sbs (A = K, Rb, Cs) but without the absence of CDW and SC. Systematic de Haas—van Alphen
oscillation measurements are performed on single crystals of RbTi3Bis to pursue nontrivial topological physics and exotic
states. Combining this with theoretical calculations, the detailed Fermi surface topology and band structure are investigated.
A two-dimensional Fermi pocket f3 is revealed with a light effective mass, consistent with the semimetal predictions. The
Landau fan diagram of RbTi3Bis reveals a zero Berry phase for the 8 oscillation in contrast to that of CsTizBis. These
results suggest that kagome RbTi3Bis is a good candidate for exploring nontrivial topological exotic states and topological

correlated physics.

Keywords: oscillation, Fermi surface, band structure

PACS: 71.18.4y, 52.70.Ds, 71.20.-b

1. Introduction

The kagome lattice with corner-sharing triangles has rel-
ativistic band crossings at the Brillouin zone (BZ) corners
and usually hosts various exotic states.!!™ Two-dimensional
kagome superconductors AV3Sbs (A = K, Rb, Cs) were re-
cently discovered and have attracted significant interest in con-
densed matter physics. Theoretical and experiment investi-
gations reveal a Z, nontrivial topological band structure with
multiple protected Dirac crossings and van Hove singularities
(vHSs).5%1 Around 80-100 K, the system undergoes a chiral
charge density wave transition with an orbital moment.!’~1?!
Accompanying this transition, the prominent anomalous and
planar Hall effects exhibit unconventional behaviors.!13-15],
Besides this first-order transition, nuclear magnetic resonance
and muon spin relaxation measurements reveal other transi-
tions below the charge density wave (CDW) transition with a
sharp increase in electronic chiral anisotropy.[!o-19]

To pursue the origin of these exotic orders and the inter-
play of the correlation effect and nontrivial topology, various
experiments have been performed, revealing a complicated
electronic phase diagram.?®?!l The chiral CDW and super-
conductivity (SC) orders are sensitive to pressure and chemi-
cal doping.[*>>! The observed multiple modulations suggest
the emergence of various CDW phases and electronic nematic

states. Two domes of SC were observed in the phase diagram

fCorresponding author. E-mail: zhangyunw @mail.sysu.edu.cn
fCorresponding author. E-mail: shenbing @mail.sysu.edu.cn
$Corresponding author. E-mail: wangmeng5@mail.sysu.ed.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad6a0a

and considered to originate from different mechanisms. 20281
The interplay of SC and CDWs is still puzzling and chal-
lenging. The analog ATi3;Bis (A = Rb, Cs) share a similar
crystal structure to AV3Sbs (A = K, Rb, Cs) with a kagome
layer made of Ti.[?>3% Theoretical calculations and experi-
mental results yielded a similar nontrivial topological band
structure. 3134 However, the experimental studies suggested
the absence of the chiral CDW in ATizBis (A = Rb, Cs)
and revealed different electron phase diagrams from AV3Sbs
(A = K, Rb, Cs).[3! Thus ATizBis (A = Rb, Cs) can pro-
vide a new means to explore the mechanism of electronic ne-
maticity and its interplay with the orbital degree of freedom

32361 Detailed investigations of

in these kagome compounds. !
band structure and Fermi topology are desirable for a better
understanding of the interplay between electron magnetism
and the lattice in topologically correlated systems.

In this work, we perform systematic magnetization mea-
Above 7 T,

prominent de Haas—van Alphen (dHvVA) oscillations are ob-

surements on single crystals of RbTi3Bis.

served and a light effective mass is revealed. In contrast to
CsTi3Bis,’”! only one frequency of oscillation is identified.
Combined with theoretical calculations and angular dHVA os-
cillation measurements, the two-dimensional (2D) Fermi sur-
face topology is characterized. The Landau fan diagram re-
veals a zero Berry phase for this oscillation. This is consistent
with the theoretical prediction of a Z, nontrivial topological
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phase. The absence of CDW suggests different correlation ef-
fects in this topological kagome system.

2. Experiments

Single crystals of RbTizBis were synthesized using the
self-flux method.¥! In an argon glovebox, Rb (liquid, Alfa
99.98%), Ti (powder, Alfa 99.99%) and Bi (powder, Alfa
99.99%) with a molar ratio of Rb:Ti:Bi = 1:2:6 were put into
a crucible. The crucible was then sealed in a vacuumed
quartz tube. The mixture was first heated to 1000 °C for
48 h and cooled down to 600 °C at 20 min-°C~!. The crys-
tals were separated from the flux by centrifuging the mix-
ture. The crystal structure was investigated by x-ray diffrac-
tion. Electrical transport measurements were carried out
in a physical property measurement system (Quantum De-
sign). The magnetization measurements were performed with
a vibrating sample magnetometer. Density functional the-
ory (DFT) calculations were performed using the Vienna ab

initio package.3%#%1 The Perdew—Burke—Ernzerhof type gen-

eralized approximation was used to describe the exchange—
correlation function.[*! Lattice relaxations were performed
until the force was less than 0.001 eV-A~!. The plane-wave
cutoff energy was 600 eV and the £ mesh was 20 x 20 x 12
in the optimization and self-consistent calculations. The
Fermi surfaces were generated using a dense k-mesh grid of
20 x 20 x 20 and visualized using the XCRYSDEN software
package.!*?! The quantum oscillation frequencies were calcu-
lated using the SKEAF code. [+]

3. Results and discussion

RbTi3Bis exhibits a layered crystal structure consist-
ing of Ti-Bi slabs intercalated by Rb cations, as shown in
Figs. 1(a) and 1(b). The Ti sublattice forms a perfect 2D
kagome net. Our measurements are based on planar single
crystals. The (00/) diffraction peaks are revealed by the x-
ray diffraction measurements. The temperature-dependent
resistivity p(T'), shown in Fig. 1(c), exhibits a metallic be-

havior with the absence of the anomaly for CDW transition.
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Fig. 1. (a) The crystal structure of RbTi3Bis. (b) A two-dimensional kagome plane consisting of Bi and Ti. (c) Temperature dependence of
the resistivity. The inset is a photo of a typical single crystal. (d) Temperature dependence of magnetic susceptibility with ppH =1 T along
the c-axis during zero field cooling. The inset shows the x-ray diffraction pattern of a single crystal of RbTi3Bis. (e), (f) Band structures of
RbTi3Bis without spin—orbit coupling (SOC) (e) and with SOC (f). (g) The band structure of the Dirac point, van Hove singularity and flat

bands are marked by red, green and purple dashed lines, respectively.
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Fig. 2. (a) Magnetization after subtraction of a monotonic background AM as a function of 1/(toH) at various temperatures with a magnetic field along
the c-axis. (b) FFT spectra of AM. The oscillation frequency is denoted as . (c) Temperature dependence of the FFT amplitudes of the oscillations in
(b). The solid curve represents the best fit to the data using the L-K formula, where the effective mass m* can be obtained. (d) The oscillation of the
subtracted magnetization at 2 K. The red line is the experimental data and the blue line is the L-K fit. The Dingle temperature Tp is 7.1 K.

Correspondingly, the temperature-dependent susceptibility
x(T) (defined as M/H) exhibits a paramagnetic behavior,
and no phase-transition anomaly is observed over the whole
temperature region in Fig. 1(d). These results suggest that
the absence of CDW in RbTi3Bis is consistent with a for-
mer report./**! Besides, no SC is observed in p(T) and /(7T)
upon decreasing the temperature to 2 K. The absence of CDW
and SC compared with AV3Sbs motivated us to investigate the
electronic structure of RbTi3Bis. The DFT calculations reveal
several nontrivial topological band structures in Figs. 1(e) and
1(f). The flat electronic band as a typical characteristic of the
kagome lattice emerges around a binding energy of 0.3 eV. At
the K point, a type-II nodal line is observed. The vHS emerges
around the M point and is close to the Fermi level (Er). These
exotic electronic features are very similar to those in AV3Sbs
compounds. The obvious difference between AV3Sbs and
RbTizBis motivated us to further check these theoretical re-
sults by experiment to pursue the different correlation effects
in the kagome topological system.

Compared with the Shubnikov—de Haas (electronic trans-
port) quantum oscillation measurements, the dHvVA (magnetic)
quantum oscillation measurements are insensitive to extrinsic
surface states and conditions and provide Fermi topology in-
formation from the bulk. In our experiments, a planar single
crystal of RbTizBis was mounted in a wedge-shaped quartz
holder with various thicknesses to control the sample plane di-
rection. The isothermal magnetization of RbTi3Bis was mea-
sured with an applied field (B) parallel to the c-axis. At 2 K,
quantum oscillations were observed above 7 T. After subtract-
ing the polynomial background, remarkable periodic oscilla-

tions in AM(H) versus 1/(uoH) curves are more obvious, as
shown in Fig. 2(a). With increasing temperature these oscil-
lations gradually become invisible and eventually disappear
around 20 K. To analyze these oscillations, a fast Fourier trans-
form (FFT) is performed, and the related spectra are depicted
in Fig. 2(b). An obvious peak is identified at 190 T, consistent
with previous Shubnikov—de Haas quantum oscillation results.
A weak peak was also identified around a smaller frequency of
12 T after careful checking by subtracting various polynomial
backgrounds. According to the Lifshitz—Kossevich (L-K) for-
mula, the oscillatory AM can be expressed as!/*>46]
1 ¢8

. F
AM < /BRTRpRs sin [27: <B—2+2n—5ﬂ ,

where
Ry = (oam™T /(toB)) / sinh (am T/ (1oB))

Rp = exp(—oam*Tp/(uoB)) and Rs = cos (rm*g*). The pa-
rameter « is a constant defined as o = 14.69 T/K, m* is the
cyclotron effective mass, Tp is the Dingle temperature, g* is
the effective g factor, 0 is the phase shift and 6 is O for a 2D
system and +1/8 for a three-dimensional system. The effec-
tive mass m* for an oscillation of 190 T is calculated to be
0.29m,. The light effective mass indicates a typical semimetal-
lic band dispersion in agreement with our calculations below
and close to that in CsTi3Bis.[*”l The Dingle temperature Tp
at 2 K is calculated to be 7.164 K, and the corresponding mean
free path is 514.024 nm. More detailed results are summarized
in Table 1.
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Table 1. Parameters derived from dHvA oscillations for RbTi3Bis. The frequency (F), cross-sectional area (A), Fermi wave vector (kp),
effective mass (m*), Dingle temperature (7p), mean free path (Ig), quantum relaxation time (7;) and quantum mobility (i) characterize the

dHVA oscillation of RbTi3Bis.

F(T) A (nm~2) ke (nm~1) o (K) lq (nm) 75 (s) p (m2-v-ls™h
Hlc 190.7 1.816 0.760 7.164 514.024 1.70 x 10713 1.026

The oscillation at F = 190 T varnishes for 8 > 50°. By using
Fy/ cos 6 (Fp = 190 T), the angular-dependent F can be fitted,
_ indicating a typical 2D character for this revealed Fermi sur-
Q ° face. To further understand this Fermi topology, DFT calcu-
g E lations were performed to investigate more details of the elec-
TE E‘“ tronic structure. As shown in Fig. 3(d), multiple Fermi pockets
= , L 20°| < are revealed. Eour d%sperswe bands crossing EF, labele.d o to
< 7‘ ’ 32° | 0, form one circle-like (o band) and one hexagonal-like (f3
1 e g* band) electron pocket. The y band crosses through Ef twice,
0 [uvriuppe Pk ety 90° l T forming a hexagonal-like electron pocket around the Brillouin
0.08 0.10 0.12 0 200 400 600 8001000 zone (BZ) center and a triangle-like hole pocket around the
1/poH (T71) Frequency (T) BZ corner. In addition, the § band constitutes a rhombic-
:E 270F oy * Bxp F ?ike hole pocke.t around the boundary of .the .BZ. By analy%—
g 2401 - Fy/cosb L= ing these Fermi sheets, the observed oscillation of 190 T is
% 210p ™ Cal PR - related to the electron § sheet. This vessel-shaped Fermi sheet
;53 180L 5 o v : L . located around the M point exhibits a strong 2D character. As

Fig. 3. (a) The dHvA oscillation as a function of 1/(toH) at various angles.
(b) FFT spectra of the dHVA oscillation at different angles. The inset shows
the orientation of the magnetic field. The red dotted line is a guide to the
eye. (c) Angle dependence of the FFT frequencies. The green point is the
experimental results with a 5% error. The red dotted line and the blue solid
line represent the F/cos 6 fitting line and the values of theoretical calcula-
tions at various angles, respectively. (d) Three-dimensional Fermi surfaces of
RbTi3Bis. (e) Fermi surface in the k; = 0.5 plane. The black regular hexagon
is the first Brillouin zone. The corresponding frequencies are given as num-
bers in units of Tesla.

Angular dHVA quantum oscillation measurements were
performed at 2 K to investigate the detailed Fermi topology
shown in Fig. 3(a). To map the fine structure of the Fermi sur-
face, the magnetic field is tilted from the c-axis to the [110]
direction by rotating the sample. The angle between the mag-
netic field and the c-axis is defined as 8. Thus, 8 = 0° denotes
the field along the ¢ direction and 6 = 90° denotes the field
along the [110] direction. According to the Onsager rule, the
Fermi surface area and frequencies of quantum oscillation in
magnetic fields can be described as F = (%)A, where A is
the Fermi surface area and F is the frequency of the quan-
tum oscillation. The FFT spectra of AM(H) at various angles
taken at 2 K are plotted in Fig. 3(b). These oscillations ex-
hibit strong angle dependence and gradually become invisible

as the applied field is rotated from the c-axis to the ab plane.

shown in Fig. 3(e), the calculated oscillatory frequencies of
the O sheet are consistent with the former experimental results.
Correspondingly, the effective mass for the 6 bands from the
3d orbit of Ti is calculated to be 0.24m. which is close to the
experimental value. The failure to observe quantum oscilla-
tions for the other Fermi pockets could be attributed to the
large moving orbits of the extremal cross section, which may
need further higher-field measurements.

To obtain the exact Berry phase, it is crucial to correctly
assign the Landau index to the AM(H) extremum. Based on
our experimental results, the minima of AM are assigned to be
the integer indices and the maxima are assigned to the half-
integer indices.[*! The related Landau level fan diagram for
the frequency Fp at 2 K is determined and presented in Fig. 4.
By fitting the Landau index N as a function of 1/(oH) at var-
ious angles, we obtained Berry phase ¢p = 27 (no -6+ %)
Correspondingly, the angular-dependent Berry phase ¢p is
around 0 and exhibits angular independence, as shown in the
inset in Fig. 4. The DFT calculation reveals three types of
nontrivial topological band structures for RbTi3Bis. At the
K point, the type-1I Dirac nodal line is protected by a mirror
symmetry without considering the spin—orbit coupling (SOC).
A negligible gap opens at the type-II nodal line by includ-
ing the SOC, which is distinct from the pronounced gaps that
Dirac points open at the trivial band-crossing points. This kind
of nontrivial topological band structure can usually host addi-
tional Berry curvature, resulting in a 7 shift in Berry phase for
quantum oscillations such as that in CsTizBis. The ¢g = 0 in
RbTi3Bis may be attributed to the position of the Dirac nodal
line a little further away from the Fermi level. On the other
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hand, around the M point, the vHS seems insensitive to addi-
tional Berry curvature.

24+
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Fig. 4. Landau index N versus 1/(uoH) for the frequency Fp, derived from
2 K at various angles of the magnetic field deviating from the c-axis. The
inset shows the Berry phase ¢p versus the rotating magnetic field angle 6
and the schematic is the Fermi pocket for different magnetic field directions.

Our experimental and theoretical investigations on
RbTizBis reveal similar electronic structures to those of
RbV3Sbs. However, the DFT calculations suggest that the
vHSs at the M points are a little far away from Eg. The im-
perfect electronic nesting seems to fail to drive CDW order.
Recent research suggested that even if the vHSs are tuned by
doping in ATi3Bis the electronic nesting between the vHSs at
the M point alone is insufficient to drive CDW order in these
kagome metals.[*8! The absence of CDW could be attributed
to the different correlation effects or structural instability in
various kagome systems.

4. Conclusion

In summary, we have investigated the electronic structure
of single crystals of RbTizBis by de Haas—van Alphen oscil-
lations. Combined with DFT calculations, four types of Fermi
surfaces were revealed. The 0 Fermi pocket related to a 190 T
quantum oscillation 8 revealed experimentally exhibits a 2D
character. The Landau level fan diagram reveals that the Berry
phase of the B oscillation in RbTi3Bis is around zero in con-
trast to that with a 7 shift in CsTi3Bis. The results suggest that
RbTi3Bis is a sensitive candidate material for exploring exotic
electronic states and topological correlated physics in kagome
systems.
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