aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Bismuth kagome sublattice distortions by quenching and
flux pinning in superconducting math
xmlns="http://www.w3.0rg/1998/Math/MathML">msub>mi

>RbBi/mi>mn>2/mn>/msub>/math>
Sharon S. Philip, Junjie Yang, Despina Louca, P. F. S. Rosa, J. D. Thompson, and K. L. Page
Phys. Rev. B 104, 104503 — Published 8 September 2021
DOI: 10.1103/PhysRevB.104.104503


https://dx.doi.org/10.1103/PhysRevB.104.104503

Bi kagome sublattice distortions by quenching and flux pinning in superconducting
RbBi,

Sharon S. Philip, Junjie Yang, and Despina Louca*
University of Virginia, Charlottesville, VA 22904, USA

P. F. S. Rosa and J. D. Thompson
Los Alamos National Laboratory, Los Alamos, NM 87545, USA

K. L. Page
The University of Tennessee, TN , USA
(Dated: August 20, 2021)

The properties of RbBis, a 4.15 K superconductor, were investigated using magnetic field, pressure
and neutron diffraction. Under hydrostatic pressure, an almost 50 % reduction of T. is observed,
linked to a low Debye temperature estimated at 165 K. The resistivity and magnetic susceptibility
were measured on quenched and slow-cooled polycrystalline samples. The resistivity follows a low
temperature power-law dependence in both types of samples, while the diamagnetic susceptibility,
X, is dependent on the sample cooling history. Slow-cooled samples have a x = —1 while quenched
samples have x < —1 due to grain size differences. Evidence of the effects of the cooling rate is also
discerned from the local structure, obtained by neutron diffraction and the pair density function
analysis. Slow-cooled samples have structurally symmetric Bi hexagons, in contrast to quenched
samples in which disorder is manifested in periodic distortions of the Bi hexagonal rings of the
kagome sublattice. Disorder may lead to flux pinning that reduces vortex mobility, but T remains

unaffected by the cooling rate.

I. INTRODUCTION

Superconductivity, a state characterized by zero elec-
trical resistance, has been observed in many classes of
materials, from simple metals, amorphous and granu-
lar systems to complex ladder structures [1-12], and has
been the subject of intense debate for over a century.
Bismuth (Bi) based superconductors attracted a lot of
attention in the last decade or so in part because of
the possible interplay of topology and superconductiv-
ity. Bi exhibits strong spin-orbit (SO) coupling linked
to topologically nontrivial band structures in its com-
pounds. In topological materials, the quantum state is
entangled to an extent where its emergent quasiparticles
exhibit exotic behaviors that are unique, and cannot be
reproduced in conventional solids. These exotic proper-
ties are topologically protected as they are robust against
symmetry-preserving perturbations. Several binary Bi
compounds are currently under investigation for topolog-
ical superconductivity. Some of the known bismuth-alkali
and alkaline-earth metal intermetallic compounds stud-
ied for superconductivity are LiBi, NaBi, KBi, [13, 14],
CSBiQ [15], CallBilo_x [16], CaBi2 [17, 18], CaBig,
SrBis [19], BaBiz [19] and BayBis [20]. Among these,
KBiy and CaBiy are reported to show type-I supercon-
ductivity. While the topological nature of their super-
conductivity has not yet been confirmed, it is important
to explore their materials properties. In this work, we
report on the transport, magnetization and structural
properties of RbBiy alkali bismuth superconductor.

Although discovered decades ago, little is known of the
properties of RbBiy, which is isostructural to KBiyp [14]
with a superconducting transition temperature, T., of

4.15 K. The resistivity is linear at high temperatures
but follows a power law temperature dependence [21, 22]
upon cooling below 25 K. Under pressure, strong sup-
pression of T, is observed that is not typical of metals.
By varying the sample cooling rate, we examined the dia-
magnetic susceptibility response which shows perfect dia-
magnetism in samples with slow cooling rates. Quench-
ing leads to a x < —1. Larger grain size is expected with
slow cooling rates, that increases the magnetic suscepti-
bility because grain boundaries are reduced. The effects
of quenching can also be seen in the atomic structure.
Local distortions are observed in the Bi kagome rings
of fast-cooled samples where the Bi-Bi bond lengths are
no longer equivalent. By comparison, kagome rings of
slow cooled samples are symmetric. Other systems can
be found in the literature where varying the cooling rate
can affect their superconducting and structural proper-
ties. For instance, the effects of annealing were previ-
ously studied in the FeTe;_«Sey [23] superconductor. In
this system, the suppression of T, was linked to changes
in the chalcogen ion’s z - parameter although the diamag-
netic response remained the same. In the current system,
although T. does not change, the diamagnetic response
does.

II. MATERIALS AND METHODS

The RbBi, ingots were prepared by solid state reac-
tion, by mixing Rubidium pieces (Alfa Aesar, 99.5%) and
Bismuth powder (Alfa Aesar, 99.99%) in a 1:2 molar ra-
tio in an Argon filled glovebox. The quartz ampule with
the combined mixture was vacuum sealed without expo-



sure to air. The samples were heated at 700°C for 24
hours. Two batches of samples were synthesized, one
that was slowly cooled down (furnace-cooled) to room
temperature and the other quenched from 700°C in lig-
uid Ng to room temperature. The samples are denoted
as AG (as-grown) and Q (quenched), respectively. The
air sensitive samples were stored in a glovebox to avoid
decomposition. The PPMS resistivity puck and samples
for susceptibility measurements were prepared inside the
glovebox and carefully transferred to the sealed chamber
without exposure to air. Samples for the neutron diffrac-
tion measurements were loaded in the Vanadium can in-
side a glovebox sealed with He exchange gas. Electri-
cal transport and magnetization measurements were per-
formed as a function of magnetic field. High pressure re-
sistivity measurements were also carried out at pressures
ranging from 0 to 12 kbar. The time-of-flight (TOF)
neutron diffraction experiment was carried out at the
Nanoscale Ordered Materials Diffractometer (NOMAD)
at the Spallation Neutron Source (SNS) of Oak Ridge
National Laboratory (ORNL). The data were analyzed
using the Rietveld refinement that yields the basic struc-
tural parameters for the periodic structure [24] and the
pair distribution function (PDF) analysis technique that
provides information on the local arrangement of atoms
without the assumption of periodicity. The PDF analy-
sis was performed on the same neutron diffraction data
used for the Rietveld refinement. NOMAD is a diffrac-
tometer with a large bandwidth of momentum transfers,
@, and provides the total structure function S(Q). The
S(Q) was Fourier transformed into real-space as shown
in Eqn. 1 to obtain the G(r) [25, 26]. The instrument
background and empty sample can were subtracted from
the S(Q) and the data were normalized by vanadium. A
maximum @ of 40 A' was used. The G(r) corresponds
to the probability of finding a particular pair of atoms
with an inter-atomic distance r [27].
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The Debye temperature, 0p, was extracted from fit-
ting the width of the PDF peaks assuming a corre-
lated Debye model [28-30]. Using eqn. 2, the full width
half maximum (FWHM), o5, is extracted from the first
PDF peak in RbBi, corresponding to the Bi-Bi near-
est neighbour correlation. Here the Debye wavevector
is given by kp = (672N/V)'/? where N/V is the num-
ber density of the crystal; the Debye cutoff frequency
wp = kplp, where kp is the Boltzmann constant; and
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FIG. 1. (a) The neutron powder diffraction pattern of as-

grown (AG), slow-cooled RbBiz collected at 2 K is fit with a
cubic model that fits the data quite well. Shown in the in-
set is a model of the crystal structure. (b) The temperature
dependence of the lattice constant determined from the Ri-
etveld refinement. (c) The isotropic thermal factors for Rb
and Bi in the AG RbBiz. (d) The G(r) function determined
for AG RbBiz at 2 K is compared to a model G(r) with the
Fd3m symmetry. (e) A comparison of the G(r) for AG and
quenched (Q) samples of RbBiy obtained from the diffraction
data collected at 200 K and plotted from 50 to 100 A. The
difference curve is shown below the data. The differences, al-
though small, are attributed to the Bi sublattice distortions
shown in the middle of the figure. This is deduced from the
partial PDFs of the three pair correlations, Bi-Bi, Bi-Rb and
Rb-Rb that are plotted below. These partials are determined
from the model fitting of the 200 K AG data.

III. RESULTS AND DISCUSSION
A. Structural analysis

ABij is isostructural to the cubic MgCus Laves phase,
with F'd3m space group symmetry. The crystal structure
is shown in the inset of Fig. 1(a) where each unit cell con-
sists of 8 Rb atoms and 16 Bi atoms. Four Bi atoms form



a tetrahedron and the tetrahedra connect with each other
by vertex-sharing to form a three-dimensional network.
Meanwhile, the Rb atoms are arranged in a diamond sub-
lattice which is intertwined with the network of Bi tetra-
hedra. The Bi sublattice forms a hyperkagome structure
shown in the inset of Fig. 1(e). In Fig. 1(a) the S(Q) for
the AG sample obtained from the diffraction data col-
lected at 2 K is plotted as a function of Q. The S(Q)
is compared to a model calculated based on the Fd3m
symmetry. The fitting yields an Rw = 0.045. Similarly,
the diffraction pattern collected for the Q-sample yields
an equally good fitting with the same symmetry. Within
the resolution of the NOMAD instrument, almost no dif-
ferences can be discerned in the Bragg structure between
the AG and Q samples. In Figs. 1(b) and 1(c), the lat-
tice constants (a = 9.586A) and thermal factors obtained
from the Rietveld refinement are plotted as a function of
temperature for both the AG and Q samples. The lat-
tice constant increases with increasing temperature, as
expected. Note that while both samples show the same
temperature dependence in their lattice constants and
thermal factors, the < U >?2 displacement for Bi is sig-
nificantly larger than the one for Rb, signifying larger
thermal fluctuations at the Bi sites.

Shown in Fig. 1(d) is the G(r) corresponding to the
local atomic structure for the AG sample at 2 K. It is
obtained by Fourier transforming the S(Q) of Fig. 1(a).
Also shown in this figure is a comparison with a model
G(r) calculated from the atomic coordinates and unit cell
dimensions of the periodic cubic cell with the Fd3m sym-
metry. It can clearly be seen that up to 20 A, the cubic
model fits the local atomic structure quite well and the
agreement between the model and experiment is excel-
lent. In this range, no differences can be detected be-
tween the atomic structures of the AG and @Q samples
either. However, when extending the G(r) beyond 20 A,
small differences become discernible between Q and AG,
indicating that the structural changes manifested with
quenching are becoming apparent above 20 A. Further-
more, the differences become more apparent at elevated
temperatures.

Fig. 1(e) is a plot of the G(r)’s corresponding to the
local atomic structures for Q and AG samples at 200 K in
the 50 - 100 A range. The difference curve is shown below
the data. Although the two samples are quite similar on
average, small differences are detected in the G(r)’s up
to 100 A. A similar difference curve is observed from 20
to 50 A. What is the origin of these differences between
the two samples? Shown in Fig. 1(e) are the calculated
partial functions obtained from the model used to fit the
AG data at 200 K. The most significant contribution in
the G(r) arises from Bi correlations. While the Rb-Rb
correlations are significantly reduced above 50 A, the Bi
correlations are much stronger and contribute the most
to the G(r) function. Thus the differences in the local
structure observed between the AG and Q samples are
primarily from the Bi kagome lattice. Shown in the inset
of Fig. 1(e) is a comparison of the Bi hexagon obtained

from the real-space refinement of the AG and Q data at
200 K. We find that in the AG sample, the hexagon is
symmetric with equal bond lengths (blue inner hexagon),
while in the Q sample, the Bi hexagon is not symmet-
ric and all bond lengths are slightly different (red outer
hexagon). This is shown in the figure although not drawn
to scale. Thus the quenching process results in a periodic
distortion of the Bi-sublattice.

B. Transport Characterization

The results from the transport measurements under
magnetic field and temperature on the AG RbBi, sam-
ples are summarized in Fig. 2. Shown in Fig. 2(a) is the
electrical resistivity as a function of temperature under
an applied magnetic field for the AG RbBiy confirming
the superconducting nature of the ground state. The
superconducting transition is sharp with the transition
width AT, ~ 0.41 K at a T of 4.12 K. The superconduct-
ing transition shifts to lower temperatures in the presence
of larger applied magnetic fields below the critical field.
Shown in Fig. 2(b) is the resistivity as a function of tem-
perature in the absence of applied field. At zero field,
RbBis exhibits very good metallic conductivity even at
room temperature. The resistivity follows a linear tem-
perature dependence until about 25 K, below which the
temperature dependence becomes nearly cubic as it ap-
proaches the superconducting transition. The linear-in-
temperature dependence of the resistivity upon warming
is dominated by electron-phonon scattering which yields
p o< T. At low temperatures, the resistivity follows a
power law temperature dependence. The power law fit-
ting p = A+ BT"™ on resistivity data below 25 K is shown
in Fig. 2(c) with n = 2.91. Similar behavior has been seen
in metals such as Pb in which electron-phonon scattering
dominates above T, (~ 7.2 K) [31]. The same transport
measurements were carried out for the Q RbBis with the
same results.

C. Magnetization Characterization

The results from the magnetic characterization are
summarized in Fig. 3 for the AG and Q samples of RbBis.
The low temperature DC magnetic susceptibility mea-
surements exhibit diamagnetic signals with sharp transi-
tions appearing at T, = 4.15 K (AT, = 0.30 K) seen in
both zero field cooled (ZFC) and field cooled (FC) curves
(Fig. 3(a)). The superconducting transition temperature
at 20 Oe is in agreement with that obtained from the
transport measurement, confirming the superconducting
ground state of RbBiy below T,.. In the AG sample, 95
% shielding fraction is observed and a Meissner fraction
of 60 % is determined upon FC for fields that are well
below H.(0) (Fig. 3(b)). In the Q sample, the shielding
fraction is 85 % and the Meissner fraction is 45 %. This
reflects the presence of more pinning centers that trap
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FIG. 2. (a) The electrical resistivity showing superconducting
transition in the presence of applied field for RbBi> below the
critical field. (b) The resistivity as a function of temperature
for AG sample of RbBi in the absence of magnetic field. The
resistivity of the quenched sample is shown in the inset. (c)
The low temperature resistivity fitted with power law relation
with temperature p = A + BT™ with n = 2.91. The solid
line shows the fitting. (d) The temperature dependence of
squared FWHM values of the first peak of the local structural
data of RbBis, extracted from a Gaussian fitting. The fit of
correlated Debye model is represented by the solid line. All
the measurements were done on the AG sample.

magnetic flux lines and are not fully expelled when the
sample becomes superconducting. With increasing the
magnetic field, the superconducting transition gradually
shifts to lower temperatures and the transition width be-
comes wider. The magnetization (M) as a function of
applied magnetic field, M (H), was measured at various
temperatures and was used to estimate the value of the
critical field H.(T'). While the superconducting behav-
ior and transition temperature remain the same in both
the AG and Q samples of RbBis, AG RbBis shows a
full superconducting volume fraction with a sharp hys-
teresis in M(H) (Fig. 3(a),(c)) as opposed to Q RbBis
which shows a partial volume fraction and a wide hys-
teresis(Fig. 3(b),(d)).

The magnetic characterization results identify RbBis
to be a type-I superconductor with critical field H.(0)
= 332 Oe as shown in Fig. 4(e). The critical field for
the Q sample was determined to be H.(0) = 308 Oe.
For comparison, superconductivity in KBiy single crys-
tals was recently studied and reported to be a Type-
I Bardeen—Cooper—Schrieffer (BCS) superconductor in
the dirty limit based on the behavior of magnetization
isotherms and the low value of the Ginzburg-Landau
(GL) parameter [14]. Lastly, shown in Fig. 3(f) is the
pressure dependence of the superconducting transition
temperature. T, falls off quadratically with hydrostatic
pressure. By 12 kBar, T, drops by nearly 50 %. Typi-
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FIG. 3. The magnetic characterization of AG ((a), (b), (¢),
(e)) and Q ((b), (d), (e)) RbBis. Shown in (a) is the bulk sus-
ceptibility, X, for the AG sample as a function of field. Shown
in (b) is the comparison of bulk susceptibility for the AG and
Q samples. Shown in (c) and (d) are magnetization curves,
M(H), after the demagnetization correction for the AG and Q
samples, respectively. Very little hysteresis is observed in the
AG M(H) unlike in the Q sample. Shown in (e) is the critical
magnetic fields of AG and Q samples of RbBisy obtained from
the magnetization isotherms. The dashed lines represent a fit
to the data. Shown in (f) is the behavior of superconduct-
ing transition temperature of AG RbBis in the presence of
applied pressure. The dashed line shows the quadratic fit on
the pressure dependence of 1.

cally, in metals the percentage change in 7, in a similar
pressure range is small (examples include In and Pb) [32].
Exceptions include Zn and Cd where a nearly 50% drop
in T, has been reported [32]. Pressure affects the lat-
tice parameter, Debye temperature and phonon frequen-
cies and T, ~ 0p * e~ /> where \ is the electron-phonon
coupling constant [32]. The large response to pressure
is consistent with the low Debye temperature (~165 K)
which renders the lattice very soft. The Debye temper-
ature was determined from the width of the first PDF
peak using a correlated Debye model, shown in Fig. 2(d).
The electron-phonon coupling constant, A, was estimated
to be 0.734 using McMillan’s theory. A non-linear pres-
sure dependence of T, may be due to a change of the



Fermi surface topology, from a closed to an open sur-
face. Such a transition causes a change of the density
of states as well as the superconducting gap [33, 34].
Although T, does not change between the AG and Q
samples, the superconducting volume fraction and M(H)
curves show differences between the two. Slow cooling
rates (AG) provide for a full shielding fraction with per-
fect diamagnetism which is the ideal limit. Fast cooling
rates (Q) provide for a reduced shielding fraction. The
kagome lattice distortions described above may be linked
to the different diamagnetic susceptibility behaviors ob-
served between the two samples.

IV. CONCLUSION

RbBis is a type-I superconductor with peculiar charac-
teristics. Two RbBiy samples were studied, AG and Q, to
investigate the effects of structural distortions, electrical
resistivity and pressure dependence on T,.. The critical
temperature T, is 4.15 K. The magnetic and transport
properties characterized under field indicate that RbBig
is an extremely good metal above T,.. The diamagnetic
susceptibility for the Q sample does not reach -1 while it
does for the AG that may be due to the quenched disorder
that breaks the symmetry of the Bi hexagon, creating flux

pinning centers and possibly due to differences in grain
boundaries. The Q sample has a much broader magnetic
hysteresis loop which can be interpreted in terms of the
presence of an increase in pinning centers. The neutron
diffraction experiments were carried out on Q and AG
samples at temperatures above and below the supercon-
ducting transition. In the AG sample, the Bi hexagon
is undistorted, while in the Q sample, small Bi displace-
ments lead to a distorted Bi hexagon ring. In this, the
Bi-Bi bond lengths are not equivalent and distortions of
the Bi-rings are spread out in real space. This may be
linked to flux pinning and thus one of the reasons for
reduced diamagnetism observed in the Q sample.
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