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Unusual doping dependence of superconductivity in Na,FeAs
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Superconductivity and phase relationships were explored in the Na-Fe-As system. The PbFCl-type 111 phase
is stable only within a Na stoichiometry range of 1.00 to ~0.85, and exhibits bulk superconductivity within an
even narrower range around 0.90 in NaygFeAs. In particular, stoichiometric NaFeAs is not a bulk supercon-
ductor. The onset of the superconducting transition varies in a totally different way and the highest 7. occurs
in multiphase samples with a nominal composition of Na:Fe:As=0.5:1:1, where the superconductive
volume-fraction is almost zero. Such doping dependency is rather surprising and in disagreement with most

expectations.
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The recent discovery of superconductivity in layered
transition-metal oxypnictides, La(O, F)FeAs,! has attracted
intense interest in the FeAs-based compounds. Superconduc-
tivity up to 55 K has been observed in three classes of FeAs-
based compounds, i.e., (R,Ae)(O,F)FeAs, (Ae,A)Fe,As,
and AFeAs, where R, Ae, and A are rare earth, alkaline earth,
and alkali elements, respectively.>”’ The FeAs-based super-
conducting compounds have often been compared with the
well-investigated cuprate superconductors. The doping de-
pendency of the superconductivity, however, appears to be
rather different in the FeAs-family as it varies significantly
from one member to another.”® The main doping effects re-
ported so far in the FeAs family, however, appear still to be
a smooth, bell-like 7. vs. carrier filling x,, where T, is the
transition temperature. Competitions with magnetic ordering
are often suggested in interpreting the data.”!® Significant
change in the superconducting volume-fraction Vg, on the
other hand, occurs only near the normal conductor-
superconductor boundary. The Vi, it should be pointed out, is
actually a convolution of the T.(x;) and the Ilocal
xo-distribution (composition inhomogeneity) if x, is a sole
parameter. A constant Vg, therefore, is expected if the super-
conductive range, A, is much broader than the xy-spread,
e.g., the full width at half height (FWHH) o of a normal
distribution. The effect on 7, in such cases, will be the main
focus. At the opposite extreme of A <o, however, the spread
would lead to the same 7, distribution but a drastic Vg
change with x,, though this is rarely observed or discussed.
Herein we report our observations in the superconducting
system, Na,FeAs, which possesses a PbFCl-type structure
isotypic to that of LiFeAs. This PbFCl-type structure as well
as (trace) superconductivity exist over the whole nominal-
composition range investigated, i.e., with the nominal com-
position of Na,FeAs, with 0.5=y=1.0. The samples are
single phase, however, only for y=0.9, and the impurity
phase FeAs appears at lower y. A rather unusual doping ef-
fect is also observed. On one hand, the samples become bulk
superconducting, e.g., with V¢>10%, only around y=0.9
with an estimated spread <<0.1. The apparent T, on the other
hand, monotonically increases with decreasing values of y.
The T, approaches its maximum where the Vg drops to zero.
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This is different from what is expected for both A<<¢ and
A> o, and is difficult to understand. It seems that while the
Na stoichiometry determines the superconducting range, the
T, onset is dominated by different factors. Candidates, for
example, may be local defects/lattice distortion, which is ex-
pected to be more severe at lower y.

The polycrystalline samples were synthesized from high-
temperature reactions of high-purity Na (ingot, 99.95%), Fe
(pieces, 99.99%), and As (lumps, 99.999%). X-ray phase
pure samples of FeAs powder were first prepared from the
reaction of pure elements in sealed quartz containers at
600-800 °C. The ternary Na-Fe-As samples were prepared
from solid-state reactions of high-purity Na with FeAs. Stoi-
chiometric amounts of the starting materials with composi-
tion Na FeAs were placed and sealed in Nb tubes under Ar.
The welded Nb tubes were then placed inside quartz tubes,
evacuated and sealed, heated to 750 °C at a rate of
5 °C/min, and kept for 3 days before slowly cooled to
300 °C. Postannealing of the samples, between
300-400 °C, both within and without the Ar-filled Nb tubes,
under continuous vacuum, were also carried out for represen-
tative samples. The polycrystalline samples so obtained are
extremely sensitive to air. All manipulation and preparative
steps were carried out within a purified Ar-atmosphere glove-
box, with total O, and H,O level <0.1 ppm. Powder x-ray
diffraction (XRD) analysis was performed using a Panalyti-
cal X’pert diffractometer, using copper radiation. Single-
crystal x-ray analysis was also carried out on selected single
crystals using a Siemens SMART diffractometer equipped
with a charge-coupled device (CCD) area detector. Magneti-
zation measurements were performed in a Quantum Design
superconducting quantum interference device (SQUID) mag-
netometer. The four-lead resistance, R, was measured using a
Quantum Design physical property measurement system
(PPMS). The thermoelectric power, S, was measured using a
homemade system. Precautions were taken to avoid any pos-
sible air contamination. Samples used in magnetization mea-
surements were sealed either in thin quartz tubes or vacuum-
grease coated gel-caps before being taken out of the
glovebox.
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FIG. 1. The powder XRD of a y=1.0 sample. The vertical bars
at the bottom are the line positions of the P4/nmm cell.

The x-ray diffraction data from a single crystal (0.08
X 0.06 X 0.4 mm?) with stoichiometric composition NaFeAs
was investigated using the Siemens SHELXTL programs pack-
age. All 555 reflections can be attributed to an orthorhombic
cell (spacegroup, P4/nmm) with a=3.9866(16) A and ¢
=7.094(4) A. The structural solution of NaFeAs follows that
of LiFeAs.” Both Na and As atoms occupy the 2c¢ sites with
the fractional z coordinates of 0.8542(4) and 0.2975(1), re-
spectively. The resulting stoichiometric composition,
Na, jFeAs, was further confirmed by chemical analyses us-
ing inductively coupled plasma/mass spectrometer (ICPMS).
The polycrystalline powder samples with varying nominal
compositions were characterized using x-ray power diffrac-
tion. The “Na,FeAs” samples are single phase for y=1.0 and
0.9 based on XRD (Fig. 1). Noticeable impurity phase FeAs
begins to appear at nominal compositions with y<<0.9, al-
though the PbFCl-type Na FeAs is still the main phase down
to y=0.5. Analyses of the resulting lattice parameters of
Na,FeAs and phase composition analyses (phase rule) results
in an estimated compositional range of NaFeAs, with y
=1.00-0.85. Thermal annealing under dynamic vacuum at
300-400 °C of the as-synthesized Na,FeAs samples further
indicates no compositional changes and that the phase width
of Na,FeAs is insensitive to temperature. However, the situ-
ation at lower temperatures, e.g., around 7, is less clear. The
entropy associated with randomly distributed Na-vacancies,
however, generally favors a smaller Na-content at lower tem-
peratures, similar to the oxygen deficiencies in cuprates. The
mixed-phase samples, in such a case, might even be meta-
stable against a spontaneous decomposition below room tem-
perature.

The samples were checked using a SQUID magnetometer
under a field of 10 Oe. A small but noticeable magnetic back-
ground appears, which has the lowest value of 4wy
~2.1073 for Na-compositions y=0.90, and rises to 0.1 at
either lower y or after air exposure. The magnetic back-
ground, fortunately, is only weakly dependent on the tem-
perature between 20 and 50 K. The deduced 47(x— x30 )>
therefore, is used here (Fig. 2). The observed diamagnetic
transitions are very broad. Both the zero-field-cooled suscep-
tibility, Xzrc—Xzrc30 k» and the field-cooled one, Xpc
—Xrc30 k» for example, vary with 7 almost linearly between
1.8 and 6 K for the y=0.9 sample [Fig. 2(b)]. The diamag-
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FIG. 2. The 4myzpc at zero-field-cooling (open triangles) and
the field-cooling (solid triangles) 4mypc at 10 Oe. (a): y=1.0; (b)
vy=0.9; and (c) y=0.5. The 47xzgc of the y=0.9 sample (x’s) is also
coplotted in Fig. 1(c).

netic  47(Xzrc— Xzrc30 k) =47 (Xec— Xrc30 k) however,
persists far above this linear extrapolation, e.g., reaches

—0.01 at 8 K and still noticeable up to 9-10 K for the y
=0.9 sample. The split between xzrc and xgc iS even ex-
tended up to 50 K, and mixed with the magnetic hysteresis.
The exact T, onset, therefore, is difficult to determine. The
intercept, Ty, linearly extrapolated from the low-7 suscep-
tibility, therefore, is used as the apparent T~ in the following
discussion, with the understanding that trace superconductiv-
ity may even exist at much higher temperature due either to
local defect-structures/Na-inhomogeneity or oxygen/H,O
contaminations. It is interesting to note that the T, system-
atically increases with decreasing y (Fig. 2). The deduced
Tco are 6, 7, and 12 K, for example, for the y=1, 0.9, and 0.5
samples, respectively. To show this more clearly, the
47(Xzrc— Xzrc 30 k) of the y=0.9 sample is also shown in
Fig. 2(c) and is significantly lower than that of the y=0.5
sample above 7 K. The result, therefore, is also different
from that expected for A <o.

It should be noted that the 47T(XZFC_XZFC,30 K)
~4m(Xrc—Xres0 k) =—1.1 at 2 K observed in the y=0.9
sample is still lower than —1.5 expected for a perfect super-
conducting sphere (or cube). A significant part of the sample
might have even lower 7. Such broad superconductive tran-
sitions seem to be a general characteristic of Na,FeAs. Pre-
viously reported data for y=1.0 samples show similar behav-
ior, where both the broad transition and the small
|47x 70 k|=0.1 are in rough agreement with Fig. 1(a).!""1?
The samples, therefore, are inhomogeneous in terms of the
superconductivity. Various low-temperature annealings, how-
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FIG. 3. a) M(1.8 K)-M(25 K) vs H for the x=0.9 sample (open
triangles) and the x=0.8 sample (+’s). b) solid circles: —47(xpc

—Xrc30 k)i open triangles: —47(xzrc—Xzrc30 k); and the black
line: the likely superconducting volume-fraction Vg (see text).

ever, have been tried without significant improvements. In
particular, as will be discussed later, our data suggest that the
Na migration is noticeable even at 200 K. Local Na inhomo-
geneity, therefore, should not be significantly worse than that
associated with thermal fluctuations, at least not for some
samples that were stored at room temperature for 2-3
months. The drastically different 47(xzrc— Xzrc.30 k)’ for
the y=0.9 and 1.0 samples further demonstrate that the
spread o is far less than 0.05 (Fig. 2). The broad transitions,
therefore, demonstrate that either the doping range is ex-
tremely narrow or the T.-spread is also affected by factors
other than carrier filling.

A more drastic doping effect, however, appears to be the
volume fraction (Figs. 2 and 3). The effect is obvious: both
—47(Xzrc— Xzrc 30 k) and =47 (Xpc— Xpc30 k) drop from
~1.1 at y=0.9 to <0.05 at y=1.0. The data on stoichio-
metric NaFeAs single crystals further confirm that it is not a
bulk superconductor. The situation for smaller y (<0.9),
however, is rather vague with a big difference between the
zero-field-cooled (ZFC) and field-cooled (FC) susceptibili-
ties. While a lower —4m(xrc— Xrc30 k) 1S often attributed
to strong-flux pining, an almost identical —47(xzpc
—Xzrc30 k) and —47(Xgc— Xrc 30 k) in the similar y=0.9
sample cast doubts. It is especially interesting to note that
both —4(xzrc—Xzrc 30 k) and —4(xpc—Xrc30 k) Of the y
< 0.9 samples increase significantly after samples are ex-
posed to air, sometimes by an order of magnitude. The as-
synthesized samples were exposed to either humid air or kept
in desiccated bottles with no significantly different results.
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Enhancements of up to five- to tenfold were observed upon
exposure of up to a few days. Similar enhancement has also
been reported after wSR measurement (presumably with
some unavoidable air exposure).!> While the exact mecha-
nism is not clear, the phenomena strongly suggest that the
superconducting parts of the y <0.9 samples may be concen-
trated on the surfaces and that the samples might not even be
superconductive in their neat states. To verify this, a proce-
dure was developed to compare the relative Vg through the
M-H loops at 2 K. The M-H loop of a type II superconductor
is a superposition of a hysteretic part, M;,*J.d (the flux
pinning), and a reversible part, M., 1/\?, where J,, d, and
N are the critical current density, sample/grain size and pen-
etration depth, respectively. Both should be proportional to
Vs in phase-inhomogeneous samples if no drastic changes in
J., d, and N\ are expected. As a further approximation, the
average M, is used here as the estimation of M.

To avoid the magnetic background, M(H) (1.8 K)-M(H)
(25 K) of the =5 T loops of the y=0.9 and y=0.8 samples
are shown in Fig. 3(a). The M(H)’s (25 K) of all samples are
ferromagnetic like, <0.1 emu/g below 5 T, with negligible
hysteresis and insensitive to y, for y>0.7. While the y=0.9
sample shows a typical M-H loop of a type II superconductor
with the M, being diamagnetic on the order of a few
emu/cm?, the M. of the y=0.8 sample is paramagnetic with
the amplitude one order-of-magnitude smaller, apparently
dominated by the residual background. The hysteretic split of
the y=0.8 sample is also tenfold smaller, excluding the pos-
sibility that the J.d (flux pinning) of the y=0.8 sample is
much larger than that of the y=0.9 sample. The Vy of the y
=0.8 sample, therefore, seems to be at least tenfold smaller
than that of the y=0.9 sample, and closer to the —47(xgc
- Xrc30 k) value [the solid circles in Fig. 3(b)]. We therefore
use the observed —47(xrc— Xrc30 k) to represent V. This
estimated volume fraction appears as a & function of y. It
should be noted that Na,FeAs is still the dominant phase
down to y=0.5 based on the XRD observed. The disappear-
ance of the superconductivity actually occurs within (but
rather close to) the phase range limits. While such an ex-
tremely narrow doping range might be one of the reasons for
the broad transition observed, the higher T,, in the y=0.5
sample presents a challenge (Fig. 2). It is hard to think that a
single-value T,(y) correlation can have the highest T, located
at an edge of doping range. This situation is certainly very
different from that of the other FeAs-based superconductors.
Factors other than the doping levels might be needed to un-
derstand the opposite effects on 7, and Vi. It might not be a
mere coincidence that the Na,FeAs phase at y<<0.9 is near
its substoichiometric-phase range limit. Dense lattice defects
and/or distortions, therefore, are expected in y <0.9 samples.
A larger T, onset and a reduced Vg could simultaneously
occur if the volume fraction were dominated by the undis-
torted part but the onset significantly enhanced in a minor
distorted part.

The optical reflectivity and the apparent magneto resis-
tance up to 50 K in a nearly stoichiometric NaFeAs single
crystal has recently been reported as the evidence for pos-
sible spin density wave (SDW).!3 The resistance R(T,H) of
the y=0.9 sample, therefore, was measured to verify the pos-
sible competition between superconductivity and SDW (Fig.
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FIG. 4. R(T,H)’s of the y=0.9 sample. The lines from left to
right are at H=7, 3, 5, 1, and O T, respectively. The grey band is the
estimated experimental uncertainty due to the shifts (see text). Inset:
The zero-field resistance monitored over the measurement period.
The irregular jumps (one of them is indicated by an arrow) between
230 and 300 K suggest the possible Na migration and the R shift
associated.

4). The superconducting transition is clear with the zero-field
resistance reaching zero at 7y=12 K, which is higher than
the T,y deduced. Under fields, the zero-resistance tempera-
ture shifts to lower temperature as expected. The suppression
rate of 0.4 K/T is comparable to, but slightly higher than, that
of other FeAs-based superconductors, e.g., 0.25 K/T for
Bay (K 4Fe,Asy.'* Together with the total flux expulsion
(Meissner effect) presented above, the bulk superconductiv-
ity in the Na-deficient NajyoFeAs is demonstrated. The ques-
tion of where the superconductivity onset is, however, again
presents a challenge. The field-induced R splits persist up to
40 K or higher, roughly consistent with the splits between
xzrc and xgc observed. To explore the issue, additional zero-
field resistance was repeatedly measured between 5 and 300
K for 4 days, both before and after the high-field measure-
ments (inset, Fig. 4). It is interesting to note that the resis-
tance occasionally jumped at 200 K or higher (shown as
arrows), and that the R is irreversible after such jumps. Al-
though the grain-boundary oxidation may cause such jumps,
the less affected R(T) below 50 K suggests that the Na mi-
gration above 200 K may also be a factor. It is interesting to
note that such a high-migration rate is also needed to inter-
pret the above diamagnetic moment increase after exposure
to air. Without a significant Na migration/re-arrangement on
a depth-scale comparable with A\, a large increase in xzpc is
difficult unless oxygen-contaminated Na-Fe-As were also su-
perconducting with similar 7. To estimate the field effects,
all zero-field data during the 4-day measurements is marked
as a grey band in Fig. 4, and regarded as the experimental
uncertainty. The field effects below 25 K are clearly larger
than the possible experimental uncertainty. The parallel shifts
between 12 and 25 K, and the reasonable dT,/dH value ob-
served strongly suggest possible trace superconductivity far
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FIG. 5. (a) The zero-field resistance of Na-Fe-As samples with
y=0.9 (dashed line) and y=1.0 (solid line). (b) Thermoelectric
power of the y=1.0 (solid line) and the y=0.9 (dashed line)
samples.

above 20 K. This temperature is almost three to four times
that of the T, extrapolated but consistent with the observed
diamagnetic drops far above T.,. The effects at higher tem-
perature, however, are less clear. The field effects are com-
parable with the 4-day drifts of the zero-field resistance, al-
though a systematic up-shift with H is still clear and rather
similar to the data of Ref. 12. It is interesting to note that the
sample with its 477(xrc— Xrc.30 k) =—1.1, should not possess
the positive magneto resistance associated with SDW. In par-
ticular, the same field effects between 25 and 50 K have also
been observed in other samples with 0.5=y=1. No indica-
tions of evolution from SDW to superconductivity can be
seen in our data.

To further explore the issue, the R(T)s and the thermo-
electric power S(T) at zero field for two samples with y
=1.0 and y=0.9 are compared in Fig. 5. Despite the large
residual R(7T=2 K) of the nonsuperconducting y=1.0
sample, both have similar temperature dependency at high
temperatures. Again, no indications of a SDW-to-
superconductivity ~ evolution, such as that in
(R,Ae)(O,F)FeAs," can be seen. The thermoelectric power,
S, is also very similar for the two samples, although one is
bulk superconductor and the other is not [Fig. 5(b)].

It should be noted that the disappearance of bulk super-
conductivity below y=0.8, is even more difficult to under-
stand. If the competing magnetic order is the main factor, the
SDW has to reappear at lower y. It is also hard to understand
the observation that the maximum 7. is actually located out-
side such narrow bulk-superconductive range. Some other
factors, therefore, may also contribute to the doping effect in
the Na-Fe-As system. It is interesting to note that the super-
conductive properties of LiFeAs and NaFeAs, e.g., the
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doping dependency and the transition sharpness, are rather
different.'® The differences between the ion size and the elec-
tronegativity may play a role.

In summary, superconductivity has been observed in the
Na-Fe-As system within an extremely narrow range of the
Na stoichiometry. Although the major diamagnetic transition
occurs at a relatively low-temperature range of 7-12 K, the
resistivity under field suggests a possible onset of 20 K or
higher. The observations show that the superconductivity in
this compound might not be dominated by the carrier con-
centration, and that other factors may also play important
roles.
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