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We report critical current density (J:) in tetragonal FeS single crystals, similar to iron based
superconductors with much higher superconducting critical temperatures (7.’s). The J. is enhanced
3 times by 6% Se doping. We observe scaling of the normalized vortex pinning force as a function
of reduced field at all temperatures. Vortex pinning in FeS and FeSp.94Se0.06 shows contribution of
core-normal surface-like pinning. Reduced temperature dependence of J. indicates that dominant
interaction of vortex cores and pinning centers is via scattering of charge carriers with reduced mean
free path (d1), in contrast to KyFea_,Ses where spatial variations in Te (67) prevails.

PACS numbers: 74.70.Xa,74.70.Ad,75.50.Lk,74.72.Cj

I. INTRODUCTION

Fe-based superconductors have been attracting con-
siderable attention since their discovery in 2008.!
Due to rich structural variety and signatures of
high-temperature superconductivity similar or above
iron arsenides, iron chalcogenide materials with Fe-
Ch (Ch=S,Se,Te) building blocks are of particular
interest.?2 ® Recently, superconductivity below 5 K is
found in tetragonal FeS synthesized by the hydrother-
mal reaction.® The superconducting state is multi-
band with nodal gap and large upper critical field
anisotropy.® 1! Local probe uSR measurements indicate
two s-wave gaps but also a disordered impurity mag-
netism with small moment that microscopically coexists
with bulk superconductivity below superconducting tran-
sition temperature.'? This is similar to FeSe at high pres-
sures albeit with weaker coupling and larger coherence
length.!3:14

Binary iron chalcogenides show potential for high field
applications.'®'® Since FeCh tetrahedra could be incor-
porated in different superconducting materials, it is of in-
terest to study critical currents and vortex pinning mech-
anism in tetragonal FeS.'® 2! Moreover, vortex pinning
and dynamics is strongly related to coherence length and
superconducting pairing mechanism.

Here we report critical current density and the vortex
pinning mechanism in FeS and and FeSg.945¢¢.06. In con-
trast to the point defect pinning in Bag ¢Kg.4Fes Asy and
KggFeg_ySeg,QQ’24 the scattering of charge carriers with
reduced mean free path [ (4! pinning) is important in
vortex interaction with pinning centers.

II. EXPERIMENTAL DETAILS

FeS and FeSg.945€0.06 single crystals were synthesized
by de-intercalation of potassium from K,Fes_,(Se,S)2

single crystals, using the hydrothermal reaction
method.%23 First, 8 mmol Fe powder, 5 mmol
NasS-9H>0O, 5 mmol NaOH, and 10 ml deionized
water were mixed together and put into 25 ml Teflon-
lined steel autoclave. After that, ~0.2g K,Fes_,So and
KiFea_yS1.65€.4 single crystals were added. The auto-
clave is tightly sealed and annealed at 120 °C for three
days. Silver colored FeS single crystals were obtained
by washing the powder by de-ionized water and alcohol.
Finally, FeS single crystals were obtained by drying in
the vacuum overnight. X-ray diffraction (XRD) data
were taken with Cu K, (A = 0.15418 nm) radiation of
Rigaku Miniflex powder diffractometer. The element
analysis was performed using an energy-dispersive x-ray
spectroscopy (EDX) in a JEOL LSM-6500 scanning
electron microscope. High-resolution TEM imaging and
electron diffraction were performed using the double
aberration-corrected JEOL-ARM200CFEF  microscope
with a cold-field emission gun and operated at 200 kV.
Mossbauer spectrum was performed in a transmission
geometry with 57Co(Rh) source at the room tempera-
ture. Single crystals are aligned on the sample holder
plane with some overlap but without stack overflow.
The spectrum has been examined by WinNormos
software.?® Calibration of the spectrum was performed
by laser and isomer shifts were given with respect to
a-Fe. Magnetization measurements on rectangular bar
samples were performed in a Quantum Design Magnetic
Property Measurement System (MPMS-XL5).

III. RESULTS AND DISCUSSIONS

Figure 1 (a) shows powder X ray diffraction pat-
tern of FeS and FeSgy.94Seg.06. The lattice parameters
of FeSp.g4Sep.0s are a=0.3682(2) nm and ¢=0.5063(3)
nm, suggesting Se substitution on S atomic site in FeS
[a=0.3673(2) nm, ¢=0.5028(2) nm]. High-resolution
TEM imaging is consistent with the P//nmm unit cell
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FIG. 1. (Color online). (a) Powder x-ray diffraction pattern
of tetragonal FeS (bottom) and FeSg.94Seo.06 (top). Verti-
cal ticks mark reflections of the P//nmm space group. Elec-
tron diffraction pattern for FeS (b), and FeSg.94Seo.06 (¢) and
(d). High angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) image viewed along [001]
direction of FeS (e) and FeSg.94Seo.06 () single crystal. [001]
atomic projection of FeS is embedded in (b) with red and
green spheres representing Fe and S/Se, respectively. The
reflection condition in (b), (c) and (d) is consistent with
P4/nmm space group. While the spots with h+k=odd are
extinct in FeS, they are more [in (d)] or less [in (c)] observed
here, indicating possible ordering of Se.

and indicates possible ordering of Se atoms.

FeS Mossbauer fit at the room temperature shows a
singlet line [Fig.2(a)] and the absence of long range mag-
netic order. The isomer shift is § = 0.373(1) mm/s
whereas the Lorentz line width is 0.335(3) mm/s, in
agreement with the previous measurements.?6 28 Since
FeS, tetrahedra are nearly ideal, one would expect ax-
ial symmetry of the electric field gradient (EFG) and
small values of the largest component of its diagonal-
ized tensor V... The linewidth is somewhat enhanced
and is likely the consequence of small quadrupole split-
ting. If the Lorentz singlet would be split into two lines,
their centroids would have been 0.06 mm/s apart, which
is the measure of quadrupole splitting (A). The mea-
sured isomer shift is consistent with Fe?", in agreement
with X-ray absorbtion and photoemission spectroscopy
studies.?? There is very mild discrepancy of Mdssbauer
theoretical curve when compared to observed values near
0.2 mm/s, most likely due to texture effects and small
deviations of incident v rays from the c-axis of the crys-
tal. The point defect corrections to Mossbauer fitting
curve are negligible. Fig. 2(b) presents the zero-field-
cooling (ZFC) magnetic susceptibility taken at 10 Oe ap-
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FIG. 2. (Color online). (a) Mdssbauer spectrum at 294 K of
the tetragonal FeS. The observed data are presented by the
gray solid circles, fit is given by the red solid line, and differ-
ence is shown by the blue solid line. Vertical arrow denotes
relative position of the experimental point with respect to
the background. (b) Superconducting transition of FeS and
FeSo.945e0.06 measured by magnetic susceptibility in magnetic
field 10 Oe.

plied perpendicular to the ¢ axis for FeS and FeSg.94S€.06
single crystals. Superconducting transition temperature
Tc = 4.4 K (onset of diamagnetic signal) is observed in
FeS, consistent with previous report.® There is almost no
change of T, in FeSg.945¢e9.06. Both samples exhibit bulk
superconductivity with somewhat enhanced diamagnetic
shielding with Se substitution.

Figures 3(a) and 3(b) show the magnetization hystere-
sis loops (MHL) for FeS and FeSg 94Seo.06, respectively.
Both MHLs show symmetric field dependence and ab-
sence of paramagnetic background, suggestive of domi-
nant bulk pinning.? No fishtail effect is observed in both
samples. The critical current density J. can be calcu-
lated from MHL using the Bean model.>* When the field
is applied along c axis, the in-plane critical current den-

sity Jo(puoH) is given by30:31
_ 20AM(poH)
" a(l—a/3b)

where AM (p0H) is the width of magnetization loop at
specific applied field value and is measured in emu/cm?®.
The a and b are the width and length of the sample
(a<b) and measured in cm. The J, used in the for-
mula is the unrelaxed critical current density. Practically
measured critical current density, however, is the J; (re-
laxed value). Because magnetization relaxation is not
very strong in iron-based superconductors, the Jy~J,..5?
The paramagnetic (linear) M (uoH) background has no
effect on the calculation of AM(uoH) and consequently
crucial currents due to its subtraction. The inclusion
of ferromagnetic impurities'? is unlikely due to highly
symmetric M(H) loops (Fig. 3). Therefore we attribute
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FIG. 3. (Color online). Magnetization hysteresis loops at var-
ious temperatures for FeS (a), and FeSeq.os (b), respectively.
Magnetic field was applied parallel to ¢ axis. Magnetic field
dependence of the in-plane critical current density J2° for FeS
(c), and FeSeq.o6 (d), respectively.

somewhat reduced volume fraction in pure tetragonal FeS
to the presence of the unreacted paramagnetic hydrother-
mal solvent on the surface of our crystal, similar to what
has been observed before.”

Figs. 3(c) and 3(d) show the field dependence of J;.
The calculated J. at 1.8 K and 0 T reach 6.9 x 103
A/em? and 2.1 x 10* A/em?, ie. J. increases about 3
times for small Se substitution. It is interesting to note
that the critical current densities of FeS and FeSg.94Seg.06
are comparable to that of K,Feys_,Se, and FeSe which
feature much higher superconducting transition tempera-
tures (32 K and 8 K, respectively).?2:3335 However, J, of
FeS and FeSg.94Seg.06 are lower when compared to iron
pnictide superconductors where typical critical current
densities are above 10° A /cm? at 2 K.24

Pinning force (F), = poHJ.) can provide useful insight
into vortex dynamics. There is a peak in the pinning force
density as a function of the reduced magnetic field for
all hard high-field superconductors.3¢ According to Dew-
Hughes model,®”, normalized vortex pinning force fr=
F,/F;** should be proportional to h?(1 — h)?, where
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FIG. 4. (Color online). Normalized flux pinning force as a
function of the reduced field for FeS (a), and FeSeg.0s (b),
respectively. Solid lines are the fitting curves using f, =
ARP(1 — h)?. (c¢) Maximum pinning force (J;***) vs field
curves for FeS and FeSg.94Sep.06. The inset shows reduced
temperature dependence of irreversibility field. (d) Reduced
field dependence of normalized critical current at zero field for
FeS and FeSo.945e0.06, blue and cyan solid lines correspond to
theoretical data for 6T, pinning and §! pinning.

h = H/H;,, is normalized field, and Hj,, is irreversibil-
ity field obtained by an extrapolation of J.(T, uoH) to
zero. Parameters p and ¢ are determined by the pinning
mechanism. As shown in Figs. 4(a) and 4(b), the curves
of f(h) at different temperatures overlap well with each
other, indicating that the same pinning mechanism dom-
inate at the temperature range we study. Fitting with
scaling law hP(1—h)4 gives p = 0.42, ¢ = 1.65, and h/%
=0.21 for FeS and p = 0.63, ¢ = 2.34, and A/t =0.21
for FeSg.945€e0.06, roughly consistent with theoretical p
=05, ¢ = 2, hlit = 0.2 for core normal surface-like
pinning. Core normal surface-like pinning describes the
pinning center from the microstructure and geometry as-
pect. The free energy of the flux lines in the pinning cen-
ters is different from that in the superconducting matrix
and the pinning center is normal whereas the geometry of

the pinning centers is two dimensional. Weak and widely



spaced pins induce a small peak in f(h) at high h, while
strong closely spaced pins produce a large peak at low
h.36 Similar h indicates the strength and spacing of the
pins is similar between two samples.

Figure 4(c) presents irreversibility field (poHjr) de-
pendence of Fg”‘“”. Both the pinning force and poH;.r
are enhanced by Se doping. The curves can be scaled
by FJ%% oc poHjfy, with a = 2.0 for FeS and 2.1
for FeSp.94Seq.06, close to theoretical prediction (o =
2).37 Since the tetragonal FeS and FeSgg4Se o5 were
synthetized by de-intercalation of potassium using hy-
drothermal method and are cleaved along the ¢ axis
much easier than other iron superconductors, it is likely
that weakly connected surfaces are important in the
flux pinning as opposed to K Fes_,Ses, FeSegsTeq s
thin flim, and Bag Ko 4Fea Ass where point-like pinning
prevails.?2:24:38

In addition, as shown in the inset of Fig. 4(c), the
reduced temperature dependence of pyH;. can be fit-
ted with poHir(T) = poHir(0)(1 — t)?, where t =
T/T., which gives 8 = 1.07 for FeS and § = 1.12
for FeSgy.945€0.06- There are two primary mechanisms
of core pinning from spatial variation of the Ginzburg-
Landau (GL) coefficient « in type II superconductors,
corresponding to the spatial variation in transition 7,
(0T, pinning), or to charge carrier mean free path [ near
lattice defects (0! pinning). In the case of T, pinning,
Je(t)/J.(0) oc (1-¢2)7/6(14+42)5/6 whereas J.(t)/J.(0)
(1-t2)5/2(14-¢2)=1/2 for 6l pinning, where t = T/T,.3°
As shown in Fig. 4(d), the reduced temperature de-
pendence of reduced critical current density is nearly
the same for FeS and FeSg g4Segos and is between the
theoretical curves of §T. pinning and §! pinning. This
suggests the presence of both microscopic mechanisms.
Each contribution can be estimated by J.p=o(t) =
fo)%:O +(1- x)Jf)lHZO(t). The fitting gives = 0.15
for FeS, and x = 0.17 for FeSp.94Seq g6, indicating dl
pinning plays major role in FeS and FeSg g45€ep.06. The
pinning mechanism is different from K Fes_,Ses, where
0T, pinning is prevalent, and is similar with YBasCu3zO7

and NaFeg 97C00.03As.223940 Due to intrinsic nanoscale
phase separation in K,Fes_,Sex*t 4% §T,. could play a
major role in pinning, in contrast to tetragonal iron sul-
fide even though FeS and FeSeq o6 single crystals are ob-
tained from K,Fes_,(Se,S)2 by de-intercalation. More-
over, because FeS is a typical type II superconductors,
the multigap might have an effect on the fitting result.
Nevertheless, the Dew-Hughes model still reveals that the
Al pinning by Dew-Hughes model still gives an insight
in the pinning mechanism.

IV. CONCLUSIONS

In summary, we report the increase in the critical cur-
rent density in tetragonal FeS single crystals by Se dop-
ing. The core normal surface-like pinning is present in
the vortex dynamics. The pinning is dominated by the
variation of charge carrier mean free path [ near lattice
defects (§! pinning). The critical current density is com-
parable to iron based superconductors with much higher
superconducting transition temperature. This suggests
that FeS-based superconducting structures with higher
T.’s could exhibit high performance, potentially attrac-
tive for low temperature high magnetic field applications.

ACKNOWLEDGEMENTS

The work carried out at Brookhaven was primarily sup-
ported by the Center for Emergent Superconductivity,
an Energy Frontier Research Center funded by the U.S.
DOE, Office of Basic Energy Sciences (AW and C.P)
but also in part by the U.S. DOE under Contract No.
DEAC02-98CH10886. This work has also been supported
by Grant No. 171001 from the Serbian Ministry of Edu-
cation and Science. Jianjun Tian was in part supported
by a scholarship of Faculty Training Abroad Program of
Henan University.

1Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J.
Am. Chem. Soc. 130, 3296 (2008).

2 Q.Y. Wang, Z. Li, W. H. Zhang, Z. C. Zhang, J. S. Zhang,
W. Li, H. Ding, Y. B. Ou, P. Deng, K.Chang, J. Wen, C.
L. Song, K. He, J. F. Jia, S. H. Ji, Y. Y.Wang, L. L. Wang,
X. Chen,X. C. Ma and Q. K. Xue , Chin. Phys. Lett. 29,
037402 (2012).

3 Shaolog He, Junfeng He,Wenhao Zhang, Lin Zhao, Defa
Liu, Xu Liu, Daixiang Mou, Yun-Bo Ou, Qing-YanWang,
Zhi Li, LiliWang, Yingying Peng, Yan Liu, Chaoyu Chen,
Li Yu, Guodong Liu, Xiaoli Dong, Jun Zhang, Chuangtian
Chen, Zuyan Xu, Xi Chen, Xucun Ma, Qikun Xue* and
X. J. Zhou, Nature Materials 12, 605 (2013).

4 Jian-Feng Ge, Zhi-Long Liu, Canhua Liu, Chun-Lei Gao,
Dong Qian, Qi-Kun Xue, Ying Liu and Jin-Feng Jia, Na-
ture Mater. 14, 285 (2015).

® J. Shiogai, Y. Ito, T. Mitsuhashi, T. Nojima and A.

Tsukazaki, Nature Phys. 12, 42 (2016).

Xijaofang Lai, Hui Zhang, Yingqi Wang, Xin Wang, Xian

Zhang, Jianhua Lin and Fuqgiang Huang, J. Am. Chem.

Soc. 137, 10148 (2015).

" Hechang Lei, Milinda Abeykoon, Emil S. Bozin and C.
Petrovic, Phys. Rev. B 83, 180503 (2011).

8 C. K. H. Borg, X. Zhou, C. Eckberg, D. J. Campbell, S.
R. Saha, J. Paglione, and E. E. Rodriguez, Phys. Rev. B
93, 094522 (2016).

% H. Lin, Y. Li, Q. Deng, J. Xing, J. Liu, X. Zhu, H. Yang,
and H. H. Wen, Phys. Rev. B 93, 144505 (2016).

10 J, Xing, H. Lin, Y. F. Li, S. Li, X. Y. Zhu, H. Yang, and
H. H. Wen, Phys. Rev. B 93, 104520 (2016).

T P. Ying, X. F. Lai, X. C. Hong, Y. Xu, L. P. He, J.
Zhang, M. X. Wang, Y. J. Yu, F. Q. Huang, and S. Y. Li,

(=]



12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

arXiv: 1511.07717

S. Holenstein, U. Pachmayr, Z. Guguchia, S. Kamusella,
R. Khasanov, A. Amato, C. Baines, H. H. Klauss, E.
Morenzoni, D. Johrendt and H. Luetkens, Phys. Rev. B
93, 140506 (2016).

R. Khasanov, K. Conder, E. Pomjakushina, A. Amato,
C. Baines, Z. Bukowski, J. Karpinski, S. Katrych, H.-H.
Klauss, H. Luetkens, A. Shengelaya, and N. D. Zhigadlo,
Phys. Rev. B 78, 220510 (2008).

R. Khasanov, M. Bendele, A. Amato, K. Conder, H. Keller,
H.-H. Klauss, H. Luetkens and E. Pomjakushina, Phys.
Rev. Lett. 104, 087004 (2010).

Weidong Si, Su Jung Han, Xiaoya Shi, Steven N. Ehrlich,
J. Jaroszynski, Amit Goyal and Qiang Li, Nature Commu-
nications 4, 1347 (2013).

Yue Sun, Toshihiro Taen, Yuji Tsuchiya, Qingping Ding,
Sunsen Pyon, Zhixiang Shi and Tsuyoshi Tamegai Appl.
Phys. Express 6, 043101 (2013).

A Leo, G Grimaldi, A Guarino, F Avitabile, A Nigro, A
Galluzzil, D Mancusi, M Polichetti, S Pace, K Buchkov,
E Nazarova, S Kawale, E Bellingeri and C Ferdeghini, Su-
percond. Sci. Technol. 28, 125001 (2015).

Soon-Gil Jung, Ji-Hoon Kang, Eunsung Park, Sangyun
Lee, Jiunn-Yuan Lin, Dmitriy A. Chareev, Alexander N.
Vasiliev and Tuson Park, Sci. Rep. 5, 16385 (2015).
Shohei Hosono, Takashi Noji, Takehiro Hatakeda,
Takayuki Kawamata, Masatsune Kato, and Yoji Koike, J.
Phys. Soc. Jpn. 85, 013702 (2010).

F. R. Foronda, S. Ghannadzadeh, S. J. Sedlmaier, J. D.
Wright, K. Burns, S. J. Cassidy, P. A. Goddard, T. Lan-
caster, S. J. Clarke and S. J. Blundell, Phys. Rev. B 92,
134517 (2015).

X.F. Lu, N. Z.Wang, HWu, Y. P.Wu, D. Zhao, X. Z. Zeng,
X. G. Luo, T.-Wu, W. Bao, G. H. Zhang, F. Q. Huang, Q. Z.
Huang and X. H. Chen, Nature Materials 14, 325 (2015).
Hechang Lei, and C. Petrovic, Phys. Rev. B 84, 212502
(2011).

H. C. Lei, M. Abeykoon, E. S. Bozin, and C. Petrovic,
Phys. Rev. B 83, 180503 (2011).

H. Yang, H. Q. Luo, Z. S. Wang, and H. H. Wen, Appl.
Phys. Lett. 93, 142506 (2008).

R. A. Brand, WinNormos Méssbauer fitting program, Uni-
versitdt Duisburg 2008

M. Mullet, S. Boursiquot, M. Abdelmoula, J. M. Genin and
J. J. Ehrhardt, Geochimica et Cosmochimica Acta 66, 829
(2002).

D.J. Vaughan and M.S. Ridout, Journal of Inorganic and
Nuclear Chemistry 33, 741 (1971).

28

29

30

31

32

33

34

35

36
37
38

39

40

41

42

43

44

45

E.F. Bertaut, P. Burlet, and J. Chappert, Solid State Com-
munications 3, 335 (1965).

Kideok D. Kwon, Keith Refson, Sharon Bone, Ruimin
Qiao, Wan-li Yang, Zhi Liu, and Garrison Sposito, Phys.
Rev. B 83, 064402 (2011).

C. P. Bean, Phys. Rev. Lett. 8, 250 (1962).

E. M. Gyorgy, R. B. van Dover, K. A. Jackson, L. F.
Schneemeyer, and J. V. Waszczak, Appl. Phys. Lett. 55,
283 (1989).

B. Shen, P. Cheng, Z. S. Wang, L. Fang, C. Ren, L. Shan,
and H. H. Wen, Phys. Rev. B 81, 014503 (2010).

Z. S. Gao, Y. P. Qi, L. Wang, C. Yao, D. L. Wang, X. P.
Zhang, Y. W. Ma, Physica C 492, 18 (2013).

Hechang Lei, R. W. Hu, and C. Petrovic, Phys. Rev B 84,
014520 (2011).

M. Abdel-Hafiez, Y. Y. Zhang, Z. Y. Cao, C. G. Duan,
G. Karapetrov, V. M. Pudalov, V. A. Vlasenko, A. V.
Sadakov, D. A. Knyazev, T. A. Romanova, D. A. Chareev,
O. S. Volkova, A. N. Vasiliev, and X. J. Chen, Phys. Rev.
B 91, 165109 (2015).

E. J. Kramer, J. Appl. Phys. 44, 1360 (1973).

D. Dew-Hughes, Philos. Mag. 30, 293 (1974).

P.S. Yuan, Z. T. Xu, Y. W. Ma, Y. Sun, and T. Tamegai,
Supercond. Sci. Technol. 29, 035013 (2016).

R. Griessen, Wen Hai-hu, A. J. J. van Dalen, B. Dam, J.
Rector, H. G. Schnack, S. Libbrecht, E. Osquiguil, and Y.
Bruynseraede, Phys. Rev. Lett. 72, 1910 (1994).

B. Shabbir, X. L. Wang, S. R. Ghorbani, A. F. Wang, S.
X. Dou, and X. H. Chen, Sci. Rep. 5, 10606.

D. H. Ryan, W. N. Rowan-Weetaluktuk, J. M. Cadogan,
R. Hu, W. E. Straszheim, S. L. Budko, and P. C. Canfield,
Phys. Rev. B 83, 104526 (2011).

Z. Wang, Y. J. Song, H. L. Shi, Z. W. Wang, Z. Chen, H.
F. Tian, G. F. Chen, J. G. Guo, H. X. Yang, and J. Q. Li,
Phys. Rev. B 83, 140505 (2011).

Y. Liu, Q. Xing, K. W. Dennis, R. W. McCallum, and T.
A. Lograsso, Phys. Rev. B 86, 144507 (2012).

A. Ricci, N. Poccia, B. Josesph, G. Arrighetti, L. Barba, J.
Plaiser, G. Campi, Y. Mizuguchi, H. Takeya, Y. Takano,
N. L. Saini and A. Bianconi, Supercond. Sci. Technol. 24,
082002 (2011).

Wei Li, H. Ding, P. Deng, K. Chang, C. Song, Ke He, L.
Wang, X. Ma, J. P. Hu, X. Chen and Q.K. Xue, Nature
Physics 8, 126 (2012).



