HNn:xenepuslii BecTHUk Jona, No4 (2015)
ivdon.ru/ru/magazine/archive/n4y2015/3314

Possible pathway to discovery of superconductivity above 200K

Vadim A. Volochaev
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Abstract. Based on crystal chemistry analysis and electron-density calculations, author is
suggesting the concept of influence of protons on superconductivity and indicating the ideas for
determination of superconducting materials with Tc>200K. The directions for further research in
the field of superconducting materials development are represented. According to submitted
conception, the best results, with respect of estimated Tc enhancement, appear for a sample with
an optimal (smooth) interlayer electrostatic potential and high concentration of mobile protons.
A superconducting impurity in some known layered phases would be a plausible explanation for
anomalies in physical properties nearly 200K and above this limit.
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Introduction
There is a growing interest to superconducting materials last decades due to their
possible application and from fundamental point of view. There were several
discoveries of new compounds with relatively high T, (above 10K) from 1973. The
reports written by D.C.Johnston and co-workers [1] concerning Lij.T1,,04
(Te=13.7K) and A.W.Sleight et al. [2] concerning Ba (Pb,,Bi,) O3 (T.=13K) made
a significant input for work of J.G.Bednorz and K.A.Miiller [3]. Their discovery
(1986) a superconductivity up to about 30K in the layered La,Ba,CuQ, initiate
attention of thousands researchers around the world on this topic. The present
maximum for this sort of compounds (under hydrostatic pressure) recorded for the
sample with composition Hg;,Pb,Ba,Ca,Cu;04:5 (T=164K) [4]. Layered
cobaltite’s A,CoO, were not looking like as superconductors during their intensive
investigation since 1973 [5-9]. The interlayer A” ions (A=Li, Na, K) typically can
have a prismatic (P-phases) or an anti-prismatic (O-phases) coordination by CoO,-
layers's oxygen, it depends on x, chemical nature of A" and charge disordering
level. The idea of relations between these phases with respect of a thermo
dynamical stability was contributed by C.Delmas and co-workers as early as in

1976 [10] and confirmed first time later (2006) as reversible phase transition
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03+P2 at 1270K by O.Smirnova and co-workers in the same type of structure,
Nay 74Nig58Sbg 4,0, [11]. The discovery in 2003 a superconductivity below 5K in
Naj35C00,°1.3H,0 [12] induced a number of publications concerning various
aspects of this system [13] and some homological analogues. J.D.Jorgensen and
co-workers had published first structural investigation of Na,CoO,*yD,O and had
determined the status of the compound as a specific hydrated form, not a solid
solution Na and D,O [14]. In more recent publications [15-19] new facts about
synthesis, structure and physical properties for the lamellar cobalt double oxides
ACoO, (A=L1,Na,K) are reported, including a very detailed electrochemical study
of already known P2-Na,CoO, phase diagram with in situ XRD measurements
[19]. For “Nag35C00,°nH,O0” (n=1.3 or 1.4) T, equals just nearly 4.5K [12]. There
is the idea why is superconductivity happening: water molecules shield Na" ions
from CoQO, layers in the artciles [24], [25]. Another article [26] informs about the
phase “Naj3;5C00,°2H,0”, it has the same CoO,- CoO, interlayer distance as was
found in the superconducting phase, but it is non-superconducting compound
because of Na,(H,0),-layer is disordered and there is no “water molecules shield”
for sodium cations. K.Takada et al. also later [27] propose a superconducting
stoichiometry with oxonium particles H;O" in Nays37 (H30) 0.234c002°nH,0O are
intercalated together with water:

Naj35C00; + bH,O = Na,(H30),,3C00; + 1.67b0O; (1)

Na,CoO, + 2bH,0 = Na,_,(H;0+),Co0O, + bNaOH (2)

The reaction (1) could happen because of Co™ is relatively unstable state. It means
the real state of Co, in the case of significant input of the process (1) is lower.
From another point of view, even using a precise neutron diffraction investigation
[14], [28] (on samples with deuterium) the authors does not consider that case.
Moreover, in [29] Barnes and co-workers made a conclusion about formation of
oxygen vacancies in the CoO, layers during performed synthesis at room

temperature. That conclusion is not quite clear, because it seems to be hard to find
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a difference between D,0 and D;O" in a case of “additional” deuterium atom. It
looks also strange especially for [29], deviations for oxygen occupancy parameters
must be rather be high where in the neutron experiment non-deuterated samples
was used. In the paper [18] the authors show how in pure anhydrous Na,CoO, the
surface of Coulomb potential in the Co-plane looks like. They combine
experimental data (single-crystal neutron diffraction) and numerical simulations.
According to their results, electrostatic energy, driving the formation of vacancies,
clusters — two orders of magnitude higher than a deformation of CoO, layer. At
x=0.5 we can clearly see striped system, for x=0.8 the electrostatic plane looks like
almost as a 2D system (with holes), but the article [18] does not contain a direct
and exact properties prognosis. The article [30] reports results of calculations for
temperature-concentration phase diagram of Na,CoO, (0.5<x<1) by density
functional theory (DFT) and Monte-Carlo simulation technique; the work more
focused on a comparison for GGA, GGA+U approximations and experimental

results.

Methods for analysis
The main methods, used for the crystal chemistry prognosis, had been applied for
synthesis of some new layered materials and the results were published earlier, e.g.
[20-22]. A few simple calculations regarding Coulomb potential and charge
distribution via Monte-Carlo simulation for [MO,] layers, where M is a transitional
metal or a mixture of different atoms had been performed in 1997 [31]. Recently,
few new simple qualitative calculations carried out with help of VESTA [32]
(Fig.1-4). It is possible to apply it with some limitations to a crystal chemistry
design, including superconducting phases: hydrated sodium cobaltates etc. Pictures

with polyhedral models were created using demo-version of DIAMOND [33]
(Fig.5).
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Fig.1. - View of hypothetical models of the layered structures A<CoQO., space group
P6s/mmc: (a) A=Na, x=1; (b) A=K, x=0.6 (c) A=Li, x=0.6. Qualitatively it is easy

to see a role of an occupation factor and a size of the interlayer particles.
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Fig.2. - The unit cell view for the model P'3 based on Nao«CoO: (space group
C2/m) and electron-density distribution at the slice along oxygen atoms. Atomic

coordinates and unit cell parameters from [15].

High

Fig.3. - Electron-density distribution and atoms location for (100) plane's view, P'3

model.
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Fig.4. - Isosurfaces of electron-density distribution for P'3 model with intercalated
ions. The view calculated along bxc plane with approximately 1.5A shift in the
direction of a axis. It shows a high possibility of an influence of the interlayer
particles (at the middle) on the relief of CoO: layers (left and right sides of the

picture).

(a)
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Fig.5. General model view (a) and a view along axb plane (b), P2-A«Co0O:

structure, space group P6:/mmc, unit cell constants and atomic coordinates from

[9], [14] (A=Na, neutron diffraction data) and [15] (A=K, XRD data).

Theoretical approaches
In the case of effect “weak superconductivity” due to, for instance, one-
dimensional (or fractional, less then 2D) nature, it would be easy to destroy it by
critical current, because the value of critical field for that kind of materials 1s rather
low. Thus, in some cases we can speak about “invisible” superconductivity effect,
partly because of a little chance to find it accidentally via standard settings of
equipment. For instance, for pressed powders, even with a high fraction of
superconducting phase, boundaries between grains could play a role of a Josephson
tunnel junction [23]. Another errors source would be a measurement method: DC
or AC system, type of potential and current electrodes. Na' ions patterning
determines the Coulomb landscape and it has a great influence on electron
properties. It could to be a reason for a non-superconducting behavior of

Nao.35C002°0.7H20 [25], CSO'20C002‘0.63H20, Rb0'30C002'0.36H20,

© DnekTpoHHbIN Hay4yHbIH xypHa «HkeHepHbli BecTHUK Jona», 2007-2015



HNn:xenepuslii BecTHUk Jona, No4 (2015)
ivdon.ru/ru/magazine/archive/n4y2015/3314

K35C00,20.4H,0 [34], Na,(H;0),Co0, (x + z = 0.70) [35]. The papers [36], [37]
report about a metallic conductivity in NaCo,04 and KCo0,0,. Moreover, in [36]
the authors had mentioned about a hypothesis to use NaCo,0, as a mother material
for future study of superconductivity, but did not specify any directions for
possible development that branch. It is possible to make even completely “clean”
Co0O, layers (x=0) [38], but there is no evidence of a transition to a
superconducting phase. According to ideas of radii [39], H;0", could be treated as
one big particle (e.g.[40]) , it contributes nearly the same “electrostatic roughness”
as Na' or K, in the case if it will not form a partly charge disordered structure via
high ionic conductivity by H'. Protons could be also sticky not just on H,O host
molecules forming H;O", but on an oxygen from a CoO, layer, the result would be
a “clean” CoQ; layer, doped by protons: CoO,.x (OH) . A conception for origin of
superconductivity for these types of materials includes the following principles: a)
the smoothest potential relief is the best, b) protons making holes; the migration of
protons/holes plays an important role. A detailed study of an exchange of alkali
cations on oxonium in A;MO, phases with different x (especially in the range
0.50<x<0.85 for the starting phases) and their physical properties will be a very

useful investigation in order to proof the concept.

Discussions
The articles [41-43] are reporting about proton-exchanged HCoO, and more
synthesis oriented, there is no conductivity or magnetic properties measurements.
In the article [44], written by M.Onoda and Y.Kikuchi a part of mentioned
program (x~0.3) had been performed, but they did not find a superconducting
transition for the material, determined as “Hj30CoQO,". The authors of [45] made the
ionic exchanges in Nag,0CoO, and K 44C00,. During the protonation, Nay,CoO,
reduced to HyosNaj 02C00, and Ky 44C00; to Hy 95K 02C00O5. In the case of Li ion

exchange reaction from Naj,Co0O, to Lip,,C00,, K(44C00,; to Liy4,CoO, there is
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only a small amount of cobalt gets reduced from Co™ to Co™ state. Unfortunately,
the authors of [45] show the plots resistivity vs temperature just for Naj,0CoO, and
AgCo0,, but there are no conductivity or magnetic measurements data for the
protonated samples.

If a sort of new superconducting phases are appearing by chance via impurities, it
means they have a very little phase fraction amount, i.e. additionally to mentioned
difficulties in conductivity measurements, magnetic measurements would not easy
to perform as well. An impurity, the most common case for these rather
hygroscopic compounds — water: it could be easily adsorbed by Liy;CoO, (03),
NayCo0; (P'3), Ky CoO, (P2) or by other A,MO, phases with further ionic
exchange (2) and the process (1) partly could take place as well; it will make a
small amount of superconducting phase A, ,(H;0"),CoO, nearly on the surface.
The amount of superconducting phase on the surface will be very little; it will
probably appear as thin rings, loops along conductivity planes, plateaus or spots.
We could hard to see superconductivity as a clear bulk transition; the result could
appear as unexplained anomalies in magnetic properties, specific heat and transport
properties data. There are some of them have to be examined more carefully in
order to make a clear answer is it a superconducting impurity or not, e.g.: [15],
fig.8, 11, 13 nearly 225K and 200K (graphs of electric resistivity, magnetic
susceptibility and specific heat vs temperature for O3-Lig¢C00,). Indirectly on
that possibility is pointing out the article [46]: after the ionic exchange of Na™ on
H30+ in ordinary water with starting material Najs;CoO, the superconducting
phase Nao'gg(H30+)0‘13C002°1.2H20 appears. The T.=2.4K is rather low, but it
confirms the general direction. Another “sign” of possible superconductivity could
be seen from the graph of electronic conductivity for y-'H,CoO,' phase [47]
(chemical composition - Hy 19Nag oK 25C00,°H,0, space group - R3m). The phase
BUII)-H,CoO,(H,0,) [47] (chemical composition - HiNa,(H,0),Co0,, 0.7<x<0.9,

0.08<y<0.12, hexagonal symmetry suggested) exhibits lower electronic
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conductivity until about 230K, but then there are no electrical conductivity data.
Unfortunately, there are no results of magnetic properties study in the article [47].
Some general ideas regarding structure-properties relations for various materials

are describing in [48-51].

Conclusions
The results of preliminary analysis in crystal chemistry approximations lead to a
possible formation of one-dimensional and fractionally dimensional conductive
channels. An influence of H;O'/H" (from another point H+ could look like an
oxygen vacancy) on superconductivity in the mainstream of possible high T,
enhancement could be confirmed via an experimental investigation. Primary,
A, ,(H30"),Co0, (A= alkaline cation) systems, should be chosen for even more
detailed study, than was done before. Assuming the best results for a sample with
the smoothest interlayer electrostatic potential and high concentration of mobile
protons, the described approach would allow to determine superconducting phases

with T:>200K.
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