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Iron-chalcogenide single crystals with the nominal composition FeSe0.5Te0.5 and a transition tem-
perature of Tc ≃ 14.6 K were synthesized by the Bridgman method. The structural and anisotropic
superconducting properties of those crystals were investigated by means of single crystal X-ray and
neutron powder diffraction, SQUID and torque magnetometry, and muon-spin rotation. Room tem-
perature neutron powder diffraction reveals that 95% of the crystal volume is of the same tetragonal
structure as PbO. The structure refinement yields a stoichiometry of Fe1.045Se0.406Te0.594. Addition-
ally, a minor hexagonal Fe7Se8 impurity phase was identified. The magnetic penetration depth λ at
zero temperature was found to be λab(0) = 491(8) nm in the ab-plane and λc(0) = 1320(14) nm along
the c-axis. The zero-temperature value of the superfluid density ρs(0) ∝ λ−2(0) obeys the empirical
Uemura relation observed for various unconventional superconductors, including cuprates and iron-
pnictides. The temperature dependences of both λab and λc are well described by a two-gap s+s-
wave model with the zero-temperature gap values of ∆S(0) = 0.51(3) meV and ∆L(0) = 2.61(9) meV
for the small and the large gap, respectively. The magnetic penetration depth anisotropy parameter
γλ(T ) = λc(T )/λab(T ) increases with decreasing temperature, in agreement with γλ(T ) observed in
the iron-pnictide superconductors.

PACS numbers: 74.25.Ha, 74.25.Op, 74.25.Xa, 76.75.+i, 64.05.cp, 61.05.fm

I. INTRODUCTION

Since the discovery of superconductivity in
LaFeAsO1−xFx (Ref. 1), high transition tempera-
tures Tc up to 56 K were reported for several Fe-based
superconductors with La substituted by other lan-
thanoids (Ln) including e.g., Ce, Pr, Nd, Sm, and Gd.2–6

Meanwhile, the family of Fe-based superconductors range
from LnFeAsO1−xFx (the so called 1111 family) over
AeFe2As2 (122, Ae = alkaline earth metal)7 to the more
simple LiFeAs (111)8 and FeCh (11, Ch = chalcogenide).9

The FeCh system is especially similar to the FeAs-based
superconductors, reflecting the ionic nature of the As
and chalcogen atoms in these compounds.10 Recently,
two even more complicated families were discovered:
the (Fe2As2)(Ae4M2O6) (22426, M = transition metal)
and the (Fe2As2)(Ae3M2O5) (22325) systems.11,12 If
the parent compound is not already superconducting,
superconductivity can be induced by charge carrier
doping into either the Fe layers or the spacer layers as
well as by applying external or internal pressure.13–16

Fe-based superconductors share some common prop-
erties with high-Tc cuprates such as a layered crystal
structure, the presence of competing orders, a low carrier
density, a small coherence length, and an unconventional
pairing mechanism. On the other hand, there are some
differences: The Fe-based superconductors have metal-
lic parent compounds, the anisotropy is in general lower
compared to that of the cuprates, and the order param-

eter symmetry is claimed to be ±s-wave with Fermi-
surface nesting playing a major role.17–20 So, the funda-
mental question arises whether the mechanisms leading
to superconductivity in both families of high-temperature
superconductors (HTS) share a common origin.

Among the Fe-based superconductors the ”11” system
has attracted a lot of attention. The transition tempera-
ture Tc of FeSe1−x reaches values up to ≈ 37 K by apply-
ing hydrostatic pressure9,21 and ≈ 14 K by partially sub-
stituting Se by the isovalent Te or S.22 In FeSexTe1−x the
antiferromagnetic order of FeTe is gradually suppressed
by increasing x, and superconductivity emerges with a
maximal Tc at x ≃ 0.5.16 Additionally, the ”11” sys-
tem has the simplest crystallographic structure among
the Fe-based superconductors consisting of layers with
a Fe square planar sheet tetrahedrally coordinated by
Ch.9 This and the similarity of the Fermi surface to the
one of the FeAs based superconductors10 make the ”11”
system an ideal candidate to study the interplay of struc-
ture, magnetism, and superconductivity in Fe-based su-
perconductors. In this paper we report on the struc-
tural and anisotropic superconducting properties of sin-
gle crystals with the nominal composition of FeSe0.5Te0.5
that were studied by neutron powder diffraction, SQUID
and torque magnetometry as well as muon spin rotation
(µSR). A part of the present results are in agreement
with the findings of a recent µSR study performed on a
polycrystalline sample of FeSe0.5Te0.5.
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FIG. 1: Magnetic moment m as a function of temperature
T in a magnetic field of 1 mT applied parallel to the c-axis
of single-crystal FeSe0.5Te0.5, recorded in the Meissner state
in zero field cooled (zfc) and in field cooled (fc) mode. The
onset transition temperature Tc ≃ 14.6 K (vertical arrow) is
characteristic for optimal doping x ≃ 0.5 of FeSexTe1−x.

II. EXPERIMENTAL DETAILS

A. Single crystal growth

Single crystals with the nominal composition of
FeSe0.5Te0.5 were grown by the Bridgman method, simi-
lar to that reported by Sales et al.22 Appropriate amounts
of Fe, Se, and Te powders with a minimum purity of
99.99 % were mixed together, pressed into a rod (diam-
eter 7 mm), and than evacuated and sealed in a double-
wall quartz ampoule for air protection. The ampoule was
placed into a vertical furnace with a temperature gradient
and annealed at 1200 ◦C for 4 h. Afterwards the sam-
ples were cooled down with a rate of 4 ◦C/h to 750 ◦C,
followed by a quick cooling (50 ◦C/h) to room tempera-
ture. The so-obtained crystals were easily cleaved from
the as-grown crystal along the ab-plane (cleaving facet).
Figure 1 presents a low-field measurement of the mag-

netic moment m in a magnetic field of µ0H = 1 mT
applied along the c-axis performed in zero field cooled
(zfc) and field cooled (fc) mode. The sample exhibits
a clear transition to the superconducting state with an
onset transition temperature of Tc ≃ 14.6 K. The signal
magnitude obtained in the zfc mode reflects a full dia-
magnetic response of the sample. The low value of the fc
signal indicates strong pinning.
The surface of the as-grown crystal was polished, and

the surface morphology was examined in a polarized light
microscope. Figure 2a shows a microphotography of the
crystal surface cut perpendicular to the cleaving facet.
Distinct domains of different crystallographic orienta-
tions and/or different phases are observed. Figure 2b
shows the polished cleaving facet. No orientation mis-
fit is observed here. In conclusion, the main phase in

a)

0.25 mm

b)

FIG. 2: (color online) Polarized light microscopic photographs
of polished surfaces of the FeSe0.5Te0.5 crystal. a) Micropho-
tography of the crystal surface cut perpendicular to the cleav-
ing facet. Domains with different crystallographic orienta-
tions and/or different phases are visible. b) Micrography of
the resulting polished cleaving facet.

the material is textured with the c-axis perpendicular to
the cleaving facet, whereas the a- and b-axes are oriented
within domains of irregular shape.

B. Crystal structure

The crystal structure and the phase purity were
checked using a single crystal X-ray diffractometer
equipped with a charged-coupled device (CCD) detector
(Xcalibur PX, Oxford Diffraction, sample-detector dis-
tance 60 mm). Crystallites with approximate dimensions
of 1×1×0.2 mm3 were cleaved from the as-grown crystal
for the single crystal X-ray diffraction studies. The sin-
gle crystal diffractographs are shown in Fig. 3. Two dis-
tinct crystallographic phases were identified. The major
phase of the crystal exhibits a tetragonal lattice (space
group: P4/nmm, lattice parameters: a = 3.7980(2) Å,
c = 6.038(1) Å). The reconstruction of the reciprocal
space sections of the studied plate-like crystals lead to
pronounced mosaic spreads with an average mosaicity of
the order of about 4◦. A small part of the studied crys-
tals with polygonal structure exhibits a hexagonal lattice
structure, which is associated with an impurity phase.
Detailed crystal structure investigations were com-

pleted by means of neutron powder diffraction (NPD)
at the neutron spallation source SINQ at the Paul Scher-
rer Institute (PSI, Switzerland) using the high resolu-
tion powder diffractometer for thermal neutrons HRPT24

(neutron wavelength λn = 1.494 Å). For these experi-
ments a part of the crystal with the nominal composi-
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FIG. 3: (color online) The reciprocal space sections of the
FeSe0.5Te0.5 crystal: a) h0l reciprocal layer; b) 0kl reciprocal
layer; c) hk0 reciprocal layer.

tion of FeSe0.5Te0.5 was cleaved, powderized, and loaded
into the sample holder in a He-glove box to protect the
powder from oxidation. Room temperature NPD exper-
iments revealed that the sample consists mainly of the
tetragonal phase (space group P4/nmm) of the PbO
type which becomes orthorhomic and superconducting
at low temperatures. The results of the Rietveld refine-
ment of the NPD spectra performed with the program
FULLPROF25 are shown in Fig. 4. For the refinement
it was assumed that all Fe sites are occupied. Addition-
ally, a preferred orientation was assumed as small plate-
like grains are created during the powderization process.
The refined stoichiometry is Fe1.045Se0.406(16)Te0.594(16)
(a = 3.8028(1) Å, c = 6.0524(3) Å). Note that these
values were obtained by assuming a texture in the pow-
der sample. As impurity phases hexagonal Fe7Se8 (space
group P63/mmc, 5.35(40)% volume fraction) and ele-
mental Fe (≤ 1%) were identified.
It was shown that in the β-phase additional excess Fe

occupies interstitial lattice sites.26,27 However, introduc-
tion of interstitial Fe atoms in the refinement of the data
did not improve the fit. This suggests the presence of
only a very small amount of such defects, in agreement
with the model that in isostructural FeSe1−x

28 no inter-
stitial Fe is present. This is in contrast to FeTe where
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FIG. 4: (color online) Rietveld refinement pattern (red) and
difference plot (blue) of the neutron diffraction data for the
crystal with the nominal composition of FeSe0.5Te0.5. The
rows of ticks show the Bragg peak positions for the main
phase and two impurity phases. The refined stoichiometry of
the main tetragonal phase is Fe1.045Se0.406Te0.594 (see text for
details).
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FIG. 5: (color online) Temperature dependence of the mag-
netic moment measured in zero field cooling (zfc) and field
cooling (fc) mode in a magnetic field of 1 T applied par-
allel to the c-axis of the crystal with nominal composition
FeSe0.5Te0.5.

interstitial Fe atoms were detected.26,27

The existence of an impurity phase of Fe7Se8 in the
studied crystal was confirmed by magnetization measure-
ments. Figure 5 shows the temperature dependence of
the magnetic moment recorded for a FeSe0.5Te0.5 crys-
tal (mass ∼ 200 mg) in a magnetic field of 1 T, applied
parallel to the c-axis of the crystal. Fe7Se8 is known to
undergo a spin-axis transition at 130 K leading to a re-
duction of magnetization for H parallel to the c-axis,29
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as observed in the studied sample (Fig. 5).

III. MAGNETIC PROPERTIES

A. Magnetization measurements

The magnetic properties of the crystals were investi-
gated by a commercial Quantum Design 7 T Magnetic
Property Measurement System (MPMS) XL SQUID
Magnetometer at temperatures ranging from 2 K to
300 K and in magnetic fields from 0 T to 7 T using the
Reciprocating Sample Option (RSO). Magnetic torque
measurements were performed with a commercial Quan-
tum Design 9 T Physical Property Measurement System
(PPMS) equipped with a magnetic torque option.
The magnetization of FeSe0.5Te0.5 was measured on a

crystal with a mass of the order of 200 mg. The Meiss-
ner fraction derived from the magnetic moment in the fc
mode as compared to the one from zfc is estimated to
be ∼ 1 % in 1 mT (Fig. 1). This indicates strong vor-
tex pinning in agreement with the weakly field-dependent
and pronounced critical current denstity and with the
significant irreversibility in the magnetic torque exper-
iments already present slightly below Tc (as discussed
later, Fig. 8). Using Bean’s model30,31 magnetization
hysteresis loop measurements allow to estimate the su-
perconducting critical current of the order of 107 A/m2.
The presence of impurity phases is lowering the transport
curret density as phase separation boundaries prevent to
develop a global circulating current. This leads to a rela-
tively low value of the estimated critical current density
as compared to those achieved for monocrystalline iron-
pnictides.17

From temperature-dependent magnetization measure-
ments at various magnetic fields the irreversibility line
Hirr(T ) was deduced by following the temperatures for
which the zfc and fc branches of the magnetic moment
merge for different fields. The results are presented in
Fig. 6, where the inset to the figure illustrates the deriva-
tion of Hirr in a magnetic field of 5 T parallel to the
ab-plane. The data were analyzed using the power-law
(1−T/Tc)

n with n ≃ 1.5, typical for cuprate HTS.32 The
irreversibility line Hirr is located at relatively high mag-
netic fields. Interestingly, Hirr is for H parallel to the
ab-plane almost overlapping with the values of the upper

critical field H
‖c
c2 reported by Fang et al.33

The temperature dependence of the lower critical field
Hc1 was studied by following the field H∗

c1, where the
first vortices start to penetrate the sample at its surface,
which is directly related to Hc1. The field dependence
of the magnetization was measured at different temper-
atures for the magnetic field parallel to the ab-plane and
parallel to the c-axis of the sample. For a given shape
of the investigated crystal the demagnetizing factors D
were calculated for the magnetic field applied along all of
the crystallographic axis. The deviation of the magnetic
induction B as a function of the internal magnetic field
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FIG. 6: (color online) Irreversibility line Hirr(T ) derived from
SQUID measurements for two field configurations, H parallel
to the c-axis and H parallel to the ab-plane of the FeSe0.5Te0.5
crystal. The solid black and red lines correspond to fits using
the power-law (1 − T/Tc)

n with an exponent n ≃ 1.5. The
inset illustrates howHirr was determined. The lines are guides
to the eyes.

Hint = Hext −DM (Hext denotes the external magnetic
field) is presented in Fig. 7. The lower critical fields for
H parallel to the ab-plane and parallel to the c-axis pre-
sented in Fig. 7 were determined as the field where the
magnetization deviates from the linear behavior. From
these data the zero temperature values were found to be

µ0H
‖ab
c1 (0) = 2.0(2) mT and µ0H

‖c
c1 (0) = 4.5(3) mT. In

order to extract the values of the magnetic penetration
depth from the measured values of Hc1 the following ba-
sic relations were applied:34

H
||c
c1 =

Φ0

8πµ0λ2
ab

[

2 ln

(

λab

ξab

)

+ 1

]

, (1)

H
||ab
c1 =

Φ0

8πµ0λabλc

[

ln

(

λabλc

ξabξc

)

+ 1

]

. (2)

Here, λab and λc are the magnetic penetration depths
parallel to the ab-plane and to the c-axis, respectively,
ξab and ξc the corresponding coherence lengths, Φ0 is the
elementary flux quantum, and µ0 the magnetic constant.

The values of ξab and ξc were derived from H
‖ab
c2 and H

‖c
c2

measurements.33 The following zero temperature values
of magnetic penetration depths were obtained: λab(0) ≃
460(100) nm and λc(0) ≃ 1100(300) nm. These values
are in good agreement with the values determined by
µSR discussed below (see Table I).
In order to quantify the anisotropy of superconduct-

ing state parameters, magnetic torque studies were per-
formed close to Tc, where irreversibility effects are small.
The measurements on small crystals (∼ 1×1×0.2 mm3)
revealed a major superconducting response, in agreement
with the NPD results discussed above. Unfortunately,
due to the small amplitude of the superconducting torque
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signal in the mixed state close to Tc, a relatively strong
background component of magnetic origin is contribut-
ing significantely to the torque signal. The magnetic
background signal in the superconducting state is con-
firmed by following the torque to temperatures above Tc.
In order to exclude artefacts in the subsequent analysis,
all background components within the superconducting
state were subtracted from the torque prior to the anal-
ysis (see below). To minimize the influence of pinning
the mean reversible torque τrev = [τ(θ+) + τ(θ−)]/2 was
derived from measurements with clockwise and counter-
clockwise rotating the magnetic field around the sample.
The superconducting anisotropy parameter γ = λc/λab

may be extracted from the measured torque τ(θ) using
the relation:35,36

τ(θ) = −
V Φ0H

16πλ2
ab

(

1−
1

γ2

)

sin(2θ)

ǫ(θ)

× ln

(

ηH
‖c
c2

ǫ(θ)H

)

+Aτ sin(2θ), (3)

where V is the volume of the crystal, λab is the in-

plane component of the magnetic penetration depth, H
‖c
c2

is the upper critical field along the c-axis of the crys-
tal, η denotes a numerical parameter of the order of
unity depending on the structure of the flux-line lat-
tice, Aτ is the amplitude of the background torque, and
ǫ(θ) = [cos2(θ) + γ−2 sin2(θ)]1/2. Since Eq. (3) contains
multiple correlated parameters, making a simultaneous

fit of all quantities difficult, all H
‖c
c2 values were fixed to

those reported in Ref. 33 during the fitting procedure
by neglecting any influence of the parameter η. Because
the magnetic background contributions tend to influence

and alter the fitting parameterH
‖c
c2 strongly,37,38 the data
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FIG. 8: Symmetrized torque τsymm for the studied crystal
of FeSe0.5Te0.5 in the superconducting state as a function of
the angle θ. The torque data are well described by Eq. (3),
yielding an anisotropy parameter γ = 3.1(4) close to Tc.

were fitted by Eq. (3) using the symmetrized expression
for the torque τsymm(θ) = τ(θ) + τ(θ + 90◦).39 The re-
sult of this analysis is depicted in Fig. 8, yielding an
anisotropy parameter γ = 3.1(4) in the vicinity of Tc.

B. Muon spin rotation

Muon spin rotation (µSR) is a direct and bulk sensi-
tive probe to investigate local magnetic fields in magnetic
solids.40 Nearly 100% spin-polarized positive muons µ+

are implanted into the sample and stop at interstitial lat-
tice sites, where the muon spins precess around the local
magnetic field B with the Larmor frequency ωL = γµB
(γµ/2π = 135.5 MHz/T is the muon gyromagnetic ra-
tio). At the stopping site the muon acts as a magnetic
micro probe and measures the internal field distribution.
Within the muon’s life time of τ = 2.2 µs it decays into
two neutrinos and a positron, which is emitted predom-
inantly along the muon spin polarization at the moment
of decay. The direction of the emitted decay positron
and the time between the muon implantation and its de-
cay is measured for typically 106 muons. This way the
time evolution of the muon spin polarization P (t) is ob-
tained. Zero-field (ZF) µSR experiments probe the mag-
netic state of a material as the muon spins precess only
around the internal field without applying an external
magnetic field. In transverse field (TF) µSR experiments
the local magnetic field at the muon site in the sample is
probed in the presence of an external magnetic field per-
pendicular to the initial muon spin polarization. TF µSR
is a very powerful tool to investigate the local magnetic
field distribution in the vortex state of type II supercon-
ductors. A comprehensive review of the application of
µSR to the study of superconductors can be found in
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Ref. 40.
The µSR experiments were carried out at the πM3

beam line at the Swiss Muon Source (SµS) at PSI. ZF
and TF µSR experiments were performed in a temper-
ature range from 1.5 K to 20 K. The TF experiments
were carried out in two sets of measurements when the
external field µ0H = 11.8 mT was applied either parallel
to the crystallographic c-axis or parallel to the ab-plane.
The ZF µSR spectra obtained at 1.6 K and above Tc

show no difference (Fig. 9a). This indicates that the
magnetic state of FeSe0.5Te0.5 below and above Tc is the
same. The solid lines in Fig. 9a correspond to a fit using
an exponential decay of the initial muon spin polariza-
tion:

AZF(t) = ASC · e−Λt +Abg · e
−Λbgt. (4)

Here ASC is the asymmetry of the superconducting phase
and Λ is the corresponding depolarization rate. The
temperature independent background signal Abg, arising
from the Fe7Se8 impurity phase was fixed to 6% of the
total asymmetry during the fit, corresponding to the re-
sults of the NPD refinement. The exponential character
of the muon spin depolarization is typical for diluted and
randomly distributed magnetic moments, that are static
on the muon time scale as shown in Ref. 41.
In the TF geometry muons probe the magnetic field

distribution P (B) in the sample. In the mixed state
of a type II superconductor P (B) is determined by the
magnetic penetration depth λ and the coherence length
ξ. The P (B) distributions obtained from the Fourier
transform of the µSR time spectra at 1.6 K and above
Tc are shown in Figs. 9c and e. In the normal state a
symmetric P (B) at the position of the applied magnetic
field is observed. The broadening of P (B) in the normal
state is due to nuclear and diluted electronic magnetic
moments. Below Tc an additional broadening and an
asymmetric line shape P (B) due to the formation of the
flux line lattice (FLL) shows up. The TF µSR time spec-
tra were analyzed by a theoretical polarization function
A(t) by assuming an internal field distribution PFLL(B)
and to account for the FLL disorder by multiplying
PFLL(B) with a Gaussian function:42,43

A(t) = A0 e
iφe−(σ2

g+σ2
nm)t2/2−Λet

∫

PFLL(B)eiγµBtdB.

(5)
Here A0 and φ are the initial asymmetry and the phase
of the muon spin ensemble, respectively, σg is a param-
eter related to the FLL disorder,42,43 σnm is the nuclear
moment contribution measured at T > Tc, which is gen-
erally temperature independent,44 and Λe is the relax-
ation rate of the electronic moment contribution, which
was obtained from the measurements taken above Tc.

The magnetic field distribution PFLL(B) for a FLL
of an anisotropic superconductor was determined from
the spatial variation of the magnetic field B(r) calcu-
lated in an orthogonal frame x, y, z with H ‖ z (z
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FIG. 9: (color online) a) ZF µSR time spectra for FeSe0.5Te0.5
recorded at 1.6 K and above Tc. The solid lines represent fits
using Eq. (4). b), d) TF µSR time spectra for H parallel
to the c-axis and H parallel to the ab-plane, taken at 1.6 K
and above Tc. c), e) The corresponding magnetic field dis-
tributions P (B). The solid lines represent fits using Eq. (5).
The insets show the counter plots of the local field variation
at 1.6 K, c) λa = λb; e) λc = 2.7λab.

is one of the principal axes a, b, c) using the expression:45

B(r) = 〈B〉
∑

G

exp(−iG · r)BG(λ, ξ, b). (6)

Here, 〈B〉 is the average magnetic field in the supercon-
ductor (magnetic induction), b = 〈B〉/Bc2 the reduced
field (Bc2 = µ0Hc2), and r the vector coordinate in a
plane perpendicular to the applied field. The Fourier
components BG were obtained within the framework of
the Ginzburg-Landau (GL) model.45 For a detailed de-
scription of the fitting procedure we refer to Ref. 43.
The solid lines in Figs. 9c and e correspond to the fast
Fourier transforms of the described fits to the µSR time
spectra.

The temperature dependences of λ−2
ab and λ−2

c ex-
tracted from the µSR time spectra using the fitting pro-
cedure described above are shown in Fig. 10. These data
were analyzed within the framework of the phenomeno-
logical α-model by assuming that λ−2 is a linear combi-
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FIG. 10: (color online) Temperature dependence of the
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FeSe0.5Te0.5. The solid lines correspond to fits using Eq. (7).
The corresponding fit parameters are listed in Table I.

nation of two terms:46

λ−2(T )

λ−2(0)
= w

λ−2(T,∆0
S)

λ−2(0,∆0
S)

+ (1− w)
λ−2(T,∆0

L)

λ−2(0,∆0
L)

. (7)

Here, ∆0
S and ∆0

L are the zero-temperature values of the
small and the large gap, respectively, and w (0 ≤ w ≤ 1)
is the weighting factor which measures the relative con-
tribution of the two gaps to λ−2(T )/λ−2(0). For the
temperature dependence of λ−2 of a London supercon-
ductor (λ ≫ ξ) with a s-wave gap the following relation
can be used:34

λ−2(T,∆0
S(L))

λ−2(0,∆0
S(L))

= 1 + 2

∫ ∞

∆(T )

(

∂f

∂E

)

E
√

E2 −∆2(T )
dE.

(8)
Here λ(0) is the zero temperature value of the mag-
netic penetration depth, f(E) = [1 + exp(E/kBT )]

−1

is the Fermi function (E is the excitation energy, kB
is the Boltzmann constant), and ∆(T ) = ∆(0)∆̃(T/Tc)
represents the temperature dependence of the gap with
∆̃(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]).46

The temperature dependences of λab and λc were de-
termined simultaneously, assuming the same values for
the small and large gap (∆S,ab = ∆S,c and ∆L,ab =
∆L,c), but different weighting factors w. The results
of this analysis are summarized in Table I. The ratios
2∆S/kBTc = 0.84(4) and 2∆L/kBTc = 4.3(1) are close
to what was reported for isostructural FeSe1−x

41. Based
on scanning tunneling spectroscopy measurements, Kato
et al.47 reported for FeSe0.4Te0.6 only one s-wave gap
∆ ≃ 2.3 meV. This value is quite similar to our result
of the large gap (∆L = 2.61(9) meV). However, a sin-
gle s-wave gap is not sufficient to describe the present
µSR data. The weighting factors w are about the same

TABLE I: Summary of the parameters obtained for single-
crystal FeSe0.5Te0.5 by means of µSR and magnetization mea-
surements. The errors of the µSR data are statistical errors
and do not take into account any systematical errors that may
be present in the data.

µSR magnetization
ab-plane c-axis ab-plane c-axis

Tc (K) 14.1(1) 14.6(1)
∆S (meV) 0.51(3) -
2∆S/kBTc 0.84(5) -
∆L (meV) 2.61(9) -
2∆L/kBTc 4.3(1) -
w 0.32(1) 0.36(2) -
λab, c(0) (nm) 491(8) 1320(14) 460(100) 1100(300)
Hc1 (mT) - 2.0(2) 4.5(3)

for 1/λ2
ab and 1/λ2

c . Similar results were already re-
ported for isostructural FeSe1−x.

41 Recently, Kim et al.48

reported on magnetic penetration depth measurements
on Fe1.03Se0.37Te0.63 by means of a radio-frequency tun-
nel diode resonator technique. Their value λab(0) ≃
560(20) nm is in good agreement with the value reported
here (see Table I). Furthermore, they found a clear sig-
nature of multi-gap superconductivity with compareable
gap values (∆S ≃ 1.2 meV and ∆L ≃ 2 meV). In a recent
µSR study of polycrystalline FeSe0.5Te0.5 the tempera-
ture dependence of λab was found to be compatible with
either a two gap s+s-wave or anisotropic s-wave model
with λab = 534(2) nm.23 For the s+s-wave analysis the
following results were obtained: ∆L(0) = 2.6(1) meV,
∆S(0) = 0.87(6) meV, and 1 − w = 0.70(3).23 These re-
sults are in fair agreement with the present results listed
in Table I.

Uemura et al.49 found an empirical relation between
the zero temperature superfluid density ρs(0) ∝ λ−2

ab (0)
and Tc which seems to be generic for various families of
cuprate HTS (Uemura plot). This “universal” relation
Tc(ρs) has the following features: With increasing car-
rier doping Tc initially increases linearly (Tc ∝ ρs(0)),
then saturates, and finally is suppressed for high carrier
doping. It is interesting to check whether the Uemura
relation also holds for iron-based superconductors. For
this reason Tc vs. λ−2

ab (0) is plotted in Fig. 11 for a se-
lection of various Fe-based superconductors investigated
so far.13,14,41,48,51–57 For comparison the linear parts of
the Uemura relation for hole-doped (dashed line) and
electron-doped (dotted line) cuprate HTS are also shown
in Fig. 11. Due to the small number of data points
available for a particular family of Fe-based supercon-
ductors there is no obvious trend visible. However, all
data points are located within an area determined by the
straight lines representing the hole-doped and electron-
doped cuprates. Whereas various of the Fe-based HTS,
including FeSe0.5Te0.5 (red star in Fig. 11) investigated
here, are located near the hole-doped cuprates in the Ue-
mura plot, the “111” system appears to be close to the



8

  LaFeAsO
1-x

F
x

  NdFeAsO
1-x

F
x

  SmFeAsO
1-x

F
x

  CeFeAsO
1-x

F
x

  FeSe
1-x

 

  LiFeAs
 
  

  Ba
1-x

K
x
Fe

2
As

2
 

  Fe
1+y

Se
1-x

Te
x
 

0 20 40 60
0

20

40

60

80

electron doped

cuprates

T
c
 (

K
)

λ-2

ab
 (µm

-2
)

hole doped

cuprates

FIG. 11: (color online) Uemura plot for a selection of some
Fe-based HTS. The Uemura relation observed for underdoped
cuprates is included for comparison as a dashed line for hole
doping and as a dotted line for electron doping (after Ref.
50). LaFeAsO1−xFx data from Refs. 13,51 (•), Ref. 52 (N),
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Refs. 41,55, LiFeAs data from Ref. 56, Ba1−xKxFeAs data
from Ref. 57, Fe1+ySe1−xTex data from Ref. 48 (•). The red
star (⋆) is showing the data for FeSe0.5Te0.5 obtained in this
work.

electron-doped cuprates.

IV. TEMPERATURE DEPENDENT

ANISOTROPY PARAMETERS

For a conventional single-band s-wave layered super-
conductor the anisotropy parameter is defined as:34

γ =
√

m∗
c/m

∗
ab = λc/λab = H

‖ab
c2 /H

‖c
c2 = ξab/ξc. (9)

Here, m∗
ab and m∗

c are the effective charge carrier masses
related to supercurrents flowing in the ab-planes and
along the c-axis, respectively. Whereas the cuprates were
characterized by a well-defined effective mass anisotropy,
the observation of two distinct anisotropy parameters
in MgB2 challenged the understanding of anisotropic
superconductors.58–60 Various experiments, such as mag-
netic torque,37,38 tunneling,61,62 point contact and in-
frared spectroscopy,63,64 as well as the measurements
of the specific heat,65 the lower and upper critical
field,66,67 and the superfluid density41,57,68–71 indicate
that Fe-based pnictides are multi-gap superconductors
having unconventional anisotropic properties,37–39 simi-
lar to MgB2.

72,73

The temperature dependence of the magnetic penetra-
tion depth anisotropy parameter γλ = λc/λab extracted
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FIG. 12: (color online) Comparison of the temperature de-
pendence of the magnetic penetration depth anisotropy pa-
rameter γλ = λc/λab measured by µSR and by SQUID for
single-crystal FeSe0.5Te0.5 with the Hc2-anisotropy parame-

ter γHc2 = H
‖ab
c2 /H

‖c
c2 obtained from resistivity measurements

for Fe1.11Se0.4Te0.6 by Fang et al.33 and for Fe1.02Se0.39Te0.61
by Lei et al.74. The lines are guides to the eyes.

from the µSR data (see Fig. 10) is shown in Fig. 12.
Note that γλ increases with decreasing temperature and
saturates at γλ ≃ 2.6(3) at low temperatures. This ob-
servation is further supported by the temperature de-
pendence of γλ determined from the lower critical field
measurements presented in Fig. 7. In this case γλ is
readily obtained from Eqs. (1) and (2):34

γλ =
λc

λab
=

H
||c
c1

H
||ab
c1

(

1 +
ln(γλ) + ln(γHc2

)

2 ln(κab) + 1

)

(10)

Here, κab = λab/ξab denotes the Ginzburg-Landau pa-
rameter. In this work κab was estimated to be ≃ 180
from present experiments.33 The values of γλ extracted
from the SQUID data using Eq. (10) are also depicted
in Fig. 12 and are in fair agreement with those obtained
from the µSR data.

The upper critical field anisotropy parameter, γHc2
=

H
‖ab
c2 /H

‖c
c2 = ξab/ξc, was studied by Fang et al.33 and Lei

et al.74 by resistivity measurements on Fe1+ySe0.4Te0.6
(y = 0.02 and 0.11). These data are plotted in Fig.
12 as well. Note that γHc2

decreases with decreasing
temperature. Obviously, the behavior of the two dis-
tinct anisotropy parameters γλ and γHc2

is not consis-
tent with Eq. (9). The observed behavior is similar
to the one of the two-gap superconductor MgB2 and
other Fe-based superconductors.38 For MgB2, however,
γλ decreases with decreasing temperature while γHc2

increases.59
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V. CONCLUSIONS

Single crystals with a nominal composition of
FeSe0.5Te0.5 were studied by means of muon spin ro-
tation (µSR), SQUID and torque magnetometry, and
neutron powder diffraction. At room temperature
the crystal shows mainly a tetragonal phase of PbO
type that becomes orthorombic and superconducting at
low temperatures. The stoichiometry was refined to
Fe1.045Se0.406Te0.594. The onset transition temperature
is Tc = 14.6 K, and the lower critical field values mea-
sured for both crystallographic directions were deter-

mined at zero temperature as H
‖ab
c1 (0) = 2.0(2) mT and

H
‖c
c1 (0) = 4.5(3) mT.
By means of µSR it was found that for FeSe0.5Te0.5

the temperature dependence of the magnetic penetra-
tion depth for both crystallographic directions is best
described by a two gap s+s-wave model with zero-
temperature values of the magnetic penetration depth
of λab(0) = 491(8) nm and λc(0) = 1320(14) nm, con-
sistent with recent µSR results obtained for a polycrys-
talline sample.23 This two-gap scenario is in line with the
generally accepted view of multi-gap superconductivity
in Fe-based HTS. Evtushinsky et al.75 pointed out that
most Fe-based HTS exhibit two gaps, a large one with
2∆/kBTc = 7(2) and a small one with 2.5(1.5). The mag-
nitudes of the large and the small gap for FeSe0.5Te0.5
(2∆S/kBTc = 0.84(4) and 2∆L/kBTc = 4.3(1)) are at
the lower limit for Fe-based HTS. Moreover, the mag-
netic penetration depth anisotropy parameter γλ deter-
mined from penetration depth experiments by means
of µSR, is within experimental error the same as the
one deduced from Hc1 measurements. Both techniques
yield a temperature dependent γλ that increases with
decreasing temperature from 1.6 at Tc = 14.6 K to
2.6 at T = 1.6 K. Compared to SmFeAsO0.8F0.2 and
NdFeAsO0.8F0.2,

38 superconducting FeSe0.5Te0.5 is much
more isotropic, but quite compareable to the 122 class of
Fe-based superconductors.57,71,76 This suggests that the
direct electronic coupling of the Fe2Se2 layers in the ”11”
system is similar to the one through the intervening Ae-
layers in the ”122” class of superconductors, but more ef-
fective than the coupling through the LnO layers in the

”1111” Fe-based systems. While γλ increases with de-
creasing temperature the anisotropy parameter of the up-
per critical field γHc2

determined by resistivity measure-
ments decreases.33,74 The observed behavior is similar to
that of the two-gap superconductor MgB2 and other Fe-
based superconductros and supports a two-gap scenario
also in FeSe0.5Te0.5.

38 Note, however, that for MgB2 the
slopes of γλ(T ) and γHc2

(T ) have reversed signs58,59 as
compared to the Fe-based superconductors. The rea-
son for this difference is still unclear. Furthermore, the
value of λ−2

ab (0) for FeSe0.5Te0.5 extracted from µSR data

as well as the values of λ−2
ab (0) obtained for various Fe-

based superconductors fall on the Uemura plot49 within
the limits of hole-doped and electron-doped cuprates.50

This suggests that the pairing mechanism in the Fe-based
superconductors is unconventional, as is also the case for
the cuprates.

In conclusion, FeSe0.5Te0.5 shows evidence for two-
gap superconductivity, which is reflected in the temper-
ature dependence of λ−2 and by the existance of two
distinct anisotropy parameters γλ(T ) and γHc2

(T ). The
two-gap scenario is observed for most Fe-based super-
conductors, suggesting that this behavior is generic for
layered high-temperature superconductors: It is strongly
supported by various experiments for Fe-based supercon-
ductors (Ref. 75 and references therein), it is well estab-
lished for MgB2,

59,60 and there is firm evidence for two-
gap superconductivity also in the cuprates.77–80 How-
ever, it remains to be seen whether superconductivity
in these classes of high-temperature superconductors has
the same or a similar origin.
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