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We have observed a magnetic vortex lattice (VL) in BaFe,(Aso 67P0.33). (BFAP) single crystals by small-angle
neutron scattering. With the field along the ¢ axis, a nearly isotropic hexagonal VL was formed in the field range
from 1 to 16 T, and no symmetry changes in the VL were observed. The temperature dependence of the VL
signal was measured and confirms the presence of (non-d-wave) nodes in the superconducting gap structure for
measurements at 5 T and below. The nodal effects were suppressed at high fields. At low fields, a VL reorientation
transition was observed between 1 and 3 T, with the VL orientation changing by 45°. Below 1 T, the VL structure
was strongly affected by pinning and the diffraction pattern had a fourfold symmetry. We suggest that this (and
possibly also the VL reorientation) is due to pinning to defects aligned with the crystal structure, rather than being
intrinsic. The temperature dependence of the scaled intensity suggests that BEFAP possesses at least one full gap
and one nodal gap with circular symmetry. Judging from the symmetry, the node structure should take the form
of an “accidental” circular line node, which is consistent with recent angle-resolved photoemission spectroscopy
results [Y. Zhang, Z. R. Ye, Q. Q. Ge, F. Chen, J. Jiang, M. Xu, B. P. Xie, and D. L. Feng, Nature Physics 8, 371

(2012).].

DOI: 10.1103/PhysRevB.90.125116

I. INTRODUCTION

BaFe,(Asg67P033)2 (BFAP) is one of the most well-
researched materials among the 122 family of iron-pnictide
superconductors. The nature of its interesting superconducting
state is emerging through various experiments which give
information about the systematic interpretation of the gap
structure and superconducting pairing symmetry. BFAP is a
favorable material to investigate, because single crystals can
be prepared with high enough quality to observe quantum
oscillations [1]. In consequence, the nature of superconduc-
tivity in BFAP is becoming clearer, as described here. The
possibility that BFAP has line nodes in the superconducting
order parameter is indicated by various experiments such as
penetration depth [2], thermal conductivity [2,3], and nuclear-
magnetic-resonance (NMR) relaxation rate measurements [4]
on single crystals of BFAP. Moreover, the existence of
nodes in iron pnictides with s-wave pairing symmetry is
also suggested by angle-resolved photoemission spectroscopy
(ARPES) measurements [5]. On the other hand, a spin
resonance considered characteristic to si-wave iron-based
superconductors without line nodes has recently been observed
in BaFe;(Aspgs5Po3s5)2 [6]. The resonance requires a sign
change in the order parameter, suggesting sy pairing. In
addition, theoretical models using first-principles calculations
suggest that BFAP has a three-dimensional nodal structure
with a s -wave gap originating from the spin fluctuations [7].
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For a comprehensive understanding of the superconducting
state in BFAP, it is valuable to detect the magnetic vortex
lattice (VL) directly by small-angle neutron-scattering (SANS)
experiments.

SANS measurements on superconducting VL states can
give important information on the electron pairing state. This
technique can be used to explore the vortex state, since
it measures the Fourier components of the magnetic field
distribution in a crystal. SANS is also a powerful technique
to observe directly the VL geometry in a bulk crystal. So
far, just three pnictide materials are reported to show VL
signals. However, in Ba(Fe93C00.07)2As, [8] and LiFeAs
[9] single crystals, only ringlike diffraction patterns were
observed. Recently, KFe,As, (KFA) single crystals showed
clear magnetic VL Bragg spots for the first time in iron-
based superconductors [10,11]. In KFA, a nearly isotropic
hexagonal VL is formed, and no symmetry transitions up to
2/3 B(T = 0) are observed. From these SANS experiments,
it was concluded that the gap in KFA has line nodes with s
symmetry; these nodes may be “horizontal,” running around
Fermi surfaces which have cylindrical topology, or have a
more complicated structure [12,13]. In order to further expose
the nature of iron-based superconductors, especially for the
122-type structure, it is of importance to explore more systems
that show a clear VL signal. Therefore, we have performed
SANS experiments on large high-quality single crystals of

©2014 American Physical Society
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BFAP, and we have determined that line nodes are present, as
in KFA.

II. EXPERIMENTAL DETAILS

The SANS experiments were carried out on the D11 and
D33 instruments at the Institut Laue-Langevin (ILL), France;
the SANS-Tinstrument at the Swiss Spallation Neutron Source,
Paul Scherrer Institute (PSI), Switzerland; and the CG2
instrument at the Oak Ridge National Laboratory (ORNL),
USA. Neutrons with a wavelength of A, = 5 and 7 A with
8An/An =10% at ILL, 9 A with 10% at PSI, and 9 A with 15%
at ORNL were used. We measured VL scattering patterns in
the (hk0) plane with various magnetic fields up to 16 T applied
parallel to the ¢ axis and approximately parallel to the incident
beam of neutrons [14].

For the present study, single crystals of optimally doped
BFAP with 7, ~ 30 K were grown by the self-flux method
[15]. The typical size of a crystal was ~3 x 3 x 0.1 mm?,
and we used about 200 single crystals with a total mass
of ~0.28 g. The value of RRR before annealing was 5.9.
These were aligned side by side and attached with cyTop®
hydrogen-free glue onto aluminum plates. One of the plates
which we used in the experiments is shown in Fig. 1(a). We
annealed the crystals in vacuum at 500°C for 20 h just before
the SANS experiments, with the intention of improving the
perfection of the crystals. In a previous SANS experiment on
BFAP crystals without this treatment, we saw only a ring-
shaped signal due to vortex pinning by defects. We performed
susceptibility measurements using a piece of BFAP single
crystal for checking the sample quality before and after the
annealing process. Under zero-field-cooled (ZFC) conditions,
with magnetic field uoH = 1 mT applied along the c axis, we
found that the magnetization (M) changes rapidly below the
onset temperature 7. = 30 K of the superconducting transition,
which agrees with previous reports [16,17]. After annealing,
the maximum ZFC magnetization below 20 K increased, T
was slightly lower, and M changed more rapidly just below T,
[see Fig. 1(b) and its inset]. This is because the lattice defects
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FIG. 1. (Color online) (a) BFAP single crystals on an aluminum
plate as used in the SANS experiments. (b) The temperature
dependence of the susceptibility measured at o H = 1 mT for B || c.
Data for the as-grown sample and annealed sample are shown by the
blue squares and red circles, respectively. Inset: enlargement of main
panel around 7. The corresponding values of 7, are shown next to
the arrows. For visibility in the inset, M of the annealed crystal is
shifted upward by 0.3 units.
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which lead to pinning are reduced. From these results, it is
clear that after annealing the sample had better crystallinity
than as grown.

SANS measurements at various fields were performed on
these annealed BFAP single crystals, and we have observed
clear diffraction signals from a well-ordered magnetic VL in
BFAP up to 16 T, which is a record for the pnictides. This is
the second success in observing VL Bragg spots among the
iron-based superconductors following on from KFA. Here, we
report the temperature and magnetic field dependences of the
SANS patterns and of the integrated intensity. The field was
applied parallel to the ¢ axis above T, and oscillated in value
by & 0.05 T as the sample was cooled to base temperature and
then held constant. By this means, we expected to improve the
vortex lattice disordered by pinning effects [18]. Data were
collected as the field and sample were rotated together through
a set of angles, so that VL spots were “rocked” through the
Bragg condition. Background data collected at 35 K were
subtracted from the data taken at 2 K. The SANS data were
displayed and analyzed by the GRASP analysis software [19].
The scattering patterns displayed in this paper were prepared
by Bayesian treatment of the data [20]. In this analysis based
on Bayes’s theorem, a weighted average of data is used to
emphasize data from regions of the detector satisfying the
Bragg condition for each VL angle.

III. EXPERIMENTAL RESULTS

A. Vortex lattice structure

Figures 2(a)-2(e) show the VL diffraction patterns with
clear Bragg spots measured at 2 K in selected magnetic fields
along the ¢ axis. Mirror axes of the VL structures are shown
by the white lines on the VL scattering patterns. Note that the
real space VL nearest neighbors are in the same pattern as the
first-order diffraction spots around the direct beam, but rotated
90° around the field axis.

We observed ringlike patterns with Poisson noise at low
fields of 0.05 to 0.4 T, with some concentration of the intensity
along the (1 0 0) directions. On increasing the field, Bragg
spots emerge at ~0.7 T [Fig. 2(a)] and we see a clear four-spot
pattern along the (1 0 0) directions at 1 T [Fig. 2(b)]. At
first glance, it appears that the vortices form a square VL;
however, a more careful inspection shows weak signals in both
the horizontal and vertical directions. We believe this means
that the four-spot pattern observed at 1 T actually indicates not
the formation of square VL but instead the presence of two
distorted hexagonal VL domains. Each VL would have two
strong spots aligned along a diagonal, with weak signals in the
horizontal and vertical directions arising from the other spots.
This conclusion is strengthened by the experimental value of
the average wave vector geyxp = 0.0147(1) A~ which is much
closer to the expected hexagonal value of gnex, = 0.0148 Al
at 1 T than the square value, g5 = 0.0138 A~'.On applying
fields above 1 T, the spots begin to split and slightly distorted
hexagonal VLs appear at 3 T [Fig. 2(c)]. (Note that when
these higher-field data were taken up and down rocking of
the magnet angle, required to bring the vertical spots onto the
Bragg diffraction condition, was not available. Hence, these
spots, which must be present by tetragonal symmetry, could
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FIG. 2. (Color online) Typical small-angle neutron-scattering patterns at 2 K from the VL structure in BaFe,(As(¢7Po33)2 at (a) 0.7 T, (b)
1T,(c)3T,(d)ST, and (e) 10 T. The (1 1 0) directions of the crystals are vertical and horizontal. Mirror planes for the VL are shown by
the white lines in each figure. After the Bayesian analysis, the data were smoothed with a Gaussian of width comparable to the instrumental
resolution, and Poisson noise near the direct beam was masked. The color scale from this analysis represents the integrated intensity per pixel
in arbitrary units. (f) The B-T phase diagram indicating all conditions under which VL measurements were performed. The values of B.,(T)

were taken from [1,2].

not be measured.) Thus, 12 clear spots would be present in a
full diffraction pattern from 5 T upwards, of which ten were
observed. The 12 spots are derived from a mixture of two
domain orientations of hexagonal VLs and are present in the
range of at least 3 to 16 T. Because these clear Bragg spots were
observed up to more than 20 K for 5 and 10 T, we may conclude
that a hexagonal VL is stable throughout the superconducting
mixed state above 5 T at least. From these results, we find that
BFAP is the first example of a nonstoichiometric iron-based
superconductor which shows well-ordered VLs. This may be
a consequence of isovalent doping on the As site, instead of
nonisovalent doping on the Fe site as in Co-doped pnictide
Ba(Fe.93Co00 07)2As;, as isovalent doping is expected to reduce
pinning [8].

Next, we consider the 45° rotation of the hexagonal VL
in the ab plane. As noted above, the main signals from a
hexagonal VL are seen along the (1 0 0) directions at 0.7 and
1 T, and the mirror axes of the VL structure shown by the white
lines lie along these directions. In contrast, the directions of
the VL mirror planes above 3 T are rotated by 45°, compared
with those at 0.7 and 1 T. It is possible that this is due to
a first-order transition, with the VL rotating by 45° between
1 and 3 T. In borocarbide materials, this kind of transition
has been predicted to arise from nonlocal effects [21] and
has been observed [22]. With consideration of these results,
the hexagonal VLs drawn in Figs. 3(a)-3(c) may account for
the diffraction patterns observed in our SANS measurements.
We suggest that the 45° structure is mainly dominant, but the
hexagonal VLs which are realized above 3 T are partly present

(¢)B>3T

[1-10]

[110]

FIG. 3. (Color online) (a), (b) Schematic diffraction patterns
from four types of hexagonal VLs. The resultant VL diffraction
patterns are highlighted by light blue ellipses. Some spots with x
were not observed in our experiments due to geometrical limitations.
(c) Hexagonal VLs with two domain orientations, observed at high
field.
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between 1 and 3 T. At the lowest fields, the pattern remains
ringlike, but with extra intensity along the (1 0 0) directions.
In the region of g values appropriate to fields below 1 T,
we find extra non-VL scattering from the sample along both
(100) and (1 1 0) directions (see Fig. 4). This will arise from
planar crystal defects, which are likely to have similar spacing
to the vortex lines at these fields. It appears that the (1 0 0)
defects are particularly effective in controlling the orientation
of pinned VL planes. In this field region, the VL rocking
curves become much broader, indicating that the directions
of the vortex lines are distorted by pinning away from parallel
to the field. We also find that the g-vector distribution in the
diffraction patterns becomes broad, with a peak close to that
expected for a square VL along the (1 0 0) directions. However,
along the (1 1 0) directions, the peak is close to that for
a hexagonal VL, rather than the larger (by a factor of v/2)
value expected for higher-order reflections from an intrinsic
square VL. We conclude that, in some regions of the sample,
crossing planar defects are sufficiently similar in density to
the vortex lines to control the local VL coordination at low
fields; however, in other regions, an intrinsic hexagonal VL
remains. However, at fields above 3 T, the situation appears
more straightforward, with a mixture of two equivalent domain
orientations of hexagonal VLs, as drawn in Fig. 3(c).

B. Vortex lattice phase diagram

A schematic VL B-T phase diagram of the VL structure for
BFAP is drawn in Fig. 5(a), and the low-field region below 1 T
is shown in Fig. 5(b). For comparison, the VL phase diagram
of KFA is shown in Fig. 5(c). The orientations of the VLs to
the crystal axes for BFAP and KFA are shown in Fig. 5(d).
A hexagonal VL structure is dominant in BFAP as well as in
s-wave superconductor KFA, where no symmetry transition is
observed up to 2/3 B (T = 0) [10]. From the present results,
the possibility of d-wave superconductivity in BFAP can also
be ruled out, because a square VL was not observed in BFAP at
high fields, in contrast with the typical d-wave superconductor
of CeColns [23,24]. On the other hand, at low fields there

Temperature (K)

FIG. 5. (Color online) (a) Schematic B-T phase diagrams of VL
structure for BaFe,(As(¢7Pp33)2. Red dots and a black dashed line
(from [1,2]) give arough indication of B, for BFAP. (b) The low-field
region below 1 T in the VL phase diagram for BFAP, showing the
pinning-dominated region as a hatched area. Red diamonds provide
a border line between phases I and II. (c) Schematic B-T phase
diagrams of the VL structure for KFe,As, [10]. Red dots and a
red dashed line (from [10]) provide estimates of B, for KFA. On
increasing the temperature, hexagonal VL structures are stable up to
T.»(B) for both BFAP and KFA. However, the hexagonal lattice in
phase I for BFAP is rotated by 45°, compared to that of phase II in
BFAP, which is the only phase observed in KFA. (d) Diagrams of the
VL structures which are proposed for phases I and II.

may exist an extra VL phase in addition to phase I: the 45°
rotated phase II, together with pinning-dominated behavior at
low fields. The VL reorientation is very like the 45° rotation
seen in borocarbide superconductors RNi;B,C (R =Y, rare
earth) [22,25]. This arises from nonlocal effects [21,26], which
should also give rise to a square VL at higher fields, as
seen in experiments in borocarbides. However, no high-field
VL transitions are seen in BFAP; this suggests that the VL.
reorientation in our crystals is not due to nonlocal effects.
Further evidence for the weakness of nonlocal effects (and
the absence of a d-wave order parameter) in BFAP is given
in Fig. 6, which shows that the VL is very close to regular
hexagonal at all fields. However, since there is some variation
which is dependent on field, weak nonlocal effects should
exist. Because the VL structure at the lowest fields appears to
be dominated by pinning to crystal defects, it is possible that
the reorientation transition is also a relic of this rather than
being intrinsic.

C. Field dependence of form factor

Figure 7 shows the field dependence of the VL form factor,
derived from the intensity /4 of the VL first-order diffraction
spots at 2 K, after integration over the rocking angle. As derived
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in [27], I(q) is related to the form factor by

)/)2 A

Y 2
) cbgq'F(q)' ; ey

Iy =27V

where F(q) is the VL form factor, V is the sample volume, ¢ is
the incident neutron flux, y = 1.91 is the neutron gyromagnetic
ratio, and ®y = 2.07x 101> T is the flux quantum. F(q) is a
measure of the magnitude of the spatial variation of the field in
the mixed state. These data were fitted to a modified London
model with core and nonlocal corrections [28]:

F(q) = exp(—cq’&?), 2)

B
1 + qZAZ
where A is the London penetration depth, £ is the coherence
length, and c is an empirical core cutoff parameter that might
range from 1/4 to 2 [29]. Here, we adopt an appropriate
value of 0.44 for ¢ [30,31]. The best fit gave Ay, = 255
£ 3 nm and &), = 2.85 & 0.07 nm. From this, the value

O " r T 1 T T T T " H
® Experiment
0.7H —— modified Ginzburg-Landau model ]
mH 0.6 1 B// ¢ -
o
= 0.5H
—
204H
LTé'O.S’-
02l Ay =255 nm
~ ¢y = 2-85nm
0.1 4
008 1+ v
0 2 4 6 8 10 12 14 16
Applied Field (T)

FIG. 7. (Color online) Field dependence of the form factor (F)
at 2 K. Experimental data are fitted by the modified London model.
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FIG. 8. (Color online) Experimental data for the scaled intensity
I vs T(K) at selected fields. We show the fits to the experimental data,
the relative weight of the nodal gap, and the estimated gap values at
(@03T,(b)1T,(c)5T,and (d) 10 T.

of the critical field at T = 2 K is found to be 40.6 T by
the relationship B, = ®o/m&},,. This value is close to that
derived by the extrapolated critical field B, = 52 T from
torque measurements [1,2]. The small difference may be the
result of minor distortions of the VL by pinning, which can lead
to a “static Debye-Waller factor” which mimics a larger core
size &. Our derived value of A is larger than but comparable to
the estimated value of 200 £ 30 nm from the low-T magnetic
penetration depth measurement [2]. The Ginzburg-Landau
parameter derived from our results is k ~ A/&E ~ 89.5 for
B|ec.

D. Temperature dependence of intensity

‘We show the temperature dependence of the scaled intensity
at 0.3, 1, 5, and 10 T in Fig. 8. We see that the linear low-T
behavior tends to disappear as large fields are applied.

To fit data at a fixed field as a function of temperature to
a model, we need to calculate the form factor using Eq. (2),
to give the integrated intensity, which is proportional to F?
[Eq. (1)]. The most important temperature-dependent quantity
in Eq. (2) is A% o« p~!, where p is the normalized superfluid
density = ny/n. The T dependence of the superfluid density
may be derived in the local limit using the following equations
appropriate for a two-dimensional cylindrical Fermi surface
[32]:

1 2 C052(¢)
Paaypp(T) =1 — 2mwkgT /0 (sin2(¢)>

= Ve + A¥@.T)
x/ cosh™ E—k ded¢. (3)
0

2kgT
Making use of the fourfold rotational symmetry of the crystal
(space group: I4/mmm), p.,(T) = pp»(T), we obtain the
following equation for the superfluid density, normalized to
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its value at T = O:
1 2 poo
/ / cosh™?
47'[/(]3 T o Jo
4)

The gap function Ay(¢,T) is assumed separable into
T- and momentum-dependent factors, that is, Ax(¢,T) =
Ar(@)Ao(T), where Ag(¢) describes the angular dependence
of the gap function and A((7T) describes the T dependence.
For simple estimation in the weak-coupling limit, Ag(T) is
given by

JeEE+HAN P, T)
Y |dedg.

T=1-
o(T) T

Ao(T) = Ap(0) tanh |:1.78 <% - 1>i| , 4)

where A¢(0) is the zero-temperature magnitude of the gap.
We allow for field effects on the gap by using T.»(B) for
Tc, with values for T»(B) taken from Fig. 2(e) of our
paper. We describe a full gap with Ai(¢) =1, while a
nodal gap may be represented by Ai(¢) = cos(2¢). This
is a d-wave structure but may be used to model a more
general nodal gap [10]. We found that the data could only
be fitted by a mixture of nodal and full gap behavior. To
avoid an unreasonably large number of fitting parameters, we
restricted the fitting to a simple weighted sum of one nodal
and one full gap contribution to the temperature dependence
of the superfluid density. This was used to calculate the
temperature-dependence of A. The variation in normalized
diffracted intensity as a function of temperature was then
calculated using the extended London model [Eq. (2)], i.e.,
including core overlap effects representing the finite value of
B/B,(T). For this, the absolute values of A and & at base
temperature were taken from our extended London model fit
to the field dependence of the vortex lattice form factor. To
calculate the temperature dependence of &, we used Eq. (5)
for the T dependence of the gap and the inverse relationship
between £ and A to give

E(T) = £(0){tanh[1.78,/(T./T — D]} (6)

This temperature dependence had a minor influence on the
fitting. We found that the residuals of a fit had a broad and
shallow minimum as a function of the variables, which were
the gap magnitudes and the proportion of full and nodal gaps.
This led to problems finding a true minimum at realistic values
of parameters. To circumvent this, we fixed the gap magnitudes
at pairs of different values and allowed the proportion of full
or nodal gaps to vary for each pair of gap magnitudes. This
produced a “matrix” of fit results; the residuals and the fitted
fraction of the nodal gap are represented in Fig. 9. In these fits,
the data were normalized to the extrapolated intensity at 0 K.

Because of the broad minima represented in Fig. 9, minor
errors in one or two points can push the absolute minimum
of the residuals to unrealistic values, so it is necessary for us
to make some reasonable assumptions about the implications
of the results. We note that all fits up to B = 5 T indicate the
presence of a nodal gap. A field-independent nodal gap value
with a magnitude of 30 K is reasonable, since it intersects the
fit minimum for all fields up to and including 5 T. Second, a
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FIG. 9. (Color online) Left panels: Residuals of fits to the temper-
ature dependence of intensity, as the fraction of nodal gap contribution
is varied for an array of fixed gap values evaluated at a spacing of
5 K. The horizontal axis is the magnitude of the full gap expressed
in Kelvin units; the vertical axis is the magnitude of the maximum of
the nodal gap in the same units. The color scale is the logarithm of
residuals divided by their minimum value. Right panels: proportion
of nodal gap contribution given by the same array of fits as above.
Note that the scale for 10 T has a smaller range than the others for
the nodal contribution to emphasize the disappearance of the nodal
gapby 10 T.

field-independent full gap value of 65 K is in the “middle
ground” for the 0.3 to 5 T fits and avoids nonmonotonic
variation in the gap magnitude as a function of field. This leads
to a proportion of nodal gap of around 0.2 for all fields up to and
including 1 T, with 5 T having around 0.1 for the contribution
of the nodal gap. However, the 10-T data are consistent with
zero nodal contribution and a rather larger magnitude of the full
gap. While it is possible to find lower fit residuals for our data,
doing so results in a nonsystematic variation of gap values,
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and the broad minimum in all fits indicates that the data do not
have enough resolution to demand absolute values in this way.
As will be seen in Fig. 8, the chosen values of parameters give
very acceptable fits to our measured temperature dependences.

We therefore have a picture of almost field-independent
behavior at lower fields, with a significant change in gap
structure at higher fields as the nodal proportion begins to
decrease by 5 T and is zero or nearly so at 10 T. This supports
the picture of a mix of full and nodal gaps on the various
Fermi-surface sheets of BFAP, with the smaller nodal gap
being suppressed with increasing fields. This may represent
a true disappearance of the nodal contribution to the gap, or
the increasing importance of nonlocal effects at high field,
since these would also suppress the linear temperature depen-
dence at low temperature [33,34]. The apparent large value of
the full gap and the disappearance of the nodal gap at 10 T
may also reflect nonlocal effects.

From the ARPES experiment [5], horizontal nodes around
a hole Fermi surface near the Z point were observed at zero
field, together with nonzero gaps on other Fermi surfaces. Our
results for the 7' dependence of the scaled intensity at 0.3 T,
along with our evidence at higher fields against a d-wave gap,
give strong support for the existence of a horizontal node in
the gap structure in BFAP.

IV. DISCUSSION

We first focus our discussion on the contribution these
results make to the debate on the gap structure in the pnictides.
There has been significant debate on this subject since the
discovery of the iron-based superconductors, with strong
evidence for both nodal [2,4,5,10] and nodeless [35-37] gap
structures. The diffracted intensity from a vortex lattice is
related to the superfluid density, making the temperature
dependence of the intensity a strong indication of the presence,
or lack of, nodes in the gap structure of the superconductor in
question. Our investigation into the temperature dependence
of the diffracted intensity, shown in Fig. 8, presents varying
answers to the question of gap structure as a function of
field. For lower applied fields, in this case 0.3 to 5 T, an
admixture of a fully gapped s-wave state and a nodal state
presents the best fit to the data, while at the higher field of
10 T the fully gapped state with no other contribution gives
the best description. This can be understood in the context of
a multiband superconductor, with at least one band possessing
one or more nodes while also having at least one fully gapped
Fermi surface sheet. In this case, at lower applied fields all
bands are contributing to the superfluid density, leading to
indications of nodal behavior at lower temperatures. At higher
applied fields, it appears that the nodal gap has been suppressed
by the field, leaving only the full gap, or gaps, contributing
to the Cooper pairs. This leads to the s-wave-like behavior
at lower temperatures and higher fields, where the scattered
intensity flattens below 5 to 10 K as kg7 falls below the gap
value, as is clearly seen in Fig. 8(d).

While the temperature dependence of the superfluid density
is a clear indication of the presence of nodes, it does not
necessarily give a direct indication as to the symmetry of the
gaps involved. The structure of the vortex lattice, however,
is very sensitive to the gap structure as the applied field
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and temperature are varied throughout the superconducting
mixed state. It is common for superconductors with d-wave
symmetry to have hexagonal to square VL transitions, such
as for CeColns [23,24] and YBa,Cu3O5 [31]. While a square
scattering pattern is observed for 1 T, the magnitude of the
reciprocal space scattering vector corresponds to a hexagonal
lattice and weak diffraction spots are also observed on the
horizontal and vertical axes, leading us to believe that this
is caused by the adding of multiple diffraction spots from
differently oriented domains. The merging of these spots is
assisted by weak vortex pinning which is overcome by the
intervortex interactions between 1 and 3 T. Hence these spots
give the illusion of a square structure when there is none. The
absence of structural transitions in the VL at the highest fields
leads us to conclude that the gap structure cannot be d wave.

Our results suggest that this multiband superconductor
possesses at least one full gap and one nodal gap with circular
symmetry. Given that the Brillouin zone possesses five Fermi
surface sheets, comprising three hole sheets near the center
and two electron sheets at the corners [5], a mixture of nodal
and full gaps is certainly possible. By symmetry, the node
structure would therefore take the form of an “accidental”
circular line node, similar to that proposed for KFA [10]. This is
in agreement with recent ARPES results on BaFe,(Asg 7Po3)2
[5], in which the authors find all the electron sheets of the
Fermi surface to be fully gapped, with a pair of circular line
nodes occurring in the gap of one of the hole sheets near the Z
point of the Brillouin zone. These nodes are caused by a change
in sign of the gap function in the region of the Z point. The
existence of horizontal line nodes is in apparent disagreement,
however, with older ARPES results [38]. The authors of the
newer study note in their discussion that the older results are
not investigating the region of the Brillouin zone where nodes
are found, near the Z point, but are in fact investigating the
region close to k, = 0.34s, and as such would not see evidence
of nodes regardless of their presence. Given that we find clear
evidence of nodal behavior in the temperature dependence of
the superfluid density in our bulk measurements, we would
support these conclusions. Signatures of horizontal line nodes
are also found in penetration depth [2], thermal conductivity
[3], and NMR results [4]. If horizontal nodes are present,
they are a clear sign that a purely two-dimensional model of
superconductivity in these materials is insufficient.

These results also give further support to the observation
of the existence of nodes in the gaps of pnictides when the
distance between the iron and the pnictogen is less than
1.33 A[39]. Itis expected that the change between nodeless to
nodal states will mark a significant reduction in 7. However,
BFAP shares a reasonably similar 7, with its cousin optimally
doped Ba;_,K,Fe,;As, (T, ~ 36 K), which has been found to
have a nodeless gap structure [35,36,40]. This indicates that
T, depends on not a nodal gap Fermi surface but any full gap
Fermi surface.

V. SUMMARY

In summary, we observed the VL in BaFe;(Asg ¢7P0.33)2
single crystals by SANS measurements over a wide range
of applied fields. We found that a nearly regular hexagonal
VL is present from 1 to 16 T; the upper field is a record
for observation of the VL by this technique in the pnictides.
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The absence of a high-field square VL strongly argues against
d-wave pairing in this material. However, the temperature
dependence of the VL signal confirms the presence of (non-d-
wave) nodes in the superconducting gap structure at 5 T and
below. The nodal effects are suppressed at high fields. At low
fields, a VL reorientation transition was observed between 1
and 3 T, with the VL orientation changing by 45°. However,
below 1 T, the VL structure is strongly affected by pinning, and
it is likely that the VL reorientation is due to pinning to defects
aligned with the crystal structure, rather than being intrinsic.
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