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a b s t r a c t

In this paper, a comprehensive study of the effects of Ni-doping on structural, electrical, thermal and
magnetic properties of the NbB2 is presented. Low amounts (�10%) of Ni substitution on Nb sites cause
structural distortions and induce drastic changes in the physical properties, such as the emergence of a
bulk superconducting state with anomalous behaviors in the critical fields (lower and upper) and in the
specific heat. Ni-doping at the 9 at.% level, for instance, is able to increase the critical temperature (Tc) in
stoichiometric NbB2 (<1.3 K) to approximately 6.0 K. Bulk superconductivity is confirmed by magneti-
zation, electronic transport, and specific heat measurements. Both Hc1 and Hc2 critical fields exhibit a
linear dependence with reduced temperature (T/Tc), and the specific heat deviates remarkably from the
conventional exponential temperature dependence of the single-band BCS theory. These findings suggest
multiband superconductivity in the composition range from 0.01� x� 0.10 (Nb1‒xNixB2).

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Superconductivity mechanisms and nature of the gap of un-
conventional superconducting materials have been the focus of
many studies, especially after the discovery of the multiband su-
perconductivity phenomenon inMgB2 [1e4]. Since then, properties
of similar metal diborides have been extensively investigated, with
the challenge of finding newmaterials with unusual characteristics
and that crystallize in an AlB2-prototype structure (P6/mmm space
group) [5,6]. However, long before the finding of the multiple gap
structure (two-band) in MgB2 at a comparatively high transition
temperature of about 40 K, the superconducting state (<10 K) of
several stoichiometric transition metal diborides such as NbB2,
TaB2, and MoB2, among others, was examined and discussed [7e9].

Particularly, the origin of superconductivity of NbB2 is still a
matter of debate in the literature where the conformity of the re-
sults is not satisfactory and varies considerably with the individual
measurements. Some studies describe critical temperature (Tc)
ranging from 4.6 K to 9.2 K; values usually determined by
.

magnetization (M) [10e12]. Diamagnetic transition measurement
can be confused by themagnetic shielding of bulkmaterial and lead
to a misinterpretation. This effect often arises from the existence of
superconductor-metal segregation at grain boundaries, with a
volume fraction lower than the sensitivity of experimental tech-
niques such as X-ray diffraction. Even in zero-field resistivity (r)
measurements segregation can provide percolative paths for
superconducting currentwhere proximity effects are included. Two
features of NbB2 suggest such possibilities: i) a large composition
existence (NbB1.92 to NbB2.28) [13] that could cause unintentional
deviations in composition making the AlB2 majority structure even
with metal segregation, and ii) the very high melting temperature
(~3273 K) which can promote B loss by sublimation during the
synthesis and the subsequent remanence of liquid metal in the
boundaries after primary solidification. Synthesis at temperatures
lower than the melting point, for example by a solid-state reaction
from the mixture of Nb þ B powders, can contain unreacted ma-
terial [14].

Bulk measurements such as magneto-resistivity and specific
heat are therefore necessaries to confirm the Tc and the super-
conducting behavior for this compound. Several authors reported
superconductivity reaching close to 9 K in NbB2 single crystal [15].
However, these results have never been reproduced [16]. Nb
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contamination cannot be ruled out completely (Nb has a Tc ~ 9.6 K),
as recently reported for NbB [17]. There may be a large volumetric
fraction of NbB2, but also an amount of “almost pure” Nb that be-
haves as a superconducting material. Mudgel et al. inferred the
absence of a superconductor state above 2.0 K in stoichiometric
NbB2 byM(T) and r(T) measurements [18]. Indeed, in 1966 Ukei and
Kanda measured bulk superconductivity in stoichiometric NbB2
with a transition below 1.0 K [19]. Thirteen years later, a critical
temperature close to 0.62 K (from specific heat measurements) was
confirmed by Leyarovska with the absence of any transition above
to 1.0 K [7]. Nonetheless, some research groups claim that super-
conductivity only exists in Nb-deficient phases (Nb1‒xB2) where Tc
is related to the Nb vacancy concentration [9,12]. Historically, su-
perconductivity was found in non-stoichiometric NbB1.94 at 1.2 K in
1951 [20]. These findings have thenwarranted further investigation
in NbB2. Nunes et al. reported a systematic study on the defect
structure of NbB2 by neutron diffraction [21]. The study revealed
that for all the compositions of NbB2‒x, the maximum Tc is lower
than 3.5 K and the distance between Nb-B atoms remained
approximately constant at 2.43 Å. This result suggests that the
lattice parameters variation as a function of B content does not
occur randomly. To explain the large stability interval within the
NbB2 phase, a structure of defects created by vacancies has been
proposed [22]. The defective structure is based on cohesive forces
in the planes of B, balanced by expansive forces in the planes of Nb.
As a consequence of these defects, the electronic structure and the
electron-phonon coupling are extremely dependent on the stoi-
chiometry. No less important is the possibility that vacancies at
both the Nb and B sites can receive unintentional contaminants or
dopants that stabilize the stoichiometric and non-stoichiometric
phases.

From these perspectives, we investigate the effects of Ni-doping
on Nb sites in NbB2. A thorough study reveals the stability of the
AlB2-prototype during the metallic substitution in Nb1‒xNixB2
(0� x� 0.10 range). A dense set of magnetic, electrical and thermal
measurements demonstrate that Ni-doping is able to increase the
Tc of stoichiometric NbB2. In particular, specific heat results show
clear evidence of unconventional superconductivity for the
Nb0.91Ni0.09B2 nominal composition with a critical temperature
close to 6.0 K. For this composition, the lower and upper critical
fields (Hc1 and Hc2) have a linear behavior, and the specific heat (Cp)
at very low temperatures deviates strongly from the conventional
exponential temperature dependence. Such experimental results
are beyond those addressed by single-band Bardeen-Cooper-
Schrieffer (BCS) theory and suggest an anomalous superconducting
behavior in Nb1‒xNixB2, possibly arising from multiband effects or,
alternatively, from the change of the flat bands near the Fermi
levels, which has been recently proposed for unconventional su-
perconductors [23,24].

2. Experimental procedures

Polycrystalline Nb1‒xNixB2 samples in the composition range
from 0� x� 0.10 were synthesized by arc melting. Stoichiometric
amounts of high purity elements Nb, Ni, and B (>99.99%) were
melted on a water-cooled Cu crucible using a non-consumable W
electrode in a horizontal arc-furnace with very high electrical
current (380 A ~ 3773 K) and elevated heat extraction. After several
high vacuum purges, the melting was carried out under high purity
Argon atmosphere gettered by melting a Ti sponge. Samples of
0.25 g were flipped over and re-melted 5 times to ensure their good
homogeneity. Theweight loss during the arc melting was negligible
(<0.5%). As already mentioned, stoichiometry deviations in NbB2
can induce superconductivity and changes in the superconducting
critical temperature. In order to conduct a detailed study of the Ni-
doping effects in the NbB2 system, mass losses were systematically
controlled to keep a final composition with 1:2 of metal: boron
atomic ratio.

X-ray powder diffraction (XRD) was obtained in a Panalytical
diffractometer (model Empyrean) with detector PIXcel3D accessory
using Cu-Ka1 (1.5406 Å) and Bragg-Brentano geometry. The
diffraction patterns were acquired in the 2q range between 20� and
90� with steps of 0.05� and acquisition time of 2 s. The lattice pa-
rameters analyses, patterns simulation, and refinement of the
structures (Rietveld method) were performed using PowderCell
[25] and GSAS software [26] adopting as reference the NbB2 phase
crystallographic data reported in the literature [21].

Magnetic, electric, and thermal characterizations of as-cast
samples were carried out by using a Quantum Design system:
MPMS-SQUID and PPMS-9T. The Tc (onset) was defined from re-
sistivity, magnetization and specific heat as the first temperature
signal from normal to superconductor state. Magnetization (M)
measurements were performed with a vibrating sample measure
system (VSM); a DC external field of 10 Oe with both zero field
cooling (ZFC) and field cooling (FC) regimes in the temperature
range from 2 to 10 K. The hysteresis loops of M versus applied
magnetic field (H) curves were acquired at 2 K in
the �3 kOe�H� 3 kOe range. Electrical transport measurements
were done by using the conventional four-point method, with a
probe current of 1mA. The r versus T curves were obtained in the
temperature range from 2 to 300 K, and the magneto-resistivity
was performed with applied H-field between 0�H� 7 kOe.

Specific heat (Cp) of polished flat NbB2 and Nb0.91Ni0.09B2 sam-
ples were measured with and without an applied field in the
0�H� 7 kOe range, between the temperatures from the 0.5e10 K
using the relaxation method with calorimeter coupling to He3

system (Quantum Design and Triton-Oxford).

3. Results and discussion

In the discussion that follows, we assume the Ni nominal con-
tent, i.e., that the samples stoichiometry equals the ratio of ele-
ments that went into the melt. Fig. 1 shows the XRD patterns
obtained for the Nb1‒xNixB2 samples with x from 0 up to 0.10. For
the entire set of samples, Fig. 1(a), the (hkl) reflection peaks can be
indexed using the AlB2-prototype (P6/mmm space group) related to
the NbB2 phase. The 2q range between 25� and 35�, related to the a
and c axes of the hexagonal structure, is shown in detail in Fig. 1(b).
The diffraction peaks shift to higher angles with increasing Ni-
doping, indicating unit cell contraction. Rietveld refinement anal-
ysis confirms that all samples crystallize in the hexagonal AlB2
structure. From the results were extracted values of lattice
parameter, unit cell volume, refinement R-factors and goodness of
fit (S) for each sample. Table 1 shows the obtained values. The
refined a and c lattice parameters for NbB2 sample (0% Ni content)
are 3.1125(5) and 3.2653(4) Å, respectively. These values are in very
good agreement with the previous study conducted by Nunes et al.,
where a¼ 3.1111(3) Å and c¼ 3.2627(4) Å [21]. It are also very close
to others reported in the literature, for example, experimental
values at room temperature (a¼ 3.107 Å and c¼ 3.282 Å) [27] and
theoretical lattice parameters determined using density-functional
theory (a¼ 3.106 Å and c¼ 3.318 Å) [28]. Fig. 1(c) depicts in
particular the refinement for the Nb0.91Ni0.09B2 sample, i.e. with
x¼ 0.09. The a and c lattice parameters are 3.0869(4) and 3.2226(3)
Å, respectively. It are slightly lower than that observed for the NbB2
sample (see Table 1). This points to the dependence expected upon
Ni substitution since the Ni atomic radius (124 p.m.) is smaller than
that of Nb (146 p.m.).

The dependence of the lattice parameters on Ni substitution
reveals a sensitive and small contraction of the unit cell (volume)



Fig. 1. (a) X-ray-diffraction patterns of samples with Nb1‒xNixB2 nominal composition
from 0� x� 0.10. The (hkl) Miller indices denote the reflections from the NbB2. (b)
Diffraction range related to the a and c axes of the hexagonal structure in detail. (c)
Fitting result of the XRD Rietveld refinement for the Nb0.91Ni0.09B2 sample. The inset
illustrates the hexagonal crystalline structure where the blue spheres represent the
metal and yellow the B atoms. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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with increasing Ni in the host matrix (partial replacement of Nb
sites) as observed in Figs. 1(b) and 2(a). Interestingly, the contrac-
tion appears to occur nonuniformly along the different crystal axes,
since the unit cell is anisotropic. According to the refinement re-
sults, there is a greater variation of the c-axis (1.31%) when
compared with the basal parameter (0.82%). Under closer inspec-
tion, the diffraction data for composition higher than x¼ 0.09
suggest a saturation of the lattice parameters contraction, i.e., an
indication of the existence of a solubility limit for Ni substitution on
the Nb atomic sites, very close to this composition. Indeed, a low
solubility limit is consistent with the absence of a NiB2 phase in the
Ni-B phase diagram. The ionic radius difference between Ni and B
ions is approximately 27%, pointing out that a complete solid so-
lution cannot be formed in this system. Nonetheless, we cannot
rule out the possibility of inhomogeneity of the samples.

Fig. 3 shows the M(T) measurements of the Nb1‒xNixB2 samples
in ZFC and FC regimes (DC external field of 10 Oe) in the temper-
ature range from 2 to 10 K. The stoichiometric NbB2 curve is also
shown for comparison purposes. No transition and hysteresis are
detected for NbB2 sample above 2 K, whereas for the Nb1‒xNixB2
samples, clear diamagnetic transitions between 3.9 and 6.0 K are
observed, evidence that the superconductivity in this diboride is
strongly dependent on the metal substitution. The difference be-
tween the FC and ZFC signals is mainly due to the imprisonment of
vortices by grain boundaries and point magnetic moments in
superconducting material. In the ZFC regime below Tc there is a
finite potential barrier around the vortices, and in this case, the
magnetic flux is pinned in the bulk of the material. This drastically
reduces the magnetization in the FC regime.

The M(H) dependence exhibited in the insets (at 2 K in
the �3 kOe�H� 3 kOe range), suggest II-type superconducting
behavior. In addition, the shielding in the Meissner state allows
estimating a superconducting fraction (SF) of up to 90% for com-
positions below Nb0.91Ni0.09B2. It is tempting to suppose that Ni
insertion drastically affects the NbB2 electronic structure, inducing
bulk superconductivity above 2 K, since a transition has emerged
even at a very low level of Ni substitution (x¼ 0.01). However, for
the Nb0.90Ni0.10B2 composition the critical temperature decreases
slightly from a maximum, where Tcz 5.3 K. Actually, the normal-
ized magnetic moment value (emu/g) at 2 K also has reduced,
suggesting an SF decrease. Both Tc and SF decreases can be due to
magnetic pair breaking effects by possible Ni segregation to this
substitution level (x¼ 0.1).

Fig. 4 presents a summary of the magnetization results that
shows Tc as a function of the Ni nominal content (x). Critical tem-
perature increases with an increase in Ni-doping reaching a
maximum at x¼ 0.09. For the Nb0.90Ni0.10B2 composition, Tc goes to
a lower value. This result may be associatedwith the solubility limit
for Ni substitution on Nb sites or a sample inhomogeneity as sug-
gested by the X-ray diffraction findings. Although further studies
should be conducted to clarify this aspect, we assume that the Ni
substitution level for optimized superconductivity in the range of
composition investigated is x¼ 0.09.

Fig. 5 shows electrical resistivity measurements as a function of
temperature (2e300 K) and as a function of applied magnetic field
(0e7 kOe) of the Nb0.91Ni0.09B2 composition that is believed to be
the optimum Tc. The r(T) curve, Fig. 5(a), exhibits a sharp super-
conducting transition close to 6.5 K (better seen in the inset). Such a
feature corroborates the magnetization ones (Fig. 3). Furthermore,
shifts of Tc (typical of superconductor character) can be observed in
the normalized magneto-resistivity curves as shown in Fig. 5(b).
Undoubtedly, r / 0 in applied H-field supports the existence of a
bulk superconducting state in the sample.

A detailed investigation of the lower critical field (Hc1) for
Nb0.91Ni0.09B2 is presented in Fig. 6. Magnetization curves in the



Table 1
From Rietveld refinement: lattice parameter, unit cell volume, R-factors (Rwp, Rp, and Re) and goodness of fit (S) for each sample.

Ni nominal content [%] Lattice parameter (a) [Å] Lattice parameter (c) [Å] Unit cell volume [Å3] Rwp [%] Rp [%] Re [%] S

0 3.1125(5) 3.2653(4) 27.395(6) 9.73 7.13 4.74 4.21
0.01 3.1042(5) 3.2475(4) 27.101(7) 11.56 8.52 5.12 5.09
0.03 3.0991(4) 3.2379(3) 26.932(6) 13.43 10.1 6.36 4.45
0.05 3.0956(5) 3.2272(4) 26.782(6) 12.24 7.43 4.22 8.41
0.07 3.0897(4) 3.2254(3) 26.665(7) 11.47 9.78 5.67 4.09
0.09 3.0869(4) 3.2226(3) 26.594(6) 12.37 8.75 4.34 8.12
0.10 3.0882(4) 3.2237(3) 26.625(6) 15.89 10.65 6.23 6.50

Fig. 2. (a) Lattice parameters and (b) unit cell volume as a function of Ni concentration
in Nb1‒xNixB2 samples in the range from 0� x� 0.10.
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temperature range between 1.8 and 6.0 K in applied H-fields up to
600 Oe (Fig. 6(a)), nearly to the Meissner state, were obtained using
a rectangular bar-shaped sample in order to minimize the
demagnetization factor. The Hc1 values were then estimated from
the deviation point of the linear slope of the curves and by
assuming DM¼ 1� 10�3 emu/g as a criterion to distinguish the
Meissner line from theM signal [29] as shown in Fig. 6(b). Once the
Hc1 and Tc data are obtained (from Figs. 6(b) and 3, respectively), the
Hc1 behavior with the reduced temperature (t¼ T/Tc) can be eval-
uated. Fig. 6(c) shows the range of experimental datawhere a linear
dependence is established. AnHc1 approximately 116 Oe is obtained
assuming a linear extrapolation up to t¼ 0 K. However, for con-
ventional superconducting materials, the lower critical field as a
function of the reduced temperature can be described in terms of
an empirical expression with a quadratic dependence:

Hc1ðtÞ ¼ Hc1ð0Þ
�
1� t2

�
; (1)

where Hc1(0) is the lower critical field at zero Kelvin. The Hc1(t)
curve is shown for a comparison approach, admitting experimental
data directly on Eq. (1) with no restrictions on Hc1(0). Such a
quadratic dependence does not seem to be observed and therefore
provides evidence of unconventional superconductivity in the Nb1‒
xNixB2 system. Similar features were also found in MgB2 and
Zr0.96V0.04B2, which do not seem to follow the expected trend of the
single-band BCS theory [5,29e32].

For a complete understanding of the observed behavior, specific
heat (Cp) measurements at very low temperatures were made.
Fig. 7(a) and (b) show Cp/T versus T2 in several applied H-fields
(0e7 kOe) for NbB2 and Nb0.91Ni0.09B2, respectively. A well-defined
anomaly (jump) at 0.8 K (onset at z 1.3 K) is observed in the NbB2
curve at zero external field (Fig. 7(a)) and corresponds to the phase
transition from the normal (non-superconducting) to the super-
conducting state, in line with the findings [7,19]. In contrast, the
anomaly is stronger and broadened close to 6.0 K at H¼ 0 for the
Ni-containing sample, Fig. 7(b). The standard procedure is to find a
sharp and discontinuous jump for a conclusive occurrence of a bulk
second order transition with a strong break in the Cp/T linearity,
however, the superconducting transition is much more spread out
that would be expected and therefore we take themaximum rather
than onset. Nevertheless, the Tc value of z4.0 K (onset at z 6.0 K)
agrees well with the resistivity and magnetization results where an
equivalent superconducting critical temperature is seen (Figs. 5 and
4). In addition, the shifts of Tc to lower temperatures with the in-
crease of the applied field are consistent with the existence of a
superconducting state.

The specific heat was analyzed by fitting in normal-state from
10 K up to near the Tc following Debye model:

CpðT / 0Þ ¼ gT þ bT3: (2)

The first part of the expression corresponds the electronic
contribution to the Cp described by the Sommerfeld coefficient
g¼ 1/3[p2kB

2(1þlEP)]DOS, where kB is the Boltzmann's constant and
DOS the total density of states at the Fermi level. The parabolic
dispersion is corrected by the electron-phonon coupling term
(1þlEP) that renormalizes the electronic specific heat. The second
part is related to the phononic contribution described by b¼ 12/
5(NAkBp

4QD
�3), where NA is the Avogadro's number, and QD is the

Debye characteristic temperature. With a least-square fit, both g
and b values were evaluated for the NbB2 and Nb0.91Ni0.09B2 sam-
ples. For NbB2, gz 2.217mJ/mol$K2, bz 0.022 (mJ/mol$K4) and
QDz 642 K. The g value agrees well with those reported in the
literature (gz 2.33mJ/mol$K2) for AlB2-type transition-metal
diborides [33]. The estimated QD value by means of the b term is
also close to that calculated for NbB2 using a rigid ion model (RIM):
QDz 739 K [34]. For Nb0.91Ni0.09B2 at zero field, gz 3.602 (mJ/
mol$K2), bz 0.046 (mJ/mol$K4) and QDz 500 K. In addition, a
subtle dependence of g with applied field is observed, where g
increases with the applied field while b remains constant. However,
at zero field, both g and QD are significantly different when
compared with the NbB2 data. The electronic contribution in-
creases whereas the Debye temperature decreases, which indicates
changes in the total density of states and in the phonon spectrum
(it will be better discussed in what follows) for the Ni-containing
sample.



Fig. 3. Temperature dependence of the magnetization of the Nb1‒xNixB2 samples in the range from 0� x� 0.10. The insets show the magnetization (M) as a function of the applied
magnetic field (H) at T¼ 2 K.
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Fig. 4. Critical temperature (Tc) as a function of Ni-doping in the NbB2 system. The
dashed line is a guide for the eyes.

Fig. 5. Temperature dependence of the (a) resistivity and (b)magneto-resistivity of the
Nb0.91Ni0.09B2 sample.

Fig. 6. Nb0.91Ni0.09B2 sample: (a) applied magnetic field (H) dependence of magneti-
zation (M) for different temperatures (T). (b) DM versus H used as a criterion for Hc1

definition. (c) Lower critical field (Hc1) versus reduced temperature (t¼ T/Tc).
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An average density of states <DOS> can be assessed knowing
the (1þ <lEP>) term. The electron-phonon coupling constant lEP
can be determined from Tc transition temperature and the QD

Debye temperature by the following McMillan expression [35]:

lEP ¼ m � lnðQD=1:45 TCÞ þ 1:04
ð1� 0:62 m � ÞlnðQD=1:45 TCÞ � 1:04

: (3)
This description has been based on Eliashberg equations with
microscope elements (mainly the electron-phonon spectral func-
tion) in the BCS theory. Although Eq. (3) has been derived for an
isotropic Fermi surface, several aspects of theoretical fundaments
agreed well with an anisotropic superconducting where the
determination of a <lEP> from an observable, such as the specific
heat is still valid [36]. Therefore, we use Eq. (3) to evaluate the
impact of Ni-doping on the NbB2 electronic property. The effective
pseudopotential repulsion (m*) that arises from the propagation
difference between the Coulomb and phononic couplings in the
vicinity of Tc was considered m* z 0.1 [37,38].



Fig. 7. Temperature dependence of the specific heat for several applied H-field. (a) for
NbB2 and (b) for Nb0.91Ni0.09B2. The continuous line is a fitting based on the normal
state contribution of the specific heat.

Fig. 8. (a) Normalized electronic contribution for the Nb0.91Ni0.09B2 sample. (b) Line-
arized electronic contribution ln(Cp(electronic)/gTc) to the Cp as a function of TC/T, where
the continuous line is a fitting based on the BCS theory. The dashed line is a nonlinear
curve fitting where the temperature dependence of the data appears to be closer to a
power law. (c) Applied H/H7kOe field dependence of the g/g7kOe electronic contribution.
Here, the dashed line is only a guide by the eyes.
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For NbB2, the <lEP> value is about 0.36, consistent with the
observed low Tcz 0.8 K, and indicates a weak coupling in the BCS
scenario. Indeed, calculations of the total coupling constant l
(ltot¼ lNb þ 2lB) for stoichiometric NbB2 suggest a <lEP>z 0.387,
with an expressive B atoms contribution (lBz 0.316) [39].
Substituting (1þ <lEP>) as an average correction factor at the g
electronic coefficient expression, an <DOS> of z0.22 eV‒1 atom�1

is obtained. For Nb0.91Ni0.09B2, the average coupling constant is
approximately 0.58, and consequently a <DOS> z 0.32 eV‒1

atom�1.
Therefore, the observations indicate an increase in the density of

states (by a factor of 1.45) and a reduction ofQD (by a factor of 1.28,
probably by a relaxation in the phonon spectrum) for the Ni-
containing sample. A partial conclusion is that the Ni-doping not
only introduces lattice distortions but also modifies the electronic/
phonon structure of the precursor diboride. The effect of lower Ni
mass (when compared to NB) is clear and suggests that most of the
coupling arises from the higher frequency vibration of the
substituted Ni atoms at the Nb sites [40]. Furthermore, the lattice
distortions due to the Ni-doping, particularly the compressive
strains on the c-axis, could induce dimerization of semi-filled pz-pz
orbitals by approximation between B atomic layers with further
influence on the electron-phonon coupling.

Fig. 8(a) shows the applied H-field dependence of the anomaly
size determined from the Cp(electronic)/g ratio, i.e., the Cp(elec-
tronic)¼ Cp/T‒ bT2 electronic contribution by g in the normal state. At
zero external field, before the transition Cp(electronic)/g¼ 1.0, and at
transition the anomaly size (DCp(electronic)/gTc) is about 0.39 which is
considerably smaller than that of the bulk pairing BCS prediction
(1.43) [7]. On the other hand, the linearized electronic contribution
ln(Cp(electronic)/gTc) to the Cp versus Tc/T displays a remarkable
divergence from BCS theory up to close to Tc/Tz 2.8 (Fig. 8(b)). BCS
predicts that electron excitations with energies close to the Fermi
level through the single isotropic gap gives rise to an exponential
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behavior at temperatures lower than Tc. On the other hand, in
multiband material, the increase of the electron-phonon coupling
anisotropy leads to a non-exponential dependence [41,42]. As a first
approach to describe the dependence on temperature, a power law
fit was used as shown in Fig. 8(b). However, a complete explanation
of the problem requires further calculations. In Fig. 8(c), the H-field
dependence of the g electronic coefficient can be observed, where g
values are the fits from Fig. 7 curves and normalized by their value
at H¼ 7 kOe. A similar result has been found for the MgB2 multi-
band superconductor compound [43,44]. Pribulova et al. proposed
that such dependence emerges as a consequence of the contribu-
tion of two different gaps on the Fermi surface [45]. In the multi-
band case, different Fermi velocities and gap asymmetries with
different scattering rates and different DOS contributions result in
anomalous superconductor behavior with an applied magnetic
field; the two gaps being connected by a coupling term which re-
sults in only one Tc [36,41]. In the present study, the experimental
results appear to be consistent and suggest that the mechanism
responsible for the superconducting state does not follow the BCS
theory of a single isotropic band. However, the specific heat mea-
surements were not able to separate the contribution of the two
bands [4].

Fig. 9 shows the upper critical field (Hc2) as a function of the
reduced temperature (t¼ T/Tc). The data were extracted from the
resistivity and specific heat measurements. The upper critical field
at zero Kelvin (Hc2(0)), the point indicated in the figure, it was
estimated by using the Werthamer-Helfand-Hohenberg (WHH)
theory [46] in the limit of a short electronic mean-free path (dirty
limit) given by: Hc2(0)¼ ‒ 0.693Tc (dHc2/dT)T/Tc (CGS unit). The
derivative close to Tc gives an Hc2(0)z 8.2 kOe. One observes in the
superconducting phase diagram a striking linear behavior which
differs from the second-order expected for single-band materials.
Compounds considered multiband superconductors exhibit anal-
ogous response for Hc2(t) [47e49].

Doping with a magnetic impurity such as Ni has been investi-
gated in several superconducting families [50e54]. Generally, Ni-
doping suppresses the superconductivity and decreases the Tc.
Magnetic pair breaking effects and changes in DOS near the Fermi
level has been arguments accepted as a valid explanation for the
outcome. Our results show the opposite, where Ni-doping is able to
increase the Tc of NbB2. Although the unconventional behavior
origin observed in both critical fields and specific heat is not
entirely clear, there are strong indications of multiband effects
Fig. 9. Reduced temperature dependence of the upper critical field of the
Nb0.91Ni0.09B2 sample. The data were extracted from the resistivity and specific heat
measurements. The dashed line corresponds to a linear fitting.
which seem to be typical of the AlB2 prototype structure. Different
scattering rates (interband and intraband) cannot be ruled out, as
occurs in two-band superconductors. In particular, intraband
dispersion by magnetic scattering (ferromagnetic Ni-doping) can
affect the Hc2 critical field curvature without major influence on
pair breaking effects. The possibility that the Ni-dopingmay change
the flat bands near the Fermi levels, resulting in a change of the
critical temperature, cannot also be excluded [23,24]. However,
further investigations need to be conducted to clarify the mecha-
nism which generates this superconductivity. Important questions
about the nature of the substitutional doping effects on the elec-
tronic structure of NbB2 such as Ni multiple valence states in as-
sociationwith the uncertainty of the substitution position becomes
a significant issue for a theoretical description of the Nb1‒xNixB2
system.

4. Conclusions

A detailed study of the superconductivity of polycrystalline
NbB2 and Nb1-xNixB2 samples was presented and discussed. Spe-
cific heat results show that partial substitution of Nb by Ni ions
generates strong changes in electronic and phononic structure, able
increase the bulk superconductivity of the NbB2 <1.3 K to
maximum Tcz 6.0 K at Nb0.91Ni0.09B2 nominal composition.
Excellent agreements for the transition temperature as character-
ized by magnetic, electrical and thermal measurements were
observed. The lower and upper critical fields exhibit linear behav-
iors, in addition to the heat capacity data deviate from simple BCS
prediction (exponential behavior), which we believe to indicate
unconventional superconductivity possibly related to the multi-
band phenomenon.
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