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ABSTRACT: Superconducting properties of two bismuthide intermetallic compounds, RbBi; and CsBi,, were studied by means of
experimental measurements and ab initio calculations. We show that in both compounds the superconductivity emerges from the
pyrochlore Bi lattice and its formation is heavily influenced by relativistic effects. Based on our analysis of the effect of spin-orbit
coupling on the electron-phonon coupling we suggest a possible criterion for finding new superconducting materials by looking for
structures featuring relativistically-stabilized hypervalent networks of heavy p-block elements.

INTRODUCTION

Bismuth is the heaviest stable element of the periodic table (the
half-life of 2°Bi 11, = 2.0 x 10% yr is nine orders of magnitude
longer than the age of the universe, t = 1.4 x 10%yr). This prop-
erty makes it and its compounds interesting for studying effects
of strong spin orbit coupling (SOC) on physical properties of
materials. Relativistic effects often result in Bi compounds be-
having differently than isoelectronic species. For example, the
most common cationic oxidation state of Bi is +3, with +5 com-
pounds being generally unstable towards reduction. Bi®* cation
is very often lone-pair active, leading to complicated coordina-
tion environments. Less known are the effects of relativistic
phenomena on structural chemistry of Bi intermetallic com-
pounds. Bi is known to form several stable hypervalent polyan-
ions, such as Bi” square network found in LiBi and NaBi but not
observed in the isoelectronic NaSh' . Similarly, CaBi, and the
recently reported SrBi, both host a hypervalent Bi- square lattice
56 which is missing in the isoelectronic CaSh, .

A number of binary bismuth superconductors are known, in-
Cluding: CayBiox 8, CaBi> 9,10‘ SrBi3 11’12, BaBi3 13, BazBis 14,
LiBi 415, NaBi ®, KBi, 8 RbBi, ¢, and CsBi, °. The latter
three compounds are cubic Laves phases, crystallizing in a re-
latively simple MgCu.-type structure in which Bi atoms form a
pyrochlore (vertex sharing tetrahedral) network (Fig. 1). Inter-
estingly, while the MgCus is the 5" most common binary inter-
metallic structure type %, only a few of the known compounds
feature a p-block element occupying the pyrochlore network -
besides the three dibismuthides, these are Mgin, %, SnS, %, and
RAIl, (R = Sr, Ba, rare-earth metals, Th, U).

Here we present the results of our experimental and computa-
tional studies on RbBi, and CsBi,, concentrated on the effects
of strong SOC on superconducting properties. We show that in
both compounds superconductivity emerges from the Bis? py-
rochlore lattice and that the relativistic effects play a complex
role in stability and properties of the two phases. We found that
strong SOC is crucial for the stability of charged Bi pyrochlore

network and discuss the implications of this fact for the search
for new heavy element-bearing superconducting materials.

Figure 1. Crystal structure of the cubic Laves phases ABi; (A =
K, Rb, Cs). Bi atoms (drawn in purple) form a vertex-sharing
tetrahedral (pyrochlore) lattice with voids filled with alkali at-
oms (green).

MATERIALS AND METHODS

Single crystals of RbBi, and CsBi, were grown using a Bi self-
flux method. Pieces of bismuth (Alfa Aesar, 99.99%) and ru-
bidium (Alfa Aesar, 99.9%) were put in an alumina crucible in-
side an Ar-filled glovebox. Cesium was first heated above its
melting point by warming it in hand and then poured dropwise
into the crucible and covered with Bi pieces. Crucibles were
then put in fused silica tubes along with plugs of quartz wool,
and the tubes were subsequently evacuated, back-filled with Ar,
and sealed without exposing alkaline metals to air. They were
then heated to 550°C, kept at that temperature for 8 hours, and
then slowly cooled (5°C per hour) to 310°C at which tempera-
ture the excess Bi was spun off with the aid of a centrifuge.
Clusters of octahedrally and tetrahedrally-shaped crystals were
obtained, with sizes ranging up to ca. 1 mm. The phase identity



of the crystals was examined using powder x-ray diffraction
(PXRD) measurements employing a Bruker D8 FOCUS dif-
fractometer with a Cu Ka radiation source and a LynxEye de-
tector. A few single crystals were crushed for the PXRD meas-
urements inside an Ar-filled glovebox and mixed with an Api-
ezon-N grease or petroleum jelly. Since the powdered samples
quickly oxidize, reacting with oxygen and moisture from air,
the scanning time had to be reduced to 8 min. PXRD patterns
were then analyzed by means of the LeBail method 2% using the
FullProf software package 2*. PXRD patterns taken after a pro-
longed exposition to air show that both compounds decomposed
completely yielding weakly crystalline elemental Bi and an
amorphous product (most probably a hydrated alkali metal hy-
droxide), similarly to what was observed in CaBi, °.

Heat capacity measurements were performed using Quantum
Design PPMS system by the standard relaxation technique.
Magnetic susceptibility measurements were carried out using
the ACMS option of the PPMS. Multiple randomly-oriented
single crystals were put in the standard straw sample holders.
Sample preparation was carried out inside a glovebox to prevent
oxidation.

Ab initio calculations were performed using the Quantum Es-
presso (QE) package 2 employing ultrasoft Perdew-Burke-Ern-
zerhof (PBE) GGA % pseudopotentials 27 with valence config-
uration 4s?5s4p® for Rubidium, 5s26s'5p® for Cesium and
6s26p35d™° for Bismuth, whereas the wavefunction and charge
density energy cut-off’s were set to values 50 Ry and 500 Ry,
respectively. For the consideration of the influence of the rela-
tivistic effects, two types of calculations were performed: sca-
lar-relativistic (neglecting SOC) and fully-relativistic (with
SOC effect included for Bi). As expected and tested, inclusion
of SOC for Rb and Cs does not change the results of calcula-
tions, thus the SOC was include only for Bi in final calculations.
In the first step lattice constant was optimized using the Broy-
den-Fletcher-Shanno-Goldfarb (BFGS) method. The electronic
structure was calculated at the grid of (24)® k-points. Phonon
structure and properties of electron-phonon coupling (EPC)
were calculated at grid of (6)° g-points.

Chemical bonding was investigated by means of Crystal Orbital
Hamilton Population analysis %?° using the Stuttgart TB-
LMTO-ASA code®3!, Calculations were performed using the
experimental cell parameter and (32)° k-point mesh and em-
ployed the Perdew-Wang GGA *2 exchange-correlation (xc) po-
tential.

Electronic structure of an isolated tetrahedral Bi, cluster was
calculated using the ReSpect 5.1.0 relativistic DFT code *. Sca-
lar-relativistic calculations were performed by means of 1-com-
ponent Kohn-Sham method with one-electron relativistic cor-
rections due to Douglas-Kroll-Hess of second order (1c KS-
DKH2). Fully relativistic electronic structure was calculated us-
ing the four-component Dirac-Kohn-Sham Hamiltonian (4c
DKS). The Dyall core-valence double-zeta basis set * and the
PBE xc potential were used in both cases. Molecular orbitals
obtained from the 1c KS-DKH2 calculations were visualized
using the lboView program -6,

RESULTS AND DISCUSSION

Room temperature PXRD patterns of crushed crystals are pre-
sented in Fig. S1 of the Supplementary Material. All the Bragg
lines in the PXRD pattern can be indexed to cubic (space group
Fd-3m, #227) unit cell of ABi, and elemental Bi (both from left-

over flux droplets and decomposition of material). Lattice pa-
rameters resulting from LeBail fits are in agreement with previ-
ous reports "%, Details of crystal structures are gathered in Ta-
ble 1.

The Rb-Rb and Cs-Cs distances are 4.20 A and 4.26 A, signifi-
cantly shorter than in their elemental form (4.89 A and 5.29 A,
respectively 3°4%), while Bi-Bi spacing is larger than in ele-
mental Bi (3.47 A vs. 3.07 A ) and in the Bi, cluster (2.98 A
as obtained by ab initio structural relaxation). This highlights
the electron transfer from the electropositive alkali metal to the
Bi network.

To characterize superconducting transitions of ABi,, dc magnet-
ization was measured in the temperature interval T=1.9K -5
K. The plot of low-field (Hac = 20 Oe) volume susceptibility
(xv) vs. temperature is shown in Fig. 2(a,b). Sharp transition to
a full Meissner state (y, reaching the value of -4x after correct-
ing for the demagnetization effect) was observed in both mate-
rials. Very small difference between zero-field cooled (ZFC)
and field-cooled (FC) magnetization (not shown) is indicative
of weak (or nonexistent) vortex pinning.
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Fig. 2 (a,b) Temperature-dependent magnetic susceptibility of
RbBi2 and CsBiz. A sharp transition to Meissner state is seen at the
Te. Susceptibility data was corrected for the demagnetization factor
(see the text). (c,d) Field-dependent magnetization curves showing
a typical type-1 character of superconductivity for RbBi2 and a
probable type-11 character for CsBio.

Field-dependent magnetization below the critical temperature is
shown in Fig. 2(c,d). In case of RbBi, the shape of magnetiza-
tion curve is consistent with a type-I superconducting transition
with an influence of the demagnetization effect due to ran-
domly-oriented crystalline grains ®*2. In CsBi, the shape of the
M vs. H curve has a tail-like feature at higher fields, which is
more consistent with type-11 SC. Assuming a perfect diamag-
netic linear response to the magnetic field, the M, vs H data at
the lowest temperature (T = 1.92 Kand T = 1.95 K for Rb- and
Cs-bearing compound, respectively) was fitted with a linear
function (Mg = aH + b). The value of the demagnetization fac-

tor (d) is calculated using the equation —a = (4m(1 — d))_l,
yielding d = 0.676 for RbBi, and d = 0.744 for CsBi..



The fields at which deviations from a linear response occur
were taken as thermodynamic critical fields Hc". The H." values
derived for different temperatures are fitted with the equation
H."(T) = H'(0)[1 — (T/T.)?] . The value of critical field extrap-
olated to T = 0 K using the fitted function is H."(0) = 127 Oe
for RbBi, and H."(0) = 146 Oe for CsBi, (see Fig. S2 of the
Supplementary Material). This value has to be corrected for the
demagnetization factor, yielding H¢(0) = 188 Oe and 196 Oe,
respectively.
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Fig. 3 Low temperature heat capacity of (2) RbBi2 and (b) CsBix,
showing an anomaly at the superconducting critical temperature
(enlarged in insets). The normalized heat capacity jump ACp/yTc is
calculated using y values estimated from a fit presented in Fig. S2
of the Supplementary Material. Note that in both cases the jump
under an applied magnetic field is found to be larger than at zero
field, which is a typical behavior for type-I superconductors (see
eg. refs, 16:44-47),

The heat capacity measured through the superconducting tran-
sition in ABi; is shown in Fig. 3. Bulk nature of the supercon-
ductivity is confirmed by large, sharp anomalies at T, = 4.24
and 4.65 K for RbBi, and CsBiy, respectively. It is worth noting
that under applied field the jump at T. becomes larger than at
zero field in both compounds. Similar effect was observed eg.
in KBi, 1, ScGas, LuGas %, YbSh, %, ReAls *¢, and LiPd,Ge
type-I superconductors.
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Fig. 4. Charge density of supercell of RbBi; plotted in (110)
plane (a) and (111) plane (b); the charge density in (111) plane
is similar to 2D Kagome lattice marked, however there are
many of such planes in unit cell (c) resulting in 3D character of
electronic bonds.

Fig. S3 of the Supplementary Material presents the low-temper-
ature Cp/T vs. T2 plots for both materials. Electronic (y) and vi-
brational (B) heat capacity contributions were extracted by fit-
ting the data with relation C,/T = y + BT2 The fit yields very
similar y values (5.0 and 4.9 mJ mol* K2) for both materials.
The normalized heat capacity jumps at T, estimated by using
the equal entropy construction method (see insets of Fig 5(a,b)),
are ACp/yT. = 2.43 for RbBi; and ACp/yT. = 2.82 for CsBiy, both
well above the BCS limit for a weakly-coupled superconductor
(1.43).

The Debye temperature (®p ) is calculated from the § specific
heat coefficients using the relation:

3 |12n*nR
5B

This yields ®p = 127(1) for RbBi, and 123(1) K for CsBi,, both
values being slightly higher than for elemental Bi (0p = 112 K).
Taking ®p and T values and assuming the value of the Cou-
lomb pseudopotential parameter x* = 0.13, the electron-phonon
coupling parameter (Aeiph) Can be calculated using the modified
McMillan formula:

0p =

1.04+u*m(%5‘7h)

(1—0.62/4*)ln(1_fsl?rc)—1.04

For RbBI; this gives Aeiph = 0.82 and for CsBi; Aei-pn= 0.87, both
values being indicative of moderate coupling strength

Table 2 summarizes the normal and superconducting state pa-
rameters derived from experimental measurements.

Charge transfer from the Rb/Cs to Bi is evident from the elec-
tronic density of RbBi, and CsBi, (Fig. 4) and the Bader charge
analysis yields Rb**™(Bi,)®™ and Cs**%4(Bi,)%4. This is con-
sistent with electronegativity difference (0.82/0.79 vs. 2.02 for
Rb/Cs and Bi in the Mulliken scale, respectively). The density
distribution along the Bi-Bi bonds has a strongly delocalized,
metallic character. Since charge density is concentrated on the
Bi framework, both compounds can be viewed as pyrochlore
metals.
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Table 2 Normal and superconducting state parameters for
RbBi2 and CsBi:

RbBi CsBiz
¥ (mJ mol™ K2) 5.0(4) 4.9(2)
B (mJ molt K4) 2.83(3) 3.11(5)
Debye temp. @b (K) 127(1) 123(1)
Critical temp. Tc (K) 4.25 4.65
ACp/yTe 2.43 2.82
Ael-ph 0.82 0.87
Hc(0) (Oe) 188(1) 196(5)

The electronic band structure and electronic density of states
(DOS) for both compounds are shown in Fig. 5. The band struc-
ture around the Fermi level is similar in both cases. The Fermi
level lies within a peak of DOS, thus even a small difference of
band structure detailed below, lead to higher DOS at Fermi level
in case of CsBi, (DOS(Ef) = 1.51 eVYf.u) than RbBi,
(DOS(EF) = 1.31 eV-Yf.u), which is correlated with a higher
transition temperature T¢, as discussed below.
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Fig. 5. Fully relativistic electronic band structure (a, ¢) and DOS
(b, d) of RbBi,and CsBi, respectively. Atomic contributions to
DOS are marked with green (Bi) and red (Rb/Cs) lines.

The plot of DOS shows that the p-states of Bi contribute the
majority of the total DOS around Fermi level, being only
slightly hybridized with s states of Rb/Cs. Bi 6s states are posi-
tioned well below the Er due to (scalar) relativistic effects *.
Thus, both the metallic state and superconductivity in ABi;
arises from interacting 6p states of Bi atoms. In the energy range
from -2.5 to 3 eV (with respect to Ef) the shape of DOS is sim-
ilar to the one of elemental bismuth. Particularly the minimum
at-0.8 eV is similar to the one at Fermi level of pure Bi. Around

the Er the DOS is similar to the case of elemental Bi under pres-
sure p = 2.7 GPa, at which a phase transition to a monoclinic
structure is observed and Bi becomes superconducting below T,
= 3.9 K%, In this sense, the presence of Rb/Cs atoms impose a
chemical pressure on the lattice of Bi atoms, leading to stronger
6p orbital overlap and metallic bonding of the Bi framework.
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Fig. 6. Electronic band structure (a, ¢) and DOS (b, d) of RbBi;
and CsBi, respectively, calculated in a scalar- (without SOC;
red line) and fully relativistic approach (with SOC; black). Pan-
els (e) and (f) show the band structure around the Brillouin zone
center () for RbBi,. At the X point the degeneracy is symmetry-
protected, so the inclusion of SOC results only in shifting the
band energies (points marked with green rectangles), while at
L- point they are additionally split (purple rectangles).

In Figure 6 the scalar and fully-relativistic band structure is
shown in a narrow energy range around Eg. In the case of RbBi,
when SOC not included, the Fermi level is positioned in the flat
part of DOS, while with SOC the local maximum appears and
Fermi level is situated on its slope.
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The parabolic bands around I point with a large (3 eV) energy
gap around the Fermi level are not affected by SOC. At many
points of k-space (for example between K and U or X and I”
points), mainly below tge Fermi level, the band crossings are
removed by SOC.

Figure 7 shows the Fermi surface (FS) of RbBi, and CsBi cal-
culated with and without SOC. Since the differences in FS be-
tween the two compounds are negligible, we will discuss the



RbBi, case only. The only difference between the two com-
pounds lies in the Fermi velocity which is slightly smaller in the
case of CsBiy in the [1 0 0] direction. This is consistent with a
less dispersed character of bands around Er and a higher DOS
at the Fermi level of this compound.

2.91-10° m/s
-

Fig. 7. Fermi surface of RbBiI: (a, b) and CsBi- (d, e) calculated
without SOC (a, d) and with SOC (b, e), colored according to
Fermi velocity. The Brillouin zone with high symmetry points
is shown in panel (c).

In the scalar relativistic case there are four bands per spin cross-
ing the Ef, and thus four FS branches. First one has a dodeca-
hedral shape with almost completely flat faces. It is similar to
the Fermi surface of Polonium which was concluded to lead to
strong nesting, as one g-vector (connecting two flat faces) is
able to connect many points of these faces of the Fermi surface,
leading to the Kohn anomaly in phonon spectrum -2, The hy-
bridization causes the presence of cone-like corners, which at E
= 0.35 eV bhelow the Er are visible as Dirac-like bands at the L
point. Additionally, there are small pockets around K and U
points. This part of Fermi surface is associated with the band
which is approximately parabolic around the 7" point and is con-
tributing to Dirac-like cones at other points.

The second branch contains many cylinders and is associated
with a flat band at the K-U line. The third and fourth branch of
Fermi surface consist of pockets centered at X and L points.

At the X point all four bands are degenerate to two points, both
ca. 0.5 eV below the Fermi level. The SOC shifts them leaving
one below and one above the E¢. This reduces the Fermi surface
to just two branches: the dodecahedral and the cylindrical one,
both centered at I".

The degeneracy of bands at X-point is symmetry-enforced and
leads RbBi, and CsBi; to be classified topologically as ESFD
(enforced semimetals with Fermi degeneracy), i.e. it is a mate-
rial, which could be driven to a topological insulator state by
symmetry breaking . In contrast to the behavior at the X point,
at L the bands are not only shifted (one of them is shifted above
the Fermi level), but also split.
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Fig. 8. Panels (a, c): Phonon dispersion relation of RbBi, with
phonon linewidth proportional to the thickness of the purple
line. Panels (b,d) show the phonon DOS (dashed black line)
with atomic contribution marked in green (Bi) and red (Rb) and
the Eliashberg function (purple line) normalized to 3N (N being
a number of atoms per unit cell), calculated without SOC (a, b)
and with SOC (c, d).

Despite the vanishing FS pockets, the DOS(Eg) or RbBi; is al-
most unchanged by SOC (a negligible decrease from 1.35 to
1.31 eVY¥f.u. is seen). The redction of the number of FS
branches is compensate by the reduction of the Fermi velocity
(see Fig. 9a-b), as lower velocity leads to a higher density of
states.

Phonon structures of RbBi, and CsBi, are shown in Fig. 8 and
9. In contrast to the electronic structure, the phonon dispersion
curves (Fig. 8 (a,c) and Fig. 9 (a,c)) and density of states (Fig.
8 (b,d) and Fig. 9 (b,d)) of the two compounds differ signifi-
cantly.

The SOC has a major influence on phonons. When it is not
taken into account, the vibrational structure of RbBi; is rich in
softened modes, suggesting the instability of the structure.
When SOC is included, the softening of modes disappears, in-
dicating a stabilization by relativistic effects.

The phonon spectrum contains 18 modes, as the primitive cell
of RbBi, contains 6 atoms (2 formula units). Phonon modes
coming from Bi and Rb atomic vibrations are not strongly sep-
arated from each other as it is eg. in the case of LiBi * or CaBi,
10 Three acoustic modes and low-frequency optic modes (up to
o = 1.7 THz) are mainly associated with Bi atoms vibrations,
while high-frequency modes (in the range ® = 1.7-2.5 THz)
come from Rb. Transverse acoustic (TA) modes are degenerate
along the X-T'-L path and split in the xy plane along W-I"-K.
The optical modes coming from Bi lie within a narrow fre-
quency range » = 1.1 to 1.4 THz and a part of them is almost



flat, resulting in a peak in the phonon DOS. The exception is
the highest mode, which is the breathing mode of a pyrochlore
network 557 associated with a movement of Bi atoms toward
the center of the tetrahedron and breaking of the inversion sym-
metry of the lattice (see Fig. 9(e)).

The vibrations of atoms along the line, as in case of this mode
is only a special case of trajectory of atoms, generally described
by formula:

r (t) = Re(ET,S exp(i(q ‘R — a),,t))) =

Re(€,;) - cos(w,t + q - R) + Im(&,;) - sin(w,t + q - R)
where rs(t) is position of atom s in time t, with crystallographic
position R, vs is its polarization vector associated with phonon
mode v with frequency w, and all is considered in the g-point of
the space of wave vectors.

With one of the part (real or imaginary) of polarization vector
equal to zero, atoms vibrate along the line with frequency w and
direction given by the polarization vector. When both parts are
non-zero, the atomic trajectory is an ellipsoid. If additionally
both parts are equal, the ellipsoid becomes a circle. Such a case
has been found in many q points of phonon dispersion of RbBi..
Two examples are shown in Fig. 8(f-g). At the K point, Rb at-
oms are moving circularly, while Bi atoms move along a line.
At the W point, all atoms are moving along a circle/ellipse.
These modes might be candidates for chiral phonons which
arise due to symmetry of the crystal structure and have been
recently found in ABi compounds, including RbBi and
CsBi %(the occurrence of chiral phonons in ABi, compoinds is
discussed in more detail in ref. %),

The phonon spectrum of CsBi; is qualitatively different from
RbBi,. When SOC is neglected, the modes are not only softened
asitisin the case of RbBij, but the spectrum is rich in imaginary
frequencies, suggesting structural instability. Inclusion of the
SOC removes the imaginary frequencies, thus the relativistic
effect of SOC is crucial for the stability of the cubic Laves struc-
ture of CsBi..

As visualized in Fig. 9(e), the soft mode is associated with a
movement of Bi atoms toward the center of faces of tetrahedron.
As is highlighted in the electronic charge density plot (Fig.
4(b)), this point is characterized by large electronic charge den-
sity associated with metallic bonds of close-packed Bi tetrahe-
dron. Thus this mode may be seen as movement of Bi ions,
which are attracted to electronic charge, leading to lowering of
frequency.

When SOC is included, the electronic structure changes and Bi
atoms move in different direction and the imaginary frequencies
disappear. As we checked, similar change of displacement vec-
tors of atoms is associated with the disappeareance of softened
modes of RbBi,. This behavior may suggest that the softening
arises from a Kohn anomaly caused by an electronic effect of
nesting of the Fermi surface, which would be an interesting mat-
ter of further studies.

The influence of electronic surrounding on phonons is high-
lighted by large phonon linewidth of discussed modes, shown
in Fig. 8(a) and Fig. 9(a) in a fat band representation. It is de-
fined as

a3k . N2
Yav = 2Twgy Zijﬂ_BZquv(k: l;])l X

X 8(Exj — Er)8(Ej+qi — Er)
Where electron-phonon coupling matrix element

.. h av. A
gqv(k; l;]) = Zs m<wi,k+q |ﬁ " Eys lpjk>

describes how the electronic potential is changed by an atomic
displacement, w,, is a frequency of v-th mode with a wave
vector q (equal to a difference of wave vectors of two electronic
states ¥, .4, ¥ i) With a polarization vector €, associated with
a displacement ., of s-th atom of a mass M. Dirac delta func-
tions ensure that only the electronic states near the FS are in-
cluded in calculation.

On the other hand, the EPC matrix influences the electron-pho-
non part of dynamical matrix, given by %

q)EP(q)K(ZK,(Z’ =
2 fk+q,n - fk,n

" NLiEygw—E
Tk k+qn kn

(Gaw (0, 1)") " gau e, i, D'

where Ex, and fi,, are energy and occupancy of the n-th band at
k-th point, N is a number of unit cells. The phonon frequencies
are the eigenvalues of the dynamical matrix normalized by
atomic masses. In consequence, the higher value of the EPC
matrix leads to lower frequency. As a consequence, the phonon
softening and phonon linewidth are associated with each other,
as both depend on the EPC matrix and geometry of FS. It is
visible in Fig. 8(a) and 9(a), where the softened modes are char-
acterized by large phonon linewidth.

It is worth noting that not all softened modes disappeared with
SOC. Many of softened optical modes survived and their large
phonon linewidth demonstrates their importance for EPC and
thus for superconductivity.

The influence of SOC on ABi, family is similar to the case of
other family of Bi-rich superconductors, ABis, which crystallize
in a simple cubic AuCus-type structure, within which the all A-
Bi and Bi-Bi distances are equal. In case of lighter SrBis the
SOC only removes softened modes with large phonon lin-
ewidth, while in case of heavier BaBis it also stabilizes the
structure. In addition, both Ba- and Bi-derived modes of BaBis
are lower than in the case of SrBis, leading to nearly 30% larger
value of EPC constant, which is equal to 1.43 and 1.11 respec-
tively 2. In the ABi, family the substitution of lighter Rb with
heavier Cs leads to only about 10% larger EPC constant.

Modes associated with Cs atoms have lower frequency than
those associated with Rb (average frequency of Cs is 9% lower
than that of Rb, see Table 2). This is expected since Cs is over
55% heavier than Rb. The average frequency of Bi is of 5%
lower in CsBi, than in RbBi,. Surprisingly, not all modes of Bi
are lowered leading to a completely different shape of phonon
DOS, where the peak around 1.3 THz is spread out.

In order to better describe the difference between the phonon
structures of CsBi, and RbBij, dispersion relations around the I
point are plotted and the modes associated with similar move-
ment of atoms are marked with the same color in Fig. S3 of the
Supplementary Material. Additionally, modes associated with
the movement of Bi atoms are visualized in Fig. S3(c-f) of the
Supplementary Material and force constants between atoms are
shown in Fig. S3(g). The modes associated with a movement of
both Bi (along Bi-Bi bonding) and Cs/Rb (Fig. S3(d)) are low-
ered from 1.31 in case of RbBi, to 1.03 THz in CsBi», while the
frequency of modes associated with a movement of Bi towards
the empty space around Cs/Rb (Fig. S3(c,e)) are increased from
1.22 THz and 1.32 THz in RbBi; to 1.36 THz in CsBiy.



_ a) phonon dispersion of CsBi, w/o SOC
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Fig. 9. Phonon dispersion relation of CsBi, together with pho-
non linewidth (a, c) and its phonon DOS together with atomic
contribution to phonon DOS and Eliashberg function, calcu-
lated w/o SOC (a, b) and with SOC (c, d). The color scheme is
the same as in Fig. 8. The soft mode, which appears along I —
W in the scalar relativistic case, is marked in real space with
arrows (yellow, red, green, and purple spheres are Bi, light and
dark blue are Cs).

In both compounds the phonon linewidths are large only in case
of Bi modes. Since the FS is also dominated by 6p-states of Bi,
the superconductivity in ABi; is driven by the Bi pyrochlore lat-
tice, as the electron-phonon coupling in both electronic and
phonon ways is almost exclusively contributed by Bi.

This may be caused by a difference in the unit cell size, which
is larger in the case of CsBiy, thus the Bi-Bi metallic bonding is
slightly weaker leading to smaller force constants of Bi-Bi pairs
(see Fig. S4(h) of the Supplementary Material) and lower fre-
quencies of modes associated with a movement of Bi along Bi-
Bi bonds. For the same reason, the highest optical mode associ-
ated with a movement of Bi toward the center of tetrahedron
(Fig. S4(f)) is lowered from 2.37 THz in case of RbBi, to 1.78
THz in CsBiy. It is similar to the case of soft mode shown in
Fig. 10(e) and explains why the effect of softening is stronger
in case of CsBi». On the other hand, the force constants of Bi-

Cs pairs are larger than of Bi-Rb pairs, leading to a higher fre-
quencies of modes associated with a movements of Bi toward
the space around Cs. These changes show that the substitution
of Rb by Cs not only lowers the frequency due to a larger mass,
but also influences the size of the unit cell and modifies the
bonding of Bi network.
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Fig. 10. The cumulative EPC constant of RbBi2 and CsBi-.

On the basis of the phonon linewidth the Eliashberg function is
calculated:

1 Yqv
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The Eliashberg function is effectively the phonon DOS
weighted by a phonon linewidth divided by phonon energy and
density of electronic states at Fermi level.

Eliashberg function of RbBi,, calculated without SOC, is the
highest at low frequencies (up to 1.5 THz) due to the presence
of softened acoustic modes and low-frequency optical modes.
When SOC is included, the Eliashberg function becomes simi-
lar to phonon DOS, which means that electron-phonon coupling
only weakly depends on phonon frequency. The largest contri-
bution to Eliashberg function comes from highly-degenerate
and partially flat Bi modes in the narrow frequency range.

Table 2. The summary of calculated properties of RbBi2 and
CsBi> compared to experimental results (marked with label
expt.). The density of states is given in units of eV-/f.u., both
mean frequency w and logarithmic frequency w;, in units
of THz and critical temperatures in K.

RbBi2 CsBi»
w/o SOC w. SOC w/o w. SOC
SOC
N(Er)/fu. | 1.35 131 1.46 1.51
Aexpt 0.82 0.87
y 2.06 0.81 0.92
w 1.59 1.61 151
Rb:1.91 | Rb:1.85 - | Cst 169
Bi: 1.36 Bi: 1.45 Bi: 1.38
farm 0.85 1.74 1.27
T, 6.18 3.31 3.85
T.(expt.) | 4.24 4.65




Having the Eliashberg function, we can calculate the electron-
phonon coupling constant

@Wmax ZF
1= zj v P,
0 w

w.

It is essentially proportional to phonon linewidth divided by fre-
guency squared, thus the low frequency modes contribute more
than higher ones. Obtained values are shown in Table 2. When
SOC is not included, the EPC constant of RbBi, Ae, = 2.06, is
more than twice larger than the experimental value. The cumu-
lative EPC constant shown in Fig. 10 clearly shows that such a
high value is caused by softened modes, which are character-
ized by low frequency and large phonon linewidth. When SOC
is included, the softening disappears and EPC constant drops to
Aep = 0.81 (in excellent agreement with experimental value Aep
= 0.82), and is mostly delivered by acoustic and optical Bi
modes, as the phonon linewidth is. The calculated EPC constant
of CsBiz Aep = 0.92 is also in a good agreement with the experi-
mental value A¢, = 0.87. It is slightly larger than in case of RbBi;
due to a shift of part of modes to lower frequencies and slight
changes in band structure. The impact of the electronic structure
on EPC can be measured using the integral:

Wmax
I=f a*F(w) - wdw
0
Which does not depend on phonon frequency, as:
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In a monoatomic case this integral corresponds to Hopfield pa-
rameter. The calculated value of the integral is 0.90 and 1.26 for
RbBi, and CsBi, respectively. This suggests that, in addition to
the lowering of frequency, the slight changes of the electronic
structure resulting in lowering the Fermi velocity and increased
DOS(E¥) strengthen the EPC.

N(EF) Z sz

On the basis of calculated EPC constant the critical temperature
can be calculated with help of Allen-Dynes equation

- 1.04(1 4+ 1)
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where
fowmax a?F (w) In(w) djw
Wi, = exp omax o do
Jo " a?F (w) o
is a logarithmic average of frequency.

In the case of RbBi, A = 0.81 and Wy, = 1.74 THz (equiva-
lent to 83.5 K) leading to T, = 3.23 K, reasonably close to the
measured value 4.24 K. In case of CsBi, EPC constant in larger

(A = 0.92) leading to higher T, = 3.85 K despite of lower log-
arithmic frequency. The estimated critical temperature is rea-
sonably close to the experimental value T, = 4.65 K. Both ex-
perimental and calculated values lead to a conclusion, that
CsBi, has higher critical temperature than RbBi; due to slightly
stronger electron-phonon coupling.

In summary, the structural arrangement of Bi atoms into a py-
rochlore network of Bi tetrahedra intercalated with alkali metal
atoms, results in a relatively high electron-phonon coupling

constant. This emerges as a combination of both aforemen-
tioned factors: the large electronic density within the close-
packed Bi atoms in Bi, tetrahedra allows for the strong interac-
tion of phonon modes with electrons (large phonon linewidths),
whereas the tetrahedra themselves are relatively loosely packed
within the unit cell with a large amount of “free space” filled
only by Rb/Cs atoms. This, in combination with high atomic
mass of Bi, results in relatively low Bi phonon frequencies, en-
hancing the EPC. Recently we discussed a similar situation in
isostructural Laves phase superconductors: SrRh, and Srlrs,
where the pyrochlore lattice or Rh/Ir was found to be responsi-
ble for the emergence of strong-coupling superconductivity.

On the other hand RbBi, and CsBi, are in contrast with CaBi,,
which crystallizes in an orthorhombic structure that can be
viewed in a distorted Laves phase structure, in which tetrahe-
drons are distorted to Bi-Bi and Ca-Bi planes separated from
each other. Here the phonon linewidths are smaller and average
Bi frequencies are higher, leading to the EPC constant A, =
0.54, much lower than A, = 0.82 and A, = 0.87 for RbBi, and
CsBiy, respectively, despite the value of I = 1.17 lying between
RbBi, and CsBi, cases. This results in a lower critical tempera-
ture (T, = 2.0 K for CaBiy)*°. It is worth mentioning that the
average Bi frequency in elemental Bi, the phonon structure of
which is presented in Fig. S8 of the Supplementary Material and
summarized in Table 2, is also higher than in the studied Laves
phases. Since Bi is a semimetal, the DOS(Ef) and the value of |
are small, leading to a low value of the EPC parameter Aep =
0.23 and very low predicted critical temperature T = 0.7 mK in
a fair agreement with the experimental T, =5 mK 6.,

Electron population analysis on RbBi, shows that the DOS(Ef)
is contributed mostly by electrons occupying nearest-neighbor
Bi-Bi antibonding states (see Fig. S4 of the Supplementary Ma-
terial). A hypothetical neutral Bi pyrochlore lattice would have
its Er lying close to a pseudogap. The two electrons donated by
Rb increase the antibonding population, destabilizing the lat-
tice. Unfortunately, with the currently available computational
tools (either direct in case of local basis set or indirect - via pro-
jection of plane-wave wavefunctions to a local orbitals set 62-6%)
the bonding population analysis can only be performed in a sca-
lar-relativistic case. While for bonding of lighter elements SR
approximation is reasonably applicable, the chemical bonding
in 6" and 7" period elements is heavily influenced by SOC ef-
fects 67, A possible solution for reliable population analysis of
compounds of the heaviest elements is via the localized Wan-
nier spinors %

The calculated electronic structure of the Big4 cluster (shown in
Fig. 11) are in general consistent with the previous results by
Lohr and Pyykko obtained by means of relativistically-para-
metrized extended Hiickel method ®, although the ordering of
virtual orbitals is slightly different. The stabilizing effect of
SOC on ABi; can be qualitatively understood by considering the
electronic structure of a Ty Bis cluster. Firstly, in a heavy ele-
ment, such as Bi scalar-relativistic effects result in a complete
energetic separation of 6s and 6p orbitals *. Thus, only the p
orbitals participate in the bonding. Secondly, the SOC splits the
6p atomic level into py, and ps, Separated by ca. 2 eV in a free
atom. In the scalar-relativistic approximation the neutral Bigs
cluster is a closed-shell system with four electrons occupying
the doubly-degenerate e HOMO level. With 2 additional elec-
trons donated by electropositive species, the Bis? is first-order



Jahn-Teller (JT) active due to two electrons occupying a triply
degenerate t; level. SOC splits the 6p-derived levels (6s-derived
lower t; level is also weakly split due to small admixture of the
p character), lifting the triple degeneracy of t; and t,. The two
additional electrons now occupy a e’ (I's) level, quasi-degener-
ate (AE = 0.02 eV) with the next e”’ (I'7) leading to structural
stabilization. However, the splitting of the e’ and the two u’ (I's)
levels is relatively small (AE = 0.9 and 1.2 eV, respectively),
resulting in a possibility of a second-order JT instability, as
pointed out by Lohr and Pyykkéo ®°. While the electronic struc-
ture of the crystalline ABi, compound is much more complex
than of isolated cluster, the stabilizing effects of SOC similarly
stem from the lifted p orbital degeneracy while the weakened
but persistent mode softening can be considered an effect of a
second-order JT (SOJT) effect.
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Fig. 11 Molecular orbitals of a tetrahedral Bi, cluster. Note that
for clarity of the picture the energy scale (right) is divided into
two parts, as the separation between lower t; and higher a; levels
is on the order of 8 eV, while for comparison the t,-e splitting
isca. 0.5eV.
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This observation suggest a criterion for finding new supercon-
ductors: one may look for compounds stabilized by strong SOC,
which should show relatively strong electron-phonon coupling
while avoiding crystal structure distortion.

Examples of such SOC stabilized superconductors can be found
among Sb-, Bi- and Pb-rich intermetallic phases featuring hy-
pervalent polyanions, listed in Table 3.

KBi,, RbBi,, CsBi, belong to a large family of cubic Laves (C-
15) superconductors. The SuperCon database lists 192 C-15 su-
perconductors, belonging to 16 different chemical systems,
with critical temperatures ranging from 0.7 to 10.7 K. However,
the three Bi-based compounds distinguish themselves from the
whole family in a number of ways. Firstly, besides LaAl, (T =
3 K ™) and LaMg (T = 1 K ), they are the only main-group
element-based Laves superconductors. Secondly, we have
shown that in RbBi, and CsBi, systems the superconductivity
clearly emerges from the electron-rich Bi pyrochlore lattice,
with Rb/Cs acting predominantly as electron donors to the Bi
lattice. Such clear picture is not possible in case of transition
metal based systems, where the bonding between atoms occu-
pying the two crystal sites is expected to be much more metallic.
Lastly, Bi is the heaviest stable element (Z = 83) and the rela-
tivistic effects on electronic properties in KBi,, RbBiy, and
CsBi are the strongest of all of the Laves superconductors, even

when compared with Ir- and Au- based systems, such as
(La/Lu)Ir, ® and (Pb,Bi)Au, 77, since the SOC effect on 5d val-
nce electrons is weaker than on 6p shell.

Table 3 Superconductors featuring Sb-, Te-, Bi-, and Pb-
based hypervalent polyanions.

Material Hypervalent net- | T¢
work
BasTiTes 1d Te chains 6 K(p=37GPa)™
YbSh: 2d Sb- square net- | 1.3 K47
work
LiBi 2d Bi- square net- | 2.5 K415
work
NaBi 2d Bi- square net- | 2.15K 3
work
CaBi: 2d Bi- square net- | 2.0 K?®
work
BazBi(BixSbix)2 | 2d Sb/Bi “square- | max. 4.4 K 1472
honeycomb”
LaPbs 3d Pb- cubic net- | 4K
work
LaBis 3d Bi cubic net- | 7.3 K™
work

CONCLUSIONS

We have analyzed the electronic and vibrational properties of two
Bi-based cubic Laves phases: RbBi2 and CsBiz. Our results show
that the occurrence of superconductivity in these two compounds
and an isostructural KBiz stems almost exclusively from the heavy
element pyrochlore lattice. Both the stability of the phases and their
electronic and vibrational properties are heavily affected by relativ-
istic effects. The spin-orbit coupling is crucial for the dynamic sta-
bility of CsBiz, and to a lesser extent RbBi2. The stability enhance-
ment can be explained by considering an isolated Bis cluster and
the effects of SOC on its electronic structure. We postulate that
crystal structures based on relativistically-stabilized hypervalent
networks of heavy elements are interesting candidates for finding
new superconductors.
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