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Abstract

®

CrossMark

A series of carbon-doped single crystals with nominal composition FeSeq 5Teg s were
synthesized by a self-flux method. X-ray diffraction indicated that the lattice parameter ¢
increases with increasing carbon content, suggesting that carbon atoms enter the lattice. The
critical current densities were measured and the flux pinning mechanism and its change with
doping were analyzed. These samples showed a higher J. in high magnetic fields as well as a
narrower superconducting transition. We studied the impact of the introduction of carbon into
FeSe( sTep 5 on the temperature dependence of the irreversibility field Hj(7") and upper critical
field (H.,). The pinning mechanism for the system was obtained via analysis of J..
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1. Introduction

Iron-based superconductors (IBSs) are recognized as one of
the main classes of superconducting materials and possess
immense potential. They introduce profound variation to the
field of electric power and high-field magnet technology [1].
Among the IBSs, FeSe, which has the simple tetragonal struc-
ture of PbO-type compounds and belongs to the specific
‘11” system, has been intensively studied [2]. Various meth-
ods can be used to improve the superconducting transition
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temperature, T, which can be an increased from 9 K to 40 K,
for example monolayer film engineering, carrier doping and
intercalation [3]. Substitution of Se by Te shrinks the lattice
cell of FeSe, resulting in negative chemical pressure [4]. To
easily control the electronic state, chemical modulation has
the advantage of ambient pressure operation compared with
the above-mentioned techniques.

Partial substitution of Se by Te can lead to a higher 7. of
~14 K compared with FeSe (~9 K) [5]. The simple struc-
ture and somewhat lower toxicity of Fe(Se,Te) compared with
pnictide IBSs mean that these superconductors have had much
research attention [6]. Due to the square planar lattice of Fe
with tetrahedral coordination with Se/Te atoms and Fermi

© 2023 IOP Publishing Ltd
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surface topology [7], the Fermi surface around the zero-energy
bound states and higher-energy discrete states is likely to be
related to the superconducting mechanism.

According to previous reports [8], the atoms in 3d metal
series that replace Fe in FeTey5Se(s can significantly affect
the superconducting properties. Structurally, this compound
consists of buckled Fe(Se/Te) layers stacked along the c-axis.
The electronic states in FeSe 5Teq 5 derive from hybridization
between Fe 3d and Te 5p (Se 4p) orbitals and have a com-
plex dependence on average composition. Although various
elements such as Cr, Mn, Ni, Cu and Ag have been studied as
Fe dopants and proved to be able to induce superconductivity
[9-14], there is a lack of research on light element doping com-
pared with metal element doping.

Carbon substitution and its effect on critical current dens-
ity (J.) and upper critical field (H.,) has been widely stud-
ied in MgB,, and improvement of J. at elevated fields has
been shown [15]. Carbon in the MgB, system can enhance
the lattice distortion of boron atoms and the internal stress of
the crystal lattice, thereby enhancing electron scattering within
the crystal lattice and increasing H,. In our work, by analyz-
ing magnetization properties based on the critical state mode,
we investigate the influence of doped C in FeSe( sTe( 5 single
crystal on the pinning mechanism.

To our knowledge, C doping of FeSeysTegs or any chal-
cogenide IBS single crystal has not yet been reported. In this
work, C-FeSe( sTe 5 single crystals were obtained through the
self-flux method by introducing graphite. Our results indic-
ate that the introduction of C into the crystal increases the lat-
tice constant ¢, thereby weakening the layer coupling via van
der Waals forces and enhancing the critical current density in
high magnetic fields. Our results provide a simple and effective
way to improve the flux pinning properties and achieve higher
critical current densities in Fe(Se,Te) superconductors in high
magnetic fields through non-metal doping.

2. Experimental methods

High-purity elemental Fe (99.99%), Se (99.999%), Te
(99.999%) and graphite (99%) powders were purchased
from Sigma Aldrich. These raw materials were then
weighed and mixed in the stoichiometric molar ratio
Fe:Se:Te:C = 1 — x:0.5:0.5:x (x = 0, 0.03, 0.07, 0.1) in a
glove box in order to obtain a homogeneous reagent. Then,
under a uniaxial pressure of 8 MPa, the mixed powders were
pressed into pellets with a diameter of 10 mm and a thickness
of 1 mm. Subsequently, these pellets were sealed in evacu-
ated quartz tubes. Finally, the assemblies were heated up to
1085 °C, held for 36 h, then cooled at 5 °C h~! to 400 °C
and finally oven-cooled for 24 h to room temperature. The
samples obtained were named according to the amount of C:
undoped, 0.03 C, 0.07 C and 0.1 C.

The crystallinity of the samples was determined by x-ray
diffraction (XRD; A = 1.5418 A, §-20 scans over 10-70°)
on an X Pert PANalytical XRD system at room temperature.

Surface morphology was observed by a field-emission scan-
ning electron microscope (JSM-7800F). Magnetization was
measured with a SQUID magnetometer (MPMS, Quantum
Design) under DC mode in zero-field-cooling and field-
cooling. Electrical transport was measured down to 4.2 K and
in magnetic fields perpendicular to the large surface up to 9 T
with H//c. The standard four-probe method was used for res-
istivity measurements in a physical properties measurement
system (Quantum Design).

3. Results and discussion

Figures 1(a) and (b) illustrate the typical size and lamellar mor-
phology of the single crystals. The XRD patterns of all samples
are compared in figure 1(c). All the main peaks belong to tet-
ragonal P4/nmm, indicating that C doping does not alter the
crystal structure. Moreover, all the major diffraction peaks of
these samples come from (0 O /) planes, indicating that the
samples have a uniform c-axial orientation. The full width at
half-maximum of all prominent diffraction peaks is less than
0.07°, revealing that the samples are crystallized and highly
c-axis oriented. The relationship between the lattice paramet-
ers ¢ and the C concentration is shown in figure 1(d). With the
introduction of elemental C the lattice constant ¢ is obviously
increased. This may be mainly due to the fact that the ionic
radius of C influences the unit cell dimension of FeTej5Seq 5.
As the increase in lattice constant ¢ shows, graphite doping
leads to an expansion of the unit cell, indicating that the C
atoms are incorporated into the FeTe(sSe 5 crystal structure.
Qualitatively, the doped samples are much more easily cleaved
than the undoped sample, which indicates a certain weakening
of the van der Waals forces between the Fe-chalcogenide lay-
ers. Therefore, we assume that the position of the C atoms is
interstitial between the layers.

As shown in figures 2(a) and (b), all samples have a
sharp superconducting transition in the M(T) curves. T,
decreases roughly linearly with C content x, with a slope
of dT./dx = —0.0374 K/%. This is in contrast to C dop-
ing of FeSe single crystals [16], where T increases for sim-
ilar doping levels. Hence, the presumably interlayer C dop-
ing in FeSe( sTegs has a similar, but much smaller, effect to
excess Fe [17] and transition metal (Co, Ni, Cu) doping on
the Fe site [9, 10, 18]. Despite the slight reduction in 7, the
superconducting volume fraction and/or the phase homogen-
eity are increased by C doping, as the increase in magnetiz-
ation (figure 2(a)) as well as in the XRD signal (figure 1(c))
show.

Figure 3 shows the magnetization hysteresis loops of all
the samples measured from —6 T to 6 T at 6 K, 8 K and
10 K and for H//c. It shows typical superconductor iso-
thermal magnetization hysteresis loops M(H), whose area
is found to steadily shrink with increasing temperature due
to the weakening of pinning by the higher temperature. All
M(H) loops are rather symmetric with respect to the field dir-
ection, implying that bulk pinning dominates magnetization
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Figure 1. (a) Photograph of the 0.1 C single crystal. (b) Scanning electron microscope images of the 0.1 C single crystal. (c) XRD patterns
of all samples with different C contents. (d) Lattice parameter ¢ versus C concentration.
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Figure 2. (a) M(T) curves and (b) enlarged M(T) curves of the samples. (c) T as a function of C doping level for all the single-crystal
samples.
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Figure 3. The magnetization hysteresis loops of all the single-crystal samples measured at (a) 6 K, (b) 8 K and (c) 10 K.

hysteresis in this compound. The presence of a second mag-
netization peak (SMP) is clearly visible and detectable up to
10 K in the undoped and 0.1 C samples (figure 3). Similar
results were reported for YBa,Cu307_; crystals [18-20] and
other Fe-based superconductors [20-23] for different kinds of
doping.

From the M(H) loops of figures 3(a)—(c), the critical current
densities J.(H) in figures 4(a)—(c) were calculated using the
Bean critical state model [24]

AM
a(l-5)

where AM =M_ — M, M_ and M are the magnetizations
measured with decreasing and increasing fields, respectively,
and a and b (b > a) are the sizes of the rectangular crystal
perpendicular to the applied field. For J.(H) curves at T = 6 K
and T = 8 K, the critical current density decreases at first, then
roughly stabilizes, while the J.(H) curves at 7 = 10 K also
decrease at the beginning, then slightly increase and finally
gradually decrease with increasing magnetic field. The first
decrease in J,. is usually associated with weak pinning centers
such as random disorder and point-like defects, in combina-
tion with strong single vortex pinning via or accompanied a
change in the creep rate. When strong collective pinning sets
in, J. will increase to the SMP [25].

Jo=20

ey

This increase in J. is less pronounced for medium levels
of C (0.03 and 0.07). At 10 K there is a more constant J,
region. This correlates to the shapes of the M(T) curves in
figure 2(a), and might be related to differences in sample
homogeneity. Owing to the absence of a considerable dens-
ity of strong pinning centers, the minimum in J. at around
1 T is most pronounced for the undoped sample at elev-
ated temperatures. Figure 4(d) compares J. for the differ-
ent samples at 5 T. With increasing C content, J. first
decreases then increases remarkably, where the minimum J,
with respect to the doping level seems to depend on tem-
perature. At near zero field, the magnetically determined
Jo of the 0.1 C sample is 1.33 times that of the undoped
sample.

For either low T or high 7. a number of works have
attempted to discover the origin of the peak effect in the mag-
netization. Depending on the particular system investigated,
the origin has been found to have an association with differ-
ent processes [25-29]. In order to shed light on the pinning
mechanisms in the field region of the SMP in our samples,
we studied the magnetic field dependence of the pinning force
density F,. fp = Fp/Fpmax is plotted as a function of reduced
field h = H/Hp,x instead of H/Hy, (as is usual for high-
temperature superconductors) [30, 31] in figure 5(a), where
Fpmax = Fp(H = Hyy,y) is the maximum of /. This allows us
to analyze the pinning mechanism even though J. could not



Supercond. Sci. Technol. 36 (2023) 025008

J Zhang et al

6 6
10 F(a) T=6K  — undoped & (b) T =8 K —— undoped

[ —— 003 C —— 0.03 C

== 007 C - 007 C

" == 01 C | = —— 0.1 C
& =
9 L2
) <
_ju '\U

1 1 1 1 1 | 1 1 1 1 | N

0 1 2 3 4 5 0 1 2 3 4 5
4,H (T) #yH (T)
10° g 10°
F(c) T=10K —=— undoped (d) H=35T
r —— 003 C
== 007C| o~ :
L e < _ ;
< ST
B 10*
< 6K
= 8 K
= 10K
03 1 1 L 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

HH (T)

Doping level

Figure 4. Magnetic field dependence of the critical current density (J) at different temperatures and H//c in all samples measured at
(a) 6 K, (b) 8 K and (c) 10 K. (d) J. of all samples at 5 T with different amounts of C doping.
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Figure 5. (a) Normalized pinning force density: plot of the normalized pinning force f = Fp/Fpmax versus h* = H/Hmax. (b) Normalized J.

versus 7/T . for all the samples with different C contents.

be measured up to Hj,. Theoretically, f}, is described by the
following formula:

SORC)
q p

@)

where p and g are two parameters depending on the pinning
mechanism. This is analogous to the Dew-Hughes formula
[32]. The values of the fit parameter for all samples at 10 K
are shown in table 1.

The irreversibility field can now be estimated from
Hiy = (p + q)/pHmax [33, 34]. Generalizing the Dew-Hughes
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Table 1. Parameters p and q for the fits of F,(H) according to equation (2) for the different samples at 10 K as well as Hj; and Amax.

Sample p q Hiy (T) hmax = Hmax/Hire
Undoped 2.44 2.00 6.771 0.55
0.03C 1.50 1.89 7.392 0.45
0.07C 1.55 1.45 6.596 0.52
0.1C 1.91 2.23 7.595 0.46

analysis, hmax = p/(p + g) can be used to determine the
predominant pinning mechanism [32, 35]. As shown by
Yamamoto et al [36], hya ~ 0.45 for BaFe| §Cog,As, sug-
gests a possible correlation with a uniform Co distribution. Sun
et al [37] did a similar analysis for a number of electron-doped
and hole-doped Fe-arsenide superconductors, which included
Bag sKo32FerAsy (hmax =~ 0.43). Similar dopant-dependent
variations in Ap,x have been observed in the isovalently doped
122 material BaFe;(As; — ,Py)s (hmax = 0.35-0.7) [38]. Dew-
Hughes points out six pinning types: p =1, g =2 (hmax = 0.33)
for normal core pinning; p = 0.5, ¢ = 2 (hmax = 0.2) for
normal surface pinning; p = 0, ¢ = 2 (hypax = 0) for nor-
mal volume pinning; p = 2, ¢ = 1 (hpmax = 0.67) for dx point
pinning; p = 1.5, ¢ = 1 (hpax = 0.6) for dx surface pinning;
and p = 1, ¢ = 1 (hpax = 0.5) for dx volume pinning [39,
40]. In our case, all samples show A, ~ 0.50, i.e. x volume
pinning, with the 0.03 C and 0.1 C samples showing a some-
what lower value, i.e. a possible contribution of normal point
pinning.

To obtain further insight into the effect of C doping on
the pinning mechanism in FeSe( sTe s, the experimental res-
ults were analyzed using the theory of collective pinning at
weak pinning centers [41]. This is reasonable for single crys-
tals since strong pinning centers should be sparse. Also here,
there are two principal mechanisms: é/ pinning, due to spatial
variations in the charge carrier mean free path, and 67 pinning
that comes from randomly distributed spatial variations in 7.
According to the theoretical approach proposed by Griessen
et al [41], this is described by the following formulae [20]:

for 6/ pinning

Jc(t)/fc(0)=(1—t2)5/2(1+t2)—'/2 3
and for 0T, pinning

5/6

Je(0) /3:0) = (1=2) " (142) @
where t = T/T.. Figure 5(b) compares the experimental J.
values at 0.5 T of samples with different C doping con-
tents with these predictions. The experimental results and
the 4/ pinning theoretical curve agree very well for all
samples, confirming that pinning in the C-doped samples

also originates from spatial variations of the mean free path
and that weak point-like pinning centers play a dominant
role [42]. From observations of figure 5(b), the J/ pinning
mechanism is the domain factor in all samples, suggesting
the occurrence of vortex pinning by randomly distributed
weak pinning centers [43]. Carbon doping may not cause
obvious changes the pinning mechanism in the FeSe(sTeq s
samples.

The temperature dependence of electrical resistivity, p(T),
under applied magnetic fields of 0-9 T was measured for
all samples as shown in figures 6(a)—(d). T, gradually shifts
toward lower temperatures as the field increases at a rate of
0.25 KT~ ! for0.1 C,0.23 KT~! for 0.07 C, 0.20 K T~! for
0.03 C and 0.19 K T~! for the undoped sample at 9 T. This
indicates that the C doping process has hardly any influence
on the critical damping temperature.

The Ginzburg-Landau coherence length £(0) is
obtained from H(0) = @0/27r§(0)2. In this formulation
®, = 2.0678 x 10> Tm? represents the flux quantum and
the 90% criterion for H.; was used. The £(0) values are shown
in table 2. The increase in H.,(0) and corresponding smaller
£(0) values with C doping imply that electrical properties can
be controllably tuned through introduction of C.

Basically, for the practical manufacture of superconduct-
ing magnets and wires, the behavior of Hj, together with the
temperature dependence of the upper critical field H.; as signi-
ficant parameters should be taken into consideration [44, 45].
Vortices are able to move freely without any shackles and pin-
ning is zero. In figure 6(e), Hj;r and H,(0) for all samples have
been fitted with the equation H(T/T.) = H0)*(1 — T/T*)"
[46, 47] as described in some papers, which is a function of
temperature, where 7™ is the zero-resistance temperature in
zero field. All the critical information we can fit from the data
is shown in table 2. These parameters are similar to literature
data for the IBS 11 family [48-50] and correspond to the pre-
dicted value of 4/3 for a glass—liquid transition within error
bars. The Hi(0) value for the 0.1 C sample is almost 1.05
times higher than for the undoped sample. In table 2, H.,(0) is
larger than Hj(0) for all samples. The more C that is intro-
duced in the system, the higher H(0) and Hj(0) and the
smaller £(0). This suggests that C doping could control the
intrinsic electrical properties and thus tune and improve the
superconductivity.
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Table 2. Estimates for the orbital upper critical field at O K for three criteria (see text) in dependence on C doping.

C content x H(0) at 90% pn(T) Hi(0) (T) £0) (A) Mgy NH
0 251 119 11.45 1.27 0.98
0.03 245 120 11.59 1.30 0.99
0.07 202 104 12.76 1.30 0.99
0.1 260 126 11.25 1.49 1.29
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4. Conclusions

We have successfully prepared C-doped FeSeysTegs single
crystals for the first time and investigated their structural and
superconducting properties by magnetization and electrical
transport measurements. Carbon doping of the FeSeqsTeg s
system does not change the tetragonal P4/nmm crystal struc-
ture and leads to a slight decrease in 7. The expansion of the
unit cell indicates incorporation of C into the FeSe( 5 Teq 5 crys-
tal structure. We find large J. as well as a second peak effect
in the undoped and the 0.1 C samples. Furthermore, C doping
changed the intrinsic superconducting properties, pointing to
the dominance of the 4/ pinning mechanism in all the samples
and suggesting the occurrence of vortex pinning by randomly
distributed weak pinning centers. According to the resistivity
data, the introduction of C increases J., Hi(0) and H,(0).
The introduction of C provides a platform for improving J,
and H,(0) in FeSe( 5Teq 5 samples.
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