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ABSTRACT: A wet-chemical method is used to synthesize rubidium-doped Cg, samples.
Superconductivity with a critical temperature of 22—23 K is identified from the magnetization
and resistivity measurements based on the Meissner effect and the zero-resistivity state. Raman -
scattering measurements show a downshift of 16 + 1 cm™" for the Ag(l) vibrational mode, -
yielding a charge transfer of less than 3, which puts the new superconductor in the face-
centered cubic structure based on the well-established phase diagram for this system. The
superconducting parameters, such as the critical current density, the lower and upper critical
field, and the derived coherence length and penetration depth, are determined from multiple

techniques for this superconductor.

B INTRODUCTION

The discovery of the method for the synthesis of a large
quantity of fullerene compounds' has greatly stimulated the
chemical and physical studies on the interesting material, Cgy,
especially for the alkali-metal-doped Cg, with superconductiv-
ity. The first fullerene superconductor was discovered in K-
doped Cg, with a critical temperature (T,) of 18 K.” Since
then, alkali-metal-doped fullerites with higher T.s were
reported consecutively, and the highest T, of 33 K was soon
achieved in the ternary compound, Cs,RbCg, at ambient
pressure.” In the next decade, the improvement of T, for alkali-
metal-doped fullerites has come to a standstill. In this period,
most works focusing on improved synthesis methods,*™” and
the characterization of all kinds of superconducting parameters
for the known materials has been reported continually,
especially for K;C4, and Rb;Cyy. The record of the highest
T. was not broken until superconductivity was achieved in
Cs3Cgo under pressure with the record high T, of 38 K for this
family.'® The discovery of superconductivity in Cs-doped Cq
has also ignited great interest in the discussion of the pairing
mechanisms of superconductivity for this compound''~"* due
to its abnormal antiferromagnetic insulating parent state and
the dome-like evolution of T, under high pressure. Therefore,
the importance of the electron correlation effect has attracted
more attention since then apart from the electron—phonon
coupling effect.

In alkali-metal-doped fullerene superconductors, Rb-doped
Cyp is the second reported superconductor with a much higher
T, of 28 K'° compared with K;Cg. And the binary compounds
are easily handled compared with ternary and even quaternary
compounds due to the difficulties on the precise control of
stoichiometry. Based on the conventional BCS theory, the
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increased T, upon the substitution of alkali atoms with larger
radii was attributed to the increasing density of states at the
Fermi level. Therefore, a linear correlation between the T.s and
the lattice constants of the doped C4 molecules was
established.'® Though numerous works have been done on
Rb;Cy, including structure,l(’__19 Raman spectroscopy,”’™ >’
and magnetization studies’™*”'>**7*? as well as electrical and
electronic property measurements®*>° and many other
characterizations and analysis, the consensus on the determi-
nation of all kinds of superconducting parameters has not been
reached. The measured parameters vary widely from laboratory
to laboratory, from measuring method by method, even from
sample by sample prepared by the same group. The wide
variation of these parameters is likely due to poorly prepared
samples with heterogeneous compositions. For most Rb-doped
Cgo superconductors, the evidence for superconductivity was
often obtained either through the Meissner effect from the
magnetization measurements or by the zero-resistance state
from the resistivity measurements. It is highly desired to detect
both the Meissner effect and zero-resistance state from the
same sample as the unequivocal evidence to support
superconductivity. In previous studies, the superconductivity
was usually reported in samples with a doping level of exactly
35183738 In fact, the phase diagram of Rb-doped Cy, with
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Figure 1. Raman spectra of pristine and Rb-doped Cq, compounds at room temperature. (a) Left panel: Raman spectra for pristine Cqy, Rb,Cy,
and Rb;Cy as labeled above the curves. The background of the Raman spectra is subtracted for clarity. The vibrational modes for Rb-doped Cg, are

marked on the curve for Rb;Cy,. Right panel: An expanded view of the

A

(2) modes for the specified samples on the left panel (the hollow circles)

and the Lorentz fitting curves (red solid lines). The downshift of the Ag(gl) modes upon doping is marked on the curves. (b) Mode vibrations for
Hy(1), Hy(2), A,(1), and A,(2) modes, respectively. (c) Schematic crystal structure based on the established phase diagram and crystal structure.'”

The red balls represent rubidium atoms.

doping is quite rich, in which the face-centered cubic structure
persists up to a large stoichiometry.'” The reported resistivity
results for underdoped Rb,Cq, in the stoichiometric range of
2—3 were very close to those for Rb;Cg,.*” Besides, the Fermi
energy cutoff like that for metallic Rb;C4, has also been
observed in underdoped Rb,Cy.*" In early studies on the
connections between charge carriers and T, a rapid drop of T,
was reported in fullerides when the valence deviates from 3.*'
The depressed T, was also reported in a recent work for K-
doped Cg, with a nonstoichiometric doping level deviating
from 3.** It is interesting to examine whether super-
conductivity can take place with a low valence close to 2 and
whether a noninteger dopant matters for superconductivity.

The key to solving these issues is to synthesize
homogeneous and high-quality fulleride superconductors. For
such a purpose, we adopt a modified solution-phase doping
method to synthesize a Rb-doped C4, sample. Both magnet-
ization and resistivity measurements are applied to identify the
superconductivity in the same sample, which are further used
to estimate the superconducting parameters. All results are
obtained from the same well-characterized sample to ensure
the repeatability and accuracy of experimental data for the
comparison with existing models and for future theoretical
model developments and identifications.

B MATERIALS AND METHODS

Rb-doped Cg, samples were synthesized by a wet-chemical
method as well-described in a previous work.*> The pristine
fullerene was purchased from Tokyo Chemical Industry with a
purity larger than 99.5% and used without further purification.
The alkali-metal rubidium (99.75%) was purchased from Alfa
Aesar. Rigorously dried tetrahydrofuran solvent was applied in
our reaction to eliminate the negative impact of the side

2913

reactions. Based on the acquired synthesis method, we made
some modifications to accelerate the reaction and to acquire a
more homogeneous sample. Sonication treatment under mild
heating for about 9 min was performed before the mechanical
mixing process. To get a better-crystallized sample with a
higher shielding fraction, the annealing treatment was
conducted at 200 °C for 48 h with a heating rate of 2—3 °C
per minute followed by a natural cooling process in an inert gas
atmosphere. The prepared Rb-doped samples were then sealed
in capsules and glass capillary tubes for the magnetization and
Raman scattering measurements, respectively. All the manip-
ulation mentioned above was performed in a glovebox with
both O, and H,O contents of less than 0.01 ppm. The
electrical transport results were obtained from the same sample
that has been well-characterized by magnetization measure-
ments.

Raman spectroscopy was conducted in an in-house system
with a charge coupled device and spectrometer from Princeton
Instruments. The air-sensitive Rb-doped Cg4, samples were
sealed in fused glass capillary tubes before characterization. An
excitation wavelength of 488 nm and a laser power less than 1
mW were adopted to avoid the possible radiation damage of
pristine Cgq, and the same excitation wavelength and a laser
power less than 2 mW were applied for Rb-doped samples.
The integration time was kept at 2 min. The magnetization
M(T) of the Rb-doped Cg4, samples sealed in the nonmagnetic
capsules was measured in a SQUID magnetometer (Quantum
Design) with given magnetic fields. The Physical Property
Measurement System (Quantum Design) was applied for the
electrical resistivity measurements. The electrical resistivity (p)
was measured using a DC four-probe Van Der Pauw
configuration. The specially designed Be—Cu cell equipped

https://doi.org/10.1021/acs.jpcc.1c10420
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Figure 2. Magnetization characterization for Rb-doped Cg,. (a) Temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetic susceptibility with an applied field of 10 Oe at the temperature range of 1.8—50 K. Inset: A full view of the susceptibility curves in the
range of 1.8—100 K. (b) Temperature-dependent ZFC magnetic susceptibility at various applied magnetic fields. Inset: An expanded view for the
susceptibility curves with magnetic fields ranging from 0.5 to 7 T. (c) Magnetic hysteresis loops with a magnetic field up to +7 T at indicated
temperatures. (d) Low magnetic-field dependence of the magnetization up to 400 Oe at temperature intervals of 2 K up to 24 K. (e) Temperature-
dependent imaginary (") part of the ac susceptibility. (f) Real (') part of the ac susceptibility. The probe magnetic amplitude and frequency are
set as S Oe and 234 Hz, respectively.

with four airtight copper leads was adopted to protect the downshift of the Ag(Z) mode upon alkali-metal dopin§ is
highly air-sensitive samples. generally recognized as a measure for the charge transfer.””*

The empirical linear correlation is one electron transfer
B RESULTS AND DISCUSSION corresponds to a redshift of 6—7 cm™" for this A, mode.**

This linear correlation has been established both for K-doped
and Rb-doped Cg,.***” With different doping levels, the Rb-
doped Cg, compounds have different crystal structures and
exhibit different Raman active modes as depicted for K-doped
Ceo”>*® In previous works, for RbCg,, the downshift of the

Raman spectroscopy measurements were performed to get the
knowledge of the vibrational modes and charge transfer for the
synthesized Cg, samples. Figure 1(a) shows the room-
temperature Raman spectra of pristine Cq4, and Rb-doped
Cgo- Upon doping, the overall intensity of the Raman spectra

for the Rb-doped samples decrease to about one-third of that Ag(z) mode is about 6 cm™!, much less than our synthesized
for pristine Cq4y (not shown). This phenomenon has been sample; the downshift of about 30 em™! for the Ag(z) mode is
reported in previous work,”® which can be attributed to the attributed to RbsCg, and the downshift of about 20 em™
decreased penetration depth of the laser in alkali-metal-doped belongs to RbsCg."" Therefore, the Raman shift for Rb,Cqp is
Cgo with a narrower band gap or even with a metallic state. For in the range of 20—30 cm™" following the linear correlation.
the parent compound with a face-centered cubic structure, Besides, for RbCyy, the face-centered cubic structure exhibiting
active Raman modes include two A, and eight H, modes. Upon the similar Raman active modes as our synthesized samples
doping, only the lowest two H, modes and two A, modes generally exists at high temperature, and the room-temperature
remain observable on the curves for our Rb-doped C phase is an orthorhombic structure with much more Raman
samples, which is reminiscent of the previous works.?® The active modes alongside the Ag(z’) mode.”* In addition, for
mode vibrations for the dominant modes upon doping are another stable phase RbsCg, with a body-centered cubic
depicted in Figure 1(b), two H, modes being part of low- structure, apart from the different downshift of the A, (2)
energy radial motions and two A, modes belonging to high- mode, the number of the Raman active modes is even more
energy tangential motions. Besides, the Hg(l) mode for Rb- than that for pristine C, as depicted in previous works.** For
doped Cg, exhibits a Breit—Wigner—Fano line shape, and this our synthesized sample, the Ag(Z) mode exhibits a single-band
character is consistent with that reported for K;C4, and Rb;Cq, feature, and no traces belonging to RbCy, Rb,Cy, and RbCq,
films,”"** further illustrating that the collected data are derived can be detected, indicating that our sample is a well-doped
from the doped products. Based on previous exploration, the single-phase compound. As shown on the right panel of Figure
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Figure 3. Temperature-dependent electrical resistivity (p) of Rb-doped Cq. (a) p(T) in the temperature range of 2—50 K at zero magnetic field.
The inset shows the resistivity curve in the full temperature range of 2—300 K. (b) p(T) at various magnetic fields in the low-temperature range of

2-3S K.

1(a), the 16 + 1 cm™" downshift of the Ag(Z) mode for Rb,Cy,
is slightly lower than that for RbyC4 of about 20 cm™’,
indicating that the charge transfer in our sample is less than 3.
We presume that the refined stoichiometry for our synthesized
sample deviates from the integer 3, residing in a doping level of
2—3. The nonstoichiometric doped samples have been found
both in K-doped and Rb-doped Cg, prepared by the vapor-
transport method.'”*>** Most previous works concentrate on
the studies of the vibrational and electronic properties for these
materials, but few explore whether superconductivity can be
realized in these nonstoichiometric doped samples. Based on
the phase diagram for Rb-doped Cg, proposed by Zhu et al,,'”
our sample resides in the first two-phase coexisting range and
possesses the face-centered cubic structure. As shown in Figure
1(c), we give a provisional crystal structure for Rb,Cg in terms
of that for RbyCg.'® To explore further, magnetization
measurements were carried out on the Rb-doped Cg, sample
to explore whether superconductivity can be achieved in this
sample.

The Meissner effect and zero-resistance state are two
essential properties for a well-defined superconductor. Both
dc and ac magnetic susceptibility measurements were
performed to elucidate the Meissner effect of the Rb-doped
Cgo- Figure 2(a) shows the temperature dependence of the
magnetic susceptibility for Rb-doped Cg. The sample was first
cooled down to 1.8 K in zero field, and data were then taken in
a given magnetic field of 10 Oe on warming the sample to 100
K, corresponding to a zero-field-cooling run (ZFC). Then, the
sample was cooled in the same magnetic field to the lowest
temperature to collect the field-cooling run (FC) data
simultaneously. The ZFC magnetization shows the flux
exclusion, while the FC magnetization displays the flux
expulsion. The big difference between the two curves is
evidence for trapped flux and often detected in type-II
superconductors. The overall magnetization behavior demon-
strates the well-defined Meissner state with an onset T, of 22.8
K. The T, is far different from that reported for Rb;Cg, of
about 28 K," indicating that the nonstoichiometric Rb-doped
Cgo sample may correspond to a new superconducting phase.
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The depressed T, may originate from the lesser charge transfer
upon nonstoichiometric Rb intercalation according to our
Raman spectra. According to previous studies, T, is propor-
tional to the density of states at the Fermi level, which can be
affected by the lattice constant and carrier concentration.'®*!
Supposing that the density () for our sample is about 2 g
cm ™, the shielding fraction (SF) is estimated to be about 88%
(SF = 47y5) at 1.8 K with an applied magnetic field of 10 Oe,
which is a comparatively high value for powdered samples.”””
Figure 2(b) demonstrates the suppression of T, by the applied
fields, which is a typical feature for superconductivity. The
inset of Figure 2(b) gives an expanded view for the overlapped
curves in high fields. Figure 2(c) represents the magnetization
hysteresis loops with a magnetic field along two opposite
directions up to 7 T at a temperature step of 2 K. The
magnetization of our sample decreases with increasing
temperature and completely converges at 24 K. The
diamond-like shape of the hysteresis loops indicates that the
Rb-doped sample is a typical type-II superconductor. Based on
Bean’s critical-state model,*® one can get an estimation of the
critical current density (J.) from these hysteresis curves. Figure
2(d) depicts the variation of the magnetization with increasing
magnetic field up to 400 Oe at various temperatures, obtained
by using the same method just as the hysteresis loops, which is
a common method to determine the lower critical field
[H.,(T)] for superconductors. The temperature dependence of
the ac susceptibility further confirms the superconductivity for
our sample and can also be recognized as a qualitative criterion
for the sample quality. The imaginary part (¥”) shown in
Figure 2(e) is correlated with the energy dissipation in the
sample due to the formation of a superconducting vortex
current.”’ The real part (') displayed in Figure 2(f) of the ac
susceptibility is a measure of the magnetic shielding, in
accordance with the ZFC run in dc magnetization measure-
ment. Both the ¥’ and y” parts exhibit an obvious anomaly at
around 22 K, resembling the diamagnetic transition in dc
measurements. Note that a narrow peak appears in the y” part
when the magnetic field penetrates to the centers of the sample
grains during measurement. The single sharp peak appearing in

https://doi.org/10.1021/acs.jpcc.1c10420
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Figure 4. Characterization of superconducting parameters for Rb-doped Cy. (a) Temperature dependence of the critical current density at the
given magnetic field. The solid line is a guide to the eye. The inset shows the method to determine the M, and M_ with a specific magnetic field of
1 T at 2 K. (b) Temperature-dependent lower critical field H,,(T) determined by M(H) at low magnetic fields. The dashed line represents the
nonlinear fitting based on the empirical law H,(T)/H,;(0) = 1 — (T/T.)* Inset: H,,(T) is defined as the field where a deviation from a linear
M(H) occurs. Error bars represent the estimated uncertainties in determining H,,(T). (c) Determination of the upper critical field H,(T). The
dashed line depicts the nonlinear fit based on the Ginzburg—Landau theory, and the solid line represents the linear fit of the dH,,(T)/dT. The error
bars reflect the rounding of the transition. The inset illustrates the method of determining T, from the resistivity curve at an applied field of 0 T.

'’ part demonstrates that the Rb-doped Cy, sample possesses
one superconducting phase and exhibits bulk superconducting
features. Since the well-characterized y” part can be a
qualitative criterion for samples with zero resistivity, the
electrical resistivity measurements are performed to study the
electrical properties of our sample.

The electrical resistivity measurements were performed on
the same sample that has been characterized by magnetization
measurements. Before the measurements, the powdered
sample was pressed into a compact pellet to reduce the poor
contact. Figure 3(a) shows the p(T) of the Rb-doped Cg,
sample at a low-temperature range of 2—50 K at zero field and
demonstrates that zero resistivity has been achieved in our
sample. The inset of Figure 3(a) depicts the full view of the
resistivity curve in a temperature range up to 300 K. The
critical temperature is defined as the highest point on the
resistivity curve, which agrees fairly well with that determined
by magnetic measurements. Below 22.5 K, the resistivity starts
to decrease; zero resistivity is obtained at about 10 K. The
transition width for the sample, defined as the temperature
range from 10 to 90% of the transition, is 6.4 K and is
comparable to that reported for powdered samples.” Besides,
the normal-state resistivity increases by a factor of 4 with
decreasing temperature in the studied temperature range,
which can be attributed to the granular effect as reported for
K;Cg, films.*> The nonmetallic normal-state resistivity can also
be attributed to the nonsuperconducting part in our sample,
because the shielding fraction is not 100% and defects or
sample inhomogeneity may exist. Figure 3(b) displays the
variation of p(T) under different external magnetic fields.
Upon increasing magnetic field, the broadened transition width
and the depressed T, can be observed evidently, which are the
intrinsic properties for superconductivity and are reminiscent
of those reported for RbyCg.”> The suppression of T, by the
applied magnetic fields can also be adopted to evaluate the
upper critical field [H,(T)] for our sample.

Therefore, both Meissner effect and zero-resistance state are
realized as solid evidence for superconductivity in our
nonstoichiometric Rb-doped Cg, sample. Our work also
makes up the lack on the determination of the super-
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conductivity for one sample from the both intrinsic properties
in Rb-doped Cgy,.

Based on the available data from the measurements of the
magnetic and electrical transport properties, we determined
the superconducting parameters for the Rb-doped Cg, sample.
Figure 4(a) shows the temperature dependence of the J. at the
given magnetic field of 1 T. For a cylindrical sample with
radius R (cm), the J(H,T) can be calculated using the
formula:> J.(H) = 15 X (M, — M_)/R, where M, and M_
represent the magnetization at the indicated external field
measured by increasing and decreasing magnetic field at a
specified temperature. The inset of Figure 4(a) depicts the
method to determine the M, and M_ on the hysteresis loop at
2 K. Assuming the grain size of our sample is 1 ym, we obtain
J(T=2K H=1T) =225 X 10° A cm ™, which is lower by
an order of magnitude than that for Rb;C4, at the same
magnetic field at low temperatures.””*> As shown in Figure
4(a), the J. of our sample decreases with increasing
temperature, which is in accord with the previous works for
K;Cg, and Rb,Cp.>"

Figure 4(b) shows the temperature-dependent H,, for the
Rb-doped Cg, sample. The inset of Figure 4(b) depicts the
method to determine the H,, at 2 K, which is defined as the
field where the deviation from a linear M(H) occurs. The
H,,(0) of our sample is estimated to be about 49.6 + 2.6 Oe,
which is obtained by the nonlinear fit based on the empirical
law H,(T)/H,(0) = 1 — (T/T.)>. This value just resides in
the wide range of H,;(0) for Rb;Cg4, with a maximum of about
16 mT and a minimum of about 0.9 mT.”>*” Apart from this
method, the trapped magnetic moment method is also adopted
to determine H,,(T) for alkali-metal-doped fulleride super-
conductors but usually gives a lower value.”

Figure 4(c) depicts the determination of H,(T) for our
sample. The H,(T) is weighed by the method as exhibited in
the inset of Figure 4(c). Namely, the intersection of the linear
extrapolations made both below and above T, defines H,,(T).
Based on the Werthamer-Helfand-Hohenberg equation,5
H,(0) = 0.693[—(dH,/dT)];.T,, the slope is fitted to be
—2.93 T/K and the calculated H,(0) is about 42.8 + 0.8 T.
H,(0) is about 55.6 + 1.4 T by fitting H,(T) with the
expression H,,(T) = Ho(0)[1 — (T/T)")/[1 + (T/T.)%]

https://doi.org/10.1021/acs.jpcc.1c10420
J. Phys. Chem. C 2022, 126, 2912—-2919


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10420?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

based on the Ginzburg—Landau theory. In previous studies of
H,(0) for RbyCy, many techniques have been applied to
acquire a reliable value, including magnetization,*>”*
electrical transport,”> and radio frequency.””® All these
methods give variable results ranging from 78 to 38 T
depending on samples and measuring techniques. Taking the
range of T, into consideration, the extrapolated H,,(0) for our
sample is in a reasonable range for alkali-metal-doped Cg,
superconductors.

Using the relations®’ H,(0) = ®,/27&* and H,;(0) = (¢o/
4743) In(A2/€), where @, is flux quantum, the zero-temper-
ature coherence length £ and the penetration depth 4 for our
sample are estimated to be 2.4 and 408.5 nm, respectively. The
penetration depth is in the intermediate range of that for
Rb;Cq and very close to a result of 420 nm obtained by the
muon spin relaxation method.”*>** The coherence length of
our sample is comparable to those reported for Rb;Cg,
measured by electrical transport and radio frequency
methods.***® The Ginzburg—Landau parameter k = A/& of
about 170 is obtained, which further confirms the type-II
superconductor character.

Bl CONCLUSIONS

In conclusion, we have synthesized a high-quality Rb-doped
Cgo sample using a wet-chemical method. Upon doping, the
charge transfer is determined by the downshift of 16 + 1 cm™
for the A,(2) mode, yielding a charge transfer of less than 3,
which indicates that the synthesized sample is a non-
stoichiometric doped compound. Based on the established
knowledge, we give a provisional crystal structure and the
specific mode vibrations for our synthesized sample. Moreover,
both the Meissner effect and zero-resistivity state with T, in the
range of 22—23 K have been detected to provide solid
evidence of superconductivity for our sample. The lesser
charge transfer consistent with the different T, values and bulk
superconductivity characters may demonstrate that we have
synthesized a new superconducting phase and also prove
superconductivity can be realized in samples with a valence
state deviating from exactly 3 for Rb-doped Cg,. Furthermore,
the superconducting parameters, including J.(T =2 K, H = 1
T) =225 X 10° A cm™2, H,;(0) = 49.6 + 2.6 Oe, H,,(0) =
55.6 + 1.4 T, and the derived £ = 2.4 nm and 4; = 408.5 nm,
are well-defined by multiple techniques. Our work provides
both magnetic and electrical transport evidence for one sample
with superconductivity, making the determination of super-
conducting parameters more canonical and reliable. Further-
more, the correlation of the carrier concentration with T, needs
further experimental and theoretical exploration, which may
contribute to understanding what controls superconductivity in
fullerene superconductors.
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