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1. Introduction

More than 24,000 inorganic phases are known. Of these phases approximately 16,000 are
binary or pseudobinary while about 8,000 are ternary or pseudo-ternary. However, it is
surprising to note that the observation of superconductivity in these alloys is a rare
phenomenon. Superconductivity is ubiquitous but sparsely distributed and can be
considered a rare phenomenon among the known alloys. BCS theory has been enormously
successful in explaining the superconducting phenomena from the microscopic view point.
The fundamental idea of this theory is the formation of Cooper pairs of electrons, mediated
by phonons, the quantum of vibration of the crystal lattice [1]. Thus maximizing the critical
temperature is involved with maximizing the electron-phonons coupling. Among the
intermetallic materials, the binary cubic (A3B) so-called A15 compounds displayed the
highest T, until the discovery of superconducting cuprates. Among these materials in
particular, NbsSn and VsSi with critical temperatures of 18.0 K and 17.1 K respectively have
lattice instabilities of martensitic-type occurring at temperatures Tm very close to the
maximum Te. In the phase diagram of Tm and T versus Pressure (P) of VsSi, the martensitic
phase line intersects and stops exactly at the superconducting phase boundary. A qualitative
example of this kind of the behavior can be observed in the Figure 1. Data exists beyond the
extrapolated intersection shown and finds that there is no martensitic distortion occurring
below T. in this pressure regime. One way to think about this behavior is in terms of a lattice
softening arising from strong electron-phonon coupling. Both the martensitic distortion and
superconductivity arise from this coupling, and when the superconductivity Tc occurs at
higher temperature than that of the lattice distortion, the energy gap that opens in the
superconducting state gaps out at the same time phonon fluctuations that give rise to the
lattice distortion [2-3]. One has, then, two phases that are competing for the same resource.
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A similar type behavior is observed in heavy Fermion (HF) superconducting materials. Here
antiferromagnetic order competes with the superconducting transition, both phases arising
from electronic coupling to magnetic fluctuation in the heavy electron liquid.
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Figure 1. Schematic representation of the temperature dependence with pressure showing the critical
temperature and martensitic temperature for VsSi.

With the heavy Fermions, all superconductors are found in the vicinity of a quantum critical
point, where the antiferromagnetic order has been driven to zero Kelvin (T = 0K). The
general characteristics of high critical temperature cuprates are often discussed in terms of
the kind of phase diagram found in the HF materials. A line known as the pseudogap
intersects the maximum Tcin a superconducting dome in the temperature control parameter
phase diagram, in general doping level being the control parameter [3]. There continues
debate as to whether the pseudogap line represents a true phase transition. However, it is
arguably the temperature setting the critical superconducting transition temperature upper
limit. Again, the similarities with other instabilities discussed here are evident, with the
temperature of the pseudogap intercepting the maximum of Tc against a control parameter
that in this case is the doping level. This same discussion is also relevant to recent Fe-based
pnictide superconductors. In this set of materials two competing phases are observed in the
phase diagram, the non-superconducting one a structural instability or an SDW. Their
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transition temperatures intersect the superconducting transition temperature curve in the
phase diagram versus pressure and/or composition. At the pressure suppressing the
structural or SDW transition down to the superconducting Tc superconductivity does not
appear to coexist with the SDW or structurally distorted phase. However, the data are not
sufficient to say that the critical temperature of the superconducting transition is maximized
at the intercept of the SDW transition, but the results seem to suggest that this may occur. In
addition, the organic superconductors show similar behavior to that which occurs in high
critical temperature cuprates. In all these cases maximizing the superconducting
temperature appears to involve suppressing a secondary phase which competes with the
phenomenon of superconductivity, whether CDW, SDW, Tm or other competitive instability.
These experiments all suggest that superconducting pairs are utilizing the same fluctuation
spectrum that supports the order of the phases it competes with. The key to
superconductivity is to be found in frustrating the competing order so that the
superconducting instability of the Fermi surface can gap out parts of the fluctuation
spectrum favoring the second phase. Even in one-dimensional systems instabilities play a
role in the superconducting behavior [4-5]. The superconducting critical temperature
increases upon applying hydrostatic pressure while simultaneously suppressing the
electronic CDW. Within this general scenario is the superconductivity of compounds which
can crystallize in AlBz prototype structure. Our discussion of superconductivity in this
structure-type is based on the defect structures that these compounds may have.

1.1. Superconductivity in compounds with AlB: prototype structure

The first superconductor found to crystallize in the AIB: prototype structure was discovered
by A. S. Cooper et. al. [6] In this paper the authors showed that NbB2 as well MoB2 can
exhibit superconductivity. However, stoichiometric NbB2 was not superconducting, but
adding excess boron for a nominal composition of NbBzs yielded bulk superconductivity
observed at 3.87 K, determined from the measurement of the specific heat. In the same
article the authors discussed the high temperature phase MoB:. When a nominal
composition MoB2s was splat-melted forcing excess boron into lattice the material had a
superconducting transition close to 7.45 K. These results were not confirmed by other
authors and remained of little interest to the scientific community until the discovery of
superconductivity in MgB2 with critical temperature close to 40.0 K [7]. In the Nb-B system
the NbB: phase shows a wide range of boron stoichiometry where a defect structure can
explain this large range of solubility. Recently C. A. Nunes et. al. [8] made a systematic
study of the B-solubility in NbBz. The homogeneity of the phases obtained was determined
by neutron diffraction and a maximum critical temperature was found to be 3.9 K. This
study raises anew the question of the nature of defects that can be generated in these
compounds. The stability of the phase NbB2 spans a wide range of composition as shown in
the diagram in Figure 2.

At the solubility limit the Nb-B inter-atomic distance in NbB2 phase is constant. This indicates

n_n

that variations in lattice parameters "a" and "c" inside of the stability range do not occur
randomly but are such as to maintain a constant Nb-B distance of 2.43A. To explain the wide
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stability range of the NbB2 phase, some authors propose a superstructure of defect vacancies
in the crystal lattice [10]. This defect structure is based on the cohesive forces in layers exerted
by expansive forces in the Nb layers. Certainly this defect structure strongly influences the
electronic structure, making it highly dependent on stoichiometry. The MoB2 compound was
also revisited for L. E. Muzzy et al. in [11] which reported a systematic study of the
substitution of Mo by Zr in the (MoogsZro)ossB2 where the AlB: structure is stabilized and
superconductivity can exist in the range of critical temperature between 5.9 and 8.2 K. In this
case the authors claim that the superconductivity is strongly dependent on a specific defect
structure such as occurs in NbB2 compound. Another interesting compound that presents a
relatively high superconducting critical temperature is CaSiz. The equilibrium phase is
hexagonal with space group R-3mh. However when this compound is submitted to the high
pressure 15 GPa, an allotropic transformation occur into the AlB2 prototype structure with sp?
graphite-like planes, with superconducting critical temperature close to 14.0 K [12].
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Figure 2. Phase diagram of the Nb — B system which show the wide solubility range of the NbBz phase.
Adapted from reference [9].

Within this context we will discuss an example where an extremely stressed lattice of AlB2
prototype yields superconductivity while the matrix compound is non-superconducting.
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1.1.1. Superconductivity in a supersaturated solid solution of Zri<VxB:

Since the discovery of superconductivity in MgB2 with superconducting critical temperature
close to 40 K, MB2 materials (M = Transition Metal) with the same prototype structure as
MgB: are considered as candidates for multiband superconductivity. As mentioned above,
superconductivity in this class of material is relatively rare. Theoretical articles in the
literature suggest that some member compounds are good candidates to exhibit high
superconducting critical temperature. Among the suggested compounds are AuB:, AgB,
LiB2, ZnB2 and CaB: [13-17]. However, these theoretical predictions have not been confirmed
and some of the suggested compounds do not exist in the equilibrium phase diagram. As
example we mention ZnB: that does not exist in the Zn-B binary system in thermodynamic
equilibrium. In the binary system (Zn-B) system no solubility exists between Zn and boron
atoms and no intermetallic phase is observed. In our opinion the most important criterion
for superconductivity in the AlBz-type structure is defect creation such as occurs in NbBo.
Superconductivity was reported in ZrBz with superconducting critical temperature close to
5.5 K [18]. However, this surprising result was not confirmed by other groups. In fact single
crystals of this compound (ZrB2) are not superconducting [19]. This apparent paradox can be
attributed to the possible existence of ZrBi2 as contaminante in the sample prepared by
Gasparov et. al. [18]. A careful analysis of the Zr-B phase diagram suggests that this kind of
the contamination is quite possible, ZrBi2 is a superconductor known for a long time, with
superconducting critical temperature 5.94 K [20]. ZrB2 also was studied at high pressure (50
Gpa) and superconductivity was not observed [21].

In order to address this problem we made a systematic study of ZrB2 where Zr is substituted
for Vin VB2 and V for Zr in ZrBe. In both the Zr-B and V-B systems the AlB: structure exists
and a solid solution is possible. We prepared ZrixVxB2 compositions with x for 0.01 <x <0.1.
All the samples were prepared by arc-melting together the high purity elements taken in the
appropriate amounts in a Ti gettered arc furnace on a water-cooled Cu hearth under high
purity argon. The samples were remelted five times to ensure good homogeneity. Due to the
low vapor pressure of these constituent elements at their melting temperatures, the weight
losses during arc melting were negligible (< 0.5%). The samples were characterized by x-ray
diffraction with CuKa radiation. The results of x-ray diffractometry are show in Figure 3.

All peaks can be indexed as belonging to AlB:2 prototype structure until x = 0.05 V content.
For composition with x > 0.05, a segregation of secondary phase is observed, this secondary
phase being interpreted as VB. These results indicate that the solubility limit is low. The
lattice parameter as a function of V content is shown in Figure 4.

A small but consistent variation is observed indicating that the “c” lattice parameter
systematically decreases with the substitution of Zr for V. However, the “a” lattice
parameter is essentially constant as a function of V content. These results are consistent with
the radius of V relative to Zr and indicates that V occupies the positions (0,0,0). The
substitution of Zr for V yields a contraction in the Zr layers in the AlB2 prototype structure.
Indeed VB: presents a ~ 3.0 A and ¢ ~ 3.05 A, while ZrB2 has a ~ 3.16 A and ¢ ~ 3.53 A. Thus

£“_7

the difference between both lattices parameters is about 5% relative to the “a” parameter
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and about 16% relative to the “c” parameter. These differences explain the larger variation
of the “c” lattice parameter than “a” lattice parameter shown in Figure 4. The contraction in
the crystalline structure occurs until x ~ 0.05 in the global composition indicating that the
solubility limit is quite limited. This suggests that the integrity of unit cell strongly affects
the electronic structure in this material and may change radically the electronic properties in
the matrix compound (ZrB2). The magnetization dependence with temperature is show in
Figure 5 in which a superconducting transition emerges even at very low substitution of Zr
by V at 6.4 K (x=0.01).
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Figure 3. X-ray sequence of the samples with 0.01 <x <0.1 interval of composition in Zri«xVxB2.

In the inset the characteristic type II superconducting behavior is seen. These results are
especially interesting because they suggest that the isoelectronic V can radically affect the
electronic structure and is able to induce superconductivity in a non-superconducting
matrix (ZrB2). Indeed for the composition with x = 0.04 the superconducting critical
temperature reaches the maximum value close to 8.52K. The dependence of magnetization
with the temperature and applied magnetic field at 2.0K is shown in Figure 6. Once again
clear superconducting behavior is observed close to 8.52K and the inset again reveals the
type II superconducting behavior.
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Figure 6. M vs T behavior which shows the critical temperature close to 8.52K. The inset shows typical
type II superconducting behavior.

For compositions higher than x = 0.04 the critical temperature reaches a saturation value
consistent with the solubility limit. For example, for a sample with composition Zro.9Vo.0sB2
the critical temperature is close to 8.2K as shown in Figure 7 where the dependence of the
critical temperature as a function of V content is shown up to the solubility limit.

In samples with composition higher than x = 0.05 the critical temperature remains at 8.2K.
Although the critical temperature does not change with higher V content, a decrease of the
superconductor fraction is observed which is consistent with the appearance of a secondary
phase.

This behavior is consistent with the solubility limit shown in Figure 4. The superconducting
fraction estimate from figure 6 is about 45% of total volume of the sample indicating bulk
superconductivity. The resistive behavior is shown in figure 8 where the superconducting
critical temperature is consistent with the magnetization measurement shown in figure 6.
The inset shows the resistivity behavior in applied magnetic field for 0 < poH < 6.0 T. These
results suggest that the upper critical field is very high since even with applied magnetic
field of poH = 6.0 T the material is superconducting with critical temperature close to 6.9 K.
Using the onset critical temperature it is possible to make an estimative of the upper critical
field using the WHH formula [22] in the limit of short electronic mean-free path (dirty limit)
given by:

MOHCZ(O) =-0.693T¢ (dHcZ/dT)T=Tc. (1)

Using this formula the upper critical field at zero Kelvin is estimated to be poH(0) ~17.9 T,
a surprisingly high upper critical field for this class of the material. Figure 9 shows the solid
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line expected in the WHH model, which fits the data very well and leads to the poHe(0)

value of 17.9 T. Hence, pair breaking in this compound (Zro9Vo.uB2) is probably caused by
orbital fields.
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Figure 7. Superconducting critical temperature as a function of vanadium content.
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Figure 8. Resistivity as a function of temperature showing essentially the same critical temperature seen
in M vs T. The inset shows the dependence of the critical temperature on applied magnetic field.
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Figure 9. He versus temperature extracted from resistivity measurements which show good agreement
with WHH model (red line).

Bulk superconductivity is demonstrated by the heat capacity measurement shown in
Figure 10. A clear jump is observed in C/T plotted against T? at zero magnetic field and the
critical temperature is consistent in both resistivity and magnetization measurements. The
normal state fit to the expression Cn = yT + BT° by a least-squares analysis yields the values
vy = 3.8 (mJ/molK?) and B = 0.034 (m]J/molK*). This result shows unambiguously that
Zr096V0.04Bz2 is a bulk superconductor. The subtraction of the phonon contribution allows us
to evaluate the electronic contribution to the specific-heat, plotted as Ce/T vs T in the inset
of figure 10.

An analysis of the jump yields ACe/nTc ~ 0.49 which is about 45% of the 1.43 value that is
weak-coupling BCS prediction. This superconducting fraction is consistent with the
estimative of fraction revealed by magnetization measurements displayed in Figure 6. Thus,
these results show unambiguously that the substitution of Zr for V in the matrix ZrB: is able
to induce bulk superconductivity in a matrix that is not a superconductor.

When this sample is annealed at 2000°C for 24 hours, the superconducting behavior
disappears. This result strongly suggests that the original samples produced by arc-
melting produce a supersaturated solution with V that does not exist in thermodynamic
equilibrium. This supersaturation is close to a structural instability which probably is
responsible for the superconducting behavior found in all as-cast samples. This
interpretation provides an example of superconductivity that can emerge in the vicinity of
some instability such as in A15 materials or other examples presented in introduction to
this chapter.
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Figure 10. Cp/T against T2 showing the clear jump close to the superconducting transition. The inset is
shows the electronic contribution to the specific-heat.

1.1.2. Superconductivity in quasi-1D systems

During the last years great attention has been given to the study of superconductivity in
low-dimensional (D) systems. This was motivated by the discovery of highly anisotropic
behavior in high critical temperature cuprate and pnictide superconductors [22-24]. 1D
systems are interesting because they are supposed to be simpler than 2D and 3D systems
with regard to the electrical transport mechanisms. They offer a possibility to be compared
with theoretical models for 1D conductors such as Luttinger Liquid (LL) theory [25,26] and
Charge Density Wave (CDW) transition [6,7].

Generally, CDW transition exists in 1D systems as a consequence of the Peierls instability
which is marked by the metal-insulator transition seen in electrical resistivity curves as a
function of temperature [27]. One good example is the KosMoOs compound [28]. On the
other hand, LL behavior has been found only in special cases [29-30]. The best example
recognized nowadays for the LL physics is the LiosMosO17 purple bronze compound
[31,32]. The electrical resistance behavior of this compound is well described by two
power law temperature terms. The origin of the 1D electrical behavior of this compound
is associated with Mo-O-Mo channels running along the b-axis of the monoclinic
structure (for a good view of the crystalline structure see Fig. 2 of the reference [33]. The
1D behavior observed in the compound has been associated with the superconductivity
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with Tc = 1.9 K [34]. Furthermore, the 1D electrical conductivity, the charge hopping
between 1D channels, the observation of Bose metal in the superconducting state, and
the suppression of the metal-insulator transition at 25 K with increasing hydrostatic
pressure along with consequent increasing of the superconducting critical temperature
has been carefully discussed [31,34]. This has lead to a new discussion concerning
whether the correlation between 1D behavior and superconductivity could exist in other
compounds.

Based upon those observations in the purple bronze compound, our group has directed
attention to the search for superconductivity in other molybdate oxides with low-D
electrical conductivity. One example is the AxMoOz25 compound with A =K or Na and x <
0.3. Samples of this compound were prepared by solid state diffusion reaction using Mo,
MoOs, K2MoOs, and Na2MoOxs in appropriate amounts, encapsulated in quartz tube under
vacuum or argon atmosphere, and heat treated at 400°C for 24 h followed by 700°C for 72
h. X-ray powder diffractometry showed that the samples are single phase and can be
indexed with monoclinic structure of the space group P2i/c (14) and lattice parameters
a=562b=485 c=563 A, and g = 120.92°. The crystalline structure of the compound is
shown in Fig. 12.

Figure 11. Crystalline structure of the AxMo00O2s with A =Na or K.

1D channels of Mo-O-Mo run along a-axis which is responsible for the anisotropic electrical
behavior of this compound. In fact, samples with A = Na and/or K show anomalous metallic
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behavior at low temperatures. Figure 13 displays the electrical resistance as a function of
temperature for the Nao2MoOz-5 samples.
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Figure 12. Typical anomalous electrical behavior observed in the Nao2MoO2-; compound.

A clearly anomalous non-linear behavior can be seen below 70 K. The electrical behavior can
be well fit based upon the LL theory [4,5] using a single power law temperature term, R ~ Tn
with n = 0.468 + 0.002 which is closed to the value expected in the LL theory (n = 0.5) [35].
The excellent quality of the fit suggests that the compound shows a quasi-1D electrical
conductivity. All the samples studied in the (Na,K)xMoO25 system show similar power law
temperature dependence below 70 K.

One of the most interesting aspects associated with this anomalous behavior is the existence
of superconductivity in some samples. Figure 14 shows the magnetization as a function of
temperature measured in the zero field cooled (ZFC) and field cooled (FC) condition in the
Ko.0sMoO2-5 sample.

A superconducting temperature can be clearly observed at Tc = 4 K in the sample.
Furthermore, a magnetic ordering is noticed at Tm = 65 K. The coexistence of the
anomalous behavior, magnetic ordering, and superconductivity are common effects
observed in several samples of AxMoOz2; system. The correlation between the quasi-1D
conductivity, superconductivity, and weak ferromagnetism is still under investigation
[35-38].
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Figure 13. Magnetization as a function of temperature measured in the ZFC and FC procedures
measured in the KoosMoO25 sample.

2. Conclusions

This chapter reported the influence of the defects in the crystalline structure on the
superconducting properties of intermetallic and low-dimensional compounds. The
superconducting critical temperature of the materials can be associated with the electronic
properties of the normal state. CDW, SDW, anisotropic behavior, structural phase transition,
and doping content play important role on the superconducting properties of the
compounds. Results about the influence of the crystalline structure on the superconducting
properties for the MeB2 and AxMoO2-5 compounds have been reported.
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