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The interest in twin-boundary (TB) planes as a source of vortex pinning has been recently renewed
with the discovery of the new iron-arsenide picnitide superconductors. In the family of compounds
Ba(Fe1−xCox)2As2 a structural transition from a tetragonal to orthorhombic lattice takes place for
compounds with x < xcr ∼ 0.065. Approaching the critical doping, domain structure shrinks with
sizes ultimately becomming comparable to vortex cores. In this work we investigate the changes
in anisotropy produced by subtle differences in the Co doping level, in the neighborhood of the
structural transition, in good quality single crystals. Using a scaling approach we are able to
determine the angular regions where correlated or uncorrelated disorder prevails. In the tetragonal
samples (x > xcr) there is no twinning and we find good agreement with the expected scaling
function under uncorrelated disorder, with small anisotropy values similar to those reported in the
literature. We show that, in the orthorrombic samples (x < xcr), TBs act as correlated disorder
in a broad angular range. We propose that the observed angular dependence could be due to an
increase in the vortex liquid-glass transition temperature.

PACS numbers: 74.70.Xa, 74.25.Uv, 74.62.Bf, 74.62.En

I. INTRODUCTION

Magnetic and transport properties in type-II supercon-
ductors are mainly determined by the underlying vor-
tex physics. The vortex-vortex interaction in competi-
tion with quenched disorder and thermal fluctuations,
together with material anisotropy, give rise to a broad
variety of vortex phases. If pinning is strong enough, a
second order vortex liquid-glass transition at a temper-
ature Tg(H) is expected, as it has been experimentally
observed in high-Tc cuprates (HTSs)1,2. The variety of
phases and dynamic regimes are mainly determined by
the strength and topology of the quenched disorder. In
this context, correlated disorder due to extended linear
or planar defects is particularly relevant since they con-
stitue the most efficient way to pin vortices. The com-
petition between pinning and elastic forces is known to
give rise to history effects, that disappear when correlated
disorder prevails3. Moreover, correlated defects with bro-
ken symmetry (as lines or planes) can modify the glass
phase onto a Bose Glass phase, with a preferential mag-
netic field direction for which the transition temperature
Tg(H) increases1,4.
Correlated linear defects can be artificially created, for

example, by heavy-ion irradiation that produces colum-
nar defects5. On the other hand, planar defects are
formed naturally in anisotropic superconductors, where
the atomic layers are themselves a source of planar cor-
related disorder. However, for practical geometrical rea-
sons the magnetic field is generally applied perpendicu-
lar to the layers. Twin boundaries, present in materials
that undergo tetragonal to orthorhombic phase transi-
tions, become planar defects for this geometry. The effi-
ciency of twin boundaries as pinning centers has been ex-

tensively probed in YBCO crystals6, and the correlated
nature of this pinning has been evidenced by measur-
ing the angular dependence of the transport properties:
a sharp peak in the resistivity together with a change
in the universality class of the glass to liquid transition
when the magnetic field is applied at small angles away
from the direction of the correlated defects have been
observed7. By magnetization8,9 and ac susceptibility
measurements10, it has been shown that correlated de-
fects modify the expected intrinsic angular dependence
(due to the material anisotropy) over a larger angular
region. This fact has been explained in terms of forma-
tion of vortex staircases9,12, with vortex segments aligned
with the defects, but the mean vortex direction following
that of the applied magnetic field.

The interest in TBs has been recently renewed
with the discovery of the new iron-arsenide pnic-
tides superconductors13. In the family of compounds
Ba(Fe1−xCox)2As2 a structural transition from a tetrag-
onal to orthorhombic lattice correlated with a magnetic
transition occurs at a temperature Ts that decreases
with increasing x, crossing the superconducting transi-
tion temperature Tc at x ∼ 0.06514,16,17. Approaching
this critical doping, domain structure becomes more in-
tertwined and fine, due to a decrease in the orthorhombic
distortion δ. A peak of maxima critical current density
is observed in the range where the structural domain size
becomes finely spaced17. Although, due to a suppression
of δ, structural domains cannot be optically resolved for
x > 0.054, approaching the critical doping, sizes ulti-
mately would become comparable to the size of vortex
cores17. Direct observations in samples with x ∼ 0.0518

suggest that, as in YBCO crystals19, TBs could also
serve as channels that facilitate the vortex mobility in
one direction but inhibit motion in the crossing direc-
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tion. However, no evidence of the correlated nature of
pinning produced by TBs in these new compounds has
been provided up to now. Moreover, these compounds
offer the unique possibility to study the anisotropy mod-
ification in the crossover from tetragonal-untwinned to
orthorhombic-twinned samples by a subtle change in the
Co doping.
In this work we investigate the superconducting

anisotropy in high quality single crystals with different
Co doping levels close to xcr, in the neighborhood of the
superconducting transition. Using a scaling approach we
are able to determine the angular regions where corre-
lated or uncorrelated disorder prevail. From the partic-
ular characteristics of the ac response in these samples
and its correlation with magnetization measurements we
conclude that, at least in the region of low fields (up to
1T), TBs shift the vortex liquid-glass transition to higher
temperatures in a broad angular range.

II. EXPERIMENTAL

Single crystals of Ba(Fe1−xCox)2As2 were grown from
FeAs flux from a starting load of metallic Ba, FeAs and
CoAs, as described in detail elsewhere14. Samples are
thin platelets with the larger area perpendicular to the
c-axis, with typical areas around 2−5 mm2 and thickness
d ∼ 0.1mm. In this study samples from 3 batches with
different Co doping have been measured: batches with
x = 0.074 and x = 0.067 are near the lower doping level
belonging to the tetragonal phase, and batch with x =
0.062, near the upper doping level corresponding to the
orthorhombic twinned phase.
Magnetization and ac characterization (up to f = 1

kHz) where done in a Quantum Design MPMS with
ac accessory, whereas angular ac susceptibility measure-
ments ( 1 kHz< f < 100 kHz) where carried out in a Ja-
nis continuous flow He-Cryostat with a home made adap-
tation to work as a susceptometer. Samples are mounted
inside a small solenoid that provides a transverse ac field
parallel to the c-axis. The dc field is provided by an
electromagnet that can be rotated with a precision of
∆θ ≃ 0.20. The absolute angle relative to the c-axis is
obtained from the symmetry of the response, and can be
ensured within a ∆θ ≃ ±10. Notice that in this experi-
mental setup the geometry determining the relationship
between the intrinsic transport properties, the applied ac
field and the ac susceptibility (sometimes associated with
a demagnetization factor) is independent of the dc field
direction for H ≫ Hc1. A sketch of the experimental
geometry with the definition of the θ angle is shown in
the inset of Figure 1.
The in-phase and out-of-phase first harmonic compo-

nent of the ac susceptibility, χ, and χ,,, have been nor-
malized using the zero field response at low temperatures,
in such a way that χ, = −1 and χ,, = 0 when there is
complete ac screening, and both components are 0 in the
normal state.

III. RESULTS AND DISCUSSION

Figure 1a shows typical normalized in-phase χ′ and
out of phase χ′′ first harmonic ac susceptibility compo-
nents at zero dc field, for samples with different dop-
ing levels as a function of temperature. Sharp ac tran-
sitions (∆T ∼ 0.5 Kwith a 10%-90% criterium) reveal
high quality crystals. With increasing ac amplitude ha,
as expected, the maximum in χ′′ increases and moves to
lower temperatures and χ′(T ) curves are slightly broad-
ened. Figure 1b shows χ′(T ) and χ′′(T ) for a a larger
twinned crystal (measured in the MPMS, at a lower fre-
quency) at various dc fields applied parallel to the c axis.
As reported in other works21, in these compounds the
application of a dc field mainly shifts the transition to
a lower temperature, without significative broadening;
only the low temperature tails show significative differ-
ence. This fact is due to the very strong pinning, that
inhibits vortex motion: once the system enters the solid
(or glass) phase, vortices are strongly pinned and typi-
cal ac fields (amplitudes ha around a few Oe) are almost
completely screened. The phenomenology displayed in
figures 1a and 1b is very different to that occurring in
the weakly pinned vortex lattice of HTSs, or other tradi-
tional superconductors, where a significative enlargement
of the ac susceptibility transition with increasing dc and
ac fields is observed.

Taking into account the narrowness and subtle depen-
dence of the observed transitions, we have chosen T swept
curves in slow cooling ramps as the best way to perform
our experiments in the home made susceptometer. De-
pendences with other variables at a given temperature
have then been obtained by slicing the corresponding
χ′(T ) curves. Figure 2 shows examples of two groups
of curves at various dc fields H (Fig. 2a) and various ori-
entations of the dc field θ (Fig.2b); θ is the angle between
the field direction and the c-axis. The points where the
vertical lines at a fixed temperature cross each curve are
used to obtain χ′(H) and χ′(θ) dependences.

Figure 3 shows examples of the resulting curves ob-
tained with the above procedure, in samples with dif-
ferent Co doping. Figure 3a shows χ′(H) curves, and
Figure 3b shows χ′(θ) dependences. The structural tran-
sition is expected to occur above Tc for the underdoped
sample (x = 0.062, dark gray circles in Figure 3a)14,
so it is expected to be slightly orthorhombic during the
superconducting transition, with very narrow domains
between TBs; the overdoped samples (x = 0.067, black
symbols, and x = 0.072, light gray symbols), instead,
have a tetragonal structure at all temperatures, without
TBs. It can be readily seen that the formation of TBs
causes a dramatic change in the angular dependence. The
dip in the angular dependence occurs at all the measured
temperatures. As can be seen in the inset of figure 3,
the full χ(T ) curves recorded around θ = 0 (red line)
shift to higher temperatures. In the following we analyze
the measured angular dependence in the framework of
the scaling approach1 proposed in the nineties to study
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FIG. 1: Sharp ac transitions without significative enlargement
with increasing dc and ac fields are observed: (a) Normalized
in-phase χ, and out-of-phase χ,, at H = 0, for samples with
various Co doping, as a function of T recorded with different
ac amplitudes.. (b)χ,(T ) and χ,,(T ) for a larger crystal with
x = 0.062 at various dc fields. (c) ZFC and FC M(T )curves
at H = 5000 Oe. Arrows in (b) and (c) identify examples
of typical points plotted in the phase diagram of Figure 5.in
curves recorded at H = 5000 Oe (black dots). Inset: sketch
of the experimental geometry, where the gray rectangle rep-
resents a sample cross section.

anisotropic HTSs materials.

In 3-D superconductors the anisotropic parameter is
defined as ε = ξc/ξab, where ξc,ab are the coherence
lengths in the direction of the corresponding crystallo-
graphic axis. The angular dependence of any property
(resistivity, critical current density, etc.), in principle,
could be obtained by solving the GL equations with an
effective mass along the c-axis M = m/ε in the presence
of the quenched disorder distribution. In practice, this is
generally not possible. However, when uncorrelated ran-
dom disorder prevails, in the range of large κ = λ/ξ and
fields H ≫ Hc1, a scaling approach allows the recovery
of the GL solutions for isotropic materials by applying

FIG. 2: (Color online). Example of χ,(T ) curves recorded in
slow cooling T ramps at (a) various dc fieldsH and (b) various
orientations of the dc field θ, in an untwinned sample. A
Savitzky–Golay filter has been applied in order to smooth the
high frequency uncorrelated random noise in the temperature
and susceptibility voltage signals. The χ,values corresponding
to the intersection between the vertical dashed lines (T = 21
K) with each χ,(T ) curve have been used to build the curves
shown in Figure 3 (black squares).

simple scaling rules. The scaling rule is particularly sim-
ple at a fixed temperature: any intrinsic property Q will
scale with the same property in the isotropic case Q̆ as:

Q(θ,H) = sQQ̆(εθH),

where ε2θ = ε2 sin2 θ + cos2 θ and sQ = 1, ε or 1/ε (de-
pending on the quantity Q). In multiband superconduc-
tors, recent work15 have shown that the scaling will still
be valid by including a temperature dependent effective
mass, consistent with experimental results22 reporting a
T dependent anisotropy in these compounds.
The approach will be valid if boundary conditions af-

fecting Q are not modified when varying θ. This is the
case of the ac susceptibility χ in our experimental situ-
ation, where the direction of the ac field relative to the
sample geometry is unchanged when the dc field is ro-
tated. Therefore, if uncorrelated random disorder pre-
vails, the angular dependence of the ac susceptibility at
fixed T will be related to the field dependence thought
the following scaling rule:

χ(θ1, H1) = χ(θ2, H2) ⇐⇒ H1 =
εθ2
εθ1

H2.

As tilt and compression elastic modulus are very similar1,
no other reasons beyond the material anisotropy are ex-
pected to affect χ(θ).
We have then investigated if the scaling holds in the

different samples. With this scope, the χ′(θ1, H) and
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FIG. 3: (Color online). Examples of curves obtained by ex-
tracting data for recorded χ,(T ) curves (a) χ,(H) at fixed T
and θ in two samples. (b) χ,(θ) curves at fixed T and H in
untwinned (x = 0.067 and x = 0.074) and twinned(x = 0.062)
samples. A dramatic change caused by TBs is observed.
Continuos and doted lines in panel (a) show the interpola-
tion functions χ,(H) and the corresponding confidence bands.
Dashed line connecting both panels schematize the definition
of H1(θ) in the scaling procedure (Figure 4). Inset: χ,(T )
curves in the twinned samples corresponding to 3 directions
of the dc field H = 1500 Oe. Around θ = 0 the full curves
shift to higher temperatures.

χ′(θ), H2) dependences have been obtained by slicing
curves measured at various dc fields H and fixed angle θ1,
and at fixed dc fieldH2 and various angles θ, respectively.
Results are shown in in Figures 3a and 3b, respectively.
We have deliberately avoided the crystallographic direc-
tions to choose θ1 for reasons that will become apparent
below. The former was interpolated by means of a least-
squares polynomial fit and, for each θ in the latter we
estimated the corresponding magnetic field H1(θ) such
that χ′(θ1, H1(θ)) = χ′(θ,H2), i.e. the field necessary
at a given angle to recover the same response at another
angle and a given field. A sketch ilustrating the meaning
of H1(θ) for a single point θ2 correponding to the sample
with x = 0.074 is shown in Figure 3b with dashed lines
(notice that both panels have the same vertical scale,
so the horizontal line connects points with identical χ′

value). Examples of the resulting H1(θ)/H2 for samples
with different Co doping are shown in Figure 4.
We have noticed that it is not possible to fit the data

in the whole angular range with a scaling function of the
form

H1(θ)

H2

=
εθ
εθ1

=

√

ε2 sin2 θ + cos2 θ
√

ε2 sin2 θ1 + cos2 θ1
.

However, in the tetragonal samples, a good fitting can
be achieved by restricting the angular region. In order
to obtain this region and the best ε, we have performed
least squares fits to the data; comparing the reduced χ2

for fits resulting from different angular intervals, we ob-
served a sharp rise at certain cutoff angle θc (around
60◦-70◦ depending on the sample). After discarding the
points beyond θc, a Monte Carlo method was applied
to estimate the value and standard deviation of ε. A
good agreement with the expected scaling function holds
(continuous lines in Figure 4, panels a and b) in the range
θ < θc with ε = 0.7±0.1 and ε = 0.45±0.05 for x = 0.067
and x = 0.074 respectively. These small anisotropy val-
ues are in good agreement with those reported in other
works14,22,23, obtained by other methods.

The scaling fails when the field direction approaches
the ab planes, similarly to that observed in HTS
cuprates9,10, where this fact is adscribed to the mod-
ulation of the superconducting parameter with atomic
layers. Intrinsic pinning has been observed also in Co-
doped BaFe2As2 films at low T 11. In the present case,
the relatively large ξc (more than 40 Å in this tem-
perature range16) compared with the distance between

FeAs planes (∼ 7 Å) suggest that the modulation will
be strongly smeared. However, the smooth modulation
could be enough to break the random pinning hypotesis,
necessary to validate the scaling rule. In any case, the
loss of the scaling beyond θc in our experiments is an
experimental fact.

On the other hand, in the twinned sample (x = 0.062),
H1/H2(θ) drops for θ . 40◦, and no scaling is possible.
The procedure has been repeated at other temperatures,
as well as rotating the samples in the basal plane. Be-
side some marginal quantitative differences, the angular
response show the same qualitative features. From these
results, it is clear that defects present in tetragonal com-
pounds can be considered as random disorder far away
the direction of the ab planes and that TBs act as sources
of correlated disorder.

The above analysis has been performed making use of
general scaling concepts, without entering into the un-
derlying physics. From now on, we discuss the possible
origin of the ac susceptibility response and consequently
the role that TBs may play at high temperatures in these
samples. The relationship between the ac response in
superconductors and the underlying vortex physics has
been extensively discussed for many years. Excluding the
phase transition regions, the contribution from changes in
the equilibrium magnetization (due to the small changes
in the magnetic field) is negligible compared with the con-
tribution from moving vortices. Typical ac fields move
vortices over short distances, but these small displace-
ments propagate into the sample over a macroscopic dis-
tance know as the ac penetration depth λac , forming
time dependent profiles. The non linear ac response
λac(ha, ω, T,B) can be linked with the effective critical
current density Jc(ω, T,B), and the possible frequency
dependence is a consequence of thermal activated creep.
For thin samples in transversal geometry in a Bean crit-
ical state (with or without creep), at fixed temperature
and field, the non-linear ac susceptibility scales with ha/d
for a given geometry (disk, stripe, etc)20. We have com-
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FIG. 4: (Color online). Examples of the resulting H1(θ)/H2

for samples with different Co doping, being H1(θ) defined as
the ”effective field” for which χ(θ1,H1(θ)) = χ(θ,H2). The
chosen angles θ1 are indicated with vertical dashed lines. Con-
tinuos lines show the scaling function obtained for untwinned
samples (b and c) in the region θ < θc (see text). In the
twinned sample (a) TBs act as sources of correlated disorder
in a broad angular range.

pared the non-linear response taken at different ac ampli-
tudes, in samples with different thickness (cleaved from
the same crystal and having the same area and shape). In
all the temperature range, we have not found a ha/d scal-
ing, indicating the absence of a critical state. Our results
are consistent with those reported in Ref.21, where the
frequency dependence of the non-linear ac susceptibility
does not correspond with that expected from a thermal
activated process. In this reference, authors claim that
the ac suscptibility response in these coumpounds would
be mainly associated with the dynamic response in the
critical region of the vortex liquid-glass phase transition.
With the aim to investigate the consistence of our ex-

perimental results with the proposed scenario, we have lo-
cated the ac susceptibility characteristic points in a phase
diagram obtained by magnetization results. Both kinds
of measurements have been carried out in the MPMS
(QD), with the magnetic field H parallel to the twin
planes (θ = 0), in two large twinned crystals from the
same batch (black and gray symbols in Figure 5).
The magnetic moment m = MV has been measured

at fixed T as a function of H , and the characteristic
points Hmin(T ), Hp(T ) and Hirr(T ), have been identi-
fied (see example in the inset of figure 5) and plotted
in the phase diagram (main panel) in full diamond, cir-
cles and uptriangles respectively. From previous results
in similar samples24–26, Hmin(T ), Hp(T ) can be related
with changes in the pinning regime and creep mecha-
nism. Hirr(T ) depends on the resolution, indicating the
field where the upper and lower branches of the magne-
tization loops M(H) become indistinguishable.
On the other hand, from M(T ) curves at fixed applied

H (example in Figure 1c), we have identified the onset of
the diamagnetic shielding Ton(H) (related in the litera-
ture with T (H = Hc2))

21,26 and the temperature Tirr(H)
where M(T ) curves recorded in ZFC and FC procedures
become identical (solid squares and down triangles in Fig-
ure 5). In curves recorded in cooling procedures (FC), we
have also observed an strange minimum in M(T ) (stars
in Figure 5) below which the magnetization increases and
even becomes positive (see figure 1c), the origin of these
striking features being beyond the scope of this paper.
The characteristic points obtained from ac suscepti-

bility measurements are plotted with open symbols in
the diagram: squares represent the onset of the dissipa-
tion and circles the maximum in χ′ at f = 1kHz and
ha = 1Oe; doted line limit the region where the nor-
malized χ,, is above a threshold value (∼ 0.01) and χ′

abruptly increases (at these particular f and ha).

FIG. 5: Inset: Magnetization loops M(H) at fixed T in a
twinned sample. Main panel: Phase diagram built with mag-
netization (full symbols) and ac susceptibility (open symbols)
results in two twinned samples (gray and black symbols). Ex-
amples of the definition of the plotted quantities are shown in
the inset and in Figure 1b. The IL (up and down triangles)
coincides approximately with χ,,

max
(open circles) and lies near

the onset of the diamagnetic signal (squares). The rectangle
in the right bottom corner indicates the region where angular
measurements have been performed.

The H-T phase diagram presented in Figure 5 clearly
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shows that the so called ”irreversibility line” (IL) ob-
tained by magnetic measurements at fixed T (up trian-
gles) matches with that obtained at fixed H (down trian-
gles) in both samples and coincides approximately with
the maximum in χ′′. Below this line, irreversibility is
measurable and a vortex glass phase is expected to exist.
This coincidence together with the lack of a typical crit-
ical state response is consistent with the possibility that,
in these samples, the ac transition was related with the
vortex glass-liquid phase transition. The most interesting
feature is that, contrary to that observed in other picni-
tides, including the Ba(Fe1−xCox)2As2 family16,21,24–26,
the IL lies very near the onset of the diamagnetic sig-
nal measured through both magnetization (solid squares)
and ac susceptibility (open squares) techniques. The vor-
tex liquid phase (if there is) seems to be very narrow, at
least for fields below H = 2T, condition that includes all
the region where angular measurements have been per-
formed (rectangle in the right bottom corner). It seems
that for higher fields this region tends to be enlarged, but
unfortunately experimental problems prevented us from
obtaining good susceptibility curves at higher fields.
Therefore, our results should indicate that the dip in

χ′(θ) displayed in Figure 3 could be due to a shift of
the Tg(H) line to higher temperatures, with a stretching
of the vortex liquid phase. Such a shift is expected to
occur in the presence of correlated disorder in the Bose-
glass phase1,4, below a small lock-in angle. However, the
dip in Figure 3 and 4 persists up to θ ∼ 40◦. In the
proposed scenario, in all the angular range where vortices
are expected to accommodate in TB planes (probably
forming staircases), there would be a continuous shift of
the Tg(H) line.

IV. CONCLUSIONS

The superconducting anisotropy in good quality
Ba(Fe1−xCox)2As2 single crystals with different Co dop-
ing levels close to xcr, in the neighborhood of the super-
conducting transition, has been investigated. We observe
that the formation of twin boundaries (TBs) in samples
with x = 0.062, near the upper doping level correspond-
ing to the orthorhombic twinned phase, causes a dra-
matic change in the angular dependence.
Using a scaling approach we are able to determine

the angular regions where uncorrelated disorder prevails.
From this point of view, defects present in tetragonal
compounds can be considered as random disorder. In
these samples, small anisotropy values (ε ∼ 0.5 − 0.7)
were obtained, in good agreement with those reported
in the literature. The scaling fails approaching the ab
planes, suggesting that the smeared modulation of the
superconducting parameter is enough to break the pin-
ning isotropy. On the other hand, in the orthorhombic
samples, we observe that TBs act as sources of correlated
disorder in a broad angular range.
The characteristics of the non linear ac response, to-

gether with the coincidence between the maximum in the
ac dissipation and the irreversibility line, point to indi-
cate that the ac susceptibility response coul be mainly as-
sociated with the dynamic response in the critical region
of the vortex liquid-glass phase transition. Our results
should indicate that twin boundaries shift the temper-
ature of the glass transition Tg(H) to higher tempera-
tures, with a stretching of the vortex liquid phase. A
scaling with frequency in the linear regime (unable to be
performed with our setup) could confirm this hypothe-
sis. Interesting insights might be obtained by studying
the angular dependence of the critical current density as
a function of temperature in underdoped samples with
slightly higher Co content, so that Ts . Tc , where both
structural phases belonging in the superconducting state
should become accessible in the same sample. Angular
transport measurements as well as direct observations of
vortex arrangement could also reveal valuable informa-
tion.
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