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1. INTRODUCTION

A mong the var iety of i ron-based high-
temperature superconductors (HTSC), [1, 2] 
ferropnictides of the 122 structural family have 
been most thoroughly studied both theoretically 
and experimentally. Researchers' interest in this 
type of compounds was primarily due to the 
significant critical magnetic fields at moderate 
critical temperatures cT  of the 122 family, as well as 
the availability of large qualitative single crystals 
are the factors that determined the development 
of technical applications of Ba-122 for the 
production of superconducting (SC) magnets and  
wires [3, 4].

The crystal structure of Ba-122 family compounds 
contains superconductivity-responsible blocks 
Fe–As, alternating with mirror symmetry and 
separated along the c-direction by barium planes. 
In the stoichiometric composition BaFe2As2 
demonstrates ordering into an antiferromagnetic 
(AFM) state with a spin density wave. Slightly 
above the Néel temperature at 138N sT T» »  K  

a structural phase transition occurs from 
orthorhombic to tetragonal symmetry. With partial 
substitution of iron with nickel, the AFM phase is 
gradually suppressed, and a SC-region emerges in 
the form of a doping "bell" with maximum 21cT »  K,  
achieved at the optimal substitution degree in the 
composition BaFe1.9Ni0.1As2 [5].

The electronic properties of the 122 system are 
determined by iron 3d-orbitals and possess a clearly 
pronounced quasi-2D character. These compounds 
are characterized by conductivity anisotropy 
between the ab- and c-directions of the crystal [5]. 
The Fermi surface contains hole barrels slighltly 
corrugated along the momentum kz-direction near 
the Γ-point of the Brillouin zone, as well as electron 
pockets near the X-point, forming propellers or 
barrels depending on the chemical composition  
[6–8]. For BaFe2 x- NixAs2 band structure studies 
using angle-resolved photoemission spectroscopy 
(ARPES) have not been conducted; however, for 
the parent compound and BaFe2 x- Cox As2 of the  
122 family, a proximity to the Lifshitz transition was 
shown, along with the presence of a "flat band" and 
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peaks in the density of electronic states ( )N E  near 
the Fermi level [7, 8]. Some ARPES studies for the 
Ba-122 system [9] also reported anomalous band 
structure shifting with temperature increase up to 
room temperature.

When studying compounds Ba(Fe,Ni)2As2 
below cT  researchers mainly observe two SC-
condensates with different order parameters, L∆  
and  S∆ , called the large and the small SC gaps 
respectively. Our group previously determined the 
BCS theory characteristic ratios for these gaps in 
single crystals Ba(Fe,Ni)2As2 with different doping 
levels: 2 (0)/ 4 6L B ck T∆ » -  for the large SC gap (the 
range of values is caused by its presumed anisotropy 
in the k-space) and 2 (0)/ 2S B ck T∆ »  for the small 
SC gap, both practically independent of nickel 
substitution degree in a wide range of cT  [10– 12]. 
Similar values were obtained using THz and 
infrared Fourier spectroscopy [13, 14]. However, not 
all experimental methods agree well when studying 
the gap structure BaFe2As2. The quasi-2D structure 
of the compound makes the system extremely 
sensitive to measurement conditions. This can lead 
to discrepancies in data obtained using surface, bulk, 
and local methods; in particular, ARPES studies 
conducted by different groups poorly agree when 
determining the characteristic ratio of the large 
SC gap, with a spread of 2 (0)/ 4.5 7.5L B ck T∆ » -  
for BaFe2As2 with various doping levels (for review  
see [7, 15]).

The question of the leading pairing mechanism 
in ferropnictides remains a relevant topic. In 
addition to spin fluctuations caused by nesting of 
momentum-space separated Fermi surface sheets 
[16], researchers propose orbital fluctuations of 3d
orbitals of Fe  [17] for this role. However, orbital 
degrees of freedom gain additional significance 
when discussing properties in the normal state, 
such as the nematic phase, defined as spontaneous 
breaking of rotational symmetry 4C  without breaking 
translational symmetry. Such symmetry breaking 
manifests in the anisotropy of electronic properties; 
particularly, when studying the compound 
Ba(Fe,Co)2As2 using ARPES, signs of nematic 
order were discovered in the form of energy splitting 
of /xz yzd d -orbitals, occurring at temperatures even 
higher than sT  and  NT  [18, 19, 20]. Another discussed 
feature of the normal state of ferropnictides is the 
pseudogap [20–22], previously observed in HTS 
cuprates [23, 24]. As one of the main mechanisms 

for pseudogap formation in cuprates, researchers 
highlight the residual dielectrization of the spectrum 
associated with spin/charge ordering in the system 
[25]. However, while the parent compound of 
cuprates is an AFM insulator, the parent compound 
of pnictides BaFe2As2 has a metallic ground AFM 
state [5]. The pseudogap remains a mysterious state 
of the electronic subsystem, with no consensus 
reached about its nature [23-25]. Overall, despite 
intensive research into the physics of iron-containing 
pnictides, the question of the relationship between 
superconductivity and normal state features such 
as magnetic order, nematic phase, band structure, 
and pseudogap [8, 16, 17, 22, 26, 27] remains  
debatable.

In this work, we present a thorough study of  
BaFe2 x- Nix As2 ferropnictide properties using 
tunneling spectroscopy methods. The three 
compositions were studied: with nickel content 

= 0.08x , belonging to the underdoped region of the 
phase diagram, and two overdoped compositions 
with  = 0.12x , 0.14. Previously, during the 
study of the gap structure for tunnel contacts 
in BaFe1.86Ni0.14As2 and BaFe1.9Ni0.1As2 our group 
discovered reproducible features in the dynamic 
conductance spectra ( )/dI V dV , uncharacteristic 
for the classical case and manifesting in both SC 
and normal states [11]. The temperature behavior 
of these features was studied in more detail for 
the system BaFe1.88Ni0.12As2 [28], however, their 
origin remains ultimately unknown. This work 
reveals the behavior of these normal state features 
with varying doping levels, covering under- and 
overdoped regions of the phase diagram. Based 
on the obtained experimental data, an analysis 
of possible causes for the studied normal state 
nonlinearity is conducted, and the nature of the 
observed effect is discussed.

2. EXPERIMENTAL TECHNIQUE

The BaFe2 x- NixAs2 single crystals studied here 
with nominal doping nickel concentration = 0.08x ,  
0.12, 0.14 were grown using the "self-flux" technique 
[15, 29–31]. The synthesized single crystals were 
characterized by X-ray diffraction, confirming 
the sample's correspondence to the 122-phase. 
Energy-dispersive spectroscopy revealed the ratio 
of elements present in the single crystal, consistent 
with the batch composition. As a result of measuring 
the temperature dependencies of resistance and 
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magnetic susceptibility, a phase transition to the 
SC state was detected in the samples, and the 
critical transition temperature 18, 19, 12 KcT »   
was determined for single crystals with nickel 
content = 0.08x , 0.12, 0.14 respectively [10–12, 15, 
29–31].

To obtain tunnel contacts of superconductor-
constriction-superconductor (ScS) type, the 
planar "break-junction" technique was used, 
which involves creating a contact by mechanical 
splitting of a layered sample at low temperatures 
[32, 33]. In preparation, the studied single crystal 
sample, having the shape of an elongated plate with 
dimensions of about 3 1 0.1´ ´  mm3, is fixed using 
In-Ga-solder drops (liquid at room temperature) 
in a fourcontact connection scheme on massive 
copper electrodes located on a U-shaped spring 
holder equipped with a stress concentrator. The 
degree of the holder bending during the experiment 
is regulated mechanically and precisely. The 
layered sample is mounted so that the ab-plane 
of the crystal is parallel to the holder plane. 
After mounting, the holder with the sample is 
cooled to 4.2  К. At this point, the solidified  
In–Ga-solder rigidly fixes the sample. When the 
table is bent under the single crystal delaminates 
along the ab-planes of the crystal lattice, forming 
a tunnel contact on natural steps and terraces 
separating two cryogenic cleavages along the 
c-direction. As a result, the tunnel current always 
flows in the c-direction of the crystal. The moment 
of cryogenic cleavage formation is objectively 
monitored by the appearance of a f inite I–V 
characteristic slope in real time. The massive SC 
banks of the obtained ScS contact provide effective 
heat removal from the contact interface. Note that 
mechanical contact adjustment remains available 
throughout the measurement process, opening 
the possibility for direct local probe of bulk 
energy parameters in various cleavage regions, i.e., 
collecting statistics with one and the same sample 
during a single experiment.

Strictly speaking, the obtained break junctions 
represent a structure of S–n–I–n–S type  
(I — insulator, where n–I–n acts as a barrier), in 
which the barrier transparency is described by 
the dimensionless parameter Z  [34, 35]. In single 
crystals of the BaFe2As2 family, the cleavage 
usually occurs along the barium metallic planes 
[36]. It should also be noted that since during the 

experiment the microcrack remains deep in the bulk 
of the sample (the contact banks are not separated), 
this naturally protects the cryogenic cleavage site 
from degradation and impurity contamination. Thus, 
in the used "break-junction" configuration, it is most 
likely to obtain highly transparent ScS contacts 
with transparency above 80% ( < 0.5Z ), which is 
confirmed by the features of of I–V characteristics 
and  ( )/dI V dV -spectra (see below).

Although the planar "break-junction" technique 
can provide single contacts, often the tunnel 
structures obtained in the experiment represent a 
natural array of m (where m  is a natural number) 
equivalent ScS contacts forming a stack due to 
objective geometric features of layered compounds. 
The configuration and characteristic features 
of our planar mechanically adjustable break-
junction experiment are discussed in more detail in  
review [33].

In an SnS contact with a quasiparticle transport 
close to ballistic (contact diameter d  much smaller 
than the mean free path of quasiparticles d l ), at 
temperatures below cT  the effect of multiple Andreev 
reflections is realized [34, 35, 37]. In general, in 
the "long" SnS contact mode (with incoherent 
d ξ  transport), the incoherent multiple Andreev 
reflections effect (IMARE) is observed. The effect 
causes excess current in the I–V characteristic of 
the SnS contact at any bias voltages (relative to I–V 
characteristic at ñ>T T ). At bias voltages 0eV ®  in 
the  ( )/dI V dV  spectrum, a so-called "foot" region 
of increased conductivity appears (compared to 
the normal state I–V curve), and the gap features 
(minima) at ,| | = 2 /i n ieV n∆ . The number of n 
observed minima decreases at small ratios /l d  [37, 
38], as well as with increasing barrier strength Z  [34, 
35] and the broadening parameter Γ. The local cT  of 
the contact (corresponding to the transition of the 
contact area of size 10–50 nm to the normal state) 
was determined as the temperature at which all 
features caused by IMARE transport disappeared 
in the  ( )/dI V dV spectrum.

In  ( )/dI V dV spectrum of a stack of m contacts, 
the position of all features caused by bulk 
properties increases by  m times, in particular, 
for Andreev structures ,| | = 2 /i n ieV m n∆× . For 
single crystals of each composition, the number 
m is determined by comparing the obtained  

( )/ -dI V dV spectra of stacks with different m 
(normalization details are provided in the 
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appendix to works [11,39]). The advantage of stack 
contacts lies in the prevalence of bulk material 
properties, which allows minimizing the influence 
of surface defects [33]. For the I–V characteristics 
and  ( )/dI V dV spectra shown below, the bias axis is 
normalized to the corresponding m ( /normV V mº ).

3. RESULTS

Figure 1 shows I–V characteristics and differential 
conductance spectra of tunnel contacts obtained 
for single crystals BaFe2 x- Nix As2 with different 
doping levels and  cT . The bias axis is normalized 
to the number of contacts in the stack = 14, 7, 20m  
in the Figures 1а, b, c respectively. In the SC state 
at a temperature of 4.2 K at small eV, the spectra 
show characteristic Andreev features, and there is 
no supercurrent branch on the I–V curve. Thus, 
based on the I–V characteristics and ( )/ -dI V dV  
spectra, it can be established that the contacts 
in Fig. 1 are "long" and are in an incoherent SnS 
mode in accordance with the predictions [34, 35, 
37]. Fig. 1a shows the ( )/ -dI V dV spectrum of an 
SnS contact obtained in a slightly underdoped 
single crystal BaFe1.92Ni0.08As2 at = 4.2T  К (red 
curve) and above cT  at = 19T  К (dark yellow curve). 
In the SC state, the spectrum contains gap minima  
( = 1in ), corresponding to three SC order parameters: 

4.4out
L∆ »  meV, 3in

L∆ »  meV ( presumably 
belonging to the same SC condensate, anisotropic 
in k-space) and  1.1S∆ »  meV at cT T , previously 
determined for this compound [10] (intragap region 
marked in gray), as well as an Andreev conductance 
peak at zero bias (pedestal). Besides Andreev 
features, ( )/dI V dV spectrum contains a general 
nonlinearity  – maximum-minimum structure 
at biases of 20maxeV »   meV and  50mineV »  meV 

– in a wide range of voltages. These bias voltages 
significantly exceed the amplitudes of SC-order 
parameters of about 2 (0)i∆ . It is clearly seen that at 
T = 19 > Tc the Andreev features disappear, while 
the nonlinearity shape and positions of maxeV  and 

mineV  remain unchanged: red and dark yellow curves 
in Fig. 1a at ∆eV > 2 out

L  almost coincide. Note that 
the invariance of dynamic conductance of this 
contact with temperature at > 2 (0)eV ∆  indicates 
the ballistic nature of transport in accordance  
with [40, 41].

Similar nonlinearity, related to normal state 
features, is also observed in single crystals of  
BaFe2 x- NixAs2 with different nickel doping content 

(Figs. 1b, c). In overdoped compositions with 
increasing = 0.12 0.14x -  SC-order parameter 
amplitudes decrease almost proportionally to 

cT  [10, 11, 12], and the positions Vmin and  Vmax 
also shift towards lower biases: 20 mV,maxV »   

40 mVminV »  for composition with  = 0.12x , 
12 mVmaxV » ; 25 mVminV »  for = 0.14x .

Fig. 1. I–V curve (blue line, right axis) and its corresponding 
( )/dI V dV -spectrum (left axis), measured at = 4.2T  K  

for the SnS contact in compound BaFe2–xNi xAs2, where:  
a  — = 0.08x  ( = 14m  contacts in the stack), b  — = 0.12x   
( = 7m ), с  — = 0.14x  ( = 20m ). For comparison, Fig. 1a 
shows the ( )/dI V dV -spectrum measured at temperature 

= 19 K > cT T  (dark yellow curve, left axis). Gray color marks 
the in-gap bias regions containing Andreev features of the 
SC order parameters. Vertical arrows mark the positions of 

( )/dI V dV  features persisting in the normal state – maxima 
maxV  and minima .minV  All dynamic conductance spectra 

are normalized to normal conductance at large bias  
1/ ( (0))N NG R eV ∆º 
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To verify the reproducibility of the observed 
nonlinearity in the normal state, significant 
statistics of ( )I V  and  ( )/ -dI V dV characteristics of 
tunnel junctions were collected. Examples of I–V 
curves and corresponding differential conductance 
spectra at > cT T  for stacks with different numbers 
of contacts m, obtained in single crystals  
BaFe1.92 Ni0.08As2 and  BaFe1.86 Ni0.14 As2, are 
shown in Figs. 2 and 3 respectively; similar data for  
BaFe1.88Ni0.12As2 are shown in Fig. 2c in [28]. For 
each composition, the I–V curves have different 
slopes, consequently, the normal resistance NR  
of the presented contacts, which, in turn, is 
determined by geometric parameters and contact 
area. Nevertheless, the general shape of the spectrum 
nonlinearity and the bias voltages Vmin and Vmax are 
reproduced. Thus, the observed nonlinearity is 
related to the intrinsic, bulk properties of the normal 

state BaFe2 x- Nix As2 and cannot be caused by 
random effects or geometric resonances.

Temperature evolution of nonlinear ( )/dI V dV  
spectra and positions of features Vmin and  Vmax 
were studied for tunnel junctions based on  
BaFe1.92Ni0.08As2 and  BaFe1.86Ni0.14As2 and are 
presented in Figs. 4, 5. For the shown contacts 

( ) constNR T » . In Figs. 5b and 6b for convenience, 
the spectra were manually shifted by a constant 
value along the ordinate axis. Characteristic Andreev 
features of the spectra associated with the IMARE 
disappear when the local critical temperature of 
the contact is reached. The shape of nonlinearity 
associated with the normal state features remains 
preserved with increasing temperature, the 
positions of features ( )/dI V dV  within the margin 
of error remain unchanged throughout the entire 
studied temperature range =T  4.3–38.2 K. Similar 

Fig. 2. Measured at > cT T  I-V curves (a) and corresponding 
dynamic conductance spectra (b) of SnS contacts obtained 
in dif ferent underdoped single crystals of composition 
BaFe1.92Ni0.08As2 from the same batch. Hatched areas mark regions 
where maxima Vmax and minima Vmin of the nonlinearity caused 
by normal state features are reproducibly observed. ( )/dI V dV  
spectra are normalized to  1/N NG Rº  and shifted vertically for 

convenience

Fig. 3. Measured at > cT T  I–V characteristics (a) and 
corresponding dynamic conductance spectra (b) of SnS-contacts 
obtained in different single crystals of overdoped composition 
BaFe1.86Ni0,14As2 from the same batch. Hatched areas mark regions 
where maxima Vmax and minima Vmin of nonlinearity caused by 
the normal state features are reproducibly observed. ( )/dI V dV  
spectra are normalized to  1/N NG Rº  and shifted vertically for 

convenience
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temperature-independent behavior of the normal 
state features in single crystals BaFe1.88Ni0.12As2 
was observed in Fig. 4 in [28].

4. DISCUSSION

Fig. 6 shows a doping evolution of the positions 
of maximum Vmax and minimum Vmin of the 
nonlinearity on  ( )/dI V dV spectra of contacts with 
different local cT , obtained in under- and overdoped 
samples BaFe2 x- Nix As2 (the correspondence 
between cT  and substitution degree x  is provided 
according to the data from work [31]). As the 
concentration of doping nickel increases, the 
values of the observed features' positions decrease 
almost linearly, on average covering the range 
from  22maxV »  mV, 49minV »  mV  at = 0.08x  to 

13minV »  mV, 26maxV » mV  at = 0.14x . Thus, 
unlike the SC-order parameters [5,10–12], the 
values Vmin and  Vmax respond to chemical doping 
monotonically and do not describe a "bell" near the 
optimal doping region of the phase diagram. This 
further indicates that the discovered spectral feature 
is not directly related to the SC-order parameter. 
Features at Vmin and Vmax converge with increasing 
nickel content as they move away from the parent 
compound BaFe2As2 and the phase diagram region 
containing magnetic and structural phase transitions. 
Linear approximation predicts that the position of 
features will reach the Fermi level ( , 0min maxV V ® )  
at the doping level 0.22x ® , which corresponds 
to a heavily overdoped, non-superconducting 
composition.

Fig. 4. Temperature evolution of the positions of maximum Vmax 
and minimum Vmin of nonlinearity caused by the normal state 
features (a) and corresponding ( )/dI V dV spectrum of tunnel 
junction in single crystal BaFe1.92Ni0.08As2 (b). The dashed line 
corresponds to the local critical temperature of the contact 

18.4cT »  К.  The curves are manually shifted vertically by a 
constant value for convenience, ( ) constNR T »

Fig. 5. Temperature evolution of the positions of maximum Vmax 
and minimum Vmin of the nonlinearity caused by the normal 
state features (a) and corresponding ( )/dI V dV spectrum of 
tunnel contact in single crystal BaFe1.86Ni0.14As2 (b). The dashed 
line corresponds to the local critical temperature of the contact 

13.2cT »  К.  The curves are manually shifted vertically by a 
constant value for convenience, ( ) constNR T » . Arrows mark the 

positions of Andreev features of the small SC-gap 2 S∆  at 4.3 K
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We emphasize again that the reproducible 
nonlinearity of dynamic conductance observed 
in the spectra of stack contacts unambiguously 
indicates the bulk nature of this effect. Let us 
discuss possible causes of nonlinearity ( )/dI V dV  in 
the normal state.

1) It is known that in a tunnel contact being in the 
thermal regime (l d ), quasiparticle transport is 
dissipative: when a measuring current is applied, the 
temperature inside the contact  Tpc increases relative 
to the ambient temperature Tbath with increasing bias 
eV  as [42]

	 2 2 2( ) = ( ) ( ) /4 ,B pc B bathk T k T eV L+ 	 (1)

where L  is the Lorenz number. In Fig. 7, dashed 
lines show model ( )/ -dI V dV spectra for thermal 
contacts undergoing an overheating (whose 
resistance has a temperature dependence 
corresponding to that of ( )R T  bulk single crystal). 
The curves were calculated for BaFe2 x- Nix As2  
with  = 0.08x  (а) and  = 0.14x  (b) based on formula 
(1) and the dependence ( )T R , obtained from 
experimental resistive curve data of corresponding 
bulk single crystals (in the insets). The different 
shape of model curves for contacts based on under- 
and overdoped samples is due to the features of 

( )R T : the presence of structural and magnetic 
transitions in the crystal with  = 0.08x  at 65sT »  К,  
where a minimum of ( )R T , is observed, and their 
absence in the crystal with  = 0.14x , showing 
monotonic resistance growth above cT . It is evident 
that for = 0.14x  (Fig.  7b) the model curve does 

not correspond to the dynamic conductance of 
NcN-contact (N bulk normal metal) observed in 
the experiment above cT  (solid line), therefore, the 
nonlinearity of ( )/dI V dV  cannot be caused by 
contact overheating. Although for the underdoped 
composition, the calculated spectrum of the thermal 
contact is similar to the experimental one (Fig. 7а), 
we note that our obtained tunnel contacts are in 
the ballistic regime ( >l d ), which is controlled by 
the invariance of normal conductance at zero bias 

ZBCG  with temperature above cT , in accordance 
with the invariance pl for a Sharvin contact (where 
p  is the material resistivity). As an example, the 
left inset to Fig. 7a shows the dependence ( )ZBCG T  
for the tunnel contact based on BaFe1.92Ni0.08As2  
(stars) compared to the bulk single crystal 
conductance ( )bulkG T  of this composition (line). 
It is clearly seen that in the studied temperature 
range from 18.4 to 54 K, the change in ( )bulkG T  is 
about 11%, while ( )ZBCG T  remains approximately 
constant (value scatter does not exceed 2%± ).  
Thus, in the obtained tunnel contacts, there is no 
heat generation during measurement current flow, 
and the observed nonlinearity ( )/dI V dV  also cannot 
be caused by overheating.

2) One possible explanation for the nonlinearity 
we observe in the dynamic conductance spectrum 
may lie in an unusual interaction between the 
measurement current and the resulting stacked 
tunnel structure. Let's assume, for example, that 
the latter consists of twins, with an even number 
of contacts giving an equal number of domains 
oriented in both directions, and their twin boundary 
sequence along the current flow line is electrically 
equivalent to an equal number of p–n- and  
n–p-interfaces, connected in series. The scheme 
of such assembly for two pairs of elements is shown 
in Fig. 7c below. Usually, the symmetry of I–V 
characteristic and its  ( )/ -dI V dV spectrum proves 
the absence of Schottky-type barriers. However, due 
to the symmetry of the specified assembly, its I–V 
characteristic will also be symmetric but will have 
features related not to the intrinsic properties of the 
material but to the sample structure, which has no 
fundamental significance.

Let's consider an exceptional case where the I–V 
symmetry cannot indicate the absence of Schottky 
barriers. In general, spectra resembling experimental 
ones in shape can be obtained by considering the 
experimental tunnel structure as an electrical circuit 

Fig. 6. Dependence of maximum positions Vmax and minimum 
Vmin of the nonlinearity caused by the normal state features 
on  cT  and its corresponding doping level x, (the relative x is  

taking from [31])
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consisting of a central resistor 0R  (reflecting the 
normal "Sharvin" conductance of the contact), and 
a set of 2i  counter-series Schottky diodes with ideal 
current-voltage characteristics -( ) = ( 1)Vi

i iI V d e
β , 

shunted by equivalent resistances r .
We calculated the I–V characteristics and 

corresponding ( )/ -dI V dV spectra for the above 
assembly of two pairs of diodes (yellow curve in 
Fig. 7с, = 1, 2i ) and a similar assembly of four pairs 
of diodes (blue curve, = 1 4i - ). The case of three 
diodes is not considered since it gives a decrease in 
tunnel contact conductance at increased bias voltage, 
which does not correspond to the experiment. In 
order to fit the dip-hump features in the dI(V)/ dV, 
we used id  and βi as free parameters. As a result, 
although the general shape of the calculated curves 
corresponds to the behavior of /dI dV  in the 
studied bias range, the amplitude of the calculated 
nonlinearity ( ( ) ( ))/ ( )max min maxG V G V G V-  even 
with optimal parameters (implementing maximum 
amplitude) of the diode assembly, does not exceed 
2–3%, while the experimental dependence gives 
values at approximately 40% (note that the calculated 
curves refer to the right axis of Fig. 7с, whose scale 
is increased 5 times relative to the left axis for 
clarity). Generally speaking, by varying the values 
of id  and βi one can achieve significant amplitude 
features, but then their positions would differ several 
times from those observed experimentally. Thus, it is 
impossible to satisfactorily fit the calculated spectra 
to the experimental ones, as their amplitudes differ 
by approximately an order of magnitude, and we 
exclude this possibility from consideration.

3) According to the well-known phenomenological 
approach by Giaever and Megerle [43], the I–V 
characteristic of a symmetric NcN-contact with low 
transparency depends on the distribution of metal 
electron density of states (EDOS) near the Fermi 
level FE  and is described by the following expression: 

( ) = ( ) ( )( ( ) ( ) ,I V A N E N E eV f E f E eV dE
¥

-¥

¢ + - +ò
(2)

where À ¢ is a geometric factor, ( )N E  is the metallic 
distribution function of EDOS, ( )f E   is the 
equilibrium Fermi-Dirac distribution.

In the quasi-classical case in the vicinity of FE  
the distribution 0( ) = constN E N» , and the 
resulting I–V characteristic has a conventional linear 

(ohmic) form. If the distribution ( )N E  contains 
nonlinearities caused, for example, by features of the 
compound's band structure or renormalization of the 
density of states due to interaction with characteristic 
bosonic modes in the system, the I–V characteristic 
may deviate from the linear law, providing  
experimental information about the behavior of 
function ( )N E  near the Fermi level. For example, 
the, ( )/dI V dV -spectrum obtained using a scanning 
tunneling microscope (STM), when the STM tip 
does not contact the sample surface, corresponds 
to the case of 'N cN  contact with low transparency 
and is proportional to the distribution ( )N E  in the 
studied material "N" assuming monotonic N*(E) for 
the metal N'-STM tip.

Unfortunately, at present, the authors are unaware 
of theoretical calculations for Ba-122 with iron 
substitution by Ni with sufficient detail of the density 
of electronic states (N E ) near the Fermi level that 
would allow calculation of I–V characteristics 
within the Giaever and Megerle approach. We 
are also unaware of experimental works studying  
BaFe2 x- NixAs2 using STM spectroscopy that would 
obtain ( )/ -dI V dV spectra above cT  in a wide range of 
biases.

As a rough estimate, we took ( )/dI V dV  spectrum 
obtained using STM for the related BaFe1.79Co0.21As2  
overdoped composition with electron substitution 
and 13cT »  К (upper curve above cT  in Fig. 3а in 
[44]) as ( )N E  and calculated the corresponding 

( )/dI V dV spectrum of tunnel junction using 
formula (2). The calculation result is shown in Fig. 8  
by dashed orange line. It can be seen that although 
the calculated curve contains a wave-like structure, 
it cannot describe the experimentally observed 
nonlinearity in BaFe1.86Ni0.14As2 with similar cT .  
Nevertheless, considering that the Fermi level 
position in energy is affected not only by the 
substitution degree (number of doping electrons 
per Fe atom) but also by the unit cell size (chemical 
pressure) related to dopant atom radius, one can try 
to reproduce the experimental spectrum by slightly 
shifting the Fermi level (zero bias) in the initial 

( )N E  curve, taken from [36]; the corresponding 
family of calculated spectra is shown in Fig. 8 by 
thin lines, with a shift step = 7E∆  meV. Indeed, by 
raising FE  by only 17 meV (solid dark green curve 
in Fig. 8), it is possible not only to obtain a typical 
dip-hump shape (although of smaller amplitude) 
but also to accurately reproduce their positions  
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a

b

c

14maxeV »  meV, 24mineV »  meV (solid purple line 
in Fig. 8), observed experimentally for composition 
BaFe1.86Ni0.14As2.

It is interesting to note that observed by ARPES 
[18–20] both in nematic phase and outside it (see 

Fig.  5b  [20]) asymmetry of bands formed by xzd   
and  yzd  Fe orbitals can cause nonlinearity of  

( )N E : inequivalent energy positions of these bands 
correspond to two maxima of ( )N E . According 
to [18, 20], band structure symmetrization occurs 
at a significant distance from the nematic phase. 

Fig. 7. a — Comparison of experimental ( )/dI V dV spectrum of tunnel contact at > cT T  (solid line) with the model spectrum for NcN-
contact in thermal regime undergoing an overheating overheating (dashed line), calculated based on formula (1) and dependence 

( )bulkR T   of bulk sample of underdoped composition with  = 0.08x  (right inset). The left inset shows the dependence of bulk conductance 
1 /bulk bulkG Rº  (line) and zero-bias conductance of tunnel contact (stars). ( )/ ( )norm cG G T G Tº . b — Similar data for heavily overdoped 

sample with  = 0.14x . с — Comparison of experimental ( )/dI V dV -spectrum of tunnel contact at > cT T  (left axis, solid line, similar to 
that shown in Fig. b) with dynamic conductance of assemblies (right axis), containing two pairs of diodes (shown below; yellow curve) 

and four similar pairs of diodes (blue curve) 
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One can expect the appearance of maximum-
minimum structures on  ( )N E  (consequently, in the 

( )/dI V dV  spectrum of tunnel contact in the normal 
state) in both under- and overdoped compositions, 
similar to those obtained in our experiment. The  
observed "convergence" of Vmax and  Vmin with 
increasing substitution degree (i.e., when moving 
away from the nematic phase) and their extrapolated 
disappearance in the nonsuperconducting 
composition ( 0.22x » ) also qualitatively agrees 
with Fig. 5 in [20] and, accordingly, with this 
assumption about the nature of nonlinearity in 

( )/dI V dV  spectra in the normal state.
To verify the above assumption about the nature 

of the nonlinearity we observed in ( )/dI V dV  spectra 
of tunnel contacts above cT  additional studies of 

( )N E  near FE  in BaFe2 x- NixAs2 and its evolution 
along the doping phase diagram are required 
using ARPES methods, as well as tunnel and  
optical spectroscopy.

5. CONCLUSIONS

In  ( )I V  and  ( )/ -dI V dV characteristics of tunnel 
contacts created in single crystals of BaFe2–xNixAs2 
pnictides of under- and overdoped composition  
( = 0.08x , 0.12, 0.14 with  » -12 19cT  К), a strong 
residual nonlinearity was reproducibly observed 

both below and above cT , not directly related 
to the superconducting properties. It is shown 
that the nonlinear form of ( )/ -dI V dV spectra,  
representing a maximum-minimum at bias 
voltages , > 2 (0)max mineV eV ∆ , cannot be caused 
by geometric resonances or the macrostructure 
of a particular single crystal (for example, twin 
formation), but has, on the contrary, a bulk nature 
due to the intrinsic properties of the material. In 
overdoped compositions (when moving away from 
AFM and nematic phases), the bias voltages ,maxeV  

mineV  decrease, while linear extrapolation towards 
increasing substitution degree x  predicts the 
disappearance of these features and linearization 
of the ( )/dI V dV spectrum of the tunnel contact in 
nonsuperconducting composition at 0.22x » . The 
most probable cause of the nonlinearity in I–V 
characteristics and  ( )/dI V dV spectra is presumed 
to be the presence of features in the electronic 
density of states ( )N E  near the Fermi level. One 
of the interesting reasons for the emergence of 
such features of ( )N E  is the presence of nematic 
fluctuations and associated energy splitting of bands 
formed by /xz yzd d  orbitals of iron, which was shown 
using ARPES by other groups in Ba-122.

Fig. 8. Comparison of experimental ( )/dI V dV spectrum of tunnel junction at > cT T  (bold line, similar to the one shown in  
Fig. 7b, c) with model ( )/ -dI V dV spectra calculated using formula (2) based on STM data for BaFe1.79Co0.21As2 [44] (orange dashed  

line) and with Fermi level shift relative to data [44]
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