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We study the structure of the superconducting order parameter in underdoped NaFe, _ ,Co,As pnictides with
T. = 19-21 K related to the 111 family. Using incoherent multiple Andreev reflection effect spectroscopy of
planar break junctions, we directly determine the magnitudes of the two microscopic superconducting order
parameters: the small superconducting gap Ag(0), and possible edges of the large gap A; (0) having an anisot-
ropy in the ab plane at T < T, the corresponding characteristic ratios, as well as their temperature depen-
dences. Additionally, we detect features of the tunneling dI(V)/dV spectra in NaFe;_,Co,As at

eV* > 2A, (0), those irrelative to superconducting state, and discuss their origin.
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1. INTRODUCTION

The 111 family of alkali-metal based superconduct-
ing (SC) pnictides, with LiFeAs and NaFeAs repre-
sentative members, attracts the attention of theoreti-
cians and experimenters so far due to a set of unique
properties that are not typical for other families of
iron-based SC (for a review, see [1]). NaFeAs shows
superconductivity even in a stoichiometric state.
Under a partial substitution of Fe by transition metal
[1], its critical temperature reaches a maximum 7, =
22 K simultaneously with antiferromagnetism (AFM)
and nematicity suppression. The Fermi surface con-
sists of hole barrels around the I" point of the first Bril-
louin zone, and electron barrels near the M point [2],
where several SC condensates develop below T..

The difficulties in studying NaFeAs cause a lack of
experimental data available to date: due to a rapid (in
a few minutes) degradation of NaFeAs SC properties
in a presence of even trace amounts of H,O and O,,
the sample preparation and the experiment should be
provided in a protective atmosphere. The magnitudes
ofthe SC gaps in Na(Fe,Co)As were probed using sur-
face techniques (angle resolved photoemission spec-
troscopy (ARPES), scanning tunneling spectros-
copy), and bulk techniques (specific heat measure-
ments): a two-gap superconductivity was observed
with the range of the -characteristic ratios
2A(0)/kgT, = 5-9 and 2.5—4.5 for the large and the
small SC gaps, respectively (see Fig. 6 in [1]). It is

interestingly to note that a valuable k space anisotropy
of the large SC gap was resolved in ARPES probes of
underdoped Na(Fe,Co)As [3], that unobserved by the
same research group in overdoped crystals with similar
T, = 18 K. This fact could point to the influence of the
AFM phase to the SC properties.

The significant spread of the characteristic ratios of
the SC gaps available in literature to date, obviously, is
results from a lack of direct probes of the gap structure
of NaFeAs. Here, using an incoherent multiple
Andreev reflection effect (IMARE) spectroscopy of
planar break-junctions, we have locally and directly
determined the energy SC order parameters, their
characteristic ratios to the 7, introduced in the Bar-
deen—Cooper—Schrieffer (BCS) theory, and tem-
perature dependences. We suggest a realization of the
nodeless anisotropic large SC gap in the k space. For
the first time, we detect features of tunneling
dI(V)/dV spectra, irrelative to the SC state properties.

2. EXPERIMENTAL DETAILS

Single crystals of NaFe 47Cog 2;As nominal com-
position were grown by crystallization from melt. All
manipulations such as the NaAs precursor obtaining
and initial mixture preparation, their storage and
preparation of samples for subsequent measurements
were performed in Ar-filled glove box with residual
concentration of water and oxygen less than 0.1 ppm.
Then, preliminarily synthesized 0.058 g CoAs and
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Fig. 1. (Color online) Temperature dependence of resis-
tance of bulk NaFe 979Coy (1As single crystal of nomi-

nally underdoped composition.

1.127 g Fe were added to 2.018 g of NaAs. The pre-
pared reaction mixtures were placed in an alumina
crucible, which was sealed in a niobium container in
order to exclude a loss of alkali metal, then the nio-
bium container was sealed in an evacuated quartz
ampoule. The ampoule was heated up to 1050°C at a
rate 100°C/h, and held at this temperature for 24 h.
After it, the ampoule was cooled down to 400°C with
a rate of 3°C/h, annealed at this temperature for 24 h,
then cooled down in turned off oven to room tempera-
ture. The grown single crystals were extracted
mechanically from the ingot using a Levenhuk DTX
700 microscope, then cut to proper plates size (typical
size of the sample is 1.5—2.5 mm). Quantitative and
qualitative composition of the grown crystals was con-
firmed by local X-ray microanalysis, and X-ray dif-
fraction. The critical temperature of the bulk single

crystals 7, = 21 K was determined using resistive
(Fig. 1) and magnetic measurements. Above T, the
resistance of NaFe 470Coy ¢,;As bulk single crystal falls
with temperature increase, reaches a minimum at the
temperature of the structural transition 7, = 35 K,
whereas at higher temperatures R(7") shows a mono-
tonic increase.

In order to form planar mechanically controlled
nanoscale contacts of superconductor—constriction—
superconductor (ScS) type with the current flowing
along the c-direction, we used the planar “break junc-
tion” technique [4]. The configuration and the details
of the experiment with layered samples, the advan-
tages and disadvantages of the technique are discussed
in [5]. A physical model of the typically obtained junc-
tion is schematically presented in Fig. 1 in [6].

Above T, the current through NcN junction
(where N is a bulk normal metal), according to classi-
cal approach [7], is determined by the electron density
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of states (DOS) N(E) energy distribution in the
vicinity of the Fermi level Ep in metal: [ o

j " N(e—-eV)N@©)Lfy(e —eV) - fy(e)lde, where £, is
the equilibrium Fermi—Dirac function.

In the SC state, IMARE takes place in SnS junc-
tions (n is thin normal metal) with NS interfaces of
high transparency (the tunneling barrier strength
Z < 0.3). Incoherent Andreev transport causes an
excess current in the current-voltage characteristic
(CVC) of SnS junction (as compared to the normal-
state CVC above T;) in the whole bias voltage eV
range, whereas a supercurrent branch is absent [8, 9].
In the spectrum, at eV — 0 (so called foot area)
dynamic conductance increases by several times rela-
tively to the normal-state conductance Gy of the junc-
tion. As well, a series of subharmonic gap structure
(SGS) dips appears in the d1(V')/dV spectrum, which
positions V, are directly determined by the SC gap A
at any temperature up to T, [8—10]: eV, (T)| = 2A(T")/n,
n=1,2,.... For a multiple-gap SC, the SGS of each
gap would present in the dI(V)/dV spectrum. A num-
ber n* of observable SGS dips for the planar junction
roughly corresponds to the relation between the con-
tact dimension d, and the inelastic scattering length /.
along the c-direction [6, 9]: n* = [./d..

In the planar SnS junction, in case of ballistic trans-

el

port in the ab plane (if the mean free path /,, exceeds
d,;) both x and y components of the momentum of car-

riers are preserved, whereas the k£, component could be
changed due to carrier “mixing” along the current
direction resulting from inelastic scattering.

An influence of the A(B) angle distribution in the
k.k, plane (8 is an angle in the basal plane) to the
shape of Andreev dips in the framework of [11] is
shown in Fig. 4 in [5]. Hypothetically, whereas sharp
and intensive SGS dips are expected in the dI(V')/dV
for an isotropic SC gap, but the SGS with a strongly
suppressed intensity should be observed in case of
nodal SC order parameter. In case of extended but
nodeless s-wave gap symmetry in the ab plane, doublet
SGS dips are expected, which width is determined by

out

the maximum A°" and the minimum A™ Cooper pair
coupling energies in the k space. Hereafter, the anisot-

ropy degree is estimated as 4 = 100% x[1 — A™ /A™™].

In summary, IMARE spectroscopy of ballistic pla-
nar SnS junctions provides a direct determination of
the values and temperature dependences of the SC
order parameters, and to get some information about

their possible anisotropy in the k k, plane.
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3. EXPERIMENTAL RESULTS
AND DISCUSSION

In Fig. 2 the temperature evolution of the
dI(V)/dV spectrum of SnS junction based on
Na(Fe,Co)As is shown. In the normal state above

7.° =19.7 K (T} corresponds to a temperature at
which the contact area with dimension about tens of
nm transits to the normal state) the spectrum is
strongly nonlinear: we observe a wide region of
enhanced dynamic conductance at low bias voltages
(foot), and dips at eV* = 22, 27 meV. With tempera-
ture increase from the lowest ones until 7, the
IMARE process suppresses, with it, zero-bias conduc-
tance Gy at eV — 0 decreases. The dips at eV*
weakly shift toward zero bias. At temperatures higher
than 7, (blue, cyan, and magenta curves in Fig. 2a),
the G, value changes insignificantly (red circles in
Fig. 2b).

Note that for SnS Andreev junction shown in Fig. 2
the observed nonlinear background of the dI(V)/dV
spectrum cannot be caused by a local overheating of
the junction by the measurement current since
Gn(eV > 2A) shown by green rhombs in Fig. 2
remains almost unchanged in the whole T range. In
this Andreev junction, the heat should not be emitted
in principle, since it initially was in the ballistic limit.
One could easily ascertain it, checking the constancy
of the G,y value: indeed, it hardly changes at 7" > T,
(see red circles in Fig. 2b) as compared to the behavior
of the conductance of the bulk single crystal (in accor-
dance with R(T") shown in Fig. 1).

Additionally, the absence of heating in the obtained
junction of high transparency could be checked as fol-
lows: in case of local overheating, due to a presence of

diffusive transport the expression 7" = VL "2 /2 (L
is Lorenz number) is valid at bias voltages eV > kT,
as a result, the observed normal-state conductance Gy
of the junction would artificially depend on V. Using
the experimental R(7T") data (see Fig. 1), we simulated

the conductance Gdlff(V,T = 32.9 K) of the diffusive
junction (shown in the top of Fig. 2a by dashed line).
Despite some similarity to the experimental spectrum
measured at the same temperature (magenta curve) in

the small bias voltage range, the G behavior at

V' > V* for the hypothetic diffusive junction strongly
differs from that observed in the experiment.

The detected dI(V)/dV features do not directly
relate to the SC state, since being observed above and
below T,. One could suggest several origins of such
dI(V)/dV spectrum nonlinearity in the metallic state:

(a) nonlinear DOS N (F) distribution in the vicin-
ity of Ep due to the band structure features in
Na(Fe,Co)As (for example, Lifshitz transition or a
minigap presence). In this case, the observed
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Fig. 2. (Color online) (a) dI(V')/dV spectrum of the SnS
junction in Na(Fe,Co)As, measured above and below

T. =19.7 K. The curves are manually shifted by constant
¢ = 0.5 along the vertical axis for clarity. At 4.2 K, vertical
dashes mark the position of the SC gap features (2A[ (0),

2Ag(0)), arrows point to the features of the normal-state
conductance V*. Dashed line corresponds to a theoretical
spectrum Gdiff(V) of fully diffusive junction at T =

329K, calculated using experimental R(7 > T.) from
Fig. 1 in order to compare with upper magenta curve.
(b) Constancy of the normal-state conductance of the

junction GN(T,V > 2A[ g), and its zero-bias conductance
Gzpc(T > T¢).-

dI(V)/dV hump at eV — 0 corresponds to N(F)
peak near Ey;

(b) quasiparticle backscattering due to a strong
electron-phonon interaction [12];

(c) electron DOS renormalization by a resonant
interaction between electrons and characteristic
bosonic modes those existing above T, (for example,
phonons, or nematic fluctuations).

In order to understand the origin of the nonlinear-
ity of dI(V)/dV spectra of tunneling junctions in
Na(Fe,Co)As in the normal state, further studies of its
temperature and doping dependence are necessarily.

In the SC state, Andreev structures appear on the
nonlinear dI(V')/dV -background: a sharp foot at
eV — 0 and SGS dips produced by the large and the
small SC gaps (2A, , 2Aq labels in Fig. 2).
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Fig. 3. (Color online) (a) Current—voltage characteristics
and (b) dI(V)/dV spectra of SnS junctions with

7local = 19-21 K, measured at 4.2 K. Arrows point to the

normal-state conductance features V*. Vertical areas mark
the position of the fundamental Andreev dips that deter-

mine the energy parameters 2A™ =10.8 meéV and

2Ai]f1 =~ 6.6 meV (possibly, a doublet originated from the
large SC gap with 4; = 39 % anisotropy in the momentum
space), dashes show the n = 1,2 Andreev dips of the small
SCgap 2Ag = 3.7 meV. In (a) panel, the approximation for
an ohmic dependence corresponding to Gy slope for the
blue CVC is presented for comparison.

Figure 3 shows CVC and dI(V')/dV spectra within
the bias voltage range £V* of SnS junctions measured
at 4.2 K. The junctions were formed in underdoped
Na(Fe,Co)As single crystals with 7, = 19-21 K from
the same batch. Note the /(V') are symmetrical about
zero, reproducibly show no hysteresis and supercur-
rent branch, which excludes Josephson nature of the
observed dI(V)/dV features. Besides, CVC have an
excess current within the whole el range (compare
solid and dashed blue curves in Fig. 3a), whereas a foot
area at el — 0 and Andreev dips are clear in the
dI(V)/dV spectra. Such CVC and dI(V)/dV features
correspond to IMARE regime and rather high trans-
parency of SnS junction (Z <1/2), in accordance
with all basic MARE models [8§—10].

The features existing regardless to a presence of SC
state and located at V* bias are reproducibly observed

JETP LETTERS Vol. 117 No.8 2023
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Fig. 4. (Color online) Temperature evolution of the

dI(V)/dV spectrum of SnS junctions (Tcl°Cal =19 K). The
curves are manually shifted along the vertical axis, the nor-

mal-state nonlinear d/(V)/dV background is suppressed
for clarity. The Andreev harmonics of SC order parameters
AP =~ 5.1 meVand A" = 3.1 meV at 4.2 K are indicated
by vertical lines, whereas those of Ag = 1.9 meV, by arrows.

in the spectra of various SnS junctions shown in
Fig. 3b. At |eV]| = 10.8 meV and |eV/| = 6.6 meV, two
Andreev dips are present. The ratio between their
positions =1.6 does not correspond to n=1,2
Andreev subharmonics of any isotropic SC gap, since
V,/V, = 2. Therefore, these two dips could form a
doublet of fundamental (# = 1) Andreev feature origi-
nated from an anisotropic SC gap, whereas its posi-
tions at 7 < T, directly determine two characteristic

energies of the SC order parameter A}" = 5.4 meV

and A]" = 3.3 meV: the edges of possible Cooper pair
coupling energy distribution on angle in the basal
plane. The position of the doublet are reproducible in
the dI(V)/dV spectra of various SnS junctions (see
vertical magenta lines in Fig. 3b), do not depend on a
random dimension of the contact area and its normal
conductance Gy (therefore, the area of the junction).
Thus, the doublet determines bulk SC order parame-
ters Na(Fe,Co)As, and, therefore cannot originate from
dimensional resonances. Similar doublets were repro-
ducibly observed by us in a sister LiFeAs compound
[13, 14], as well as in Ba(Fe,Ni),As, pnictides (the

122 family) with close T, [15—17].
The subharmonic gap structure of the small gap

Ag = 1.9 meV is composed of minima located at lover
bias voltages |eV|=3.8 meV (n=1) and 1.9 meV
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(n = 2) (pointed to by vertical dashes in Fig. 3). Possi-
bly, the suppressing of n > 1 order subharmonics of
AiLn’O‘“ is caused by their overlapping with the small gap
SGS (since A" = 2.5Agat T < T)).

Temperature evolution of the dI(V)/dV spectrum
of SnS junction is shown in Fig. 4. With temperature
increase, the foot amplitude fades, Andreev dips
become less intensive and shift toward zero bias in
accordance with A;(T") temperature dependences. At
T =19.6 K exceeding the local critical temperature of

this junction 7,°“, as well as at higher 7, CVC and
dI(V)/dV spectrum show no features caused by
IMARE transport, which corresponds to the contact
area transition to the normal state (see upper spectra in
Fig. 4).

Using data of Fig. 4, we directly measured the tem-
perature dependences of the three observed energy gap

parameters A}"(T), A(T), Ay(T) (Fig. 5a). The
dependences are typical for a moderate interband
(crossband) coupling since their trends are similar, but
pass a bit lower than a single-gap BCS-like behavior
(dash-dotted line in Fig. 5a), which points to a realiza-
tion of a multiple-gap SC state. The local critical tem-

local

perature 7, = 18.8 K for this contact was estimated

out

as temperature at which A; ", Ag — 0. The position of
the Andreev feature labelled as Ag, decreases more

out

rapidly near 7, since the ratio A; /Ag noticeably

increases with temperature (Fig. 5b). Therefore, Ag
should be considered as a distinct SC order parameter,

since Andreev features of the d/(V)/dV labelled as Ag
in Figs. 3, 4 cannot be subharmonics of A*°". The
AY(T), AY(T) dependences are generally the same,
whereas A, =100%x[1-A"/AY™] =~ 39% ratio
remains almost constant with temperature variation.
The observed doublets resemble those numerically

calculated for a case of anisotropic SC gap (Fig. 4 in
[5]) and therefore could be caused by a nodeless

extended s-wave symmetry of the large SC gap A, in

the k,k, plane. In this case, A}" and A" correspond to
the maximum and minimum Cooper pair coupling
energies of the “leading” SC condensate in depen-
dence of momentum direction. The supposed anisot-
ropy degree A, = 39% is close to that estimated by us
earlier for A; in Ba(Fe,Ni),As,, EuCsFe,As, and
LiFeAs [13—18], as well as to that observed by ARPES
in underdoped Na(Fe,Co)As [3].

The characteristic ratios 7 = 2A.(0)/kgT.°*"" of the

SC order parameters determined by us are ™" = 6.1,

er = 3.7, and ry = 2.3 < 3.53 (the latter is typical for
“weak” or “driven” condensate in a multiple-gap SC).
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Fig. 5. (Color online) (a) Temperature dependences of the
SC gap parameters A;(T'), obtained using data of Fig. 3.
The inset shows the temperature dependence of possible
anisotropy of the large SC gap A} =100% x[1 — Aif /Aim].

out

(b) Temperature dependence of Aj (T)/As(T) ratio.
Dash-dotted line shows a single-gap BCS-like function.

On the other hand, comparing the obtained r
ratios with the data by other groups (dashed areas in

Fig. 6 in the review [1]), one could note that °™ is in
the bottom of the range of the large SC gap character-

istic ratios (blue dashing), whereas #" values invade
into the range of the small gap ratios (gray dashing in
Fig. 6 in [1]). For this reason, we cannot exclude a
coexistence of two distinct SC order parameters

(labelled here as A}" and A?™), developing at different

Fermi surface sheets below 7. In order to distinguish
between the above mentioned cases and directly deter-
mine the symmetry type of A, , the available IMARE
models [§—10] should be extended to be applicable for
SC with anisotropic gap and elastic processes of car-
rier mixing (in the current direction), as well as more
detailed studies of the shape of the doublets observed
in the dI(V)/dV spectra of tunneling contacts.

4. CONCLUSIONS

Using IMARE spectroscopy of planar ScS junc-
tions in underdoped Na(Fe,Co)As pnictides with
T, = 19-21 K at temperatures above and below 7, we
detected a nonlinearity of the dI(V)/dV spectrum,
that does not relate to the SC state. This nonlinearity
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could originate from band structure features in the
vicinity of Ep, or electron DOS renormalization due
to a strong electron-boson interaction.

Below 7, we directly determined the energy of the

SC order parameters A", A", and Ag with the BCS

out

characteristic ratios 6.1, 3.7, and 2.3, respectively. A]

and A" could be either two distinct SC gaps develop-
ing at different Fermi surface sheets, or the edges of a
single, anisotropic SC gap (maximum and minimum
of the Cooper pair coupling energies angle distribution
in the k space).

The A" (T') and A¢(T)) temperature dependences
in Na(Fe,Co)As are typical for a moderate interband
interaction, whereas the degree of the supposed large

gap anisotropy4, = 39% remains almost unchanged
with temperature variation.
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