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Here we present a combined study of the slightly underdoped novel pnictide superconductor
Ba,_ K Fe,As, by means of x-ray powder diffraction, neutron scattering, muon-spin rotation (u#SR),
and magnetic force microscopy (MFM). Static antiferromagnetic order sets in below T,, = 70 K as
inferred from the neutron scattering and zero-field-uwSR data. Transverse-field wSR below T, shows a
coexistence of magnetically ordered and nonmagnetic states, which is also confirmed by MFM imaging.
We explain such coexistence by electronic phase separation into antiferromagnetic and superconducting-
or normal-state regions on a lateral scale of several tens of nanometers. Our findings indicate that such
mesoscopic phase separation can be considered an intrinsic property of some iron pnictide
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Nearly one year after the discovery of high-temperature
superconductivity in the iron arsenides [1,2], many impor-
tant physical issues concerning these new materials are still
discussed controversially, such as the pairing symmetry in
the superconducting (SC) state [3], the dramatically differ-
ent magnetic phase diagrams [4-8], and the precise nature
of the antiferromagnetic spin-density-wave (SDW) ground
state of the parent compound [9]. In addition, it has been
reported that SC and antiferromagnetic (AFM) order are
either well separated or coexist in the underdoped region of
the phase diagram. More specifically, in LaFeAsO,_ F,,
the transition between the AFM and SC phases was re-
ported to be first-order-like with no coexistence between
the two phases [4], in CeFeAsO, _F, the transition is more
second-order-like, but still the AFM and SC domes do not
overlap in the phase diagram [5], whereas the coexistence
of the two phases was reported in a narrow doping range
in SmFeAsO;_,F, [8,10], and in a broader range in
Ba;_,K,Fe,As, (BKFA) [6,7]. However, there is no con-
sensus yet about the nature of such coexistence—whether
it is purely electronic or related to chemical homogeneity
of the sample and the characteristic spatial scale of the
corresponding phases. One of the reasons for such uncer-
tainty is that many of the samples employed so far were
powders.

Besides, complementary experiments on nominally the
same composition were often performed on samples pre-
pared by different labs. Thus, to overcome this uncertainty,
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we have performed dc susceptibility, x-ray powder diffrac-
tion (XRPD), neutron scattering, and x#SR measurements
on the same BKFA samples. In these measurements, a
phase-separated coexistence between static magnetic order
and nonmagnetic (either SC below 7. or normal-state
above T,) regions was observed, and we suggest that this
phase separation is an intrinsic property of underdoped
BKFA, resulting from an electronic instability to the for-
mation of static AFM islands surrounded by nonmagnetic
regions below the AFM transition temperature. In this
respect, the iron-arsenide superconductors resemble tran-
sition metal oxides, where electronic-phase-separation
phenomena are common at various spatial scales [11],
such as cuprates [12,13] or manganites [14]. On the other
hand, as we will subsequently show, a quantitative com-
parison reveals essential differences between the character-
istic scales of the inhomogeneities, which might affect the
macroscopic physical properties of these materials.

Our single crystals of BKFA were grown using Sn as flux
in a zirconia crucible sealed in a quartz ampoule filled with
Ar. A mixture of Ba, K, Fe, As, and Sn in a weight ratio of
BKFA:Sn = 1:85 was heated in a box furnace up to 850 °C
and kept constant for 2—4 hours to soak the sample in a
homogeneous melt. A cooling rate of 3°C/h was then
applied to decrease the temperature to 550 °C, and the
grown crystals were then decanted from the flux [15].

Sample characterization by resistivity (not shown) and
dc-susceptibility measurements (see inset in Fig. 1) re-
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FIG. 1 (color online). Room-temperature XRPD data. (a) Scat-
tered x-ray intensity at 7 = 300 K as a function of diffraction
angle 20 (A = 0.7 A) fitted to the tetragonal I4/mmm space
group. For 2@ > 17°, the plot is enlarged by a factor of 3. The fit
includes a few weight% of tetragonal S tin from the flux as an
impurity phase and some reflections of the brass sample holder
as indicated by the reflection markers in (b). (c) The difference A
between the experimental points and the fitting curve. The inset
shows the sharp and reproducible SC transition measured by dc
susceptibility on four randomly selected samples.

vealed a sharp SC transition at T e = (32 £ 1) K, re-
producible among different samples from the same batch.
XRPD data confirm that our crystals consist of a single
phase fitted well by a tetragonal I4/mmm space group
symmetry both at room temperature (see Fig. 1) andat T =
16 K. The room-temperature lattice parameters of the
sample, as determined from XRPD by Rietveld refinement
using the fundamental parameters approach of TOPAS
[16], are @ =b =3.9111(1) A and ¢ = 13.3392(6) A.
Nevertheless, throughout this Letter we will use the ortho-
rhombic notation, inherited from the parent compound.

Figure 2 shows neutron-scattering intensity measured in
the vicinity of the (103), magnetic Bragg peak [17,18] on a
~30 mg sample with in-plane and out-of plane mosaicities
<1.5° and <2.5°, respectively. The final neutron wave
vector was set to kf = 1.55 Z‘C', and a Be filter was used
to extinguish contamination from higher-order neutrons.
The sample was mounted with the orthorhombic a and ¢
crystallographic directions in the scattering plane ina 15T
cryomagnet. Panel 2(a) shows (103), scans at three differ-
ent temperatures. While within the error bar there is no
intensity at 100 K, a clear magnetic peak starts to evolve at
low temperatures. Panel 2(b) reveals the temperature evo-
lution of the magnetic intensity, which lets us estimate the
magnetic transition temperature 7,, = 70 K.

From the width of the magnetic Bragg peaks, the lower
estimate for the correlation length of the AFM phase is { >
100 A. This points to the first major difference in compari-
son with the underdoped cuprates. In YBa,Cu;Og 45, for
example, the correlation length of the magnetic order is
known to be much smaller, not exceeding 20 A [19].

Finally, we investigated the effect of a magnetic field
H =135 T, applied perpendicularly to the scattering
plane and thus in parallel to the FeAs layers. The magnetic
intensity was suppressed by ~10%, as shown by solid
symbols in Fig. 2(b). This behavior, typical for an anti-
ferromagnet, is again in contrast to the situation in cup-
rates, where the elastic intensity increases upon application
of a magnetic field [20], but is in line with the notion of
well-developed magnetic domains with commensurate
AFM order.

To gain further insight into the nature of the magnetic
ordering—in particular the magnitude of the ordered mo-
ment and the magnetic volume fraction—we performed
zero-field (ZF) and transverse-field muon-spin rotation
(uSR) measurements using 100% spin polarized muons,
which in our setup corresponds to the muon-spin asymme-
try of 21% [21]. The results of our ©SR measurements are
illustrated by Fig. 3. Panel 3(a) shows the time dependence
of the asymmetry, which is a measure for the spin polar-
ization of the muon ensemble. In principle, the oscillation
frequency vz is determined by the ordered Fe moment
Mmge. Since the stopping position of the muon in the lattice
is not known precisely, we resort to a comparison with
BaFe,As,, where my, was determined to be 0.4ug [22].
The zero-field frequency for BaFe,As, has been estab-
lished to be vzp = 28 MHz. In comparison, for our sample
vzr = 24.7(5) MHz, so we estimate the ordered moment
to be only slightly reduced to ~0.35ug. This is remark-
able, since simultaneously 7, is reduced by a factor of 2
from 140 to 70 K.

By applying a weak field of H = 10 mT transverse to
the original muon-spin polarization, we can determine the
nonmagnetic volume fraction, in which the muons precess
around H conserving the asymmetry, and the magnetically
ordered fraction, in which a superposition of external and
internal fields depolarizes the beam. Figure 3(b) shows the
temperature dependence of the asymmetry in the trans-
verse field. Surprisingly, already at 300 K, we observe a
~21% loss of asymmetry that might be an indication of a
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FIG. 2 (color online). Elastic neutron-scattering data measured
in the vicinity of the (103), magnetic Bragg peak (O stands for
orthorhombic notation). (a) Scans along (403), at three different
temperatures. (b) Temperature evolution of the magnetic inten-
sity. The solid symbols are measured in a magnetic field of
13.5 T applied parallel to the FeAs layers.
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FIG. 3 (color online). SR data. (a) Time dependence of the
muon-spin asymmetry in zero field. (b) Temperature dependence
of the asymmetry in a weak transverse field, showing coexis-
tence of magnetic and nonmagnetic phases. (c) Temperature
dependence of the relaxation rate in a transverse field.

disordered magnetic phase. A straightforward explanation
for it would be the presence of a magnetic impurity phase
in our sample, such as Fe,As (Ty = 353 K), but such
explanation can be ruled out, since XRPD performed on
several pieces of samples from the same batch, ground into
powder, indicated no presence of parasitic phases, as dis-
cussed above. Additionally, angle-resolved photoemission
spectroscopy indicates the presence of some kind of
density-wave-like order above T,, in the same samples,
which is weakly temperature dependent [23]. Assuming its
magnetic character, it could be speculated that such ‘hid-
den” order is possibly responsible for the high-temperature
loss of asymmetry observed by uSR, which also decreases
slightly with temperature above T,,.

Below ~70 K—the onset temperature of the magnetic
intensity at the (103), position—the asymmetry further
decreases gradually from 15.5% at T,, to 5.2% at T — 0,
indicating that the volume fraction of the SDW state is
~49% in the low-temperature limit. The remaining 25% of
the volume phase which remains nonmagnetic at low tem-
perature can be associated with the SC phase. For com-
parison, in nearly optimally-doped BKFA with x = 0.5, the
low-temperature nonmagnetic volume fraction constitutes
almost 50% [7], in line with the increased 7, = 37 K. The
SC volume fraction in our samples was also independently
estimated from angle-resolved photoemission spectros-
copy [24], which yielded 23 * 3% in agreement with our
M SR result.

Note that the decrease in asymmetry below T, is grad-
ual, indicating that we are dealing with a crossover rather
than a sharp phase transition. This agrees with the absence
of any appreciable anomalies at T, in susceptibility and
resistivity measurements.

Finally, we have measured the u SR relaxation rate in the
same transverse field. The weak magnetic field penetrates
the sample through the AFM islands, creating an inhomo-
geneous field distribution within the SC phase, which

results in a rapid increase of muon depolarization below
T,, as seen in Fig. 3(c). Thus, the AFM islands act as pre-
formed vortex cores, precluding the formation of an or-
dered vortex lattice. At T — 0 the relaxation rate, which in
a homogeneous superconductor is expected to be propor-
tional to the superfluid density according to the Uemura
relation [25], extrapolates to o =0.9 + 0.1 us™ !
Surprisingly, this value follows the Uemura relation rea-
sonably well, despite the phase separation. We note that
our value of o is higher than that reported for the x = 0.45
sample in Ref. [26], but still somewhat lower than in the
optimally-doped x = 0.5 sample from Ref. [7].

At this point, we can already conclude that our sample
simultaneously exhibits bulk SC with a sharp transition
temperature of 32 K and SDW order with a large correla-
tion length >100 A, which are spatially separated and
change their volume ratio as a function of temperature.
This resembles the situation in underdoped cuprates, where
SC coexists with a short-range AFM-correlated magnetic
state with albeit a strongly reduced ordered magnetic mo-
ment [27]. There, however, the magnetic volume fraction
seen by wSR is nearly 100% [27], indicating a more
homogeneous coexistence of the two phases. On the other
hand, scanning tunneling spectroscopy measurements pro-
vide numerous evidence for nanoscale inhomogeneities in
the electronic density of states [13]. In contrast to the
cuprates, in BKFA we rather observe a mesoscopic
phase-separated coexistence [7], as we schematically illus-
trate in Fig. 4(a), with an ordered moment which is hardly
suppressed as compared to the parent compound exhibiting
long-range SDW order.

To get a better understanding of the real-space distribu-
tion of the magnetically ordered domains, we performed
zero-field magnetic force microscopy (MFM) measure-
ments in the SC state on a cleaved surface of a BKFA
sample with somewhat reduced 7. of 26 K using an
Omicron Cryogenic SFM scanning force microscope sup-
plied with a commercial NanoWorld MFMR magnetic tip
possessing a force constant of ~2.8 N/m and a resonance
frequency of 72 kHz. Magnetic contrast was imaged with
the lateral resolution <50 nm by measuring the frequency
shift at a scan height of 10 nm above the sample surface. As
shown in Fig. 4(b), weak static magnetic contrast is clearly
seen below 7,,, which would not be expected for a mag-
netically homogeneous sample. Successive scanning of the
same area of the sample confirmed the reproducibility of
the magnetic contrast at temperatures below 7,,. The con-
trast is weakened above T,,, though does not disappear
completely. We associate this contrast with AFM domain
boundaries like those sketched in the inset in Fig. 4(a), as
the stray field produced by uncompensated magnetic mo-
ments at such a boundary is likely to result in a magnetic
contrast detectable by MFM. To estimate the character-
istic spatial scale of the observed inhomogeneities, we
performed a Fourier transform of the MFM signal [see
Figs. 4(c) and 4(d)]. The highest-frequency peak in the
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FIG. 4 (color online). (a) Cartoonish representation of the
phase-separated coexistence of AFM and SC/normal states.
(b) MFM image measured at 10 K in the absence of external
field, revealing weak magnetic contrast on the lateral scale of
~65 nm, as can be estimated from the Fourier-transformed
image in panel (c). Panel (d) shows the corresponding spatial
frequency profile integrated within the dotted rectangle. The
arrow marks the highest-frequency peak in the spectrum, re-
sponsible for the 65 nm modulations.

spectrum corresponds to the characteristic scale of the
inhomogeneities of the order of / = 65 = 10 nm. A peak
corresponding to larger-scale modulations can also be seen
in some of the spectra.

To summarize, we have observed mesoscopic phase-
separated coexistence of magnetically ordered and non-
magnetic states on the lateral scale of 65 = 10 nm in a
slightly underdoped iron pnictide superconductor, as esti-
mated from MFM imaging in agreement with the uwSR
measurements. Such electronic phase separation is an in-
trinsic property of the studied material, as both XRPD and
susceptibility measurements indicate the absence of
chemical inhomogeneities in the samples. The lateral scale
of the phase separation is reminiscent of the situation in
superoxygenated La,CuQ,. 5, where it happens on similar
scales of 30-300 nm [12], but is markedly different from
the quasihomogeneous nanoscale mixture of electronic
phases in most other cuprates [13].
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the European Community under the 6th Framework
Programme Contract No. 516858: HIPERCHEM. Image
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