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SPECIAL TOPIC — Superconductivity in vanadium-based kagome materials
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Controlling the anomalous Hall effect (AHE) inspires potential applications of quantum materials in the next genera-
tion of electronics. The recently discovered quasi-2D kagome superconductor CsV3Sbs exhibits large AHE accompanying
with the charge-density-wave (CDW) order which provides us an ideal platform to study the interplay among nontrivial
band topology, CDW, and unconventional superconductivity. Here, we systematically investigated the pressure effect of the
AHE in CsV3Sbs. Our high-pressure transport measurements confirm the concurrence of AHE and CDW in the compressed
CsV3Sbs. Remarkably, distinct from the negative AHE at ambient pressure, a positive anomalous Hall resistivity sets in
below 35 K with pressure around 0.75 GPa, which can be attributed to the Fermi surface reconstruction and/or Fermi energy
shift in the new CDW phase under pressure. Our work indicates that the anomalous Hall effect in CsV3Sbs is tunable and

highly related to the band structure.

Keywords: anomalous Hall effect (AHE), charge-density-wave (CDW), kagome superconductor, pressure ef-

fect
PACS: 74.62.Fj, 71.18.4y, 71.45.Lr

1. Introduction

The anomalous Hall effect (AHE), which occurs due to
an “anomalous” transverse group velocity of carriers, has
been one of the most attractive transport phenomena in the
condensed matter physics since its experimental discovery
more than a century ago.!'! In general, the AHE can be
broadly engendered by two classes of mechanisms: the ex-
trinsic and the intrinsic ones. The extrinsic mechanism owes
to spin-dependent impurity scattering effects, including skew-
scattering (pyy o Pyy) and side jump (pyy o< p2.).123 The intrin-
sic mechanism governed by the electronic structure of a mate-
rial is related to the nonzero Berry curvature (pyy, o< p2,),1*7)
which is the dominant mechanism in topological materials like
Co3Sn,S,, 8 ZrTes ™ and GdPtBi.['% On the other hand, the
AHE can be divided into three regimes by the magnitude of
conductivity oy dirty limit (6, < 10* (rom)_l), intrinsic
dominant (10* (Q-cm)™! < 6, < 10° (Q-cm)~!) and clean
limit (0, > 10 (Q-cm)~!).1-311.12]

Recently, a new family of topological kagome metals
AV3Sbs (A = K, Rb, Cs) have attracted great attention due
to their abundant physical properties.!!3] These materials pos-
sess a layered hexagonal centrosymmetric structure with space
group P6/mmm (No. 191). There are two kinds of Sb sites.
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The vanadium sublattice in the V-Sbl layers forms an ideal
2D kagome network, and the Sb2 atoms locate between the
kagome hexagons and the alkali-metal layers as shown in
Fig. 1(a). Interestingly, these compounds show superconduc-
tivity with the superconducting transition temperature Tc =
0.93 K, 0.92 K, 2.5 K for A = K, Rb, Cs, respectively.!!4-!7]
In addition, a charge density wave (CDW) order appears
below a transition temperature 78—105 K across the three
compounds.[!31416] Furthermore, unconventional giant AHE
was observed in the nonsuperconducting K;_,V3Sbs and su-
perconducting CsV3Sbs with the absence of magnetic or-

(18191 More interestingly, a strong cor-

der or local moments.
relation between the AHE and CDW state was revealed in
CsV3Sbs, 191 which may associate with the unconventional
chiral charge order.!?>?! However, the origin of the AHE is
still a mystery.

Since the CDW state and the AHE in CsV3Sbs are in-
timately correlated, it is desirable to further manipulate the
AHE and to investigate their relationship. In this regard, pres-
sure can be employed as a clean and effective means, espe-
cially for the materials with abundant physical properties like
CsV3Sbs. In fact, unusual competition between CDW and SC
under pressure was reported previously.!?>?3 A new CDW or-

a,[22:23

der is suggested to appear above 0.7 GP ! which may
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strongly suppress the superconductivity. More interestingly,
a new superconducting dome emerges above 15 GPa without
CDW order.!?*2"] However, despite a large number of high-
pressure works on CsV3Sbs, there is no systematic study of
the AHE under pressure so far. In addition, many experimen-
tal observations of high pressure modulated AHE have been
reported in the other topological materials.!?-331 In this paper,
we have tuned the giant AHE in CsV3Sbs by applying hydro-
static pressure. We confirm that the AHE is strongly correlated
with the CDW order even under pressure. In addition, a posi-
tive anomalous Hall resistivity signal suddenly emerges below
35 K at 0.75 GPa, which could be related to the Fermi surface
reconstruction and/or Fermi energy shift under pressure. Our
work demonstrates that CsV3Sbs provides us an ideal platform
to study the correlation between AHE and CDW in the kagome
lattice system.

2. Methods

The CsV3Sbs single crystals were grown using a self-flux
method similar to the previous reports.['*] Tn order to prevent
the reaction of Cs with air and water, all the preparation pro-
cesses were performed in an argon glovebox. After reaction
in the furnace, the as-grown CsV3Sbs single crystals are sta-
ble in the air. The excess flux was removed using ethanol
and millimeter-sized single crystal can be obtained. XRD data
were collected at room temperature by using an x-ray diffrac-
tometer (SmartLab-9, Rikagu) with Cu K, radiation. Elec-
trical transport measurements were carried out in a Quantum
Design PPMS-14T system. The longitudinal resistance and

Hall resistance were simultaneously measured with standard
six-probe Hall bar geometry. Hydrostatic pressure was estab-
lished in a piston-cylinder cell (PCC) with Daphne 7373 oil
used as the pressure transmitting medium. The pressure val-
ues in PCC were calibrated by measuring the superconducting
transition temperature of pure tin.

3. Results and discussion

We first checked the quality of the as-grown CsV3Sbs sin-
gle crystals under ambient pressure, with results summarized
in Fig. 1. Figure 1(b) displays the x-ray diffraction (XRD) pat-
tern of a CsV3Sbs single crystal. Only (00/) diffraction peaks
can be detected which indicates the as-grown single crystal
having a (00/) preferred orientation. The lattice constant c is
9.308 A, being consistent with previous report.[!*! Figure 1(c)
displays the temperature dependence of resistivity of the sam-
ple at ambient pressure which shows 7¢ around 2.7 K. The
residual resistivity ratio (RRR) is 61, suggesting high quality
of the sample. The kink around 94 K in the resistivity curve
is associated with the CDW transition, similar to the previous
result.['4]

Next, we systematically investigated the pressure effect
on the AHE in quasi-2D kagome superconductor CsV3Sbs
under various pressures. To evaluate the pressure effect on
the AHE of CsV3Sbs, we measured Hall resistivity py,(H)
at different temperatures under various pressures. Figure 2
shows Hall effects of CsV3Sbs at various temperatures un-
der pressure of 0.36 GPa. As shown in the inset of Fig. 2(a),
the CDW transition temperature 7* can be suppressed to 83 K,
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Fig. 1. Crystal structure of CsV3Sbs. The Cs, V, Sb1 and Sb2 atoms are presented as blue, green, puce and hazel balls, respectively. The vanadium
sublattice forms perfect kagome lattice. (b) Single-crystalline x-ray diffraction pattern for the CsV3Sbs single crystals. All the peaks can be well

indexed with Miller indices (00/). (c) Temperature dependence of resistivity at ambient pressure. The arrows denote the CDW transitions at

The inset indicates the superconducting transition around 2.7 K.

~94 K.
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Fig. 2. Hall effects of CsV3Sbs at 0.36 GPa. (a) The Hall resistivity as a function of field at various temperatures from 10 K to 100 K. The
inset shows the temperature dependence of resistivity. 7™ is suppressed to 83 K as determined from the derivative resistivity curve. (b) The
extracted anomalous Hall resistivity taken by subtracting the local linear ordinary Hall background at various temperatures from 10 K to 90 K. AHE
spontaneously emerges below 7*. (c) and (d) The extracted anomalous Hall conductivity at various temperatures.

consistent with the previous high-pressure results.[??! Similar
to the case at ambient pressure,!!”) p,, exhibits a linear behav-
ior at high temperature, indicating that the carrier density is
dominated by one band. p,, gradually deviates from the linear
behavior below T*, with the slope of high-field p,, gradually
decreasing and changing its sign around 30 K. Such behav-
iors could be attributed to the significant enhancement of hole
mobility at low temperature. Similar to the ambient-pressure
Hall data, an antisymmetric sideways “S” line shape is ob-
served at low fields, which can be attributed to the AHE. We

can extract ppHt

E by subtracting the local linear ordinary Hall
term (typically from 1 T to 2 T at low temperature) as shown
in Fig. 2(b). pg,HE decreases with increasing temperature and
persists up to the CDW transition temperature 7. We can
also obtain the Hall conductivity by inverting the resistivity
matrix, Oy, = — P/ (P25 + pfy). The anomalous Hall conduc-
tivity (AHC) ok is obtained by subtracting the local linear
ordinary Hall conductivity background as shown in Figs. 2(c)
and 2(d), which clearly shows the sudden appearance of the
AHE below T*.

To check the AHE evolution under pressure, we further
increase the pressure above 0.7 GPa above which the super-
conductivity shows sudden suppression.?>?3! In Fig. 3(a) we
plot the temperature variation of the resistivity p,, of CsV3Sbs
at 0.75 GPa. The CDW transition temperature can be sup-
pressed to ~ 64 K as indicated by the arrow in the derivative of

the p—T curve. The py, at various temperatures is shown in

Fig. 3(b). Unlike the case of the ambient pressure, the p,, does
not change sign at low temperatures, indicating a reduction of
the hole contribution stemming from the change of Fermi sur-
face pocket size or mobilities. By subtracting the local lin-
ear ordinary Hall term, we can obtain the p)gHE as shown in
Figs. 3(c) and 3(d). We find AHE emerges just below T*,
similar with the result measured at ambient pressure. More
interestingly, a new AHE signal shows up below ~ 35 K as
shown in Fig. 3(d). This new AHE signal is positive which
shows the opposite sign with the original one. The emergence
of the positive anomalous Hall resistivity is possibly related
to the Fermi surface reconstruction and/or Fermi energy shift
under pressure. We can also extract the oapgg as shown in
Figs. 3(e) and 3(f). oang also shows anomaly at low tempera-
ture which could be attributed to the other source of AHE. We
notice that the new AHE has a saturation field smaller than the
original one, indicating the different origins.

With further increasing the pressure, 7* can be sup-
pressed to 49 K at 1.02 GPa as shown in the inset of Fig. 4(a).
The Hall effect measurements at various temperatures are
shown in Fig. 4(a). py, shows different behavior with that at
0.75 GPa at low temperature, which indicates that the Fermi
surface may be rather sensitive to the pressure. The high-
field nonlinear behavior of py, is related to the two-band or-
dinary Hall effect, which is similar to the ambient-pressure

(18,19

results. I The extracted Pxy decreases with increasing tem-
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perature and persists up to the CDW transition temperature 7*
as shown in Fig. 4(b). Similarly, the magnitude of the AHE
monotonically decreases with increasing temperature until it

is lost at around 7* as shown in Figs. 4(c) and 4(d). We notice
that the positive anomalous Hall resistivity disappears, which
is possibly due to the shift of the Fermi energy under pressure.

30
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Fig. 3. Hall effects of CsV3Sbs at 0.75 GPa. (a) Temperature dependence of the resistivity py, and the derivative resistivity dp,,/d7. The CDW ordering
temperature is indicated by arrows as T* ~ 64 K. (b) Field dependent Hall resistivity p,, at various temperatures from 10 K to 70 K. (c) and (d) The
extracted anomalous Hall resistivity taken by subtracting the local linear ordinary Hall background at various temperatures from 10 K to 70 K. AHE

spontaneously emerges below 7*. A positive anomalous Hall resistivity emerges below 35 K. (e) and (f) The extracted anomalous Hall conductivity at

various temperatures.
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Fig. 4. Hall effects of CsV3Sbs at 1.02 GPa. (a) The Hall resistivity at different temperatures. The inset shows the temperature dependence of resistivity

and the derivative resistivity curve with a kink at 7* ~ 49 K. (b) The extracted anomalous Hall resistivity at various temperatures from 10 K to 60 K.
AHE spontaneously emerges below T*. (c) and (d) The extracted anomalous Hall conductivity at different temperatures.
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Further increasing the pressure, 7* can be gradually sup-
pressed. With pressure increasing to 1.78 GPa, T* can be sup-
pressed to 18 K as shown in Fig. S1 in the supplementary
materials. The AHE also appears below T*. By completely
suppressing 7* above 2 GPa, AHE disappears.!'®! Combing
all the high-pressure Hall measurements, we can map out the
phase diagram of CsV3Sbs as shown in Fig. 5. The CDW is
monotonically suppressed by elevating the pressure, and dis-
appears at ~ 2.0 GPa. The negative Hall resistivity persists
up to the CDW transition temperature 7* even under pres-
sure. Remarkably, the amplitude of the anomalous Hall re-
sistivity suddenly decreases around 0.75 GPa, which is due to
the abrupt emergence of the positive anomalous Hall resistiv-
ity. Such behavior can be strongly correlated with the new
CDW order that develops above 0.7 GPa which will be de-
tailed discussed below. At the meantime, the AHC also shows
local minimum around 0.75 GPa, as shown in Fig. S2 in the
supplementary materials.

100
T* 5
80 Py
o
G
g 60 F —15 m:&
~ |
& —25 2
40 | 2
_35 Et:fg
20- - —45
0 0.5 1.0 1.5 2.0
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Fig. 5. The 2D color contour plot of the anomalous Hall resistivity

p;}HE as a function of P and 7'. Positive p;}HE emerges around 0.75 GPa

which is possibly due to the Fermi surface reconstruction or/and Fermi
energy shift when the new CDW order develops.

Although the origin of the AHE in CsV3Sbs is not well
understood, our work unambiguously demonstrates that the
negative anomalous resistivity immediately sets in below T,
which indicates the intimate correlation between AHE and
CDW. More interestingly, we observed a positive anomalous
Hall resistivity emerges below 35 K at 0.75 GPa. The origin of
AHE can be either intrinsic or extrinsic. Since the pressure is
unlikely to sudden change the impurity, therefore, the extrin-
sic AHE should not change much under pressure. The intrinsic
AHE is rather sensitive to the band structure and Fermi energy,
both of them may be dramatically changed under pressure and
could be the origins of the unusual AHE evolution under pres-
sure. Previous high pressure works demonstrated that a new
CDW order develops above 0.7 GPa, which would strongly
suppress the superconductivity and lead to the intriguing two-
dome superconductivity behavior.?>>3] The formation of the
new CDW would naturally lead to the Fermi surface recon-

struction, which could be one of the possibilities for the ori-
gin of the positive anomalous Hall resistivity. Such intrinsic
AHE can be weakened when the Fermi energy slightly shifts
at higher pressure. However, we can not figure out which band
contributes to the intrinsic AHE from the current measure-
ments. The band structure measurements are crucial to answer
this question, though such measurements are rather difficult
under pressure. Recently, the AHE is found to be tunable
through proton intercalation in the CsV3Sbs nanoflakes. 26!
Peculiarly, the AHE change sign when the carrier is tuned
from hole to electron,3®! similar to our high-pressure results.
We propose that the AHE at ambient pressure is constituted
by both extrinsic and intrinsic origins, by change the pressure,
the Fermi energy shift may lead to the sign change of the in-
trinsic part of the AHE around 0.75 GPa. With further shifting
the Fermi energy, the intrinsic AHE gradually vanishes and the
extrinsic AHE dominates at higher pressure.

4. Conclusion

We systematically investigated the pressure effect of the
AHE in CsV3Sbs. Our high-pressure transport measurements
confirm the concurrence of AHE and CDW in the compressed
CsV3Sbs. In addition, we observed that positive anomalous
Hall resistivity emerges below 35 K at 0.75 GPa, such be-
havior can be attributed to the Fermi surface reconstruction
and/or Fermi energy shift under pressure. Our results demon-
strate that the intrinsic AHE in CsV3Sbs can be easily tuned,
making CsV3Sbs an ideal platform to study the AHE and its
correlation with CDW order.
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