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Abstract

In this paper, we present a detailed study of the upper critical field and the energy gap structure of SrFe,_,Ni As, single
crystals with different nickel doping levels. Superconducting transitions were measured resistively in longitudinal and
transverse magnetic fields up to 16T. The anisotropy of the upper critical field H,,||ab/H,||c decreases monotonically to
1.4 with decreasing temperature for all measured samples. The WHH model was not able to fit measured H_,(T) tempera-
ture dependences well, but the effective two-band model is in good agreement with the data and anisotropy behavior.
Values and temperature dependences of superconducting gaps were determined directly by multiple Andreev reflection
spectroscopy on symmetrical SnS junctions. Andreev reflections study revealed two superconducting gaps; our data are

in line with the experimental results on most iron-based superconductors.

Article highlights

We obtained values and temperature dependencies of

two distinct energy gaps in SrFe,_,Ni,As, (Sr-122) super-
conductor. This is important addition to multiband super-

conductivity studies in Sr-122 system. Upper critical field
temperature dependencies in H||c and H||ab orientations
are analyzed in terms of two band model.
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1 Introduction

The discovery of iron-based superconductors (IBSC) [1] is
undoubtedly a substantial milestone in solid state phys-
ics. The family of IBSC is vast and versatile, and to this day
it brings many challenges to the scientific community
both theoretical and experimental ones. A parent com-
pound of a typical IBSC (though there are several excep-
tions [2]) is a stripe antiferromagnetic semimetal, which
does not show superconducting transition. However, the

superconducting phase starts to emerge when magnetic
order is suppressed by electron or hole doping, external
or chemical pressure. The superconducting phase starts
to emerge with critical temperatures up to 53-57 K [3-5]
in 1111 family (with formula REFeAsO, RE—rare earth
element), up to 38 K [6] in 122 family (MFe2As2, M-Ba,
K, Sr etc.), up to 9-37 K ([7, 8]) in 11 family (FeSe, FeS sys-
tems). In the typical 122-type iron-based superconduc-
tors, parent compounds (BaFe,As,, SrFe,As,, CaFe,As,)
and under-doped samples undergo a structural transition
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from tetragonal to orthorhombic phases, usually accom-
panied with nematic ordering at the temperature T, fol-
lowed by an AFM ordering transition. Depending on the
doping (or pressure) level one can study different kinds of
superconducting phases within the same system [9]. The
common feature for all different IBSC systems and phases
is the complex multiband nature of superconductivity.

The Ni-doped SrFe,As, system belongs to the 122 family.
The parent compound undergoes a lattice distortion and AFM
ordering at T,=205 K[10], and Ni substitution of the Fe posi-
tions in the parent compound leads to a fast decrease of T
until the transition is fully suppressed at x=0.16. Along with
the T, suppression, bulk superconductivity appears at x=0.1.
In SrFe,_,Ni,As, compound the superconductivity exists in
concentration range 0.10<x<0.22 (maximum T, of about 9 K).
Such low T_among the 122 system compounds is observed
only in SrfFe,_,Ni,As, and SrFe,_ Pd,As, [11] compounds. Tak-
ing into account very flat SC ‘dome’ on the phase diagram
approximately, flat region starts with x=0.12 and ends with
=0.17, one can argue that this system is a rather unusual mem-
ber of the 122 IBSC. And our goal is to study its fundamental
superconducting parameters—energy gap and upper critical
field [H.,(T)] and their peculiarities arise from the multiband
nature of the compound and their evolution with changes in
doping level. We carried out resistive transport experiments
R(T, H) in magnetic fields up to 16 T to investigate upper criti-
cal field temperature dependence. For energy gap studies
Andreev reflection spectroscopy of the symmetrical Super-
conductor-normal metal-Superconductor (S-n-S) junctions
was used, this technique is a unique probe of the supercon-
ducting order parameters[12, 13].

The paper is organized in the following structure.
In Sect. 1 we provide brief overview of the current state of
the iron-based superconductors field. Section 2 provides
details on crystal growth and samples characterization. In
Sect. 3 we present study of the upper critical field behavior,
and compare it to two-band theoretical model. Section 4
shows the Andreev reflection spectroscopy investigations
of the superconducting order parameter. In Sect. 5 we
summarize the results of the article.

2 Crystal growth and experimental details

All preparations for synthesis were conducted in a glove
box with an Ar atmosphere (0,<1 ppm, H,0<1 ppm).
SrFe,_,Ni,As, single-crystals of different compositions (x=0.13,
0.17 by initial components ratio) were grown by the self-flux
method with Fe,_,Ni,As, mixture as a flux. We prepared pre-
cursors Fe,_,Ni, As, of corresponding compositions; metallic
arsenic in pieces (99.9999%), iron grains (99.98%), and nickel
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in form of swarf (99.9%) were sealed in the quartz tube with a
residual Ar pressure of 0.2 atm. The quartz tube was heated up
in a muffle furnace up to 600 °C and held at this temperature
for 72 h to bound As with Fe and Ni elements, slowly heated to
900 °C and held for 72 h, heated to 1000 °C and held for 48 h.

Mixtures of high-purity (99.8%) metallic Sr and
Fe,_,Ni,As, precursor with the ratio of 1:3 were loaded in
alumina crucibles that were afterwards sealed in Nb con-
tainers under Ar pressure of about 0.3 atm. Containers were
heated to 1200 °C at the rate of 100 °C/h in a tube furnace,
kept at the temperature for 12 h, and cooled down to 900 °C
at the rate of 1.5 °C/h. After that, the furnace was turned off
and containers slowly cooled down to room temperature.
Synthesized crystals were separated from flux by mechani-
cal treatment; they had the form of shiny plates with lateral
sizes of 1-4 mm and thickness about 0.1-0.2 mm.

The actual composition of single crystals was inves-
tigated by energy-dispersive X-ray spectroscopy (EDX)
with the scanning electron microscope (SEM) JEOL JSM
7001FA and refined by X-ray diffractometry (XRD) with
Rigaku MiniFlex 600 diffractometer (see Suppl. Mat.). By
the averaging results of several EDX measurements on the
surface, it was found that Ni concentration in the resulting
crystals is about 10% lower than the nominal concentra-
tion value. That fact is consistent with the previous experi-
ence of synthesizing Ni-doped iron-based compounds [14,
15]. In present work, crystals were labeled by their actual
composition: x=0.12 and x=0.15.

Crystals are insensitive to the air atmosphere for periods
of about a few weeks, however we found insignificant signs
of crystals degradation that remained in the air for a year.

For magnetotransport measurements, current and potential
indium contacts with a resistance less than 1 Q were prepared
on the surface of each sample. Measurements were carried
out in a CFMS-16T cryomagnetic system in constant mag-
netic fields up to 16 T with a help of a Keithley 6221 power
supply and a Keithley 2182 nanovoltmeter. We studied the
temperature and magnetic field dependences of the longi-
tudinal resistance in H||c and H|ab orientations. All magnetic
measurements were made with a Quantum Design PPMS-9.
Figure 1 presents AC-susceptibility temperature dependences
of SrFe,_,Ni,As, single crystals (x=0.12 and x=0.15).The nearly
optimally doped (x=0.15), and underdoped samples (x=0.12)
have almost the same critical temperature due to the flat dome
shaped superconducting phase diagram. Inset shows micro-
photography of one of single crystals obtained with the SEM.

Andreev reflections (AR) spectra were measured using
two SR-830 lock-in amplifiers for independent measure-
ments dl and dV, National Instruments acquisition card,
and custom made state-of-the-art preamplifier board with
voltage controlled current source.
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Fig. 1 AC susceptibility temperature dependences of SrFe,_Ni,As,
single crystals with H,.=5 Oe. Inset: The photo of the as-grown
SrFe, gsNig 15As, single crystal

3 Upper critical field temperature behavior

The results of the magnetotransport measurements of the
SrFe,_,Ni,As, single crystal (with x=0.12 and 0.15) in mag-
netic fields up to 16 T are shown in Fig. 2a to d. Our experi-
mental data is consistent with previous works [14, 16] For

the upper critical field determination from R(T,H) curves,
we used several criteria, i.e.: intersection of R(T) steep linear
extrapolation and R=0 line (R=0 criterium), 50% of normal
state resistivity criterium (R=50%), and 90%. The H_,(T)
curves with R=0 criteria are shown in Fig. 3 and 50% and
90% cases one can find in supplementary materials.

In order to describe H,(T) dependence of SrFe,_,Ni, As,
we first used the single band isotropic WHH model in dirty
limit [17] which takes the form:

1 1 iA 1 h+A,/2+iy
|n(—)+ (—): 1420 )y ( Ly Z5 5l 2 T L e,
YARAY 4 )Y\ 2t

where c.c. stands for the complex conjugate term; t is
dimensionless temperature T/T_,h = —4H,, /(z*dH,,/dt);
y is the digamma function; A,, and a are spin-orbit interac-
tion parameter and Maki parameter, respectively;
y = 4/(ah)> — 42 /4. Spin-orbit scattering and Maki
parameter represent the spin-orbital and spin-paramag-
netic effects of magnetic field on Cooper pairs. This model
was developed for superconductors with weak electron-
phonon coupling and one isotropic band.

WHH model is not in a good agreement with experi-
mental data for H||c case, but for H||ab it describes the
data rather well (Fig. 3). Thus, single band isotropic model

Fig.2 R(T, H) data measured T
in various magnetic fields with (a) |
the H||ab and H||c orientations 0,03 s
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Fig. 3 Temperature dependence of the upper critical field obtained
from R(T, H) data with the in-plane and out-of-plane orientations.
Left panel show data for x=0.12, right panel shows data for x=0.15.
Dash-dotted lines show the WHH model approximation. Dash lines

cannot be used to describe behavior of the upper critical
field in SrFe,_,Ni,As, superconductor.

Gurevich two-band model takes into account the multi-
band structure of superconductors. In this work, we apply
Gurevich two-band model in dirty limit with spin-orbital
effects [15]:

[Uth) + Umh) + (Ag/w)]

show approximation of experimental data by the two-band model.
Inset: The anisotropy of the upper critical field y=H_,||ab/H_,||c; the
y(0) was calculated from the two-band model approximation

elements of 4, we determined that both samples show sig-
nificant interband coupling. The obtained diffusivity values
are similar to those found in other iron-based superconduc-
tor with strontium

Sri_«Eu,(Feq 55C0q 11),As, [18], but lower than in
BaFe,_,Ni,As, superconductor[19]. It should be mentioned
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where U(x) = w(1/24+x) —w(1/2),h = H,D,h/2¢yksT,
t=T/T,, @, is the flux quantum, 4 is the coupling con-
stants matrix (diagonal and off-diagonal elements quan-
tify the intraband and interband coupling, respectively),
n = D,/D,, D, is diffusivity of the nth band, 4;, A_and w
are determined from 4. To reduce the number of the free
parameters, we used the condition 4,, = 4,;as only their
product appears in the model.

Data was fitted well for both field orientations within
the two-band model; fitting results are shown in Fig. 3,
and fit parameters and coherence lengths for R=0 criteria
are listed in Table 1, other fitting parameters one can find
in supplementary materials. Coherence lengths were cal-
culated from extrapolated values of H_,(0) using formulas
E% = |/ /27H, and &€ = ¢ /27EPH?. In the case of
x=0.12, diffusivities obtained from the fit can be interpreted
as one band with strong anisotropy (band 1, D‘/D“" =12)
and almost isotropic band (band 2, DC/D"b~1) as was shown
in our previous work on this system [16]. For x = 0.15, the
results are similar with the only difference in ratios of dif-
fusivities (DC/D"” =~ 6.6 and 0.5 for bands 1 and 2, respec-
tively). Comparing products of diagonal and off-diagonal
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that 50% and 90% criteria are qualitatively in agreement
with R=0, however the higher criterium percentage we
take the fewer experimental points in H-T diagram we
have. In general, this leads to higher uncertainty of fitting
parameters.

According to theory, two-band model is simplified to De
Gennes—Maki equation for one-gap superconductor if D,/
D,=11[17,20-22]. In our case for H||ab orientation we have
D,/D, close to 1, therefore WHH model is in a good agree-
ment with experiment.

According to Gurevich work, band with lower diffusiv-
ity dominates at temperatures close to 0 and band with
higher diffusivity dominates at temperatures close to T_ [23].
Thus, for both samples, anisotropic band define behavior
of SrFe,_,Ni,As, close to T_ and with lowering temperature
more isotropic band starts to manifest itself. It can be clearly
seen on the anisotropy vs. T plot (inset Fig. 3): with decreas-
ing temperature anisotropy decreases as well. Similar ani-
sotropy behavior was also observed in Sr,_ Eu,(Fe; g5C0y 11
),As, [18].
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4 Andreev reflections spectroscopy

We use Andreev reflection spectroscopy of symmetrical
S-n-S junctions to measure the order parameter values
[12]. The main advantage of this technique is that the gap
values are directly extracted from the dI/dV spectra and no
additional fitting procedures are needed. The SnS contacts
were obtained by means of “break junction” technique—
the sample is cleaved at a very low temperature (~ 2.0 K)
forming a structure with bulk superconducting banks split-
ted up by a constriction in-between [24-26]. Since IBSC
behave as rather good metals in the normal state, constric-
tion acts as a normal metal. I-V curves of such contacts
exhibit a so-called subharmonic gap structure (SGS)—a
series of features corresponding to bias voltages V,, =24/
en, where n=1, 2, 3 ... is a natural number equals to the
number of Andreev reflection. Here, A is an energy gap
value, e is the electron charge, n is the number of Andreev
reflections. If several order parameters exist in the sample,
then each gap will form independent SGS. Additionally,
during the experiment it is possible to obtain a stack of
SnS junctions, connected in series, in this case the bias
voltage of SGS features will be multiplied by the number
of contacts in the stack m: V,, ., = (24/en) x m.

During the experiment, the sample is attached to the
plane bronze spring through auxiliary flex printed circuit
board (for signals measuring and isolation). Screw on the
opposite side of the spring can bend the spring to vary the

Fig.4 a Normalised dl/dV (a)
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Fig.5 Temperature dependences of gap values. Inset shows scaled
temperature dependencies for both large and small gaps. Dashed
lines represent a BCS-like fit

distance between superconducting banks. Thus one can
rearrange the junction and obtain different contacts to col-
lect statistics. In the experiments with layered supercon-
ductors, like IBSC samples, delaminate in the ¢ direction
thus the current in the junction flows parallel to the c axis.

Figure 4 depicts a normalized differential conduct-
ance for 3 different contacts obtained at T~2.0 K on the

contacts. Grey vertical bars
show biases for doubled
values of large and small gaps.
b-d Temperature evolution of
characteristics from (a), colors
preserved. Characteristics cross
y-axis roughly at the tempera-
ture it was measured
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Table 1 Summary of the parameters for the upper critical field (R=0 criterium) and energy gaps

H,(0) (T) &L (nm) D, (cm?/s) D, (cm?¥/s) A, (meV) A (meV)
x=0.12 Hl|c 19 4.2 2.06 0.20 - -
Hllab 25 3.1 0.17 021
x=0.15 Hl|c 18 4.2 1.92 0.21 1.75 0.47
Hl|ab 23 34 0.29 0.39

SrFe, gsNig;5As, sample. For all 3 spectra there are distinct
features at biases around 3.55mV and 0.9mV. In Fig. 4b to
d one can find temperature evolution of those spectra for
red, blue and black curves from Fig. 4a correspondingly.
For visual clarity spectra were shifted vertically so their
sides cross vertical axis at values that roughly correspond
to the temperature they were measured at. One can see
that when the temperature rises the deeps smear and
move toward lower biases until spectra become Ohmic
atlocal T.. Both deeps disappear at the same temperature
and can’t be derived from each other by normalization
on any natural number so those features correspond to
different order parameters. Figure 5 shows gaps values
extracted from the temperature dependencies in Fig. 4b
to d and a BCS-like fit (dashed lines) for visual reference.
One can see a smooth decrease of gaps values with a
temperature rising. Extrapolation to T=0 K gives us gaps
values: A, =1.75 meV, A, = 0.47 meV with corresponding
characteristic BCS ratios: 24, /k,T.=4.83, 2A/k,T.=1.27.
The obtained ratios for the investigated samples are typi-
cal for the IBSC 122-family, which implies the same pairing
mechanism as in other 122 systems and in related 1144
system [13, 26].

5 Conclusions

We confirm the existence of multigap superconductivity
in the Ni-doped SrFe,As, system by various experimental
methods. The values and temperature dependencies of
the superconducting order parameters were obtained by
means of Andreev reflection spectroscopy. The obtained
BCS ratios for the investigated samples are typical for the
122 IBSC family. The analysis of the H_,(T) curves shows
that the two-band model fits the experiment very well,
thus confirming the multiband nature of the superconduc-
tivity in this system. The results of the two-band approxi-
mation suggest that the anisotropic band contribution
dominates near T, whereas the main contribution at low
temperatures comes from the isotropic band with a lower
diffusion coefficient.
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