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Abstract

We report the critical current density J. and the vortex dynamics in phase-separated
TlossRbo 42Fe172Se, crystals by performing magnetization measurements. Structural
investigation reveals micro- and nanoscopic phase separation between 122 (superconducting)
and 245 (not superconducting) phases. Micrometric phase separation refers to 245 islands
with typical diameters of 2 um embedded in a multiply-connected 122 superconducting
network. Nanoscopic phase separation refers to 245 nanoprecipitates embedded in the 122
superconducting paths. The 245 nanoprecipitates with size comparable to the coherence
length produce strong vortex pinning. It was observed that the temperature dependence of the
flux creep rate presents a peak at intermediate temperatures and magnetic fields lower than
0.5 T. The peak is systematically suppressed as the magnetic field is increased, and it could be
related with relaxation generated by double-kink excitations. Double-kinks are low-energy
depinning excitations usually associated with strong pinning produced by correlated disorder.
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1. Introduction

The discovery of Fe-based superconductors (FeSCs) has renewed the interest in the
phenomenology of type-Il superconductors. The compounds share a layered structure, i. €., a
square plane sheet of Fe®*, tetrahedrally coordinated pnictogen (P, As) or chalcogen (S, Se,
Te) anions [1]. Some of these materials, particularly iron selenide superconductors A;.«Fe,.
ySez (A = K, Rb, Cs, TI) usually contain two distinct phases in their microstructure [2,3]: an
insulating phase with the chemical formula AjFe;Ses (related to the 245 phase), and a
superconducting (SC) phase (related to the 122 phase) [4,5]. These structures result from Fe-
deficiency and vacancy ordering [6]. The superconducting phase presents critical temperature
(Tc) up to 32 K [7,8,9,10], and upper critical fields (Hc,) above 60 T [11]. The presence of
inhomogeneities or phase coexistence in the nanoscale is well known for being beneficial for
vortex line pinning [12,13,14]. Strong pinning and high critical current densities J. are
expected from precipitates with size comparable to the coherence length & [15]. Usually,
artificially designed landscapes are built to study flux pinning mechanisms (strong and weak)
in single FeSCs superconductors [13, 16, 17].

Vortex pinning arises from the interplay of several competing energies, namely the self-
energy of the flux lines, the vortex-vortex interactions, the vortex inhomogeneity interactions
and the thermal excitations [18]. Thermal fluctuations allow pinned vortices to oscillate
around the potential energy minima, reducing the effective pinning energy due to thermal
smearing. The vortices can also escape completely from the pinning centers through a variety
of depinning excitations. VVortex motion still occurs for currents J lower than J. at a much
slower rate (due to thermally activated jumps out of the pinning centers) [19]. This flux creep
mechanism implies a residual dissipation and is responsible for the time relaxation of
persistent currents flowing in a superconducting closed loop. Depending on the temperature T
and magnetic field H, the relaxation rate (S) is controlled by an activation energy that results
from the interaction between the defects and the vortices. The theory of collective creep [20]

(developed to explain vortex dynamics in cuprates) expresses the normalized relaxation rate
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of a driving force, t is the time, ty is an effective hopping attempt time and p is the regime-



dependent glassy exponent. This approach successfully explains a wide range of vortex
dynamics phenomena. The p value is affected by the vortex-vortex and vortex-defects
interactions. The expected values of u for different depinning excitations (depending on field
and on the pinning landscape) have been theoretically calculated [18]. The vortex physics in
FeSCs has similitudes with that found in cuprates [15,21]. High flux creep rates and glassy
relaxation have been reported [21]. From a technological point of view, the understanding of
the different depinning mechanisms and their correlation with the superconducting parameters
and the pinning landscape is essential, since electrical resistance derives from the dissipation
associated with vortex motion.

In the first part of this article the microstructure of TlossRbg 42F€;1 72Se; single crystals and the
presence of nano- and microscopic phase separation are discussed. Next, the vortex dynamics
which result from the strong pinning produced by 245 nanoprecipitates embedded in the 122
superconducting paths are examined. TlysgRbo42Fe172Se; crystals present T, = 32.5 K,
H!S~%*S~ 60 T and upper critical field anisotropy y = 2 [10, 11]. The results indicate that the
Je (T, H) dependences (i. e. extension of creep regimes and pinning mechanisms) are strongly
affected by the phase coexistence between superconducting and non-superconducting regions.
The analysis of temperature dependence of the flux creep rate S shows a peak at intermediate
temperatures and fields up 0.5 T. This peak is gradually suppressed and it shifts to lower
temperatures when the magnetic field is increased. These observations are consistent with
those observed in YBa,CuzO7-; (YBCO) single crystals with correlated defects [22] and the
phenomenology could be associated with relaxation by double-kink excitations [23,24].

2. Experimental

Single crystals were grown using the Bridgman method. Detailed information is provided in
reference [9]. First, Rb,Se, Tl,Se, Fe and Se powders (99.99%) were mixed in an appropriate
stoichiometry and were placed in alumina crucibles and sealed in an evacuated silica tube.
The mixture was heated up to 950 °C and held at this temperature for 6 hours. Then, the
melted mixture was cooled down to 700 °C at a rate of 3 °C / h. Finally, the furnace was
turned off and the mixture cooled down to room temperature. The crystals showed flat shiny

surfaces and were easy to cleave. The composition of the crystals (TlpssRbo 42F€172Se,) was



determined by using an energy dispersive X-ray spectrometer (EDXS). Scanning electron
microscopy (SEM) images were acquired with a FElI Nova Nano SEM230. The
microstructure of the crystals was studied by transmission electron microscopy (TEM) with a
Philips CM200UT microscope operating at 200kV. Specimens for TEM were prepared by
grinding crystals in an agate mortar. X-ray diffraction (XRD) patterns were performed in a
Panalytical Empyrean equipment.

The field, the temperature, and the time dependence of the persistent current density J. (H, T,
t) were obtained from the irreversible magnetization M (H, T, t) using the critical state model
[25]. M (H, T, t) dependences were measured with a SQUID magnetometer in fieldsupto 5 T
applied along the c-axis. The studied single crystal presents the following dimensions:
thickness (d): 0.06 mm; width (w): 0.97 mm; and length (I): 2 mm. A similar vortex dynamics

_ s

was observed in other crystals of the same batch. The flux creep rate, S = 3 i)

, Was

recorded over periods of one hour. For longer periods (i.e. 2 hours) the S value did not exhibit
significant modifications. The initial time was adjusted considering the best correlation factor
in the log-log fitting of the J. (t) dependence. The initial critical state for each creep
measurement was generated by applying a field variation of H ~ 4 H", where H' is the field

for full-flux penetration [26].

3. Results and discussion

Figure la shows the XRD pattern of a typical crystal used for this study. The XRD
measurement was_performed at room temperature and conditioned so as to observe (00l)
reflections. Three sets of (00I) reflections were identified and similar XRD were obtained for
other crystals of the same batch. This indicates the presence of, at least, three phases with ¢
parameters: ¢; = 1.482 (0.001) nm, c; = 1.433 (0.002) nm and c3 = 1.413 (0.002) nm.
Usually, phase coexistence between an antiferromagnetic insulator phase (space group: 14/m)
and a superconducting phase (space group: 14/mmm) is observed in A;. Fe,ySe, crystals [27].
The former could arise from superlattices with different lattice parameters from
superstructures generated by different Fe vacancy order [2,3]. In addition, different insulator
phases with different chemical composition and lattice parameters have been reported for
RbyFe,.ySe, [27], (TI,Rb)Fe,.,Se; [9] and TIFe,Se; [10]. Figure 1b shows a SEM image of the



surface of a cleaved crystal. Two different types of patterns are observed: micrometric-size
isolated islands (i. e. region A) with typical diameters of » 2 um and inhomogeneous
interconnected networks (i. e. region B) with typical width of ~ 2 um. Similar features have
been previously related to phase separation [3]. In order to obtain more detailed information
of the microstructure, TEM images of the crystals were obtained. Figures 2a-b show typical
TEM images corresponding to regions A and B indicated in Fig. 1b. Both images were
obtained along the [00I] direction. Regions A, displayed in Fig. 2a (dark field TEM image),
correspond to a superstructure generated by Fe-vacancy order [2, 3]. The superstructure spots
observed in the reciprocal a*-b* plane can be characterized by a unique modulation wave
vector q; =1/5[3a*+b*] (see inset Fig. 2a). Therefore, regions A correspond mainly to the
non-superconducting 245 phase. Regions B, displayed in Fig. 2b (bright field TEM image),
correspond to phase coexistence among the 245 and 122 phases (see inset Fig. 2b). The
superconducting 122 phase presents a modulation with g, =1/2 [a*-b*] [2,3]. Nanoprecipitates
embedded in the matrix can be identified (see arrows in Fig 2b). High resolution TEM images
show that the precipitates present typical sizes of 5-10 nm. The distance between these
nanoprecipitates varies from, approximately, 30 nm to 60 nm. Figure 2c shows a high
resolution TEM image of a typical precipitate (approximate diameter: 11 nm) embedded in
the matrix. The image was obtained along the [00I] direction. Fast Fourier transformations
allow to identify g, (corresponding to the 122 phase) and q = -1/5[3a*+b*] (corresponding to
the 245 phase) for the matrix and the precipitate, respectively. Figure 2d shows a region with
phase coexistence between 122 and 245 phases. The fast Fourier transformations allow the
identification of regions that can be associated with pure 122 and 245. In addition, spots
corresponding to both phases appear in the fast Fourier transformation in regions where
precipitates cannot be identified. This suggests that thin 122 / 245 layered structures along the
c- axis are present [3,28]. In addition, distorted regions around precipitates are usually
observed in TEM images. The described microstructure should affect significantly the vortex
dynamics of the crystals. A large suppression of the superconducting volume is expected due
to the substantial amount of 245 precipitates (regions A). The contribution of the regions A to
vortex pinning could be practically disregarded (they are much larger than &y, (0) = 2.35 nm).
The 245 nanoprecipitates embedded in the 122 slabs and local structural distortions at

interfaces are expected to be the main sources of pinning in the superconducting paths. The



pinning can be either isotropic for nanoparticles or correlated for defects extended along the
c-axis (such as amorphous areas or large angle grain boundaries). Layered 122 / 245 structures
improve pinning when the field is parallel to the a-b plane [29].

The T, in the crystals is 32.5 (0.1) K [11]. It is worth mentioning that the Meissner response
obtained after zero field cool and H // ¢ axis is consistent with the area of the crystal. Figure 3
shows J. (H) at five different temperatures (T = 4.5 K, 10 K, 15 K, 20 K and 25 K). The J.
values were calculated from the Bean model. The resulting J; (4.5 K, H = 0) was 15.5 kA cm’
2. The J values at all temperatures are affected by the reduction in the superconductor volume
described above. Usually, larger J. values are found in 122 systems with full superconductor
volume [12,15,21]. For all temperatures, the J. (H) dependences are weakly affected by self-
field (SF) effects [30]. The SF estimated as H™ = J¢*t is <100 Oe even at low temperatures,
which is in agreement with the necessary magnetic field to invert the magnetization in the
hysteresis loops (full flux penetration). In addition, none of the curves present a second peak
in the magnetization or fishtail. The J. (H) dependence at 4.5 K shows three clear regimes.
Regime | (at low fields) shows a range of field where J. (H) ~ constant and it extends to B ~
0.12 T. This regime can be associated with a single vortex regime (SVR) with negligible
vortex-vortex interaction [31]. The J; (H) dependences obtained at temperatures above 4.5 K
show that the regime is strongly suppressed by temperature. An apparent enhancement of B”
emerges at 25 K. Regime 1 is followed by Regime Il at intermediate magnetic fields. At 4.5 K,
the latter shows a power law dependence J. oo H'® with o = 0.22. The value of a is usually
related to the geometry of the pinning centers. The expected o value for strong pinning by
nanoparticles is 0.55 [31]. In cuprates, when the vortices are pinned by correlated disorder or
mixed pinning landscapes, it is strongly reduced from 0.55 to values as low as 0.2 [32]. For all
temperatures above 4.5 K, regime Il does not present a range of field where a power law
regime can be clearly identified. Finally, at higher fields, regime I11 shows a more pronounced
dependence in J; (H). A criteria of o = 1 was used for the crossover between Il and Il (see
arrows in Fig. 3) [31]. Regime Il is usually associated with fast creep relaxation [21]. At T =
4.5 K regime Il starts with yoH =~ 1.6 T, which represents merely 3.5 % of the H., determined
from electrical transport measurements [11]. This value is notoriously lower than those
reported in other FeSCs with similar Hc, [33]. The crossover from Il to Il is usually
influenced by the density of strong pinning centers and by dimensional effects [18].



Theoretically, a change should occur on the vortex dynamics for fields above the
accommodation or matching field B, (the field at which the densities of defects and vortices
are equal) [18]. For columnar defects, the dynamics of the vortices trapped between tracks is
expected to be faster than for vortices trapped in the tracks, which reduces significantly the J.
values above By The second scenario is related to a change in the vortex dynamics produced
by geometrical factors. As we mention above, the presence of phase coexistence in regions
without precipitates suggests layered 122 / 245 structures along the c- axis [3]. A crossover in
the flux creep from an elastic to a plastic regime is expected from the competence between the
sample thickness (122 slabs) and the elasticity of the vortices [18]. Either two mechanisms
(density of defects and layered structures), or a combination of both, could explain the low
values of magnetic fields in the crossover from Il to 111 of the J. (H) dependences.

To understand the pinning mechanisms in the J. (H, T) dependences, S (H, T) measurements
were performed. Figure 4 shows S (T) at uyyH =0.01 T,0.05T,0.1T,0.3T,05T,0.75 T and
1 T. All the fields are above the estimated SF (< 0.01 T at low T) [30]. The most striking
feature in the S (T) dependences is the presence of a peak for fields lower than 0.5 T. It was
observed that, when the field is increased from 0.01 T to 0.5 T, the creep peak maximum
shifts to lower temperatures and it disappears above 0.5 T. The peak is not manifest in S (T)
dependences at larger magnetic fields (0.75 T and 1 T). A peak in the S (T) dependence was
first observed in YBCO single crystals with columnar defects [34] and it was associated with
relaxation by double kink excitations [23]. Double kinks are low energy excitations which
produce fast relaxation from parallel or tilted columnar defects. This mechanism has been
only observed in some materials such as cuprates with a source of correlated pinning
(columnar rods, twin boundaries, dislocations or boundary between islands) [29,34,35,36].
The flux creep rates in materials that present double kinks exhibit several regimes. At low
temperatures, thermal depinning occurs due to the formation of a critical nucleus which
subsequently expands. Relaxation takes place via half-loops for fields below By, and when the
size of the transverse nucleus is smaller than the distance between tracks. This mechanism
presents a glassy exponent u = 1. When J decays and the deformation of the nucleus reaches
the neighbor pin, the relevant excitations are double kinks, which transfer a vortex segment to
a neighbor track [35]. A u = 1/3 has been theoretically predicted for this regime reaching a

peak in S (T. For temperatures above this peak, the relaxation presents a plateau



corresponding to collective pinning. For fields above By (all tracks are full), the double kink
mechanism is suppressed and pinning becomes collective (the peak is not observed). The By =

2 ~ 65 nm. This value is close to

0.5 T corresponds to defects at typical distances of = (dg/ B)
the distances between 245 nanoprecipitates observed in Fig. 2b, and it is considerably shorter
than the 2 um width of the superconducting networks. Another relevant feature in Fig. 4 is the
fast increment in S (H) at low temperatures (T = 4.5 K), which indicates that the pinning is
strongly reduced by magnetic field. This behavior could be ascribed to thin 122 / 245 layered
structures along the c- axis, which overlap of the plastic and elastic relaxation mechanisms
even at low magnetic fields. In addition, a fast increment in the S (T) dependences is observed
for fields larger than B4 = 0.5 T. The weak pinning for vortices exceeding poH = 0.5 T could
be related to disorder in the 122 matrix (stressed interfaces and Fe vacancies). Random
disorder should locally modify the superfluid density and increment vortex fluctuations [37].

Motivated by the source of the peak in TlysgRbo42Fe1.7,Se; crystals, we investigated the p
values at uoH = 0.1 T. According to Maley analysis [38], the effective activation energy

Uesr(J) can be experimentally obtained considering that the current density decays as

dj 7 _Uerr@ . . . .
E=—(—C)e T . Thus, the final equation for the pinning energy is Uy pf =

T

-T [ln |%| — C] [eq. 2], where € = In(J./7) is a nominally constant factor. For an overall

analysis, it is necessary to consider the function G (T), which results in U.sr(J,T = 0) =
Uerr (J,T)/G(T) [39]. Figure 5 shows the obtained Maley analyses for which, C = 14 and the
G (T) dependence indicated in the inset, were used. In the limit of J << J. the u exponent can
be estimated as Aln U(J) / Aln J [35]. The slopes below the maximum of the peak and at the
plateau are 2 and 2.8, respectively. These values are larger than those previously observed in
YBCO single crystals with columnar defects introduced by irradiation [34,35]. For instance, a
value of p = 2 has been reported for YBCO [40] single crystals with columnar defects at low
fields and temperatures close to T.. However, p is usually affected by a combination of
pinning centers (random point defects and nanoparticles) [32,34,36]. In TlyssRbo42Fe172S€2
the presence of a relaxation mechanism in agreement with double kinks, should be related to
nanoprecipitates embedded in thin 122 superconducting slabs, or to defects originated by

boundaries between phases assisting pinning produced by the 245 nanoprecipitates. For



example, in cuprates the twin boundaries assist pinning produced by nanoparticles [36]. As
mentioned above, in TEM specimens for TlyssRbo42Fe172Se, high distorted regions are
usually observed around defects. Further research on these samples should be oriented to
clarify the presence of correlated disorder by studying cross sectional TEM specimens.
Focusing on vortex dynamics in crystals with more defined microstructures or artificial
defects introduced by irradiation is necessary for a better understanding of these phenomena
(peak in the relaxation and extension of the elastic regime) [34].

Figure 6 shows the H-T vortex phase diagram for the studied single crystal. The S peak
position, the crossover to fast creep (obtained from the regime Il1) and a dashed line for the
expected Hc, [11] are included. Both striking features, the peak and the extension of the elastic
regimes, are associated with phase coexistence. The depinning temperature Tgp, Which
corresponds to vortices trapped in the tracks, is strongly affected by both, intrinsic thermal

fluctuation and the diameter of the pinning centers [18, 23]. Its value can be estimated as

Tap #Tc(vIA+V)), withv =(ryg /4S5, (0)(2/ JGi) (where Tl ssRbo.42Fe; 72Se; has a Ginzburg

2
.1 7T 3 s . - . _
number Gi==| —7¢ | ~5x10°, being H. the thermodynamic critical field and 0) =
[ 2{H§(0)§3(0)} g Rc y &ab (0)

2.35 nm [11]). In analogy with columnar defects and using rq = 2-5 nm as radio of the defects,
Togp = 24 - 28 K is obtained. In YBCO, the peak corresponding to double-kink relaxation
generally occurs between 20 and 40 K [34] and the Ty, for tracks with radio of 3 nm is above
70 K [32]. In TlpssRbg42Fe172Se;, the temperature for the maximum of the peak is reduced
from = 17 K to = 10 K when the field is increased from 0.01 T to 0.5 T. This temperature
corresponds to the same J; ~ 7.5 kA cm™. Considering weak temperature dependence of the
parameters &, A and vy, the peak by double kink excitations is expected to occur at the same
(Je/Jo) ratio [35]. On the other hand and as discussed above, the low fields for the crossover to
regime Il in J. (H) (compared to Hc,), indicates that plastic vortex creep governs magnetic
relaxation over a substantial part of the magnetic phase diagram. This fact could be attributed
to weaker pinning of the vortices trapped between strong pinning centers in the
superconducting slabs In addition, thin superconducting slabs are expected to affect the
collective pinning regime due to a competence between their thickness and the elasticity of

vortex lattice along the c-axis.
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4. Summary

In summary, we have studied the vortex dynamics in TlosgsRbg42Fe;72Se, crystals. The
crystals present nano- and microscopic phase separation between 122 and 245 phases. The
vortex phase diagram is strongly affected by the phase separation. The J. (H) dependences are
well described by strong pinning produced by 245 nanoprecipitates. The temperature
dependence of the flux creep rates shows a peak for fields lower than 0.5 T. This peak shows
similar features to those corresponding to relaxation by double-kink excitations in cuprates. In
addition, the vortex dynamics changes significantly for fields above 0.5 T, which indicates
weaker pinning for vortices trapped between the precipitates. Fast creep relaxation, usually
associated with plastic creep, governs the vortex dynamics over a substantial part of the

magnetic phase diagram.
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Figure 1. a) X-ray diffraction pattern for a TlysgRbo42Fe1.72Se, crystal. b) SEM image of the
a-b plane of a cleaved TlysgRbo42Fe17,Se; crystal. Regions A (islands) and B (stripe-like)

indicate the two remarkable features in the surface topology of the crystals.

Figure 2. a) b) TEM images of regions A (dark field) and B (bright field) indicated in Fig. 1b.
The insets correspond to the selected area electron diffraction (SAED) patterns obtained along

the [00I] zone axis direction. ¢) High resolution TEM image of one of the precipitates
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indicated with arrows in figure 2b. The insets correspond to fast Fourier transformations.
Right corresponds to the matrix and left corresponds to the precipitate. d) Left: High
resolution TEM image showing interpenetrated 122 and 245 phases. Right: Fast Fourier
transformations of the indicated regions. The images were obtained along the [00I] zone axis

direction.

Figure 3. Critical current density (J;) vs. magnetic field (H) at different temperatures (4.5 K,
10 K, 15 K, 20 K and 25 K) obtained from irreversible magnetization hysteresis loops by

using the Bean model.

Figure 4. Temperature dependence of the flux creep rate S at different magnetic fields (see
panels). The measurements were divided in two panels for a clearer presentation. The values

correspond to measurements obtained with H // c-axis.

Figure 5. Maley analysis at poH = 0.01 T for a TlosgRbg42Fe172Se, crystals. Inset:
Temperature dependence of the flux creep rate at ppH = 0.01 T (right). G (T) function used for
the Maley analysis (left).

Figure 6. Vortex-creep phase diagram for a TlgsgRbg42Fe172Se; crystals. The crossover for
fast creep plastic was obtained from the crossover from the regime Il to the regime Il in Fig.
3. The Hc, (dashed line) was taken from [11]. The maximum of the relaxation peak for each

temperature was obtained from Fig. 4.
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Highlights

e Transmission electron microscopy analysis reveals phase coexistence.
e Vortex dynamics for TlgsgRbg 40Fe1 72Se, single crystals is reported.
e Flux creep rates present a peak at intermediate temperatures for fields smaller than 0.5 T
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