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We report a systematic investigation on c-axis point-contact Andreev reflection (PCAR) in BaFey_,NiyAso
superconducting single crystals from underdoped to overdoped regions (0.075< z <0.15). At low temperatures,
an in-gap sharp peak at low-bias voltage is observed in PCAR for overdoped samples, in contrast to the case of
underdoped junctions, in which an in-gap plateau is observed. The variety of the conductance spectra with doping
can be well described by using a generalized Blonder—Tinkham—Klapwijk formalism with an angle-dependent gap.
This gap shows a clear crossover from a nodeless in the underdoped side to a nodal feature in the overdoped
region. This result provides evidence of the doping-induced evolution of the superconducting order parameter
when the inter-pocket and intra-pocket scattering are tuned through doping, as expected in the si scenario.

PACS: 74.20.Rp, 74.25.Ha, 74.70.Dd

Among the unsettled issues of the iron pnictide
superconductivity, the pairing symmetry of its super-
conducting gap is the most important to address. It
is generally accepted that superconductivity in iron
pnictides results from a superexchange repulsion me-
diated by magnetic excitations, which couples elec-
tron and hole pockets of the Fermi surface.l' ] Such
pairing interactions favor either isotropic s-wave or-
der parameters with opposite signs on different sheets
of the Fermi surface (s+ model) or anisotropic s-
wave or d-wave order parameters with nodes.[*” Con-
sensus has been reached on several systems, e.g.,
LaFePO,l"] KFeyAsy,l"l BaFey(As;_,Py)2,l" where
nodes exist on the gap structure. However, exper-
imental confirmations of such a nodal-gap state re-
mains highly controversial in other systems.l?~'?:2!]
For example, measurements of the electronic specific
heat of Ba(Fe;_,Co,)2Ase have shown a field de-
pendence consistent with both a fully gapped FS['?
and a nodal quasiparticals at the Fermi level.['0:!7]
Such scattered experimental results and interpreta-
tions may come from the different qualities and doping
level of the samples studied. Discovering the evolution
of the Fermi surface as a function of the various mate-
rial parameters which drive the material from an un-
derdoped antiferromagnetic spin density wave (SDW)
state, through the superconducting dome and eventu-
ally towards an overdoped paramagnetic metal, should
therefore be an important step towards a complete un-
derstanding of the mechanism that drives high tem-
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perature superconductivity in these materials.

BaFes Asy (122) stands out among the members of
iron-pnictide series due to its diverse superconductiv-
ity. As potassium partially substitutes Ba, 122 be-
comes hole-doped Ba;_,K,FesAss superconductors.
On the other hand, Co/Ni dopes into the Fe site, and
122 becomes electron-doped Ba(Fe;_,Ni(Co), )2 Ass.
For hole-doped Ba;_,K,FeysAso superconductors, it
has been proven in experiment that a nodeless si-
wave superconducting state is dominant for an opti-
mally doped compound.['*') However, it is argued
that a nodal s-wave or even d-wave state is dominant
for extremely over-doped KFeyAs,.[?"?!] Such an evo-
lution of pairing symmetry with doping level has not
been investigated for electron-doped compounds.

Point-contact Andreev reflection(PCAR) spec-
troscopy has been adopted for probing the density of
state (DOS) of superconductors with the high energy
resolution. In addition, the capability of this tech-
nique to study the anisotropy and the temperature de-
pendence of the superconducting gap make it a unique
tool in providing invaluable information for various
mechanisms of unconventional superconductivity (for
a review, see Refs. [22,23]). Several theoretical calcu-
lations have been reported on the PCAR conductance
characteristics of a junction involving the s4 symme-
try in iron pnictide superconductors.[>*?7] In this Let-
ter, we fabricate highly transparent c-axis direct con-
tacts to perform the PCAR spectroscopy study on a
series of electron-doped BaFey ,Ni,Ass single crys-
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tals over a wide doping range. The conductance spec-
tra show a systematic and consistent behavior with
the variation of the doping level, indicating a doping
dependence of the order parameter for Ni-122 super-
conductors.
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Fig. 1. (Color online) Phase diagram of BaFea_;NizAso
as a function of Ni concentration x. The orthorhombic
phase below T and the antiferromagnetic (AF) phase be-
low TN are also shown here. The arrows indicate the dop-
ing levels of the samples under investigation. Inset: tem-
perature dependence of the in-plane resistivity p for the
samples with the Ni nominal doping level x as labeled.
The data are vertically shifted for clarity.

High-quality single crystals of BaFes;_,Ni,Ase
were grown from a self-flux method, as described
elsewhere.[*’] The crystals were characterized by us-
ing x-ray diffraction and energy dispersion (EDX).
The doping level in the crystals was determined by in-
ductive coupled plasma emission spectrometer (ICP),
which gave a Ni concentration roughly 0.8 times the
nominal content z. We choose five compositions: un-
derdoped, z = 0.075 (UD13), 0.085 (UD17); over-
doped, with z = 0.12 (OD18), 0.15 (OD14), and op-
timally doped with = 0.1 (OP20). The typical level
of impurity phases has been checked by specific heat
measurement on the optimally doped crystal = = 0.1,
in which a residual component vy at T" — 0 revealed
an impurity phase of ~4%.1*] The temperature de-
pendence of resistivity for these five compositions un-
der investigation is displayed in the inset of Fig.1,
by which the bulk transition temperature 7T is deter-
mined (95% of the normal state resistivity) for each
composition. Consequently, the T; value for each com-
position is shown on the phase diagram in the main
panel of Fig. 1.

Point contacts to the flat and shiny surfaces
cleaved along the c-axis of BaFe;_,Ni,Ass crystals
were made by using thick silver paste bonding with
gold wires. The typical size of these planar contacts
is about 80-150 ym under a microscope. Due to the
nanocrystalline nature of the silver paint, the contact
made in this way is actually formed by many nanocon-
tacts analogue to the tip point-contact technique.*”!

For the backside electrical wiring, we applied ultra-
pure indium or silver paste to cover the whole area
of the bottom surfaces of the crystals. The contacts
made in this way remain stable in thermal cycling, and
the contact resistance at high bias Rn varies slightly
(<6 over the whole T range up to T, indicating that
there is no excess conductance (resistance) involved in
the junction conductance (resistance).
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Fig. 2. (Color online) The normalized conductance spec-
trum G(V)/Gn at T = 2K with Gy the conductance
spectrum of normal state background for (a) UD13, (b)
UD17, (¢c) OD18 and (d) OD14. Inset: the corresponding
raw data of conductance spectra at 2K and above T, (the
red dots) for comparison, respectively.

We have measured the point-contact G(V') curves
in the whole T range up to 7. for junctions with
x = 0.075 (UD13), 0.085 (UD17), 0.12 (OD18), and
0.15 (OD14). The typical G(V) curves at T=2K
(< 0.2T¢) and T > T, are shown in Figs. 2(a)-2(d).
As shown, these G(V') curves exhibit a consistent be-
havior. (i) An underlying feature of a dominant single
gap is unambiguously identified with a similar con-
ductance enhancement of 25%-30% for each junction.
(ii) A parabolic normal-state G(V') curve with a slight
asymmetry at T' > T, for each x, opposite to those of
hole-doped K-122,0°%2%1 implies the similar origin of
the underlying normal-state background. Neverthe-
less, a striking feature in these normalized (and the
raw) G(V) curves is that: at T = 2K, a conductance
plateau and/or a double peak around zero bias for
junctions UD13 and UD17 gradually evolves into an
in-gap sharp peak in G(V) for junctions OD18 and
OD14. Considering the overall spectral consistency
in these junctions, the systematic evolution of the
Andreev conductance spectra with doping concentra-
tion is nontrivial. Qualitatively, for highly transpar-
ent junctions at finite T, the appearance of an in-gap
plateau in the Andreev conductance spectrum is a sig-
nature of a fully gapped state. In contrast, an in-gap
conductance peak is a characteristic of an anisotropic
gap state due to the presence of a finite DOS at low
energy, like a d-wave gap in cuprates.[*”]
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To explicitly describe the variety of spectral behav-
ior observed and quantitatively resolve the gap am-
plitude, we invoke a generalized Blonder-Tinkham-—
Klapwijk (BTK) formulal’!l with three parameters: a
dimensionless parameter Z which represents the inter-
face transparency; an imaginary quasiparticle energy
modification I'*?) which reflects the spectral broad-
ening, and the superconducting gap A. In the BTK
model, the Andreev reflection and normal probabili-
ties, A and B, respectively, are related to the DOS

of the superconductor Ny = NoRe( \/(E—‘?)j—FA?(T 9))

with Ny the normal-state DOS and 6 the crystalline
angle parallel to the current injection. To choose a
gap function to calculate these conductance spectra,
we assume, based on the s4 scenario, an anisotropic
gap of the general form Ag|1 —r 4+ cos(26)|, with the
gap anisotropy ratio r varying from r=0 (isotropic sy
state) to r=1 (completely nodal gap).[****] We note
that it is not easy to describe the spectral behavior
using a simple formulism, due to the fact that we are
dealing with a multi-band or/and even multi-gap sys-
tem.
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Fig. 3. Normalized conductance curves at T'= 2K for c-
axis contacts: (a) UD13 and (b) OD14. The red solid lines
are their single effective-gap fits with the relevant fitting
parameters. Insets: the obtained superconducting gaps A
as a function of T for UD13 (a) and OD14 (b). The solid
lines are their fits to an empirical « gap function.

Examples of normalized G(V') curves and their fits
at T = 2K are shown in the main panels of Figs. 3(a)
and 3(b) for junctions UD13 and OD14, respectively.
The single effective-gap BTK model (red lines) fit
very well with the main features of the experimen-
tal G(V) curves, yielding a set of fitting parameters
associated with gap magnitude and anisotropy ratio:
Ag =6.2meV and r = 0 for UD13 and Ag = 5.3 meV
and 7 = 1 for OD14, respectively. It is noted that the
same gap magnitude is also extracted from a recent
PCAR experiment on a c-axis Ag/BaFe; §CogoAss
with the comparable T, = 24 K.l With these fit-
ting parameters, we check the validity of these fits

by extending the fit to the overall temperature spec-
tral to extract A(T') functions. In this overall-T" spec-
tral fit (not shown here), r = 0 and Z = 0.48-0.52,
I, = 2.7meV are constant with 7" for UD13 while
r=1, Z =0.32-0.36, and I' = 2.3 meV for the OD14
sample. From the fits, we obtain a BCS-like A-T
dependence, which is plotted in Figs.3(a) and 3(b)
for both the junctions, respectively. For comparison,
the obtained gaps can be approximated by an empiri-
cal gap formula: A(T) = Agtanh(a\/T./T — 1) with
a = 2.2 for UD13 and 2.06 for OD14 (o = 1.74 for
weak-coupling BCS gap), both in the strong coupling
limit.

We analyze the physical meanings of the obtained
gap anisotropy and gap function from our fitting. The
obtained anisotropy ratio r = 0, resolved in our c-
axis PCAR spectroscopy of underdoped crystals, in-
dicates a fully-gapped state along c¢ axis. On the con-
trary, r = 1 in overdoped crystals means an extremely
anisotropic gap or even a nodal gap for overdoped
compounds. This crossover of nodeless si-wave to
nodal s-wave states occurs around optimally doped
Ni-122 samples. This situation of the BaFe; _,Ni,Asy
system is similar to that of optimally doped Co-122, in
which a gap minima is already present at the maximal
T, along the c-axis.[??%] Therefore, our observation of
the systematic evolution from the in-gap conductance
plateau for the underdoped samples to the in-gap peak
in the G(V) curves for the overdoped samples indi-
cates the existence of doping induced evolution of su-
perconducting gaps with an isotropic feature in the
underdoped region to an anisotropic, even, nodal gap
in the overdoped side. This is highly consistent with
the result of the T-dependent penetration depth A in
a series of Ni-122 superconductors, in which A\ oc T™
with the exponent n > 2 for underdoped samples and
A becomes more linear-1" dependent for overdoped
samples, indicating the development of nodal gaps in
the overdoped region.!'*!

In summary, we have fabricated point-contact
junctions on high quality single crystals of
BaFe;Ni;_,Ass to perform Andreev conductance
spectral measurements. The Andreev conductance
spectra clearly show a full-gap state for underdoped
crystals and a highly anisotropic, even nodal-like gap
state for overdoped crystals. Quantitative analysis
by using a generalized BTK formalism with an angle-
dependent gap can well describe these changes of
doping-dependent spectral behaviors. Resulting from
the analytical fitting, the gap shows a clear crossover
from a nodeless in the underdoped side to a nodal
feature in the overdoped region. This result provides
evidence of the doping-induced evolution of the su-
perconducting order parameter when the inter-pocket
and intra-pocket scattering are tuned through dop-
ing, consistent with the band structure calculation
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which is based on a strong-coupling spin fluctuation
approach.

We are grateful to Prozorov R., Wang Q. H. and

Li S. L. for intensive discussions.
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