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Search for Sc;XB (X=In,Tl,Ga,Al) perovskites superconductors and proximity of weak

ferromagnetism
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A possibility for an additional family of intermetallic perovskite superconductors Sc;XB, with X=TI, In, Ga,
and Al, is presented as a result of Korringa-Kohn-Rostoker (KKR) electronic structure and pseudopotential
phonon calculations. The large values of computed McMillan-Hopfield parameters on scandium suggest the
appearance of superconductivity in Sc;XB compounds. On the other hand, the possibility of weak itinerant
ferromagnetic behavior of Sc;X systems is indicated by the small magnetic moment on Sc atoms in the two
cases of X=TI and In. In addition, the electronic structure and resulting superconducting parameters for the
realistic case of boron-deficient systems Sc;XB, are computed, using KKR method with the coherent potential
approximation, by replacing boron atom with a vacancy. The comparison of the calculated McMillan-Hopfield
parameters of the Sc;XB series with corresponding values in related MgCNi3 and YRh3;B superconductors is

also shown, finding favorable trends for superconductivity.
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I. INTRODUCTION

The motivation to search for a superconductivity in the
intermetallic series of Sc;XB compounds was inspired by
very interesting and nontypical superconductivity of MgCNij
perovskite,! with the critical temperature 7,.=8 K. First of
all, the large amount of nickel atoms would suggest ferro-
magnetic properties in this compound, and indeed, a propen-
sity to form a magnetic state is really large, due to the van
Hove singularity near the Fermi level.? This may be a reason
for some of the unexpected effects, that were observed ex-
perimentally in this material**"" despite MgCNi; belonging
to the electron-phonon type superconductors”® with a high
isotope effect on carbon.’

Among other intermetallic perovskites similar to
MgCNi;, only one compound, YRh;B, was earlier reported
to be a superconductor, with 7,=0.76 K.!® However, since
the superconductivity in MgCNi; has been discovered, no
other superconductor has been found so far. Systematic ex-
perimental study!! showed some indications of superconduc-
tivity in CaB,Pd; (T.=1 K) and NbB,Rh; (T.=6 K), but
the superconducting phase was finally not identified. In ad-
dition, no evidence of superconductivity was found experi-
mentally in ZnCNij,'? despite the calculated electronic struc-
ture being very close to that of MgCNi;. Here, the carbon
deficiency was proposed as a possible explanation.'?

The predictions of superconductivity in Sc;InB were an-
nounced in our conference paper.'# Interesting properties of
ScsInB encouraged us to investigate electronic structure and
electron-phonon coupling (EPC) along the whole isoelec-
tronic series of Sc;XB compounds, with X=TI,In,Ga,Al,
and detailed results of our theoretical study are presented in
this work.

The crystal structure of Sc;XB (space group Pm-3m,
CaTiO; type) is shown in Fig. 1. The synthesis of Tl- and
In-containing cubic perovskites was reported,'> while Ga-
and Al-containing compounds were hypothetical. The perov-
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skite structure of Sc;XB may also be viewed as a
CusAu-type cubic SciX, with additional boron atom placed
in the center (see Fig. 1). In particular, the Sc;In system was
found to exist, in two polymorphic forms:'® one is the above-
mentioned, not well known cubic CusAu, detected under a
high pressure,'” and the second one is hexagonal Ni;Sn-type,
in which weak ferromagnetism was observed.'® Ferromag-
netism of the hexagonal Scs;In guided us to study possibility
of magnetic behaviors in the binary series of cubic Sc3X
compounds. Indeed, the computations showed that the cubic
Sc;In is magnetic as well as the hexagonal phase. For other
systems, the results of electronic structure calculations are
also presented, although we are not aware of the existence of
these compounds. Noteworthy, spin-polarized computations
of Sc;XB converged to the nonmagnetic ground state. We

FIG. 1. (Color online) Crystal structure of the Sc;XB perovskite.
The atomic positions are: X: la (0,0,0), B: 1b (1/2,1/2,1/2), and
Sc: 3¢ (0,1/2,1/2), (1/2,0,1/2), (1/2,1/2,0). If the central B
atom is removed, perovskite structure changes into CuszAu-type
one.

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.134522

WIENDLOCHA, TOBOLA, AND KAPRZYK

also intend to underline some correlations between tendency
to superconductivity in Sc;XB on one hand, and to weak
ferromagnetism in the corresponding Scs;X, on the other
hand.

II. CALCULATIONS

First-principle calculations of the superconducting param-
eters, due to the subtle nature of such phenomenon, are still
challenging problem in the density functional theory compu-
tations. McMillan'? in his fundamental work showed, that
the electron-phonon coupling calculations might be decou-
pled into electronic and phonon contributions, when several
approximations were used. The commonly used formula for
the essential parameter for superconductivity, resulting from
generalization of his concept to multiatomic compounds, is
as follows:

A= =S\, (1)

T Ml

where \ is the EPC constant and i corresponds to all atoms in
the unit cell, with 7; being the electronic, and M{w}) lattice
contribution to the electron-phonon interaction parameter.

The electronic part of the EPC constant—-McMillan-
Hopfield parameters 7,,'>?° which describe the response of
electrons from Fermi surface to displacements of atoms, are
computed within the Gaspari-Gyorffy?! method, using the
so-called rigid-muffin-tin approximation (RMTA). The rel-
evant formula for 7 is?? (i subscript is dropped)

=3 @21+ 2)n(Ep)ny, (Ep)
=0 D2l 3nER
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where V(r) is the self-consistent, spherically symmetric po-
tential on given atom site, Ry is the radius of the ith muffin-
tin (MT) sphere, R,(r) is a regular solution of the radial
Schrodinger equation (normalized to unity inside the MT
sphere), and n,(Ey) is the /th partial density of states at the
Fermi level (Er) on the considered site.

This method usually involves three main assumptions:?

(i) Rigid-ion approximation, in which potential inside the
MT sphere moves rigidly with the ion, and the change in
crystal potential, caused by the atom displacement, is given
by the potential gradient.

(ii) Local-vibration —approximation, in which the
off-diagonal terms in the EPC constant are neglected (i.e.,
\;j=;\;). More generally A=2\;;, where (i, ) refer to two
atoms in the unit cell.

(iii) Spherical band approximation, which leads to only
dipole transitions (/—[+1) in Eq. (2).

It is known that all mentioned assumptions give satisfac-
tory results for the transition metal elements and cubic-site
symmetry. In simple metals, assumptions (i) and (ii) gener-
ally underestimate?* EPC, due to a poorly screened crystal
potential, whereas the corrections to (iii) are expected to be
small for cubic transition metals.??

3

ijs
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In order to allow for independent calculations of the elec-
tron and phonon subsystems, another simplification is neces-
sary. Estimation of (w?) in Eq. (1), using exclusively phonon
density of states F(w) instead of full electron-phonon cou-
pling function o?F(w), requires an assumption that the
electron-phonon interaction is independent of phonon fre-
quency . Thus, the electron-phonon interaction factor a?(w)
cancels’! when calculating (w?) (see, e.g., Ref. 26).

The assumption that EPC magnitude does not change with
phonon frequency, is well fulfilled, e.g., in niobium,”’ but
may not exhibit the same behavior in multiatom compounds.
However, the RMTA method was successfully used for ana-
lyzing EPC in many superconducting materials, such as pure
metals,?® binary alloys,? A-15 compounds,*” transition metal
carbides,’!*? borocarbides,?® or metal-hydrogen system.3*
Reasonable results (as far as A is concerned) were usually
obtained, even in such an unusual superconductor, as
MgB,.»> This formalism was also helpful in discussing
phonon-based effects in high-temperature supercon-
ductors.?>3¢ Certainly, in order to better understand the
electron-phonon interactions in a superconductor, one has to
perform more elaborated calculations, using the Eliashberg
gap equations (see, for example, results for MgB,).>”3® Nev-
ertheless, such separate electronic structure and phonon cal-
culations, together with the simplified RMTA framework, are
very useful and efficient tools at early stage when searching
for new superconducting systems.

Following this methodology, McMillan-Hopfield param-
eters and phonon frequency moments were calculated for
Sc;XB compounds, and then, using Eq. (1) EPC parameters
N\ were deduced.

Electronic structure calculations were performed using the
Korringa-Kohn-Rostoker (KKR) method, which in the case
of disordered systems (Sec. II B) was implemented together
with the coherent potential approximation (CPA), as de-
scribed in detail in Ref. 39. Additionally, for ordered com-
pounds, computations were performed with the full-potential
(FP) code, based on the FP-KKR formalism, widely dis-
cussed by many authors,*® with technical details shown, e.g.,
when applying to Si,*! or to the electric field gradient
calculations.*? In our practice, extracting bands was done
with a quasilinear algorithm*®® that allows for more precise
and less time-consuming band structure calculations, com-
pared to conventional techniques. The crystal potential was
constructed within the local density approximation (LDA),
applying the Perdew-Wang** formula for the exchange-
correlation part. For all calculations angular momentum cut-
off /,,,,=3 was set. Highly converged results were obtained
for about 120 k-point grid in the irreducible part of Brillouin
zone (IRBZ), but they were also checked for convergence
using more dense k-mesh and /,,,,=4. Electronic densities of
states were computed using the tetrahedron k-space integra-
tion technique (up to 700 tetrahedrons in IRBZ). In the case
of investigated compounds, the differences between the full
potential and spherical potential KKR calculations of the
density of states (DOS) values at the Fermi level were of
order of a few percentage points. The justification for using
different kinds of approximations, when computing
McMillan-Hopfield parameters, was supported by checking
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the numerical values on changing different input data (such
as nonrelativistic versus semirelativistic calculations, type of
exchange-correlation potential, radii of MT spheres), which
we also found to differ on the range of a few percentage.
Such accuracy we consider satisfactory to explain trends in
the number of systems, but for more detailed analysis, the
fine computations with the full potential will be necessary,
especially if the Fermi surface specific features become im-
portant.

Phonon calculations were undertaken for realistic ap-
proximation of the phonon part of the electron-phonon cou-
pling constant \, i.e., (w?) parameter in Eq. (1). We used the
PWSCF package, where the plane-wave pseudopotential
technique and perturbation theory*® were implemented. For
Sc, B, and TI atoms, ultrasoft pseudopotentials were em-
ployed, and for Al, Ga, and In, norm-conserving pseudopo-
tentials were used. LDA parametrization of Perdew and
Zunger*” was implemented. Plane-wave kinetic energy and
charge density cutoffs were set to 30 and 350 Ry, respec-
tively. The Brillouin zone special points integration tech-
nique of Methfessel and Paxton*® (with smearing parameter
0=0.02 Ry) was used during the calculations. In order to
obtain the phonon DOS F(w), first the dynamical matrices on
(5,5,5) q-point grid were calculated. Using the Fourier trans-
formation on the same grid, real-space interatomic force con-
stants were then computed. The final phonon densities of
states were calculated from the dynamical matrices calcu-
lated by Fourier interpolation of the force constant to
(10,10,10) g-point grid and using the tetrahedron integration
method. The combined results of the KKR electronic struc-
ture study and the phonon DOS calculations were then used
to estimate the EPC constant.

We also estimated the superconducting transition tem-
perature T, from McMillan formula'® in Eq. (3), using the
modified factor (w)/1.2:40

(o) 1.04(1 +\)
= exp| — " .
1.2 A= (1 +0.62\)

3)

The absolute value of 7. depends also on Coulomb
pseudopotential parameter w*, and its influence on value of
T, is additionally discussed.

A. Predictions of superconductivity in Sc;XB

Crystal structure and atomic positions of the Sc;XB sys-
tem are presented in Fig. 1. For all investigated, ordered
Sc;XB compounds, lattice constants were calculated from
total energy minimum, as a first step of the PWSCF phonon
calculations. Both KKR electronic structure and phonon
computations were then performed with these equili-
brium lattice parameters. Except for X=Al, semirelativ-
istic calculations results are presented here. In order to obtain
the McMillan-Hopfield parameters, the following MT
spheres radii (in the lattice constant g unit) were employed:
Rs.=0.325, Ry=0.360, and R5=0.174. Equation (2) suggests
that 7, parameter may be sensitive to a choice of Ry, so we
also checked the influence of the computational geometry on
final results. The Ry spheres variation in the range of 15%
changed the results about 5%. The difference in obtained
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TABLE 1. Lattice parameters in Sc;XB series in atomic units
(1 Bohr=0.5292 A).

Compound a experimental® ay calculated
Sc;TIB 8.541 8.650
Sc;InB 8.618 8.610
Sc;GaB — 8.550
Sc;AIB — 8.610
iSee Ref. 15.

results, for somewhat arbitrary MT geometry, may be treated
as the computational accuracy of the 7; value.

In Table I, results of lattice constant optimization for
Sc;XB are summarized. In both existing compounds, the
agreement between experimental and theoretical values is
quite good. The variation of a, with atom X reflects the
change in ionic radius of the X-element, from the smallest
one for Ga to the largest one for Tl. For Sc;TIB calculated
value ay is larger than the experimental one, which is not so
common a case. Noteworthy, a similar effect was also ob-
served in YRh;B.3!°2 The smaller experimental value of a in
Sc;TIB could indicate that the measured sample was boron
deficient, as it was earlier suggested for YRh;B .3

Figure 2 presents electronic DOS in the Sc;XB com-
pounds. As we can see, the DOS shape is very similar along
this series, due to the same number of valence electrons.
Noteworthy, even Sc;AIB, where Al contains only s- and
p-like orbitals, exhibits electronic structure quite similar to
other Sc;XB compounds, with closed nd'® shell on the X
atom. This shell forms a semicore level, located about 1 Ry
below Ep. It supports the widely accepted conclusion that
3d Ga, 4d In and 5d Tl electrons build up core-like levels,
and the effect on upper-lying electronic states (particularly
near Ep) is small.

The most important part of the density of states near the
Fermi level in all compounds is formed from Sc d-states,
hybridized with p-states from B and X. The site contributions
to n(Ey) are presented in Table 117> Electronic dispersion
curves for the representative compound, Sc;InB, are shown
in Fig. 3, and they are very similar in other cases. The DOS
sharp peak, located just below Er, comes from a flat band,
which is clearly seen in E(k) along the X-M-I" direction.
Generally, the bands in Sc;InB are more dispersive, compar-
ing, e.g., to MgCNis,?”* or ScsIn (see Fig. 13). Two sepa-
rated, lowest-lying bands (E<-0.3 Ry) are formed from
s-states of X and B atoms, with notably large contribution
from Sc.

The most interesting feature of electronic structure, sug-
gesting superconductivity appearance, is related to large
McMillan-Hopfield parameters, seen along the whole ScyX
series (see Table II). In scandium, typically for transition
element, d-f scattering channel gives the most important
contribution to 7;. For boron and X-element, only the p-d
channel contributes to ;. Note that, although the 7, values
were found to be the largest in our systems, 7. occurred to
be more important in calculation of A, since it is counted
three times (3 Sc atoms in unit cell), and has lower value of
M i(w?} (see Table II). Despite a noticeable density of states
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FIG. 2. (Color online) KKR total DOS of isoelectronic Sc;XB
perovskites, calculated at equilibrium lattice constants ag. Site-
decomposed densities for X, B, Sc, are plotted in brown (dotted
line), red (dash-dotted line), and blue (dashed line), respectively.
The Fermi level is shifted to zero and marked by a vertical line.

at the Fermi level, ny has negligible value. The accuracy of
computed 7, associated with different MT geometry, is
about 1 mRy/Bohr? for scandium and 2 mRy/Bohr? for bo-
ron.

The phonon DOS and its evolution with the X-element is
given in Fig. 4. The most striking feature of the presented
F(w) is the “rigid-band-like” modification with the mass
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TABLE II. Site-decomposed electronic and phonon properties
of Sc3XB. n(Ey) is given in 1/Ry, %, in mRy/Bohr?, ; in THz, and
M,-{w,-Z) in mRy/Bohr?.

Atom n(Ep) ;i V(@) M{w?) N

Sc 20.0 18 3.7 50 0.36
Tl 17.4 2 3.7 226 0.01
B 7.6 32 15.0 204 0.16
Sc 20.0 19 4.5 76 0.25
In 16.3 1 4.5 193 0.01
B 6.7 34 14.1 181 0.19
Sc 19.0 18 4.6 80 0.23
Ga 18.4 2 4.6 124 0.01
B 6.5 35 14.7 197 0.18
Sc 21.6 18 52 100 0.18
Al 21.5 1 52 60 0.02
B 6.4 30 14.2 183 0.16

variation of the X-element (note, that the mass distribution
in the unit cell markedly changes). The highest peak in Fig. 4
marks the weakly dispersive part of acoustic branches,
associated with the X-atom vibrations. As one can see, as
the mass of X decreases, the range of acoustic modes broad-
ens, which is manifested in a shift of their flat parts towards
higher frequencies; i.e., the peak moves from 2 THz
(X=TI) to 6 THz (X=Al). Generally, the phonon spectrum
consists of two separate areas: the high-frequency part in-
cludes essentially phonon modes of light B, with frequenc-
ies above 12 THz, and the lower-frequency part, below
12 THz, contains mainly X and Sc states. This behavior was
also characteristic for the dynamic properties of MgCNi;

0.15 | "o
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N
-0.45 /

06 L L L . I B

T T T

B> 2N
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<
7
N

—
b
=
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=
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FIG. 3. Electronic dispersion curves E(k) along high-symmetry
directions in Sc3InB perovskite, calculated at equilibrium lattice
constant a,. The Fermi level is shifted to zero and marked by a
horizontal line.
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FIG. 4. Phonon DOS F(w) in Sc3XB perovskites, calculated at
equilibrium lattice constants aj.

compound, where carbon vibrations had
frequencies.”

Let us remark that in the phonon calculations for all com-
pounds, we met some problems with imaginary frequencies
appearing near the BZ center (I'), and additionally for
X=TI and Ga, near the R point (in Fig. 4 they are visible as
negative frequency tails). These eigenvalues correspond to
three optical modes, and at I" and R points only Sc atoms
vibrate in these modes, with eigenvectors lying in three

the highest
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planes perpendicular to the Sc-B bonds. Physically, the oc-
currence of imaginary frequencies may indicate either the
instability of the perfect perovskite structure (favoring crys-
tal distortion) or non-negligible anharmonic contributions.

Similarly, unstable phonon branches were detected in
MgCNi;,»7% occurring at different high-symmetry points
(X,M). These branches corresponded mainly to anharmonic
Ni vibrations, resulted from a double-well potential,”®=7 in
which Ni was placed. However, due to the shallowness of the
double well, no stable long-range structural distortion was
found there, and the perovskite structure was stabilized dy-
namically. The origin of unstable vibrations in Sc;XB is at-
tractive problem itself, but more detailed analysis of their
dynamical properties is beyond the scope of this paper.

In summary, the influence of the negative frequency range
on phonon density of states is not so critical (the related
energy bands are strongly dispersive). This should not affect
much the (wl2> calculations. The total weight of the negative-
frequency area is about 0.5% in Sc3InB and Sc;AIB, 2.5% in
Sc;GaB, and 5% in ScsTIB. Thus, in the case of X=In and
Al, the “negative tail” was negligible in the frequency mo-
ments calculations. For two remaining compounds (X=Ga
and TI) the tail was cut off at about 0.5 THz and F(w) was
extrapolated to reach w=0 in Debye-like manner. Because
the phonon DOS obtained for Sc;TIB seems less reliable, in
this case the evaluation of the superconducting parameters
should be treated rather qualitatively.

Having the phonon DOS, we may proceed to estimate the
EPC strength. The mean phonon frequencies for constituent
atoms were computed from the phonon DOS, using the
above mentioned analysis of the spectrum: (w?) for X and Sc
were calculated from the lower-frequency part of the spec-
trum, and were assumed to be the same for both atoms. As
expected, the lowest value of (wiz) is observed in the thallium
compound. The average (wé) were computed from the high-
frequency part of DOS, and resulted in significantly larger
values, due to a small mass of boron (see Table II). Note that
taking the same value of <w?) for all atoms might be
incorrect,?! and disagrees with the atomic-like character of %,
(M ,-w? corresponds to an effective force constant, so it is also
a site-dependent quantity). In systems where atoms have
markedly different masses, the lightest element would be fa-
vored in that way, as is shown below. Therefore, the phonon
DOS was divided into high- and low-frequency parts in the
(wf) calculations.

The values of total EPC constant A, i.e., sum over atomic
contributions, shown in Table II, are gathered in Table III
together with the critical temperature values. In all investi-
gated compounds the main contribution to N comes from
scandium. Due to the lowest value of (ws.) parameter,
Sc;TIB has the highest N. Superconducting transition tem-
perature T, was estimated using Eq. (3), with typical value of
Coulomb pseudopotential *=0.13. As one can notice, all
compounds with calculated N in the range of 0.7-1.2, and
T.=10 K are medium-, or even strong-coupling supercon-
ductors in the RMTA framework.

To verify the influence of employed u* on 7, magnitude,
we plotted the value of 7, versus u* in the reasonable range
of 0.09< u*<0.21 (see Fig. 5). Transition temperatures de-
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FIG. 5. (Color online) Influence of the u* parameter on critical
temperature T,. Vertical line marks p*=0.13.

crease almost linearly with u* in this range, and even for a
large value of u*=0.21, T. is still enough high to be detect-
able in the typical low-temperature measurements.

We also examined how our results changed when (wiz)
was taken to be equal for all atoms. For example, in Sc;InB
we obtained A=1.6 with Ag=1.1 and Ag.=0.17, when setting
\m=5.66 THz, as derived from the entire phonon spec-
trum. The resulting critical temperature 7.=26 K was much
higher than the previous value, and probably much overesti-
mated, due to the overestimation of the boron contribution.

The pressure effect on electronic properties of Sc;XB was
additionally inspected by decreasing lattice parameter
in KKR computations (in the range of 0%—-5%). The varia-
tion of the most important parameters—total density of states
at Er and McMillan-Hopfield parameters for boron and
scandium—is summarized in Table IV. The observed
tendency is again similar in the whole series. In spite of
the n(Ep) decrease with volume shrinking, 7, parameters
increase with ratio about dlIn#7g/dInV=-2 and
dlIn ng./dIn V=-1.5. These results suggest that external
pressure may enhance 7., as observed in MgCNi;,>* but the
opposite effect of lattice stiffening may be dominant.

To have a better insight into the magnitude of McMillan-
Hopfield parameters in Sc;XB, we performed similar elec-
tronic structure calculations for the existing, related perov-
skite superconductors, MgCNi; and YRh3;B, applying the
experimental values of lattice parameters (in Bohr units):
7.205 (Ref. 1) and 7.870 (Ref. 10), respectively. Since the
DOS for MgCNiy was recently published by many authors
(e.g., Refs. 53 and 54), we present the KKR DOS for the less
known YRh;B in Fig. 6.

As we can observe from Tables II and V, values of #; for
the transition element (Sc, Ni, Rh) are very similar in all
cases. It should be noticed, that the 2-p states of the light

TABLE III. Total EPC constant A and critical temperature T, (in
K) for u*=0.13. (w) used in Eq. (3) is also given in K.

Sc;TIB Sc;InB Sc;GaB Sc;AIB
A 1.25 0.94 0.88 0.72
(o) 182 225 226 263
T 15 12 10 75

TABLE IV. Influence of unit cell volume shrinking on electronic
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critical parameters. dn(Eg)/dV is given in 1/(Ry Bohr?).

dn(Er) dln 7, dln 7y

Compound —_— T
A% dlnV dnV
Sc;TIB 0.41 -14 -1.9
Sc;InB 0.41 -1.5 -2.0
Sc;GaB 0.50 -1.2 -23
Sc;AIB 0.44 -14 -2.6

element (boron) contribute only a little to the states near the
Fermi level in YRh;B (see Fig. 6).5!°2 This is the reason for
the very small 7 parameter, compared to 7c in MgCNi; and
especially 75 in Sc3XB. In addition, the large atomic mass of
rhodium (M =103), compared to scandium (M =45) or
nickel (M =59) may be responsible for the low supercon-
ducting critical temperature (~1 K) in this compound. The
comparison of McMillan-Hopfield parameters in presented
perovskites additionally favors superconductivity in Sc;XB
compounds due to relatively low mass of scandium.

B. Effect of vacancy on the B-site

When dealing with this family of compounds, one has to
face with possible crystallographic imperfections of the
Sc;XB structure. The common problem occurring in the in-
termetallic perovskite borides (and carbides) is related to not
fully occupied boron (carbon) position. Note that various bo-
ron or carbon deficiencies were observed in many related
perovskites,'! as well as in MgCNis. This effect is very im-
portant for superconductivity, since in MgC,Nij; critical tem-

200
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FIG. 6. (Color online) KKR DOS of YRh;B calculated at ex-
perimental lattice parameter. Site-decomposed densities for Y, B,
and Rh are plotted in brown (dotted line), red (dash-dotted line),
and blue (dashed line), respectively. The Fermi level is shifted to
zero and marked by a vertical line.
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TABLE V. McMillan-Hopfield parameters (in mRy/Bohr?) for
MgCNi; and YRh;B.

Atom 7; Atom 7;

Ni 20.4 Rh 17.5
Mg 0.1 Y 1.4
C 9.1 B 1.6

perature decreases linearly with C concentration,”® and su-
perconductivity disappears for x<<0.9. The vacancy on the
B-site is highly plausible in our compounds, and this effect
has to be taken into account in the analysis. This prompted us
to perform the calculations of electronic structure and
McMillan-Hopfield parameters in Sc;XB, from the KKR-
CPA method.* A vacancy on the boron site was treated as an
“empty sphere,” with Z=0 and the same MT radius, as ap-
plied for the B atom. In the nonstoichiometric Sc;XB, the
(Ib) position is occupied by B atom and a vacancy with
probabilities x and 1-x, respectively. The electronic struc-
ture of such disordered system was calculated using the co-
herent potential approximation, which allows processing of
any finite concentrations, including impurity states.
Site-decomposed DOS at E in Sc;XB, [divided by n(Ey)
in stoichiometric Sc;XB] and McMillan-Hopfield parameters
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versus B concentration, are shown in Fig. 7. At a first glance,
one observes that all site contributions to DOS at E, de-
crease in the investigated systems, with decreasing of boron
concentration, and reach less than 50% of initial values
for x=0.85. This is unlikely to the rigid-band behavior,
where Ep is expected to move to the left, towards higher
DOS (see Fig. 2). More detailed analysis of KKR-CPA DOS
in Sc;XB, (see also Fig. 12) indicates, that a vacancy on the
B site seems to behave as a hole donor, if the pseudogap in
DOS, found above Ep, can be considered as a separation
between valence-like and conduction-like bands. Since the
potential of the vacancy is much more repulsive, than the
potential of B atom, all p-states (accommodating six elec-
trons) are expelled into higher-energy range (well above Ep),
against only one electron occupying the p-shell in the B
atom. Consequently, the filling of low-lying conduction-like
states decreases, when the vacancy concentration increases.

The analysis of critical parameters for considered vacancy
concentrations (0.85<x<1) shows, that presence of va-
cancy is very unfavorable for occurrence of superconductiv-
ity in these structures, due to a sudden decrease of the most
important 7g. and 7z parameters (see Fig. 7). Using the val-
ues of (wiz) obtained in the stoichiometric Sc;XB com-
pounds, the variation of EPC constant and 7, for boron-
deficient structures were analyzed. As we can see in Fig. 8, in
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w w AR w w TABLE VI. Lattice parameters in the Sc3X series in atomic
& M ScsTIBy | o A Sc3InBy units.
s e Tost T N
g s | 3% *eaes
= 05F 4l = B . a
Compound a experimental ay calculated
0.0 H 0.0 |
~ P 1 <10l | ScsTl — 8.300
% 10F e 1 ¥ %
> .. q > . Sc;In 8.427 8.150
s = 5| e... :
A SR ., Sc;Ga — 8.025
oL L L = oL I L e
1 095 090 085 1 095 090 085 Sc3Al — 8.150
B concentration x B concentration x :
4See Ref. 16
L0 : : ‘ 10 r : ‘
T .
< ‘}__‘___*S%Gan < [kl SegAlBy between the two series of compounds: Sc3XB and Sc;X, the
g 05 Tt E 05y e Y electronic structure calculations for the three hypothetical
= = structures, ScyAl, Sc;Ga, and Sc;Tl, were also performed.
01~8 oo, 01-8 ' In all cubic Sc;X structures, lattice constants were derived
h ) T B T . ..
) ‘e T e from the total energy calculations, and MT sphere radii for
;, 5 ‘b-_. . :u st ™ . both Sc and X atoms were set to 0.35¢ (other computational
B U L . .
R i ey details are the same as in Sec. II A). Table VI presents the
o5 095 090 085 o 095 090 085 calculated values of equilibrium lattice parameter a,. The

B concentration x

FIG. 8. (Color online) Effect of B-sublattice deficiency in
Sc;XB, on EPC constant \ (upper panels) and corresponding criti-
cal temperature (lower panels). Lines connecting calculated points
are added as a guide to the eye.

B concentration x

all systems, the decrease in \ is so fast that superconductivity
is practically quenched (7.~0.1 K) when vacancy concen-
tration reaches 15% (i.e., Sc;XB(gs). Thus, the boron atom
occurs to play crucial role in superconductivity onset in
Sc3XB, since even a small boron deficiency may cause a
rapid decrease of the critical temperature.

This behavior seems to be similar to MgCNi5 case, where
lowering of 7, with an increase of the vacancy concentration
on the carbon site was observed experimentally.’®>° Quite
recently, two important investigations were carried out for
this system. It was deduced from the specific-heat
measurements® that in a carbon-deficient sample, low-
energy nickel phonon modes (which are probably the most
important in superconductivity) were shifted to higher ener-
gies. Furthermore, electronic structure calculations per-
formed for MgC Ni; in the range 0.80 <x <1 exhibited the
decrease of n(Ey) with the increasing x,°' but less drastic
than in our Sc;XB, systems. Disappearance of superconduc-
tivity in MgC,Ni; seems to result from two unfavorable ef-
fects, lowering the DOS at Fermi level combined with in-
creasing phonon frequencies. Taking into account the
possibility of similar behavior of low-energy phonon modes
in Sc;XB, we may suggest that superconductivity in Sc;XB
could be even more sensitive to nonstoichiometry, than in
MgCNi;.

C. Magnetic properties of cubic Sc3X

The motivation to study relations between superconduc-
tivity in Sc;XB and magnetism in Sc3X compounds was in-
spired by the widely studied weak itinerant ferromagnetism
of the hexagonal ScsIn.'® In spite of recent interest in this
field, the research of the cubic form of Scs;In has not been
carried out so far. To have a possibility of wider comparison

variation of a; with X-element in Sc;X is similar to the ten-
dency observed in Sc;XB. However, there is much larger
difference (3%) between the theoretical and experimental
values for Sc;In, but still within the acceptable error of LDA.
This prompted us to study electronic structure as a function
of lattice constant in this compound.

First we have analyzed the nonpolarized DOS and the
Stoner product In(Ey) for Sc;X compounds (Table VII). In
view of the KKR results, the Stoner criterion is not fulfilled
only in Sc3Ga and Sc;Al, and indeed, the spin-polarized
KKR computations yielded nonmagnetic ground state in both
cases (non-spin-polarized DOS are shown in Fig. 9).

In agreement with the Stoner analysis, spin-polarized
KKR computations in Sc3TI and ScsIn converged to ferro-
magnetic ground state (see Fig. 10) with magnetic moments
as large as 0.37up and 0.25up per scandium atom for the
cases of X=TI and In, respectively. The magnetic moment on
X atom was negligible (=0.02u3). From the calculations for

TABLE VII. Electronic properties of Sc3X. n(Ep) is given in
1/Ry per spin per formula unit, ng. in 1/Ry per spin per atom, and
Mse I wp per scandium atom.

Non-spin-polarized calculations

Compound n(Ep) ng(Ep) In(Ep)
ScsTl 91.2 30.1 1.78
Sc;In 62.1 19.9 1.17
Sc3Ga 459 144 0.89
Sc;3Al 37.2 11.8 0.70
ScsIn (hex) 72.8 23.0 1.32
Spin-polarized calculations
Compound  ny(Ep) n(Ep) msEp)  nisEp)  pse
Sc;Tl 433 26.4 14.2 8.5 0.37
SciIn 49.6 34.7 15.7 11.0 0.25
ScsIn (hex) 69.7 27.5 19.3 8.5 0.32
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FIG. 9. KKR nonpolarized total DOS in CujAu-type Sc;Ga and
Sc3Al, calculated at equilibrium lattice constants a,. The Fermi
level is shifted to zero and marked by a vertical line.

ScsIn, magnetic moments on scandium in the cubic and
hexagonal”® phase are quite similar (see Table VII). The
magnetic moment variation with lattice constant for Sc;X
ferromagnets is shown in Fig. 11. The observed monotonic
decrease of magnetization with the cell volume shrinking
indicates, that magnetization may disappear under hydro-
static pressure. Conversely, magnetization in hexagonal
ScsIn enhances®? under moderate hydrostatic pressure, which
was supported by electronic structure calculations®® suggest-
ing an increase of magnetic moment under weak hydrostatic
pressure, while suppression of ferromagnetism upon apply-
ing the uniaxial strain.

It seems interesting to recall, that other widely investi-
gated weak ferromagnet NijAl® crystallizes in the same
CuzAu-type structure. In addition, the electronic structure
calculations in NizAl gave a small magnetic moment on Ni
(uni=0.24up),9 which is close to the KKR value we have
gained for scandium in the cubic SciIn (wg.=0.25up). Ac-
cording to measurements,** Ni;Al exhibits weak itinerant
magnetism, however with much smaller magnetic moment
puni=0.075up. Surprisingly, the similar compound NisGa
was found experimentally to be paramagnetic,** although
LDA calculations resulted in the magnetic state with uy;
=0.265,% value even larger than in NijAl. The discrepancy
between LDA prediction and experimental finding in Ni;Ga
was explained in terms of strong spin fluctuations.®

D. Ferromagnetism versus superconductivity

Studying possible competition of superconductivity and
weak ferromagnetism is directly related to investigation of

PHYSICAL REVIEW B 73, 134522 (2006)
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FIG. 10. KKR polarized total DOS in CusAu-type Sc;Tl and
Scsln, calculated at equilibrium lattice constant a,. The Fermi level
is shifted to zero and marked by a vertical line.
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FIG. 12. Effect of vacancy on total density of states in Sc;InB,. (upper panels) and MgC,Nis; (lower panels) from KKR-CPA calculations.
Note a remarkable evolution of electronic states in the vicinity of the Fermi level: from high DOS at E in C-rich and B-rich samples (left
side: i.e., near full C/B occupancy and superconductivity limit) through a deep DOS minimum (intermediate concentrations; i.e., near 50%
C in MgC,Ni; and ~80% B in Sc;InB,) to again large DOS, which satisfy the Stoner criterion (right side: i.e., near empty C/B sublattice

limit). The Fermi level is at zero, marked by a vertical line.

the role of trivalent boron in the entitled compounds. To
enlight this subject, the KKR-CPA calculations were per-
formed for illustrative example of Sc;InB, in full range of B
concentration.

Analyzing the nonmagnetic DOS values for Sc;In (see
Table VII), one notices that the large n(Ey) value consists
mainly (over 95%) of scandium atoms’ contribution. This
gives a large Stoner product on Sc and makes the magnetic
ground state energetically favorable. The DOS evolution (see
Fig. 12) shows that when B concentration increases, the
Fermi level shifts from the strongly increasing DOS (5% B
in Fig. 12), leaving the “magnetic” region, towards a deep
valley (75% B in Fig. 12). After crossing this minimum, the
n(Ep) value again increases, but the Stoner limit on Sc is not
reached here (95% B in Fig. 12). The total DOS at E, as
well as the scandium contribution ng.(Ep) in ScsInB, are
much lower than the corresponding values in Sc;In. Conse-
quently, the Stoner product in Sc;InB is as small as 0.5,
which prevents formation of magnetic ground state.

In order to better understand the mechanism of lowering
the scandium contribution to n(Ey), we can notice an inter-
esting result concerning the formation of one additional low-
lying band in Sc;InB (two lowest-lying bands below —0.3 Ry
in Fig. 3, against only one in ScsIn in Fig. 13). This band is
formed from hybridization of s-like states from B with Sc
orbitals (including d-states) and presumably bounds about
one electron from B and one electron from Sc. Consequently,
the energy bands in Sc;InB in the range of —0.3 Ry<FE
< Ey include one Sc electron less than the bands in Scs;In in
the corresponding energy range.

When comparing integrated partial d-DOS for Sc atom in
both compounds, we clearly notice the decrease of d-Sc or-
bitals filling in Sc;3InB: 1.5 electron versus 1.7 in ScsIn (per

Sc atom) as well as the transfer of about 0.1 electron from
upper bands to the lower, additional band, for each Sc atom.

These two effects show the important modification of va-
lence states of Sc upon B insertion, and seem also to be
responsible for lowering the scandium contribution to n(Ey)
and preventing the ferromagnetism. When the ferromagnetic
ground state in Sc;InB (and Sc;TIB) is destroyed, the con-
ventional superconductivity is allowed to appear. Certainly,
the presence of boron atom is not only important for prevent-

T Z —
0.15 | ?
o.oé \C

@-0.15— K\ 4

B M\

A oak \ |
0.45/_/ /\
)] S S -

r x M r R M X

FIG. 13. The nonpolarized electronic dispersion curves E(k)
along high-symmetry directions in cubic ScsIn, calculated at equi-
librium lattice constant a,. The Fermi level is marked by a horizon-
tal line.
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ing ferromagnetism, but, as we have seen in Sec. II B, it is
crucial to promote superconductivity. This opens the per-
spectives of interesting experimental study, if it were pos-
sible to synthesize the Sc;XB, systems with various boron
concentrations.

Appearance of a magnetic ground state in Sc;T1 and Sc;In
makes Sc;TIB and Sc;InB even more similar to MgCNis,
since the hypothetical CuszAu-type structure MgNi; was
theoretically predicted to have a small magnetic moment
(about 0.4uz per Ni atom®®). We may confirm this result
(uni=0.40up from KKR).

For comparison with Sc;InB,, we present the evolution of
the electronic structure for MgC,Ni; in Fig. 12. The DOS
variation with C concentration is a bit different, since Ep
moves towards lower-lying valence states when the carbon
concentration decreases, in contrast to the Sc;InB, system.
However, the general trends are quite similar in both cases.
When C concentration decreases, the Fermi level crosses the
DOS valley, and next falls into the higher-DOS region,
where a magnetic ground state appears. It is also worth not-
ing that the van Hove singularity near £ in MgCNis;, being
the unusual feature of its electronic structure, disappears
when the vacancy concentration increase (due to the defi-
ciency of carbon p-orbitals). Note that our DOS picture for
x=75% compares well with the result obtained for x=80% in
Ref. 61.

Interestingly, the comparison of data presented in Tables
IIT and VII suggest that the strength of magnetic interactions
in Sc;X and the electron-phonon interactions in Sc;XB seem
to be correlated, since both the Stoner product In(Eyp) and
EPC parameter A are increasing with X; i.e., the lowest val-
ues are observed for X=Al and highest ones for X=TI.

PHYSICAL REVIEW B 73, 134522 (2006)

III. CONCLUSIONS

We have presented a theoretical investigation of supercon-
ducting properties of the perovskite series Sc;XB (X
=TI,In,Ga,Al) and their possible connections with weak
magnetism in the corresponding Sc;X compounds. Summa-
rizing our main results in this paper, we predict:

(i) superconductivity in Sc;XB, with N =0.7-1.25 and
T.=7-15K;

(ii) weak ferromagnetism in Sc;In and Sc;T1 and the ab-
sence of ferromagnetism in Sc;Ga and Sc;Al;

(iii) critical effect of a vacancy on the B site on super-
conductivity in Sc;XB,.

We have also shown, that boron, inserted to the cubic
Sc3Tl and Scsln, destroys the magnetic ground state, and
likely turns these systems into superconductors.

On the whole, the estimated EPC parameters and critical
temperatures 7., obtained for Sc;XB compounds from the
RMTA analysis, are even larger that the values reported for
two perovskite superconductors MgCNi; and YRh;B.

A preliminary experimental study of one of the com-
pounds from the entitled series, Sc;InB, was undertaken. '
However, several synthesis procedures did not succeed in
preparing a single-phase and stoichiometric compound, but
one of the samples showed signs of superconductivity with
T.=4.5 K. Further experimental study is needed to clarify
this situation.

Moreover, in view of the fact that some itinerant ferro-
magnets exhibit superconducting properties, e.g., YoCoy (see
Ref. 67) or UGe,,%® the experimental investigation of cubic
series Sc3X should also be appealing.

*Corresponding author, electronic mail: tobola@ftj.agh.edu.pl
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"I Definition of the nth frequency moment of the Eliashberg
coupling  function  a?F(w):*° ("y=fw"'o?*F(w)dw/
Jo'd?F(w)dw. If o*(w)=const, {(@"=[""'F(w)dw/
Jo 'F(w)do. o*(w) is the electron-phonon interaction coeffi-
cient.

72The values of n(Ey) presented in Table II for Sc;InB are a bit
different from those in Ref. 14. It comes from an applied smaller
lattice parameter (the equilibrium value instead of the experi-
mental one) and semirelativistic effects, present in this work.
Because the Fermi level is located on the slope of DOS peak,
small shift in Er has a noticeable influence on n(Er). However,
n values are not affected much, because they are defined as a
ratio of resulting densities.

BIn the NiySn-type SciIn experimental lattice constants were
taken: a=6.42 A, ¢=5.18 A, the adjustable parameter x, posi-
tioning Sc atoms in the XY plane, was assumed to have the ideal
value of x=5/6, following x-ray analysis® and previous
calculations.®3 The same MT sphere radius (3.0 Bohr) was used
for Sc and In. In the present work, the magnetic moment is given
per Wigner-Seitz cell and per Sc atom. In Ref. 14, the magnetic
moments of 0.26 up (hexagonal phase) and 0.27 up (cubic
phase, experimental lattice constant), were given per Sc MT
sphere.
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