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The evolution of the structure, magnetic ordering, and superconductivity in the series Ba;_,Na,.
Fe,As, is reported up to the limiting Na-rich composition with x = 0.6; the more Na-rich
compositions are unstable at high temperatures with respect to competing phases. The magnetic
and superconducting behaviors of the Ba;_ Na,Fe,As, members are similar to those of the better-
investigated Ba,_ K Fe,As, analogues. This is evidently a consequence of the quantitatively similar
evolution of the structure of the FeAs layers in the two series. In Ba;_,Na, Fe,As, antiferromagnetic
order and an associated structural distortion are evident for x < 0.35 and superconductivity is evident
when x exceeds 0.2. For 0.4 < x =< 0.6 bulk superconductivity is evident, and the long-range
antiferromagnetically ordered state is completely suppressed. The maximum 7 in the Ba;_,Na,.
Fe,As, series, as judged by the onset of diamagnetism, is 34 K in Bay (Nag 4Fe>As,. Despite the large
mis-match in sizes between the two electropositive cations which separate the FeAs layers, there is no
evidence for ordering of these cations on the length scale probed by electron diffraction.

Introduction

The recent discovery of superconductivity at 26 K in
LaFeAsO,_.F,' has generated enormous interest, and
subsequent investigations have led to the discovery of the
first non copper-oxide superconductors with critical tem-
peratures (7,) exceeding 50 K. Iron arsenides represent a
further class of high- 7. superconductors,” in which super-
conductivity occurs in compounds with layered structures
and in which superconductivity lies in close proximity to
antiferromagnetic order. Several studies suggest that super-
conductivity in these new compounds is non-BCS-like**
and may be intimately related with magnetic fluctuations.>®
However, the details of the origin of superconductivity in
these phases is still under intense debate.

LaFeAsO with the tetragonal ZrCuSiAs-type structure’
contains cationic fluorite-type LaO layers alternating with
antifluorite-type anionic FeAs layers. In the literature on
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these superconductors, compounds with this structure are
often referred to as the “1111” series. LaFeAsO is a semi-
metal and exhibits Pauli paramagnetism with an anomaly
in the magnetic susceptibility and specific heat at 135—
140 K.>° This transition is accompanied by a reduction of
the lattice symmetry from tetragonal to orthorhombic around
150 K.* Somewhat below this structural transition anti-
ferromagnetic long-range order sets in with small magnetic
moments (~0.4 ug) localized on the Fe atoms.” Changing
the electron count within the FeAs layers by means of
partial oxidation (hole doping)'® or reduction (electron
doping)"'! suppresses the antiferromagnetic long-range
order and the structural phase transition, and the tetra-
gonal phase becomes superconducting. Hence, the competi-
tion between superconductivity and antiferromagnetism in
LaFeAsO derivatives is highly sensitive to the electron
count in the FeAs layers. The precise superconducting
properties appear also to be sensitive to the crystal struc-
tures: Lee et al. have observed that, assuming the optimal
electron count, the highest values of 7, are obtained when
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the FeAs, tetrahedra are close to regular.'®!'? Evidently
the competition between the instability which leads to
magnetic order in these itinerant antiferromagnets and
the instability which leads to superconductivity is finely
balanced and depends on the details of the Fermi surface
which are dictated by the crystal structure and the elec-
tron count, and also depends on the disorder which inevi-
tably accompanies chemical substitution.

BaFe,As, with the ThCr,Si, structure'* is the arche-
typal representative of the “122” type pnictide super-
conductors; FeAs layers structurally similar to, and iso-
electronic with, those in LaFeAsO, exhibited very similar
magnetic susceptibility, conductivity, and heat capacity
to LaFeAsO.'” The only significant difference is that the
structural transition and the transition to the magneti-
cally ordered state are coincident at 140 K. In the course
of this phase transition, the tetragonal symmetry of the
ThCr,Si,-type structure (space group I4/mmm) changes
into the orthorhombic S-SrRh,As,-type (space group
Fmmm)'® and long-range antiferromagnetic ordering
appears.'> Hole doping in BaFe,As, to change the elec-
tron count of the FeAs layers suppresses the structural
and magnetic transitions and induces superconductivity.
The maximum value of T, of 38 K was obtained in Bag 4-
Ko4Fe>As,,!”, but superconductivity persists over a wide
range of electron counts and only the very Ba-rich mem-
bers of the Ba;_ K Fe,As, solid solution do not super-
conduct. Alternatively the superconducting state can be
stabilized by substituting Fe by Co within the arsenide
layer as in the well-studied Ba(Fe;_,Co,),As;. ¥ The sup-
pression of antiferromagnetic order and the emergence of
superconductivity can furthermore be accomplished by
the application of an external hydrostatic pressure'*° or
by modifying the band structure by making substitutions
on the pnictide site in BaFez(Asl_XPx)z.ZI’22

Superconductivity appears to be ubiquitous in com-
pounds containing FeAs (and sometimes FeP or FeSe)
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antifluorite-type layers. SrFe,As,, >~ CaFe,As,,>%?’
and EuFe,As,”®?° are further members of the 122-series
in which superconductivity may be realized by appro-
priate doping. The 122 systems are most amenable to crystal
growth for physical property measurements, and the sys-
tems Ba;_.K Fe,As,** and Ba(Fe,_.Co,)»As,>' have
received extensive attention. The evolution of the crystal
structure, phase transition, and superconductivity in the
solid solution Ba;_ K Fe,As, (0 < x < 1) have been re-
ported by Rotter et al.**, and Nandi et al.*' have demon-
strated how the suppression of antiferromagnetic order
and the orthorhombic distortion in Ba(Fe;—,Co,),As,
are coupled to the emergence of superconductivity. In
general doping on the alkaline earth site has been re-
stricted to using alkali metals with similar ionic radius to
the alkaline earth metals in the parent phase. The Ba,_ -
K .Fe,As, solid solution occurs for 0 < x < 1°? because of
the similar ionic radii of Ba** and K3 and the tolerance
of the tetragonal ThCr,Si,-type structure to electron
count. Substitution of the alkaline earth by Na™ has been
reported in CaFe,As, and EuFe,As,;?%?”* however, the
full solid solution cannot be obtained at the high tem-
peratures used in synthesis: the square prismatic site is too
large for Na™, and although NaFe,As, may be formed at
low temperatures,*® it is metastable with respect to the
formation of NaFeAs* and FeAs. In NaFeAs*-° and
LiFeAs®’* with the anti-PbFCl structure the smaller
alkali cations are in a 5-coordinate square pyramidal site.

In spite of the great difference in the ionic radii of Ba*"
and Na™ (for comparison the values for sites 8-coordinate
by oxide are (1.42 A and 1.16 A respectively)),*® we have
stabilized Ba;_Na /Fe,As, over a wide compositional
range (0 < x < 0.6). These compounds and the evolution
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from the antiferromagnetic semimetal BaFe,As, to super-
conducting hole-doped phases are described in this article.

Experimental Section

All manipulations were carried out in an argon-filled glove-
box. Ba;_Na,Fe,As; (0 = x < 0.6) were synthesized by heating
stoichiometric mixtures of the elements. Ba (rods, Aldrich 99%)
was purified by sublimation onto a copper coldfinger under high
vacuum at 950 °C prior to use. Na lump (BDH 99.9%) and Fe
powder (ALFA 99.998%) were used as received, and As pieces
(ALFA 99.9999%) were pulverized prior to use. Fe and As were
ground together and placed on top of the appropriate amounts
of the electropositive metals inside 9 mm diameter Nb tubes which
were then welded closed under 1 atm of argon in an arc furnace
and heated in protective evacuated silica tubes. The mixtures
were heated at 1 °C min~' to 800 °C. This temperature was main-
tained for 3 days, and the reaction vessels were then cooled
rapidly to room temperature by removing them from the hot
furnace. After homogenization in an agate mortar inside the
glovebox, the products were annealed at 900 °C for 30 h, and
once again, cooled rapidly to room temperature. For x = 0.5 the
powders were pressed into 13 mm diameter pellets prior to the
annealing step. The compounds are black with metallic luster
and are stable in air and moisture for at least several weeks.

Powder X-ray diffraction (PXRD) measurements were car-
ried out using a PANalytical X'pert PRO diffractometer oper-
ating with CuKj; radiation in Bragg—Brentano geometry at
room temperature with the sample mounted on a silicon wafer.
Crystal structures were refined by the Rietveld method using the
GSAS software package.*® Neutron powder diffraction (NPD)
measurements at room and low temperature were performed
using the diffractometers D2B (ILL, Grenoble), POLARIS and
OSIRIS (ISIS, U.K.) with the samples contained in thin-walled
vanadium cylinders.

Selected area electron diffraction (SAED) measurements
were performed on Philips CM20 and Tecnai G2 transmission
electron microscopes. High angle annular dark field stem images
(HAADF-STEM) were taken on the Tecnai G2 instrument.

To characterize the magnetic and superconducting proper-
ties, zero-field-cooled (ZFC) and field-cooled (FC) magnetiza-
tion measurements were performed from 2 to 300 K in a mea-
suring field of 50 Oe using a SQUID magnetometer (Quantum
Design, MPMS-XL).

Results and Discussion

Samples of Ba;_,Na ,Fe,As, with x < 0.6 appeared
single phase according to laboratory PXRD measurements.
Attempts to prepare materials richer in Na resulted in the
formation of impurity phases. Reactions intended to pro-
duce Ba0A3gNao_62FezAsz and Ba0_36Na0A64FezAsz leldCd
Ba,_,Na, Fe,As, phases together with a NaFeAs impurity,
and samples even richer in Na (i.e., Bag3;Nag;Fe,As, and
Bag,Nag gFe,As,) produced additional impurities of Fe,As
and NasAs.

Room Temperature Crystal Structures. The trends in
the crystal structures of the compounds Ba;_ Na Fe,As,
were determined by Rietveld refinements against PXRD
and NPD data. All compositions crystallize at room
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Figure 1. Evolution at room temperature of the lattice parameters and
unit cell volume of Ba;_,Na,Fe,As; (0 < x < 0.6) as a function of x, com-
pared with the corresponding evolution in Ba;— K Fe;As, (0 < x < 1)
(ref 30). Values are given as percentages of the values in BaFe,As,.

Table 1. Lattice Parameters of Ba;_,Na_ Fe,As, (0 < x < 0.6) from
PXRD Data at Room Temperature and from NPD at 5 K

300 K 5K
x a(A) c(A) a(A) b (A) ¢ (A)

0 3.96513 13.02689 561460  5.57125  12.94530

0.1  3.957064(6) 13.03490(3) 5.6074(1) 5.5646(1) 12.9479(3)
0.2 3.939903(9) 13.07026(4) 5.5804(1) 5.5406(1) 12.9517(3)
0.3 3.93327(1)  13.09115(5) 5.5744(1) 5.5385(1) 12.9787(3)
0.35 3.919322(9) 13.10666(4) 5.5396(1) 5.5278(1) 12.9914(2)
04  3.90625(1)  13.11847(5) 3.89584(8) 12.9940(3)

0.5  3.88846(5)
0.6  3.87090(2)

13.11820(2)
13.08699(8)

not measured
not measured

temperature in the tetragonal ThCr,Si,-type structure with
space group I4/mmm. Figure 1 and Table 1 show the vari-
ation of the room temperature lattice parameters with sod-
ium doping from laboratory PXRD data. The lattice para-
meters ¢ and ¢ vary approximately linearly with the sodium
concentration in the range 0 < x < 0.4. In this composi-
tional range the basal a axis decreases with increasing
x while the ¢ axis perpendicular to the FeAs layers in-
creases. This behavior of the lattice parameters is qualita-
tively similar to that displayed by Ba;_ K .Fe,As, over the
entire compositional range 0 < x < 1.** The behavior of the
basal lattice parameter (i.e., /2 x Fe—Fe) is furthermore
quantitatively similar in the Ba,_ K .Fe,As, and Ba;_,.
Na,Fe,As, series. Because of the smaller radius of Na*
compared with K™ the increasein cin the Ba,_ .Na,Fe,As,
series is less rapid with x than in the Ba;_ K .Fe,As, series
uptox = 0.4.

For x > 0.4 in Ba,_,Na Fe,As, the basal lattice para-
meter continues to shrink, and the ¢ parameter also
shrinks as the Na/Ba ratio exceeds 1 at x = 0.5. Given
these trends in the lattice parameters, the unit cell volume
decreases rapidly with x as the sodium-rich limit at x = 0.6
is approached. Overall the cell volume decreases by 4%
in the range 0 < x < 0.6. In Ba;_ K Fe,As, the cell
volume is almost constant over the entire compositional
range because the contraction in a compensates the in-
crease in ¢. In none of the powder diffraction patterns
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were there any superstructure reflections to indicate
ordering of the two differently sized cations on the length
scale probed by X-ray or neutron diffraction methods.
The possibility of ordering of the electropositive cations
was probed using electron diffraction. The SAED pat-
terns along the directions [100], [110], and [001] of Bag 4.
Naj 4Fe,As, are shown in Figure 2 and show only re-
flections belonging to the /4/mmm lattice determined by
XRD. Nor was there any evidence for diffuse scattering in
these diffraction patterns. The absence of certain types of
local order (e.g., ordering into Na-rich and Ba-rich
columns) is also supported by HAADF-STEM images;
a representative image along [100] is shown in Figure 3. In
these images the brightness of a projected column is
related to its average atomic number along the column.
Thus Ba and Na columns should give respectively bright
and low intensity dots. On the HAADF-STEM images

Figure 3. HAADF-STEM image along [100]. The model is put over a
small area of the image to indicate the correspondence of the different dots
to specific projected atom columns. Green spheres are Ba/Na, white are
Fe, red are As. The white arrows indicate the Ba/Na layers. The size of one
unit cell is indicated by a white rectangle.
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overall all dots at the Na/Ba position have similar bright-
ness, with no sign of order between the cations.

The trends in the Fe—Fe bond length follow those in the
a lattice parameter because Fe—Fe = a/4/2. This and
other structural parameters at room temperature obtained
from NPD measurements are compiled in Tables 2—4. The
Fe—Fe distance and the As—Fe—As bond angles are the
parameters which change most significantly with hole
doping (Figures 4a and 4b). The Fe—Fe distance de-
creases approximately linearly with increasing sodium
content while the change in Fe—As bond length is almost
an order of magnitude smaller than the change in the
Fe—Fe distance. The FeAs, tetrahedra therefore change
from being slightly compressed along the ¢ axis in Ba-
Fe,As, to being slightly compressed in the basal plane in
Bag 4Naj ¢Fe,As, relative to a regular tetrahedron. The
increase in the compression of the FeAs, tetrahedra in the
basal direction coupled with the fact that at small Na
contents, the interplanar As—As distance (Figure 4c) is
almost invariant with x in Ba;_ Na Fe,As, accounts for
the initial increase in the length of the ¢ axis (Figure 1). At
higher Na contents (x > 0.3) both the basal lattice para-
meter and the interplanar As—As distance decrease at simi-
lar rates (by 1.5% in the range 0.3 < x < 0.6) as the average
(Ba,Na)—As distance decreases sharply (Figure 4d). This
decrease in the interplanar As—As distance for x > 0.3
which becomes increasingly rapid with x as x increases
means that the ¢ axis length decreases as the Na-rich limit
is approached. Representative NPD patterns at room
temperature and at 200 K are shown for BayoNag .
Fe,As, in Figures 5a and 5b.

Low Temperature Crystal Structures. PND patterns
collected at 5 K (Figure 5c) show that like in BaFe,As,,
several reflections split at low temperature in the Ba;_,.
Na, Fe,As, phases with x < 0.4. The patterns at 5 K were

Table 3. Bond Distances for Ba;_ Na Fe,;As, (0 < x < 0.6) from NPD
Data at Room Temperature

o

x Fe—Fe(A) Fe—As(A) Ba/Na—As(A) As—As(A)
04 2.798 2.395 3.378 3.786
0.17  279718(2)  2.4011(2) 3.3793(2) 3.793(6)
0.2¢¢ 2.78334(3)  2.3973(9) 3.3679(9) 3.792(3)
0.3 2.77845(6)  2.400(1) 3.361(1) 3.784(4)
035" 277073(3)  2.3989(2) 3.3544(2) 3.782(6)
0.4%9 2.75858(3)  2.3967(7) 3.3403(7) 3.767(2)
0.5%¢ 2.75047(2) 2.3954(2) 3.3324(2) 3.763(1)
0.65¢ 2.73395(4)  2.3919(9) 3.3064(8) 3.719(2)

“ref42.° POLARIS (ISIS, UK). ° D2B (ILL, France).  Space Group:
I4/mmm (No.139). Ba,Na: 24 (0,0,0), Fe: 4d (1/2,0,1/4), As 4¢ (0,0.2).

Table 2. Refined Atomic Parameters for Ba;_ Na Fe,As, (0 < x < 0.6) from NPD Data at Room Temperature

x 10* x (Ba/Na Usso(A?) 10* x (Fe Ui, (A%) Asz 10 x As Uso (A%)
0 95(5) 57(6) 0.35405(8) 99(5)
0.1/7&[1 83(1) 64(1) 0.35447(2) 68(1)
0.2 80(10) 84(4) 0.3548(1) 87(6)
0.3 110(10) 77(5) 0.3554(2) 90(6)
0.35"4 129(2) 81(1) 0.35567(3) 94(1)
0.4 128(6) 65(3) 0.35627(9) 78(3)
0.5 142(1) 76(1) 0.35659(3) 82(1)
0.6 174(8) 69(3) 0.3577(1) 84(4)

“Ref 42. "POLARIS (ISIS, U.K.). D2B (ILL, France). “Space Group: I4/mmm (No.139). Ba,Na: 2a (0,0,0), Fe: 4d (1/2.0,1/4), As 4e (0,0.2).
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Table 4. Bond Angles for Ba;_ Na Fe;As, (0 < x < 0.6) from NPD Data at Room Temperature

X As—Fe—As (deg) x 2 As—Fe—As (deg) x 4 As—(Ba/Na)—As (deg) x 2 As—(Ba/Na)—As (deg) x 4

0 111.411 108.510 111.847 71.703

0.1 110.92(1) 108.750(6) 111.731(9) 71.647(4)

0.2 110.37(6) 109.026(26) 111.47(4) 71.52(2)

0.3 109.90(9) 109.26(5) 111.50(7) 71.53(3)

0.3504 109.51(1) 109.451(7) 111.38(1) 71.475(5)

0.4 108.95(5) 109.731(23) 111.35(3) 71.46(2)

0.5%4 108.57(1) 109.92(7) 111.25(1) 71.41(5)

0.6%¢ 107.85(6) 110.29(3) 111.56(4) 71.56(2)

@Ref 42. " POLARIS (ISIS, U.K.). D2B (ILL, France). ‘ISpace Group: /4/mmm (No.139). Ba,Na: 24 (0,0,0), Fe: 4d (1/2,0,1/4), As 4¢ (0,0,z).
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Figure 4. Variation of structural parameters at room temperature in
Ba;_,Na,Fe,As; (0 < x < 0.6) as a function of x: (a) Fe—Fe bond length,
(b) As—Fe—As angle, (¢) As—As distance, and (d) (Ba,Na)—As bond
length. Comparative data for Ba;_ K Fe,As, data (ref 30) are shown.

indexed with an orthorhombic F-centered unit cell, and a
structural model corresponding to the -SrRh,As,-type
was refined in the space group Fmmm. To delimit the com-
position range of the structural transition, we have stud-
ied the dependence of the (112) reflection of the tetragonal
structure at low temperature with Na content (Figure 6).
Peak splitting into the orthorhombic (022) and (202) re-
flections is well resolved at x = 0.1 and 0.2, and peak broad-
ening is evident for x = 0.3. The highest resolution data
collected on OSIRIS for the x = 0.35 sample (Figure 6d)
shows a just-discernible peak broadening on cooling from
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Figure 5. NPD pattern and Rietveld fit of Bag 9Nay  Fe,As, at (a) 300 K,
(b) 200 K, and (c) 5 K with magnetic Bragg peaks indicated.

200 to 5 K, but for the x = 0.4 sample (Figure 6¢) the
distortion is not evident at the resolution of the diffracto-
meter. We conclude that there is evidence for an ortho-
rhombic distortion up to x = 0.35, but for larger x con-
tents the tetragonal ThCr,Sip-type structure in space
group I4/mmm is retained at all temperatures. This is in
agreement with the observation that the structural transi-
tion in Ba,_.K Fe,As, is only evident for x < 0.4.*!
Table 1 and Figure 7 show the 5 K lattice parameters as a
function of Na doping. The size of the orthorhombic
distortion in Ba;_,Na,Fe,As, quantified as a/b-1 is
shown in Figure 7c where it is compared with the distor-
tion in Ba;_ K Fe,As,.

(41) Chen, H.; Ren, Y.; Qiu, Y.; Wei Bao, Liu, R. H.; Wu, G.; Wu, T.;
Xie, Y. L.; Wang, X. F.; Huang, Q.; Chen, X. H. Europhys. Lett.
2009, 85, 17006.
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Figure 6. Comparison of the tetragonal (112)/orthorhombic (022)/(202)
reflections at room temperature (red) and 5 K (blue) in Ba;— Na,Fe;As,:
(a) x = 0.1 (OSIRIS), (b) x = 0.2 (D2B), (c) x = 0.3(D2B), (d) x = 0.35
(OSIRIS), and (e) x = 0.4 (OSIRIS).

Magnetic Ordering. Bragg peaks due to antiferromag-
netic ordering of moments located on Fe are evident in
the 5 K neutron diffractogram for x < 0.35 (Figure 5c).

(42) Huang, Q.; Qiu, Y.; Wey Bao, Green, M. A.; Lynn, J. W.;
Gasparovic, Y. C.; Wu, T.; Wu, G.; Chen., X. H. Phys. Rev. Lett.
2008, 101, 257003.
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Figure 7. Variation of structural parameters in Ba,_ Na,Fe,As, (0 <
x = 0.4) with x: (a) lattice parameters and (b) unit cell volume. Panel
(c) shows the similar dependence of the orthorhombic distortion on
ordered magnetic moment at 5 K in Ba;_ Na, Fe,As; (0 < x < 0.6) and
BalfoxFezASQ.‘“‘

In accordance with the reported magnetic structure of Ba-
Fe,As, the Bragg peaks may be accounted forusingaq =
(101), magnetic wave vector,*” with the Fe magnetic
moments aligned antiferromagnetically along the ¢ and
¢ axes, and ferromagnetically along the shorter b axis in
the orthorhombic unit cell as shown in Figure 8.

The undoped “parent” materials of the iron pnictide
superconductors which formally have Fe in the +2 oxida-
tion state generally adopt this magnetic structure and are
itinerant antiferromagnets with small localized moments
on the Fe atoms. The ordered magnetic moment at 5 K in
BaFe,As, is 0.87 ug per Fe.*? This value decreases with
the introduction of Na (Figure 7¢) reaching a value of
0.52 up in Bag ¢sNag 35Fe,As,. The ordered magnetic mo-
mentin Bag 65sNag 35Fe,As,; is nevertheless higher than that
in LaFeAsO, the parent of the 1111 iron arsenide super-
conductors (0.36 up).” Like the evolution of the structure
of the FeAs layer, the evolution of the size of the magnetic
moment with composition is quantitatively similar in
Ba,_.Na,Fe,As, and Ba,_ K Fe,As,*! (Figure 7c).
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Figure 8. Magnetic and crystal structure of Bag 9Nag ;Fe,As,. Fe mag-
netic moments are aligned antiferromagnetically along the ¢ and ¢ axes
and ferromagnetically along the shorter b axis.
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Figure 9. ZFC magnetization for Ba;_,Na,Fe;As, (0 < x < 0.6). The
inset shows ZFC and FC data for x = 0.6.

Superconductivity. We have studied the evolution of
superconductivity as a function of the Na concentration.
Zero-field cooled (ZFC) and field cooled (FC) measure-
ments were carried out in applied field of 50 Oe. Samples
were all of a similar mass and shape, and no demagnetiza-
tion correction was applied. For clarity, only ZFC mea-
surements are shown in Figure 9, but for all the samples,
both ZFC and FC susceptibilities exhibit diamagnetism
(inset of Figure 9), and the hysteresis between them is
typical for powder samples of these materials. Super-
conductivity emerges as x increases and bulk supercon-
ductivity is evident for x = 0.4 in Ba;_,Na Fe,As, with
the maximum value of 34 K (as judged by the onset of
diamagnetism) found for x = 0.4 and decreasing only
slightly up to the limiting composition of x = 0.6. The
phase diagram in Figure 10 shows the superconducting
critical temperature, as well as superconducting volume
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Figure 10. Phase diagram of Ba,_,Na,Fe,As, (0 < x < 0.6) with the
critical temperature and superconducting volume fraction as a function of
the sodium concentration. The large error bar in the superconducting vol-
ume fraction for the x = 0.3 sample reflects that the diamagnetism due to
superconductivity has not saturated at 2 K.

fraction (estimated from the magnitude of ZFC signal at 5 K),
as a function of the sodium concentration. Super-
conductivity is evident in the samples with x = 0.3 and
0.35 which also display magnetic Bragg peaks and show
evidence for a low temperature orthorhombic distortion.
However, in these cases the superconducting transition is
much broader than in the more Na-rich materials with
x = 0.4 which display no evidence for magnetic ordering.

Our work suggests that in the under-doped regime there
may be separate regions of superconducting and magnet-
ically ordered material: in the x = 0.35 sample there ap-
pears to be a significant superconducting volume fraction as
judged by the magnitude of the diamagnetic susceptibility,
but there are also magnetic Bragg peaks demonstrating
that there are regions of long-range magnetically ordered
material. X-ray and neutron diffraction methods are in-
herently a probe of the long-range average structure, so
they are unable to distinguish between phase separation
into regions smaller than several hundred nanometers or
microscopic coexistence if the dimensions are smaller than
several hundred nanometers. The question of whether phase
separation is macroscopic or microscopic is a controver-
sial one in these compounds. Our results are not incon-
sistent with the work of Park et al.** which reports elec-
tronic phase separation in slightly under-doped single
crystal samples of Ba;_ K Fe,As, (ref 43 does not specify
the composition of the sample, but we presume it to be
close to Bay¢Kg4Fe>As,). The coexistence of magnet-
ically ordered and nonmagnetic states in the same sample
as probed using neutron scattering, muon-spin rotation
spectroscopy, and magnetic force microscopy is explai-
ned by electronic phase separation into antiferromagnetic
and superconducting regions on a scale of several tens of
nanometers. NMR studies in polycrystalline Ba;_ K.
Fe,As, samples synthesized by a high-pressure method
suggested that the superconducting and magnetically
ordered states do not coexist on the microscopic scale,

(43) Park, J. T.; Inosov, D. S.; Niedermayer, Ch.; Sun, G. L.; Haug, D.;
Christensen, N. B.; Dinnebier, R.; Boris, A. V.; Drew, A. J.; Schulz,
L.; Shapoval, T.; Wolff, U.; Neu, V.; Yang, X.; Lin, C. T.; Keimer,
B.; Hinkov, V. Phys. Rev. Lett. 2009, 102, 117006.
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but are rather present in separate regions.** However, in
contrast with this report, Mossbauer spectroscopy on under-
doped polycrystalline Ba;_ K Fe,As, samples suggests
the coexistence of magnetic ordering and superconduc-
tivity without mesoscopic phase separation.*’

NMR studies on Ba(Fe;-,Co,),As, do show evidence
for microscopic coexistence of the magnetic and super-
conducting states with each Fe atom involved in the com-
petition between spin density wave magnetic order and
superconductivity at low temperatures in Ba(Fe,— ,Co,),As,
with x = 0.06. In this system it has recently been shown that
the strong competition between itinerant antiferromag-
netism and superconductivity leads to suppression of the
orthorhombic distortion in Ba(Fe,_ Co,),As, with x around
0.06 as it is cooled below 7..*!

In summary we report that the average structural
changes in the FeAs layers of Ba;_.4 . Fe,As, resulting
from decreasing the electron count are independent of the
average radius of the alkali metal cation 4 and the
mismatch in radius between the alkaline earth and the

(44) Fukazawa, H.; Yamazaki, T.; Kondo, K.; Kohori, Y.; Takeshita,
N.; Shirage, P. M.; Kihou, K.; Miyazawa, K.; Kito, H.; Eisaki, H.;
Iyo, A. J. Phys. Soc. Jpn. 2009, 78, 033704.

(45) Rotter, M.; Tegel, M.; Schellenberg, I.; Schappacher, F. M.;
Pottgen, R.; Deisenhofer, J.; Gunther, A.; Schrettle, F.; Loidl,
A.; Johrendt, D. New J. Phys. 2009, 11, 025014.
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alkali metal cations. This presumably accounts for the
quantitative similarity between the evolution of the com-
peting antiferromagnetic order and superconductivity in
the Ba, _,Na Fe,As, series and the well-studied Ba; _, K ..
Fe,As, series. The aversion of Na' to 8-coordination
means that Ba may be only substituted by Na up to a
limiting composition Bag 4Nag ¢Fe,As,. The similarity of
the properties of the Ba;_,Na,Fe,As, and Ba;_ . K,.
Fe,As, series for a given electron count supports the
notion that the magnetism and superconductivity asso-
ciated with the FeAs layers are dependent on the crystal
structure and hence the electronic structure. However, the
electronic behavior in these systems seems rather insensi-
tive to the degree of disorder in the intervening layer of
electropositive cations.
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