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Superconductivity in FeTe;_,Se, can be controlled by annealing, in the absence of extrinsic influ-
ences. Using neutron diffraction, we show that T¢ sensitively depends on the atomic configurations
of the Te and Se ions. Low temperature annealing not only homogenizes the Te and Se ion distri-
bution, it suppresses T'c because of changes in the chalcogen ions’ z-parameter. In particular, the
height of Te from the Fe basal plane is much reduced while that for Se shows a modest increase.
These trends are reverse of the effects induced by pressure.

PACS numbers: 61.05.F-, 74.62.Dh, 74.70.Ad, 75.50.Bb

Extensive experimental and theoretical works on the
iron pnictides and chalcogenides have revealed impor-
tant traits of these itinerant magnets [1-3]. In particu-
lar, their Fermi surface topologies are remarkably similar
except for the recently discovered A,FesSes (A-alkali el-
ement) system, and both classes exhibit a superconduct-
ing spin resonance around (7, ) [4-6]. While the origin
of the pairing mechanism is still under debate [7, 8], it
is nonetheless clear that the proximity of magnetism to
superconductivity is crucial in the Fe pnictides as it is
in the cuprate superconductors. A common route to
controlling the superconducting transition temperature
(T¢) is to introduce charge carriers via chemical sub-
stitution or to apply pressure [9-11]. The emergence
of superconductivity with the addition of charge car-
riers in the antiferromagnetically ordered parent com-
pounds of the LaFeAsO (1111) or BaFeyAss (122) ferro-
pnictide families resembles the physics of the copper ox-
ides although the ground state of the latter is insulating
while the former are metallic[8]. In both pnictide fami-
lies, the orthorhombic and magnetically ordered parent
phase is suppressed with the onset of superconductiv-
ity in the tetragonal phase. The transition is accompa-
nied by an optimization of important structural compo-
nents, reflected in the As-Fe-As bond angle, the As height
from the Fe plane (the z-parameter) and the Fe-Fe bond
length[12, 13]. These components exhibit a similar de-
pendence to pressure as with doping in both the pnictides
as well as in the chalcogenides[10, 14-18]. In the pnic-
tides it was shown that the anion height and the tetrahe-
dral bond angle reach optimal values, 1.38 A and ~109°
respectively, on approaching the maximum T¢[12, 13].
Remarkably, very little is known of the mechanism that
suppresses Tc and of the changes brought upon the elec-
tronic structure, as is the case of overdoping in 122 [19],
or impurity doping in 1111 [20].

Carrier doping is not vital for superconductivity how-
ever, and here we focus on the binary FeTe;_,Se, where
the chemical pressure induced by the isovalent substitu-
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tion of half of the Se sites with Te is sufficient to nearly
double T¢ at this optimal concentration. The transi-
tion temperature shows a dramatic increase under hy-
drostatic pressures [16].  Yet, pressures in excess of 2
GPA [17] lead to leveling off and subsequent reduction of
T¢. This parallels the behavior observed in the pnictides
in which the adverse effect overdoping has on T¢ gives
rise to the superconducting dome, for reasons that are
not clearly understood at present. In the Ba-122, there
is no apparent structural signature linked to the reduc-
tion of T above a Co doping in excess of x ~0.12[18].
Whether or not the suppression of T¢ is the result of
introducing many defects or impurities that change the
Fermi surface remains an open question. Resolving this
challenging issue is not only relevant to understanding
impurity effects but has an impact on our understanding
of superconductivity in this class of materials.

To address this issue, we investigated through trans-
port, magnetization and neutron diffraction, how the
crystal structure and properties change by annealing
FeTe,Se;_,, without introducing foreign atoms or ap-
plying pressure. Three compositions close to the opti-
mal concentration yielding the highest T (z ~0.5) were
looked at. Annealing is generally thought to improve
sample quality, recently reported in three crystal sys-
tems, Sr(Fe;_,Co,)2As2[21], Sr(Fej_,Ni,)2As2[22] and
Ba(Fe;_,Co,)2As2[23]: by reducing the amount of sam-
ple inhomogeneities through annealing, it was observed
that the magnetic or superconducting transition temper-
atures improved. In the Ba-122 with Co for instance, an-
nealing increases T ¢ and reduces the residual linear term
of the specific heat presumably due to the reduction of
sample inhomogeneities[23]. By comparison, in the Ce
electron doped cuprate superconductors, T is very sen-
sitive to the annealing temperature and partial pressure
of oxygen[24], and superconductivity is observed only af-
ter annealing the samples in a reducing atmosphere that
introduces oxygen vacancies. Thus annealing tends to
increase T typically through effective doping by either



changing the stoichiometry or improving sample homo-
geneity.

Annealing FeTe,Se;_, however has a surprisingly op-
posite effect. Three polycrystalline pellets with the start-
ing nominal compositions of z ~0.48, 0.50, and 0.52 were
synthesized by solid state reaction method. The starting
materials of Fe (99.99%), Se (99.9%) and Te (99.9%) were
mixed in stoichiometric amounts, pelletized, and sealed
in an evacuated quartz tube backed filled with 1/3 atmo-
sphere of argon. The ampoules were then fired at 680 °C
for 4 days. Half of the pellets were then resealed in an
evacuated quartz tube and further annealed at 550 °C for
additional four weeks. Long time annealing may cause
compositional fluctuations as reported in Ref. [25] but no
weight loss was observed. The mass change was carefully
monitored before and after the annealing process and no
observable mass loss was observed. Elemental analysis
was performed by WDS on polished surfaces before and
after annealing. In the as grown FeSey sTep 5, the ma-
jority phase tends to be Te-rich with an atomic ratio
of Fe:Te:Se = 50.2:27.3:22.5 after the initial synthesis at
680°C. The most prominent minority phase is Fe5SesTes,
with a volume fraction of about 6 %. However, after long
time annealing, a thermal redistribution of Se and Te ions
occurs and the majority phase gets quite close to the
nominal composition with the atomic ratio of Fe:Te:Se
= 49.9:24.4:25.7. Fewer impurity phases are observed
in the annealed samples, the same observation made in
another composition, FeSeg 39Teq 61 by [25], emphasizing
that low temperature annealing prevents phase separa-
tion in contradiction to what has been reported on high
temperature single crystal synthesis [26]. The growth of
high quality FeSe;_,Te, single crystals is still problem-
atic, most likely having to do with the high temperature
synthesis. Most as-grown single crystals are nonsuper-
conducting above 2 K [26]. The reason for this is not
quite understood yet. The higher temperatures required
to prepare single crystals tend to promote phase separa-
tion, leading to poor superconducting properties. How-
ever, at present, superconducting FeSe;_,Te, polycrys-
talline samples can be synthesized reproducibly by con-
ventional solid state reaction technique. Our annealing
procedure at low temperatures has shown, in agreement
with [25, 27], that a single phase can be achieved and a
greater ion distribution leads to better superconducting
properties.

Although the x~0.5 compositions show bulk supercon-
ductivity before and after annealing, the optimization
of the Se/Te distribution has a profound effect on the
physical properties. T of the annealed samples is re-
duced by ~2 K, a 15 % change. This reduction in T
was observed in all three compositions studied. Shown
in Fig. 1(a) is the temperature dependence of the re-
sistance of the z ~0.5 and 0.52 samples before and af-
ter annealing, normalized to the resistance at room tem-
perature. Before annealing, the systematic substitution

showed a consistent dependence of T with Se content,
and the values are in agreement with published data on
this system[5, 16]. The resistance plot shown in (a) is
indication that annealing has an adverse effect on super-
conductivity; namely T is suppressed. Although grain
coarsening occurs after annealing as observed by SEM, it
will not suppress T¢. The same observation was made
from the bulk susceptibility data. Specifically the dia-
magnetic susceptibility of Fig. 1(b) shows a reduction
of T¢ with annealing which is in stark contrast to the
reported effects of annealing in the 122 series and in the
cuprate family. Can the homogenization account for the
suppression of T¢? Based on the elemental analysis with
WDS, the change cannot be responsible for the suppres-
sion of T¢ because (1) T¢ should increase as the com-
position moves toward the nominal FeSeq 5Teq 5, and (2)
a two degree drop around x = 0.50 requires a change in
2 of about 20 % according to the phase diagram show-
ing the evolution of T¢ with x in FeSe;_,Te,[5]. Grain
boundaries might affect the physical properties as well.
Generally, the transition, the superconducting transition
in the current case, would be broadened due to grain
boundary scattering. We carefully compared the super-
conducting transition of our samples and the transition
width is comparable before and after annealing as seen
in Fig. la and 1b. The suppression of Tc is obviously
not due to the grain boundary effect.

To understand the origin of the reduction in T, we
looked at the electronic and crystal structures in detail.
Neutron diffraction data were collected at HIPD of Los
Alamos National Laboratory above and below T for all
compositions, and shown in Fig. 1(c) are the diffrac-
tograms for the z = 0.5 sample before and after anneal-
ing. The data were normalized by a vanadium standard
and each spectrum was further normalized by using the
integrated area under the 3.2 A~! peak. Also shown
in the figure is the difference between the two patterns
which indicates that although no new peaks are observed
after annealing, the peaks shift with annealing. The crys-
tal structure shown in Fig. 1(d) is tetragonal at all tem-
peratures. If excess Fe at the 2c¢ site is introduced, the
refinement yields negligible occupancy. The data were
analyzed using two symmetries, the P//nmm, which is
the symmetry typically used for these crystal systems,
and the P/mm. Both symmetries are tetragonal but the
P/mm allows for two unique sites of the chalcogen ions.
The latter symmetry can best describe the local arrange-
ment of the Te and Se ions determined earlier from a
local structure analysis [28]. Although no long-range or-
dering of the Se and Te ions takes place, concurred by
the absence of superlattice peaks, they are nevertheless
not sharing the same site as they give rise to distinct
local bonds with Fe that serve as strong indication that
Se and Te occupy unique sites in the lattice, albeit ran-
domly. Both crystal symmetries can fit the diffraction
data and the refinement results are comparable, although



the P//nmm symmetry consistently yields larger ther-
mal factors. A total of six samples were measured. As
we increase the Se doping from 0.48 to 0.52, the pattern
shifts to the left as expected because the Se ion is smaller
than the Te ion and the lattice constants are reduced.
The unit cell volume decreases as shown in Fig. 2. If
compared to the value before annealing, it is clear that
annealing has the effect of reducing the volume because
of a lattice contraction. Both c¢- and a-lattice constants
decrease and so does the ¢/a ratio shown in the inset of
this figure consistently for the three values of z. The lat-
tice contraction is about 0.5 % along the c-axis for the x
= 0.5 composition after annealing, which corresponds to
~0.03 A change with annealing. Such a lattice contrac-
tion is most likely in response to the ion homogenization,
where after annealing, less Te is in the majority phase as
mentioned earlier. However, from the structure analysis,
we can also deduce that the z-parameters for the Se and
Te change, especially for Te (shown in the inset). At
x = 0.5, the height of the Te ion from the basal plane
is reduced by 0.04 A, and is the dominant effect, while
for Se the change is smaller, ~0.002 A. The reduction in
the Te z-parameter is not simply from the lattice con-
traction, however, as it follows the opposite trend to the
volume. Also from Fig. 2, the as-prepared FeSeg 5Teg. 5
and annealed FeSeg 4sTeq.52 have the same unit cell vol-
umes but different Te z-parameters, indicating that the
change in Te height is not simply from the redistribution
of Te.

The structural changes brought upon by annealing are
markedly different from the effects induced under pres-
sure. A comparison of the tetrahedral units of the crystal
(a) before annealing, (b) after annealing and (c) under
pressure is shown in Fig. 3. In (c), the structural pa-
rameters were obtained from the authors of Ref. [16].
Pressure, in addition to changing the volume by a sig-
nificant amount, changes the Se z-parameter or anion
height significantly while annealing mainly changes the
Te z-parameter. The Te height decreases by 0.04 A after
annealing while the Se height decreases by 0.04 A under
pressure. With annealing, the bond length between Te
and Fe decreases while simultaneously, the bond angle
between them increases compared to the values before
annealing. On the other hand, the bond length between
Se and Fe decreases but the bond angle between them is
reduced and the Se height increases. Under pressure how-
ever, the Se height decreases while the angle approaches
the optimal 109° as seen in (c). The reverse is true for
Te, namely its height increases while the bond angle is
reduced under pressure.

The electronic band structure and partial density of
states were calculated using the structural parameters
determined under three different conditions and results
are shown in Fig. 4. The WIEN2k[29] package with
the generalized-gradient-approximation (GGA) exchange
correlation functional[30] were used. The band structure

shown in (a) corresponds to the crystal structure before
annealing while that in (b) corresponds to the crystal
structure after annealing. The change in the electronic
structure between (a) and (b) is negligibly small and diffi-
cult to see. This suggests that the factors that control T¢
under annealing cannot be detected by the standard LDA
electronic structure calculations. On the other hand, in
(¢), the band structure under pressure clearly shows an
increase in the bandwidth compared to the one in (a).
This change mostly comes about because of the volume
change, which is quite dramatic under pressure (~8%).
At the same time, since the volume change under an-
nealing is quite small by comparison, the band structure
changes are hardly noticeable.

Previous studies on the Fe-based superconductors have
focuced on the effects of the z-parameter early on. How-
ever, no study has been performed on a single compo-
sition to monitor the evolution of the physical proper-
ties while changing the z-parameters, without introduc-
ing foreign atoms or applying pressure. All studies have
focused on different compositions. In our study, we an-
nealed to homogenize the sample without any external
influences. As stated above, the small compositional fluc-
tuation resulting from the homogenization should raise
T¢ according to the well developed phase diagrams. But
this is not what is happening. The change of the Se ion
coordinates (i.e. height and angle) is small, while the
change of the Te ion coordinates is large and is the dom-
inant factor that changes the physical properties. Our
results clearly demonstrate the effect of the Te-height on
the properties.

What is the origin of the reduction of T¢ with anneal-
ing in the 11 family? It is clear that in the 11 family,
there are many possible factors which determine T¢. In
this regard, several theoretical proposals have been made.
For example, if we assume that the superconductivity is
mediated by spin fluctuations caused by Fermi-surface
nesting, how the Fermi-surface changes by controlling the
z-parameter is important[31]. Local spin-density approx-
imation studies suggested that superconductivity should
be enhanced when Te is further from the Fe plane. The
decreased Te z-parameter and ensuing suppression of T
reported in this paper suggests that the pairing is medi-
ated by spin fluctuations [32]. On the other hand, it has
also been claimed that the z-parameter dependence is an
indication of the importance of orbital fluctuation in this
system [33]. In this study we have shown how the local
atomic configuration of the chalcogen ions and in partic-
ular the height of Te is the dominant factor suppressing
Te¢. This change is not realized by applying external
pressure or introducing foreign atoms in the lattice.
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Figure captions:

Figure 1: (a) A plot of the resistance normalized to
the room temperature value for two of the samples, the
z = 0.5 and 0.52. A reduction in T is observed for both
samples. (b) The M/H curve for the annealed and as
prepared sample of x = 0.5 sample shows the same tran-
sitions as the resistance plot. (c¢) The diffraction patterns
compared before and after annealing in the x = 0.5 com-
position. The peaks become sharper and shift to the left
after annealing. d) The crystal structure shown with the
Se and Te sharing the same site.

Figure 2: a) The effect of annealing on the unit cell vol-
ume at the three compositions. The ¢/a ratio is shown
in the inset. Also shown are the z-parameters for Te and
Se before and after annealing. The error bars are smaller
than the actual points shown.

Figure 3: The bond angles, bond lengths and Te and
Se ions height from the basal plane are compared in the
crystal structures (a) before annealing, (b) after anneal-
ing and (c¢) under pressure. The parameters at 0 pressure
obtained from Ref. [16] were normalized to our results
before annealing in order to calibrate the values of the pa-
rameters considering that they were obtained using two
different instruments. The height of the Te ion changes
dramatically with annealing but less so under pressure.
The reverse happens with Se.

Figure 4: The band structure corresponding to the
crystal of FeSep5Teg s a) before annealing, b) after an-
nealing and c¢) at 2 GPa. The band width expands in
the range of -2 to +2 eV quite drastically under pres-
sure when the volume changes from 85.683 A® to 79.652
A®, and the Se height decreases from 1.4581 to 1.4162 A.
However, the band width contracts by a small amount
under annealing in the same energy region when the vol-
ume changes from 85.683 A3 to 85.073 A3 and the Se
height increases from 1.4581 to 1.4596 A.
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