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Macroscopic physical properties of the novel layered superconducting system Fe,, sTe;_,Se, were investi-
gated by means of magnetic-susceptibility, electric resistivity, and heat-capacity measurements. In addition to
the substitution effect of the Te site, intercalated excess irons would suppress the bulk superconductivity. We
have also performed 125Te and 7’Se NMRs on a single crystal of Fe; o4Te ¢7Se( 33 with the highest supercon-
ducting transition temperature 7.~ 14 K. In the superconducting state, the spin part of Knight shifts for both
Hlla and Hllc are suppressed, and the nuclear-spin-lattice relaxation rate 1/7, shows the power-law like
behavior without any coherent peaks, indicating the nodal spin-singlet superconductivity. In the normal state,
1/T,T is enhanced by antiferromagnetic spin fluctuations with decreasing temperature. The superconductivity
in Fe, sTe;_,Se, is realized in the vicinity of the magnetic quantum phase transition and is possibly mediated

by the growth of the antiferromagnetic spin fluctuations.
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I. INTRODUCTION

Since recent discoveries of iron-based superconductors
with the superconducting transition temperature (7,) being
55 K in the highest cases,'™* many studies have been done to
search new materials with high 7, and to clarify the mecha-
nism of superconductivity. In such investigations, the super-
conductivity was discovered with 7,=8 K in the «a-FeSe
system.’ The a-FeSe has a simple layered structure in which
the tetragonal FeSe layers stack continuously along the ¢ axis
without any insertions of another layers. Although the pres-
ence of Se defects is discussed in the report of the discovery
of the superconductivity in FeSe,> Williams et al. indicated
that the stoichiometric FeSe is the most preferable for the
superconductivity since the excess irons should suppress the
superconductivity.” In the next stage, superconductivity in
Se-substituted [the maximum 7,=14 K (Refs. 8 and 9)] and
S-substituted [the maximum 7,=10 K (Ref. 10)] systems at
the Te sites in FeTe, which is isostructural with the supercon-
ducting FeSe, were discovered. Fang et al.® presented that
the end member a-FeTe shows a magnetic phase transition at
65 K, and the superconductivity of FeTe,_,.Se, occurs when
the magnetic phase transition is suppressed by the increase in
x. Because these Fe chalcogenide systems FeSe and
FeTe,_,Se, have the simplest structure with stacking in
quasi-two-dimensional way, we can regard them as important
key compounds to clarify the intrinsic properties of Fe-based
superconductors.

In all the Fe-based superconductors, the superconductivity
occurs in the vicinity of the magnetic phase. Therefore, the
magnetic fluctuations are thought to play an important role in
the Fe-based superconductors. NMR is a powerful method to
investigate low-energy excitations of fluctuated spins. Imai et
all! presented that in almost stoichiometric FeSe, the relax-
ation rate divided by temperature (1/7,T), which is propor-
tional to the q summation of the imaginary part of the dy-
namical spin susceptibility Im y(q,wy)/ @y at the NMR
frequency wy, is enhanced at low temperatures. In a slightly
Fe-rich FeSe(q, sample, the short 7, component (1/7sT)
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also shows the enhancement with decreasing temperature to-
gether with the almost constant long 7, component
(1/T,,T).">'3 From a point of view of electronic spin fluc-
tuations, Fe-based superconductors are grouped into two
types: one shows the enhancement of 1/77 at low tempera-
tures and the other does not show such the enhancement. The
former group includes the 122-system (e.g., Ba,_ K Fe,As,)
(Refs. 14-17) and the 11-system (e.g., FeSe),'"!> and the
latter the 1111-system (e.g., LaFeAsO,_,F,)."®2 Even if
there are some differences among each compound, it should
be quite natural to consider that all the Fe-based supercon-
ductors have the same superconducting mechanism. It is,
therefore, very important to investigate the spin fluctuations
and the antiferromagnetic quantum criticality in the Fe-based
superconductors.

The purpose of the present work is to clarify the role of
spin fluctuations by studying the samples systematically
from the antiferromagnetic FeTe to the superconducting
FeTe Se,_,. Since the Te site in the antiferromagnet FeTe can
be substituted by Se over the whole composition range,®’
and furthermore, excess irons are doped in the other Fe site
as nonstoichiometric Fe,, sTe,_,Se,,2!23 characterizations of
the samples are very important.?* In this paper we present the
results of the magnetic susceptibility, heat capacity, and elec-
tric resistivity of the well characterized Fe,,sTe;_,Se,, and
those of '*Te and 7’Se NMR studies in the single crystal
Fe, 04 Tep¢75€( 33 which has the highest 7.

II. EXPERIMENTAL

Single crystals of Fe;, sTe,_.Se, were prepared by the
self-flux method in evacuated quartz tubes. Samples were
characterized to be in a single phase by x-ray diffraction, and
their compositions were measured by energy dispersive x-ray
spectroscopy (EDS) using scanning electron microscope.
The crystal axes were also determined from Laue photo-
graphs. The magnetic susceptibility y was measured by using
the superconducting quantum interference device magneto-
meter with the magnetic field parallel to the ¢ axis. The elec-
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FIG. 1. (Color online) Temperature dependence of the magnetic
susceptibility x in Fey, sTe,_,Se,. The magnetic field is applied par-
allel to the ¢ axis.

tric resistivity p was measured by the conventional four-
probe method with a condition of electric currents and
magnetic fields parallel to the a and ¢ axes, respectively. The
heat capacity was measured by the relaxation method up to
14 T. All the NMR measurements were carried out by spin-
echo method with a standard phase-coherent-type pulsed
NMR spectrometer. The magnetic fields were applied paral-
lel to the a and ¢ axes. NMR spectra were measured with
sweeping magnetic field in a constant NMR frequency v
=wy. The Knight shift K is expressed as K=(vy/7yy
—-H,.)!H, where yy and H, are the nuclear gyromagnetic
ratio and the resonance field, respectively. '>Te and "’Se
nuclei with the nuclear spin /=1/2 have the nuclear gyro-
magnetic ratio yy=13.454 MHz/T and yy=8.13 MHz/T,
respectively. The magnetic field was calibrated by reference
signals of “D in D,O and '®Te in TeCl,(aq). The nuclear-
spin-lattice relaxation time (7;) was measured by the inver-
sion recovery method.

III. MACROSCOPIC PHYSICAL PROPERTIES

Figure 1 shows the temperature dependence of the mag-
netic susceptibility y in Fe,,sTe;_,Se,. In the sample with
x=0, y decreases rapidly at about 60 K with decreasing tem-
perature. From the heat-capacity measurement, the first-order
phase transition was found to occur at Ty=61.5 K. Below
this temperature, the antiferromagnetic phase transition was
confirmed by the 'Te NMR measurement (not shown).
With the increase in Se content x, Ty decreases and disap-
pears above x ~ 0.2, then superconductivity is observed with
a maximum 7.~ 14 K. Among the samples with the maxi-
mum 7, some samples show large superconducting volume
fraction while other samples show poor one with an enhance-
ment of y in the normal state. This fact should not be attrib-
uted to the sample quality because all the single crystals are
confirmed to be homogeneous by EDS and do not contain
other impurity phases. Such an enhancement of y is aroused
by the moment of excess irons, whose 3d electrons were
predicted to be almost localized from the result of the band
calculation.”® The amount of excess irons could hardly be
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FIG. 2. (Color online) (a) Temperature dependence of the elec-
tric resistivity p in Fe;ogTepssSep45 and Fe; pTep 7S¢ 5. Inset
shows the 7’Se NMR spectra in the same samples with those used
in the resistivity measurements. (b) p-7 in semilogarithmic scale of
Fe; 1,Teg72S¢€g 25. (¢) p-T in the magnetic field Hllc up to 14 T.

characterized by the enhancement of y or composition since
there exist excess irons in Feq,sTe;_.Se, system suggested
by Williams et al.® as well as vacancies in the chalcogen site
suggested by Hsu et al.’> Excess irons would affect transport
properties as well. Figure 2(a) shows the temperature depen-
dence of the electric resistivities p of Fe; ogTeg 555¢€ 45 which
does not show the enhancement of y in the normal state and
in Fe; 1pTey7,5¢ey,3 which shows enhancement of x due to
the localized moments of excess irons. Both the samples
show the superconductivity at about 14 K. Below 300 K, p of
both samples increases slightly with decreasing temperature
and decreases metallically below about 100 K. Therefore the
electronic state probably changes gradually below 100 K.
Just above T, p of Fe;,Tey7.Sep,5 again increases with
decreasing temperature. Figure 2(b) shows p versus logarith-
mic scale of T in Fe; ;,Tej7,5¢( 5. The p indicates the log T
dependence, proving the impurity Kondo effect by the scat-
tering between conduction electrons and nearly localized
moments of excess irons. Figure 2(c) shows p-T under vari-
ous magnetic fields H being parallel to the ¢ axis. Compared
with Fe, ogTe( 555¢€( 45, both the onset and zero resistivity 7,.’s
in Fe; ;,Teq7,Se( »3 decrease rapidly with the increase in H.
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FIG. 3. (Color online) Temperature dependence of C in

Fe, osTeg 555¢( 45 measured at various magnetic fields Hllc up to 14
T. Inset shows the temperature dependence of H,.

This fact indicates that the localized magnetic moments of
the excess irons disturb the formation of Cooper pairs, result-
ing in the suppression of the upper critical field (H,,). From
the sample dependence of the superconducting properties, it
is also noted that all the samples with almost complete su-
perconducting volume fractions do not show the enhance-
ment of y in the normal state but show the decrease in y with
decreasing temperature, which is consistent with the behav-
ior of the Knight shift shown later. The inset in Fig. 2(a)
shows the 7’Se NMR spectra in Fe, o3TeqssSepss and
Fe, 1,Tey72Sep .3 measured at 20 K. The spectrum in the
sample which shows the Kondo-effect like enhancement in
resistivity has larger line width due to the excess irons. Such
a tendency was observed in all the present NMR measure-
ments.

Figure 3 shows the temperature dependence of the heat
capacity C in Fe; ogTe( 55S¢e( 45 measured under various mag-
netic fields H being parallel to the ¢ axis up to 14 T. The
inset shows the temperature dependence of H,,, where T, c,
Ponsets Pmids and p,.. represent 7, determined from the mini-
mum of %, the onset temperature in p-7, the middle point
temperature in p-7, and the zero resistivity temperature in
p-T, respectively. The initial slope of H, against T is quite
large, suggesting the large H,, at T=0 K. When one applies
magnetic field being parallel to the a axis, the decrease in T,
is more slowly,>* suggesting an anisotropic superconductiv-
ity. All the NMR measurements were performed under about
4 and 8 T in which 7.’s are 13.87 and 13.56 K from the
temperature dependence of the heat capacity, respectively.
Since T at zero field is estimated as 14.19 K, the suppression
of T, by magnetic fields is less than 1 K in the present NMR
measurements. Details of the heat capacity in the supercon-
ducting state is discussed later.

IV. MICROSCOPIC PROPERTIES AND SPIN DYNAMICS
PROBED BY NMR

In the NMR measurements, we used a single crystal of
Fe; o4 Teg¢75€033, in which the effect of excess irons is as
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FIG. 4. Field-swept 125Te NMR spectra in Fe| o4 Te( ¢75€( 33 at
constant frequencies (a) vy=107.7 MHz and (b) vy=58.1 MHz
with magnetic fields H parallel to the a and ¢ axes.

small as in the sample used for the heat-capacity measure-
ment. That of Fe; ,Tey7,Seq,g with small superconducting
volume fraction was also used for comparison.

Figures 4(a) and 4(b) show the field-swept '*Te NMR
spectra in the normal state with a constant frequency vy
=107.7 MHz (corresponding to vy/7yy~8 T) and those in
the superconducting state with vy=>58.1 MHz (correspond-
ing to vy/yy~4.3 T) in Fe, s Tey475€033. In both condi-
tions of Hlla and Hllc, the peak fields of the spectra increase
with decreasing temperature. The linewidth is about three
times larger than that in Fe, ;Se,'! indicating distribution of
the local surroundings around Te sites due to the Se substi-
tution and the presence of excess irons. In the case of
Fe, 12Teg72Sep2s, the linewidth of the NMR spectrum is
much larger than that in Fe; (4 Te ¢;S€( 35. The increase in the
amount of excess irons would enlarge the chemical distribu-
tion around the Te site. In the superconducting state, the peak
fields for both Hlla and Hllc increase slightly with the de-
crease in temperature as well as in the normal state. Below
T. the spin-echo intensity of the NMR spectrum is markedly
weakened and the linewidth of the spectrum increases with
decreasing temperature. At 4.2 K the estimated Knight shift
at resonance center of the field-swept spectrum agrees with
that of the frequency-swept spectrum. In the present stage,
we cannot estimate demagnetization. Therefore, we can
roughly discuss the behavior of Knight shift but cannot do
details of the vortex state.

Figure 5 shows the temperature dependence of the Knight
shift of 125Te NMR (IZSK) in Fel'04Teo'67seo_33 with the
Knight shift of "’Se NMR ("’K) for comparison. In the nor-
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FIG. 5. (Color online) Temperature dependence of Knight shifts,
IZSK and 77K in Fe|'04Teo'67S€0.33 and 77K in Fel'lzTeojzseo_zg.

mal state, both 'K and 7K decrease with decreasing tem-
perature, similar to the case with Fe;Se.!! In
Fe o4 Te ¢75€033, both 125K and 77K are well scaled with Y.
On the other hand, y in Fe, sTe;_,Se, with large & shows an
enhancement in the normal state. However, in
Fe, ;,Tey755€eg,3 which is one of such compounds Knight
shift decreases with decreasing temperature as well as that in
Fe; o4Te( ¢75¢€.33. Therefore, the hyperfine coupling constant
between the chalcogen nuclear spin and the localized mo-
ment of excess irons is small. In the NMR spectroscopy at
chalcogen sites, excess irons mainly affect the linewidth. The
suppression of the uniform spin susceptibility with decreas-
ing temperature was found in many itinerant
antiferromagnets'’>>2® similar to the present case, which is
consistent with the presence of antiferromagnetic spin fluc-
tuations probed by 1/7,T shown below.

Figure 6 shows Knight shifts plotted against the uniform
susceptibility (so-called K-y plot) for '»Te and "’Se in
Fe, 04Seq33Teg¢; with temperature as an implicit parameter.
As discussed above, when the amount of excess irons is
small, y does not show the enhancement and decreases with
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FIG. 6. (Color online) Knight shifts K and 'PK plotted against
the uniform susceptibility y in Fe; gsTeg675€0.33- Xdia» Xorbs s,
and 'CS denote diamagnetic and orbital contributed y and chemi-
cal shifts of 7’Se and '®Se nuclei, respectively.
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FIG. 7. (Color online) Temperature dependence of the nuclear-
spin-lattice relaxation rate (1/T;) of ®Te in Fe; 04Teg 675¢€0 33. At
v=58.1 MHz (~4.3 T), below T, the main part of 1/7; shows
rapid decrease obeying ~7" law without any coherence peaks, in-
dicating the possible nodal superconducting gap (see text).

decreasing temperature similar to K. The K-y plots show
good linearities as seen in Fig. 6. The temperature dependent
K and y originate in the spin parts of them. From the slopes,
hyperfine coupling constants due to electronic spins can be
estimated as 'A,=36.3 kOe/ug, '*A,,=48.8 kOe/ g,
and "’A;,=28.5 kOe/ug. Next, we should discuss the
temperature-independent terms of K and y. In general, the
chemical shift of 'Te is very large, sometimes up to 0.3%,
and is by a factor of ~2 larger than that of "’Se when they
are located in the same chemical surroundings.?’ From the
ratio of chemical shifts of '>Te and 7’Se in the same site, we
can roughly estimate the chemical shifts in Fe, (4Seq33Teq 47
as '»C8§~0.25% and "7CS~0.12%, and then x,;, can be
estimated as ~4.5X 10™ emu/mol as shown in Fig. 6.

In the superconducting state as shown in Fig. 5, both
125Ka and 'K, decrease with decreasing temperature. From
the roughly estimated chemical shifts in Fe; 4Seq33Teq 47,
the spin contributed Knight shift K, seems to be com-
pletely suppressed in the ground state for both magnetic field
directions, although there remain ambiguities due to the ef-
fects of the demagnetization and chemical shift. The similar
decreasing behavior in both 125k and 'K, possibly sug-
gests the spin-singlet superconductivity. Since the spectral
shape changes at low temperatures, we need detailed studies
at various constant fields for further discussion.

Figure 7 shows the temperature dependence of the '*Te
nuclear-spin-lattice relaxation rate (1/7}) in Fe; ¢4 Te ¢7S€0 33
for both conditions of Hlla and Hllc. Since the recovery of
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the nuclear-spin momentum cannot be fitted by the function
with the single 7'} component, the recovery curves were fitted
by the relaxation function with the sum of long and slow T}
components, as follows:

M () — M(1)

nsen{ - | +men{ 7). 0
M() =Pos €Xp T + PoL €Xp > (1)

IN TlL

where pgs, por, T1s, and Ty, are fitting parameters. This situ-
ation is similar to the case with FeSejq, (Ref. 13) while
nearly stoichiometric Fe;;Se does not show any distribu-
tions of 7. In the case of Fe, o4 Te( ¢75¢€ 33, the main part of
the recovery is attributed to the short 7} component with a
fraction of ~80%. On the other hand, in the case of
Fe, 1,Tey72Seq o5 the fraction of the long component is larger
than that in Fe; (4Se33Te g7, resulting in that the increase in
the amount of excess irons may increase the fraction of long
T, component with the enlargement of the spectral linewidth.
In the superconducting state, we also measured 7' at lower
field (H~4.3 T). The recovery curves below T, have large
distribution of 7'} due to contributions both from supercon-
ducting and vortex sites, and cannot be fitted by long and
short two components. In these regions, we estimated T}
from the main component of the recovery curves, i.e., we
determined 7 at the region where recovery curve can be
fitted by the single exponential in the longest time region of
two digits recovering. The estimated 7'} below 8 K is the
slowest component which should come from the intrinsic
superconductivity.

In the normal state, the relaxation rates of both short and
long T, components, 1/T;g and 1/T,;, decrease with de-
creasing temperature, and the anisotropy is small. For the
main short 7'y component, 1/7Tg , is about 20% larger than
U Tspie- 1/ Tismia and 1/T g are proportional to (Sh,)?
+(0h,)? and (Sh,)>+(Sh,)?, respectively, where h, . are lo-
cal magnetic fluctuations. Taking it into account that 1ZSAHC is
larger than IZSAHQ, the anisotropy of 1/7;g can be qualita-
tively explained by the anisotropy of the hyperfine coupling
constants estimated from K-y plots.

In the superconducting state, theoretically 1/7, decreases
proportional to ~T? and ~T° in the presence of line and
point nodes in the superconducting gap, respectively. In the
case of Fe (4Seq33Teqq7, below T, the 1/T; decreases pro-
portional to ~7° near T, without any coherent peaks, then
decreases as ~7" with smaller index of n, resulting in an
unconventional superconductiving state possibly with the
nodal gap. Although in the present stage, we cannot elucidate
the behavior of 1/7; uniquely due to an ambiguity of the
fitting of the recovery curves as well as poor information of
the field dependence, detailed analysis of the heat capacity
help us for further understanding of the superconducting
symmetry as shown below. At low temperatures, the slope of
1/T, seems to be close to T linear due to the residual density
of state. Such a behavior often appears in the case of uncon-
ventional superconductors because even nonmagnetic impu-
rity scatterings can easily break Cooper pairs, except for the
electron-phonon coupling case of the BCS type.

Figure 8 shows the temperature dependence of the elec-
tron contributed heat capacity. The inset shows the heat ca-
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FIG. 8. (Color online) Temperature dependence of the electron
contributed heat capacity in Fe; ogTeq 555€( 45. Inset shows the heat
capacity divided by temperature C/T plotted against 72.

pacity divided by temperature plotted against the 7 square. In
the normal state, the data can be fitted linearly between 15
and 20 K. The electron specific-heat coefficient 7y is esti-
mated as 96.3 mJ/K? mol. The large y suggests the strong
electron-electron correlation. In the superconducting state,
the electron contributed heat capacity was estimated with an
assumption that the phonon contribution to the heat capacity
Cpn is unchanged as BT3, where B is a constant associated
with the Debye temperature. Just below T, the electron con-
tributed heat capacity (C—Cyy,) at zero field decreases as ~7"
with n~3, then decreases with smaller n, finally 7-linear
behavior was observed at very low temperatures. Taking into
account the fact that the electron contributed heat capacity
obeys nearly 77 and 7° laws in the cases of the line and point
nodal gaps, respectively, 1/7T} and C—C,, are attributed to
the same low-energy excitations in the superconducting state.
Although the presence of the point node seems to be most
preferable, in the present stage we cannot determine the sym-
metry of the superconducting gap and cannot rule out the
possibility of multiple-gap and/or anisotropic s.-wave
scenarios.?® In Ba, ¢K 4Fe,As,, the similar behavior of 1/T,
was observed below T, i.e., 1/7T, decreases rapidly just be-
low T, without any coherence peaks, then the slope gradually
changes at low temperatures.?’

Figure 9 shows the temperature dependence of the
nuclear-spin-lattice relaxation rate divided by temperature
(1/T,T) of 'Te in Fe, o, Tey s7S¢e033. In both conditions of
Hlla and Hllc, both 1/T;g and 1/T;; are enhanced with the
decrease in temperature. Generally, 1/7T is proportional to
3 |And(@) [ Im x(q, wy)/ wy, where A is the q dependent hy-
perfine coupling constant, wy the NMR frequency, and
Im x(q, wy) the imaginary part of the dynamical spin suscep-
tibility at wy.>* The enhancement of 1/7,T is attributed to
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FIG. 9. (Color online) Temperature dependence of the nuclear-
spin-lattice relaxation rate divided by temperature (1/7,7) for 1257e
in Fe; g4Teq ¢75¢€0 33-

the development of Im x(q, wy). The enhancement of 1/7;T
was also observed in Fe, (;Se.!" Shimizu et al.3' reported that
in a powder sample of FeSesTeys, 1/7T,T decreases with
decreasing temperature at ambient pressure in the normal
state while 1/7,T shows an enhancement at high pressure of
2 GPa. Our data in Fe; o4 Teg ¢7Se 33 are similar to the case at
2 GPa but not at ambient pressure in FeSe sTe 5. It might be
due to an effect of powder summation of the anisotropic
recovery curves or the effect of excess irons.

In the report of neutron-diffraction measurements, an in-
commensurate (8, 57) short-range magnetic ordering was
observed even in the superconducting Fe; osoTeq¢75€( 33, and
& can be tunable with the amount of excess irons.?? The spin
fluctuations with incommensurate q are expected to give a
finite A(q) at any crystal sites. Therefore, the enhancement of
1/T,T in the present result may probe the similar spin fluc-
tuations by neutron diffraction. In the case of
Fe; 1o Tey705¢€( 05, the absolute value of 1/7,T is smaller than
that in Fe; o4Te( 7S¢ 33, suggesting that excess irons may
suppress the antiferomagnetic spin fluctuations, which medi-
ate pair electrons in the superconductiving state. By the den-
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sity function calculations, the curious valence state Fe® is
predicted to occur in the excess iron sites, i.e., the Fe(Il) sites
in Fe,, s;Te with nearly localized strong magnetic moments.>
The role of excess irons is not only pair breaking by mag-
netic scattering at the superconducting state but also change
the electronic state by the carrier doping effect. Since the
superconductivity is strongly related to the magnetic instabil-
ity, the magnetic fluctuations proved by 1/TT are thought to
be the driving force and the origin of superconductivity in
the present Fe-based system.

V. CONCLUSIONS

We presented systematic macroscopic physical properties
of Fe;, sTe;_Se,. The excess irons were found to work as
magnetic impurities and to suppress the upper critical field
H,,. We also measured '*Te NMR on the single crystal of
Fe, 04S¢ 33Teq ¢; and found possibly the nodal superconduct-
ing gap with the spin-singlet superconducting pairing. The
results of 1/7 of '*Te were confirmed to be consistent with
the results of heat-capacity measurements. We also found
that the magnetic fluctuations derived from 1/7,7T have an
important role for the occurrence of the superconductivity in
the present Fe chalcogenide system.
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