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The effects of 2.5 MeV electron irradiation on the magnetic properties of single crystals of the
Remeika series superconductor CagRhsSnis were studied using high-frequency AC susceptometry,
magnetization, and electrical transport. This low-pinning cubic stannide is an ideal system to exam-
ine the effects of a controlled non-magnetic point-like disorder. The measured Campbell penetration
depth was used to extract the magnetic field dependence of the unrelaxed critical current density,
je (H). The critical current is a monotonic function of a magnetic field in pristine state. However,
even the lowest dose of electron irradiation causes a pronounced peak effect in j. (H). The peak
effect is also observed in magnetization measurements performed with different characteristic time
windows. We conclude that additional defects trigger the appearance of a disordered vortex phase
at magnetic fields close to the upper critical field, and the peak effect is the result of a crossover
from the weakly distorted low-field vortex lattice to the disordered high-field vortex phase. These
results strongly support the static picture of the peak effect formation in CazRh4Snis in which this
is a feature of the critical current density, j. (H), and not the result of magnetic field-dependent

vortex relaxation, j (H,t).

I. INTRODUCTION

Understanding the physics of Abrikosov vortices [1] is
crucially important for potential applications of super-
conductors [2-5]. The vortex lattice is a unique, highly
tunable quantum system that exhibits a plethora of fasci-
nating properties and effects, which are of great interest
from a fundamental point of view [2, 3, 6-9]. One promi-
nent feature is the non-monotonic behavior of magnetiza-
tion as a function of an applied magnetic field and, some-
times as a function of temperature, known as the “peak
effect” or “second magnetization peak” [10-24]. In some
high—T, cuprate superconductors, this effect is so pro-
nounced and unusual that it was often called a “fishtail”
to distinguish it from the “peak effect” of conventional
superconductors [2, 3, 25-27]. Currently, these terms are
often used interchangeably [16, 26, 28-34].

The explanation of the non-monotonic behavior can
be divided into two categories, static and dynamic. In
the former, the actual critical current density, j.(H), is
a non-monotonic function of a magnetic field, whereas
the latter explanation is based on the idea that vortex
relaxation is faster at lower magnetic fields and, there-
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fore, the measured current density (or magnetization) be-
comes non-monotonic. Elucidation of the nature of the
peak effect is important because a static picture would
require the appearance of novel high-field vortex phases
and pinning mechanisms. Every measurement technique
has a finite time window [8, 35]. For example, in a ubiq-
uitous Quantum Design magnetic property measurement
system (MPMS), each data point is collected over several
seconds. In commonly used amplitude-domain AC sus-
ceptibility, the frequencies range from 1 to 10 kHz [35].
Magnetic relaxation is exponentially fast at j — j., so
the measured persistent current density may become non-
monotonic even if the critical current is monotonic. In
fact, this scenario is predicted by the theory of collective
pinning and creep [2].

Among the static mechanisms suggested for the peak
effect is the earliest model of vortex lattice softening ap-
proaching H o [11]. After the discovery of “fishtail” in
many cuprate superconductors, various models were sug-
gested. For example, different low- and high-field pin-
ning mechanisms [25], order-disorder (weak to strong pin-
ning) transition [21, 23, 36], perhaps accompanied by a
crossover from collective to plastic creep regimes [32, 37],
as well as competing different vortex phases [38]. Fi-
nally, there were suggestions that the irreversible peak
effect may be a possible signature of the inhomogeneous



Fulde-Ferrell-Larkin—Ovchinnikov (FFLO) state [39-43].
For example, the FFLO state was proposed for some
heavy fermion compounds, such as CeRuy, UPd;Al;s
[44, 45]. The later relation between the peak effect [46]
and the field-induced state was not supported by the
thermal conductivity and heat capacity measurements in
SI‘QRHO4 [47, 48]

Since the origin of magnetic irreversibility in supercon-
ductors is in the vortex pinning, it is natural to study the
peak effect phenomenon by controlling the type and con-
centration of defects. In general, controlled disorder has
been used as a powerful tool to study fundamental prop-
erties of superconductors, such as the superconducting
gap structure and possible topological behavior. These
works form a large body of literature, and here we can
only mention a few representative works [49-60]. In the
remainder of the paper, we focus on vortex-related prop-
erties.

There are several ways to introduce controlled disorder,
for example, chemical substitution (doping) [24, 29, 61—
63], but it has the disadvantage of changing the Fermi
level and/or exerting internal “chemical pressure 7, thus
altering the basic properties of a studied superconductor.
Another method of introducing disorder, free from these
side effects, is irradiation with different energetic par-
ticles. Some commonly used types include heavy ions,
which often produce columnar defects that match tubu-
lar vortex geometry [38, 64-73], protons that produce
point-like disorder and/or extended clusters [51, 54, 56,
57, 60, 74-77], and electrons that create point-like disor-
der of vacancies and interstitials [38, 55, 78-82]. Other
projectiles, such as neutrons [12, 53, 61, 62, 68, 83-87],
~v—rays [88], a—particles [50, 89], are also used, but it
is more difficult to determine the nature of the induced
defects.

The effect of irradiation specifically on the peak effect
has been reported for electron irradiation [80, 81], pro-
ton irradiation [75, 76], neutron irradiation [12, 62], and
heavy-ion irradiation [64, 67, 73].

To investigate the effect of disorder, it is important to
start with a low-pinning superconductor. In recent years,
we have studied the structure of the superconducting en-
ergy gap and the coexistence of the charge density wave
(CDW) and superconductivity in some members of the
stannide family, (Ca,Sr)s(Ir,Rh)4Sny3 [90, 91], which be-
longs to a large family of compounds known as the 3-4-
13 Remeika series [92, 93]. For fractional compositions,
there is a structural quantum critical point (QCP) un-
derneath the “dome” of superconductivity on the T, (z)
phase diagram [91, 94, 95]. Here we study the end mem-
ber, CazRh4Sny3, which does not have CDW order. This
compound and CaglrySnyz (which has CDW ordering)
are often studied together and both show very low pin-
ning and a pronounced peak effect in AC and DC field
measurements [14, 15, 17, 18, 20, 96]. Therefore, they
are very attractive systems for investigating the effect of
artificially controlled disorder. Non-monotonic AC sus-
ceptibility has been reported in other 3-4-13 compounds,

for example Y3RuyGeys and LuzOsyGeys [19]. Previous
studies of the peak effect in CagRh4Sn;3 using DC and
low-frequency AC susceptibility (113 Hz, 2 Oe AC field
amplitude) proposed a change from weak to strong pin-
ning as an explanation [14].

We note that another 3-4-13 stannide, YbzRh4Snis,
has vortex phase diagram similar to CagRhsSn;3. It ex-
hibits an irreversible peak effect in resistivity and mag-
netization. It was suggested that this could be an FFLO
state, but the analysis showed that this is not the case
[97, 98]. Although the existence of the peak effect in
3-4-13 compounds is firmly established, the question of
whether it has a dynamic or static origin remains open.

To the best of our knowledge, there have been no stud-
ies of the effect of irradiation-induced disorder on the
vortex properties of these superconductors. This con-
tribution is intended to fill this gap. We disentangle the
dynamic (flux creep) and static (actual non-monotonicity
of j. (H)) by measuring both conventional magnetization
that reveals the relaxed state and the Campbell pene-
tration depth, which contains the true unrelaxed j. as
a parameter. Random point defects are created by 2.5
MeV electron irradiation. Importantly, the same sample
was repeatedly measured between irradiation sessions,
reaching a substantial cumulative dose of 4.36 x 10!
electrons/cm?.  We show that electron irradiation in-
duces non-monotonic j.(H), lending strong support to
the static origin of the peak effect.

II. METHODS AND SAMPLES

Samples: Single crystals of stoichiometric
CazRhySny3 were grown using a high temperature
self-flux method [99]. The composition was verified by
X-ray diffraction measured on a Rigaku Miniflex powder
diffractometer. The elemental analysis was performed
using energy-dispersive X-ray spectroscopy in a JEOL
JSM-6500 scanning electron microscope. The same
samples were used in previous studies that provide more
details on their characterization [90, 91].

Electrical resistivity: Electrical resistivity was mea-
sured with bar-shaped single crystals in a standard four-
probe configuration. The crystals were etched with HCI,
cut with a wire saw, and polished to a typical size of
(1 —2) x 0.2 x 0.4 mm®. The contacts were formed by
soldering 50 pum silver wires with tin-silver solder with
a typical contact resistance below 100 u£2 [90, 100]. In
the experiment, the sample was first measured, then ir-
radiated at low temperature as described below, removed
from the chamber at room temperature, measured again,
and the process was repeated, adding more irradiation
dose.

Magnetization: Magnetization was measured us-
ing a Quantum Design vibrating sample magnetometer
(VSM) option in a physical property measurement sys-
tem (PPMS). During the measurement, the sample vi-
brates with a peak amplitude of 2 mm at a frequency of



40 Hz, and the signal is averaged over one second. This
device is particularly suitable for high-resolution mea-
surements of irreversible magnetic response because it
allows for a continuous sweep of the magnetic field at
rates between 12 Oe/s and 200 Oe/s, thus probing di-
rectly the effects of vortex creep.

London and Campbell penetration lengths: The
temperature-dependent variation of the London penetra-
tion depth, AX(T), and of the Campbell length, A¢c, was
measured using a self-oscillating tunnel-diode resonator
(TDR) [101-104]. Briefly, the TDR tank circuit is al-
ways locked onto its resonant frequency (approximately
14 MHz in our case), producing an AC magnetic field
of approximately 20 mOe. With a sample inserted into
an inductor, the total inductance depends on the mag-
netic susceptibility of the sample, x (T, B). This results
in a frequency shift with respect to the empty resonator
value, fo, Af = f(T,B) — fo = —Gx, where G is the
calibration factor described in detail elsewhere [101, 104].
This factor includes the filling factor (the ratio of sample
to coil volumes), sample shape (via the demagnetizing
factor), and the frequency of the unperturbed (empty)
resonator, fo. Importantly, in our setup, the constant G
is measured for each sample by mechanically pulling it
out of the coil at the base temperature (0.4 K in our *He
cryostat). The small-amplitude linear magnetic suscep-
tibility of a superconductor of arbitrary shape is given
by x = An/Rtanh (R/\,) — 1, where ), is the mea-
sured total magnetic penetration depth and R is the ef-
fective dimension calculated from the actual sample di-
mensions [104]. For typical submillimeter-sized crystals,
R ~ 100 — 200 pgm. The sample used in this study had
dimensions of 650 x 595 x 185 um, which yields the ef-
fective R = 103 pm. Therefore, R > A for most of the
temperature interval (A(T") only doubles at T' = 0.95T,),
and we can assume tanh R/A =~ 1. Hence, A\ (T, B) =
RG(Sf (T7B)7 where 5f = Af (TvB) - Af (Tmzan) =
f(T,B) — f(Tyin, B) is measured from the base tem-
perature. The absolute value of A, (T) is difficult to
measure, but the shift AN, (T) is measured with the
angstrom-level precision [101, 105]. When no external
DC magnetic field is applied, the measured penetration
depth is the London penetration depth. When the exter-
nal magnetic field is applied, the measured penetration
depth is a combination of London and Campbell lengths,
A2, =\2 + A% [3, 106, 107].

In this experiment, we first measure the change in the
London penetration depth, AA (T) = A\, (T, B =0),
and calculate the total using a known absolute value,
A(0) = 330 nm in our material [90], AL(T) = M. (0) +
AN (T). Since at T, the frequency shift is limited by
the normal metal skin depth, we use it as the refer-
ence point, so that the total depth is A\, (T) = A (0) +
AN, (T, B). Then, the Campbell length is obtained as
N VR, .

Electron irradiation: Point-like disorder was in-
troduced at the SIRIUS facility in the Laboratoire
des Solides Irradiés at Ecole Polytechnique, Palaiseau,

France. Electrons are accelerated in a pelletron-type lin-
ear accelerator to 2.5 MeV and knock out ions, creat-
ing vacancy-interstitial Frenkel pairs [108, 109]. Dur-
ing irradiation, the sample is held in liquid hydrogen
at around 20 K to ensure efficient heat removal and to
prevent immediate recombination and clustering of pro-
duced defects. The acquired irradiation dose is deter-
mined by measuring the total charge collected by a Fara-
day cage located behind the sample. As such, the ac-
quired dose is measured in “natural” units of C /cm2, SO
that 1 C/em® = 1/e ~ 6.24 x 10'8 electrons per cm?.
For single crystals of CagRhySni3, the total cross sec-
tion to create defects for any ion is 137 barn at 2.5 MeV
and using a generic knock-out threshold barrier of 25
eV [90, 108, 109]. Therefore, the maximum concentra-
tion of defects is approximately one defect per ten unit
cells (a unit cell volume is 919.3 A% and contains two for-
mula units, 40 atoms, Z = 20) for the initial dose of 3
C/cm? and per about four unit cells for the maximum
dose of 7 C/ecm?. The mean distance between the de-
fects is 2.1 nm for 3 C/em? and 1.6 nm for 7 C/cm?.
Upon warming the sample to room temperature, some
pairs recombine, and some migrate to various sinks (dis-
locations, surfaces, etc.). This reduces the number of
defects by 30% or so and leaves a metastable popula-
tion of point defects. The stability of these remaining
defects depends on the material, but in general is quite
robust. The nature of the defects produced by electron
irradiation has been well studied with microscopy and x-
ray spectroscopy, as well as with simulations [108-113].
The actual amount of disorder in a specific sample is
monitored by measuring the residual resistivity. In most
superconductors, the same irradiated sample measured
months and years apart showed only a little change. Ad-
ditional details can be found elsewhere [52, 90].

We note that different samples were used for resistivity
and penetration depth measurements, due to different re-
quirements to the sample size and the electrical contacts
attached to transport samples. As a result, the resistivity
and penetration depth samples received different doses of
irradiation. Multiple irradiations with subsequent mea-
surements were performed for each sample and technique
between the irradiation sessions.

III. RESULTS AND DISCUSSION
A. Resistivity

Figure 1 shows temperature-dependent resistivity of
a single crystal CagRhySni3 before and after four ir-
radiation runs. The legend shows the cumulative col-
lected dose of electron irradiation: 0.6C/cm?, 1.2C/cm?,
1.6 C/cm2, and 2 C/cm2. Lower inset focuses on the
superconducting transition. As can be seen, p (T) just
above T, is practically temperature independent and so
we can use its value at T, as a proxy for residual re-
sistivity, po ~ p(T.). The upper inset shows a prac-
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FIG. 1. Temperature-dependent resistivity of CazRhsSnis

single crystal. Blue curve shows pristine sample, green
0.6 C/CmQ, orange 1.2 C/cm2, black 1.6 C/ch, and red
2 C/cm? stages of electron irradiation. Note that the cumu-
lative dose is shown. The lower inset zooms at on the super-
conducting transition. At the maximum dose, the irradiation
suppresses T. by 0.5 K and increases residual resistivity, po,
from 7 to 18 uf2 - cm. The upper inset shows the change of
the residual resistivity as a function of T, with the slope of
dpo/d(dose) = 5.43 uQ - cm/(C/cm?).

tically linear po(dose) with the slope of dpy/d(dose) =
5.43 2 -cm/(C/em?). At the maximum dose of 2C/cm?,
the irradiation suppresses T, by 0.5 K and increases the
residual resistivity from 7 to 18 uf) - cm.

B. London penetration depth

The change of the London penetration depth,
A)\L (T7B = 0) = >\L (T,B = 0) — )\L (Tmm7B = 0) as
a function of temperature is shown in Fig. 2. The low-
temperature behavior is exponentially attenuated, which
is consistent with a fully gapped Fermi surface [90].
Therefore, we can safely assume that A (T, B =0) =
A(T =0,B=0). The onset transition temperature in
the pristine state is T,o = 8.04 K. The same sample was
electron irradiated multiple times accumulating doses of
3C/em®, 5 C/em®, and 7 C/em® with T, listed next to
each curve in Fig. 2. The inset in Fig. 2 shows T, plotted
against dose (bottom axis) and residual resistivity (top
axis). The resistivity values for sample 2 were obtained
from the pg (dose) dependence established in Fig. 1. The
transition temperature decreases, uniformly dropging to
T, = 6.96 K at the maximum dose of 7 C/cm”. Im-
portantly, the superconducting transition remains very
sharp, which means that the defects created by irradia-
tion are homogeneously distributed throughout the sam-
ple. At T, the penetration depth does not diverge but
is cut off by the normal metal skin depth, ~ \/p(T.).

Therefore, its value increases with the dose providing
independent evidence that the resistivity increases with
electron irradiation.

C. Campbell penetration depth: theoretical
summary

The Campbell penetration depth is the characteris-
tic length at which the small-amplitude AC field, Hc,
propagates into the superconductor in the presence of
vortices, H (r) = Hpc + Hace "/*¢ | where Hpc is the
applied DC magnetic field [114, 115]. Note that in this
section, we explicitly use the SI units and label the in-
ternal position-dependent magnetic induction B(r), and
the applied magnetic field strength is labeled H. Im-
portantly, it is assumed that vortices are not driven out
of their potential wells, U (). Quite generally, Camp-
bell length is given by the curvature of the pinning po-
tential, called the Labusch parameter, a = d?U (r) /dr?
[3, 6, 102, 106, 107, 114, 115],

¢ By

A2, =
poc (1)

(1)

where rp is the “vortex bias” position from the poten-
tial well’s center. Vortices are biased by the Lorentz
force exerted by the macroscopic persistent (Bean) cur-
rent density [6, 116, 117] due to the vortex density gra-
dient, poj = V x B(r). This force is balanced by the
pinning force at r = rp [6]. True critical current is
achieved at a maximum force corresponding to some dis-
placement, 7, called the “radius” of the pinning poten-
tial and depends on the shape of the potential well, U (r).
The Labusch parameter can be evaluated using Eq. 1,
a = ¢oBo/uoA%. In the original Campbell model, the
potential is parabolic, U (r) = iapr? for r < r, and
is zero otherwise. The Labusch parameter, o (r) = af,
is now the Labusch constant [6]. In this case, there is
no maximum of the force, f(r) = —dU/dr = —agr,
and an artificial cutoff of the pinning potential at the
pinning potential range, r,, was introduced. It is usu-
ally assumed to be equal to the coherence length, but of
course can be larger, for example in the collective pin-
ning theory [2]. Realistic pinning potentials must satisty,
lim,_, o (U (r)) = 0, so there is always a maximum, which
sets the natural scale for r,. It is important to note that,
by definition, when the restoring force, dU/dr, is max-
imal (and this defines the critical current density, j.),
the Labusch parameter, o = d?U (rp) /dr? = 0. Then it
follows from Eq. 1 that the Campbell length diverges at
J = je- This was missing in the original model.

To probe the shape of the pinning potential, three dif-
ferent measurement protocols were employed. In zero-
field cooling (ZFC), a sample is cooled to a target tem-
perature below T, without an external magnetic field,
then a specified dc magnetic field is applied and mea-
surements are performed on warming. In a field-cooled
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FIG. 2. Temperature variation of the London penetration
depth, AAL (T'). The blue curve shows the pristine sample,
and red, green, and magenta show AXr (T') after irradiation
with 3, 5, and 7 C/cm?, respectively. The onset of the super-
conducting transition temperature is listed next to each curve.
Inset shows the rate of T, suppression with the increasing dose
of irradiation (bottom axis) and the change of residual resis-
tivity with respect to the pristine state (top axis). Sample 1
is the resistivity-measurements sample of Fig.1, and sample 2
is the penetration depth sample that acquired larger doses of
irradiation.

(FC) protocol, the data are taken on cooling from above
T, in a fixed dc magnetic field (FCC) or on warming after
cooling from above T, in a fixed magnetic field (FCW).
Usually, this sequence is performed: ZFC—FCC—FCW
to explore any possible hysteretic behavior.

Application of the external magnetic field at low tem-
perature in a ZFC protocol results in an inhomogeneous
gradient vortex density distribution with macroscopic
persistent current density described by the Bean model
[116, 117]. By definition, at the critical current density,
Je, the barrier to vortex creep is zero, so there is always
some relaxation, determined by the time window of the
experiment [2]. The initial relaxation is exponentially
fast. Note that despite the fact that we use a 14 MHz os-
cillator, the vortex position inside the pinning potential
is still determined by the Bean persistent current, and
tiny oscillations of vortices only probe the local curva-
ture. In FC measurements, there is no vortex gradient,
no persistent current, and vortices are located at the bot-
tom of their potential wells. Therefore, a comparison of
the ZFC and FC measurements allows us to draw conclu-
sions about the shape of U (r), albeit through its second
derivative. In the case of a parabolic potential, there is no
difference between the ZFC and the FC curves, since the
curvature is constant and is independent of the Bean cur-
rent. Measurements of different superconductors show a
variety of behaviors, from completely reversible to signif-
icantly hysteretic [102, 118-120].

Most importantly, measurements of Campbell length
provide access to the critical current density. In a field-
cooled protocol, the vortex density distribution is uni-
form, in which case vortices oscillate near the bottom of
the pinning potential. Regardless of its overall shape,
near the center U (1) can always be approximated by the
parabola. For example, a realistic pinning potential is
U (r) = $Uptanh (z?), where z = r/r, and the maxi-
mum restoring force is achieved at x. = 0.72. Without
biasing current, near r = 0, this potential is parabolic,
U(r)=3Uo (r/rp)Q, which is just the original Campbell
model but contains the value of 7, obtained from the full
model. The critical current is

UO TpQp,
=7 =
¢ CQbOTp ¢ N

where o, = a(r =0) and dimensionless parameter 7,
depends on the shape of the potential, 7. = dU/dz|,_, .
For the potential considered here, 7. = 0.56. Therefore,
even without knowing ~,., we can estimate the true criti-
cal current density, j., from the FC measurements of the
Campbell penetration depth up to a coefficient of the or-
der of unity. For convenience of calculations, in practical
units, Eq.2 is:

~ ’I“pBO
“poAE

(2)

[T] rp [0m]

A B
Je [sz} = 7. T.9577 x 10022 (3)

¢ [nm])?

D. Campbell penetration depth: experimental
results

Figure 3, shows the Campbell penetration depth,
Ac =+v/A2, — A3, for a pristine sample (a), and that
same sample after electron irradiation with doses of (b)
3 C/em?, (¢) 5 C/cm?, and (d) 7 C/cm?. The solid
lines correspond to ZFC measurements. The dashed lines
show the FC measurements. Note that vertical and hor-
izontal scales are the same for each graph in Fig. 3 to fa-
cilitate comparison and visualize the effect of irradiation.
The higher cut-off values of A\¢ — T, (H) correspond to
the normal-state skin depth that increases because nor-
mal state resistivity increases after irradiation. Impor-
tantly, in all cases, the FC curve does not change when
the measurements are repeated. This is expected in the
Campbell regime for a state with a uniform distribution
of vortex density. The irreversibility and difference be-
tween the ZFC and FC curves are also affected by vortex
dynamics and reveal some interesting mechanisms of vor-
tex creep through measurements of the time-dependent
Campbell length [121].

For the pristine sample, Fig. 3(a), Ac (T') is reversible
for moderate magnetic fields. The hysteretic behav-
ior between ZFC and FC A¢ appears above roughly
1.5 T. The ZFC develops a peak below T, indicating
a rapid decrease in the persistent current. The two
curves, ZFC-FC, merge at what is known as the “irre-
versibility” temperature, the subject of many previous
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FIG. 3. Temperature variation of Campbell penetration

depth, A\c =41/A2, — A%, measured at different DC magnetic
fields applied parallel to the c—axis in (a) pristine, (b) electron
irradiated at 3 C/cm? dose, (c) 5 C/cm?, and (d) 7 C/cm?®.
The solid lines correspond to the ZFC protocol , and the
dashed lines show FC data. The vertical and horizontal scales
are the same for each graph.

works [38, 65, 122]. The height of the peak in the ZFC
curves increases with the DC field magnitude. Similarly,
a peak feature has been reported from low-frequency
(Hac = 10e and f = 211 Hz) AC susceptibility mea-
surements in single crystals of CazgRh4Sn;3, which was in-
terpreted as the order-disorder transition [123]. However,
these measurements show complicated behavior, with the
ZFC-FC lines crossing and a significant hysteresis be-
tween the FCW and FCC curves.

To further our understanding of the nature of the peak
effect, it is important to examine the effect of controlled
disorder. To do this without comparing different sam-
ples, the same sample was irradiated three times. The
results are shown in Fig.3(b,c,d). Upon irradiation, the
peak feature appears at the lower magnetic fields and be-
comes significantly more prominent upon irradiation, ex-
hibiting a larger difference between ZFC and FC curves.
For example, at B = 1T, the peak in A¢ zpc (T) is
absent in the pristine state but appears right after the
first dose of 3 C/cm? and becomes more prominent for
higher doses. Clearly, electron irradiation introduces ad-
ditional pinning and perhaps influences the pinning po-
tential shape.

Figure 4 compares A¢c on the same graph. The main
panel shows the ZFC (solid lines) and FC (dashed lines)
curves measured at B = 1T for the pristine (blue lines)
and for the maximum electron irradiation dose, 7 C/cm?
(red line). Since the critical temperature, T, is affected
by irradiation [90] as shown in Fig. 1, the abscissa of
Fig. 4 is normalized as T//T. (H = 0). The inset in Fig. 4
shows the size of the hysteresis, Ac zrc — Ac,Fc evalu-
ated at T = 0.8 K plotted as a function of a magnetic
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FIG. 4. Comparing the Campbell penetration depth, A¢c, for
different irradiation doses. The main panel shows the temper-
ature dependence of A¢ (T'/T.), measured at B = 1T in pris-
tine state and after electron irradiation 7 C/cm?, demonstrat-
ing the significant effect of irradiation. Solid lines show ZFC
data, and dashed lines show FC data. Inset: magnetic field
dependence of the difference, A\c,.zrc — Ac,rc at T = 0.8 K.

field. This hysteresis is larger in absolute numbers, than,
for example, that observed in BiaSroCaCusOsy,, crystals
[102]. As expected, the hysteresis increases with the dose
signaling a larger current density, leading to a larger bias
of vortices in the non-parabolic potential wells.

E. Critical current density

Finally, we evaluate the critical current density from
Eq.2 using the measured A¢ (T, B), Fig.3, and the coher-
ence length, £ = \/¢o/2mHo, as a proxy for rp,. It is im-
portant to reiterate that the critical current density is ob-
tained as a parameter contained in the equilibrium field-
cooled value of the Campbell length, not from the vortex
density gradient, which provides the persistent (relaxed)
current density. The Helfand and Werthamer theory
[124] fit of the upper critical field yields H.o (0) =3.9T,
which gives, € (0) = 9.2 nm. With \; o (T =0.8K, B)
from an isothermal slice at T' = 0.8 K of the data shown
in Fig. 3, the field-dependent critical current density, j.,
is shown in Fig. 5 for the pristine and irradiated states
of the same sample. While in the pristine state j. (H)
is a monotonically decreasing function, the curves after
irradiation exhibit a pronounced peak effect at around
2.0-2.5 T at 0.8 K. When the same analysis is performed
at other temperatures, we find that the peak shifts to-
wards the lower fields, and its height decreases.
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FIG. 5. Magnetic field dependence of the critical current den-
sity, je, estimated from Ac (H) using Eq.3 for pristine and
irradiated samples. A pronounced peak effect is induced by
added disorder at large fields, but irradiation suppresses the
critical current at small fields.
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FIG. 6. Magnetization hysteresis loops measured using Quan-
tum Design vibrating sample magnetometer (VSM) at T' =
2 K. Blue curves show a pristine state, and red curves show
the data after electron irradiation with the dose of 5 C/cm2.
The inset zooms in at the region of a pronounced peak effect.

F. DC magnetic measurements

An unusual finding specific to this system is that, at
low fields, the amplitude of the critical current density
decreases with increasing irradiation dose. In most su-
perconductors, the opposite is true. In order to verify
that this is not an artifact, conventional magnetization
was measured on the same sample using Quantum Design
vibrating sample magnetometer (VSM). Figure. 6 shows
M(H) hysteresis loops for the same sample in pristine
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FIG. 7. Study of vortex dynamics measuring M (H) loops
at different sweep rates, dH/dt = 12, 50,100,200 Oe/s in the
sample after 5C/cm? electron irradiation. As shown by red ar-
rows, the inner-most curves are for the slowest rate of 120e/s.
The measurements were performed at 2 K (black), 3 K (red),
4 K (green), 5 K (blue) and 6 K (orange). The inset shows
the time dependence of the applied magnetic field. Note that
we used raw data to show the temperature-dependent back-
ground.

(blue lines) and after 5 C/cm? electron irradiation (red
curves). The inset zooms in on the region of a pronounced
peak effect developed at fields close to H.s. A small peak
effect observed in the magnetization loops of a pristine
sample indicates that dynamic effects are still present.
Noticeable magnetic relaxation is substantial even at the
lowest temperature. In the peak effect region, irradia-
tion significantly enhances hysteresis. In lower fields, the
hysteresis is reduced. This is consistent with Campbell
length measurements, which are shown in Fig. 5.

Since we focus on both static and dynamic effects, it
is important to check the effects of vortex relaxation. To
probe the vortex dynamics at different magnetic fields,
magnetization was measured at different sweep rates.
Figure 7 shows the M(H) loops measured at 2, 3, 4,
5, and 6 K in the sample after 5 C/cm? electron irra-
diation. At each temperature, four loops were recorded
at dH/dt = 12, 50, 100, and 200 Oe/s. Note that we
used raw data, which show the temperature-dependent
background, which does not affect our conclusions. The
red arrows show that the inner-most curves correspond
to the slowest rate of 12 Oe/s and the outer-most curves
correspond to the fastest rate of 200 Oe/s. The inset
shows the time dependence of the applied magnetic field.
A steep, almost step-like increase in the M (H) ampli-
tude at vortex entry (up sweeps) and the fact that this
fishtail shape remains in the same field indicate a dis-
tinct vortex phase with its own critical current and re-
laxation dynamics. The different vortex phases for low
and high fields were suggested for various superconduc-



tors [17, 18, 25, 28, 30, 38, 81]. In fact, the appearance of
the hysteretic peak effect in our case is similar to electron
irradiated MgBs [81].

G. Vortex phase diagram

We now construct the magnetic field - temperature
phase diagram mapping the peak effect location line from
Campbell length and from VSM magnetization measure-
ments. As noted in the introduction, another 3-4-13 com-
pound, YbsRh4Sn13, exhibits a very similar vortex phase
diagram [97, 98] suggesting that the features discussed
here are not specific to CagRhsSn;3. Figure 8 shows the
upper critical field defined as the onset temperature of
the A (T) curves for the pristine state (blue stars) and 5
C/cm? electron irradiated (green stars). For the latter,
we also show magnetization (violet pentagons). The re-
sulting H o (T) lines are close. In principle, non-magnetic
scattering increases the H.o [125], but unconventional su-
perconductivity, here revealed by a substantial T, reduc-
tion, may compensate that trend [90]. The red curve
is the fit to the Helfand and Werthamer (HW) theory
[124] using a universal scaling function [126], which yields
H.(0)=39T.

Next, we explore the location of the peak effect at dif-
ferent temperatures. Squares (black - pristine, red - irra-
diated) show the peak location from VSM measurements
of M (H) loops, whereas circles (green - pristine, orange -
irradiated) show the peak location from Campbell length
measurements of j.(H). The peak positions are some-
what shifted to lower values after irradiation but not sig-
nificantly. The inset in Fig. 8 shows the inter-vortex
distance at the peak location estimated for the triangu-

lar lattice, a = 1/2¢0/+/3B and is in the range between
30 and 40 nm.

IV. DISCUSSION

Our results show conclusively that non-magnetic point-
like disorder can induce the peak effect in both the true
unrelaxed critical current, j. (H), and in the relaxed per-
sistent current, j (H). The former was probed by the pre-
cision measurements of the Campbell penetration depth,
and the latter was studied by conventional magnetiza-
tion. Yet, the location of the peak effect on the magnetic
field axis is practically the same. This firmly argues for
the static origin of the peak effect in CagRhySny3.

This material itself has interesting vortex properties.
The very low pinning is evident from the M (H ) hysteresis
loops, which are narrow and very asymmetric. The crit-
ical current density, obtained from the Campbell length,
is in the range of 2 — 7 x 10% A/cm2 at low temperatures.
It is likely that the vortex lattice is practically intact
in pristine samples and follows the weak collective pin-
ning with a monotonic magnetic field dependence of the
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FIG. 8. Mixed state H (T) phase diagram of pristine and
electron irradiated (5 C/cm?) states of the same crystal of
CasRh4Sn;3 obtained from DC magnetization and Campbell
penetration depth measurements. The upper critical field,
H.2, and the location of the peak effect feature are shown.
The solid black line is fit to Helfand-Werthamer theory [124].
The inset shows the inter-vortex distance at the peak location
estimated for the triangular lattice using the formula shown.

critical current. Irradiation disturbs the ordered lattice.
The peak effect is already induced after the first dose
of irradiation. Surprisingly, further irradiation appears
to suppress the critical current density without affecting
the peak position. It is possible that increased disor-
der suppresses the overall order parameter magnitude,
thus reducing the condensation energy and reducing the
strength of the elementary pinning forces. The suppres-
sion of the order parameter by irradiation is directly ob-
served through the suppression of T, shown in Fig. 1. An
unconventional structure of the order parameter that fits
this result was previously suggested [90]. Another, and
a more realistic explanation, is that our assumption that
rp ~ & is not applicable. It is likely that r;, is larger, due
to the collective effects and pinning of vortex bundles [2].
The bundle size grows with a magnetic field, and the ef-
fective pinning range is related to the correlated volume
of the bundles. According to Eq.3, this will increase the
estimate of the critical current density compared to a
simplified single-vortex pinning regime.

The location of the peak corresponds to the inter-
vortex distance that ranges from 30 to 40 nm, which is
quite dense vortex lattice. Our results strongly support
the scenario in which the peak effect is caused by a ran-
dom point-like disorder that triggers a crossover from the
collective pinning of vortex bundles to a disordered vor-
tex phase. It is possible that in other systems the level
of natural disorder is already high enough to cause such
a crossover and exhibit a peak effect.



V. CONCLUSION

In conclusion, Campbell penetration depth measure-
ments were used to study the magnetic field-dependent
unrelaxed critical current density, j. (H), for different
levels of point-like non-magnetic disorder induced by 2.5
MeV electron irradiation. The behavior of the criti-
cal current density is monotonic in field in the pristine
state. The lowest dose of electron irradiation already
induces a pronounced peak effect in j. (H). The same
peak is observed in complementary magnetization mea-
surements. These results strongly support the static
picture of the peak effect in CagRhySn;3. Considering
that CagRhySn;3 is a very low pinning superconductor
in which the collective pinning model is likely applicable,
the peak effect induced by a controlled disorder must be
due to a crossover from an almost perfect lattice to a dis-
ordered vortex phase, as suggested in a number of prior
works [21, 23, 25, 32, 36-38]. Having access to the un-
relaxed critical current, we confirm this scenario of the
peak effect formation.
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