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Vortex phase diagram of kagome superconductor CsV3;Sb;

Xinyang Zhang,'»?3 Mark Zic,%* Dong Chen,”% Chandra Shekhar,’
Claudia Felser,” Ian R. Fisher,"">3 and Aharon Kapitulnik! 2?34

LStanford Institute for Materials and Energy Sciences,

SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA
2@eballe Laboratory for Advanced Materials, Stanford University, Stanford, CA 94305, USA
3 Department of Applied Physics, Stanford University, Stanford, CA 94305, USA
4 Department of Physics, Stanford University, Stanford, CA 94305, USA
5Maz Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
8 College of Physics, Qingdao University, Qingdao 266071, China
(Dated: June 26, 2023)

The screening response of vortices in kagome superconductor CsVsSbs was measured using the ac
mutual inductance technique. Besides confirming the absence of gapless quasiparticles in zero exter-
nal magnetic field, we observe the peak effect, manifested in enhanced vortex pinning strength and
critical current, in a broad intermediate range of magnetic field. The peaks are followed by another
crossover from strong to weak pinning, unlike the usual peak effect that diminishes smoothly at H.o.
Hysteresis in the screening response allows the identification of a vortex glass phase which strongly
correlates with the onset of the peaks. A variety of features in the temperature- and field-dependence
of the screening response, corroborated by resistance and dc magnetization measurements, have al-
lowed us to extract an H-T phase diagram of the vortex states and to infer the irreversibility line

Hi (T).

Correlated metals in reduced dimensions often exhibit
propensity to multiple ordered phases with similar ener-
gies, which leads to the phenomenon of “intertwined or-
der” [1[2], where multiple phases emerge out of a primary
phase. Kagome metals, featuring correlated electron ef-
fects and a topologically nontrivial band structure, have
recently emerged as a compelling family of compounds to
realize such multiple ordered electronic states. A partic-
ularly interesting material system in that respect is the
class of quasi-two-dimensional kagome metals AV3Sbs,
which exhibit charge order transitions at ~80 K, 103 K
and 94 K for A = K, Rb and Cs respectively [3]. Focus-
ing on CsV3Sbs, a CDW transition is revealed, which is
associated with a substantial reconstruction of the Fermi
surface pockets linked to the vanadium orbitals and the
kagome lattice framework [4]. Nuclear magnetic reso-
nance studies on the different vanadium sites is consistent
with orbital ordering at T~94 K induced by a first order
structural transition, accompanied by electronic charge
density wave (CDW) that appears to grow gradually be-
low Tepw, with possible intermediate subtle stacking
transitions perpendicular to the kagome planes [5].

The appearance of superconductivity with 7, ranging
from ~2.5 K to 4 K prompted further examinations of
the relation between the normal and the superconduct-
ing states [0 [7], with initial studies suggesting a pair-
density-wave (PDW) [8]. While the possibility of a time-
reversal symmetry breaking CDW state [9] is still under
debate [10], the emerging superconducting state appears
to exhibit a gapped conventional s-wave order parame-
ter [9]. With in-plane H.s clearly dominated by orbital
effects and a large Ginzburg-Landau parameter (here we
find k ~ 35), we might expect a rather ordinary vortex

physics behavior. Considering the non-trivial topolog-
ical band structure of CsV3Sbs, Majorana zero modes
(MZM) excitations in vortex cores [11] may be expected.
However, it is not yet clear whether there exists a range
of magnetic fields where vortex-induced MZM do not
fade-out due to overlap and thus affect the observed H-T
phase diagram of this material.

In this letter we examine the vortex phase diagram
of CsV3Sbs through measurements of the superfluid re-
sponse using a high-resolution mutual-inductance probe,
supplemented by resistivity and magnetization measure-
ments. Whereas the low-temperature zero-field data con-
firms the absence of gapless quasiparticles, we find an
unusually wide temperature-range of phase fluctuations,
which at a finite magnetic field evolves into a wide vor-
tex liquid phase. For a constant magnetic field, an ir-
reversibility line is observed, separating unpinned dissi-
pative vortex liquid from a weak pinning regime char-
acterized by weak sensitivity to the measurement time
scale. The vortex lattice melting transition, appearing at
lower fields and temperatures, is identified as an abrupt
increase in inductive response. Finally, a pronounced
“peak effect” is observed below the melting transition,
exhibiting a hysteresis that weakens with increasing tem-
perature. We therefore observe that CsV3Sbsprovides
a unique example of a clean anisotropic superconduc-
tor where a hierarchical succession of transitions and
crossovers in the vortex state do not cross each other
(by contrast to e.g. BiySroCaCusOgyy [12]) and where
the melting point is clearly distinct from other effects
(by contrast to e.g. YBagCuzO7_, [13]). Taking into
account the strong anisotropy of CsV3Sbs [3, [14], we cal-
culate a low temperature limit for vortex-entropy change



as ~ 0.04 kp per layer.

Peak effect is often observed in the inductive part of
superfluid response, while exhibiting an enhancement in
the depinning critical current density j. near H.o [I5].
Typically accompanied by a hysteresis, it is closely linked
to the strengthening of pinning in a vortex glass regime
[16] I7]. Such effects have been under scrutiny in a
broad range of type-II superconductors including Nb(O,
Tl) m, NbZr ﬂm, YB&QCU307_5 m Im, 2H—NbS€2
[22], (Ba, K)FepAsy [23], ternary stannide CagRhySn;s
[24], as well as germanides LuzOssGeqs and YsRusGers
[25]. Different scenarios for the interplay between vor-
tex pinning and lattice elasticity defines melting and ir-
reversibility lines, which play important roles in deter-
mining the magnetic properties of high-7, cuprates such
as YBayCu3O7 and BiySroCaCuyOg [26], often led to
conflicting phase diagrams, particularly in discerning the
thermodynamic melting transition out of the pinning-
induced vortex state. The clear feature that we observe
between the irreversibility line and the peak effect is
unique in that respect, especially as it seems to mark
the melting transition.

The mutual inductance (MI) technique that we are
adopting for our studies offers an alternative approach
of measuring the full complex ac superfluid response
[27, 28]. In zero external magnetic field, screening re-
sponse due to a small ac drive can be related to superfluid
density and (effective) penetration depth, given exact ge-
ometries of the sample and MI coils [29]. In the present
study, the complex ac response V = V' — V" of super-
conducting CsV3Sbs single crystals was measured using
a gradiometer-type MI probe [28] as shown in Fig. (1} In
this configuration, both the drive coil and the astatically-
wound pair of receive coils (1.5-mm in diameter) are po-
sitioned above the sample. The drive coil is supplied an
ac current of 20 pA at 100 kHz, thus creating a minus-
cule ac magnetic field H,. < 3 mOe <« H.; and inducing
screening supercurrents (and potentially dissipations) in
the superconductor; meanwhile, the receive coils pick up
both quadratures V/ and V" of the induced emf using a
lock-in amplifier phase-locked at the drive frequency.

CsV3Sbs single crystals were prepared by self-flux
method [3, B0]. An approximately 2 x 2 x 0.1 mm?
hexagonal-shaped CsV3Sbs crystal was silver pasted onto
the cold finger of a dilution refrigerator, where the MI
coils are mounted above and gently pressed down onto
the sample. Care was taken to minimize the stress ex-
erted by the coil assembly, which together with the mea-
surement wiring is well-thermalized at the mixing cham-
ber temperature. Details of the coil assembly can be
found in the supplemental information.

We first focus on the superconducting transition in zero
magnetic field as shown in Fig. 2] With careful tuning
of the applied magnetic field such that any effect of rem-
nant field is eliminated, we identify a zero-field super-
conducting transition temperature T.(H = 0) ~ 4.0 K,
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FIG. 1. The mutual inductance (MI) measurement. (a) Sim-
plified 3d view of the MI probe mounted over a CsV3Sbs
sample, which is thermally anchored by a thick puddle of sil-
ver paint onto the mixing chamber of a dilution refrigerator.
(b) Bottom view of the MI probe under the microscope. The
green-colored drive coil and bronze-colored receive coils were
cast in epoxy, which is polished to ~ 20 ym between the wires
and the bottom surface. The scale bar indicates 1 mm.

where the onset of inductive response V' at 100 kHz is
located. Following a gradual increase of V"(T') over a
transition region of AT/T, ~ 1/4, the inductive signal
saturates at the maximum value below T' < 2 K. The
finite size of the sample with respect to our coils lim-
ited our ability to extract an effective penetration depth
et (T) o< T79% exp(—A(0)/T) or a superfluid density
ns(T) < A7 (T) from the measured V”(T). Neverthe-
less, such temperature independence as T' — 0 is sup-
ported by the recent measurements of penetration depth
that yielded similar results, i.e. nodeless superconduc-
tivity exhibiting no signature of gapless quasiparticles in
zero magnetic field [311 [32].

Upon applying a dc magnetic field along the c-axis
Hy. > H., ~ 30 Oe at 0.12 K, the inductive re-
sponse V" (T) is increasingly suppressed and becomes
temperature-dependent as T — 0 in Fig. From the
measured H.; and an estimated Hcy . [14], we find an

effective penetration depth Aegg = /P In(N\/€) /4 =~ 400
nm, consistent with the tunneling diode oscillator (TDO)
method [31]. In intermediate fields 2 kOe < H < 6 kOe,
the evolution of V" (T) appears non-monotonic as a func-
tion of magnetic field. For each curve below 6 kOe, there
also appears to be a “knee” marking a change in slope
and a “break” that separates a gradual superconducting
transition at high temperatures and a more rapid linear
form at intermediate temperatures. Above 6 kOe, V" (T)
drops monotonically to zero as the inductive superfluid
response is increasingly suppressed. We will examine
such a non-monotonic evolution in details by exploring
the magnetic-field-dependence of V"' isotherms.

In Fig. [3] isothermal field sweeps in CsV3Sbs demon-
strate a broad array of qualitative features related to var-
ious vortex states. Below a lower critical field H.; ~ 30
Oe at low temperatures, the inductive ac response V' (H)
is independent of magnetic field as in the Meissner state.
Above H.y, V"(H) drops sharply, corresponding to a
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FIG. 2. Temperature dependence of inductive response V"' (T')
in varying perpendicular magnetic field. Dotted lines connect
data < 1 K and > 1.2 K. A “knee” feature is apparent in
almost every curve and its location is non-monotonic as field
increases. Above the “knee,” a rapid linear drop in signal
crosses over to a more gradual decrease to zero, separated by
a “break” in behavior. For further explanations see Fig.

rapidly weakening screening response, until a peak de-
velops in each of the inductive response isotherms below
~2 K. These peaks span a wide portion of the interme-
diate field range and correspond to the non-monotonic
behavior in the temperature-dependence, reminiscent of
the widely-known peak effect [I5] [I8 [19] 221H26].

The peaks in CsV3Sbs appear more prominent at
lower temperatures, approaching 30% of the maximal
zero-field signal, while a peak was also found in crit-
ical current measurements (see supplementary). The
peak’s onset field (Honset ), peak field (Hpeak), and width
(|Hbase — Honset|) all increase with lower temperature,
consistent with the canonical peak effect behaviors. Nev-
ertheless, the peaks in CsV3Sbs are located at an inter-
mediate range of magnetic field, rather than close to the
onset of screening response at higher fields.

Hysteresis in V" (H) is largely seen at the low-field
edges of the peaks with the largest split of ~7 nV be-
tween upward and downward sweeps, and can be detected
until at least 0.8 K where the split drops below mea-
surement sensitivity. There also exists a much weaker
hysteresis at lower fields (see supplemental information.)
Such a hysteresis has been identified as a signature of vor-
tex glass phase [17, 33]. In addition, the low-field edges
of the peaks in all isotherms together form an envelop,
corresponding to a weak or an absence of temperature-
dependence in the field windows where the isotherms
overlap. These windows are located accordingly near the
“knees” (Tknee) in the finite-field superconducting tran-
sition in Fig.

The rich features in the temperature- and field-
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FIG. 3. Magnetic field dependence of inductive response
isotherms V" (H) at different temperatures. External mag-
netic field is along the c-axis perpendicular to the V plane. For
temperature below 0.5 K, both up-sweep and down-sweeps
are plotted. The only observable hysteresis is at the low-
field edges of the peaks, which altogether forms an envelop
shape. Note the highly-symmetric shape in positive and neg-
ative field. (Inset) Expanded view of V"(H) in low fields
showing field-independent screening response as a signature
of the Meissner state. The shadow indicates experimental
uncertainty ~ 2 nV.

dependence of superfluid screening response V" allow us
to identify various vortex phases in an H-T phase dia-
gram Fig. [l Close to zero magnetic field, the Meiss-
ner state with a constant diamagnetic susceptibility is
bounded by the low H. ~ 30 Oe and is barely visible.
From the field-dependence V" (H), we extract the peak’s
onset Honset (T') (violet), peak Hpeax(T') (blue), and base
Hyase(T) (green) as a function of temperature. Inde-
pendently, from the temperature-dependence V" (T) we
extract Tknee(H) (light blue) and Threax(H) (light green)
as a function of field as explained previously. The result-
ing curves are surprisingly consistent with each other,
where Tinee(H) and Hpeax(T) as well as Threax(H) and
Hyase(T) are perfectly aligned, respectively. The peaks
become indistinguishable above ~ 0.5T7, ~ 2 K.

We begin with the low-field and low-temperature
regimes of the H-T phase diagram. The strong hysteretic
behavior (shadow) is bounded between Hopset (T) (violet)
and Hpeax(T) (blue), with its magnitude dropping below
our sensitivity above ~ 1 K. Consequently, Hypset can
be designated as the onset of a strongly hysteretic vortex
glass phase, replacing a less-disordered dislocation-free
“Bragg glass” phase at lower fields [I7]. The vortex glass
region is highly correlated with the peaks in the screening
response V" (H) which signifies an enhancement in flux
pinning [24]. Such an enhancement is commonly achieved
through a crossover from the Larkin-Ovchinnikov collec-
tive pinning to individual pinning of the flux lines, fol-



H (104 Oe) T (K)
N \ 0o ] 012 7
\ 002 12
\ 0.08 1.74
L \ 03 - .
\ 06
Tknee ‘\ \ X
P Voo 1 TN
¢\ :
I} \
N SV
L AR i
¢ Vo Toreak
- |, -
oo
"\ Tirr
1 1 il bl
. : — : : . .
5 \ Sample1 - MI: 100 kHz
\ \
0.8 ¢ 3 v e e U
I\ e vortex liquid "\ norma Hc:(s% T“:(H)
0.7 k& \% * TineeH) ¥ Torea(H) |
: . i It \.
®_weak pinning N Sample1 - MI: 20 kHz
L Al e O Ti/Hie & ToreakHbase |
0.6 . }_b:{ Tknee/Hpeak/Honset
() [ 2% ‘\ \ e \\ Sample2 - Resistance
@) 05+ . \ "Q? O R(T) transition onset T
SPTIREIN \
vo strong p’”r_"."g o .\ \\ Sample3 - Magnetization
— 04+ e, . -0y Tin(H) de 1
E vortex glass .. @ '\ \
e ¢
0.3 ..a.
.,
0.2
Bragg glass/
| vortex lattice N
0.1 by
\
0.0 &
0.0 0.5 4.0
FIG. 4. Vortex phase diagram of CsVsSbs. (Top-left)

Temperature-dependence of V" at select fields showing the
extraction of Tknee, Threak, and T, as explained in the main
text. (Top-right) Magnetic-field-dependence of V" at select
temperatures showing the extraction of Honset, Hpeak, Hbase,
and Hi,: as explained in the main text. (Bottom) H-T phase
diagram constructed by the extracted features. All open-
symbol points are extracted from 20-kHz MI measurements.
The shadow marks the region with strong hysteresis. The
mean-field Tyo (red circle) is extracted from the onset of su-
perconducting transition in resistance measurements (see sup-
plementary). Feature extractions have uncertainties of order
~0.01 K in temperature, or ~100 Oe (100-kHz)/1000 Oe (20-
kHz) in field (error bars suppressed for clarity except for Hiyy
and Te). Extraction of Ty, from dc magnetization has un-
certainties ~ 0.05 — 0.1 K. Dashed lines are merely guides to
the eye.

lowing the softening of vortex lattice elastic moduli [16]
in the presence of a significant anisotropy [14].

In previous studies of the vortex phase diagram in lay-
ered materials, particularly the cuprates, a gradual evolu-
tion in pinning strength is commonly expected between
the boundary of the peak effect at Hpcax and Hi. In
these cases and with no otherwise observable features,
Hpeak is identified with the melting transition (see e.g.
[34, 35].) However, where a magnetization discontinu-
ity is observed without a peak effect, a melting line was
found to cross the irreversibility line in BizSroCaCuyOg
[12]. In the present case of CsV3Sbs, we find a pro-
nounced break in the response of the vortex system be-
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tween Hpeax and Hi,, which we denote as Hpage(T).
This feature is also visible in the temperature scans of
the inductive response, which we identify as Threax(H ).
Such a break was previously found in surface impedance
measurements of BisSroCaCusOg [36] and was identified
with the melting line. Similar to our case, their tech-
nique, while performed at higher frequency, was sensi-
tive to the superfluid density, which is expected to ex-
hibit a sharp increase in superfluid density as the field
is lowered through the melting transition. It is therefore
natural to identify the line of (Threak(H), Hpase(T)) as
the melting transition [37]. This now allow us to cal-
culate the entropy change through the transition. Fol-
lowing Zeldov et al., [38]we can use Clausius-Clapeyron
equation to calculate the latent heat of the transition:
L=T,AS =—(AB/4n)(dH,,/dT)T,,, where (T,,, Hy,)
is the melting line and AB is the discontinuity in mag-
netic induction at the first order melting transition. Us-
ing a standard Lindeman criterion for melting [37] to
estimate AB, we find [38] AS =~ 0.1dy+/B,/®g, where
~ & /600 is the anisotropy of CsV3Sbs and d ~ 9.3 A is
the interlayer distance [3]. At low temperatures and high
fields we find that AS = 0.04 kg per kagome layer, which
is a factor of 10 smaller than the expected value from fully
decoupled layers [39]. This implies correlations along the
vortex line, which thus limit the number of degrees of
freedom per vortex.

Returning to the peak effect, when compared with typ-
ical characteristics in both layered and non-layered super-
conductors [I8425], the peak effect in CsV3Sbs appears
more prominent and spans a large range in parameter
space. The details of pinning mechanisms are still un-
clear in CsV3Sbs, whether being randomly distributed
point-like impurities, or correlated effects related to the
underlying CDW and its associated distortions. How-
ever, at least down to ~ T./2 the temperature depen-
dence of the irreversibility line and peak effect line follow
the melting line, which could indicate that in that regime
surface barrier effects are not important and bulk pinning
dominate [12].

In the high-field and high-temperature regimes, we at-
tribute the onset of V" (H;,(T)), for different frequen-
cies, including dc, to the presence of pinned vortices,
and thus an ac “irreversibility line” or “depinning line”
H;. (T) ~ (T.—T)%, where the exponent typically ranges
from % to 2 [26]. As we are measuring the response of
a coherent sum of screening currents over a select range
of wave vectors determined by the receive coil geome-
try [28] and over a time scale determined by the drive
frequency, our measurement is mostly sensitive to flux
lines that appear pinned within the experiment’s param-
eters. In that respect, the region bounded by the irre-
versibility and peak effect lines indicate the increase in
pinning efficiency, starting from thermally activated flux
flow (TAFF) [40] at high temperatures, with its hallmark
of frequency dependence (see Fig. |4) to the strong pin-



ning in the peak effect regime with intermediate change
in pinning behavior below the freezing of the vortex lat-
tice.

Finally we note that debates persist for an unam-
biguous identification of the irreversibility line since it
is highly sensitive to either geometrical barriers or the
external drive current that causes depinning of vortices
12| 26]. It is important to note that the drive field
in our experiment is several orders of magnitude lower
compared to typical ac susceptibility measurements at
~ 1 Oe, whereas our MI experiment is complementary
to transport measurements that typically require much
higher drive current. Further clarifications on the irre-
versibility line may be achieved through torque magne-
tometry [41] or local magnetic induction experiments[I12].

In summary, the screening response of vortices in
kagome superconductor CsV3Sbs has been measured
using the ac mutual inductance technique. Besides
confirming the absence of gapless quasiparticles in zero
external magnetic field, we observe the peak effect,
corresponding to enhanced pinning strength and critical
current, in a broad intermediate range of magnetic
field. The peaks vanishes at a melting transition from
strong to weak pinning, unlike the usual peak effect
that ends near Hi., or H.. Hysteresis in V" leads us
to the identify a vortex glass phase, where its onset is
highly correlated with that of the peaks. The various
features in the temperature- and field-dependence of
the screening response, corroborated by transport and
dc magnetization measurements, have allowed us to
construct an H-T phase diagram of the vortex states
and to infer the irreversibility line H; (T).
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I. DETAILS ABOUT THE MUTUAL INDUCTANCE COIL ASSEMBLY
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FIG. S1. MI experiment and data analysis. (Upper left) MI probe used in this study under the microscope. The entire coil
assembly was cast in epoxy and is mounted on a gold-plated copper mount. The platform where the sample is mounted on is a
transfer-molded gold-plated copper spring thermally anchored to a chip carrier. (Upper right) The mutual inductance function
M (z) as a function of dimensionless transverse spatial wave vector, explained in the supplementary text. Dashed line is M (z)
for the pioneering coil used in Jeanneret et al. (Lower left) MI data processing procedure with an example data set in zero
field at 100 kHz. The raw data are shown as directly measured in both quadratures of an SR830 lock-in amplifier. (Lower
center) After removing a constant background, the two quadratures were set to zero > 4 K. (Lower right) After a phase shift,
the signal was decomposed into real and imaginary parts based on the assumption that V'(H = 0,7 = 0) = 0.

Our mutual inductance (MI) probe is of the gradiometer-type consisting of compensated receive coils and a drive
coil positioned co-axially with each other. The drive coil is supplied with an ac current of 20 pA, via a 100 k) current-
limiting resistor. The resulting ac magnetic field is screened by the superconductor, which can be characterized by a
complex ac conductance, producing a screening current in response. The magnetic field associated with this screening
current in turn induces an emf in the receive coils, whose potential drop is measured by a lock-in amplifier. The
induced voltage for a certain coil geometry (captured within the mutual inductance function M (x)) is given by:
(assuming sample as an infinite plane)

M (z)

1y 2z [ipohwG (8-1)

§V=iwID/ d
0

The geometrical parameters of our coils are: (receive) radius rg = 0.75 mm; wire diameter dhp = 0.02 mm; number
of turns Np = 56; distance to sample hgp &~ 0.02 mm; (drive) radius rp = 1.25 mm; wire diameter dhp = 0.08
mm; number of turns Np = 71; distance to sample hp = 0.1 mm. The coil assembly is based on a machined Nylon



base, and was encapsulated in Stycast 1266 epoxy for mechanical integrity. The whole coil assembly is screwed into
a gold-plated copper stand, which also serves as a good thermal anchor for the coil assembly. Electrical connections
to the coils were made by silver epoxy. The sample was loaded on the cold finger into a thick layer of silver paint to
reduce the stress exerted by the coil on the sample.

Fig. S1 shows the calculated mutual inductance function, i.e. a geometrical factor that determines the sensitivity
of the MI probe.

—zl _ eND'yav 1— eNRém

l—e 7% 1—e 9%

M(z) = muohafJi(ax)Ji(Bz)e (S.2)
where h = hg + hp is the sample-coil distance, the dimensionless x = g;h is the transverse spatial wave vector in units
of 1/h, and «, 8,v,d are Rp, Rgr,0hp,dhgr in units of h, respectively. Ji(x) is the n = 1 Bessel function of the first
kind. With our coil geometry, the calculated mutual inductance function generally behaves as a Bessel function, where
the inductance starts out as zero at x = 0, i.e. insensitive to spatially uniform magnetic flux. The largest inductance
occurs at x = 1/4, where ¢; = 1/4h ~ 2.5 mm™!, corresponding to a wavelength roughly twice the diameter of our
receive coil corresponding to the maximal flux. At z = 1/2 the wave vector ¢; ~ 5 mm~?!, corresponding to the
diameter of our receive coil, so the flux equals zero. For longer wavelengths the signal is largely canceled and therefore
we are mostly sensitive to magnetic fields produced by the screening current with a wave vector around g, = 1/4h.

In this study, due to the finite size of the CsV3Sbs crystal relative to the receive coils, Egs. and cannot be
directly applied for calculating the complex conductance. However, qualitative features can still be extracted from the
measured temperature- and field-dependent superfluid response. Furthermore, due to the insufficient compensation
between the astatic receive coil windings and any stray capacitive coupling between the coaxial transmission lines for
coil wiring, there exists a temperature-independent background to either quadrature and a phase shift that mixes the
two quadratures. In Fig. S1 we present the data processing procedure that converts the measured voltage to in-phase
and out-of-phase responses of the sample. Here we assume that the dissipative response equals zero at T' = 0 and
H =0, from which we extract a phase shift related to the capacitive couplings. We enforce the same phase shift for
all measurements under a certain frequency. For a 100 kHz and 20 pA excitation, the phase shift § ~ 0.224 rad.
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II. DETAILED LOW-FIELD INDUCTIVE RESPONSE V"”(H) AND THE EXTRACTION OF EFFECTIVE
PENETRATION DEPTH

H.;(0.12 K) ~ 27 Oe

250 : g
S
£ 240 J
>

230 g

N M " N PR | " " N N PRI
1 10 100
H (Oe)

FIG. S2. In-phase (dissipative) response as a function of magnetic field (right) measured at 100 kHz. The shadow marks

experimental uncertainty ~ 2 nV. The lower critical field at 0.12 K is identified at ~ 27 Oe.

The lower critical field is defined as H.y = (®o/47A?)In(\/€), where ®¢ = h/2e is the magnetic flux quantum, A
is the penetration depth, and £ is the coherence length. In the presence of anisotropy, by taking the experimentally
determined in-plane coherence length &,,(T = 0) ~ 20 nm, we consider the c-axis lower critical field [1]

(I)O >\ab
H =—=1 0.5)~300 S.3
ClHC 471_>\Zb s <§ab + > € ( )

which yields an (effective) in-plane penetration depth A, &~ 400 nm.

[1] R. A. Klemm and J. R. Clem, Phys. Rev. B 21, 1868 (1980)
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II1. IN-PHASE (DISSIPATIVE) COMPONENT V' OF AC RESPONSE
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FIG. S3. In-phase (dissipative) response as a function of temperature (left) and magnetic field (right) measured at 100 kHz.

The in-phase response to the drive current is shown as a function of temperature and magnetic field. The zero level
(dashed lines) of each temperature dependence has been shifted for clarity. At zero magnetic field, the superconducting
is accompanied by two opposite peaks, unlike the usually loss peak that is related to the inductive response through
the Kramers-Kronig relations. The dissipative response is identically zero at low temperatures, corresponding to the
flattening of inductive response. This is a strong evidence that dissipation, typically associated with gapless quasi-
particles, is absent at zero magnetic field. At finite field, however, the dissipative part is non-zero at low temperatures,
which suggests an ac response that is lossy and not entirely inductive. The field-dependent is consistent with the
temperature dependence, showing a finite dissipative response in the intermediate field range.
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IV. HIGH-QUALITY MEASUREMENTS OF HYSTERESIS IN FIELD-DEPENDENT SCREENING
RESPONSE
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FIG. S4. Inductive (screening; upper left) and dissipative (upper right) response of CsV3Sbs as a function of external magnetic
field at different temperatures. Data taken with the same drive current as in the main text Fig. [3| at 100 kHz. (Lower left)
First order derivative dV" /dH at 0.12 K, overlaid with V"'(H). (Lower right) Hysteresis split AV 'y at 0.12 K, overlaid with
V'"(H).

To improve data quality and to reduce the effect of finite time constant in lock-in detection, we repeated the field-
dependent measurement at a much lower field ramp rate of ~ 1 Oe/s in both ramp directions. For reference, the
feature size relevant to the peak effect is ~ 1000 Oe. This allows us to calculate the first order derivative versus
magnetic field dV"”/dH. The local maxima/minima can be pinpointed whereas a peak in dV"/dH at ~ £6.5 kOe
corresponds to the melting transition from strong to weak pinning.

As seen in Fig. S4, the resulting data is highly symmetric about zero field at large fields. The hysteresis in the
leading edges of the peaks are well resolved and consistent in both directions of applied field. Beyond that, we also
notice a weaker hysteresis within +0.3 kOe, corresponding to the Bragg glass phase, although it is barely visible in
the V"(H) data.
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V. TEMPERATURE- AND FIELD-DEPENDENCE OF V" AT 20 kHz
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FIG. S5. Temperature- (left) and field-dependence (right) of inductive (screening) response of CsV3Sbs at 20 kHz.

The temperature- and field-dependent screening response measurement is repeated at a drive frequency of 20 kHz
at the same drive current. Since mutual inductance is proportional to both frequency and drive current, the signal
amplitude is scaled down by a factor of 5. Nevertheless, we found the same non-monotonic field-dependence in
screening response, consistent with the peak effect.

Following the same method used in the 100-kHz analysis, we extracted the features Tince, Threaks Les Honset, Hpeaks
Hyase, and Hir. The extracted features are plotted in Fig. 4 in the main text. While features relevant to the peak
does not differ as frequency changes, the irreversibility line (i.e. onset of screening response) does shift to a lower
temperature, as expected from a frequency-dependent activation energy for vortex depinning.
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VI. RESISTANCE AND CURRENT-VOLTAGE CHARACTERISTICS OF CsV3Sbs
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FIG. S6. Resistance vs. temperature in different magnetic fields (left) and I-V characteristics at 1.88 K (right) of CsV3Sbs
(Sample 2). Applied magnetic field ranges from 0 Oe (violet) to 3 kOe (red).

Resistance vs. temperature is measured in a Quantum Design Physical Properties Measurement System (PPMS).
The sample for this measurement is an approximately 2 x 0.5 x 0.1 mm?® CsV3Sbs crystal (Sample 2) within the same
batch of samples measured by MI. Contacts were made with silver paste in a four-probe geometry. The excitation
current we used for resistance measurement is 300 pA.

At zero applied magnetic field, the zero-resistance superconducting transition temperature 7T, ~ 3.25 K, consistent
with the onset of superfluid screening response V' in MI data when extrapolated to f — 0 (dc). The field-dependent
T.(H) is taken as the onset of superconducting transition, where the resistance starts to deviate from its normal state
value by one standard deviation of the signal fluctuation. The broadened superconducting transition suggests the
crucial role of vortex dynamics in this material.

Indeed, the I-V characteristics at T' = 1.88 K in varying magnetic fields show a strongly non-Ohmic behavior over
a broad range of excitation currents, further supporting the vortex glass picture. The applied magnetic field ranges
from 0 Oe (violet) to 3 kOe (red). From the I-V characteristics we extract the critical current by vortex depinning.
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VII. PEAK EFFECT IN CRITICAL CURRENT AT 1.88 K
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FIG. S7. Critical current as a function of external magnetic field, compared with screening response at similar temperatures.

The critical current extracted from the I-V characteristics of Sample 2 (right axis) is compared with screening
response V'(H) of Sample 1 (left axis). Despite a small one, the peak in critical current is seen at similar Hpeax as
the peaks in V"(H). As peak effect is considered originating from enhancement in pinning force density f,, and thus
critical current j. = f,,/B, this is a solid evidence for the observation of the peak effect in CsV3Sbs.
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VIII. TEMPERATURE-DEPENDENCE OF DC MAGNETIZATION
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FIG. S8. Critical current as a function of external magnetic field, compared with screening response at similar temperatures.

The dc magnetization of another CsV3Sbs sample (approximately 1.5 x 1.5 x 0.1 mm?) (Sample 3) within the same
batch was measured using a superconducting quantum interference device (SQUID) magnetometer in a Quantum
Design Magnetic Properties Measurement System (MPMS). The sample was mounted using GE 7031 varnish such
that the magnetic field is along the c-axis.

Magnetization was measured by the standard ZFC/FC protocol: as an example in the first panel in Fig. S8, starting
from 6 K where no superconductivity is expected, the sample was cooled in zero field (remnant field ~ 0.5 Oe); At
1.8 K, we ramp up the c-axis magnetic field to a desired strength. ZFC data were collected during the subsequent
warming to 6 K, where the full diamagnetic response relaxes to zero. Immediately following was a cooling step in the
same magnetic field, during which FC data were collected as the field-trained diamagnetic response. The splitting
of ZFC/FC curves was taken as the onset of irreversibility in flux pinning, and thus termed the irreversibility line
T (H).

The next five panels in Fig. S8 show the evolution of the irreversibility line T}, (H). Here, the splitting of ZFC/FC
occurs gradually and generally precedes the rapid increase in diamagnetic response. Therefore, we need to zoom
in to very closely to zero signal and consequently the determination of the splitting suffers from signal statistical
fluctuations. Nevertheless, with a generous error bar, we extract Ti..(H) for a handful of applied field, which were
included in the vortex phase diagram Fig. [f]in the main text.



