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Abstract

An analysis of resistive broadening in the presence of magnetic fields up to 14 T for sulfur
doped FeTe superconductors is presented. FeTe shows an abrupt change in resistivity at 70 K
due to a structural transition. Vanishing of the structural transition and the appearance of
superconductivity at ~10 K and 9.7 K are seen in FeTe( ¢S ; and FeTe S » respectively. The

upper critical field and coherence lengths are estimated using the

Werthamer—Helfand—Hohenberg and Ginzburg—Landau theories for different criteria for the
transition temperatures. The estimated activation energy for thermally activated flux flow
(TAFF) is an order of magnitude smaller than for the rare earth (R) based RFeAsO;_,F,
system, which indicates weaker pinning than for the RFeAsO;_,F, system. The flux flow
activation energy shows power law behavior with the two different exponents for fields above
and below H = 6 T for FeTe(9S¢.; and H = 8 T for FeTe gS¢». The fluctuation conductivity is
analyzed using Aslamazov—Larkin theory and lowest Landau level (LLL) theory, respectively,
for zero and nonzero magnetic fields. Incidentally, the field above which 2D LLL scaling is
observed in these systems coincides with the crossover field observed in TAFF resistivity.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, superconductivity has been reported in the iron
chalcogenides FeSe and FeTe, and related systems. These
systems are isostructural with the FeAs layer found in the
iron arsenide superconductors [1-8]. Superconductivity in
Fe compounds is quite interesting because generally, iron in
many compounds has magnetic moments and they normally
form an ordered magnetic state [1]. The superconducting
transition temperature in FeSe has been increased from an
initial 8 K to 14 K with appropriate Te substitution, and
36.7 K for the high pressure 8.9 GPa [1-10]. Tetragonal
FeTe does not show a superconducting transition. However, it
shows a tetragonal to orthorhombic structural transition along
with long range SDW type antiferromagnetic order when the
temperature is decreased below 80 K [2—-8]. Density functional
calculation indicates that the stability of the spin density wave
is greater for FeTe than for FeSe, and hence, the doped FeTe
achieves a higher 7¢ than FeSe [9, 10]. The suppression of
the structural phase transition by the application of pressure
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induces superconductivity in other iron based systems [11-13].
For FeTe, the application of pressure up to 1.6 GPa shifts the
structural transition to lower temperatures [6, 7]. However,
superconductivity was not observed down to 2 K [6, 7].
Hence, it is believed that FeTe has the potential to produce
superconductivity if an appropriate element is substituted to
induce chemical pressure [6, 7]. Recently, superconductivity
of FeTe;_,S, was reported by Mizuguchi et al [6] with T¢ ~
10 K for x = 0.2. Sulfur has the same number of valence
electrons as Te and has a smaller ionic radius as compared to
Te. Therefore, it is natural to expect the S substitution to induce
positive chemical pressure on FeTe [7]. Since FeTe;_,S,
is composed of nontoxic elements, this material will be a
good candidate for application [6]. The superconducting
transition in FeTe;_,S, is quite broad. Thermally activated
flux flow (TAFF) and thermal fluctuation effects are two
important reasons for the broadening of the superconducting
transition. Hence, investigations of TAFF and fluctuation
effects in FeTe;_,S, may offer several hints as regards the
potential for applications.

In the present work, we have investigated magneto-
transport properties of FeTe, FeTe9So; and FeTeygSp, in

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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magnetic field up to 14 T. The upper critical field Hc»(0)
and coherence lengths & are estimated using the Werthamer—
Helfand—Hohenberg (WHH) and Ginzburg—Landau (GL) the-
ories for FeTep9Sp; and FeTepgSp,. Resistive broadening
of superconducting transitions is analyzed in terms of TAFF
and thermal fluctuations. The activation energy for flow
of vortices and its field dependent power law behavior are
investigated. The fluctuation conductivity is analyzed for both
superconductors using Aslamazov-Larkin (AL) theory and
lowest Landau level (LLL) scaling, respectively, in zero and
nonzero magnetic fields in order to understand the intrinsic
superconducting characteristics and dimensionality of the
system.

2. Experimental details

Polycrystalline FeTe, FeTe( 9So.; and FeTe( 3S¢.» samples were
prepared using a solid state reaction method. The appropriate
mixtures of Fe, Te and TeS were weighed and sealed in a
quartz tube in the presence of a partial helium atmosphere
and kept in the furnace for one day at 700°C. The samples
obtained were reground and pressed into pellets. The pellets
were sealed into an evacuated quartz tube in the presence of
a partial helium atmosphere and then heated to 700 °C and
kept at that temperature for one day. The same procedure
was repeated a second time. The samples were characterized
by means of x-ray diffraction using Cu Ko radiation in a
Rigaku diffractometer. Resistivity measurements were carried
out using a Quantum Design Physical Property Measurement
System (PPMS) down to 2 K and up to 14 T with a
conventional four-probe method.

3. Results and discussion

The Rietveld refinement of the XRD reveals that all of the
samples crystallize in tetragonal structure with the P4/nmm
space group at room temperature. The substitution of S in FeTe
reduces the lattice parameters, indicating positive chemical
pressure. The resistivities in the presence of a magnetic field
for the FeTe, FeTe(9Sy.; and FeTe( gS¢.» are shown in figure 1.
The resistivity of FeTe shows semiconducting behavior in the
temperature range 80-300 K. Around 75 ~ 70 K there is
a drop in resistivity due to the tetragonal to orthorhombic
structural transition and this shows metallic behavior below
Ts, but superconductivity is not observed in our measurement
temperature range. A noticeable change in resistivity is
not seen with the application of 14 T. The resistivity for
FeTeo9So.1 and FeTepsSp, shows a semiconducting like
to metallic crossover at around ~35-40 K and shows the
onset of superconductivity at ~10 K and 9.7 K respectively.
The transition is not sharp as in the case of conventional
superconductors. The mean field 7¢ obtained from dp/dT is
8.5 K and 8.1 K for FeTe(9Sy.; and FeTe( Sy » respectively.
The temperature dependent critical field Hc, is deter-
mined from 10%p,, 50%p, and 90%p, criteria, and shown
in figure 2. The values of dHc,/dT for 10%p,, 50%p, and
90% p,, are —6.36, —6.85 and —7.99 T /K for FeTe(9So.; and
—6.38, —7.29, and —8.39 T /K for FeTe(gSp, respectively.
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Figure 1. (a) Resistivity of FeTe in zero field and in the presence of
14 T. The inset shows hysteresis near the structural transition. The
resistivities near 7¢ in the presence of a field up to 14 T for
FeTe9So.1 and FeTe S, are shown in (b) and (c¢) respectively. The
insets show the resistivity in the temperature range 2-300 K in
different fields.

According to the Werthamer—Helfand—Hohenberg (WHH)
theory [14, 15], HYHH(0) is given by 0.693 Tc (dHco/dT)7,.
The HCV‘;HH(O) estimated for 10%p,, 50%p, and 90%p, are
about 35, 40 and 50 T for FeTe9So; and about 34, 44, and
51 T for FeTeygSo.» respectively. The linear extrapolation of
the H-T plotto T = 0 K for 90% p,, results in values of Hc»(0)
of about 76 T for both samples.

One can calculate & along the ab plane for a
polycrystalline sample from 90% p, Hc»(0), using GL theory,
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Figure 2. Upper critical fields Hc, versus T as determined from the
90%, 50% and 10% criteria of the normal state resistivity for
(a) FCTCOA()SOJ and (b) FCTCoAgsoAz.

as 52 = @o/2m Hcy [15-17]. The estimated &, is about 21—
26 A. The & is estimated from the conductivity fluctuations
in zero magnetic field over a narrow region, where the 3D
fluctuations are expected. The 3D fluctuations in the AL model
can be expressed as Ao = Ae~ %5 where Ao is the excess
conductivity, ¢ is In(T/ T¢), A is the temperature independent
amplitude given by A = ¢?/32h£.(0)op where oy is the normal
state conductivity just above the onset of the superconducting
transition [18, 19]. The value of & turns out to be ~1 A. If we
use £, ~ 21-26 A and & ~ 1 A, then the anisotropy factor
y = & /& ~ 20 turns out to be approximately three times
higher than the anisotropy factor ~5-9 of the SmFeAsO;_,F,
compound as reported in [16] and [20]. It is to be noted
that values of y ~ 30 were also reported using far-infrared
ellipsometric measurements [21]. The values of &, obtained
for our doped FeTe systems are quite comparable to those for
the RFeAsO;_,F, system [16]. The discrepancy appears to
lie with &., which may be underestimated. This is because
of the fact that & is estimated from the magnetization in [16]

and [20], while in our case, &; is estimated from resistivity data
using fluctuation analysis. It is well known for superconductors
that the parameters estimated from magnetization differ by
orders of magnitude from those estimated from transport
properties. The value of & ~ 1 A, when compared to the
interplanar spacing along the c-axis which is ~6 A, indicates
the 2D nature of the superconductivity.

The width of the superconducting transition in zero
magnetic field is ~2.5 K and ~2.7 K for FeTep9Sp; and
FeTe 3So» respectively. Application of a magnetic field shifts
the transition to lower temperature and makes it broaden
further. The width of the transition observed at 14 T is 5 K
for FeTep9Sp.1 and 6 K for FeTepgSp,. These numbers are
quite large as compared to the zero-field distribution of T¢,
which implies a significant role of vortex motion and the
thermodynamic fluctuations.

The broadening of the superconducting transition in the
presence of a magnetic field can be understood in terms of the
activated flow of the vortices and described by the following
Arrhenius law [15, 22-24]:

p(T, H) = poexp[—Uo/KgT]

where Ujp is the activation energy for TAFF, Ky is the
Boltzmann constant and py is the pre-exponential factor.
Figures 3(a) and (b) show the Arrhenius plot for both the
superconductors in different magnetic fields. The slope of the
Arrhenius plots for different magnetic fields extrapolates to a
common point (71, pg). All Arrhenius plots of figures 3(a)
and (b) merge if the temperature scale is normalized to the form
of Up(1/T — 1/Ty), as shown in the insets of figures 3(a)(i)
and (b)(i) respectively; these findings are similar to our
earlier results for PrFeAsOg¢Fo 12 [15]. Here T, is the only
adjustable parameter and that too is limited by the experimental
uncertainty. The insets in figures 3(a)(ii) and (b)(ii) show the
magnetic field dependence of the activation energy (Uy/Kp).
The activation energy is 203 K, 172 K in the lowest field 2 T
and 73 K, 57 K for the highest field 14 T for FeTe ¢So.; and
FeTeo.So» respectively. The activation energy is one order of
magnitude smaller than that reported for PrEeAsOg ¢Fp.1» and
NdFeAsOg 7Fy3 compounds [15, 24], which indicates weaker
flux pinning for this system. The activation energy follows
a power law behavior as Uy/KgaH ™" with exponent n ~
0.34 and 0.45 for magnetic fields H < 6 Tand H < 8§ T
and n ~ 0.75 and 0.84 for magnetic fields H > 6 T and
H > 8 T for FeTep9So.; and FeTe(sSp, respectively. The
activation energy becomes strongly field dependent above the
6 and 8 T magnetic fields for FeTep9So.; and FeTegSo.»
respectively, which appears to be due to crossover from flux
creep to flux flow of vortices. Power law behavior with two
such different exponents is also observed in NdFeAsO 7F 3,
PrFeAsOy ¢Fy 12 and the high T¢ cuprates [15, 22-24].
Moreover, the fluctuation conductivity also plays an
important role in the broadening of the superconducting
transition.  The fluctuation effects are quantified by the
Ginzburg number, which can be expressed for a 3D
superconductor as Gisp = (wk’&,Kp Tco/2¢; 2)2, where K =
Ao/ is the GL parameter, A is the London penetration depth,
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Figure 3. The Arrhenius plot of the resistivity in different fields for
(a) FeTey.9So.1 and (b) FeTey 3S,. The solid lines are linear fits to the
data. The insets show log p versus Uy(1/T — 1/T},) and the field
dependent activation energy (Up) of the flux flow.

& is the coherence length, Kp is the Boltzmann constant and
@ 1s the flux quantum [16, 17]. The Ginzburg number for a 2D
superconductor is given as Gi;p = KgT¢/Er, where EF is the
Fermi energy [16]. For the present system with 7¢c ~ 8.5 K,
& ~ 0.5 nm, which is calculated from & = (&;3&)"/?, and
assuming A ~ 405 nm [25], we estimate Gisp ~ 0.006. This
value is in good agreement with that for SmFeAsO;_,F, [16].
We estimate Gip ~ 0.02, by assuming Er ~ 35 meV obtained
from the thermoelectric power, which is not shown here—
which is high as compared to that for SmFeAsO;_,F, [16].
To probe the fluctuation dimensionality, the fluctuation
conductivity in zero magnetic field due to finite Cooper
pair formation above 7¢ is analyzed in the light of AL
theory.  As said earlier, according to AL theory, the
fluctuation conductivity Ao is given by Ae®, where the
conductivity exponent « varies from —0.3 to —3 for different
dimensionalities of the conductivity fluctuations [18, 19].
We show Ao in zero magnetic field as a function of ¢
for both samples in figure 4. We have observed a 2D
behavior (Ao )opae ! near the transition temperature, i.e. 8.6—

FeTe_ .S

0.9 0.1

10°

FeTe_ S

0.8 0.2

1

10°
€

Figure 4. The variation of the normalized excess conductivity versus
reduced temperature in a In—In plot for (a) FeTe ¢Sy, and
(b) FeTeg sSo.2.

8.9 K for FeT60,9S0,1 and 8.2-8.5 K for FeTeo,gSQ.z. The
effective layer thickness (d) estimated using the equation A =
e?/16hdoy [18, 19] is about 1 A.

The superconducting fluctuations in the presence of a
magnetic field are analyzed using the lowest Landau level
(LLL) scaling. In a strong magnetic field the paired
quasiparticles are effectively limited to being in their lowest
Landau level; the superconducting fluctuations in bulk low
Tc as well as in high T¢ materials acquire an effective
one-dimensional (1D) character along the field direction.
This reduction of the effective dimensionality increases the
importance of the fluctuations, resulting in a fluctuation region
around 7c(H) [16, 26]. Magnetic field induced fluctuation
conductivity can be analyzed using the formalism developed
by Ullah and Dorsey [16, 26-30]. Following the same analysis,
the scaling laws for the 2D and 3D excess conductivity (Ao)
due to fluctuations in the magnetic fields are given by

Ao (H)ap = (T/H)'?Fap(A(T — T.(H))/(TH)'*]) (1)

Ao (H)sp = (T?/H)'PFp(BI(T — T.(H)) /(T H)*?) (2)

where A and B are characteristic constants of the material.
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Figure 5. The lowest Landau level (a) 2D and (b) 3D scaling for

FeTe9Sy.; for magnetic field up to 14 T. In the insets, the same plots
are shown on a semilogarithmic scale.

Recently, 2D LLL scaling was observed for new

SmFeAsO;_,F, superconductor above o Hyyp, ~ 8 T[16]. To
verify the 2D nature of the fluctuations in our system, we have
plotted Ao (H/T)'/? versus [(T — T.(H))/(TH)'/?] for 2D
scaling and Ao (H'3/T?3) versus [(T — T.(H))/(T H)*3]
for 3D LLL scaling in figures 5 and 6. The same plots on
a semilogarithmic scale are shown in the insets of figures 5
and 6. The x-axis for 2D and 3D scalings is chosen so that
they correspond to the same temperature interval. The 2D
relationship provides better scaling of data below and close to
Tc above ~8 T for FeTe 9Sy.; and above ~6 T for FeTe §S¢.».
The scaling appears to be good in the 2D case, as compared
to the 3D scaling, which is clearly seen on a semilogarithmic
scale, indicating the 2D nature of the superconductivity.

4. Conclusion

In summary, 10% and 20% substitution of sulfur in FeTe
leads to vanishing of the structural transition and induction

".025 -020 -0.15 -0.10 -0.05 0.00 0.05
(T-Tc(H))I(TH)ZB{T.ZBK“B)

Figure 6. The lowest Landau level (a) 2D and (b) 3D scaling for

FeTe) 3S¢.» for magnetic field up to 14 T. In the insets, the same plots
are shown on a semilogarithmic scale.

of superconductivity. The upper critical field Hc,(0) was
estimated to be ~50 and ~51 T for FeTe( ¢S 1 and FeTe gSq 2
from WHH theory and ~76 T from linear extrapolation to
T 0. The activation energy of the flux flow is one
order of magnitude smaller than for the RFeAsO,_,F, system,
indicating weaker pinning than that for the RFeAsO,_.F
system. The magnetic field dependent activated energy
(U/Kp) shows power law behavior with two different
exponents for regions above and below 6 T for FeTep oSy
and 8 T for FeTep3Sp,. The ab plane coherence length &,
is calculated to be about 26-21 A from the upper critical
field. The out of plane coherence length & calculated from
the zero-field excess conductivity due to fluctuations is about
~1 A, which is smaller than the interplanar spacing ~6 A,
characterizing the 2D nature of the superconductivity. This
result is further corroborated by (a) observation of the 2D
nature of the fluctuations in zero magnetic field in a narrow
temperature range around the transition, (b) the results for
magnetic field induced fluctuation conductivity close to and
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below Tc(H), which shows a clear 2D lowest Landau level
scaling for fields above uoHprr ~ 8 T for FeTe oS
and uoHyr ~ 6 T for FeTepgSo». Incidentally, the field
range above which 2D LLL scaling is observed in these
systems coincides with that for the crossover fields observed in
TAFF related resistivity. This interesting coincidence warrants
further investigation.
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