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Abstract

We report on structural, susceptibility, conductivity and heat-capacity studies of FeSe sTeg s
single crystals with 2% substitution of Mn for Fe. Mn-doped samples show a higher onset
temperature, a narrower width of the superconducting transition and a higher magnitude of the
jump in the specific heat at 7, in comparison to undoped samples. The normal-state
susceptibility exhibits a quasi-linear increase up to about 130 K. From the resistivity data in
magnetic fields parallel to the ¢ axis we derived an upper critical field H., of ~420 kOe for
doped samples compared to 370 kOe for pure samples. Using a single-band BCS model we can
describe the electronic specific heat in the superconducting state with a gap A(T = 0) =31 K
for the Mn-doped sample in comparison to 26 K for pure FeSe sTeg s.

1. Introduction

Superconductivity in iron-based pnictides [1-3] and chalco-
genides [4] is a hot topic in solid state and materials science.
The iron chalcogenides forming the so-called ‘11’ group are
believed to require a much simpler description than pnictides
with a more complicated structural arrangement. Slightly off-
stoichiometric FeSe exhibits superconductivity at relatively
low temperatures (~8 K) [4]. However, the critical temperature
T, can be enhanced by external pressure up to 37 K [5, 6]. The
superconducting properties of FeSe depend critically on the
stoichiometry [7-9]. They can also be changed by different
substitutions on the cation and anion sites. For example,
substitution of Fe by transition metals such as Ti, V, Co, Ni
and Cr destroys superconductivity [10, 11]. The substitution
of Se by Te in FeSe increases 7, up to ~14 K for 50% of
replacement, e.g. FeSesTeos [12, 13], but T, is suppressed
with further increase of the Te concentration. Moreover,
substitution of S for Te also induces superconductivity in
FeTe and enhances the amount of the superconducting phase
in FeSe [11, 14, 15]. In most cases mentioned above, bulk
superconductivity is difficult to achieve. Indeed, in the best

explored ‘11° system, FeSe;_,Te,, bulk superconductivity is
reported only for x ~ 0.5, whereas for other concentrations
the superconductivity is only filamentary. Even for the
composition x = 0.5 the volume fraction of the bulk
superconducting phase and the width of the superconducting
transition vary rather significantly, depending on details of the
preparation route [12, 16-20]. At present the origin of this
behavior is far from being understood. The extreme sensitivity
of the properties of the iron chalcogenides to minor deviations
from the stoichiometry makes the elaboration of methods to
stabilize their superconducting properties highly necessary.

Here we report on the properties of superconducting
FeSe(sTeps single crystals with substitution of 2% Fe by
Mn ions as studied by magnetic susceptibility, resistivity and
specific heat. We find a clear increase of the onset temperature,
a narrowing of the superconducting transition and an increased
magnitude of the jump in the specific heat at 7, in the
Mn-doped samples compared to those for the pure samples.
Besides that, the doped samples exhibit a lower value of the
susceptibility in the normal state, indicating a smaller content
of magnetic impurities.
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Figure 1. Left panel: experimental (red open circles) and refined (black solid line) x-ray diffraction patterns of FegosMng g,SeqsTeps. The
bottom (blue) line represents the difference between the experimental and calculated intensities. The vertical (green) bars mark the Bragg
positions of the main tetragonal phase (top) and of the impurity hexagonal phase (bottom). The inset shows the (211) reflection for the
undoped (blue circles) and doped (red squares) samples. The right panel shows the Laue pattern for the Mn-doped sample.

2. Experimental details

Single crystals of pure and Mn-doped FeSe 5Te( 5 were grown
by the self-flux method in identical conditions. As the starting
materials we used high-purity elements, 99.98% Fe (chips),
99.999% Se (chips), 99.999% Te and 99.99% Mn powder.
To reduce the amount of oxide impurities, which have a
significant influence on the superconducting properties [21],
we additionally purified Se and Te by zone melting. Handling
of the samples was performed in an argon box with residual
oxygen and water content less than 1 ppm. Single crystals were
grown in double quartz ampoules evacuated up to 10~ mbar
and sealed. Initial treatment was performed at 650 °C for 10 h
followed by heating to 700°C for 24 h. Further heating was
performed up to 1100 °C with 72 h soaking at this temperature.
After this the ampoule was cooled with a rate of 1°C min~"
down to 400 °C for final annealing during 100 h followed by
quenching in ice water. Plate-like samples with dimensions up
to 5 mm X 3 mm x 0.5 mm were extracted from the solidified
ingot. The Laue pattern for one of the grown single crystals
is shown in the right panel of figure 1. The composition of
the samples was checked by energy dispersive x-ray analysis
(EDX). The EDX data are reported elsewhere [21]. The phase
content of the samples was also analyzed by x-ray powder
diffraction (Cu Ker radiation, A = 1.540560 A) on crushed
single crystals using a STADI-P powder diffractometer (STOE
& CIE) with a position-sensitive detector.

Magnetic measurements were performed in a temperature
range of 2-400 K and in magnetic fields up to 50 kOe using
a SQUID magnetometer (MPMS 5, Quantum Design). The
heat capacity was measured by the relaxation method using
a Quantum Design physical properties measurement system
(PPMS) in a temperature range of 1.8-300 K and for magnetic
fields up to 90 kOe. Resistivity studies were performed
on rectangular samples by the four-point method using the
resistivity measurement option of the PPMS with electrical
contacts made of silver paint.

For comparison, we also show the experimental data for
the best prepared earlier undoped sample (labeled as F216
step 1 in [21]).

3. Experimental results and discussion

The x-ray diffraction pattern for the Mn-doped sample together
with the refined spectrum using the FULLPROF suite [22]
is shown in the left panel of figure 1. The x-ray data were
refined within tetragonal symmetry P4/nmm [23] for the main
FeSe( sTep s phase and within hexagonal symmetry P63/mmc
for the Fe;Seg impurity phase. No other impurity phases were
revealed by x-ray diffraction. The positions of Se and Te at
the 2c sites were refined with different z coordinates. The
occupation of Te and Se was refined, constraining the sum
to unity in correspondence with the EDX analysis. A similar
constraint was used for the occupation of Fe and Mn ions in the
main phase. For the Fe ions two different sites (2a and 2c) [24]
were allowed. The occupation factor for Mn was fixed at a
nominal level of 2%. The results of the refinement for undoped
and doped samples are given in table 1. Within the accuracy of
the refinement we could not resolve the exact position of Mn.
However, an enhanced value of the lattice constant ¢ compared
to the undoped samples suggests that the Mn ions occupy the 2c
sites. If the larger Mn ions occupy the 2a positions an increase
of the a(b) parameter will be expected, while the experimental
data exhibit an opposite trend. Therefore we concluded that
the Mn ions preferably occupy the 2c sites. The refined
occupation factors for Se and Te are close to their nominal
concentrations. The refinement reveals a small amount of Fe
ions (5%) present at the 2c sites in accord with observations in
undoped samples [21]. The amount of the hexagonal impurity
phase (4.7%) found in the doped samples was higher than in
the undoped samples (1.4%). Rather astonishingly, the width
of the reflections for the doped sample was narrower than for
the undoped sample (see the inset in figure 1).



Table 1. Structural data obtained from the Rietveld refinement of Fe;_,Mn,Se( sTeg 5.

Mn content, Occupation Occupation Occupation Occupation Occupation Lattice constant Lattice constant Tetragonal
Te |2¢|

X Fe;|2a| Mn,|2c¢| Fe,|2c¢| Se |2¢|

Hexagonal

a,b(A) c(A) phase (%) phase (%)

0 0.9293) — 0.071(3)
0.02 0.931(4)  0.02fixed 0.049(4)

0.49(1)
0.50(2)

0.51(1)
0.50(2)

3.8025(3)
3.8013(3)

6.0300(9)
6.0600(9)

98.6 14
95.3 4.7

Figure 2(a) shows the temperature dependence of the zero-
field-cooled (ZFC) and field-cooled (FC) susceptibility for the
doped sample measured in a field of 10 Oe applied along the
¢ axis. The ZFC susceptibility shows a sharp transition into
the superconducting state with an onset temperature 7, of
14.4 K which is higher than for the undoped sample (13.9 K),
as can also be deduced from the FC susceptibility shown on an
enlarged scale in the inset of this figure. The transition width,
determined as the difference between the onset temperature
and the intercept of the steepest part of the ZFC susceptibility
extrapolated to the temperature axis, is markedly smaller for
the Mn-doped sample (1.0 K) than for the undoped sample
(1.5 K). The value of the FC susceptibility (Meissner effect)
is rather low, indicating strong flux-pinning. The value of
the susceptibility just above the transition for the Mn-doped
sample is about eight times lower than for the undoped sample,
suggesting a lower content of magnetic impurities. The
diamagnetic ZFC susceptibility (shielding effect) is more than
two orders of magnitude higher than the FC susceptibility.
The calculated value of 47 ¥ from the ZFC data at 2 K is far
above unity, suggesting the influence of demagnetizing effects.
Measurements of needle-like samples cut from the original
samples with a negligible demagnetizing factor in magnetic
fields applied along the long side yielded a value of 47 x close
to unity, indicating the bulk character of the susceptibility.

Figure 2(b) shows the temperature dependences of the
magnetic susceptibility measured on cooling in a field of
10 kOe along the ¢ axis in an extended temperature range
2 K < T < 400 K. The susceptibility of the doped sample
manifests a non-monotonic temperature dependence with a
broad maximum at around 180 K, similar to that observed
in the undoped sample. However, the overall variations
of the susceptibility for the doped sample are much more
pronounced in the normal and in the superconducting states.
Beside this, the doped sample exhibits a lower susceptibility
in the normal state. Previous studies of FeSe(sTep s single
crystals prepared under different conditions [21] have shown
that iron oxide (magnetite, Fe;O4) is the main magnetic
impurity present in samples handled in air or prepared from
non-purified elements. The susceptibility of the samples
containing oxide impurities is significantly higher than that of
the oxygen-free samples. The undoped sample has minimal
content of the magnetic oxide impurity [21]. Therefore, an
even smaller value of the magnetic susceptibility of the Mn-
doped sample may indicate a further reduction of magnetic
impurities and reveal the intrinsic magnetic susceptibility of
the FeSepsTeos system. We must also note that the doped
sample contains a nearly three times higher amount of the
impurity phase of Fe;Seg than the undoped sample (table 1).
This suggests that Fe;Seg has an insignificant effect on the
magnetic and superconducting properties of the doped samples
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Figure 2. (a) Temperature dependences of ZFC and FC
susceptibilities for undoped (x = 0) and doped (x = 0.02)
single-crystalline samples measured in a field of 10 Oe applied along
the ¢ axis in the low-temperature range. The inset shows the FC
susceptibility on an enlarged scale. (b) Temperature dependences of
the susceptibility for both samples measured in a field of 10 kOe
applied along the ¢ axis in the range 2 K < T < 400 K. The dashed
line shows a linear character of the susceptibility above 7; up to

130 K for the doped sample.

and confirms the earlier conclusion of [21] which excluded
Fe;Seg from factors suppressing bulk superconductivity in
FeSepsTeps. It must also be mentioned that the larger drop of
the susceptibility at 7, and the absence of any upward behavior
towards the lowest temperatures, as observed in the doped
sample, suggests a more robust superconducting state resulting
from Mn substitution.

Above T the susceptibility of the Mn-doped sample
exhibits a quasi-linear increase up to about 130 K, similar to
linearly increasing normal-state susceptibilities in the ‘1111’
and ‘122’ compounds [25]. We are not aware of any
other reported linearly increasing susceptibility in FeSe sTeq s
single crystals to date and believe that our data are very
close to the intrinsic susceptibility in agreement with Knight



Table 2. Parameters of superconducting and normal state for Fe;_,Mn,Se( sTey s calculated from the magnetic, resistivity and specific heat

data.

Mn T (K)  TO'*(K)  Je 2K) Hy (0) (kOe) — Yr B Va Ag

content, x from yzrc  from p (kAcm™?) [H | c] (mI mol ' K=2) (mImol ' K™% (mImol'K2) (K) 2Ay/T,
0 13.9 13.6 86 370° 980P 0.96 0.94 25 26 3.57
0.02 14.4 14.4 85 420° 1230P 1.88 0.74 30 31 447

2 Estimated from the resistivity. ® Estimated from the specific heat.
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Figure 3. (a) Hysteresis loops of the Mn-doped sample (full
symbols) at different temperatures and of the undoped sample (open
circles) for 2 K measured with the field applied along the ¢ axis.

(b) Critical current density j. versus magnetic field at different
temperatures for the Mn-doped sample (full symbols) and for the
undoped sample at 2 K (open circles). The inset shows the
temperature dependence of the critical currents at zero field for
undoped (open circles) and doped (closed circles) samples. Sample
dimensions: undoped—1.65 x 3.2 x 0.5 mm?;

doped—3.4 x 4.75 x 0.5 mm>.

shift data obtained from NMR in a superconducting single
crystal of Fej 04Seg33Tep 7 (with 7, = 14 K), which reveals
a linear increase up to 100 K [26]. Several scenarios including
strong antiferromagnetic spin fluctuations or electronic band-
structure effects have been discussed as the possible origin
of this linear increase (see [27] and references therein).
Whatever the underlying physical mechanism is, we think
that the observed quasi-linear susceptibility in our ‘11’-type
sample shows a common feature for all three classes of Fe-
based superconductors. The reason for the decrease at higher
temperatures is not clear, but we would like to stress the
similarity of the overall susceptibility with two-dimensional
antiferromagnetically coupled spin systems [28].

Figure 3 presents the left half (a) of a symmetric
magnetization hysteresis loop for the Mn-doped sample
measured at different temperatures. In the same figure the 2 K
data for the undoped sample are shown by open circles. The
field dependence of the critical current density j. estimated
using the Bean model for hard superconductors [29, 30] is
shown in the right half (b) of figure 3 for different temperatures.
At 2 K the critical current density j. of 8.5 x 10* A cm™2 at
zero field was determined for the Mn-doped sample. For the
undoped samples we obtained a similar value of j. at zero
field. At the same time, at higher fields the doped samples
exhibit larger critical currents (by ~20%) than the undoped
ones, indicating the presence of additional pinning centers.

Above 20 kOe up to the largest measured fields the critical
current is only slightly field-dependent, suggesting a high
current-carrying ability. The inset of figure 3(b) compares the
temperature dependences of the critical current j. at H = 0
for doped and undoped samples. For the undoped sample the
value of the critical currents j(0) = 1.7 x 10° A cm™~? (for
T = 0 K) was estimated from the fit to the experimental data
using a power-law dependence j(T) = j(O)[1 — (T/T.)"1",
with p = 0.5,n = 1.5 and T, = 13.8 K. For the doped sample
in the measured temperature range such an extrapolation was
not possible, but from the experimental data of this sample
one can expect a similar high value of the critical current
density for 7 = 0 K. We additionally notice that j. in the
doped sample decreases with temperature not as fast as in the
undoped sample, indicating a higher current-carrying ability
on approaching 7.. The critical current density calculated
from the hysteresis loops at 2 K together with the critical
temperature 7. determined from the magnetic data are given
in table 2.

Figure 4(a) presents the temperature dependences of the
resistivity for the doped sample around the superconducting
transition compared with the data for the undoped sample.
Similarly to the susceptibility data, the resistive transition
for the doped sample is significantly steeper and is shifted
by 0.5 K to higher temperatures. The temperature of the
superconducting transition determined using the criterion of
a 90% drop of the normal-state resistivity R, for the doped
sample is 14.4 K and fits perfectly the onset temperature 7.>"
determined from the low-field susceptibility. This confirms the
high purity of the doped samples. The resistivity of the doped
sample reveals a metal-like increase above 7, up to 200 K,
similar to that observed in the undoped samples [21]. Such
a metal-like behavior was established earlier for FeSe_,Te,
with a low amount of excess iron [31]. In the normal state
the Mn-doped sample exhibits a higher resistivity compared
to the undoped sample, which suggests an increased scattering
of charge carriers on impurity centers which can be associated
with the Mn ions.

In figure 4(b) the temperature dependences of the
resistivity taken at different magnetic fields in the transition
range are presented for the Mn-doped sample. The magnetic
field was applied parallel to the ¢ axis. The measurements
were performed on warming after cooling in zero field. The
resistivity curves exhibit a gradual shift to lower temperatures
with increasing magnetic field, similar to reports on undoped
samples [21]. The temperature dependences of the upper
critical field H.»(T') determined using the criterion of a 90%
drop of the normal-state resistivity R, is presented in the inset
of figure 4(b). The values of the upper critical field H.,(0)
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Figure 4. (a) Temperature dependences of the in-plane resistivity for
undoped and Mn-doped samples measured in zero field.

(b) Temperature dependences of the in-plane resistivity for the
Mn-doped sample measured at various magnetic fields applied
parallel to the ¢ axis. The inset shows the temperature dependences
of the upper critical field H,, for undoped and Mn-doped samples
(closed symbols) calculated from the resistivity data. Open squares
represent He, (T') for the doped sample calculated from the specific
heat and shifted by 0.32 K on the temperature axis to fit the onset of
the resistivity data.

for T = 0 K were estimated using the expression H¢(0) =
—0.69T.(dH(T)|dT)|r, defined by the Werthamer—Helfand—
Hohenberg (WHH) model [32]. The calculated results are
presented in table 2. The estimated value of H¢,(0) ~ 420 kOe
is higher for the Mn-doped samples than for the undoped
sample (370 kOe) and can probably be attributed to enhanced
impurity scattering from the Mn ions.

Figure 5 shows the temperature dependence of the specific
heat C for the Mn-doped sample. Above the superconducting
transition up to a temperature of 150 K, C(7T') is close to that of
the undoped sample shown in the same figure. The upper inset
in figure 5 illustrates the specific heat in the low-temperature
range. A pronounced anomaly at 7t is shown with a much
larger specific heat jump for the Mn-doped sample when
compared to the undoped one. Magnetic field (applied parallel
to the ¢ axis) suppresses the anomaly in the specific heat at T
displacing it to lower temperatures (see the inset in figure 6).
From the shift of the minimum of the temperature derivative
of the electronic specific heat in the transition region the upper
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Figure 5. Temperature dependences of the specific heat for the
undoped and Mn-doped samples. The dashed line represents the
lattice specific heat calculated using the combined Debye—Einstein
model as described in the text. The upper inset shows the specific
heat in the transition region on an enlarged temperature scale. The
lower inset shows the temperature dependences of the specific heat in
the representation C /T versus T2 for the temperature range

1.8-4.5 K for H = 0 and 90 kOe.
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Figure 6. Temperature dependences of the electronic specific heat as
C./T versus T for Mn-doped (open squares) and undoped (open
circles) samples. The solid lines represent the fits describing the
superconducting specific heat within the BCS model. The inset
shows the temperature dependences of the specific heat in different
applied magnetic fields for the Mn-doped sample.

critical field H, was determined. It is shown by open squares
in the inset of figure 4. We found a significant difference
between the H,(7T') determined from the resistivity and from
the specific heat, the latter being much closer to H.»(7") derived
from the resistivity curves for the field parallel to the ab
plane [21]. The estimations using the WHH formula [32] gave
a value of H,,(0) ~ 1230 kOe which is, by a factor of 3, larger
than that obtained from the resistivity data. The reason for this
difference is unclear at present and is beyond the scope of this
paper. However, it must be noted that a similar large difference
in H,(0) determined from the resistivity and specific heat was
reported recently for superconducting Ba(K)Fe,As, [33] and



FeSe;_,Te, (with x = 0.52) [34] and was tentatively ascribed
to anisotropic vortex dynamics.

In the lower inset in figure 5 the temperature dependences
of the specific heat for the doped sample are shown as C/T
versus T2 at temperatures below 4.5 K, measured in zero field
and in a field of 90 kOe. By a fit to the experimental data in the
range below 4.5 K using the expression C/T = y + BT? we
determined the values of the residual Sommerfeld coefficient
¥, related to the electronic contribution, and the prefactor g
characterizing the lattice contribution to the specific heat. The
respective data are given in table 2. For the Mn-doped sample
a value of ¥, ~ 1.9 mJ mol~! K~ was obtained which is, by
a factor of two, larger than the one for the undoped sample
(~1mJ mol~! K~2 [21]). These extremely low values of y; are,
to the best of our knowledge, the smallest reported so far for
FeSe;_,Te, and thus confirm the high quality of our samples.

The dependences of the electronic specific heat in the
representation C./7T versus T are shown in figure 6 for a
temperature range around the superconducting transition. The
electronic specific heat was calculated by subtraction of the
lattice contribution from the total specific heat. The lattice
contribution was estimated within a combined Debye—Einstein
model used in [21] for the undoped FeSe 5Tep 5 samples with
high volume fraction of the superconducting phase and for
those with fully suppressed superconductivity. Twelve normal
modes of vibrations of the tetragonal unit cell of FeSe(Te)
were simulated by two Debye terms Cp and one Einstein term
Cg with equal distribution of the spectral weight between the
Debye and Einstein terms in agreement with the experimental
study of the phonon density of states in FeSe superconductors
by nuclear inelastic scattering [35] and neutron scattering [36].
The characteristic Debye and Einstein temperatures, ®p and
®g, were the input parameters for a fit to the experimental
temperature dependence of the total specific heat above T, by
the expression

C = Cp1(Op1) + Cp2(Op2) + Ce(Of) + ¥ T,

where y, is the Sommerfeld coefficient in the normal state.
The fitting parameters were varied until the minimal deviations
from a constant value of y;, in a maximal temperature range
(above T, up to 200 K) were achieved. The temperature
dependence of the simulated lattice specific heat with the
values of ®p; = 127 K, ®p, = 235 K and O =
315 K is shown by the dashed line in figure 5. With this
lattice contribution we obtained for the Sommerfeld coefficient
in the normal state a value of 3, = 30 ml mol~! K2,
which is slightly higher than that of 25 mJ mol~' K2 for
the undoped sample [21]. It is important to note that these
values of y, are much lower than those reported previously
for FeSe;_,Te, by other authors [16, 31, 37]. The reason
for this discrepancy is related to different estimates of the
lattice contribution. In particular, high values of y, of the
order of 100 mJ mol~' K~2 were reported in several papers
on FeSe(Te) [4, 26] which used an odd-power polynomial
fit to the experimental data taken just above T, to separate
the electronic and lattice specific heat. Utilizing a similar
fitting procedure for the temperature range 15-21 K we indeed

obtained for the normal electronic coefficient y; a rather high
value of ~100 mJ mol~' K~ for the Mn-doped sample and
~90 mJ mol~! K2 for the undoped one [21]. At the same
time, the prefactor 8 was determined as 0.28 mJ mol ™' K~ for
the Mn-doped sample and 0.3 mJ mol~' K~* for the undoped
sample, corresponding to Debye temperatures ®p of 190 K
and 235 K for these samples, respectively. However, this
simple Debye approximation is known to work well only for
temperatures below ®p/50 [38], e.g. below ~5 K, which is
much lower than the temperature range of fitting. Therefore
the values of y, obtained by such extrapolation are strongly
overestimated. In [21] it was shown that for the FeSeq sTeq s
with suppressed bulk superconductivity the lattice specific heat
calculated by the subtraction of the electronic specific heat
voT (with y, = 23 mJ mol~' K~2) from the total (measured)
specific heat perfectly coincides with the lattice contribution
simulated within the above-mentioned Debye—Einstein model.
We additionally note that no scaling of the lattice specific heat
for the samples with the pronounced bulk superconductivity
and for those with suppressed bulk superconductivity was
necessary in this case. These arguments strongly support
the validity of the approximation used to estimate the lattice
specific heat.

As shown in figure 6 the electronic specific heat for
the Mn-doped sample manifests a sharp anomaly at around
T. with a much higher jump in the specific heat at the
superconducting transition than for the undoped sample. At
the same time, above 7. a tail in the electronic specific
heat is shown, extending to a temperature of 30 K. A
similar tail in the electronic specific heat above 7, was
observed for the undoped FeSe(sTey s both for the samples
with full bulk superconductivity and with suppressed bulk
superconductivity [21]. Importantly, for the samples with
suppressed bulk superconductivity this anomaly evolves at
temperatures below 15 K as a broad peak with a Schottky-
like appearance. indicating an electronic origin. Moreover,
this anomaly is independent of the magnetic field (up to
90 kOe), suggesting a probable relation to the orbital degrees
of freedom. In [21] this broad anomaly was attributed to a
splitting of a ground state of Fe>* ions either by crystal field
or spin—orbital coupling. It was described within a model of a
two-level system with the value of the ground-state splitting
of A = 24 cm~' with a concentration of magnetic ions
corresponding to 7 mol%. They were associated with the
minority Fe’' ions at 2c positions in the chalcogen plane
shown by x-ray refinement. These ions are expected to carry a
local magnetic moment [14, 24, 31].

It must be noted that a remarkably sharp behavior of
the specific heat just below T, observed both in the Mn-
doped and in the undoped samples with pronounced bulk
superconductivity (figure 6) along with their extremely low
values of the residual Sommerfeld coefficient j; (inset of
figure 5) and the strong dependence of the specific heat
on the magnetic field below 7. (inset of figure 6) indicate
that the Schottky-like contribution is fully suppressed in the
superconducting state. At the same time, the presence of the
Schottky-like anomaly at temperatures below 14 K in samples
with suppressed bulk superconductivity might indicate the



existence of competing interactions. When superconductivity
sets in, the Schottky-like contribution is quenched, while in the
case of suppression of the bulk superconductivity it remains
observable. The reason for this quenching as well as the
suppression of the bulk superconductivity is unclear at present
and needs additional studies. But in any case, these facts
allow us to neglect the Schottky-like contribution below T,
in the superconducting samples when analyzing the electronic
specific heat.

The other possibility of appearance of a tail in the specific
heat above 7. may be related to magnetic fluctuations, which
was one scenario suggested to explain the quasi-linear increase
of the normal-state spin susceptibility as discussed above.
Moreover, NMR studies also show the existence of spin
fluctuations above 7. [26]. Note that the Mn-doped sample
contains the minimal amount of magnetic impurities. In
samples with higher magnetic impurity content this behavior
is masked, for example like in those containing Fe;O4 which
exhibit a monotonic increase of the magnetic susceptibility on
decreasing temperature [21]. To arrive at final conclusions
more comprehensive studies are certainly necessary.

The temperature behavior of the electronic specific heat
in the superconducting state was analyzed within the BCS-
derived o model [39, 40] with a temperature-dependent
superconducting gap A similar to the analysis of the specific
heat in related (Ba:K)Fe,As, pnictides [41, 42]. The fitted
results for the electronic specific heat are shown in figure 6
by solid lines.

From the ratio of the residual Sommerfeld coefficient y;
to that of the normal state j;,, we obtained a value ~0.06 for
the Mn-doped sample corresponding to a volume fraction of
the superconducting phase of 94%. This is slightly lower
than ~96% obtained for the undoped sample. Despite the
lower volume fraction of the superconducting phase, the doped
sample manifests a significantly higher magnitude of the jump
in the specific heat at the superconducting transition. Certainly
this fact has to be attributed to the substitution effect. It may
result, for example, from the increased density of states at
the Fermi level, as can be concluded from the higher value
of the normal Sommerfeld coefficient (table 2). Note that
the amount of the non-superconducting phase in both samples
roughly correlates with the amount of Fe;Seg. However, this
impurity phase, as was already noted above, does not suppress
the superconductivity of the FeSe 5sTey 5. Therefore in samples
prepared without Fe;Seg impurity one would expect an even
lower residual Sommerfeld coefficient.

Although the Fe-based superconductors are evidently
multi-band systems with possibly multiple gaps, it was
found that a single-band BCS model can describe the
superconducting specific heat reasonable well [42-44]. The
deviations below 5 K are probably related to effects of residual
impurities. The value of the superconducting gap at 0 K is
determined as Ag = 31 K (2.7 meV) for an Mn-doped sample
and is higher than Ay = 26 K obtained for the undoped
sample [21]. This value is in fair agreement with the value
of 2.3 meV obtained by Kato et al [45] from the tunneling
spectroscopy and with the low-energy gap of 2.5 meV
observed by Homes et al [46] in the optical conductivity of

FeSep 45Tegss, as well as with 2.6 meV obtained by Biswas
et al [47] from uSR, and by Bendele ef al [48] from magnetic
penetration studies of FeSepsTeps. It seems that in our case
the specific heat is dominated by the smallest gap, similar to
K-doped BaFe;As,, and the BCS model allows us to estimate
the smallest gap with good accuracy [41, 42]. This rather
good correlation between the value of the superconducting gap
derived from the specific heat with that determined by other
independent techniques additionally justifies our approach for
the analysis of the superconducting and lattice contributions
to the specific heat. Finally, we want to mention that the
obtained ratio 2A¢/ 7. = 4.47 is larger than the universal
weak-coupling single-band BCS value of 3.53. The BCS
model, however, should only be regarded as a parameterization
of the underlying multi-band contributions to the specific heat
and hence deviations from the universal one-band value cannot
easily be attributed to the coupling strength [43].

4. Concluding remarks

In conclusion, our studies of the properties of FeSe(sTe s
single crystals doped with 2% Mn reveal a clear change of
their structural, magnetic and superconducting parameters.
The doped samples show narrower x-ray diffraction lines than
undoped samples, suggesting a higher homogeneity. The lower
value of the susceptibility in the normal state for the doped
samples indicates a smaller content of the magnetic impurities
compared to the undoped samples. The observed quasi-
linear increase of the normal-state susceptibility is consistent
with observations in the ‘122° and ‘1111’ systems and with
the NMR Knight shift reported for comparable ‘11’ single
crystals. The Mn doping obviously has a positive effect on the
superconducting properties. Although the observed increase
of the onset temperature 7." (by ~0.5 K) for the doped
sample is not large, we found a pronounced narrowing of
the superconducting transition and an enhanced magnitude of
the jump in the specific heat at 7, compared to the undoped
samples. For the doped samples the critical current density at
high fields and the upper critical field are also notably enhanced
compared to those for the undoped samples.

We note that very recently an enhanced 7.>" of 14.9 K in
the resistive transition on polycrystalline FeSe(sTeps doped
with 5% Mn was reported by Zhang et al [49], supporting our
single-crystalline data. However, there is a notable difference
between their susceptibility data and our results. Beside
this, their data for the resistivity in the normal state show an
opposite trend compared to our data.

Considering the enhancement of the superconducting
parameters in FeSeosTegs by Mn doping, it should be noted
that this effect is in contrast to ‘122’ Fe-based superconducting
systems, where Mn doping leads to pair-breaking resulting
in a considerable reduction of the superconducting transition
temperature even at such a low level of substitution as 2% [50].
The mechanisms of pair-breaking in Fe-based superconductors
are far from being established. Our present experiments
allow us to exclude several reasons for the observed changes
of properties of FeSeysTeps by Mn doping. They confirm
the previous conclusions [21] about the insignificant role of



the hexagonal impurity phase of Fe;Seg in suppressing the
superconductivity in FeSe( sTegs. Discussing the role of the
magnetic Fe ions at the 2c site, which are assumed to suppress
the superconductivity in the ‘11’ system [14, 20, 24, 31], we
would like to note that studies of the undoped FeSeqsTeq s
samples with a high volume fraction of the superconducting
phase and of those with strongly suppressed superconductivity
put a question mark on the validity of this assumption, at least
for the samples with low amounts of excess Fe ions. To our
opinion, the most plausible explanation of the observed doping
effect is related to a reduction of the residual ferrimagnetic
iron oxide impurities due to formation of antiferromagnetic
manganese oxides. As was already established in [21], samples
containing magnetic oxide impurities exhibit an enhanced
susceptibility in the normal state, a reduced onset temperature
and reduced magnitude of the jump of the specific heat
at 7. compared to samples with a lower content of oxide
impurities. The amount of the residual iron oxide impurities
in the best undoped samples discussed in [21] is below
0.1 mol% as estimated from the change of their susceptibility
compared to the impure samples. A further reduction of the
susceptibility, an increase of the transition temperature 7, and
strong enhancement of the jump in the specific heat at Tt
observed in the Mn-doped sample suggest that the significant
changes of the material properties are caused by a rather subtle
variation of tuning parameters, most probably due to residual
iron oxide impurities. Of course, for a larger concentration,
the substitution can have an opposite effect and Mn can behave
in a similar way as the other transition metals that suppress
the superconductivity in FeSe [10, 11] and FeSeq 5Teo s [49].
It is clear that, to clarify the role of doping and the origin
of the observed changes of the magnetic and superconducting
parameters, complete doping series are necessary. These
experiments are currently in progress. However, already the
present results demonstrate a substantial effect of Mn doping
on the properties of FeSeqsTegs and we hope that they will
stimulate further experimental and theoretical studies of the
interesting ‘11’ superconductors.
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