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Abstract. We report on structural, magnetic, conductivity, and thermodynamic studies of FeSeq.5Teo. 5
single crystals grown by self-flux and Bridgman methods. The lowest values of the susceptibility in the
normal state, the highest transition temperature T, of 14.4 K, and the largest heat-capacity anomaly at T,
were obtained for pure (oxygen-free) samples. The critical current density j. of 8.6 x 10* A/cm? (at 2 K)
achieved in pure samples is attributed to intrinsic inhomogeneity due to disorder at the anion sites. The
samples containing an impurity phase of Fe3O4 show increased j. up to 2.3 x 10° A/cm2 due to additional
pinning centers. The upper critical field H.2 of ~500 kOe is estimated from the resistivity study in magnetic
fields parallel to the c-axis using a criterion of a 50% drop of the normal state resistivity R,. The anisotropy
of the upper critical field yg,., = H, fzb /H¢, reaches a value ~6 at T — T.. Extremely low values of the
residual Sommerfeld coefficient v, of about 1 mJ/mol K? compared to the normal state Sommerfeld
coefficient v, = 25 mJ/mol K? for pure samples indicate a high volume fraction of the superconducting
phase (up to 97%). The electronic contribution to the specific heat in the superconducting state is well
described within a single-band BCS model with a temperature dependent gap A(0 K) = 27(1) K. A broad
cusp-like anomaly in the electronic specific heat observed at low temperatures in samples with suppressed
bulk superconductivity is ascribed to a splitting of the ground state of the Fe?t ions at the 2c sites. This

contribution is fully suppressed in the ordered state in samples with bulk superconductivity.

1 Introduction

The recent finding of high-temperature superconductivity
in iron pnictides [1-3] and iron chalcogenides [4] inspired
an immense research activity in complex materials sim-
ilar to the discovery of high-T, cuprate superconductors
two decades ago. Among the new iron-based superconduc-
tors, the iron chalcogenides are of particular interest due
to a simple crystal structure (Fig. 1). It consists of Fe ions
tetrahedrally coordinated by Se and Te arranged in layers
stacked along the c-axis in the tetragonal lattice without
any other interlayer cations, as for example in pnictides.
Therefore, the iron chalcogenides were believed to be most
suitable for investigation of the interplay of competing or-
ders and pairing mechanisms. However, recently it was
recognized in Fe(Se, Te) that Fe ions can occupy also the
2c¢ positions in the anion plane [5,6].

Nearly stoichiometric FeSe becomes superconducting
below 8 K at ambient pressure [4] but the transition tem-
perature can be enhanced up to 37 K by application of
external pressure [7,8]. The superconducting properties of
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Fig. 1. (Color online) Crystal structure of FeSeg.5 Teg.5 demon-
strating the tetrahedral coordination of Fel ions in 2a positions
(blue spheres) by anions of Se and Te (green spheres) and Fe2
ions in 2c position (red spheres) in the anion plane.

FeSe were shown to be extremely sensitive to deviations
from the stoichiometry [9,10]. The substitution of Se by Te
in FeSe increases the temperature of the superconducting
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transition to a maximum of about 14 K for 50% of re-
placement [11,12]. The intrinsic disorder due to random
distribution of the Se and Te ions among the anion sites
in the crystal lattice is expected to reduce the sensi-
tivity of FeSe to non-stoichiometry. Subsequently, sev-
eral authors recently reported on the successful prepara-
tion of high quality single crystals of FeSe;_,Te, using
Bridgman [13-15] and flux methods [16,17]. The existing
data show large variations in magnetic and conducting
behavior of Fe-Se(Te) obviously related to differences in
the growth conditions and purity of the starting materials.
Hence, only little information about the intrinsic proper-
ties of FeSeg 5Teq 5 is available so far.

Here we report on the magnetic susceptibility, resistiv-
ity and heat-capacity measurements of FeSe;_,Te, with
nominal concentration x = 0.5. The samples were pre-
pared in various ways and exhibit significantly different
behavior which was investigated in the temperature range
2-400 K and in external magnetic fields up to 140 kOe.

2 Experimental

Single crystals of FeSeg 5Tey 5 were grown by self-flux and
Bridgman methods. Chips and shots of high-purity el-
ements, 99.98% Fe, 99.999% Se, and 99.999% Te, were
used in the growth experiments. To get a minimal amount
of oxide impurity we additionally purified Se (for growth
runs F216) and Te (for growth runs F213 and F216) by
zone melting. Handling of these samples was done in an
argon box with residual oxygen and water content less
than 1 ppm. The growth of single crystals was performed
in evacuated double quartz ampoules. For different runs
in the self-flux method the soaking temperature varied
between 900 and 1100 °C. The cooling rate varied be-
tween 1 and 60 °C/h. In the Bridgman method we used
pulling rates between 0.5 and 2 mm/h and rotation speed
of 2-5 turns/min. Final treatment of the samples in both
preparation methods was done at 410 °C for 70-100 h fol-
lowed by quenching in ice water. The plate-like samples
with shiny faces with dimensions ~3 x 5 mm? in the ab
plane and thickness up to 0.5 mm along the ¢ axis were
obtained on the top of the solidified ingot. The single-
crystallinity of the grown samples was checked by the sin-
gle crystal X-ray diffraction. The sample composition was
investigated by energy dispersive X-ray (EDX) analysis
using INCA system (Oxford Instruments). The phase con-
tent of the samples was analyzed by X-ray powder diffrac-
tion (CuK, radiation, A = 1.540560 A) on crushed single
crystals using a STADI-P powder diffractometer (STOE
& CIE) with a position sensitive detector.

The magnetic measurements were performed in a tem-
perature range 2-400 K and in magnetic fields up to
50 kOe using a SQUID magnetometer MPMS 5 (Quan-
tum Design). Electron-spin resonance (ESR) measure-
ments were performed in a Bruker ELEXSYS E500 CW
spectrometer at X-band frequencies (9.36 GHz) equipped
with a continuous He gas-flow cryostat in the temperature
region 4.2 < T < 300 K. The heat capacity was measured
by a relaxation method using a Quantum Design physical

properties measurement system (PPMS) in a temperature
range 1.8-300 K and magnetic fields up to 90 kOe. The
magnetic field was applied parallel to the c-axis of the
samples. The resistivity studies were done on rectangu-
lar samples by a four-point method in the temperature
range 2-300 K and in magnetic fields up to 140 kOe us-
ing a He-flow cryostat (Oxford Instruments) and using the
resistivity measurement option of the PPMS in magnetic
fields up to 90 kOe. The contacts were made by conductive
silver paint.

3 Experimental results and discussion
3.1 EDX and X-ray analysis

The preparation conditions and the EDX data are pre-
sented in Table 1. The EDX measurements on samples
from various growth experiments provide no indication
that the different methods used for the crystal growth
yield different compositions. No significant gradient in the
Te/Se ratio along the sample was observed. The observed
maximal deviations of Se/Te ratio for some samples were
of about 10% from the nominal 50/50% composition. The
ratio Fe/(Se+Te) in the samples was deviating about 2%
from the stoichiometric value indicating a low content of
excess iron. The X-ray diffraction patterns for the samples
under investigation (Fig. 2a) are consistent with tetrago-
nal symmetry P4/nmm for the main FeSeq ;Teg 5 phase
and with hexagonal symmetry P63/mmc for the impurity
phase Fe;Seg. The refinement was performed using the
FULLPROF SUITE [18]. The results of the refinement
for one of the samples are shown in Figure 2b. The occu-
pation of Te and Se at the 2c¢ sites was refined constraining
their sum to unity. A similar constraint was used for the
occupation of Fe ions for the main phase allowing for two
different sites (2a and 2c¢). The results of the Rietveld re-
finement for different samples are given in Table 2. The
refined occupation factors for Te and Se ions for the main
tetragonal phase are in general agreement with the EDX
data. The occupation of iron an the 2c sites was ~6-9%.
The values of the lattice parameters for different samples
varied within the range 3.800-3.803 A for the a(b) lattice
constant, and between 6.026-6.047 A for the ¢ parameter
and are close to those reported in reference [13] for single
crystals of similar composition.

Figure 3 shows the morphology of the as-grown
oxygen-free samples within the ab-plane (upper panel) and
along the c-axis (lower panel) as revealed by scanning-
electron microscope. Large flat regions are clearly seen in
the ab-plane without distinct domains with different ori-
entation. The apparent domains on the upper picture rep-
resent the fragments of subsequent layers (after cleaving
procedure) which are stacked along the c-axis as shown in
the lower panel of this figure. The structure of the samples
along the c-axis consists of a set of extremely thin sheets
with excellent crystallinity and without visible inclusions
of foreign phases. Using higher magnification we estimated
the thickness of these sheets to be below 100 nanometers
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Table 1. Preparation conditions and EDX data for FeSe.5Teo.5 samples.

Sample Preparation conditions Concentration Average over
Method Soaking  Soaking Cooling rate Fe Se Te
temperature  time
Be NG Bridgman 1084 °C 24 h 0.5 mm/h |0.978(10) 0.498(10) 0.502(10) 35 points
0.958(10) 0.496(8) 0.504(6) |area 1.2 x 0.9 mm?
F213 self-flux 1100 °C 72h 60 °C/h  |0.978(10) 0.439(8) 0.561(6) |area 0.5 x 0.7 mm>
self-flux 1100 °C  72h 60 °C/h | 0.992(10) 0.469(9) 0.539(9) 10 points
F216 step 1 2
0.974(8) 0.488(6) 0.536(4) |area 0.5 x 0.3 mm
F216 step 2 self-flux 1100 °C 72 h 1°C/h [1.015(10) 0.491(9) 0.493(9) 5 points
1.013 (8) 0.482(5) 0.505(5) |area 0.5 x 0.3 mm?
Table 2. Structural data obtained from the Rietveld refinement for FeSeo.5Teg 5 samples.
Sample Occupation Lattice constant Tetragonal Hexagonal Ruwp Reap X2
Fel Fe2 Se Te a, b c phase phase
/2a/ /2¢/ [2¢/  [2¢/ [A] [A] (%] (%]
Br N5 0.907(3) 0.093(3) 0.48(1) 0.52(1) | 3.8020(4) 6.0489(9) 945 5.5 353 248 2.02
F213 0.930(5) 0.070(5) 0.49(1) 0.51(1) | 3.8011(2) 6.0409(7) 94.5 5.5 368 254 2.10
F216 step 1 | 0.929(3) 0.071(3) 0.49(1) 0.51(1) | 3.8025(3) 6.0300(9) 98.6 1.4 3.0 236 1.62
F216 step 2 | 0.937(3) 0.063(3) 0.52(1) 0.48(1) | 3.8000(3) 6.0257(8) 97.9 2.1 3.06 249 1.51
revealing a pronounced two dimensionality of our layered
oal a) single-crystalline FeSeg 5Teq. 5 samples.
= | |
" |\ | NSBr || |
0.6 W_MHW«IM“' Wl'wn& 3.2 Susceptibility and magnetic hysteresis
| | [ |
I | - F213 |\ | Figure 4a shows the temperature dependence of the mag-
0.4 M Wuww V]Wk.,.. netic susceptibility x for samples from different growth
runs measured on cooling in a field of 10 kOe applied
| F216st.1 parallel to the c-axis. The samples prepared from the non-
a OE i MW Wt \v Aot | Ve purified Se and Te and handled in air have a relatively high
2 .« | F216st2 susceptibility, ~(1-2) x 1072 emu/mol. Below 300 K the
c """W Y| \J e . . . )
S 00 Wl Wl Lg\w i susceptibility continuously increases on decreasing tem
g . . perature, then shows a pronounced downturn at 125 K
= L FeSen cTe b) and a clear anomaly at the superconducting transition at
E 0.5'%0.5 T T,. ~ 14 K. The downturn at 125 K is related to the Ver-
g 08 wey transition of Fe3Oy4 [19], which was also evidenced by
= electron-spin resonance and specific-heat measurements
0.6 (see below). The electron-spin resonance spectra of the
samples handled in air show broad features characteris-
0.4 tic of the Verwey transition observed in magnetite FezO4
which was investigated complimentarily. Below the Ver-
0.2 wey transition these features in the spectra fully disappear
AL similar to the magnetite sample. The purest (oxygen-free)
0.0 ontmsifrmsemettn s sresnsis st e sttt samples do not show any noticeable features related to
: L ' ! the Verwey transition and the ESR experiment does not
20 30 40 50 60 . .. . .
reveal any intrinsic absorption of localized moments.
20 (degree) Samples prepared from the purified elements and han-
Fig. 2. (Color online) (a) Room temperature X-ray diffrac- dled in the argon box have susceptibility values one or-

tion patterns for FeSeg.5Teo.5 samples prepared under different
conditions. Stars indicate the impurity phase; (b) experimental
(open circles) and refined (black line) X-ray diffraction patterns
for sample F213. Blue line — difference between experimental
and calculated intensities. Vertical lines mark Bragg positions:
top row — main tetragonal phase; bottom — impurity hexagonal
phase.

der of magnitude lower and do not show any anomaly
at 125 K, although the X-ray diffraction still evidences
some amount of the impurity hexagonal phase (Tab. 2).
The susceptibility of the purest oxygen-free sample, F216
step 1, prepared by fast cooling (1 °C/min) mani-
fests a non-monotonous temperature behavior with a
broad maximum at around 180 K. It also shows the
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Fig. 3. Scanning-electron microscope images of the samples
along the ab-plane (sample F213)-upper panel, and along the
c-axis (sample F216 step 1)-lower panel.

sharpest anomaly at around 14 K at the superconducting
transition. Surprisingly, repeated melting of this sample
followed by slow cooling with the rate of 1 °C/h, dras-
tically changes the magnetic behavior. The susceptibility
of this sample is temperature independent at high tem-
peratures and shows a paramagnetic tail at low temper-
atures. An explanation of the low-temperature suscepti-
bility tail in these poorly superconducting samples due to
the hexagonal-phase can be excluded, because the amount
of the hexagonal phase can be strongly reduced in the
oxygen-free samples. The apparent effect of the hexagonal
impurity on the susceptibility can be revealed by compar-
ing the oxygen-free samples F213 and F216 step 1, con-
taining respectively 5.5 and 1.4% of the hexagonal phase.
The paramagnetic tail might be associated with local-
ized iron ions. Recent investigations of FeSe(Te) samples
with iron excess [6,17,20] established a localized magnetic
iron moment at the 2c sites which can suppress supercon-
ductivity. However, both well and poorly superconduct-
ing samples contain comparable amount of the Fe ions
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Fig. 4. (Color online) (a) Temperature dependence of the
field-cooled susceptibility of FeSeo.5Tep.s measured in a field
of 10 kOe applied along the c-axis. The arrow at 125 K marks
the anomaly related to Fe3Ou; (b) temperature dependences
of ZFC and FC susceptibilities of samples with bulk supercon-
ductivity measured in a field of 10 Oe applied along the c-axis.
Arrow indicates the temperature of the onset of the supercon-
ducting transition 72" = 14.4 K for the purest samples. Inset:
ZFC and FC susceptibilities of the sample with filamentary
superconductivity shown on enlarged scale.

at the 2c sites (Tab. 2). Estimating the concentration of
the localized magnetic ions in the poorly superconducting
samples using a Curie-Weiss fit in the temperature range
2-50 K (after subtraction of the constant temperature-
independent contribution) yields a value of 6.5 x 1073 per
mol which is 10 times less than the concentration of the
Fe ions at the 2c sites revealed by the Rietveld refinement
and about 3 times less than the amount of the excess iron
revealed by the EDX analysis in this sample (see Tab. 1).
The rather low value of the Curie-Weiss temperature of
2 K can indeed suggest paramagnetic behavior. However,
the reason why the paramagnetic tail is suppressed in sam-
ples with full bulk susceptibility is unclear at present and
needs additional investigations. In any case, it seems un-
realistic to associate the paramagnetic contribution with
non-reacted Fe, because its amount (if present) in samples
after the second step of preparation cannot be higher than
after the first step.
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Fig. 5. (Color online) Hysteresis loops measured at 2 K with
the magnetic field applied along the c-axis for different single
crystalline FeSeg.5Teg.5 samples. The data for the slowly cooled
sample are magnified by a factor of 20 for clarity.

Figure 4b shows the temperature dependence of the
zero-field cooled (ZFC) and field-cooled (FC) suscepti-
bility measured in a field of 10 Oe applied parallel to
the c-axis. The measurements along the ab-plane showed
similar results except that the diamagnetic response was
substantially higher for the field parallel to the c-axis.
The samples containing both, oxide and hexagonal-phase
impurities manifest rather broad transitions into the su-
perconducting state. At the same time, the temperature
of the onset of the superconductivity, 72", shows only
a small change at around 13.5 K for these samples. We
found the sharpest transition and, respectively, the high-
est T, of 13.9 K (with T2™ of 14.4 K) for samples grown
from the purified elements under fast cooling conditions
only. The values of 47y at 2 K calculated from the data
shown in Figure 4b are far above unity indicating that
the low-field susceptibility of samples with high diamag-
netic response is dominated by demagnetizing effects. The
volume fraction of the superconducting phase was there-
fore estimated from yzpc on needle-like crystals for the
field applied along the ab-plane with the smallest demag-
netizing factors and reached 98% for the purest samples.
At the same time, in the poorly superconducting sample
the onset of the transition remains at the same tempera-
ture as in well superconducting samples, but it is masked
by a temperature independent paramagnetic background
and, therefore, can be evidenced only on zooming the data
as shown in the inset in Figure 4b. The volume fraction
of the superconducting phase with 77" of 14.4 K in this
sample is by more then two orders lower than in the well
superconducting sample suggesting filamentary supercon-
ductivity.

Figure 5 presents the magnetization hysteresis loops
for different samples measured at 2 K with the field ap-
plied along the c-axis. The hysteresis loops for samples
with a high volume of the superconducting phase have
a symmetric character which indicates dominant bulk
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pinning and small contribution of surface pinning [21]. Be-
low the transition temperature the diamagnetic response
in these samples dominates over the full measured field
range. The samples containing oxide impurities show an
enhanced (by ~ 20%) magnetization compared to the
oxygen-free samples due to additional pinning centers of
Fe304. A strongly contrasting hysteretic behavior was ob-
served for the oxygen-free samples prepared under slow-
cooling conditions. These samples exhibit a width of the
hysteresis loops reduced almost by two orders of magni-
tude suggesting full suppression of bulk superconductivity.

Surprisingly, such a drastic change of the magnetic
properties of the sample with suppressed bulk supercon-
ductivity is not accompanied by notable changes in the
structural data. The X-ray diffraction patterns of these
samples show a comparable amount of the tetragonal and
hexagonal impurity phases (Fig. 2a). Their refinement
data (Tab. 2) do not reveal any essential variations of the
site occupancy for the iron ions and for the anions as well
as of the lattice parameters of the main tetragonal phase.
Although any comparison of the low-temperature super-
conducting data and the X-ray diffraction data taken at
room temperature is not plausible, our results indicate a
rather subtle role of the structure which probably cannot
be resolved using conventional X-ray facilities.

Figures 6a and b show, respectively, the magnetic
hysteresis and critical current at different temperatures
for the purest samples with bulk superconductivity. The
critical current density was estimated from the width of
the hysteresis loops using the Bean model for hard su-
perconductors [22,23]. At 2 K the critical current den-
sity j. at zero field reaches a value of 8.6 x 10* A/cm?.
For the sample grown by Bridgman method we obtained
Je = 9.4x10* A/cm?. For the sample grown from self-flux
and intentionally oxidized after the first step we found
nearly 3 times higher values of j. = 2.3 x 10° A/cm?.
Thus, the oxidation allows to increase the critical current.
The critical current for the purest sample with high vol-
ume fraction of the superconducting phase decreases ap-
proximately three times in fields up to 20 kOe but then
flattens at this level up to the largest measured fields sug-
gesting a high current-carrying ability of the material. An
estimation of critical currents for T' = 0 from fits to the ex-
perimental data was performed using a generalized power-
law dependence j(T') = j(0)[1 — (T'/T.)?]™, with p = 0.5,
n = 1.5 and T, = 13.8 K. The respective fit is shown by
the dotted line in the inset of Figure 6b, yielding a value
§(0) = 1.7 x 105 A/cm?. The calculated value of j(0) is
close to those determined for high-quality superconduct-
ing single crystals of Ba(Fe;_,Co,)2Asy [24]. Table 3 sum-
marizes the critical current densities calculated from the
hysteresis loops at 2 K together with the critical temper-
ature T, and lower critical field H.; determined from the
magnetic data.

3.3 Electrical resistivity

Figure 7a presents the temperature dependences of the
resistivity for the investigated samples. The oxygen-free
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Table 3. Superconducting parameters: transition temperature, critical current, upper and lower critical fields for FeSeo.5Teo 5

samples.
Sample T Je Je H. Heo Heo
(K) (kA/em?) (kA/cm?®) (kOe) (kOe) (kOe)
(2 K) (0 K) (2K) [Hld [H ]| ab]
Br N5 13.5 94 250 3 510/920* 850
F213 14.5 77 1.4 570/750*
F216 step 1 144 86 170 1.2 490/980*
F216 step 2 7.6 0.8 0.1
* Estimated from the heat capacity measurements.
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Fig. 6. (Color online) (a) Hysteresis loops at different tem-
peratures measured for the field applied along the c-axis for
FeSeo.5Teo.5 sample F216 step 1; (b) critical current density j.
vs. magnetic field at different temperatures for the same sam-
ple. The inset shows the temperature dependence of the critical
current at zero field with the fit by the power law (dashed line).

samples have a lower value of the resistivity in the nor-
mal state compared to the samples with oxide impurity
which can be attributed to increased scattering of charge
carriers on additional impurity centers related to Fe3Oy.
The resistivity of samples with high volume fraction of the
superconducting phase exhibits a metal-like temperature

up to 200 K; (b) temperature dependences of the in-plane re-
sistivity for oxygen-free sample F213 measured at various mag-
netic fields applied parallel to the c-axis. The arrow shows the
direction of increasing field.

dependence below 200 K down to T, as shown in the in-
set of this figure. Such a behavior was established earlier
only for samples with a low amount of excess iron [20]. In
contrast, the resistivity of samples with suppressed bulk
superconductivity shows a temperature independent be-
havior at high temperatures down to T.. The resistivity
of these samples drops at approximately the same tem-
perature as in the samples with high superconducting
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sample F213 calculated from the specific heat (see text). The
inset shows the temperature dependence of the anisotropy of
the upper critical field vg,_, = H%/HS in the vicinity of T
for sample Br Nb5.

parameters, but the resistive transition is strongly broad-
ened and shifted to lower temperatures in agreement with
the susceptibility data.

Figure 7b illustrates the effect of magnetic field on the
in-plane resistivity in the transition region for one of the
oxygen-free samples (F213). The field was applied paral-
lel and perpendicular to the c-axis, and the measurements
were done on warming after cooling in zero field. The re-
sistivity curves are displaced to lower temperatures with
increasing magnetic field with a stronger shift of the tran-
sition for the field parallel to the c-axis than for the per-
pendicular configuration. The obtained data are in general
agreement with the respective results on the supercon-
ducting FeSe;_,Te, samples with different x reported ear-
lier [17,25].

In Figure 8 the temperature dependences of the up-
per critical field H.o(T) estimated using the criterion of
a 50% drop of the normal state resistivity R,, are shown.
The calculated data show a similar behavior for different
samples with the shift on the temperature scale corre-
sponding to a difference in their transition temperatures.
On approaching 7, the slope of the H.o(T') curve for the
configuration H || ¢ becomes smaller compared to that
of the lower temperatures. Contrary, the slope of Heo(T)
for the configuration H | ¢ shows a slight increase on
approaching T,.. The anisotropy of the upper critical field
defined as vy, = HX/HS, shows a notable increase on
approaching T, from ~yg, = 2.15 at T/T. = 0.91 to
YH,, = 3.6 at T/T. = 0.968 and finally reaches vy, = 6
at T/T, = 0.996 (see inset of Fig. 8). This observa-
tion is in disagreement with the nearly isotropic behav-
ior of the upper critical field reported by other studies
on superconducting FeSe(S);_,Te, with different levels
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Fig. 9. (Color online) Temperature dependences of the specific
heat for different samples. The star indicates the anomaly at
the Verwey transition due to the presence of FezO4 impurity
in sample Br N5. The dashed and dotted lines present the lat-
tice specific heat as described in the text. The inset shows the
specific heat in the representation C/T" vs. T in the transition
region.

of substitution [17,25]. The higher anisotropy value of
~vH,, may reflect the better quality of our samples com-
pared to earlier reports. The upper critical field H.o(0)
for T' = 0 K calculated within the Werthamer-Helfand-
Hohenberg (WHH) model for conventional superconduc-
tors, defined by H2(0) = —0.69T.(dH:o(T)/dT) |1, for
a weak-coupling regime [26]. The results are presented
in Table 3. The values of H.2(0) are rather similar for
all samples, are independent of the impurity content, and
vary in the range 490-570 kOe for the magnetic field par-
allel to the c-axis. H.2(0) for one of the samples measured
along the ab-plane equals ~850 kOe. Such high values of
H5(0), which are far above the Pauli paramagnetic limit
Hp, = 1.84T; ~ 250 kOe can be attributed to an enhanced
impurity scattering from the Fe at 2c sites as proposed in
reference [14].

3.4 Specific heat

Figure 9 shows the temperature dependences of the spe-
cific heat for samples with different superconducting prop-
erties. They exhibit a similar behavior and similar val-
ues of the specific heat at temperatures above 15 K. A
small anomaly at 125 K is observed for sample Br N5
which contains Fe3O,4. By scaling the entropy involved in
this anomaly with that of the specific-heat anomaly at
the Verwey transition measured in Fe3O, we estimated
the amount of the oxide impurity in this sample to be
at a level of ~0.6 mol%. The inset in Figure 9 illustrates
the specific heat in the representation C'/T vs. T in the
low temperature range. The samples with bulk supercon-
ductivity exhibit a pronounced anomaly at around 14 K.
As the transition in the poorly superconducting sample is
smeared out, no discernible anomaly in the specific heat
could be detected. The data in Figure 9 indicate that the
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Table 4. Parameters determined from the heat capacity measurements.

Sample Y 8 Yn Ao 240/T:
(mJ/mol K?) (mJ/mol K*) (mJ/mol K?) (K)
Br N5 5.2 0.75 24 26.6 3.94
F213 0.82 0.85 25 28.1 3.86
F216 step 1 0.96 0.94 25 25.9 3.57
F216 step 2 19.3 0.90 23
0F Eege Te o - the FezO4 impurity although due to insulating nature of
0.5 0.5 _e” Fe304 at low temperatures one should not expect any con-
o -@ tribution to .. However, one cannot exclude, for example,
30| 0-®7 the presence of glassy-like disorder in Fe3O4 with low en-
o~ . . . . ..
- 0 ergy excitations linear in temperature or additional mag-
fo pciad +& netic excitations yielding a 7°%/2 dependence of the specific
Egb -~ <0 . ‘;’:‘: =" heat. This problem needs additional study. For the sam-
e 3 4,;:::. = ples with suppressed bulk superconductivity we obtained
e ‘,.;.ggfr'A Br N5 v = 19.3 mJ/mol K2. We also must note that the cal-
© ol N ,/"‘.lgﬂl' x F213 culated values of the prefactor § for samples with high
N 3o |l" o F216step 1 superconducting parameters and for those with reduced
o :‘ o F216 step 2 superconductivity are close to each other. This indicates
ol” \ \ that the electronic superconducting contribution to the
0 10 20 specific heat in the range of temperatures used for fitting

T2 (K?)
Fig. 10. (Color online) Temperature dependences of the spe-

cific heat in the representation C/T vs. T? for different sam-
ples.

superconducting contribution to the specific heat is small
compared to that of the lattice contribution which domi-
nates the total specific heat. Therefore, an accurate esti-
mation of the lattice specific heat is extremely important
for correct evaluation of the electronic specific heat and
resulting superconducting parameters.

Figure 10 shows the temperature dependences of the
specific heat below 5 K plotted as C/T vs. T? for dif-
ferent samples. A fit to the experimental data in the
range below 4.5 K by using C/T = v + T2 allows to
estimate the values of the Sommerfeld coefficient ~y re-
lated to the electronic contribution, and the prefactor 3
which characterizes the lattice contribution to the spe-
cific heat in a simple Debye approximation. For samples
with non-superconducting behavior this procedure gives
an estimate of v in the normal state, 7,, while for su-
perconducting samples it yields the residual ~,.. The cal-
culated values of these parameters are given in Table 4.
For the oxygen-free bulky superconducting samples we ob-
tained v, = 0.82-0.96 mJ/mol K2. The obtained values of
the residual v, for the oxygen-free superconducting sam-
ples are much lower than reported thus far by other au-
thors for similar compositions [13,20,27]. These extremely
low values of v, confirm the high purity of our oxygen-
free samples. The obtained values of the residual ~, for
pure samples indicate that the volume fraction of the
superconducting phase reaches ~ 95-96% which agrees
with the estimate obtained from the susceptibility data.
A larger value of 7, = 5.2 mJ/mol K? for sample Br N5
can be probably attributed to magnetic contribution from

has only a minor influence and does not affect the ac-
curacy of the calculations and hence, justifies the above-
mentioned fitting procedure and the correctness of the ob-
tained parameters.

To get an additional independent estimate for the
electronic and lattice contributions to the specific heat
we used the following approach. For a description of the
phonon spectrum a combined Einstein-Debye model was
employed. The tetragonal unit cell of FeSe(Te) with space
group P4/nmm contains two formula units giving rise to
a total of 12 normal modes of vibrations. Their contri-
bution was simulated by two Debye terms Cp and one
Einstein term Cg with equal distribution of the spectral
weight between the Debye and Einstein terms. These as-
sumptions are in rough agreement with the results of the
experimental study of the phonon density of states by nu-
clear inelastic scattering [28] and neutron scattering [29]
on related Fej,Se superconductors.

The characteristic Debye and Einstein temperatures,
Op and Op, were input parameters for a fit to the exper-
imental temperature dependence of the total specific heat
above T, by the expression

C = Cp1(@p1) + Cp2(@p2) + Ce(Or) +v.T.

The fitting parameters were varied till the minimal devi-
ations from a constant -, value in a maximal tempera-
ture range (up to 200 K) for the superconducting sam-
ples were achieved. The temperature dependence of the
simulated lattice specific heat with these optimized val-
ues of Op; = 127 K, Ops 235 K and © = 315 K
is shown by the dotted line in Figure 9. For the sam-
ple with suppressed bulk superconductivity by the dashed
line Figure 9 also presents a curve calculated by subtract-
ing the normal state electronic contribution ~,T (with
Yn = 23 mJ/mol K?) from the measured total specific
heat. At temperatures above 30 K both curves nicely
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Fig. 11. (Color online) Temperature dependences of the elec-
tronic specific heat in representation C./T for different sam-
ples. The solid lines represent the fits describing, respectively,
the superconducting specific heat for the bulk superconducting
samples within the single-gap BCS model as given in the text,
and the Schottky anomaly in the non-superconducting sample
(F216 step 2).

coincide with deviations less than 2% in the complete
temperature range up to 300 K. This consistency of the
data again justifies the model used for the simulation of
the phononic contribution. Note that no scaling of the
phononic contribution for samples with high and low su-
perconducting parameters was necessary. We found that
the estimated values of the Sommerfeld coefficient in the
normal state 7, vary in the range 23-26 mJ/mol K? for
different samples and are much lower than those reported
previously for FeSe;_,Te, by other authors [13,20,27]. To
our opinion, the reason of this discrepancy is related to
different estimates of the lattice contribution. In several
earlier papers on FeSe(Te) a fit by an odd-power polyno-
mial to the experimental data taken just above T, was
used to separate the electronic and lattice specific heat.
Utilizing a similar fitting procedure for the temperature
range 15-21 K we obtained for the normal electronic co-
efficient value 7,, = 90 mJ/mol K? and for the prefactor
B = 0.3 mJ/mol K* corresponding to a Debye temperature
©p = 235 K. However, the simple Debye approxima-
tion is known to work well only for temperatures below
Op/50 = 4.7 K [30], which is much lower than the tem-
perature range of fitting. Therefore these values of ~,, and
Op, are strongly overestimated. The failure of this extrap-
olation procedure was demonstrated recently also for the
related superconducting BaFe(Co)2Asg pnictides [31].

The electronic specific heat C, for all samples was de-
termined by subtracting the calculated lattice contribu-
tion from the total measured specific heat. The depen-
dences of the electronic specific heat in the representation
C./T vs. T are shown in Figure 11 for different samples
in a temperature range around the transition tempera-
ture. All samples with bulk superconductivity exhibit a
sharp anomaly in C¢ at T,.. The magnitude of the anomaly
at T, correlates with the amount of the superconducting
phase in these samples. In the sample with suppressed
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superconducting properties no sharp anomaly at T, is evi-
denced, but instead a broad cusp in C, centered at around
10 K develops. A magnetic field of 90 kOe fully suppresses
the residual filamentary superconductivity in this sample,
as show the susceptibility measurements, but has a neg-
ligible effect on the specific heat. This suggests that the
broad cusp in the electronic specific heat is not related
to the superconducting behavior. Importantly, a part of
this cusp-like anomaly is also evidenced in C, for sam-
ples with bulk superconductivity as a broad right wing at
temperatures above T.. To check whether the broad cusp
anomaly can be an artifact due to a possible incorrect de-
scription of the lattice specific heat at low temperatures,
the contribution of the lowest phonon was varied up to
the limiting value when it coincides with the total specific
heat. However, even with this overestimated lattice contri-
bution, the broad cusp in the electronic specific heat still
remains present for all samples, although with somewhat
reduced amplitude (by ~20%) and with slight shift (by
~1 K) to lower temperatures. These results indicate that
the broad anomaly in the electronic specific heat is not an
artifact due to an inadequate modeling of the phonon den-
sity of states, but is a feature reflecting the intrinsic prop-
erties of the studied samples. The typical Schottky-like
appearance of this anomaly suggests an electronic origin,
and the independence of magnetic field indicates its rela-
tion to the orbital degree of freedom. We speculate that
it could originate from a splitting of the ground state of
Fe?T ions either by a crystal field or due to spin-orbital
coupling. Therefore, this anomaly was simulated within
a simple model of a two-level system. The results of the
calculation are shown by a solid line for the sample with
suppressed superconductivity using the data for a field of
90 kOe. We arrived at a reasonable description of the cusp
at temperatures above 7 K with the value of the ground
state splitting 6 = 24 cm™! and the amount of magnetic
species corresponding to ~7% per mole. The only value
that correlates with this quantity in our samples is the
concentration of Fe ions on the 2c sites as resulting from
the refinement of the X-ray data. As mentioned previously,
these 2c site Fe ions can have a local magnetic moment.
Therefore, it is natural to assume that they can also be
responsible for the broad cusp-like anomaly in the elec-
tronic specific heat. However, the presence of this feature
in the electronic specific heat in the samples with bulk su-
perconductivity just above T, indicates that the magnetic
moment of these Fe ions is not the main factor that de-
stroys superconductivity. A remarkably sharp behavior of
the specific heat just below T, and a strong dependence
of the electronic specific heat on the magnetic field (see
Fig. 12) observed for samples with bulk superconductiv-
ity along with extremely low values of their residual 7,
indicates that this contribution is fully suppressed in the
superconducting state.

The temperature dependence of the electronic su-
perconducting specific heat was analyzed within a BCS
derived a-model [32,33] with a temperature dependent
superconducting gap A, using a similar approach as de-
scribed in reference [34] used for analysis of the specific
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Fig. 12. (Color online) Temperature dependences of the elec-
tronic specific heat at different applied magnetic fields for
oxygen-free sample F213 with bulk superconductivity. The ar-
row shows the direction of increasing field.

heat in related Ba(K)FeaAss pnictides. In Figure 11 fit-
ting curves are shown by solid lines for three samples with
high superconducting parameters. The fitting curves rea-
sonably describe the superconducting specific heat, except
in the range below 5 K which can be related to effects
of residual impurities. The values of the superconducting
gap at 0 K, Ay, derived from the analysis, vary within the
range 26—28 K for different samples. The value of the cou-
pling constant 24, /T is close to the BCS value of 3.53.

We note that the obtained gap values Ag = 2.4(1) meV
are in good agreement with the value of 2.3 meV derived
by Kato et al. [35] from scanning tunneling spectroscopy
of Fey 05Se0.15Tep g5, by Homes et al. [36] from optical con-
ductivity of FeSeg.45Teq. 55, and with 2.6 meV obtained by
Biswas et al. [37] from puSR, and by Bendele et al. [38]
from magnetic penetration studies of FeSeq 5Teg 5. These
studies and ARPES [39] indicate a multigap structure of
FeSe;_,Te,. A fit to the electronic specific heat using a
two-gap model, however, did not give an essential improve-
ment compared to the single-gap model and therefore we
conclude that the specific heat is dominated by only one
gap of 2.4 meV.

Finally, in Figure 12 we present the data for varia-
tion of the superconducting specific heat under applied
magnetic fields for one of the purest samples with high
superconducting parameters. For better presentation the
data are shown after subtracting the lattice contribution
from the total specific heat. These dependences allow to
get an estimate of the upper critical field H.o from the
temperature shift of the specific heat using the criterion
of the minimum of the temperature derivative of C, in the
transition region. The respective dependence Heo = f(H)
obtained from these data is shown by open squares in Fig-
ure 8. Interestingly, it exhibits a behavior resembling that
of the H.o curve determined from the resistivity data for
the field applied along the ab plane. The calculations by
the WHH formula [26] gave a value of H.2(0) ~ 980 kOe
which is by a factor of two larger than that obtained from
the resistivity data. Similar results were recently reported

for Ba(K)FeyAss pnictides by Popovich et al. [40], showing
that H.2(0) derived from the specific heat is by a factor
of two higher than that calculated from the resistivity,
which was attributed to flux-flow effect due to vortex mo-
tion. We also would like to mention that concerning H.o
very similar data determined from specific heat and resis-
tivity were recently reported by Serafin et al. [41], which
were interpreted as due to the presence of strong thermal
fluctuations in FeSeq 5Teq 5.

4 Concluding remarks

Our detailed studies of the structural, magnetic and ther-
modynamic properties of FeSeg s5Tep s reveal several im-
portant results:

(1) Preparation conditions have a substantial influence on
the sample properties: the purity of the starting mate-
rials and handling atmosphere are crucial for obtain-
ing high-purity samples. Samples prepared from the
purified elements show superior properties compared
to other cases. The oxygen-free samples prepared by
fast cooling exhibit the lowest values of the suscepti-
bility in the normal state, the highest transition tem-
perature T2" of 14.4 K, contain a volume fraction of
the superconducting phase up to 98%, and exhibit the
most pronounced anomaly in the specific heat at T,. In
the oxygen-free samples prepared by slow cooling the
bulk superconductivity is suppressed. They exhibit a
paramagnetic tail in the susceptibility at low temper-
atures, a very small width of the hysteresis loop, and
a strongly broadened resistive transition.

The magnetic hysteresis measurements revealed high
values of the critical current density j. of 8.6 x
10* A/cm? for the purest samples which can be at-
tributed to intrinsic inhomogeneity due to disorder
at the anion sites. The oxidized samples show an in-
creased j. up to 2.3 x 10° A/ecm? due to additional
pinning centers of Fe3Oy.

The upper critical field H.s of ~ 500 kOe is estimated
from the resistivity study in magnetic fields parallel
to the c-axis for both pure samples and samples con-
taining oxide impurity. The anisotropy of the upper
critical field vg,, = H% /HE, reaches a value of about
6 at T/T, = 0.996 and is the highest reported to date
for these materials.

The specific-heat measurements evidenced very low
values of the residual Sommerfeld coefficient corre-
sponding up to 96% volume fraction of the supercon-
ducting phase which confirms the high quality of the
oxygen-free samples. The value of the normal Som-
merfeld coefficient v, = 25 mJ/mol K? obtained for
pure samples is the lowest reported thus far for the
Feseo,g,Teo,g,.

The temperature dependence of the electronic super-
conducting specific heat for samples with bulk su-
perconductivity can be reasonably described within a
single-band BCS model with the temperature depen-
dent gap Ay of value 27(1) K at 7' = 0 K. The values of



the coupling constant 2A,/T, (see Tab. 3) are rather
close to the BCS value of 3.53.

The electronic specific heat of samples with sup-
pressed bulk superconductivity shows a broad cusp-
like anomaly which is ascribed to a splitting of the
ground state of the Fe?™ ions at the 2c sites. This con-
tribution is fully suppressed in the ordered state in
samples with bulk superconductivity.

The authors thank Dana Vieweg and Nikola Pascher for ex-
perimental support. This research has been supported by the
DFG via SPP 1458 and via Transregional Collaborative Re-
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