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Abstract

Detailed investigations of Ni substituted Feg 994Nig go7Te€0.665€0.34 and unsubstituted

Feg.0oTeg s65€0.34 Crystals were performed at ambient pressure and under hydrostatic pressure in
order to understand the complex relationship between structure, magnetism, and
superconductivity in iron selenides. The aim of the investigations was to determine the structural
and superconducting state properties and study their evolution under pressure, up to 11 kbar. A
comparison of FeggoTeq ¢65€0.34, @ material with much less developed phase separation, with
FeTe( sSep 5, a material exhibiting pronounced nanoscale phase separation, was also performed.
Under ambient pressure, a weakening of superconducting state properties was observed in the
Fep.004Nig go07T€0 665€0.34 crystal, with disorder introduced by Ni substitution, as compared with
those in Feg ggTeq g65€0.34. For Feg g94Nig go7T€0.665€0.34, the x-ray diffraction studies have
revealed a degradation of crystal quality under applied elevated pressure. Superconducting state
properties of the single phase Feg o9Teg ¢65€0 34 crystal, such as upper and lower critical fields,
were found to be poorer, at both ambient and hydrostatic pressure, than those observed for
FeTeq sSeq 5 crystals exhibiting pronounced nanoscale phase separation. Comprehensive studies
of the impact of pressure on crystal structure and on superconducting state properties confirm
that enhancement of superconductivity correlates with the appearance of mosaicity under
pressure. The above observation leads to the expectation of a pressure-induced increase in
inhomogeneity, leading to the enhancement of superconducting properties in other sulpho-iron
seleno-tellurides of anti-PbO-type structure.

Keywords: superconductors, Fe-Te—Se system, single-crystal x-ray diffraction studies,
thermodynamic properties, hydrostatic pressure
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1. Introduction

The discovery of superconductivity in layered iron chalco-
genides of general formula Fe(Se,Ch) (‘11°-type compounds,
where Ch = S, Te) has prompted detailed studies of metal
chalcogenides [1]. Research efforts have mainly concentrated
on understanding the mechanism of superconductivity and on
increasing the critical temperature, T.. Within the ‘11’ group,
pure FeSe has the simplest structure (anti-o PbO type, space
group P4/nmm [1-3]), among the studied iron-based com-
pounds, with T, < 8 K [1], which increases up to ~14 K (in
FeTe,_,Se,, x = 0.5) upon the partial substitution of a larger
tellurium ion at the Se site [2, 4, 5]. Iron-chalcogenide
superconductors show potential for applications in high
magnetic fields, both because of a high upper critical field,
H.,, and a low anisotropy [6—8]. Moreover, the insignificant
toxicity of their starting components, in comparison with that
of the FeAs-based superconductors, simplifies its handling
and therefore these compounds are considered to be promis-
ing for applications such as wires, tapes, and thin films
[9-12]. Since the possibility of 7. enhancement by quantum
confinement in ultrathin films [13—18] and the discovery of
topological superconductivity in FeTe,; ,Se, systems [19] the
field of possible applications has increased tremendously.
Under hydrostatic pressure an enhancement of the main
superconducting parameters (7., lower and upper critical
fields, H., and H,,, critical current density, j.) is observed for
FeTey sSeq s [20]. It is worth pointing out that single crystals
of FeTeq 5Se( 5 tend to exhibit a coexistence of two tetragonal
phases [5, 21, 22] with nanometer-sized areas, with hexagonal
symmetry inside the host matrix with tetragonal symmetry.
Chemical disorder manifesting as an inhomogeneous dis-
tribution of Te/Se ions in the crystal lattice, and Fe-deficient
bands hundreds of nanometers in size, is also observed
[23, 24]. The results of our earlier studies performed on
FeTe ¢5Seg 35 suggested that an inhomogeneity is an intrinsic
property of FeTe,_,Se, superconductors [24], which agrees
with earlier electron energy loss spectroscopy (EELS) ana-
lysis, indicating the importance of an inhomogeneous anion
distribution [25]. As a summary of the cited study, it was
pointed out that phase separation, manifesting itself through
inhomogeneous ion distribution and through the presence of
nanosized hexagonal regions, enhances the superconductivity
in chalcogenides [24]. Importantly, the FeTeg¢s55€g 35, with
lower Se content and slightly lowered critical temperature
(12.9 K) than that of FeTe 5S¢ 5, has been reported to exhibit
much less pronounced nanoscale phase separation and to
behave almost like a single-phase crystal [23, 24].
Establishing a relationship between the structure, mag-
netism and superconductivity in iron chalcogenides is a very
relevant issue as was stressed already by many authors; see, for
example, early and later reviews and references in [26-28].
Taking the above into account, we decided to perform detailed
crystallographic and magnetic investigations into Ni sub-
stituted Feo_994Ni0.007Te0_66Se0.34 [23, 29—31] in order to
determine structural and superconducting state properties and
to study their evolution, comparing a material exhibiting

pronounced nanoscale phase separation (FeTeqsSeqs) with a
material with much less developed phase separation
(FegooTene65€034). In this work, we study the impact of
external hydrostatic pressure on the intrinsic and extrinsic
superconducting state properties for the FeggoTeg65€034
sample, together with the one with partial replacement of Fe by
Ni ions, i.e. Feg 994Nig go7Te€0.665€0.34, bOth of them grown as a
single-phase crystal [23]. We show for both compounds a
weakening of superconducting-state properties as a result of
decreasing the selenium content from x = 0.5 to 0.34, and the
enhancement of these properties under hydrostatic pressure,
despite weakening them by chemical pressure. We correlate
changes in the superconducting-state properties with the
evolution of crystal quality by means of x-ray diffraction under
hydrostatic pressure performed for Fe( 994Nig 007T€0.665€0.34-

2. Details of synthesis and experiment

Single crystals of nominal composition of FeTeg ¢5S€q 35 and
Fe.995Nig gosTeo.655€0.35 were grown by the vertical Bridg-
man method. Stoichiometric quantities of iron chips (3N5),
tellurium powder (4N), selenium powder (pure) and NiSe
(pure) were used to prepare the crystals. The starting materials
were weighed, mixed and stored in argon atmosphere in a
glove box. Evacuated sealed quartz ampoules with double
walls containing starting materials were located in a furnace
with an axial temperature gradient of 1.6°Cmm ', The
thermal conditions of synthesis and crystal growth were as
follows: the ingot was heated for 3h at 730 °C, then the
temperature was increased to 920 °C. After melting, this
temperature was maintained for 3 h, then the samples were
cooled down to 500 °C at a rate of 5 °C h™', then to 200 °C at
a rate of 60 °C h_l, and finally cooled down to room temp-
erature [23]. The resulting single crystals exhibit well devel-
oped (001) natural planes, corresponding to cleavage planes
of a PbO type structure.

The quantitative point analysis, using field emission
scanning electron microscope (FESEM) JEOL JSM-7600F
operating at 20 kV incident energy, coupled with the Oxford
INCA energy dispersive x-ray spectroscope (EDX), was
performed on the cleavage planes of the crystals. The average
chemical composition of the matrices of the studied samples
determined by SEM/EDX analysis is FeggoTen ¢sS€0.34 and
Feg.004Nig 007T€0 665€0.34 With an accuracy of £0.02. Later in
the text we will refer to the crystals’ average composition, not
the nominal one. All details concerning the structure of the
studied samples were published in our earlier papers [23, 24].
A photograph of the crystal with identical nominal compo-
sition to that studied in the current manuscript is shown in
figure 4(c) of [23].

X-ray diffraction measurements of Feg o9Te( ¢65€0.34 and
Fe.994Nig g07Te0.665€0.34 single crystals were performed
using Xcalibur S2 Agilent diffractometers equipped with a
CCD detector and a monochromated Mo sealed tube source.
Both Fegg9Teq 665€0.34 and Feg 994Nig go7Ten.665€0.34 Crystals
were measured at room temperature at ambient pressure. A
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296 K/ 0.001 kbar

296 K/ 11.1 kbar

Figure 1. 10/ layer of Fe 994Niggo7T€0.665€0.34 crystal measured at room temperature under ambient and nonambient pressure. Left panel
presents the data obtained at ambient pressure. Data presented in the right panel were obtained for a crystal enclosed in a modified Merrill-
Bassett diamond-anvil at 11.1 kbar; here the reflections from diamond-anvil crystals are additionally present (those denoted by ‘D’).

high pressure experiment employing a modified Merrill-
Bassett diamond-anvil cell [32] (DAC with the anvils
mounted directly on Inconel supports) has been performed for
the Feg 994Nig oo7Te€0.665€0.34 single crystal at 11.1 kbar at
room temperature. The studied single crystal was glued to the
culet surface of the first diamond anvil together with a small
ruby chip and placed in a 0.3 mm diameter hole of a 0.1 mm
thick tungsten gasket. The chamber was filled with hydro-
static pressure-transmitting medium (silicon oil) and closed.
A semi-automatic gasket-shadowing procedure [33] was used
for DAC centering along the x-ray beam. The CrysAlisPro
program suite was used for the data collection, orientation-
matrix determination, and initial data reduction.

Magnetic measurements of a FegggTeggeSen34 single
crystal, with the dimensions @ = 0.12cm and » = 0.12 cm in
the ab-plane and with a thickness of 0.053 cm along the c-
axis, and a single crystal of Fegg94Nig go7Te0.665€0.34, With
the dimensions @ = 0.10 cm and b = 0.11 cm in the ab-plane
and with a thickness of 0.095cm along the c-axis, were
performed by means of a Quantum Design superconducting
quantum interference device magnetometer. A magnetic field,
of up to 50kOe, was oriented parallel to the c-axis of the
crystal. Hydrostatic pressure was applied, by means of an
easyLab Technologies MCelll0 pressure cell with Daphne
7373 oil [34], which is recognized as the optimal pressure
media providing the smallest decrease in pressure with low-
ering temperature for pressures above 7 kbar [35]. A high-
purity Sn wire was used as an in situ manometer. The back-
ground signal coming from the pressure cell was subtracted
based on measurements performed under ambient pressure for
the sample mounted (i) directly on the diffractometer stage
and (ii) mounted inside the pressure cell.

3. Results and discussion

3.1. X-ray diffraction studies

For a set of FeTeg ¢5Se( .35 single crystals [23], the narrowest
transition from normal to the superconducting state (width
~0.6 K) has been observed for a sample exhibiting the largest
noticed value of Aw equal to 6’ for the 004 rocking curve.
Additionally, the decrease in the Aw value was associated
with the increase in the width of the transition (90%—-10%
criterion) [23]. In order to better understand the possible
connection between the crystal inhomogeneity and super-
conducting properties, we decided to investigate the
Feol994Ni0.007T30A6GSeO.34 Sample with Aw = 5.7 [23]

The crystal structure of Feg g94Nigog7Te€0.665€0.34 Was
identified as that of the anti-PbO type, but the quality was
insufficient for studies of structure details. Identification of this
phase is in line with the results of studies using x-ray dif-
fraction [36, 37] and other methods [38—40], showing that the
anti-PbO phase is stable in systems of close chemical com-
position at pressures of up to at least ~25 kbar. After appli-
cation of pressure, the shape of diffraction spots changed: the
roughly circular spots became extended along a direction
corresponding to the run of Debye—Scherrer rings (figure 1),
which is most likely caused by pressure-induced mosaicity
increase of the sample. For the diffraction-spot shape analysis
we selected the strong 101 and 101 reflections. After appli-
cation of pressure, the first of them is elongated by a factor of
1.22, the second one by a factor of 1.78. The quoted reflection
extension was calculated, using contour maps (those presented
in figure 2) at the level of 50% of peak height. Apparently,
there is no peak broadening in the radial direction, showing
that application of pressure does not influence the chemical
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Figure 2. Contour maps of 101 and 101 reflections measured at ambient pressure and at 11.1 kbar for Feg.994Nig 007 Te0.665€0.34 crystal: 110
reflection at ambient (a) and 11.1 kbar (c); 101 reflection at ambient (b) and 11.1 kbar (d). The common intensity scale (intensities
corresponding to seven contours) is shown at the upper right site. The elongation of the reflection observed in the lower panels indicates that

at the indicated pressure the crystal quality is inferior.

homogeneity of the crystal. We have observed that the dif-
fraction quality of the Feg 994Nig go7Te0.665€0.34 crystal drops
down at 11.1 kbar as compared with that at ambient pressure.
The Feg 994Nig 007 T€0.665€0.34 crystal does not undergo a phase
transition at the applied pressure.

3.2. The critical temperature

The dependences of the magnetic susceptibility on temperature
in a direct current (dc) field of 10 Qe, parallel to the c-axis,
determined under ambient pressure and hydrostatic pressure
up to 10 kbar, for FeTeO_5Seo,5, FCQ.99T60_66S60'34, and FeO,994
Nig go7Teg.665€0.34 show a different behavior (cf figures 3(a)—(c)).
The critical temperature onset was determined as the point on the
x-axis where the curve of temperature dependence of magneti-
zation in zero-field-cooling mode, Myrc(T), deviates from a
constant, temperature independent background value. The width

of the superconducting transition is almost unaffected by pres-
sure, for the pressures investigated, evidenced by the almost
linear dependence of the zero-field-cooling (ZFC) magnetic
susceptibility below T.. A significant divergence between Mzgc
and Mgc curves points to strong pinning of vortices in both
crystals (see figures 3(b) and (c)). The substitution of Ni lowers
the critical temperature by 0.9 K at ambient pressure, down to
12K (compare figures 3(b) and (c)), confirming the recently
published data by Bezusyy et al [31]. The pressure-induced
increase of T, is clearly observed in the pressure range of
0-10 kbar, for both FeygoTegeeSeoss (figure 3(b)) and
Feg.094Nig 007 Teg.665€0.34 (figure 3(c)). The rate of increase of T,
in the 0-10 kbar pressure range resembles that for FeTegsSeq 5
(figure 3(a)). At ambient pressure, the Meissner effect is not
completed down to 5 K for Feg g9Teg g65€0.34, and the application
of hydrostatic pressure does not change that trend (figure 3(b)).
On the contrary, the Ni-substituted sample shows full Meissner
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Figure 3. Temperature dependences of the dc magnetic susceptibility
for H||c-axis, measured under ambient and hydrostatic pressure, in a
dc field of 10 Oe, for FeTeysSeq 5 (a), FegooTeg es5€0.34 (b), and

Feo.994Nig.007T€0.665€0.34 (C)-

effect, regardless of the applied hydrostatic pressure (figure 3(c)).
The partial substitution of Fe by Ni was found to suppress
superconducting properties, probably as a result of scattering of
Cooper pairs, as pointed out by Gawryluk ef al [23]. It seems that
the hydrostatic pressure contributes to weakening of Cooper pairs
scattering in Feg g94Nig go7T€0.665€0.34, Caused by the introduction

of nickel ions.

3.3. Basic superconducting parameters—the upper and lower
critical fields

In order to compare the superconducting parameters of three
single crystals, the earlier reported FeTeg sSeq s [20], and the

0.0+ - T T 8 :
few oo oo = 7 Fe; 00aN1 007 1€ 66580 54
-0.21 4 H || c-axis lTCz (20 kOe) = 14.2(2) K
H=10O0e = 6
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> | ®,? i
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| “ T T T
< -0.41 / i 10 15 20 25
< 06 zfc / T (K)
e * “‘ Figure 4. (a) The temperature dependence of the magnetic moment
/ measured for Feg 994Nig 007T€0.665€0.34 Under an applied hydrostatic
-0.8 /* | pressure of 10 kbar, shown for selected magnetic fields for H||c-axis.
C) b /"é . (b) The temperature dependences of the upper critical field, for H||c-
" Mf FeOV994N10.007T60.66SCO'M axis, for both investigated compounds together with FeTe, sSe s
-1.0 i T [20] at ambient and at hydrostatic pressures.
0 5 10 15 20 25 30

currently studied Fego9TeggeS€034 and Feggo4Nigoo7T€0.66
Seos4, the dependences of the lower and upper critical
fields on temperature in H||c-axis geometry (up to 50 kOe)
were determined, for the investigated samples under both
ambient pressure and a hydrostatic pressure of 10 kbar. The
temperature dependence of the magnetic moment, m, for
Fe 994Nig go7Te€0.665€0.34 Was recorded under a pressure of
10 kbar for several magnetic fields in H||c-axis geometry
(see figure 4(a)). Based on these data, the temperature
T.>(H = const.), at which m(7T) dependence deviates from
linear temperature dependence, resembling well the normal
state magnetic susceptibility, was determined. The T.,(H)
values evaluated in this way for various fields’ values permit
us to plot the H.»(T) dependences for magnetic field parallel
to the c-axis, under ambient pressure and a hydrostatic pres-

sure of 10 kbar.
The upper critical field temperature dependences for

magnetic field parallel to the c-axis (Hc”z") for Fep g9Ten 665€0.34

and Feg 994Nig gp7Te€0 665€0.34, at ambient pressure and under a
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Figure 5. (a) The temperature dependence of H.; for both
investigated compounds together with FeTeq 5Seq 5 [20] for H||c-
axis, determined at ambient and at hydrostatic pressure. Inset: values
of (BV)I/ 2 as a function of the internal magnetic field, H,,
determined at 5 K at hydrostatic pressure of 10 kbar for

Fe.094Nig 007T€0.665€0.34 for H||c-axis. (b) The dependences of the
lower critical field on reduced temperature at ambient pressure and
under hydrostatic pressures for H||c-axis.

nonzero hydrostatic pressure, illustrate the effect of pressure
(ﬁgure 4(b)) For both FCOA99T30.66SCOA34 and FCO.994Nio_007
Teg.e65€034 compounds, a substantial enhancement of the
upper critical field under pressure is apparently visible in this
figure. For FeggoTeg 665€034,  significant enlargement of the
slope —dHc”zc /dT in the linear part of the H.»(T) dependence
was noticed at higher fields. At lower fields, for temperatures
close to T., one can notice some curvature, which is not
influenced by high hydrostatic pressure. In the case of
Feo.094Nig.007T€0.665€0.34, for the H||c-axis, in the field range
between 10 and 50kOe, we have determined —dH)/dT =
13.5(1.5) kOe/K at ambient pressure, which decreases to 12.0
(5) kOe/K under 10 kbar. For the Ni-substituted compound,
the trend of —dHc”zc /dT(P) is opposite with respect to non-
substituted Feg g9Teq s65€0.34 and FeTey sSeq s [20]. The partial
substitution of Fe by Ni atoms practically suppresses the cur-
vature of H.,(T) dependence near 7. Estimating H.,(0) from
extrapolations of the present data, recorded in a limited
temperature range, is inappropriate not only due to the

curvature of H.,(T), but more crucially due to the possible two-
band nature of superconductivity. Nevertheless, if one would
disregard these considerations, the simple Werthamer—Hel-
fand—-Hohenberg (WHH) extrapolation [41] is expected to
provide the reliable values of H.»(0).

Whereas the cuprates were characterized by a well-
defined effective mass anisotropy, the observation of two
distinct anisotropy parameters in MgB, challenged the
understanding of anisotropic superconductors [42-44]. Var-
ious experiments, such as magnetic torque [45, 46], tunneling
[47, 48], point contact and infrared spectroscopy [49, 50], as
well as the measurements of the specific heat [51], indicate
that Fe-based pnictides are multigap superconductors with
unconventional anisotropic properties [45, 46], similar to
MgB, [52, 53]. The multiband nature and its effect on the
measured parameters in iron-based superconductors has
recently been discussed, especially in the context of high T,
observed in single layers of FeSe, see e.g. [54, 55]. However,
in our opinion there is no consensus for multiband super-
conductivity in selenides. Taking the above into account, the
discussions of the effects, being out of the scope of exper-
imental verification with the technique applied in the current
manuscript, was intentionally avoided.

From measurements of H,, the coherence length, &,
was derived using the following formula:

e . Po

c2 — 2
2r&,

D

where @, represents the elementary flux quantum. Under the
assumption that H.(0) is proportional to both 7, and to
—dH,/dT, determined in a relatively wide magnetic field
range above the pronounced curvature of H.,(T) near T, [41], it
was estimated that Hc”zc(O) = 120(10) kOe under ambient
pressure increases up to 240(10) kOe under P = 9.8 kbar for
Fego9Tep 65€034. This implies a decrease of the zero-temp-
erature coherence length £,, from about 5.2 to 3.7 nm. The
minor substitution of Ni does not affect noticeably the value of
HC”;(O), at ambient pressure (=120(10) kOe), when compared
to that of Fepo9TepgeS€p34. At 10 Kbar, Hc”ZC(O) increases to
150(10) kOe at 10 kbar. This implies a decrease of the zero-
temperature coherence length &, from about 5.2 to 4.7 nm.
The lower critical field H.; was estimated following the
procedure proposed in [56] and discussed in the studies of
superconducting parameters of FeSeysTeys single crystals
under ambient pressure [57] and under hydrostatic pressure
[20] (see figure 5(a)). In short, the field dependence of the
magnetic moment was measured at various temperatures in the
magnetic field oriented parallel to the c-axis of the crystal. For
a particular shape of the studied crystal, the demagnetizing
factor D was calculated and used for corrections of the values
of external magnetic field. The variation of the square root of a
product of magnetic induction B = 47m/V + H;, and volume
of the sample V as a function of the internal magnetic field
Hi = Hexe — DM (H,y denotes the external magnetic field) is
presented in the inset of figure 5(a). The lower critical field
values H.(T) for H parallel to the ¢, presented in figure 5(a),
were determined as the field H where the (BV)I/ 2 plotted as a
function of H for fixed T deviates from zero value. If bulk
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Table 1. The pressure impact on basic superconducting parameters for Feg g9Te 665€0.34, F€0.994Nig.007T€0.665€0.34, and FeTeg sSeq s

(after [20]).

Feo.99Te0.665€0.34

Feg.994Nio.007T€0.665€0.34

FeTeq 5Seq.5 [20]

Quantity 0 kbar 9.8 kbar 0 kbar 10 kbar 0 kbar 11.3 kbar
T. (K) 12.8(2)  17.6(2) 12.02) 16.8(2) 14212)  22.002)

—dH!l/dT (kOe/K)  13.5(5)  19.5(5) 13.5(1.5) 12.0(5) 45(5) 45(5)

H!(0) (kOe) 120(10) ~ 240(10) 120(10) 150(10)  450(50)  690(80)
H!(0) (Oe) 40(5)  190(10) 25(5) 160(15) 56(8) 250(30)
£45(0) (nm) 520(20) 3.7020)  5.20(20) 47020)  2.70(15)  2.20(15)
A(0) (nm) 455(15)  215(20) 585(55) 21020)  400(50)  180(20)
x!1€0) 85(5) 60(10) 110(10) 45(5) 150(20)  80(15)

pinning is weak, surface barriers may play an important role
and determine the first field of flux penetration. For investi-
gated samples, magnetization loops are symmetric which
means that the bulk pinning mainly has a hold over the entry
and exit of the magnetic flux and the impact of surface barriers
is insignificant. The H., values were determined in the same
way under ambient and hydrostatic pressure. Hence, one can
believe that even if absolute values are determined with some
uncertainty, the impact of pressure is established correctly. The
reduced temperature dependences of H.,; for H||c-axis (H|)
for both investigated compounds, determined at ambient
pressure and under a nonzero hydrostatic pressure, are pre-
sented in figure 5(b) (the values extrapolated to 0 K are quoted
in table 1). The data of H.; for Fe994Nig oo7T€0665€0.34 Were
collected in the temperature range above the relatively high
temperature of 5K, i.e. 0.427.. However, these data were
plotted as a function of reduced transition temperature together
with the data for FeTeg 5Se s measured down to 0.17,, i.e., to
the temperature below 2K. Since H.(T/T.) dependence is
similar for both studied compounds, the H., data for
Fe.994Nig go7Ten 665€034 Were extrapolated to 7 =0. At
ambient pressure, the FepooTeqgsSeo34 sample, with larger
values of T, and H,,, is characterized by values of H.; larger
than that of Feg994Nig go7T€0.665€034. This indicates that the
value of penetration depth for Fey g9Te( 665€0.34 is smaller and
the density of superconducting carriers is larger than that of
Fe.994Nig gg7Ten.665€0.34- From the data presented in figure 5,
the extrapolated zero-temperature values for Feg g9Teg 665€0.34
were found to be Hc”lc(O) = 40(5) Oe at ambient pressure and
HC”,”(O) = 190(10) Oe under a pressure of 9.8 kbar. As
expected, the zero-temperature values of the lower critical field
for both investigated compounds are smaller with respect to
those for FeTeys5Seps, obtained in identical magnetic field
orientation [20]. The H. increases considerably under external
pressure for both crystals.

The values of the magnetic penetration depth were cal-
culated from the values of H., applying the following basic
relation [58]:

Dy

2
T Aab

lle
cl —

[In(x1¥) + 0.5]

@

Here, )\, denotes the magnetic penetration depth related to
the superconducting current flowing in the ab-plane,

glle = Aav/Eap 18 the corresponding Ginzburg-Landau para-
meter. The zero-temperature value of £,,(0) was derived from
the value of Hc”zc(T) extrapolated to 0 K. The following values
of the magnetic penetration depths, \,,(0), at ambient pressure
were obtained: 455(15) nm for Feg g9Teg ¢65¢€0 34 and 585(55)
nm for Feg 994Nig go7Te€0 665€0.34- The corresponding values of
the penetration depth, A,,(0), at a hydrostatic pressure of about
10 kbar are equal to 215(20) nm for Feg g9Te( 65€0.34 and 210
(20) nm for Feg994Nig op7Tep665€0.34. In one of our earlier
papers [20], we presented quite similar dependence for H..((T)
and corresponding substantial change of the penetration depth.
This is apparently correlated with a large increase of 7, under
hydrostatic pressure. The involved microscopic mechanism
responsible for this behavior is not clear to us at the present
stage. However, observed changes of 7. and superconducting
state parameters appear to be correlated with the evolution of
crystal quality under pressure. The obtained data reveal the
improvement of superconducting parameters observed in
Fe(Te,Se), despite the chemical substitutions at Fe- and Te-
sites, which contribute to weakening the superconductivity in
FCO.99T60_66SGOI34 and in Fe().994Ni0_007T60.6GSC()_34 at ambient
pressure [12, 23, 59]. The values of the basic superconducting
parameters under pressure for both the studied samples, toge-
ther with FeTeysSeps values as a reference, are given in
table 1.

3.4. The critical current density

Flux pinning properties of Fe(Se,Te) have been studied by
several authors, see for example [60—62] and recent studies by
Galluzzi et al [63]. We performed studies into the impact of
pressure on the critical current densities (j.) of both
Feg.09Tep.665€0.34 and Feg 994Nig 0o7T€0.665€0.34 compounds.
The j. values were determined from M(H) dependences, at
ambient and at hydrostatic pressure, obtained for selected
reduced temperatures, using Bean’s model [64, 65]. In the
case of H||c, we have j¢ = j» = j 4 where current flows in
the ab plane with the dimensions a = b = 0.12cm for
Fepo9Teg 665€0.34 and with the dimensions a = 0.10 cm and
b =0.11cm for Fegg9sNiggp7Te€0s65€0.34. The following
formula was used to derive the critical current density, j**:

b 30AM
] =

c

3)

a
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Figure 6. (a) Hysteresis loops of a single crystal of Fep g9Teq s65€0.34
and Feg 994Nig 007Te0.665¢€0.34 for H||c-axis, recorded at 5 K and at
6.8 K at ambient and hydrostatic pressures of 9.8 and 10 kbar,
respectively. (b) Dependence of the critical current density on
magnetic field, for H||c-axis, at ambient and at hydrostatic pressure,
for FeTeq 5Seq.s, Fep.00Te€0.665€0.34, and Feg 994Nig 007T€0.665€0.34, at
T/T. equal to of 0.34, 0.39, and 0.42 respectively. (c) Dependence of
the enhancement of the critical current density on field under
pressure (the ratio of the critical current densities under ~10 kbar
and at ambient pressure), in magnetic field H||c-axis, for

FeTeq 5Seq.s, Feg.ooTeo.665€0.34, and Feg 094Nig 007T€0.665€0.34, at
T/T. equal to of 0.34, 0.39, and 0.42, respectively.

Here, AM (in oersteds) is the width of the hysteresis loop for
increasing and decreasing Hj,, (see figure 6(a)), the current
densities are in A cm™. The dependence of the critical current
density for both investigated compounds at ambient and at

hydrostatic pressure, calculated according to equation (3), for
proper reduced temperatures in the magnetic field geometries
H||c-axis, is presented in figure 6(b). For both investigated
samples, we found an increase in critical current density under
pressure. The disorder introduced into the sublattice of
magnetic ions, caused by partial substitution of Fe by Ni,
leads to a reduction of the estimated critical current density, j,
modestly, when compared to both undoped FeTe,_,Se,
samples.

The dependence of the enlargement of the critical current
density on magnetic field under pressure (the ratio of j. under
hydrostatic and at ambient pressure) at reduced temperatures
T/T. equal to 0.34, 0.39, and 0.42 for FeTegsSeqs,
Fep.ooTep.665€0.34, and  Fego4Nig oo7T€0.665€0.34, TESPEC-
tively, is presented in figure 6(c). The Ni-containing sample
was found to have the biggest improvement of critical current
density under pressure by more than one order of magnitude
in the full magnetic field range. The pressure enhancement of
Je 1s evidently stronger by up to two orders of magnitude at
higher magnetic fields. This is related to a significant increase
of H., under pressure.

The increase in critical current density under pressure is
related to the increasing effectiveness of small pinning centers
in the sample under pressure. This effect is due to a reduction
in the coherence length under pressure, and because of an
enhancement of the thermodynamic critical field under pres-
sure as a consequence of the increase in both the upper and
the lower critical fields.

4. Conclusions

The complex relationship between the structure, magnetism,
and superconductivity in Fegg94Nigoo7T€0.665€034 and
Fep99Teq 665€0.34 crystals of iron selenides, at ambient pres-
sure and under hydrostatic pressure, was studied as external
pressure enables the control of many physical properties. The
superconducting-state  properties of the single phase
Feg.ooTeg s65€0.34 crystal, such as lower and upper critical
fields, were found to be poorer at both ambient and hydro-
static pressure than those observed for the multiphase
FeTepsSeps sample. However, the recovery of super-
conducting state properties was not observed in the
Feg.094Nig go7Te0 665€0.34 crystal as a result of disorder
introduced by Ni substitution, as compared with those in
Fep99Teg 665€0.34- It means that a nonhomogeneous spatial
spreading of ions with nanoscale phase separation is essential
for the enhancement of superconductivity, but disorder
introduced by simple substitution of another kind of ions
alone is not sufficient. The critical current density at ambient
pressure is much smaller for Feg994Nigo07T€0.665€0.34
than that for both Fegg9Teg¢sSep34 and FeTegsSeq s, but
under hydrostatic pressure the Ni-substituted sample has
greater enlargement of the critical current density than that
for both Feyg9TeggsS€034 and FeTepsSeqs samples. For
Fe.994Nig g07Te0.665€0.34, the x-ray diffraction studies have
revealed a degradation of crystal quality under applied
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elevated pressure. Observation of diffraction-spot-shape var-
iation for Feg 994Nig 007T€0.665€0.34 Under pressure, attributed
to increase in mosaicity, correlates with the observed pres-
sure-induced enhancement of superconductive properties. The
increase in mosaicity is a possible explanation for the earlier
observation of the variation in superconducting properties in
related sulpho-iron seleno-tellurides of anti-PbO-type struc-
ture. On returning to ambient pressure, all of the samples’
parameters recovered their ambient pressure values.
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