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We report the growth of Bi single crystal via the modified Bridgman technique. The structural and microstructural
morphological characterization of the as-grown Bismuth (Bi) single crystal includes Field Emission Scanning Electron
Microscopy (FESEM), X-ray Diffractometer (XRD)and Energy Dispersive X-ray Analysis (EDAX). Additionally, the
Raman Spectra analysis has been used to study the vibrational modes of the Bi. The UV-Vis spectroscopy has revealed a
bulk band gap of approximately 5.23eV in the as-grown Bi crystal. The electrical transport measurements have
demonstrated metallic behavior with an R3gox /Rox (RRR) ratio of around 6.5. However, under the applied field, the as-
grown Bi shows change from metallic to semiconducting behavior. The bulk band gap of the as-grown crystal has been
indirectly determined based on its semiconducting behavior under the applied magnetic field which increases with the
applied field. Notably, at low temperatures (<10K), the synthesized Bi crystal exhibits large magneto-resistance (MR) of the
order of ~10°% under applied fields up to +14Teslaas along with Shubnikov-de Haas (SdH) oscillations.
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1 Introduction

Bismuth (Bi) has a rhombohedral crystal structure at
room temperature. It is a post-transition metal having
several interesting electronic and magnetic properties.
Bi and its compounds have shown potential in various
applications, including in electronics, thermo-electrics,
and superconductors. An interesting quantum
phenomenon being exhibited by Bi, is the SdH
oscillations, which is a quantum mechanical effect that
occurs in the conductivity of a material when subjected
to a strong magnetic field at low temperatures'. These
oscillations are a manifestation of quantum interference
effects in the motion of charge carriers, such as
electrons, within the material>”. These oscillations in
conductivity are mostly caused by charge carriers like
electrons and holes, which begin to oscillate when
subjected to a strong magnetic field. Additionally, it
has been noted that the primary cause of SdH
oscillations is the abundance of free charge carriers
present in a material's conduction band®®. The
application of a magnetic field to topological materials
can result in unique SdH oscillations. The presence of
topologically protected surface states (SS) contributes
to the oscillatory behavior and the analysis of SdH
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oscillations in these materials provide valuable
information about their electronic structure, such as the
Fermi surface topology and the nature of the charge
carriers”. A topological insulator is a class of
quantum materials that has a unique combination of
insulating behavior in the bulk of the material and
metallic behavior on their surfaces'**’. These
exceptional qualities of topological materials can
demonstrate significant benefits in a range of
applications, including quantum computers, thermo-
electricity, magnetic sensors, spintronics, and
optoelectronics® **. The topological nature of systems
can only be predicted by a very limited set of
experimental methods. One such method is angle-
resolved photoemission spectroscopy (ARPES)*?’,
however, it is a rather rigorous method for
investigating topological materials due to its intricate
measurements and modeling. Scientists and physicists
are still fascinated by Bismuth since it has so much to
offer in the field of condensed matter physics including
potential applications®>'. Despite, ARPES, the
magneto-transport measurements offer an alternate
method to study the topological properties of
materials.

Remarkably, contrasting findings are also reported
related to the topology of Bismuth, particularly in
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terms of the analysis of its magneto-transport
properties; both theoretically and empirically’>>*.
To further sum up the electronic properties of
as-grown Bi crystal, we have done elaborative
(down to 2K and up to 14Tesla) magneto-transport
experiments in the current study. This article provides
a thorough overview of SdH oscillations and their
dependency on magnetic fields and temperature in
as-grown Bismuth.

2 Materials and Method

The Bi single crystal used in the present study is
grown by the modified bridgeman method. Two
grams of high-purity (99.999%) Bi is weighed and
ground in an Ar gas environment inside a glove box
to avoid any reaction with the atmospheric gases
during the heat treatment. The well-ground powder is
first pelletized with the help of a hydraulic pelletizer
into a rectangular pellet and then sealed in a quartz
tube under vacuum (10° Torr). A vacuum-
encapsulated tube is placed in an auto-programmable
furnace using optimized heat treatment profile is
shown in Fig. 1, as the same reported earlier’.

A clear image of the obtained single crystal is
shown in the inset of Fig. 1, having a silvery shining
surface. Using a surgical blade, thin flakes of the as-
grown crystal were mechanically cleaved for further
characterization. Using a Rigaku Miniflex-II X-ray
diffractometer, X-ray diffraction (XRD)
measurements were made on both mechanically
cleaved thin flakes and finely crushed powder.
Rietveld refinement was carried out with Full
prof software to explore the lattice characteristics of
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Fig. 1 — The temperature profile used for the growth of Bi single
Inset shows the image of e obtained silvery shiny single crystal.

the Bi single crystal. Energy-dispersive X-ray analysis
(EDAX) measurements were carried out using Zeiss
EVO-50 and field emission scanning electron
microscopy (FESEM) were used to examine the
surface morphology and elemental compositions. The
vibrational modes present in Bismuth were studied by
performing Raman spectroscopy on Renishaw in Via
Reflex Raman Microscope equipped with a laser 532
nm. Further, to find out the optical band gap, UV-VIS
spectroscopy measurements were performed on a UV
1800 Shimadzu spectrometer. The sample is well
pulverized and dissolved homogeneously into an
organic solvent before taking the UV-VIS spectrum.
The Physical Property Measurement System (PPMS)
from Quantum Design is used to investigate the
transport properties of synthesized crystals using a
traditional four-probe electrical contact geometry. The
sample was mounted on a PPMS puck and Epotek
H20E silver epoxy was used to make electrical
connections.

3 Results and Discussion

3.1 Crystal Characterization
3.1.1 XRD and SEM/EDAX analysis

We mechanically cleaved a thin flake from the
as-grown Bi single crystal and the single crystal
XRD pattern is shown in Fig. 2(a). We found
layered growth along the c-axis which is revealed
by the high intensity peaks having (00/) diffraction
planes. The growth of planes is along (003).
Also, another single crystalline domain of (202) is
observed and is marked with (*) in the
Figure. Interestingly, this is similar to what we
found in our earlier preliminary study on magneto—
transport of modified bridgeman based Bi crystal®™.
Further, we performed XRD measurement on the
finely crushed powder to accomplish its phase purity
in range from 10° to 80° at ambient conditions. To
estimate the lattice parameters and various
co-ordinate positions, the Rietveld analysis is done
for the observed PXRD and the results are shown in
Fig. 2(b). Both observed and refined patterns
match well with each other. The Rietveld analysis
unfolded that the as-grown crystals belong to the R
3m space group with the rhombohedral crystal
structure. The calculated lattice parameters, along
with the co-ordinate positions as obtained from
Rietveld refinement are displayed in Table 1. The unit
cell structure is created using VESTA software using
the CIF (Crystallographic Information File) produced
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Fig. 2 — (a) XRD pattern taken on mechanically cleaved single crystal flake of synthesized Bi crystal. The inset shows the unit cell
structure of the synthesized Bi single crystal processed in VESTA software, and (b) Rietveld refined powder XRD spectra taken on finely

ground as-grown Bi single crystal.

Table 1 — Bi single crystal Parameters obtained from
Rietveld Refinement

Cell Parameters Refinement parameters
Cell Type: Rhombohedral y=1.53

Space Group: R3m R,=6.20

Lattice Parameters: R,,=7.93

a=b=4.549A & c=11.866A Rexy=6.40
0=F=90°&y=120°

Cell Volume: 212.645 A°

Density: 19.584g/cm’

Bil (2/3, 1/3, 0.098)
Bi2 (1/3, 1/3, 0.902)

Atomic coordinates:

by the Rietveld refinement and is displayed in the
inset of Fig 2(a). Figure 3(a) shows the obtained
EDAX spectra and the inset table shows that no other
impurity has been observed. The single crystalline
nature is Bi has been confirmed by the layered type of
growth as clearly visible in the FESEM image
(inset of Fig. 3(a)).

3.1.2 Raman and UV-VIS spectroscopy

The studied Bi crystal observed Raman modes
being recorded at ambient temperature are shown in
Fig. 3(b). The two peaks observed are Lorentz de-
convoluted and fitted. The two identified peaks are
found at 69+1 and 95+1 cm ', corresponding to the
vibrational modes of E, and A;,. The schematics of
the vibrational modes of the Bismuth atom are shown
in the inset of Fig. 3(b). The measured peaks match
well with earlier findings®™’.

Figure 3(c) shows the UV-VIS spectrum of the as-
synthesized Bi single crystal. Primarily, the basic
absorption spectra are the result of electron excitation
to the conduction band from the valance band.
The clear and unique deviation is used to figure out
the optical band gap measurement of the synthesized

Bi single crystal. The calculated optical band gap is
around 5.23eV, which is comparable to the band gap
being seen at X high symmetry point in the DFT
calculated band structure of Bi*®. Interestingly, though
the observed bulk band gap is close to highly semi-
metallic or insulating regime, albeit the studied Bi
crystal is highly metallic due to its topological
character. We discuss this in later sections.

3.2 Transport measurements

3.2.1 Electronic transport

Figure 4(a) shows the R-T plot, which suggests
metallic behavior for the synthesized Bi single crystal
and the inset image shows the experimental
schematics of the transport measurements. In metallic
materials, electrical resistance generally decreases
with decreasing temperature, and this behavior is
often characterized by a downward slope on the R-T
plot. The temperature range of the plot is from 300K
(room temperature) to 2K (very low temperature).
The Residual Resistance Ratio (RRR) is defined as
the ratio of the electrical resistance at room
temperature to the resistance at the lowest measured
temperature. In this instance, the obtained RRR value,
which is the ratio of the resistance at 300K to the
resistance at 2K (R3oox/R2k), 1s 6.5. A high RRR value
indicates a large decrease in the electrical resistance
from room temperature to the low temperature range,
which is a characteristic feature of high-quality
metallic conductors™.

3.2.2 Magneto-transport

Figure 4(b) illustrates how the resistance of the Bi
single crystal changes with temperature at different
applied magnetic fields. The resistance of the Bi
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Fig. 3 — (a) EDAX spectra of synthesized Bi single crystal, in which the inset table displays the elemental composition of constituent
elements and the inset is FESEM image shows surface morphology of synthesized Bi single crystal, (b) Lorentz deconvoluted Raman
spectrum of Bi single crystal at room temperature and the inset shows the schematic vibrational modes of Bi atoms, and (c) The UV-VIS

spectroscopy of as-synthesized Bi crystal.

single crystal increases continuously over a wide
temperature range (2 to 300 K) when subjected to
magnetic fields of 2, 4, 6, 8, 10, 12, and 14Tesla.This
suggests that the magnetic field has a notable effect
on the electrical properties of the crystal. The
semiconducting behavior of Bismuth emerges in the
presence of transverse fields, see inset Fig. 4(a).
At zero field, Bismuth shows metallic behavior as
shown in the R-T plot. The band gap of a
semiconductor ~ follows  the  relation R(T) «
exp(Ey/kgT), where E, is band gap and kgis
Boltzmann constant. Using this relation, the band gap
induced by the applied magnetic field is calculated.
Figure 4(c) shows the In(R) vs. 1/T plot. The slope is
determined by fitting a straight line and thus obtaining
the band gap. The inset of

Fig. 4(c) shows the variation of the band gap with
the applied field. The square root dependence of the
band gap is illustrated through the fitted curve. These
results affirm the theoretical predictions of the
two-band model of k.p theory for bismuth by Smith
et al®, exhibiting square root dependence on the
applied transverse magnetic field. Further, features
present in magneto-transport are extracted by
calculating the temperature derivative of resistance at
different applied fields which is shown in Fig. 4(d).
The temperature derivative becomes more negative as
we go down to temperature T,.This shows above
temperature T; being marked in the figure, the
semiconducting region is more prominent above T.
The characteristic temperature T; shifts to a higher
temperature for higher transverse fields. For 2Tesla,



KUMAR et al.: GROWTH, CHARACTERIZATION AND MAGNETO-TRANSPORT 339
1.6 0.5 - -
Bi R-3m Single Crystal T Bi R-3m Single Crystal (b)
14F iy
0.4F 121
g 12f c —0— 2Tesla
—0—4Tesla
S Lo} 60'3 [ —o— 6Tesla
A Rypox/Ro = 6.5 Nt —o— 8Tesla
=) 08 R~ —o— 10Tesla;
— 0.2p6r —o— 12Tesla
x 0.6 ‘ —o— 14Tesla
~ 0.4 0.1F
0.2
0100 150 200 25 0.0 Lol
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T(K) T(K)
0
Bi R-3m Single Crystal ©) 0.001
1k
0.000 F
—_
2F z
c M .0.001 F
~ 3F g
9.{‘/ ~ —0—2 Tesla
(=l 4 —0—4 Tesla || -0.002 —0— 4 Tesla
- Ea —0—6 Tesla E —0— 6 Tesla
SE gm J —O0— 8 Tesla o) -0.003 F —o0— 8 Tesla
'00g - Calculated| —0—10 Tesla ' —0—10 Tesla
6F o = 12 Tesla ) —0— 12 Tesla
; 4 6H(T8 ]11)1 1214 —0— 14 Tesla -0004 - X% ©— 14 Tesla
) 0.005  0.010 0.015 0.020  0.025 0 50 100 150 200 250 300
UT(K™) T(K)

Fig. 4 — (a) Variation in the electrical resistivity as a function of temperature from 300-2K. The inset depicts experimental schematics
for magneto-transport measurements, (b) Temperature dependence of electrical resistance measured at different transverse magnetic
fields, (c) Natural logarithm of resistance showing band gap due to applied magnetic field. The inset maps the variation in the

experimental band gap against the applied magnetic field. (d) The fi
transverse magnetic fields.

T, is ~92K, which shifts to ~145K at 14Tesla. In
Fig. 4(b), below the semiconducting region (< T)),
two humps are observed. The second minima in
dR/dT marks the second hump in the field-dependent
RT plot and is marked by T, in Fig. 4(d). Below 10 K,
the slope dR/dT becomes positive implying a decrease
in resistance which shows a deviation from the
semiconducting behavior below 10K. Notably, the
SdH oscillations are also observed below 10K, which
we discuss later. In previous studies of Bismuth®!,
single humps are observed in RT measurement under
transverse fields. As per our knowledge, for the first
time, two characteristic humps are observed in
Bismuth. At low temperatures, Bismuth shows
peculiar  characteristics, which need further

rst-order temperature derivative of resistance at different applied

investigation. Interestingly, Bismuth is reported to
have superconducting properties as well at very low
temperatures (~mK)*.

3.2.3 Magnetoresistance

To investigate the topological properties of as-
grown Bi single crystal, magneto-transport
measurements were performed for the applied
transverse field in the range 0-14Tesla. Figure 5(a)
represents the MR% vs H plot for the applied
transverse field up to 14Tesla at various temperatures.
The MR %is calculated using the formula; MR% =

[R(IQ(_OI;(O)'] x 100, where R(H) is the resistance at

applied field(H)and R(0) is the resistance in the



340 INDIAN J ENG MATER SCI, JUNE 2024

Bi R-3m Single Crystal ®, ([Bi Re3m Single Crystal] | —2K © ¢ | [Bi R-3m Single Crystal
o=l — 4K
A —6K
‘s 40F 4r
2 — 8K
& 3 —— 10K
c35¢ 20K o 3F
= —
~ Intercept = 0.363
% 3.0F 2F
E = D
T 25F N 1 Linear Fit
. . . . 20 . : i 0 . . . .
0 3 6 9 12 0.0 04 0.8 12 L6 0.0 0.2 0.4 0.6 0.8 1.0
H(Tesla) 1/H (Tesla™) 1/H (Tesla™)

Fig. 5 — (a) MR% vs. applied magnetic field up to +14T at different temperatures and the inset shows an enlarged view of MR% at low
fields exhibiting LMR at low temperatures (<10K), and (b) The behavior of dR/dH of Bi crystal as a function of the inverse magnetic
field at different temperatures (c) Linearly fitted Landau level fan diagram for temperature 2K

absence of any field.The Bi single crystal shows a
non-saturating, very high MR% ~1.8 x10°% in the
field range of 0-14Tesla at 2K. As the temperature
increases, the MR% tends to decrease in the same
range of applied field, for example, MR% is found to
be ~ 1000% at 300K. For the conventional metallic
systems, the MR shows a quadratic dependency on
the applied field as predicted by classical theory. For
Bi single crystal, the observed MR% shows linear
dependency on the applied transverse magnetic field
at low temperatures (<10K). At higher temperatures,
the MR% vs. H plot has the parabolic shape showing
classical behavior. In contrast to the -classical
transport, the linear MR (LMR) indicates a different
transport mechanism involved in the Bi single crystal.
The non-saturating LMR may originate due to Quantum
effects™, which can be observed (i) in a polycrystalline
sample due to the averaging effect” (i) in a heavily
disordered system™(iii) in topological materials with
Dirac electrons*. The high-field LMR can be interpreted
by the quantum limit of Landau Levels (LL) in high
fields®*. The LMR at low fields is the characteristic
feature of topological Dirac electrons®. The Bi single
crystal exhibits LMR at high as well as low fields. Since
as-grown Bi single crystal does not fall into the category
(1) or (ii), the low field LMR at low temperature [see
inset Fig.5(a)] indicates the presence of Dirac electrons
in Bismuth, whereas the quantum limit of the LL can
explain the LMR at higher fields. The LLs are key to
understanding the quantum oscillation exhibited in 2D
electrons. In the context of Bismuth, the same is
discussed below.

3.2.4 SdH Oscillations

The single crystal of Bi is well known for its quantum
oscillations at low temperatures'”. To retrieve these
oscillations in as-synthesized Bi single crystal, at
different temperatures, the first order derivative of

resistance with respect to the applied field is calculated
and plotted against the inverse of the applied magnetic
field as shown in Fig. 5(b). The oscillating behavior of
dR/dH shows the periodic change of peaks against the
inverse magnetic field due to the SdH effect.
Furthermore, the dependency of maxima/minima
placements on transverse magnetic fields raises the
possibility that 2D surface states are the source of SdH
oscillations. The cross-section area of the Fermi surface
is dependent on the frequency of quantum oscillations in
the transverse magnetic field, which indicates the
existence of the surface.

To examine the topological nature of Bi as
primarily indicated by MR data analysis, the Berry
phase is calculated from the quantum oscillation data
using the Landau level (LL) fan diagram. As seen in
Fig. 5(c), the Landau index (n) is represented as a
function of the inverse magnetic field in the LL fan
diagram. At low temperature, as indicated by the
plateau region, charge carrier behave as quasi 2D gas.
In the presence of magnetic field quasi 2D gas forms
Landau Levels. The Landau levels split and get
separated as the field is increased. The nth index at
magnetic field H implies that the conduction of
charge carriers is through the n™ Landau Level. At a
given field H, the n™ Landau Level is crossing the
Fermi Level. Here, the LL index is increased by 1
between neighboring maxima. The integral LL index
has been assigned to a maxima of quantum
oscillations in the dR/dH versus 1/H plot following
n— 0 in the infinite transverse field limit. Using the
Lifshitz-Onsager quantization rule, the LL index n is
found inversely proportional to the applied magnetic
field, which can be expressed as Agh/eH = 2x(n + p);
here, 2zf is the Berry’s phase and Agis the cross-
section area of the Fermi surface. In the LL fan
diagram, linear fitting of data points is represented
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using the solid line and the linear extrapolation of this
line yields a finite intercept of 0.363, resulting to a
Berry’s phase of 0.726m. The Berry’s phase value is
non-zero, which gives indication of the topological
nature of SAH oscillations coming from the surface
states and agrees with the literature on various
topological insulators. The slope of the LL fan
diagram for SAH oscillations is given as n,ph/2e*™*,
where n,p, is the 2D charge carrier density. From the
linear fitting of Fig. 5 (c), the surface charge carrier
density is determined to be n,p = 2.5x10'"m™ which
is comparable and in accordance with the previous
reports’>*’. By using the formula n,, = kZ/4n the
Fermi wave vector kr can be calculated and is found
to be 0.177 A .Further, assuming a circular cross-
section of the Fermi surface, the Fermi surface’s
cross-sectional area Ap is calculated using the
expression kr = (Ap/x)"?, which is 9.97x10""m™?. The
SdH oscillation frequency (F) is related to the
Fermi surface's cross-section area (Ap) via relation
F = (h/2me)AF, according to the Onsager relation.
Here, ¢ and % are the electronic charge and Plank's
constant, respectively. From the above relation, the
SdH oscillation frequency calculated is 10.4Tesla.

4 Conclusion

Summarily, in the present study, Bi single crystals
of were synthesized using solid-state reaction method.
The crystal’s phase purity, chemical composition and
morphology have been thoroughly characterized. The
R-T measurements reproduce the well-known metallic
behavior of topological rhombohedral Bismuth.
Under the applied field, RT measurements of as-
grown Bismuth exhibit semiconducting behavior.
Remarkably, at low temperatures, the synthesized Bi
exhibits a huge magneto-resistance (MR%) ~ 10’
order under an applied field of up to +14Tesla. The
LMR at low temperatures and low fields indicates the
presence of topological states. Further, RH data at low
temperatures (up to 10K) exhibit the known SdH
oscillations which are analyzed by calculating the LL
fan diagram. The SdH indicated the presence of a
single pocket close to the Fermi surface with a
characteristic single frequency peak at around
10.4Tesla, which is the conclusion of the present
study on as grown rhombohedral Bismuth.
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