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We report synthesis of high-quality Fey,,(Te,_,S,), single crystals and a comprehensive study of structural,
magnetic, and transport properties. We demonstrate the very small upper critical field anisotropy of
Fey,,(Te;_,S,)., y,.,:HL‘,”z/HCl;. The value of yy reaches 1.05 at T=0.65T. for Fe; 1,Tey 53501, while still
maintaining large values of upper critical field. There is high sensitivity to material stoichiometry which
includes vacancies on the Te(S) site. Our results reveal competition and coexistence of magnetic order and
percolative superconductivity for x=0.03 while zero resistivity is achieved for x=0.1.
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I. INTRODUCTION

The discovery of superconductivity in quaternary iron-
based layered superconductor LaFeAsO,_F, with T
=26 K stimulated an intense search for superconductors
with higher T in this materials class.! Shortly after, the criti-
cal temperatures were raised up to 55 K in materials of the
ZrCuSiAs structure type,” and superconductivity had been
discovered in Ba,_,K ,Fe,As and LiFeAs.>* Superconductiv-
ity in the PbO-type FeSe opened another materials space in
the search for iron-based superconductors.’ This was fol-
lowed by the discovery of superconductivity in polycrystal-
line FeTe,_,Se, and FeTe,_,S,.%” Binary iron chalcogenide
superconductors share the most prominent characteristics of
iron arsenide compounds: a square-planar lattice of Fe with
tetrahedral coordination similar to LaFeAsO or LiFeAs, and
Fermi-surface topology.® They crystallize in a simple crystal
structure which is amenable to modeling by band-structure
calculations.>’~12

Iron pnictide superconductors exhibit Cooper pairing in
proximity to a magnetic ground state, similar to all exotic
superconductors: cuprate oxides, heavy fermion intermetal-
lics and organics. The magnetism in these materials is
strongly influenced by subtle crystal structure changes.!»!314
FeSe hosts high 7.’s of up to 37 K under pressure and an
isotropic superconducting (SC) state. Its crystal structure
changes from high-temperature tetragonal P4/nmm to low-
temperature orthorhombic Cmmm at 70 K.'>1® In Fe, (sTe
transition to monoclinic space group P21/m with commen-
surate antiferromagnetic (AF) order occurs between 65 and
75 K, whereas Fe| ,Te exhibits weaker first-order transition
to orthorhombic space group Pmmm and incommensurate
AF order from 55 to 63 K.}

It was noted, however, that it would be desirable to have
isotropic superconductors with high 7. and ability to carry
high critical currents for power applications.'” In this work
we report the synthesis of Fe;,,(Te,_,S,), superconducting
single crystals for x=(0-0.15), y=(0-0.14), and z=(0.94
—1). We demonstrate small values of yy=H'S/H~ while
still maintaining large values of the upper critical field and
critical currents. We examine the evolution of superconduc-
tivity and magnetism with S doping and provide experimen-
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tal evidence for structural parameters at the magnetic/
superconducting boundary.

II. EXPERIMENTAL METHOD

Single crystals of Fe,,,(Te,_S,), were grown from Te-S
self-flux using a high-temperature flux method.'®!® Elemen-
tal Fe, Te, and S were sealed in quartz tubes under partial
argon atmosphere. The sealed ampoule was heated to a soak-
ing temperature of 430-450 °C for 24 h, followed by a
rapid heating to the growth temperature at 850—900 °C, and
then slowly cooled to 800—840 °C. The excess flux was re-
moved from crystals by decanting. Platelike crystals up to
11X 10X2 mm? can be grown. Elemental analysis and mi-
crostructure was performed using energy-dispersive x-ray
spectroscopy in an JEOL JSM-6500 scanning electron micro-
scope. The average stoichiometry was determined by exami-
nation of multiple points on the crystals. Total scattering data
from finely pulverized crystals were obtained at 80 K at 11-
ID-B beamline of the Advanced Photon Source synchrotron
using 58.26 keV x-rays (A=0.2128 A) selected by a Si 311
monochromator. Two-dimensional (2D) patterns for samples
in Imm diameter Kapton tubes were collected using a
MAR345 2D detector, placed perpendicular to the primary
beam path, 188.592 mm away from the sample. An Oxford
Cryosystem cryostream was used for temperature regulation.
Details on experimental procedures, data processing, the
atomic pair-distribution function (PDF) method, and struc-
tural modeling can be found elsewhere.?’??> Flux-free rect-
angular shaped crystals with the largest surface orthogonal to
¢ axis of tetragonal structure were selected for four-probe
resistivity measurements with current flowing parallel to the
a axis of tetragonal structure. Thin Pt wires were attached to
electrical contacts made with Epotek H20E silver epoxy.
Sample dimensions were measured with an optical micro-
scope Nikon SMZ-800 with 10 wm resolution. Magnetiza-
tion and resistivity measurements were carried out in a
Quantum Design MPMS-5 (magnetic property measurement
system) and a PPMS-9 (physical property measurement sys-
tem) for temperatures from 1.8 to 350 K.

III. RESULTS

Typical synchrotron data (symbols), with fully converged
P4/nmm structural model superimposed (solid lines), and
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FIG. 1. (Color online) (a) Fey,,(Te;_,S,), synchrotron Rietveld
and (b) PDF refinement results taken at 7=80 K. Inset shows two
Te-Fe-Te bond angles illustrated on the FeTe, tetrahedron.

corresponding difference curves (offset for clarity) are pre-
sented in Fig. 1, featuring Fe, |,Te( ¢3S 1. Panel (a) features
a Rietveld refinement with a corresponding PDF refinement
shown in (b). The PDF is peaked at positions corresponding
to the observed interatomic distances. Excellent fits with low
agreement factors are obtained for all studied Fe,, (Te;_,S,).
samples. Initial PDF fits assumed ideal stoichiometry, and
revealed slightly enhanced atomic displacement parameters,
suggesting either Te(S) deficiency, or excess Fe content, or
both. To explore this, in final P4/nmm models where S
shared site with Te, Fe/Te/S ratios were kept fixed at values
obtained from scanning electron microscopy (SEM), while
stoichiometry was refined. Additionally, Fe was allowed to
occupy two sites, Fe(1) (0,0,0) and Fe(2)(0.5,0,z). Total Fe
content in the refinements was constrained to respect the
SEM ratio while the relative occupancy of the two Fe sites
was allowed to vary. Results are reported in Table 1. Un-
doped FeTe crystallizes with excess Fe variably occupying
interstitial Fe(2) site and full occupancies of Fe(1) and Te
sites. With contraction of the unit cell due to sulfur doping
we observe both excess Fe and vacancies on Te(S) site. With
reduction in the unit cell due to an increase in sulfur stoichi-
ometry (x) excess Fe(y) decreases so that for highest x
=0.15 we observe the smallest deviation from ideal stoichi-
ometry. Both Fe(1) and Fe(2) sites are still occupied for high
x values (Table I).

TABLE 1. Structural parameters from PDF refinement at 7=80 K, magnetic and superconducting properties of Fey,,(Te;_,S,
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FIG. 2. (Color online) (a) Magnetic susceptibility as a function
of temperature for H L ¢ and (b) Hllc. Insets show the Meissner
volume fraction of x=0.14 and x=0.15. (c) In-plane resistivity in
zero field for Fey,,(Te;_,S,).. Arrows show positions of peaks in
dp/JT that correspond to anomalies in magnetization associated
with SDW transitions [(a) and (b)].

Figures 2(a) and 2(b) shows the anisotropic temperature
dependence of magnetic susceptibility for Fe,,,(Te,_,S,), for
a magnetic field of 1000 Oe applied in the ab plane and
along c axis. The peak at 70 K for Fe, 14, Te corresponds to
an AF transition presumably coupled with structural and first
order.”3 The transition spans about 20 K for both field orien-
tations. The magnetic susceptibility is isotropic above 70 K
and '/ x*€ increases from 1 to 1.1 below the transition. The
transition temperature is suppressed with sulfur doping down

).. Tran-

sition temperatures 7 and T, are from d(xT/dT) data. Temperatures of T onset and zero resistance are from resistivity data.

1% 0 u T, T, TS T,
Fey,,(Te;_,S,), (A3) cla  Occ(Fel) Occ(Fe2) @ (K) (up)  (K) (K) K  (K)
Fey 140 Tero1(1) 91.150(4) 1.642(1) 1.042)  0.10Q2) 117.46(1) -191(4) 3.92(2) 59(1)  70(1)
Fe 0002 Te100(1) 91.017(4) 1.640(1) 1.022)  0.07(2) 373(1) 59(1)  66(1)
Fey 1 Teoor)So0se)  90.558(4) 1.637(1)  1.003)  0.12(3)  117.57(1) -175(1) 3.83(1) 41(1)  44(1)  6.5(1)
Fey 33 TeossSoioe  90.032(5) 1.632(1)  1.004)  0.13(4) 117.33(1) -186(4) 3.56(2) 21(1)  23(1)  85(1) 2.0(1)
Fei o Teoss S0t 90.095(4) 1.632(1)  1.06(4)  0.07(4) 117.30(1) -162(3) 3.38(2) 20(1)  8.6(1) 3.5(1)
Fei o3 Teoss)Sos2)  90.097(4) 1.632(1)  095(4)  0.11(4)  117.32(1) -156(6) 3.36(3) 23.5(1) 87(1) 7.0(1)
Feoosaw Teooo)Sos2)  89-900(5) 1.632(1)  0.82(4)  0.16(4) 117.21(1) -167(7) 3.34(6) 19(1)  8.8(5)

214514-2



SUPERCONDUCTIVITY, MAGNETISM, AND...

to 20 K by x=0.15. A diamagnetic signal is observed for x
=0.14 [Figs. 2(a) and 2(b) insets], in apparent coexistence
with a magnetic state. The volume fraction 4y, reaches
—0.06~-0.09 at 0 K by linear extrapolation. Magnetic sus-
ceptibility is Curie-Weiss type above 200 K. The effective
moments estimated are between the low-spin (2.94u,, S
=1) and high-spin (4.9, S=2) values of an Fe’*(3d°) in a
tetragonal crystal field (Table I). The high-temperature effec-
tive moments decrease with the S doping and with the reduc-
tion in excess Fe. Negative Curie-Weiss temperatures attest
to the antiferromagnetic coupling between moments (Table
D).

The in-plane electrical resistivity in zero field is shown in
Fig. 2(c). Residual resistivity values at low temperatures for
pure Fe;,,Te and crystals with the highest sulfur concentra-
tion x are comparable to single crystals grown by Bridgeman
method,?* but smaller by a factor of 3—4 than in polycrystal-
line materials’ due to the absence of grain boundaries and
secondary phases. The grain boundaries are not transparent
as in MgB, where intrinsic low values of p, in high-quality
polycrystals are often lower than in crystals.”> Therefore
grain boundaries cannot be neglected when measuring resis-
tivity on polycrystals of iron chalcogenide superconductors.
The resistivity of Fe;, Te above the magnetic transition is
poorly metallic, in agreement with measurements on poly-
crystals and an optical conductivity study which did not find
a semiconducting gap.”?® This is an important distinction
from the metallic resistivity above T in iron-based supercon-
ductors of ThCr,Si,, ZrCuSiAs structure, or even FeSe.>2"30
The magnitude of the resistivity, p, becomes larger with
small doping for x=0.03 but decreases with the increase in S
concentration. Two distinct contributions to p are observed in
the low-temperature phase at the temperature of the magne-
tization anomaly: semiconducting and metallic or semimetal-
lic [arrows Fig. 2(c)]. For x=0.03 a small decrease in tem-
perature slope in p is observed whereas the resistivity of x
=0.1 sample shows an increase, indicating that a part of the
Fermi surface is destroyed. This can be understood within
the framework of density-functional theory (DFT) calcula-
tions that predict a metal with “nesting” cylindrical Fermi
surfaces which are separated by a wave vector corresponding
to spin-density wave (SDW) low-temperature ground state.®
With further increase in x, the resistivity anomaly at the mag-
netic transition is smaller and broader when compared to x
=0. Though all samples for x=0.03 show a clear onset of
superconductivity; zero resistivity is observed for x=0.10
[Fig. 2(c)].

The temperature dependence of resistivity with a mag-
netic field applied perpendicular and parallel to ¢ axis for the
superconducting sample x=0.14 is shown in Fig. 3(a). The
residual resistivity of the normal state py=0.58 m{) cm of
our crystals is smaller than in polycrystalline FeTe;_,S,.” It
is comparable to residual resistivity observed in
NdFeAsO, +F 3 (~0.2 m{) cm) (Ref. 31) or
(Bag 55K 45)Fe,As,(~0.4 m ) cm) (Ref. 28) single crystals.
Transition width of our crystals (AT.=T 5= Trero p
=1.8 K) is smaller than that in Ref. 7 (AT.=2 K). The
small shift of the transition temperature with magnetic field
indicates a large zero-temperature upper critical field. The
upper critical field H,, is estimated as the field corresponding
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FIG. 3. (Color online) (a) In-plane resistivity for x=0.14 of two
field orientations, H 1 ¢ (solid symbols) and Hllc¢ (open symbols).
The applied magnetic field increases gradually from 0 Oe (the right-
most curve), 10 kOe, 30 kOe, 60 kO to 90 kOe (the leftmost curve).
(b) The upper critical fields for x=0.11 and 0.14, H 1 ¢ (solid sym-
bols) and Hllc (open symbols). Dotted lines are guides to the eye.
Inset shows the anisotropy in the upper critical field y,=H'S/HZ .

to the 90% of resistivity drop. An estimate for H.,(T=0) is
given by weak-coupling formula for conventional supercon-
ductors in the Werthamer-Helfand-Hohenberg model (Table
1): H,,,(0)~-0.7H.,(T.)T.>* The superconducting coher-
ence length &0 K)[&=®,/27H ;] is around 3 nm. The an-
isotropy yy=H'S/H2 decreases with a temperature decrease
approaching a value close to unity. By 7,./T.(0)=0.65 [Fig.
3(b) inset], y5=1.05, for x=0.11. These values indicate that
Fey,,(Te,_,S,). is a high-field isotropic superconductor with
vy smaller than that in Ref. 32 [y, >1.5 at 0.5T-(H=0)] or
in Ref. 33 [yy~1.3 at 0.5T(H=0)].

To determine the anisotropy of the critical current, we
analyze the magnetic measurements using an extended Bean
model.3*3> Considering a rectangular prism-shaped crystal of
dimension ¢ <a<b, when a magnetic field is applied along
the crystalline ¢ axis, the in-plane critical current density jjb
is given by

w20 AM,
Je = (1= a3b)

in which AM, is the width of the magnetic hysteresis loop
for increasing and decreasing field. When the magnetic field
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TABLE II. Upper critical field at zero temperature and corresponding coherence length for two super-

conducting samples.

. H5(0) ' H50)  &<0) €90

Hly(T.) (T) HY(T,) (T) (nm) (nm)
FelA12(3)TeoA83(l)SOAl1(2) 4.9 19 —46 18 4.3 4.3
FelA06(3)T60A88(1)S0A14(2) -10.7 56 -8.4 44 2.4 2.7

is applied along the b axis and parallel to the ab plane, both
of the in-plane j* and the crossplane ;< are involved in the
Bean model. For a crystal in our measurements with a
=1.245 mm, b=1.285 mm, and ¢=0.732 mm,

. C e
7= 30 (1-20AM,/cj™)

Because of the large volume fraction of the normal and mag-
netic state, a magnetic background is superposed on the hys-
teresis loop. Moreover, as shown in Fig. 4(b) inset, the hys-
teretic magnetization loop for the sample x=0.14 sustains
above the superconducting transition temperature at 7.5 K
and vanishes above the antiferromagnetic transition at 25 K.
It implies a magnetic structure of FeTe,_, S, where a ferro-
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FIG. 4. (Color online) (a) Magnetization hysteresis loops of x
=0.14 for 1.8 K after ferromagnetic background subtraction for Hllc
(open symbols) and H L ¢ (solid symbols). (b) In-plane (to left axis)
and interplane (to right axis) critical currents for x=0.14. Inset
shows the magnetization at 8, 9, and 40 K. Only the positive field
magnetization is shown on log-log scale and the virgin curves of the
loops at 8 and 9 K are omitted for clarity.

magnetic component coexists with an antiferromagnetic mo-
ment. Density-functional calculation on FeTe by Subedi et
al.8 does indicate that besides the SDW, FeTe is close to a
ferromagnetic instability, similar to LaFeAsO. In order to
estimate the AM only due to flux pinning, we take the hys-
teresis loop immediately above superconducting transition at
8 K as the ferromagnetic background and subtract it from
other loops below 7.5 K. The identical hysteresis loops at 8
and 9 K in the normal state justifies our rationale to use them
as a temperature-independent background. Figure 4(a) shows
hysteresis loops for Hllc and H L ¢ at 1.8 K after background
removal. The magnetically deduced in-plane and interplane
critical current density are displayed in Fig. 4(b). The ratio of
j“’/j¢ is roughly about 4. The critical current densities for
both directions are 10°—10° A/cm?, comparable to MgB,,
Ba(Fe,_,Co,),As, in the same temperature range.3°

Figure 5(a) gives the temperature-dependent specific heat
C, and M/H for Fe, 45 Te and Fe, g5 Te below 90 K. Both
crystals show two lambda anomalies at magnetic/structural
transition around 7,=70 K and 7,=59 K for Fe, 4(,)Te and
around 7,=66 K and 7,=59 K for Fe, y9»yTe. Above and
below the transition region there is no difference in C,,(T). A
magnetic field of 90 kOe shifts both transition in both
samples for AT=1 K. The entropy AS=2.2 J/mol associ-
ated with the transition is independent of the iron stoichiom-
etry y [Fig. 5(b)]. This is smaller than estimated change in
entropy in Fe, ;;Te of AS~3.2 J/mole(K).?? The discrep-
ancy is probably due to conventional PPMS heat-capacity
setup which introduces sizeable error in the vicinity of the
first-order phase transition.>” Nevertheless, we can still com-
pare the change in AS for Fe,,Te crystals with different y
caused by AF contribution which dominates AS in the tran-
sition region.”® Assuming that total entropy is lost on the
spin-state transition AS=R In[(2Sy+1)/(2S,+1)] and using
Mor=\4S(S+1), high-temperature effective moment is
wir(Fey 14 Te)=3.92up, ull(Fey ooy Te)=3.73 45, we ob-
tain the moment value below magnetic transitions in the or-
dered state ,u,gcf(Fel_ 142 Te)=1.3up and ,ugcf(Fel.og(z)Te)
=1.2up. Larger relative entropy change for higher y is re-
lated to the occupancy of iron in the interstitial sites which is
expected to be strongly magnetic.!! Interestingly, these num-
bers are very close to values for a spin moment of 1.3up
associated with SDW transition calculated by DFT
calculations.®

The low-temperature C, data for Fe; ;4Te can be fitted to
the C(T)=yT+BT°> power law below 15 K with 7y
=32 mJ/mole K? and 8=0.49 mJ/mole K* from which a
6p=228 K can be obtained [Fig. 5(c)]. Specific heat shows a
broad feature around 7. [Fig. 5(c) inset] for superconducting
samples similar to other iron pnictides.”® Due to high upper
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FIG. 5. (Color online) (a) Magnetization and heat capacity C, at
SDW transition of Fe; 142 Te and Fe, g9(2)Te. (b) Entropy balance
around the transition. (c) Low-temperature heat capacity with dis-
continuity in C,/T at T¢ for x=0.15 sample shown in the inset.
Clear jumps associated with superconducting transitions are seen
for x=0.11.

critical fields and apparent coexistence of superconductivity
and long-range magnetic order in our crystals, a reliable es-
timate of the normal-state contribution to electronic specific
heat vy is rather difficult. Additional uncertainty in testing
traditional isotropic weak-coupling BCS value of AC,/yT,
in Fe;,,(Te;_,S,), is introduced by the percolative nature of
superconductivity with up to 7% superconducting volume
fraction (Fig. 2). Therefore we restrict ourselves to an esti-
mate of the C,/T discontinuity associated with supercon-
ducting transition for material with the highest sulfur con-
centration and consequently the most pronounced jump in
specific heat.’® For x=0.15 it is about 12 mJ/mole K* at
T.=8.8 K, comparable to what is observed in
Ba(Fe,_,Co,),As, and Ba(Fe,_,Ni,),As, single crystals.?8

Closer inspection of the (dxT/dT) (Ref. 39) and dp/dT
data (Fig. 6) for Fe; 142 Te and Fe, g9Te unveils two tran-
sitions at temperatures 7'} and T, that correspond to specific-
heat anomalies in Fig. 5(a) (Table I). With sulfur substitution
both transitions are clearly observed only up to x<0.1 (Fig.
6). For higher sulfur concentration only one broad anomaly
can be observed (Fig. 6 insets). Two successive transitions
were reproduced on independently grown crystals within the
same batch and in different batches. The exact temperatures
of transitions 7; and T, did vary from batch to batch.

The AF SDW in pure Fe,,,Te is accompanied by a lattice
distortion for all investigated values of y as in the undoped
Fe-As superconductors.?’4-43 DFT calculations have found
that excess Fe donates charge as Fe* to FeTe layers with
strong tendency of moment formation on the excess Fe site.!!
By comparing our C(T) data with the specific heat data taken
on Fe, o¢Te crystals** it can be seen that the clarity of the two
step anomaly increases with the increase in y in Fe, Te. It is
absent for Fe, osTe and Fe, (¢ Te,*>** visible for Fe, yoTe and
rather pronounced for Fe,,Te with similar entropy under
both transitions [Figs. 5(a) and 5(b)]. Magnetic measure-
ments (Jdx7/JT) closely match thermodynamic data (Figs. 5
and 6). Whereas temperature of lower temperature transition
T, (59 K) does not change with change in y, Fe;,,Te with
higher content of excess Fe y has transition 7 at higher tem-
perature (70 and 66 K, Table I). The Fermi level in Fe,,,Te
lies exactly at the sharp peak of the excess Fe density of
states N(Ey); therefore higher T; may be magnetically driven
based on the Stoner criterion N(Ez)I>1.!! Increased p val-
ues for Fe; ;,Te when compared to Fe; (¢Te are also consis-
tent with this (Fig. 2). Higher level of excess Fey corre-
sponds to larger size mismatch between cylindrical electron
and hole Fermi surfaces. Therefore 7, and 7' transitions may
correspond to successive SDW Fermi-surface nesting of in-
dividual electron-hole cylindrical pieces.®!! Recent work
shows that the magnetic order in parent compounds of iron-
based superconductors is established below temperature of
structural transition with up to 20 K difference in tempera-
ture of transition, as seen in CeFe,_ Co,AsF.*>* It is un-
likely that two transitions seen in our crystals correspond to
individual magnetic and structural transitions since they have
the same sensitivity to magnetic field.

Our findings are summarized in the electronic and struc-
tural phase diagrams shown in Fig. 7. The lattice contraction
with isoelectronic sulfur substitution corresponds to a posi-
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FIG. 7. (Color online) (a) Electronic phase diagram of
Fey,,(Te;_,S,),, showing paramagnetic (PM), antiferromagnetic
and SC ground states. Blue triangles pointing up and down corre-
spond to T, and T transitions, respectively. For x=0 both can easily
be identified. Red circles denote onset of superconducting transition
in p and zero resistance. Transition for x=0.15 was estimated from
heat-capacity measurement. (b) Structural parameters at 7=80 K.

tive chemical pressure. The magnetic transition is suppressed
from the ~58-70 K region to about 20 K. Signatures of
percolative superconductivity were observed for all x=0.3.
Zero resistivity in fully percolating path was observed for x
=0.1. The superconducting transition width decreases with
the increase in x and 7,. Clearly, there is a competition be-
tween magnetic SDW order and the superconducting state
since with increase in sulfur content x, dT' ,/dx and dT,/dx
have opposite signs.

Having delineated the evolution of magnetic and super-
conducting properties, it is natural to ask what is the corre-
lation with the structural parameters. The unit-cell param-
eters a and ¢ of P4/nmm crystal structure decrease smoothly
at 7=80 K as sulfur is substituted in the place of tellurium
(Table I). The ¢/a ratio decreases to nearly constant value for
x=0.1 up to x=0.15. After x=0.15 we have observed forma-
tion of FeS in the hexagonal NiAs type of structure in the
same range of synthesis parameters. Close inspection of the
tetrahedral angle a at T=80 K [Fig. 7(b)] reveals an extre-
mum near the superconducting percolation threshold. The
angle « increases up to x=0.03 and then decreases with fur-
ther sulfur increase. The tetrahedral angle « therefore seems
to be intimately connected with electronic transport proper-
ties which will be discussed next.

Both x=0 crystals are metallic in the low-temperature
phase [Fig. 2(c)]. On the other hand, two successive transi-
tions have also been reported in FeTe o, under high pressure
in the intermediate regime between P=(1-1.8) GPa,*® as
well as two distinct types of transport below the magnetic
and structural transition: metallic for FeTe,¢ and semicon-
ducting for FeTeg,.'"> We note that semiconducting contri-
bution to p below the magnetization anomaly for x=0.10 and
x=0.11 (Fig. 2) coincides with Te(S) vacancies from syn-
chrotron x-ray refinement (Fig. 1, Table I). Crystals with no
Te(S) vacancies within error bars have metallic or semime-
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tallic contributions to p. This is in agreement with photo-
emission studies that showed no visible energy gaps at the
electron and hole Fermi surface for y<0.05 in Fe,, Te.*’
Increase in resistivity at the SDW AF transition signals small
gap opening at the Fermi surface. The band structure of FeTe
features intersecting elliptical cylindrical electron portions at
the Brillouin-zone corners compensated by hole sections
with higher effective mass at the zone center.® Our findings
show that the details of the nesting condition depend rather
sensitively on the tetrahedral angle « and vacancies on the
ligand site. This points to importance of hybridization be-
tween Te p and Fe d bands in addition to excess stoichiom-
etry y on Fe site.'> Our results strongly suggest that nano-
scale inhomogeneity seems to be the key factor governing
magnetic and  electronic  transport  properties  in
Fel+y(Tel—xsx)z'

Finally we comment on the percolative nature of super-
conductivity found in our crystals. Superconducting volume
fraction increases with sulfur stoichiometry x. The 4wy,
reaches up to —0.07 at T=1.8 K (~0.26T,) for the highest x
crystals where zero resistivity was observed to approach the
T. onset (Fig. 7). This is in good agreement with the poly-
crystalline data in Ref. 7. This signals granular superconduct-
ing state coexisting with SDW order, taking only a fraction
of sample volume and stabilizing to fully percolating super-
conducting path by x=0.14. Similar coexistence was ob-
served in other iron-based superconductors, CaFe,;_,Co,AsF,
SmFeAsO,_,F,, SrFe,As,, and BaFe,As,.*** For ex-
ample, in the underdoped region of Ba,_ K Fe,As, the su-
perconducting volume fraction has been reported to be
(23%+3)% of —1/4m at ~0.06T, increasing up to 50% for
nearly optimally doped material.?#4*-3° Since SDW magnetic
order and superconductivity compete for the same Fermi sur-
face, percolative nature of superconductivity may be associ-
ated with intrinsic mesoscopic real-space phase separation as
in cuprate oxides or CaFe,_,Co,AsF.*>31°2 Consequently su-
perconductivity may be mediated by magnetic fluctuations,
consistent with small values of electron-phonon coupling
constant found in doped Fe,,,Te and FeSe.?

V. CONCLUSION

In conclusion, we have performed combined and compre-
hensive study of structural, magnetic and superconducting
properties of Fe,,(Te,_,S,), single crystals. Magnetic tran-
sition decreases from ~58-70 K to about 20 K for x
=0.15. We have shown that the increase in excess Fe y in
Fe,,,Te results in two anomalies in thermodynamic, magne-
tization, and transport properties. Electronic transport is
rather sensitive to possible vacancies on Te(S) site.
Fe,,,(Te,_,S,), are isotropic high-field superconductors with
one of the smallest values of y,=H'S/H" observed so far in
iron-based superconducting materials. Moreover, anisotropy
in the superconducting state decreases with increased sulfur
content. Filamentary superconductivity is observed for all x
in apparent coexistence with magnetism. Microscopic mea-
surements such as muon-spin rotation (uSR) are needed to
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confirm real-space phase separation and/or coexistence of su-
perconductivity and magnetism. By utilizing high-pressure
synthesis techniques even higher T’s, upper critical fields
and smaller yy; may be simultaneously obtained. Since
FeTe,_,S, superconductors consist of relatively inexpensive
and nontoxic elements, materials based on FeTeS with full
volume fraction may be useful for future high-field power
applications. In addition, higher S doping level would enable
the answer to the question if maximal 7 occurs at the point
where magnetism disappears as in cuprate oxides and other
complex iron arsenide superconductors.
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