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ABSTRACT: Explorations of benzene-based organic super-
conductors and bismuth-based functional materials are today’s
hottest topics in chemistry, physics, and materials science.
Here, we show that by doping potassium into an organo-
bismuth molecule, tri-p-tolylbismuthine, which is composed of
one bismuth atom and three methylphenyl groups, all
synthesized samples exhibit type-II superconductivity at 3.6
K at ambient pressure and one sample also shows super-
conductivity at 5.3 K. The common 3.6 K superconducting
phase is identified to have a triclinic P1 structure, with a mole
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ratio of 3:1 between potassium and tri-p-tolylbismuthine. The calculated electronic structure indicates that superconductivity is
produced by transferring an electron from K 4s to the C 2p orbital, which results in both red and blue shifts of the Raman
spectra. Our study enriches the physical functionality of organobismuth compounds and illustrates a new route for the search of

organic superconductors.

B INTRODUCTION

Organobismuth compounds have attracted growing interest
over the past decades due to their unique properties and
reactivity.' > As an environmentally friendly class of organic
materials, different types of organobismuth compounds found
applications in organic synthesis, catalysis, and functional
materials. For instance, they have been widely used as reagents
for arylation, cross-coupling, oxidation, and other reactions.*™®
Owing to the presence of a lone electron pair, trivalent
organobismuthines can act as Lewis bases for catalytical
reactions, such as carbon—carbon and carbon—heteroatom
bond formations.” In addition, organobismuth compounds
have been used extensively as medicines for the treatment of
gastrointestinal ailments, ulcers, tumor, and so forth.'°
Despite remarkable progress made for organobismuth
compounds, some reaction mechanisms need to be clarified
and new properties are waiting to be discovered for enriching
their functionalities. In particular, it is worth exploring
superconducting (SC) property in benzene-based organo-
bismuth compounds, arylbismuthines. On the one hand,
superconductivity has been realized in various inorganic
bismuth compounds, such as Bi,Sr,Ca,Cu,,,0,,,s (n = 0—
2),'""* BiTeCL" CoBi,'* Bi,0,S;,"> RbBij;,;Tes,'® and
topological insulators, such as Bi,Se;'” and Bi,Tes,' among
which bismuth copper oxides have SC transition temperatures
up to 136 K at 364 GPa.'” On the other hand, super-
conductivity was observed in various types of benzene-based
systems, such as fullerides,"”*® graphites,”"** graphene,”>**
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and aromatic hydrocarbons. A recent discovery of

superconductivity at above 120 K in p-terphenyl™** and p-
quaterphenyl™ ignites the interest in high-temperature organic
superconductors.’®’ In view of these facts, one interesting
question arising is whether superconductivity and even high-
temperature superconductivity exist in aylbismuthines.

Very recently, potassium-doped triphenylbismuth (TPB)
was found to exhibit highly reproducible superconductivity at
3.5 and 7.2 K.** This finding opens a window for the search of
organic superconductors in arylbismuthines. Here, we extend
the exploration for superconductivity in potassium-doped tri-p-
tolylbismuthine (p-TTB), in which three methyls are
connected to TPB in the para position of the C—Bi bond. It
is well known that the physicochemical properties of organic
compounds can be tuned by various functional groups. For
example, partial substitution of fluorine atoms with hydroxyl
groups in fluorographene produces room-temperature organic
magnets.”” Methyl groups were found to reduce the energy gap
of N,N’-diphenyl-dihydrodibenzo[a,c]phenazine and change
its conformation from bent to a planar structure.* Therefore,
potassium-doped p-TTB is expected to exhibit distinct
physicochemical properties from the ones in potassium-
doped TPB, which will be manifested by the SC transition
temperatures, the mole ratio of potassium and the organo-
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Figure 1. Temperature dependences of the dc and ac magnetic susceptibilities for sample pT1. (a) Temperature dependence of the dc magnetic
susceptibility (y) in the applied magnetic field of 10 Oe with field cooling (FC) and zero-field cooling (ZFC). The inset figure shows the
magnetization loops at 1.8—3.6 K in the superconducting state. (b) Temperature dependence of the dc magnetic susceptibility (y) measured at
various magnetic fields in the ZFC run. (c, d) Imaginary (¥”) and real (y’) components of the ac magnetic susceptibility as a function of

temperature. The probe harmonic magnetic field and frequency are S Oe and 234 Hz, respectively.

bismuth molecule, and the charge-transfer-induced Raman

shifts.

B METHODS

Material Synthesis. Potassium-doped p-TTB is synthe-
sized by the two-step synthesis method, i.e., ultrasound
treatment and low-temperature annealing.”® High-purity
potassium metal (99% purity, Sinopharm Chemical Reagent)
was cut into small pieces and mixed with p-TTB (>98% purity,
Tokyo Chemical Industry) with a mole ratio of x:1 (x = 2 and
3) in a glove box with the oxygen and moisture levels less than
0.1 ppm. Each mixture was then loaded into a quartz tube and
sealed under high vacuum (1 X 107* Pa). The sample tubes
were treated in an ultrasound device at 90 °C for 10 h to mix
potassium and p-TTB thoroughly. After the ultrasound
treatment, the sample tubes were heated at 130 °C for 3
days, followed by a slow cooling to room temperature.

Material Characterization. For each run of experiment,
the sample from the same tube was distributed into several
nonmagnetic capsules and sealed by GE varnish for following
experimental measurements. Magnetization measurements
were performed with a superconducting quantum interference
device magnetometer (MPMS3, Quantum Design) in the
temperature range of 1.8—300 K. The resistivity was measured
in a physical property measurement system (PPMS, Quantum
Design) with the help of a standard four-probe method. The
crystal structure was measured on an X-ray diffraction (XRD)
spectrometer (Bruker D8 advance). The Raman scattering
spectra were collected at room temperature in an in-house
system with a charge-coupled device and a spectrometer from
Princeton Instruments in a wavelength of 660 nm and at a
power less than 1 mW.

Computational Details. Our theoretical calculations were
performed by a plane wave pseudopotential method as
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implemented in the Vienna ab initio simulation package
program.*"** The generalized gradient approximation with the
Perdew—Burke—Ernzerhof formula*’ for the exchange—
correlation potentials and the projector-augmented wave
method** for ionic potential were used to model the
electron—electron and electron—ion interactions. Plane wave
basis sets with an energy cutoft of 450 eV and a 3 X 3 X 3
Monkhorst—Pack k-point mesh were adopted for geometry
optimization. A finer 5 X 5§ X § k-point sampling scheme was
used for calculating the partial density of states (PDOS). The
convergence criteria for the energy and max force are set to
10~* eV and 0.015 eV A7, respectively.

B RESULTS AND DISCUSSION

Purchased p-TTB shows small positive magnetic susceptibility
in the temperature range of 1.8—300 K (Supporting
Information, Figure S1), different from the weak diamagnetic
behavior for pristine p-TTB.* This difference can be ascribed
to the paramagnetic impurities in purchased p-TTB. Upon
doping potassium into p-TTB, superconductivity was first
revealed by both the direct current (dc) and alternating current
(ac) magnetization measurements in all synthesized samples.
The representative results are summarized in Figure 1 for one
sample with a mole ratio of 3:1 (labeled as pT1). Figure la
shows the dc magnetic susceptibility (y) for sample pT1 in the
applied magnetic field of 10 Oe with field cooling (FC) and
zero-field cooling (ZFC) in the temperature range of 1.8—11
K. Both FC and ZFC susceptibilities show a sudden decrease
at around 3.6 K. Such a sudden drop of y is originated from the
well-defined Meissner effect, i.e., expulsion of magnetic field
from a superconductor. The SC fraction at 1.8 K is estimated
to be about 18%.

The inset of Figure la shows the magnetization loops of
sample pT1 with the magnetic field up to 0.3 T measured in
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Figure 2. Temperature dependences of the dc magnetic susceptibility and resistivity for sample pT3. (a) Temperature dependence of the dc
magnetic susceptibility (v) in the applied magnetic field of 20 Oe with FC and ZFC. The inset figure shows the enlarged view of data below 20 K.
(b, ¢) Temperature dependence of the resistivity under pressures of 1.2—4.4 and 6.4—22 GPa, respectively. (d) Temperature dependence of the
resistivity measured at various magnetic fields under pressure of 1.9 GPa. The temperatures beside the arrows indicate the SC transition

temperatures.

the temperature region 1.8—3.6 K. The hysteresis loops along
the two opposite magnetic field directions show a clear
diamond-like shape, providing strong evidence for the type-II
superconductor. One can readily see that the dip or peak of the
magnetization loop at 1.8 K appears at about 12 Oe magnetic
field, indicating a very small lower critical magnetic field (H,,)
for the SC phase. The expansion of the diamond as the
temperature decreases reflects the fact that the upper critical
field (H,) increases with lowering the temperature. The
obtained superconductivity in sample pT1 is also supported by
the gradual shift of the y—T curve toward a lower temperature
with increasing the applied magnetic field, as shown in Figure
1b. This character is in accord with the intrinsic property of a
superconductor, ie, the SC transition temperature (T.) is
gradually reduced with the increase in magnetic field.

The ac magnetic susceptibility measurements were adopted
to make a further confirmation for the observed super-
conductivity. The real component (y’) of the ac susceptibility
is a measure of the magnetic shielding and the imaginary
component (y”) is related to energy dissipation in the sample
due to the formation of SC vortex current.*® Figure 1c,d
presents the temperature dependence of y” and y’ of the ZFC
ac susceptibility for sample pT1. As can be seen, both ¥’ and y”
are close to zero above the SC transition due to the absence of
flux exclusion in the normal state.

Upon entering the SC state below 3.6 K, the diamagnetic
behavior leads to a negative ', which becomes more negative
as more flux is expelled from the sample with lowering the
temperature. It is interesting to notice that y” increases rapidly
after the temperature is lowered to the onset point at 3.6 K and
reaches a peak in a narrow temperature range of about 0.3—0.5
K. The y" peak is related to the situation when the ac field
penetrates to the centers of sample grains.*’

The superconductivity at 3.6 K was also demonstrated in
two samples with mole ratios of 2:1 (labeled as pT2, see Figure
S2 in the Supporting Information) and 3:1 (labeled as pT3).
The magnetic measurements for sample pT3 are shown in
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Figure 2a. Besides the sudden drop of dc magnetic
susceptibility (y) at 3.6 K, the inset of Figure 2a shows that
y starts to decrease at around 5.3 K for both ZFC and FC runs.
The SC fraction of sample pT3 estimated from the magnetic
susceptibility at 1.8 K is 16%.

In Figure 2b,c, we show the temperature dependence of
electrical resistivity (p) for sample pT3 at various pressures
without applying the magnetic field. At 1.2 GPa, p exhibits an
obvious downturn at around 5.3 K and a sharp drop at around
3.6 K. The position of downturn is in accordance with the
temperature at which y exhibits a weak anomaly, suggesting
that there exists a new SC phase with T of about 5.3 K. The
sharp drop of resistivity at around 3.6 K provides a
complementary proof for the 3.6 K SC phase revealed by
magnetic measurements. As the pressure is increased to 1.9
GPa, the positions of downturn and sharp drop shift to 4.5 and
3.1 K, respectively, indicating a suppression of super-
conductivity by pressure.

At a higher pressure of 2.8 GPa, two SC transitions appear at
4.3 and 7.0 K. The former can be reasonably attributed to the
4.5 K SC phase at 1.9 GPa, while the latter should originate
from metal bismuth based on the following reasons. Notice
that the 7.0 K SC phase persists in a wide pressure region from
2.8 to 22 GPa and meanwhile a SC phase at around 8.4 K
appears above 8.6 GPa, as shown in Figure 2c. The starting
pressures for the 7.0 and 8.4 K SC phases as well as their weak-
pressure dependence are in good agreement with previous
findings for compressed metal bismuth.*” The existence of Bi
in the synthesized samples is evidenced by the appearance of a
colorless transparent liquid on the inner wall of the tube,
indicating that partial p-TTB are decomposed into Bi atoms
and methylphenyls. The obtained superconductivity in
potassium-doped p-TTB is further confirmed by the temper-
ature dependence of resistivity at a pressure of 1.9 GPa with
applying magnetic fields up to 1.4 T, as displayed in Figure 2d.
One can readily see that the resistivity curve systematically
shifts toward lower temperatures with the increase in magnetic
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field, signaling a suppression of superconductivity by magnetic
field. When the magnetic field is increased from 0.0 to 0.2 T,
the SC transition temperatures are reduced from 4.5 and 3.1 K
to 4.2 and 2.7 K, respectively. Superconductivity is completely
destroyed at 1.4 T in the studied temperature range. The
evolution of resistivity and magnetic susceptibility (see Figures
1b and 2d) in the magnetic field, together with the Meissner
effect and zero resistivity (see Figures la and2b), unambigu-
ously establishes superconductivity in potassium-doped p-
TTB.

Due to the partial decomposition of p-TTB and closeness of
3.6 K to the T of KBi, (3.57 K)," " one may doubt that the
3.6 K SC phase observed in our samples probably corresponds
to KBi,. This probability can be safely excluded based on the
following reasons. First, the 3.6 K SC phase exhibits the type-II
superconductivity with the upper critical field (H,) of up to
3000 Oe, while KBi, is a type-I superconductor with the
critical field of about 160 Oe at 2.0 K.°° In the ZFC run, an
increase of magnetic field from 10 to 100 Oe reduces the SC
transition temperature from 3.57 to 2.7 K for KBi,*” and from
3.6 to 3.45 K for sample pT1. Second, previous studies” ~°
indicated that KBi, can only be formed in a Bi-rich
environment (the mole fraction of Bi is larger than 0.65)
and at temperatures above 260 °C, much higher than our
annealing temperature. Therefore, it is hard to produce KBi,
from potassium and decomposed p-TTB in our samples. To
make a further exclusion of the contribution of K—Bi
compounds to the SC phase, we annealed one sample with a
mole ratio of 3:1 at 170 °C. It was found that a much more
colorless liquid appears on the inner wall of the tube compared
to the sample pT1 annealed at 130 °C, suggesting that more p-
TTB molecules are decomposed with the increase in
temperature. However, the SC fraction of the sample annealed
at 170 °C is 4.3%, about one-fourth of the SC fraction for
sample pT1. This result demonstrates that the 3.6 K SC phase
is unlikely from KBi, or other K—Bi compounds, otherwise a
higher SC fraction should be observed for the sample annealed
at 170 °C since more K—Bi compounds could be formed from
decomposed p-TTB.

X-ray diffraction (XRD) was employed to examine the
evolution of the crystal structure from pristine to potassium-
doped p-TTB. Figure 3 displays the XRD patterns of pristine p-
TTB and sample pT3. Pristine p-T'TB is a kind of molecular
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Figure 3. XRD patterns of pure and potassium-doped p-TTB.
Measured Kp-TTB and calculated Kyp-TTB represent the XRD
patterns of sample pT3 and the theoretically predicted crystal
structure, respectively. Measured p-TTB and PDF p-TTB correspond
to the XRD patterns of the purchased and standard powder p-TTB,
respectively. The experimental results were measured at room
temperature, with the used X-ray wavelength being 1.54056 A.

solid and crystallizes in the space group P1, as displayed in
Figure 4a. The peak positions for the pristine material are in
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Figure 4. Structures and molecular arrangements of pure and
potassium-doped p-TTB. (a) Molecular arrangement in pristine p-
TTB is shown in a 2 X 1 X 1 supercell. (b) Arrangement of molecules
and potassium in the doped material is shown ina 2 X 1 X 1 supercell.
The black, green, purple, and blue balls represent carbon atoms in the
phenyl rings, carbon atoms in the methyl groups, bismuth atoms, and
potassium atoms, respectively. The hydrogen atoms are not shown in
the figure for clarity.

good agreement with the ones in the standard PDF card. Upon
potassium doping, no obvious peak appears at the positions
where the pristine material shows strong peaks and the XRD
feature is completely different from that of the undoped case.
This indicates that the intercalation of potassium atoms into
the interstitial space of methylphenyls and bismuth atoms
produces a new crystal structure. The grain size derived from
the Debye—Scherrer equation according to the first XRD peak
of potassium-doped sample is 41 nm.

A comparison between the XRD patterns of potassium-
doped TPB (see Figure 2 in ref 38) and p-TTB showed that
the two systems have common main peaks at 16.1, 31.2, 32.5,
and 37.8° indicating that they crystallize into similar crystal
structures. To identify the crystal structure of potassium-doped
p-TTB, we replaced TPB with p-TTB in the unit cell of
potassium-doped TPB and performed a full relaxation of
atomic positions for the mole ratios of 3:1 and 4:1. The
optimized results showed that the XRD pattern of 3:1 is in
good agreement with the measured one, and the atomic
positions of C, H, Bi, and K are given in the Supporting
Information. In this crystal, three molecules of C,,H,,Bi and
nine K atoms distribute in a nearly cubic unit cell of
dimensions a = 9.57 A, b = 9.61 A, ¢ = 9.58 A, a = 89.40°,
£ =90.29° and y = 89.95° as shown in Figure 4b. Potassium
atoms represented by blue balls are intercalated in the
interstitial space of bismuth and methylphenyl. Notice that
the mole ratio for potassium-doped p-TTB is smaller than the
one (4:1) for potassium-doped TPB. This can be ascribed to
the steric hindrance of methyl groups that reduces the
interstitial space for accommodating potassium atoms in the
unit cell.

Figure Sa,b shows the band structures for pristine p-TTB
and the doped material, and the corresponding partial density
of states (PDOS) are presented in Figure Sc,d, respectively. It
can be readily seen that pristine p-TTB is a semiconductor
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Figure 5. Energy band structures and orbital-resolved partial density of states (PDOS) of pure and potassium-doped p-TTB. (a, c) Energy band
structure and PDOS of pristine p-TTB. (b, d) Energy band structure and PDOS of potassium-doped p-TTB. The Fermi energy is set to be zero. In
(c) and (d), the red, blue, black, green, and purple solid lines represent PDOS of C 2p, C 2s, K 4s, Bi 6s, and Bi Sp orbitals, respectively.

with an energy gap of 3.39 eV near the Fermi level (dashed
line). As can be seen from Figure Sb, the doped material
becomes a metal, manifested by the Fermi level crossing two
bands marked by red solid lines. Due to different arrangements
of p-TTB molecules in the unit cell, the band structures are
distinct for pristine and doped materials. Unlike the conven-
tional n-type doping of semiconductors, where electrons
transfer from dopants to the rigid conduction band, charge
transfer and band reconstruction occur simultaneously in
potassium-doped p-TTB. The PDOS in Figure Sc indicate that
the energy states for pristine p-TTB are dominated by the C 2p
orbital and the Bi Sp orbital also has an important
contribution, while the C 2s and Bi 6s orbitals have a
negligible contribution. For the doped case, the PDOS in
Figure Sd indicates that the C 2p orbital makes a dominant
contribution to the states in the vicinity of the Fermi level,
while the K 4s orbital has a small contribution. This result not
only reflects the fact that an electron is transferred from K 4s to
the C 2p orbital but also demonstrates that the Fermi-level
crossed bands, in Figure Sb, are formed by the lowest
unoccupied molecular orbitals of phenyl rings.

The superconducting phase and charge transfer effect were
further characterized by phase-sensitive Raman spectroscopy.
Four regions of Raman-active modes from the low to high
frequencies correspond to the lattice, C—C—C bending, C—H
bending, and C—C stretching modes.>*>> We observed all of
these modes in pristine p-TTB (Figure 6). Upon doping
potassium into p-TTB, all lattice modes are dramatically
suppressed.

Significant differences of the spectra between the pristine
and doped samples are in the C—H bending and C-C
stretching regions. Upon potassium doping, the C—H bending
modes at 632, 1007, and 1048 cm™! in the pristine material
shift down, while the pronounced modes at around 782 cm™
disappear in the Raman spectra. It is obvious that the mode
intensity in the whole C—C stretching region gets a strong
enhancement in the doped samples, which hints a strong
polarization of phenyl rings. An upshift of Raman spectra of
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Figure 6. Raman scattering spectra of pristine and potassium-doped
p-TTB collected at room temperature. Four regions of Raman-active
modes, divided by the vertical dashed lines, are shown above the
spectra of the pristine material. The inside numbers are the Raman
shift values of different modes.

about 10 cm™! is observed for the two peaks at 1206 and 1306
cm™ in the pristine material, while the C—C stretching modes
at 1485, 1557, and 1581 cm™! shift down by 36, 39, and 4
cm™, respectively. The observation of both red and blue shifts
of Raman spectra in potassium-doped p-TTB is similar to the
situation in potassium-doped TPB*® but quite different from
the situation in potassium-doped phenanthrene®® and picene®
wherein only red shifts were observed. As already pointed out
in ref 38, the Raman shifts in our samples could be understood
as the competing results between transferred electrons and
enhanced polarization of phenyls, which is clearly manifested
by the asymmetric Raman line shape and the increase of
Raman intensity in the C—C stretching region. The former acts
to soften the Raman modes, whereas the latter makes the
Raman modes to shift up.’® However, there exists an important
difference in the Raman spectra of potassium-doped p-TTB
and TPB; while the highest C—C stretching mode at 1581
cm~!in p-TTB shifts down slightly, the similar mode at 1564
cm™ in TPB shifts up by 20 cm™. This difference can be
understood by taking the effect of the methyl group into
account. Due to the similar electron-donating nature of the
methyl group to Bi, its connection to the para position of the
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C-Bi bond will reduce the polarization of phenyl rings.
Therefore, the red shift of the highest C—C stretching mode in
p-TTB can be attributed to the weakened polarization effect,
which is overwhelmed by the charge-transfer-induced softening
effect.

B CONCLUSIONS

The present results provide unambiguous evidence for
superconductivity at 3.6 and 5.3 K in potassium-doped p-
TTB, which is suppressed by external pressures. The 3.6 K SC
phase observed in all samples is identified to have a triclinic P1
structure with a mole ratio of 3:1 between potassium and p-
TTB. Based on the theoretical calculations, it is shown that
potassium-doped p-TTB lies in the metallic state with
dominant C 2p states at the Fermi level and rearrangement
of p-TTB molecules in the unit cell results in a distinct band
structure from the semiconducting pristine material. The
measured Raman spectra confirm the charge transfer from K 4s
to the C 2p orbital and reveal the competing effect on the
Raman shifts between transferred electrons and polarization of
phenyls by Bi and methyl. Our findings are encouraging for the
search of new organic superconductors in functional group-
decorated triphenylbismuth.
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