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Resistivity, magnetization, and microscopic 75 As nuclear magnetic resonance (NMR) measurements in the
antiferromagnetically ordered state of the iron-based superconductor parent material CaFe2 As2 exhibit anomalous
features that are consistent with the collective freezing of domain walls. Below T ∗ ≈ 10 K, the resistivity exhibits
a peak and downturn, the bulk magnetization exhibits a sharp increase, and 75 As NMR measurements reveal the
presence of slow fluctuations of the hyperfine field. These features in both the charge and spin response are strongly
field dependent, are fully suppressed by H ∗ ≈ 15 T, and suggest the presence of filamentary superconductivity
nucleated at the antiphase domain walls in this material.
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I. INTRODUCTION

The interplay among competing ground states of correlated electron systems can give rise to a rich spectrum
of emergent behavior. The iron-based superconductors are
particularly noteworthy, and have attracted extensive interest
since the discovery of La[O1−x Fx ]FeAs in 2008.1 Like the
high temperature superconducting cuprates, superconductivity
(SC) in the iron arsenides emerges from an antiferromagnetic
(AFM) parent state upon doping with excess charge carriers,
and the superconducting pairing mechanism may be related
to the AFM instability of the parent state.2–5 In both cases
the electronic degrees of freedom condense into an unusual
coexistence of both AFM and SC order parameters for
intermediate dopings.6,7 The nature of this coexistence is
poorly understood. In general, a subdominant order parameter
can emerge locally in regions where the dominant order
vanishes or is suppressed.8 Recent experiments in the iron
arsenides suggest that SC and AFM order parameters are
indeed spatially modulated on a microscopic scale.9,10
Among the iron based superconductors, the AFe2 As2
(A = Ca, Sr, and Ba) materials are of particular interest because
large single crystals of these oxygen-free compounds can be
easily synthesized.11 These materials undergo a tetragonal
to orthorhombic transition followed by an AFM state upon
cooling.12 Both chemical doping and applied pressure suppress
the magnetostructural order of the parent compounds and
give rise to SC, and the phase diagrams are similar to those
of other unconventional superconductors.2,13 The CaFe2 As2
system is noteworthy because SC is induced at only 0.4 GPa
(nonhydrostatic), whereas the Sr and Ba materials require 2.8
and 2.5 GPa, respectively.14–16
In this paper we present evidence for coexisting filamentary
SC and AFM in the undoped parent compound CaFe2 As2 , in
which the SC order remains localized within AFM domain
walls (DWs). A similar phenomenon has been observed in
heavy fermion materials,17 and enhanced superfluid density
has been observed at twin boundaries in Ba(Fe1−x Cox )2 As2 .10
CaFe2 As2 is noteworthy, however, because the SC never
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achieves bulk long-range order, and surprisingly the filamentary SC appears to be related to the presence of low frequency
spin fluctuations. Measurements of the magnetotransport,
magnetization, and nuclear magnetic resonance (NMR) reveal
anomalies at T ≈ 10 K that are suppressed with magnetic
field in a manner consistent with the suppression of bulk
SC in doped samples. Similar anomalies in the AFM state
were reported recently to correlate with the superconducting
volume fraction in SrFe2 As2 .18 These features are subtle
in the CaFe2 As2 , but are manifest in both spin and charge
probes. NMR spectra, spin-lattice (T1−1 ) and spin-spin (T2−1 )
relaxation measurements indicate slow dynamics and motional
narrowing consistent with the freezing of mobile DWs.19,20
The resistivity and magnetization both change abruptly at the
same temperatures and fields and analysis of the magnetotransport indicates the presence of weakly pinned superconducting
filaments. This evidence suggests that the nucleation of
finite superfluid density at DWs in CaFe2 As2 drives the
freezing of mobile antiphase domains. We thus find that
this nominally pure stochiometric material can spontaneously
become electronically inhomogeneous at the nanoscale as
a result of coupled lattice strain, antiferromagnetism, and
superconductivity.21

II. EXPERIMENTAL DETAILS

High quality single crystals of CaFe2 As2 with typical
dimension ∼2 × 2 × 0.1 mm3 were grown in Sn flux by
standard methods.19 Microprobe analysis indicates a Sn
concentration <600 ppm in the bulk. The in-plane resistivity
ρab was measured using the electrical contact configuration of
the flux transformer geometry.22 Six electrodes were fabricated
on each sample by bonding Au wires to the crystal with H20E
epoxy paste and the current I was applied in the ab plane.
The NMR spectra and relaxation measurements were
acquired on a single crystal at the upper of the two magnetically
split central (I = + 12 ↔ − 12 ) resonances of the 75 As (I =
3/2) using standard pulse sequences.
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FIG. 1. (Color online) (a) T1−1 vs T for
H0 = 0 (•, powder; , satellite), 3 T (),
6 T (), and 9 T () (H  c). (b) T1−1 vs
H0 at 8 K (H  c). (c) T2−1 for H ⊥ ĉ at
9 T (solid green line is the like-spin second
moment contribution23 ). (d) Fraction f =
2δ/ of signal intensity from DWs (see
text for details) as a function of T . (e)
Schematic of Fe spin orientations in plane
indicating different types of domain walls:
dotted blue lines are twin boundaries,
dashed red lines are antiphase boundaries
along the â axis, and dash-dotted green
lines are antiphase boundaries along the b̂
axis. (f) Spectra of the upper central transition (Hhyp ||H||ĉ) at several temperatures;
the red lines are fits as described in the text.
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III. RESULTS AND DISCUSSION

T1−1 measurements in the AFM state of CaFe2 As2 reveal
a small peak at 10 K that was attributed recently to the
presence of slow spin fluctuations possibly associated with
DW motion.19 To test this hypothesis we measured T1−1 as a
function of temperature in different applied field [Fig. 1(a),
H  c]. Surprisingly we find that the intensity of this peak is
suppressed by magnetic fields on the order of 10 T [Fig. 1(b),
H  c]. We also measured the spin-spin decoherence rate T2−1
versus T for H ⊥ c [Fig. 1(c)]. In this configuration, T2−2 =
2
2
ωdip
+ [γ 2 h2hyp τc (T )]2 , where ωdip
= 1.08 × 106 s−2 is
the temperature independent second moment of the like-spin
dipolar couplings among the 75 As for the central transition with
H||[100] [solid line in Fig. 1(c)].23,24 T2−1 clearly increases
sharply below 25 K, revealing the presence of slow fluctuations
of the hyperfine field in the ab plane.
In the AFM ordered state, there are two types of domain
boundaries that can give rise to slowly fluctuating hyperfine fields: twin boundaries and antiphase boundaries [see
Fig. 1(e)].20 Twin boundaries emerge to relieve lattice strain
and are immobile.25 Antiphase DWs have been detected well
below TN in BaFe2 As2 , and are likely to be mobile depending
on the temperature.26 Both types of DWs give rise to perturbations of the local hyperfine field and could be responsible
for the slow dynamics we observe.27 The DWs give rise to
a low frequency tail in the spectra that is clearly evident in
Fig. 1(f). By using the known hyperfine couplings to the As,
we model the resonance frequency as a function of position

upon crossing such a DW as ω(x) = γ H0 + ω0 tanh(x/δ),
where x is the position perpendicular to the DW, δ is the
DW width, ω0 is the frequency arising from the hyperfine
field, ω0 = γ Hhyp = 19.2 MHz, and γ H0 = 65.4 MHz.28 We
fit the spectra and extract the fraction f = 2δ/ of the signal
intensity arising from DWs, where  is the domain width.
This portion is roughly independent of temperature down to
10 K, and then it decreases by approximately 5% [Fig. 1(d)]
and appears to be correlated with the slow dynamics observed
in T1 and T2 . Twin boundaries are most likely the source of
the temperature independent contribution. Motional narrowing
from mobile antiphase domain walls may be responsible
for the slow dynamics below 10 K, which may serve to
suppress δ and hence f . In this case the correlation time
τc (T )  (γ hhyp )−1 ∼ 10−6 s, where γ is the gyromagnetic
ratio and hhyp ∼ 1.4 kOe is the fluctuating component of the
hyperfine field in the ab plane at the DW, which agrees with
the calculated value at an antiphase boundary.
We now turn to the bulk transport and magnetization
experiments. Figure 2(a) depicts the temperature dependence
of the resistivity ρab at H = 0 and 14 T (H  c), which
exhibits a discontinuity at TN = 169 K consistent with the
reported phase transition.29 The magnetoresistance ρ/ρ =
[ρ(14T ) − ρ(0)]/ρ(0) [Fig. 2(b)] is almost zero for T >
TN , but increases below TN and shows a sharp upturn at
10 K. Figure 2(c) shows the zero-field-cooled (ZFC) and
field-cooled (FC) magnetization M. The hysteresis below
TN suggests the presence of magnetic domains, and the low
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FIG. 2. (Color online) (a) Temperature T dependence of the inplane resistivity ρab for applied magnetic fields H = 0 and 14 T and
an applied current I = 1 mA. (b) T dependence of magetoresistivity
ρ/ρ where ρ = ρ(14T ) − ρ(0). (c) T dependence of ZFC and
FC (H = 50 Oe) magnetization M curves. (d) M/M vs T where
M = M(FC) − M(ZFC).

temperature increase in M may be due to free moments
present in the DWs; we estimate the percentage of free
moments to be ∼7%–18.7% for ordered moments of iron,
μeff = 0.3–0.8 μB . Figure 2(d) depicts the T dependence
of M/M = [M(FC) − M(ZFC)]/M(ZFC). Below 10 K the
slope increases dramatically, indicating a collective freezing
of the magnetic domains. It is clear from these data that the
charge transport is strongly coupled to the low temperature
anomaly present in the NMR and magnetization data.
In order to highlight the low temperature magnetotransport
anomaly, Fig. 3(a) shows the low temperature resistivity
normalized by ρdip , the value at the local minimum at
∼13.5 K. Below this temperature the resistivity exhibits
a local maximum around 10 K, an observation that is
consistent with other reports.30,31 Increasing the magnetic field
reveals a semiconducting-like background with an enhanced
resistivity below 10 K. Below this temperature, however, the
resistivity exhibits a field-dependent peak and downturn at
lower temperature. The peak position Tpeak [marked with an
arrow in Figs. 3(a) and 3(b)] shifts to lower T with increasing
field. Tpeak is suppressed with field and ρ no longer exhibits a
peak by H > 12 T, but continues to rise down to the lowest
temperature measured. The resistivity peak is similar for both
H  c and H ⊥ c [Fig. 3(b)] indicating a very small anisotropy
consistent with earlier reports in SC samples of this family.32
Tpeak shifts slightly as a function of the applied field direction,
and is smaller for H  c.
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FIG. 3. (Color online) (a) T dependence of the reduced resistivity
ρ(T )/ρdip measured at H = 0, 0.5, 2, 4, 6, 8, 12 T (H  c) and I =
3 mA. (b) H = 0 and 6 T for both H  c and H ⊥ c with I = 3 mA.
(c) T and H dependence of the peak position for I = 1 and 3 mA.
Inset: μ0 Hc2 −T phase diagram of CaFe1.94 Co0.06 As2 . (From Ref. 33.)
The solid black lines are fits to the GL expression for upper critical
field; the dotted red lines are fits by WHH relation.

The field dependence of Tpeak is summarized in Fig. 3(c)
and bears a striking resemblance to the reported upper critical
field Hc2 vs T phase diagram for SC CaFe1.94 Co0.06 As2 (upper
inset).33 We find H is nearly linear in Tpeak with a slope
of −2.4 T/K for both current values. Linear extrapolations
to zero temperature yields critical field values of 18.3 and
16.7 T, respectively, representing the applied fields necessary
to completely suppress the downturn in ρ. In fact, our observations are consistent with the development of filamentary
superconductivity, in which only a small volume fraction of the
material becomes superconducting. This fraction is responsible for the suppression of resistivity, but is not sufficiently
extended spatially to lead to a diamagnetic signature or a
completely zero resistance state. The facts that Tpeak is on
the same scale as Tc in fully superconducting samples and that
both temperatures are suppressed with field in similar manners
suggest that the phenomena we observe are not associated
with an impurity phase. This observation is supported by
fits to the Ginzburg-Landau (GL) expression for the upper
critical field, Hc2 (T ) = Hc2 (0)[1 − (T /Tc )2 ]/[1 + (T /Tc )2 ]
[solid black lines, yielding Hc2 (0) = 15.1 T, Tc (0) = 8 K
for 1 mA and 12.6 T and 7.6 K for 3 mA] and the
Werthamer-Helfand-Hohenberg (WHH) relation, Hc2 (0) =
−0.7Tc (dHc2 /dTc ) (dotted red lines, yielding 13.3 and 12 T for
1 and 3 mA, respectively). The value of Hc2 (0) obtained from
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IV. SUMMARY

Enhanced superfluid density at DWs may be a natural
consequence of the coupling between SC and AFM orders.
Indeed, model calculations exhibit an enhanced local density of
states and superconducting order at twin boundaries in the iron
pnictides.36 It is therefore not surprising that superconductivity
could nucleate at antiphase domain boundaries. However, the
fact that the emergence of SC coincides with the freezing of
the AFM DWs is striking, and implies that the former is driven
by the latter. In other words, defects in the AFM background
are pinned by the emergence of SC order, which would be
unstable if the DWs were mobile.
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GL is larger than WHH, a behavior similar to that reported for
SC CaFe1.94 Co0.06 As2 . Furthermore, the high temperature tail
(red dashed lines) in our H −T curve is typical for Hc2 (T )
in the iron-based superconductors.34 The fact that Tpeak is
suppressed with increasing current density further suggests
that the superconducting filaments are weakly pinned.
It is worth noting that this low temperature anomaly around
10 K is about the same for the maximum Tc of the material
with applied pressure.15 Furthermore, it is present not only
in CaFe2 As2 , but also in the other members of the AFe2 As2
family. For example, BaFe2 As2 at ambient pressure displays
a broad maximum in the resistivity around 20 K, and pressure
studies show that even very moderate uniaxial stress can
induce at least filamentary SC and a maximum Tc around
that temperature.35
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FIG. 4. (Color online) (a) The resonance frequency of the upper
satellite of the As along the b direction upon crossing an antiphase
DW oriented along the a direction, assuming a DW thickness δ = 5a.
(b) The expected line shape of the As resonance for such a DW.

The exact structure of the ordered Fe moments in the
vicinity of the domain walls depends on details of the magnetic
model and the exchange couplings, which has not been
completely resolved. However, in general one can expect the
magnetic order to recover to the equilibrium structure within
several lattice constants. As a result, the As hyperfine field will
have a similar recovery length at which point the hyperfine field
will point alternately along ±ĉ. Within the distance δ from the
boundary, Hhyp will be tilted away from the ĉ axis and have
components in the ab plane. This arrangement will modify the
resonance frequency, which is proportional to the vector sum
|H0 + Hhyp |. We therefore approximate the spatial dependence
of the resonance frequency along a direction perpendicular to
the DW as ω(x) = γ H0 + ω0 tanh(x/δ), where δ is the DW
width, ω0 = γ Hhyp = 19.2 MHz, and γ H0 = 65.4 MHz. For
example, this would be the case for an antiphase DW oriented
along the ab direction, where x points along the b direction
[see Fig. 1(e)]. This dependence is shown in Fig. 4(a). For
such a one-dimensional model, the histogram of resonance
frequencies is shown in Fig. 4(b).

APPENDIX
6
Echo Integral (Arb. Units)

1. NMR Spectra of Domain Walls

In the presence of either a twin boundary DW or an
antiphase boundary DW, the local magnetic order of the Fe
moments will be perturbed from the equilibrium antiferromagnetic structure. This perturbation will modify the local
hyperfine field at the As sites, which is given by the vector
sum of contributions from the four nearest neighbor Fe sites.
The hyperfine coupling is given by
Hhf = γ h̄Î ·



Bi · S(ri ),

(A.1)

4
3
2
1
0

i∈nn

where the sum is over the four nearest neighbor Fe spins S(ri ),
and the components of the hyperfine tensor B are given for
CaFe2 As2 by Baa = Bbb = 5.8 kOe/μB , Bcc = 6.0 kOe/μB ,
and Bac = 8.2 kOe/μB .27,37
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FIG. 5. The central resonance of the As in a field of 11.72 T at
300 K. The solid line is a fit to a Gaussian with second moment
σ = 18(1) kHz.
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where  is the domain size. This distribution, however, should
be convoluted with a Gaussian in order to reproduce the
experimental data. The width of this Gaussian is determined
in part by the intrinsic width of the spectrum, as well as the
disorder of the domain structure. In this case, the spectrum is
given by
 +∞
2
2
P (ω )e−(ω−ω ) /2σ dω
(A.3)
S(ω) =

7
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FIG. 6. (Color online) Echo decay curves for the As central
transition in a field of 5 T for the external field aligned perpendicular to
the c axis. The echo integral is shown as a function of pulse spacing
τ between the 90◦ and 180◦ pulses at several temperatures, offset
vertically for clarity. The temperatures are (in order of increasing
vertical offset): 4.5, 6, 8, 12.5, 15, 17.5, 20, 25, and 30 K. The solid
lines are fits to as described in the text.

In order to model the spectrum, we first calculate the
histogram

P (ω) =

1
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