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Pressure effects on the Fermi surface of Ti-doped CsV3Sb5
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This work investigates the Fermi surface of the Ti-doped CsV3Sb5 superconductor under pressures up to
2.1 GPa. Upon the application of both chemical and physical pressure in CsTi0.1V2.9Sb5, the superconducting
transition temperature increases to Tc = 6.5 K, nearly three times higher than that of the parent compound.
To probe the Fermi surface under pressure, in situ magnetoresistance (MR) measurements are performed in
magnetic fields up to 18 T at four pressure points: 0.25, 0.47, 1.55, and 2.1 GPa. The MR data at 0.25 GPa
reveal clear Shubnikov–de Haas oscillations with frequency components at Fα = 21 T, Fβ = 83 T, Fγ = 709 T,
and Fδ = 804 T. These quantum oscillation frequencies, which correspond to extremal cross-sectional areas of
the Fermi surface, vanish above 0.47 GPa, strongly indicating a pressure-induced Fermi surface reconstruction.
To interpret these results, we conduct density functional theory calculations of the electronic band structure and
Fermi surface. The calculations show a shift in Dirac points and Van Hove singularities near the Fermi level,
along with notable changes in the Fermi surface topology as Ti doping increases, confirming that Ti substitution
effectively tunes the electronic structure of CsV3Sb5. Our combined experimental and theoretical study offers
valuable insight into how both chemical and physical pressure can be used to engineer the electronic structure of
CsTi0.1V2.9Sb5, providing a pathway for tuning correlated phenomena in kagome superconductors.

DOI: 10.1103/5brw-yxvt

I. INTRODUCTION

Recently, kagome materials with corner-sharing kagome
lattices have become the focus of research as they offer
promising platforms for exploring emergent quantum phe-
nomena, including superconductivity, charge density wave
(CDW) order, nontrivial topology, and geometrically frus-
trated magnetism [1–4]. Several families of kagome com-
pounds have been discovered [5–10]. One notable family
is the AV3Sb5 family (A = K, Rb, and Cs), where vana-
dium atoms form a corner-sharing hexagonal lattice. The
materials in this family exhibit superconductivity with criti-
cal temperatures ranging from Tc = 0.3 to 3 K, alongside a
CDW order that emerges below TCDW ∼ 80 − 110 K [11,12].
The electronic band structure of AV3Sb5 features flat bands,
multiple Dirac points, and Van Hove singularities near the
Fermi level [13–16]. The nontrivial topological nature of
AV3Sb5 has been revealed through Berry phase analysis and
topologically invariant calculations [17–20]. Because of the
nontrivial topology along with the presence of superconduc-
tivity, AV3Sb5 could be an ideal platform for the search of
Majorana fermions. The presence of a zero-bias conductance
peak in the tunneling experiment of CsV3Sb5 supports the
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idea for topological superconductivity and hence Majorana
fermions [21].

Pressure, both chemical and physical, is a powerful tool
for tuning the physical properties of materials [22,23]. This
approach has been widely used to induce or suppress the
tuning of various electronic phases. With the application
of pressure, the electronic interactions within the material
change, ultimately tuning its properties. For instance, in
cuprate superconductors, electron or hole doping induces su-
perconductivity, while in Fe-based superconductors, pressure
suppresses the spin density wave state, giving rise to su-
perconductivity [24–29]. The pressure effect in AV3Sb5 has
recently attracted interest due to its unconventional behav-
ior. Under increasing pressure, the superconducting transition
temperature Tc exhibits a nonmonotonic M-shaped depen-
dence on pressure, with two critical pressures at Pc1 =
0.7 GPa and Pc2 = 2 GPa [30–32].

Chemical pressure, achieved by substituting smaller tita-
nium for vanadium sites [33,34], offers an alternative route
for tuning the electronic structures of CsV3Sb5. It has been
found that the CDW phase is suppressed, and Tc also ex-
hibits the double-dome feature. Several studies have already
explored chemical doping and high-pressure techniques in
CsV3Sb5 to tune its CDW and superconducting phases. Var-
ious elements, such as titanium, tin, sulfur, chromium, and
molybdenum, have been used to substitute either vanadium
or antimony sites in the lattice, effectively modifying these
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FIG. 1. (a) Unit cell (top) and kagome layer (bottom) of the Ti-doped CsV3Sb5 compound. (b) Temperature dependence of magnetic
susceptibility χ (T ) for CsTi0.1V2.9Sb5 measured under a magnetic field of H = 1 T. The inset shows a close-up of the χ (T ) data. A tiny
anomaly near 71 K is observed, indicating a charge density wave. (c) The χ (T ) at low temperatures below 10 K with H = 10 Oe, showing
superconductivity with an onset critical temperature of Tc = 3.1 K.

quantum states [35–39]. In some cases, high pressure has
been employed alongside chemical doping to further influence
the phase behavior. For instance, Hou et al. [34] investigated
the temperature-pressure T -P phase diagram of Ti-doped
CsV3Sb5 under high pressure. However, how the Fermi sur-
face evolves under pressure in these doped systems remains
unexplored.

In this work, we focus on the electronic structure of Ti-
doped CsV3Sb5 by measuring Shubnikov–de Haas (SdH)
oscillations under varying pressures. Magnetoresistance (MR)
measurements performed in fields up to 18 T reveal clear SdH
oscillations with four distinct frequency components. Notably,
these frequencies vanish when pressure exceeds 0.47 GPa.
According to Onsager’s relation [40,41], the frequencies of
quantum oscillations are directly related to the extremal cross-
sectional areas of the Fermi surface. Thus, the disappearance
of these frequencies at higher pressures suggests a significant
reconstruction of the electronic structure and Fermi surface
in Ti-doped CsV3Sb5. Our density functional theory (DFT)
calculations qualitatively support these experimental findings.

II. METHODOLOGY

Single crystals of Ti-doped CsV3Sb5 were grown via a
conventional flux-based growth technique. The details of the
sample growth are provided in the Supplemental Material
(SM) [42]. The platelike single crystals were gently separated
from the flux in an open atmosphere and subsequently cleaned
with ethanol. The crystals remained relatively stable in air for
short periods of exposure. The phase purity and Ti-doping
level were examined using scanning electron microscopy
and x-ray-diffraction measurements. Energy-dispersive spec-
troscopy analysis confirmed the stoichiometry of Cs:Ti:V:Sb
as 1:0.1:2.9:5.

Magnetic susceptibility χ measurements on the Ti-doped
CsV3Sb5 single crystal were conducted using a Quantum
Design Magnetic Property Measurement System over the tem-
perature range of 1.8 – 300 K. High-field measurements with

maximum fields of 18 T and temperatures as low as 0.3 K
were carried out at the SCM-2 facility of the National High
Magnetic Field Laboratory in Tallahassee, Florida. A shiny
regular-shaped piece of Ti-doped CsV3Sb5 single crystal was
selected, and four electrical contacts were applied for standard
resistivity measurements. The sample was carefully mounted
inside a piston-cylinder pressure cell for high-pressure experi-
ments. Daphne 7474 oil was used as the pressure-transmitting
medium, and the pressure inside the cell at low temperatures
was calibrated by measuring the fluorescence of a small ruby
chip placed inside the cell. A fiber-optic cable was embedded
with the electrical wires to enable ruby fluorescence measure-
ments inside the pressure cell. The sample was oriented such
that the magnetic field was parallel to the c axis of the crystal.
Magnetic fields up to 18 T were applied while the sample
was under pressure, and the field was swept at each fixed
temperature at a rate of 0.3 T/min.

The electronic structure and Fermi surface of Ti-doped
CsV3Sb5 were computed using WIEN2K [43], based on the
full-potential linearized augmented plane wave method within
the DFT framework. The generalized gradient approximation
with the Perdew-Burke-Ernzerhof parametrization [44] was
employed to treat all electrons. The energy convergence cri-
terion was set to 10−4 Ry for the self-consistent calculation.
The atomic sphere radius (reduced muffin-tin radius) was
2.50 bohrs for Cs, V, Ti, and Sb. Fermi surfaces were gen-
erated using a dense k-point mesh of 25 × 25 × 12.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the temperature dependence of the mag-
netic susceptibility χ (T ) for CsTi0.1V2.9Sb5. As seen in the
graph, χ (T ) exhibits a paramagneticlike behavior, consistent
with that of the parent compound CsV3Sb5 [12]. A minor
humplike feature appears near 70 K, which is attributed to
the charge density wave order. This feature is more clearly
visible in the zoomed-in χ (T ) data shown in the inset, where
a distinct anomaly is observed near TCDW = 71 K due to the
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FIG. 2. (a) Temperature dependence of electrical resistance R(T )
for CsTi0.1V2.9Sb5 at different external pressures. The R(T ) de-
creases with temperature and exhibits anomalies around 80 and 5 K,
as indicated by the dashed arrows, corresponding to CDW and su-
perconducting transitions, respectively. The anomaly near 250 K,
indicated by the dotted area, is extrinsic and results from a fast
cooling effect. (b) First derivative curves of R(T ) at different pres-
sures, emphasizing the CDW transition. (c) Superconducting critical
temperature Tc as a function of pressure, showing an increase in Tc

with higher pressure.

CDW transition. This TCDW value is lower than the 94 K
observed for the parent compound CsV3Sb5, likely due to the
chemical pressure effect induced by Ti doping.

Figure 1(c) displays the χ (T ) data below 10 K measured
under an applied field of H = 10 Oe. The diamagnetic signal
associated with superconductivity emerges at T onset

c = 3.1 K.
The superconducting volume fraction reaches approximately
14% diamagnetic at 1.8 K. Our systematic doping study re-
veals that a bulk superconducting state with nearly 100%
shielding fraction is achieved for a slightly higher Ti-doping
level, CsTi0.15V2.85Sb5, which will be reported elsewhere. The
Tc value of 3.1 K is higher than the 2.5 K reported for the
parent compound CsV3Sb5 [45]. The increase in Tc along with
the suppression of the CDW phase clearly indicates that tita-
nium substitutes vanadium atoms in the crystal lattice, acting
as a source of chemical pressure. To further tune the electronic
properties of this material, we applied physical pressure using
a piston-cylinder pressure clamp.

Figure 2(a) displays the temperature dependence of elec-
trical resistance R for the Ti-doped CsV3Sb5 sample under
different applied pressures. The resistance decreases with
temperature, indicating metallic behavior. The residual resis-
tivity ratio is 29, confirming the high quality of the single
crystals used here. A subtle change in slope near 80 K marks
the CDW-like transition, while a sharp drop in resistance
below 10 K signals the superconducting transition. The CDW-
like transition is more pronounced in the derivative data,
shown in Fig. 2(b). The transition temperature TCDW is 78 K
at 0.25 GPa and shifts to lower temperatures with increasing
pressure, becoming barely visible at 1.55 GPa. This gradual
suppression of the CDW phase is consistent with previous
observations in the parent compound CsV3Sb5 and related
kagome materials KV3Sb5 and RbV3Sb5 [46–48].

Interestingly, although a CDW generally opens a gap on
part of the Fermi surface and may reduce the carrier density,
the resistivity of CsTi0.1V2.9Sb5 decreases more rapidly below

FIG. 3. Magnetoresistance curves at selected temperatures
for the Ti-doped CsV3Sb5 sample under different pressures:
(a) 0.25 GPa, (b) 0.47 GPa, (c) 1.55 GPa, and (d) 2.1 GPa. The MR
data reveal a critical field Hc marking the transition from the super-
conducting to the normal state. The Hc decreases to the lower-field
value at higher temperatures, as indicated by the dashed arrow. At
high magnetic fields above 7 T, SdH oscillations are observed; how-
ever, these oscillations vanish at higher pressures (1.55 and 2.1 GPa).

the CDW transition [Fig. 2(b)]. This behavior is consistent
with the parent compound CsV3Sb5 [12,49] where the for-
mation of the CDW leads to a suppression of electron-phonon
scattering, resulting in enhanced carrier mobility that offsets
the partial loss of carriers. Similar effects have also been
reported in the classical CDW system TiSe2 [50].

Figure 2(c) shows the R(T ) curves at low temperatures,
illustrating the evolution of Tc with pressure. At 0.25 GPa,
the onset Tc is 4 K, as indicated by the dashed arrow. The Tc

increases to higher values with increasing pressure, reaching
a maximum of 6.5 K at 2.1 GPa, which is twice as high as at
ambient pressure [Fig. 1(a)] and nearly three times higher than
that of the parent compound. Notably, we do not observe the
nonmonotonic M-shaped pressure dependence of Tc reported
in the parent compound [30,31]. To observe this feature in
CsTi0.1V2.9Sb5, we might need a systematic study with finely
spaced pressure increments.

To investigate the effect of the magnetic field on the su-
perconducting state of CsTi0.1V2.9Sb5, we applied external
magnetic fields up to 18 T in situ under pressure. Figure 3
presents the magnetic field dependence of electrical resistance
at four different pressures: 0.25, 0.47, 1.55, and 2.1 GPa. At
0.25 GPa, the resistance remains zero at low magnetic fields in
the superconducting state but increases sharply above 3 T, in-
dicating a transition to the normal state [Fig. 3(a)]. The critical
field Hc for this transition is approximately 2 T at 0.5 K and it
gradually decreases at higher temperatures, as indicated by the
dashed arrow. At 3.5 K, Hc = 0.07 T and superconductivity
disappears above this temperature. Furthermore, Hc increases
with increasing pressure. For example, Hc ∼ 2 T at 0.25 GPa
and increases to around 5 T at 2.1 GPa. We also note that
the transition from the superconducting to the normal state
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FIG. 4. (a) Resistance R versus magnetic field H data in the
low-field region at 2.1 GPa for the CsTi0.1V2.9Sb5 compound. The
left y axis shows the raw R(H ) data and the right y axis the first
derivative of R(H ). Two distinct peaks appear at Hc = 4.04 T and
H∗

c = 5.16 T, corresponding to two kinks in the raw data. (b) Tem-
perature dependence of Hc and H∗

c at 0.25 GPa and 2.1 GPa, showing
an increase in the critical field at higher pressure. The dashed curves
are the fitting curves obtained by using the empirical GL equation.
The x and y axes are in logarithmic scale for better visibility.

is broader at lower pressures and becomes sharper at higher
pressures, as exemplified at 2.1 GPa [Fig. 3(d)]. Moreover,
there appear to be two critical fields for the superconducting-
to-normal state transition. This feature has also been observed
[51] in the parent compound CsV3Sb5.

As mentioned earlier regarding Fig. 3, there is a signa-
ture of two critical fields in the superconducting-to-normal
state transition. To investigate this further, we analyze the
first derivative of the R(H ) curve in the low-field region. For
example, we present both the raw data and the first derivative
curve at 2.1 GPa in Fig. 4(a). Two clear peaks appear near
Hc = 4.04 T and H∗

c = 5.16 T, confirming the presence of
two critical fields. The temperature dependence of Hc and H∗

c
is shown in Fig. 4(b). For better visibility, we present data
only at two pressure points: 0.25 and 2.1 GPa. As seen in the
figure, both critical fields gradually decrease with increasing
temperature. The temperature dependence of the critical fields
at other pressure points is presented in Fig. S2 of the SM [42]
and follows similar trends.

Two critical-field-like features have also been observed
in the parent compound CsV3Sb5 in both in-plane and out-
of-plane directions [51]. One possible explanation is the
coexistence of two superconducting phases, CsV3Sb5 and Ti-
doped CsV3Sb5 within the sample, each exhibiting different
critical fields. The similar temperature dependence of Hc and
H∗

c supports this possibility. However, a detailed theoretical
study would be beneficial in further understanding this behav-
ior.

The temperature dependence of the critical fields can
be described by the empirical Ginzburg-Landau (GL) equa-
tion Hc(T ) = Hc(0)(1 − t2)/(1 + t2), where Hc(T ), Hc(0),
and t represent the critical field at temperature T , the critical
field at 0 K, and the reduced temperature T/Tc, respectively.
The dashed curves in Fig. 4(b) are the best-fit curves to the
data using the GL equation. From these best-fit curves, we
have estimated the values of the critical field Hc(0) and tabu-
lated them in Table I. As shown in the table, both Hc(0) and
H∗

c (0) initially increase from 0.25 GPa to 0.47 GPa, then de-
crease from 0.47 GPa to 1.55 GPa, and finally increase again

TABLE I. Critical fields at zero temperature.

Pressure (GPa) Hc(0) (T) H∗
c (0) (T)

0.25 1.54 2.53
0.47 3.53 4.85
1.55 2.01 3.35
2.1 4.0 5.13

with further pressure increase. This behavior of the critical
field is consistent with previous high-pressure studies of the
parent compound CsV3Sb5 [30,31]. The addition of data at
more pressure points could help form a clearer picture of the
pressure dependence of these critical fields.

Using the pressure dependent data (Fig. 3), we finally
constructed the pressure-temperature T -P phase diagram as
presented in Fig. 5. For superconducting transition, all three
temperature points, the zero point, midpoint, and onset point,
represented as T zero

c , T mid
c , and T onset

c , respectively, are shown
in the graph. As seen in the graph, the CDW phase is gradually
suppressed at higher pressure and disappears above 1.55 GPa.
In the meantime, the superconducting phase becomes more
stable at higher pressure. The critical temperature Tc = 3.1 K
at ambient pressure and it increases nearly by double, to 6.5 K
at 2.1 GPa. The Tc shows a monotonic increase with pressure
up to 2.1 GPa, which is the maximum pressure range for
this experiment. The Tc-P phase diagram shows a double-
dome-like feature [30,31] for the parent compound CsV3Sb5.
We expect that CsTi0.1V2.9Sb5 may exhibit similar behav-
ior; however, our current data lack sufficient pressure points,

FIG. 5. Temperature-pressure T -P phase diagram of
CsTi0.1V2.9Sb5. The zero point, midpoint, and onset point of
the critical temperature are represented as T zero

c , T mid
c , and T onset

c ,
respectively. The charge density wave transition temperature TCDW

gradually decreases with pressure and disappears after 1.55 GPa,
while the superconducting transition temperature increases gradually
at higher pressures. The Tc and TCDW data at ambient pressure are
obtained from the magnetic measurements (Fig. 1). The error bar for
TCDW is taken as half the width of the transition.
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FIG. 6. Frequency spectrum of CsTi0.1V2.9Sb5 at pressures of (a) 0.25 GPa and (b) 0.47 GPa. At 0.25 GPa, four prominent peaks are
observed at Fα = 21 T, Fβ = 83 T, Fγ = 709 T, and Fδ = 804 T. The insets in (a) and (b) show close-ups of the frequency spectra highlighting
high-frequency peaks. (c) Frequency data at 1.55 and 2.1 GPa for SdH oscillations measured at T = 0.3 K, as shown in the inset. The tiny SdH
oscillation signal is visible at 1.55 GPa, but it is completely absent at 2.1 GPa. (d) Lifshitz-Kosevich analysis of the Fβ frequency at 0.25 and
0.47 GPa. The inset shows the Dingle temperature analysis for the β orbit at 0.25 and 0.47 GPa. The scattered points represent the quantum
oscillation amplitudes at various magnetic fields, while the solid lines correspond to the best fits using the LK formula (1).

particularly between 0.47 and 1.55 GPa. Future high-pressure
studies with finer pressure increments may help reveal the
double-dome superconducting feature in this compound.

In many iron-based (pnictide) and cuprate superconduc-
tors, Tc typically follows a domelike feature [27,29,52].
Therefore, it is worthwhile to investigate further how Tc

changes with pressure above 2.1 GPa. It is important to
note that high-pressure studies on Ti-doped CsV3Sb5 have
also been reported in Ref. [34], where the evolution of the
CDW order and superconducting transition temperature Tc

under pressure was systematically investigated. Our results on
CsTi0.1V2.9Sb5 are consistent with their findings, particularly
in the overall pressure-temperature phase diagram and the
suppression of the CDW phase with increasing pressure.

As seen in Fig. 3, the magnetoresistance shows clear SdH
oscillations at magnetic fields above 5 T. The oscillations
are prominent at low temperatures and gradually disappear at
higher temperatures. Furthermore, the oscillations are clearly
visible at low pressures (0.25 and 0.47 GPa); however, they
seem to be absent at higher pressure points (1.55 and 2.1 GPa).
To investigate this, we carried out frequency analyses of the
magnetoresistance data. For this, we first subtracted a smooth

polynomial background and then performed the fast Fourier
transform of the background-subtracted data. The process of
background subtraction is presented in Fig. S1 of the SM [42].

The frequency spectrum for CsTi0.1V2.9Sb5 at different
pressure points is presented in Fig. 6. At 0.25 GPa, there are
three clear major peaks at Fα = 21 T, Fβ = 83 T, Fγ = 709 T,
and Fδ = 804 T. The high-frequency signals Fγ and Fδ are
more clearly visible in the zoomed-in spectrum, as shown in
the inset of Fig. 6(a). A more well-defined signal near 728 and
789 T was also observed in the parent compound CsV3Sb5 in
our recent torque and tunnel diode oscillation studies [13,32]
when applied fields were up to 45 T. Therefore, Fγ and Fδ

in Fig. 6(a) should be intrinsic. An increase in the magnetic
field range above 18 T is necessary to better resolve these
high-frequency peaks.

As the pressure increases to 0.47 GPa, Fα decreases to 15 T,
while Fβ increases to 85 T [Fig. 6(b)]. The high-frequency
signal Fγ decreases to 572 T, whereas Fδ remains unresolved
[inset in Fig. 6(b)]. With a further increase in pressure beyond
0.47 GPa, Fα , Fβ , Fγ , and Fδ vanish, as shown in Fig. 6(c).
A weak frequency signal near 163 T appears at 1.55 GPa
but becomes unresolvable at 2.1 GPa. According to Onsager’s
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relation [53,54], the frequency F of quantum oscillations is
directly proportional to the cross-sectional area AF of the
Fermi surface as F = (h̄/2πe)A2

F , where h̄ is the reduced
Planck constant and e is the charge of an electron. Therefore,
the quantum oscillation frequency is a direct measure of the
Fermi surface of the material under study. The absence of a
high-frequency signal above 0.47 GPa in this study strongly
suggests that the material might have undergone a reconstruc-
tion above this pressure. The high-pressure study in our recent
work [32] on the parent compound also showed this behavior,
and we attributed it to Fermi surface reconstruction.

With the increase of temperature, the amplitude of SdH
oscillation decreases, which can be explained by the Lifshitz-
Kosevich (LK) theory [53,54]. According to the LK theory,
the temperature and magnetic field dependences of SdH oscil-
lations are given by

�R(T, H ) ∝ e−λD
λ(T/H )

sinh[λ(T/H )]
, (1)

with λD(H ) = 2π2kB
h̄e m∗ TD

H and λ(T/H ) = 2π2kB
h̄e m∗ T

H . Here TD,
kB, and m∗ represent the Dingle temperature, Boltzmann con-
stant, and effective mass of the charge carriers, respectively.
The first term in the formula is the Dingle factor, which de-
scribes the attenuation of the oscillations with decreasing field
H . The second term explains the weakening of the oscillations
at higher temperatures.

The temperature dependence of the frequency amplitude
for the β orbit at 0.25 and 0.47 GPa is presented in Fig. 6(d).
As shown in the figure, the LK formula fits the frequency
vs temperature data very well. From the best-fit curve, we
estimate the effective mass of the charge carriers to be
(0.11 ± 0.02)m0 and (0.14 ± 0.02)m0 at 0.25 and 0.47 GPa,
respectively, where m0 is the rest mass of the electron. These
effective mass values are comparable to those reported for
AV3Sb5 and other kagome systems [10,14,55–61].

The Dingle temperature TD provides important insights
into the scattering rate and can offer information about the na-
ture of the Fermi surface reconstruction observed in this study.
Therefore, we have extracted TD for the β orbit, as presented
in the inset of Fig. 6(d). For this, we fit the field dependence
of quantum oscillation amplitude using the LK formula in
Eq. (1). We find TD = 9.8 ± 0.6 K at 0.25 GPa and 11 ± 1.6 K
at 0.47 GPa. Within our experimental resolution, TD remains
relatively pressure independent. No clear anomaly is observed
near the pressure at which the Fermi surface reconstruction
occurs, suggesting that the transition is not accompanied by a
significant change in quasiparticle scattering.

In order to better understand the experimental observa-
tions, we have carried out electronic structure calculations of
Ti-doped CsV3Sb5 using DFT, as presented in Fig. 7. With
the replacement of the vanadium atom by a titanium atom,
there is a significant change in the electronic bands, as shown
in Figs. 7(a) and 7(b). The parent compound shows a rich
number of Dirac points and Van Hove singularities near the
Fermi level. These observations are in agreement with previ-
ous reports [59,62,63]. The electronic band structure evolves
with increasing Ti concentration, leading to noticeable shifts

in the Dirac points and Van Hove singularities, as indicated by
the arrows and dotted circles.

The Ti-doping effect also changes the Fermi surface, as
presented in Fig. 7(c). The Fermi surface of CsV3Sb5 consists
of a cylinderlike feature at the 
 point, along with chainlike
features at the corners of the Brillouin zone. With higher Ti
doping, the central cylinderlike feature undergoes a drastic
transformation, splitting at the center and shrinking. Similarly,
the Fermi surface feature at the corner evolve into cylinderlike
shapes, which become larger. Our recent DFT studies under
pressure [63] on the parent compound CsV3Sb5 revealed a
similar evolution of the electronic bands and Fermi surface
features under increasing pressure. Therefore, these studies
suggest that titanium substitution in CsV3Sb5 effectively acts
as a source of chemical pressure, tuning the electronic proper-
ties of the material in a manner analogous to applied physical
pressure.

IV. SUMMARY

We have presented the electronic structure of Ti-doped
CsV3Sb5 under high pressure by measuring quantum os-
cillations. Replacing V atoms with Ti acts as a form of
chemical pressure, effectively tuning the charge density wave
and superconducting phases. The parent compound exhibits
superconductivity at Tc = 2.5 K and a CDW transition at
TCDW = 91 K. With light Ti doping in CsTi0.1V2.9Sb5, the
CDW transition is suppressed to 71 K, while Tc increases to
3.1 K. Upon applying external pressure up to 2.1 GPa, the
CDW phase is completely suppressed and Tc rises to 6.5 K.
By combining pressure- and field-dependent measurements of
TCDW and Tc, we have constructed the T -P phase diagram for
CsTi0.1V2.9Sb5. These observations are consistent with pre-
vious studies of CsV3Sb5 [33,34,39,48,64–67]. However, to
date, no studies have investigated the Fermi surface evolution
under pressure in Ti-doped compounds.

To probe the Fermi surface of CsTi0.1V2.9Sb5, we applied
high magnetic fields up to 18 T in situ with applied pressure.
Magnetoresistance measurements revealed clear Shubnikov–
de Haas oscillations, with four dominant frequencies: Fα =
21 T, Fβ = 83 T, Fγ = 709 T, and Fδ = 804 T. As the pressure
increased, these frequency peaks vanished above 0.47 GPa.
According to Onsager’s relation [40,41], quantum oscillation
frequencies are directly proportional to the extremal cross-
sectional areas of the Fermi surface. Thus, the disappearance
of these oscillations above 0.47 GPa provides strong evidence
for a reconstruction of the Fermi surface in CsTi0.1V2.9Sb5.

One might question whether the loss of oscillation sig-
nals could arise from nonhydrostatic pressure conditions or
inhomogeneity in the pressure medium. However, previous
studies have shown that the Daphne 7474 oil used as a pres-
sure medium remains hydrostatic up to 3–4 GPa [32,68,69],
well above the maximum pressure of 2.1 GPa applied in our
measurements. Therefore, it is unlikely that the disappearance
of quantum oscillation frequencies is an experimental artifact.

To support our experimental observations, we carried out
electronic structure calculations of Ti-doped CsV3Sb5 at var-
ious Ti-doping levels using density functional theory. Our
results show that with increasing Ti content, the Dirac points
and Van Hove singularities shift closer to the Fermi level
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FIG. 7. Electronic band structure of (a) CsV3Sb5 and CsTiV2Sb5 and (b) CsTi2VSb5 and CsTi3Sb5. The characteristic electronic features,
including the Dirac cone and Van Hove singularity, exhibit a noticeable shift with increasing titanium doping, as indicated by the dashed
arrows and dotted circles. (c) Fermi surface of Ti-doped CsV3Sb5, showing a clear evolution as the titanium-doping concentration increases.
The cylinderlike feature at the center 
 point undergoes a drastic change, splitting at the center and shrinking with higher Ti doping.

and the Fermi surface becomes increasingly distorted. These
trends closely mimic the effects typically observed under ex-
ternal pressure [16,63], confirming that Ti doping introduces
chemical pressure capable of tuning the electronic structure.
Ideally, the origin of the observed SdH frequencies (Fig. 6)
could be identified by linking them to specific features of
the Fermi surface, as demonstrated in other kagome materi-
als [10,70,71]. However, computing the electronic structure
for CsTi0.1V2.9Sb5 at such a low doping level would require
constructing a very large supercell, which exceeds our current
computational resources.

In summary, the combined experimental and DFT re-
sults offer valuable insights into the behavior of CsV3Sb5

under both chemical and external pressure. These find-
ings deepen our understanding of kagome compounds and
highlight the potential of chemical doping as a tool for en-
gineering electronic structures and quantum states in these
materials.
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V. F. Mitrović, and S. D. Wilson, Electron-hole asymmetry in
the phase diagram of carrier-tuned CsV3Sb5, Front. Electron.
Mater. 3, 1257490 (2023).

[67] J. Liu, Q. Li, Y. Li, X. Fan, J. Li, P. Zhu, H. Deng, J.-X. Yin,
H. Yang, J. Li et al., Enhancement of superconductivity and
phase diagram of Ta-doped kagome superconductor CsV3Sb5,
Sci. Rep. 14, 9580 (2024).

[68] N. Tateiwa and Y. Haga, Evaluations of pressure-transmitting
media for cryogenic experiments with diamond anvil cell, Rev.
Sci. Instrum. 80, 123901 (2009).

[69] K. Murata, K. Yokogawa, H. Yoshino, S. Klotz, P. Munsch,
A. Irizawa, M. Nishiyama, K. Iizuka, T. Nanba, T. Okada
et al., Pressure transmitting medium Daphne 7474 solidifying
at 3.7 GPa at room temperature, Rev. Sci. Instrum. 79, 085101
(2008).

[70] D. Miertschin, T. Nguyen, S. R. Bhandari, K. Shtefiienko,
C. Phillips, B. A. Magar, R. Sankar, D. E. Graf, and K.
Shrestha, Anisotropic quantum transport in ZrSiS probed by
high-field torque magnetometry, Phys. Rev. B 110, 085140
(2024).

[71] Z. Rehfuss, C. Broyles, D. Graf, Y. Li, H. Tan, Z. Zhao, J. Liu,
Y. Zhang, X. Dong, H. Yang et al., Quantum oscillations in
kagome metals CsTi3Bi5 and RbTi3Bi5, Phys. Rev. Mater. 8,
024003 (2024).

235135-10

https://doi.org/10.1103/PhysRevX.11.041030
https://doi.org/10.1103/PhysRevLett.127.207002
https://doi.org/10.1103/PhysRevB.90.241111
https://doi.org/10.1103/PhysRevB.95.075102
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1063/5.0255919
https://doi.org/10.1016/j.scib.2023.01.020
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.3389/femat.2023.1257490
https://doi.org/10.1038/s41598-024-59518-1
https://doi.org/10.1063/1.3265992
https://doi.org/10.1063/1.2964117
https://doi.org/10.1103/PhysRevB.110.085140
https://doi.org/10.1103/PhysRevMaterials.8.024003

