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Measurements of the temperature dependence of the in-plane magnetic penetration depth, AAy(T) =
Aap(T) — Agp(0), are presented in the isovalently substituted iron pnictide BaFe,(As;_Px), near optimal
doping (T, ~ 28K). The data were obtained directly from the shielding magnetic susceptibility of thin
single crystals (~ 20 pm thickness along the crystals c-axis) under magnetic fields parallel to the ab lay-
ers. Complications associated to flux penetration were avoided by using fields in the 10~* T range, which
ensured that the samples were well inside the Meissner region. At low temperatures (T < 0.25T;) our
data confirm the linear temperature dependence of A,,(T) observed by using other procedures, and that
is consistent with a nodal superconducting order parameter. By using values for 1,,(0) in the literature
we obtained the temperature dependence up to T, of the superfluid density, ns(T) o l/kgb(T). It is found
that samples with slightly different T, values present a significantly different qualitative behavior of ny(T).

© 2016 Published by Elsevier B.V.

1. Introduction

Superconductivity may be induced in iron pnictides by sup-
pressing the magnetic order by charge doping of the parent com-
pound (e.g., by partially replacing Ba by K in BaFe,As,) [1], but also
by introducing isovalent substitutions (like P by As, or Ru by Fe,
also in BaFe,As,) [2-4]. While charge-dopants create very effective
scattering potentials which affect many superconducting proper-
ties, isovalently-substituted compounds do not present appreciable
impurity scattering [2,3,5,6], and have very different characteris-
tics. In particular, contrary to charge-doped materials, they present
clear evidences of nodes in the energy gap [7-11].

One of the most studied isovalently-substituted compounds is
BaFe,(As1_xPx),. In this material, it has been recently observed a
sharp peak in the x-dependence of the in-plane penetration depth
at T — 0 K, A4(0), at the optimal doping level (x = 0.30) [12].
This effect has been confirmed by local measurements performed
with magnetic-force microscopy [13], and has been related to the
possible presence of a quantum critical point (QCP) [12,14-17].
Much less attention has been given to the temperature depen-
dence of XA, in this compound. However, its study would allow
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to obtain the temperature dependence of the superfluid density,
ns(T) o A;bz(T), and to obtain information about the gap symme-
try, the couplings between electrons in the different bands, and
their possible dependence on the doping level [18].

Here we present new measurements of the temperature-
dependence of Agp,

Ahgp(T) = Aap(T) — Aap(0), (1)

in several high-quality BaFe;(As{_,Px), single crystals near the op-
timal doping level. The data were obtained from the shielding
magnetic susceptibility (in the Meissner region) for fields paral-
lel to the ab layers. This technique allows the use of DC magnetic
fields in the Oe range, and is very direct (AA,, is proportional to
the change with the temperature of the measured magnetic mo-
ment). Moreover, it avoids well known difficulties intrinsic to other
techniques, like surface barriers (in the case of techniques based on
the determination of the lower critical field) [19], or edge rough-
ness [20-23]. Our data will allow to confirm the linear tempera-
ture dependence of Ay, at low temperatures (a signature of nodes
in the order parameter), and to obtain new information about the
temperature dependence of ng up to Tc. In particular, it will allow
to probe possible changes with the doping level on approaching
the QCP.
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Fig. 1. Magnetic field dependence of the magnetic moment for all samples studied.
These measurements were performed at 2 K after zero-field cooling. The linear and
fully reversible behavior rules out possible spurious effects associated with mag-
netic flux trapped inside the crystals.

2. Experimental details and results

The BaFe,(As;_xPx), crystals with used in this work (with x ~
0.35, close to the value that maximizes T.) were grown by using
the BayAs3/Ba,P5 self-flux method described in Ref. [24]. Details of
their characterization may be seen in Refs. [14,25]. We used plate-
like single crystals (see Table 1) with the FeAs (ab) layers parallel
to their largest faces. They were cleaved from larger crystals by
using adhesive tape.

The magnetic susceptibility was measured in three single crys-
tals with the magnetic field, H, perpendicular and parallel to the
ab-layers, x, and y respectively, with a commercial SQUID mag-
netometer (Quantum Design, model MPMS-XL). In the case that
H|lab the samples were glued with a minute amount of GE varnish
to a quartz sample holder (0.3 cm in diameter, 22 cm in length).
Two plastic rods at the holder ends ensured an alignment better
than 0.1°, although the GE varnish may introduce an additional un-
certainty that will be commented below. The samples were zero-
field cooled to 2 K by using the so-called ultra-low-field option,
which reduces the magnetic field in the sample space to a value
below 102 Oe.

The measurements were performed with magnetic fields be-
tween 4 and 6 Oe. As it is shown in Fig. 1, in this range the mag-
netic moment is linear with H and fully reversible, which rules out
any spurious effect associated with magnetic flux trapping. Due to
the small crystals and magnetic fields used, the magnetic moment
resulted to be in the ~ 10-% emu range. By this reason, we used
the Reciprocating Sample Option (RSO) and averaged eight measure-
ments consisting of 10 cycles at 1 Hz, which resulted in an uncer-
tainty in magnetic moment of the order of 10-8 emu.

The temperature dependence of x, is presented in Fig. 2(a).
These data are already corrected for demagnetizing effects by using
the demagnetizing factor, D,, needed to attain the expected value
of x, = -1 when T — 0 K (see Table 1), which resulted to be con-
sistent with the values that may be obtained from the crystals’ di-
mensions [26]. As it may be seen, the diamagnetic transitions are
well defined (the full transition widths are around ~ 0.5 K in all
the samples), and the T, values (compiled in Table 1) were esti-

Fig. 2. (a) Temperature dependence of the magnetic susceptibility for HLab (a), and
H|ab (b). These data were obtained with low applied magnetic fields ( ~ 5 Oe), so
that the samples are well inside the Meissner region just below T.. The rounding
observed below T. when Hllab is due to the competition between X, (T) and the
crystals thickness. The inset in (a) is a detail around the diamagnetic transition.

mated from the transition midpoint. The temperature dependence
of x is shown in Fig. 2(b). While x, is almost temperature in-
dependent, x| presents an appreciable rounding (mainly close to
Tc) due to the competition of A,,(T) with the crystals’ thicknesses,
Lc. The low-temperature saturation values were determined by a
linear fitting up to 0.3T, ~ 9 K. Samples 1 and 3 present values
of |x(0) larger than ~ 1, consistent with crystal misalignments
about 5° (see next section). The reduced |y (0)| value for sam-
ple 2 may be attributed to the presence of some unscreened non-
superconducting domains in the sample.

3. Data analysis and discussion
3.1. Low-temperature behavior of A,,(T)

Taking into account the plate-like geometry of the crystals,
Aap(T) may be obtained from yx through'

_ 2Xqp ( L )
X 1+ L tanh %) (2)
The crystals’ thicknesses are about 20 pm, and the reported A,(0)
values for the studied compound are about 0.2 pm [12] and remain
below ~ 1 pm up to very close to T. (typically 0.9T, see Fig. 3).
Thus, in a wide temperature region below T, it may be approxi-
mated

2hap, 3)

~ -1
X L

T In Eq. (2) we have neglected an additive term, ~ 2A./Ly,, associated to the com-
petition between the out-of-plane magnetic penetration depth, ., and the crystals
width, Ly, because of in the studied crystals this term is expected to be ~ 15 — 35
times smaller than 2\ /L. (note that in the samples used Ly, ~ 0.5 — 1.2 mm and
L. ~ 0.02 mm (see Table 1), and the anisotropy factor y = A¢/Aq ~ 1.8 [25]).
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