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Single crystals of SrFe2As2 grown using a self-flux solution method were characterized via x-ray,

transport, and magnetization studies, revealing a superconducting phase below Tc ¼ 21 K characterized

by a full electrical resistivity transition and partial diamagnetic screening. The reversible destruction and

reinstatement of this phase by heat treatment and mechanical deformation studies, along with single-

crystal x-ray diffraction measurements, indicate that internal crystallographic strain originating from

c-axis-oriented planar defects plays a central role in promoting the appearance of superconductivity under

ambient-pressure conditions in �90% of as-grown crystals. The appearance of a ferromagnetic moment

with magnitude proportional to the tunable superconducting volume fraction suggests that these phe-

nomena are both stabilized by lattice distortion.
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The discovery of high-temperature superconductivity
in Fe-based pnictide compounds with ZrCuSiAs-type
structure has sparked a flurry of activity in the condensed
matter physics community. The suppression of magnetic or
structural order in LaOFeAs by fluorine substitution was
shown to promote superconductivity below 26 K in
LaO1�xFxFeAs at ambient pressures [1] which increases
to 43 K under applied pressures [2]. The highest transition
temperature was subsequently increased even further via
rare earth substitutions, reaching 55 K in SmO1�xFxFeAs
[3]. More recently, a closely related series of oxygen-free
FeAs-based compounds with the ThCr2Si2-type (122)
structure have also exhibited similar phenomena, with
superconducting transition temperatures up to �37 K pro-
moted by chemical substitution of alkali-metal or
transition-metal ions [4–9] or by the application of large
pressures [10–12]. To date, ambient-pressure superconduc-
tivity has appeared only in a few stoichiometric FeAs-
based 122 compounds [5,13] and only below 4 K, suggest-
ing that structural and/or chemical tuning is vital to stabi-
lizing high-temperature superconductivity in these
materials. It is widely believed that this is intricately tied
to the suppression of the magnetic or structural phase
transition common to all of these materials, with structural
tuning playing a key role in determining the superconduct-
ing critical temperature of the ferropnicitides [14].

Here we report the observation of superconductivity
below 21 K in self-flux-grown single crystals of the un-
doped parent compound SrFe2As2 at ambient pressures,
deep below the tetragonal-to-orthorhombic structural
phase transition and coexistent with antiferromagnetic or-
der. Through systematic heat and pressure treatments and
magnetization measurements, we find evidence of the con-

trollably reversible appearance of this superconducting
phase along with a small ferromagnetic moment that ap-
pears proportional to the superconducting volume fraction
estimated from diamagnetic screening. Together with
single-crystal x-ray crystallography, we uncover a surpris-
ing relationship between the appearance of these phe-
nomena and the level of lattice distortion tied to
preferentially oriented planar defects, suggesting an inti-
mate relationship among superconductivity, magnetism,
and crystallographic strain in this system of materials.
Single-crystalline samples of SrFe2As2 were grown us-

ing the FeAs self-flux method [15]. The FeAs binary
precursor was first synthesized by solid-state reaction of
Fe (99.999% pure) and As (99.99%) powders in an evacu-
ated quartz tube, then mixed with elemental Sr (99.95%) in
the ratio 4:1, and heated in a quartz tube (either evacuated
or filled with partial atmospheric pressure of Ar) to
1100 �C, grown both with and without the use of alumina
crucibles. Chemical analysis was obtained via both energy-
and wavelength-dispersive x-ray spectroscopy, showing
1:2:2 stoichiometry in all specimens reported herein and
no indication of impurity phases or any other differences
between superconducting (SC) and nonsuperconducting
(non-SC) samples. Structural properties were character-
ized by both powder and single-crystal x-ray diffraction
measured at 250 K with Mo K-� radiation using Rietfeld
(TOPAS-4) and single crystal (SHELXS-97) refinement,

yielding lattice constants a ¼ 3:9289ð3Þ �A and c ¼
12:320ð2Þ �A with residual factor R ¼ 1:36%. Reciprocal-
lattice precession images were generated from Bruker
APEX2 software. Basal-plane resistivity was measured

with the standard four-probe ac method using silver paint
contacts made at room temperature in all cases except for
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pressure experiments, where silver epoxy contacts were
made by curing at 200 �C for 5 minutes. Magnetic suscep-
tibility � was measured in a commercial SQUID mag-
netometer.

Figure 1 presents the comparison of the resistivity �ðTÞ
of several as-grown samples of SrFe2As2 normalized at
room temperature to remove geometric factor errors. As
shown, all samples exhibit identical metallic behavior with
a sharp kink at T0 ¼ 198 K, which has been associated
with a structural phase transition (from tetragonal to or-
thorhombic upon cooling) that is coincident with the onset
of antiferromagnetic (AFM) order [16]. At lower tempera-
tures, a sharp drop in �ðTÞ beginning at 23 K is consistently
found in almost all as-grown samples synthesized under
varying heating schedules. While a minority of non-SC
samples do not show any trace of a resistive transition
down to 18 mK, the majority of our samples consistently
show a transition at the same temperature, with a midpoint
at Tc ¼ 21 K and a large, anisotropic upper critical field
Hc2 as shown in the top inset in Fig. 1.

Superconductivity in this undoped ‘‘parent’’ compound
is surprising, given that charge doping or applied pressure
is necessary to invoke similar transition temperatures
throughout this family of materials [4–8,10–12], and its
intermittent appearance in different samples suggests that
it is an unstable or parasitic phase, similar to the appear-
ance of filamentary superconductivity at 1 K far above the
bulk transition of 0.4 K in the heavy-fermion superconduc-
tor CeIrIn5 [17]. However, etching and sanding the sur-
faces of our samples yields no difference in �ðTÞ, and six-
wire �ðTÞ measurements (configured to measure voltage
drops due to currents forced to travel through the thickness
of the sample) suggest that the superconductivity is not

confined to the sample surfaces. More important, shown in
the bottom inset in Fig. 1, the onset of a small but distinct
diamagnetic response in magnetic susceptibility is consis-
tent with the onset of partial volume fraction superconduc-
tivity below 21 K. As stated below, we observe this fraction
to reach as high as 15%, suggesting that a non-negligible
volume of bulk superconductivity can be stabilized in
SrFe2As2.
This phase appears to be extremely sensitive to sample

treatment: With moderate heat and pressure treatments, the
resistive transition can be controllably removed and rein-
stated. Figure 2 presents �ðTÞ of a superconducting sample
subject to 200 �C treatment in air for only 5 minutes, which
causes an almost complete suppression of the full super-
conducting drop originally observed in the as-grown
sample. The inset in Fig. 2 shows the same effect on the
resistivity of a second sample subject to 2 hours at 300 �C
in flowing argon (using same contacts), which completely
erases any trace of superconductivity. Interestingly, heat
treatment affects only the magnitude of the resistance drop
and not Tc itself, suggesting that it is not tuning the pairing
amplitude but rather the volume fraction of superconduc-
tivity in the sample. This is corroborated by other inde-
pendent observations of kinks in �ðTÞ positioned at exactly
the same Tc in SrFe2As2 samples grown under quite differ-
ent conditions, including polycrystalline [5] and Sn flux-
grown crystals [18], and, recently, even in isoelectronic
BaFe2As2 [19].
Surprisingly, the suppression effect is reversible: Upon

application of external pressure, the suppressed resistive
transition appears to return as evidenced by a stronger
partial transition in �ðTÞ, with subsequent recovery of a
full transition upon release of applied pressure as shown in

FIG. 1 (color online). Comparison of resistivity of several as-
grown specimens of SrFe2As2 normalized to 300 K, showing a
complete superconducting transition in four of five samples. Top
inset: Hc2ðTÞ deduced from extrapolated resistive onset of Tc in
two samples for two field orientations. Bottom inset: Magnetic
susceptibility of superconducting sample measured with H ¼
1 mT ðHkcÞ.

FIG. 2 (color online). Heat treatment and applied pressure
effects on resistive superconducting transition in one sample of
SrFe2As2, following the sequence: (1) unannealed, as-grown
sample, (2) 200 �C heat treatment, (3) 14 kbar applied pressure,
and (4) ambient conditions after release of pressure. Inset: A dif-
ferent superconducting sample subjected to 300 �C heat treat-
ment.
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Fig. 2. A second experiment that involved subjecting an
annealed sample (originally superconducting) to severe
(�100%) mechanical deformation invoked by a press
also showed evidence for a return of a partial transition
in �ðTÞ upon subsequent measurement.

Together, these data suggest a form of internal crystallo-
graphic strain as the likely origin of the superconducting
instability in undoped, unpressurized SrFe2As2, which is
released upon annealing and reinstated upon cold working.
Defect structures have indeed been observed in other com-
pounds with the ThCr2Si2 structure, such as URu2Si2 [20].
To investigate this, we performed single-crystal x-ray dif-
fraction measurements on three characteristic samples ex-
hibiting 0%, 1%, and 15% superconducting volume frac-
tions. As shown in Fig. 3, the reciprocal-lattice data indeed
show evidence for the appearance of crystal lattice distor-
tions with increasing volume fraction, as evidenced by an
increasing ringlike smearing of diffraction spots. Interest-
ingly, this smearing is present only in the (h0l) patterns and
not in the (hk0) patterns, suggesting a form of planar defect
that lies preferentially along the basal plane causing a

distribution of orientations tilted about the basal plane
axes. This scenario is corroborated by the recent report
of enhanced c-axis resistivities in superconducting samples
of SrFe2As2 and BaFe2As2 crystals [19].
A systematic study of the magnetic susceptibility of

numerous samples provides striking evidence that this
stacking fault also has dramatic consequences for the
magnetic properties of this material. Figure 4 presents a
representative data set taken using one large single crystal
of SrFe2As2 both before (circles) and after (squares) a
300�C 2-hour annealing treatment, measured in low (a)
and high (b) magnetic fields. We emphasize two striking
features present in the as-grown, unannealed sample: a
dramatic enhancement of �ðTÞ proportional to the super-
conducting volume fraction and a large concomitant irre-
versibility in low-field �ðTÞ that persists up to �250 K.
After heat treatment of the same sample, these features are
both strongly suppressed, yielding a high-field �ðTÞ curve
[Fig. 4(b), ‘‘postanneal’’ data] consistent with published
results [16] and a low-field curve [Fig. 4(a), postanneal
data] with strongly reduced magnitude of irreversibility.
This dramatic change in �ðTÞ is unlikely originating from
sample impurities, whose concentration and magnetic be-
havior are surely unaffected by such modest annealing
temperatures. Moreover, as discussed previously, the heat
treatment also wipes out any trace of superconductivity,
suggesting that these magnetic properties are also tied to
the presence of lattice distortion.
Intriguingly, the magnetic enhancement of �ðTÞ in

superconducting samples is ferromagnetic in nature: As
shown in the inset in Fig. 5, magnetization M isotherms
shown for several samples at 1.8 K clearly indicate the hys-

FIG. 3 (color online). Reciprocal-lattice structure of SrFe2As2
from single-crystal x-ray diffraction measurements at 250 K for
three characteristic samples with varying measured supercon-
ducting volume fractions as noted. Note that significant changes
occur in the (h0l) reflection zone, but none are observable in the
(hk0) c-axis projection.

FIG. 4 (color online). Magnetic susceptibility of one single-
crystal specimen of SrFe2As2 in (a) 10 mT and (b) 7 T fields
applied parallel to the basal plane measured before (blue circles)
and after (red squares) 300 �C annealing [open and closed
symbols denote zero-field-cooled (ZFC) and field-cooled (FC)
conditions, respectively]. The SC transition is shown by the
arrows. Note the difference in scales of the left and right panels.
The inset shows a zoom of �ðTÞ at a structural or magnetic
transition before and after annealing (offset for clarity).
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teretic behavior ofMðHÞ saturating to a linear field depen-
dence near 3 T. Because the high-field slope of the super-
conducting samples matches the slope of the nonsupercon-
ducting sample, it is clear that the bulk magnetic response
of SrFe2As2 is maintained in all samples. This is also
evident from the fact that the magnetostructural transition
at T0 appears to be impervious to either magnetic history,
field strength, or heat treatments, as shown in inset in
Fig. 4(a), where the abrupt step in �ðTÞ is shown to main-
tain its magnitude (�2�10�4 cm3=mol) after annealing.

In stark contrast, the apparent ordered moment M0

extracted from fits to MðHÞ strongly varies with sample.
In fact, as shown in the main panel in Fig. 5,M0 scales with
the superconducting volume fraction, providing direct evi-
dence that the cause of the enhanced susceptibility and
irreversibility in �ðTÞ is not only related to the existence of
lattice distortions but is altered in direct proportion to the
volume fraction of these distortions. Interestingly, if this
linear correlation is extrapolated to 100% superconducting
volume fraction, the corresponding ordered moment would
be �0:5�B (formula unit), comparable to the size of the
AFM staggered moment [21]. In SrFe2As2, where intrinsic
disorder could affect the orthorhombic AFM domain struc-
ture expected to form below T0, it is possible that a
ferromagnetic moment proportional to the staggered mo-
ment arises at these domain boundaries; the presence of
planar crystallographic dislocations, as evidenced by our
x-ray analysis, could certainly give rise to such a scenario.

Recent studies of pressure-induced superconductivity in
the 122 parent compounds have indicated a quite narrow
region of full-volume fraction superconductivity [11], most

evident in the case of CaFe2As2 where hydrostatic (He gas)
pressure conditions have revealed the absence of SC over
any sizable range of pressure [22], in contrast to that
originally reported [10]. Given the likelihood of strain-
induced superconductivity in SrFe2As2, we suspect that a
similar mechanism may be at play in all of these materials,
especially in the case of SrFe2As2, where Tc ¼ 21 K is
also reported at the pressure range of peak volume fraction
[11]. In the transition-metal-doped systems, superconduc-
tivity is stabilized at �20% substitution levels presumably
through some form of electronic structure shift via charge
doping. However, it is unlikely that significant changes in
charge distribution arise from the lattice distortions evident
in superconducting SrFe2As2 crystals. Rather, the same
mechanism which gives rise to superconductivity under
pressure, where charge doping is presumably not occur-
ring, could account for strain-induced superconductivity in
these materials. Regarding this, it would be interesting to
check for a ferromagnetic moment associated with the
superconductivity observed under applied pressure to com-
pare the nature of strain induced by possible nonhydro-
static conditions which may be the cause of this peculiar
phase. In any case, the interplay of structural disorder and
internal strain that stabilizes superconductivity and ferro-
magnetism in SrFe2As2 prompts further study.
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FIG. 5 (color online). Ferromagnetic moment and supercon-
ducting volume fraction at 1.8 K for several samples of SrFe2As2
exhibiting a proportional relationship. Inset: Magnetization hys-
teresis loops at 1.8 K. The non-SC sample exhibits linear para-
magnetic field dependence. The ordered moment in SC samples
was estimated by linear extrapolation from high fields, while the
SC volume fraction was deduced from the slope of the virgin
curve in the Meissner state.
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