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Quantum confinement and coherence effects are considered the cause of many specific features for
systems which are generally low dimensional, strongly disordered, and/or situated in the vicinity of the
metal-insulator transition. Here, we report on the observation of anomalous resistance peak and specific
heat peaks superimposed at the superconducting transition of heavily boron-doped polycrystalline bulk
diamond, which is a three-dimensional system situated deep on the metallic side of the boron-doping-
driven metal-insulator transition in diamond. The anomalous resistance peak and specific heat peaks are
interpreted as a result of confinement and coherence effects in the presence of intrinsic and extrinsic
granularity. Our data, obtained for superconducting diamond, provide a reference for understanding the
superconductivity in other granular disordered systems. Furthermore, our study brings attention to the
significant influence of granular disorder on the physical properties of boron-doped diamond, which is
considered a promising candidate for electronics applications.
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I. INTRODUCTION

Since the preparation of synthetic diamond by Hall at
General Electric in 1954, industry has benefited more
and more from this material. With a low fabrication cost,
synthetic diamond brings in nearly all the unique advan-
tages of natural diamond, e.g., the robust mechanical
strength, the extraordinarily high thermal conductivity,
the remarkable resistance to contamination and chemical
etching, and so on. Besides its wide use in machinery and
the mining industry, the applications of synthetic diamond
in microelectronics and power electronics also become
feasible. The combination of the high thermal conductivity,
large breakdown voltage, and the tunable electronic proper-
ties upon doping makes synthetic diamond a promising
candidate for 21st-century electronics [1].
In 2004, superconductivity, observed in heavily boron-

doped synthetic diamond [2,3], opened additional perspec-
tives for the potential applications of this material in an
even wider range, e.g., the diamond-based superconducting
quantum interference device (SQUID) and superconduct-
ing diamond tips for the local probing techniques such as
scanning tunneling microscopy (STM) and scanning tun-
neling spectroscopy (STS) [4,5]. Since the discovery of

superconductivity in diamond, two main groups of artificial
diamond, CVD (chemical vapor deposition) diamond and
HPHT (high-pressure high-temperature) diamond, as cat-
egorized according to their synthetic methods, have drawn
considerable attention [2,3]. Although CVD diamond in the
form of film is generally considered to be more promising
for applications, as it can be easily shaped into super-
conducting devices [1,3], HPHT diamond does have its
own advantages. The naturally formed sharp edges of
freestanding superconducting HPHT diamond make it a
straightforward candidate for local probing tips [5], which
are more robust, much harder to contaminate, and can have
a higher resolution than tips made of conventional materi-
als. Such diamond tips are also useful for imprinting in
micro- and nanofabrications.
In spite of the difference between their synthetic methods

and forms, CVD and HPHT diamonds demonstrate very
similar physical properties in many cases, e.g., the broad-
ening of the resistive superconducting transition when the
applied magnetic field is increased [6,7], the negative
temperature coefficient of the normal-state resistivity, even
when the boron doping level goes well above the critical
doping level for the insulator-metal transition in diamond
(∼ 3 × 1020 cm−3) [2,7–12], modulations of the local
superconducting order parameter [7,13], etc. The similarity
between their physical properties is not simply because
superconducting CVD and HPHT diamonds are the same
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kind of material, but mostly due to their common grounds
of being a doped insulator [14,15], granular disordered, and
situated in the three-dimensional (3D) regime [7,11,14].
These two systems, therefore, can be used to mimic each
other and other similar superconductors.
In this article, we report on our observations of anoma-

lous resistance peak and specific heat peaks in boron-doped
polycrystalline HPHT diamond. Different from the data
reported before for CVD diamond films [9,16], the resis-
tance peak observed in this work is superimposed in a two-
step resistive superconducting transition. Besides the main
specific heat peak observed upon the resistive supercon-
ducting transition, an additional peak is found below the
offset critical temperature of the transition. The bosonic
nature of these anomalous peaks, as suggested by their
locations, is confirmed by our experiments in different
applied magnetic fields. We interpret these peaks and the
two-step superconducting transition as a result of confine-
ment and coherence effects in the presence of granular
disorder. Our data, obtained from HPHT diamond, provide
a series of experimental facts applicable not only for CVD
diamond but also for other granular disordered systems.
Our analysis of the resistance peak can be directly used for
the theoretical modeling of similar observations in other
superconducting materials and devices.

II. EXPERIMENT

A. HPHT synthesis of boron-doped
polycrystalline bulk diamond

Synthesis of the boron-doped polycrystalline diamond
is carried out under high pressure and high temperature
conditions. A graphite bar (12C 99 at. %, C 99.999%) with
boron (10B 96 at. %, B 99.9% crystalline, Alfa Aesar)
embedded in the center is placed in a HPHT chamber.
Under a pressure of 8–9 GPa, the boron-graphite assembly
is heated by passing an electric current through the graphite
bar. As soon as the temperature in the center of the bar
reaches the temperature of the eutectic melt in the B-C
system (∼2500 K), diamond formation takes place at the
boron-graphite interface [2,7]. After synthesis, the eutectic
assembly is crushed into coarse pieces to gain access to the
central boron-enriched part of the material. The pieces are
subsequently acid treated to remove nondiamond phases.
Afterwards, the total concentration of boron in the poly-
crystalline diamond is estimated at a level of about 3% [7].
The acid-treated coarse pieces (about 0.9 mm in length,
0.6 mm in width, and 0.3 mm in thickness) are directly used
for our experiments.

B. Electrical transport and specific
heat measurements

To characterize the electrical transport properties of the
so-prepared HPHT diamond, silver wires are connected to
the sample by using silver paste for electrical contacts.

Four-terminal ac measurements are carried out by sending
the ac current through two distant diamond facets, and
probing the voltage drop in between with a lock-in
amplifier.
Specific heat measurements down to 0.7 K are per-

formed by the ac-calorimetry technique. The basics of the
method involve applying periodically modulated power
and measuring the resulting temperature oscillations of the
sample. In the proper frequency regime, the heat capacity
of the sample is inversely proportional to the amplitude of
the temperature oscillations. The experimental method and
instrument are similar to the ones described in Ref. [17].
In our case, an optical fiber is used to guide the heating
power from a light-emitting diode towards the sample.
The temperature of the sample is recorded by the chromel-
constantan thermocouple which had been calibrated
from measurements on ultrapure silicon. Although our
ac calorimeter is not capable of measuring the absolute
values of the heat capacity, it is very sensitive for
measurements of relative changes on minute samples such
as our coarse diamond pieces with a volume smaller than
1 mm3. To measure the heat capacity of our HPHT
diamond, the two distant facets, through which ac current
is sent for electrical transport measurements, are used for
temperature sensing.

C. STM and STS experiments

After characterizing the bulk properties of the sample
with electrical transport and heat capacity measurements,
we look into its local superconductivity by performing
STM and STS experiments. Atomically sharp STM tips are
formed in situ by controlled collision of the Au tip with a
clean Au surface at cryogenic temperatures [18]. We scan
different surface areas in between the two distant facets of
the sample. Surface topography is acquired in the constant
current mode with a tunneling resistance of 500 kΩ. Zero
bias conductance maps were acquired by the current
imaging tunneling spectroscopy mode [19].
The tunneling conductance curves GðV; x; yÞ ¼

dIðV; x; yÞ=dV vs V are calculated by numerical differ-
entiation of the locally measured I-V characteristics. Since
the metallic Au tip features a constant density of states
at the measured bias energies, each of the differential
conductance vs voltage spectra reflects the local super-
conducting density of states (SDOS) of the sample,
smeared by ∼� 2kBT in energy at the respective temper-
ature. Consequently, in the low temperature limit, the
differential conductance measures directly the SDOS.

III. RESULTS

Figure 1(a) shows the thermoresistivity ρðTÞ measured
in the temperature range of 0.3 K–300 K at zero magnetic
field. At 300 K, our samples have a normal-state resistivity
one order of magnitude lower than that of diamonds
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situated in the vicinity of the metal-insulator transition [8].
The ρðTÞ increases slightly when lowering temperature
from the room temperature, and the resistive superconduct-
ing transition takes place at 4.89 K. The negative temper-
ature coefficient of resistivity at normal state suggests that
the heavily doped HPHT diamonds are dirty metallic, and
granular disorder-correlated localization of charge carriers
has a significant influence on the electrical transport at high
temperatures. Similar observations were also ever made for
granular disordered CVD diamond films [8–11].
The magnification of the superconducting transition of

two HPHT diamonds is shown in the inset to Fig. 1(a).
At first glance, the two samples HPHT1 and HPHT2 seem
to have very different ρðTÞ behaviors, i.e., the resistive
superconducting transition of HPHT1 demonstrates an
anomalous peak while HPHT2 undergoes a two-step
transition. It, however, turns out that entangled with the
ρðTÞ peak, there is also a two-step superconducting
transition in HPHT1 as revealed by our ρðTÞmeasurements
in magnetic fields [see Fig. 1(b)]. We tracked the trans-
formation from the resistive superconducting transition,
on which the ρðTÞ peak is superimposed, to the two-step
transition in different magnetic fields. When increasing the
magnetic field, the ρðTÞ peak diminishes in amplitude,
shifts to a lower temperature, and turns into a bump. It is
also noteworthy that along with the diminishing of the peak
amplitude, the first-step superconducting transition, pre-
ceding the ρðTÞ peak, is resumed.
Consistent with the results of our thermoresistivity

measurements, the anomalous resistance peak is also found

when measuring the resistivity as a function of magnetic
field ρðBÞ. Figure 2(a) presents the ρðBÞ peak observed
in the low field region, and Fig. 2(b) illustrates the 3D
interpolation of the data.
The suppression and shift of the ρðTÞ peak in magnetic

fields, and its entanglement with the superconducting
transition, all suggest the presence of Cooper pairs at the
abrupt ρðTÞ increase. To verify the bosonic nature of the
anomalous ρðTÞ peak, we perform specific heat measure-
ments on HPHT1 down to 0.7 K and up to 5 T. The
temperature dependence ofC=T in different magnetic fields
is plotted in Fig. 3(a). Rather than an abrupt jump, the zero-
field specific heat demonstrates a gradual increase below
the onset temperature 4.89 K of the superconducting
transition. Moreover, two specific heat peaks are found
in sequence with their C=T maxima located at 4.05 and
2.76 K, respectively. The observation of these two broad
C=T peaks suggests that the opening temperature of the
superconducting gap (local critical temperature) in our
system is strongly inhomogeneous, and the set of the local
critical temperatures consists of two main subsets [20].
When increasing the magnetic field, both C=T peaks are

suppressed and shifted to lower temperatures. The sup-
pression of the second peak at 2.76 K is more pronounced
than that of the first one at 4.05 K. Meanwhile, the left
shoulder of the first peak overlaps more and more with the
second peak during the shift, forming a single bump in

(a) (b)

FIG. 1. The dirty metallic normal state and the resistive
superconducting transition of heavily boron-doped poly-
crystalline diamonds synthesized with the high-pressure
high-temperature (HPHT) method. (a) Despite the negative
temperature coefficient of resistivity, the normal-state ρðTÞ
increases when lowering temperature is far smaller than the
criterion of Δρjper 10 K > 10% for an insulating state, suggesting
the dirty metallic normal state induced by weak disorder. Inset:
sample HPHT2 exhibits a two-step superconducting transition,
while sample HPHT1 demonstrates an anomalous ρðTÞ peak
superimposed in its resistive superconducting transition. (b) In
magnetic fields, the anomalous ρðTÞ peak of HPHT1 diminishes
into a bump, leaving behind a two-step feature of the super-
conducting transition.

(a)

(b)

FIG. 2. The anomalous resistance peak observed when meas-
uring the resistivity as a function of magnetic field ρðBÞ.
(a) Consistent with the ρðTÞ measurements, the anomalous
resistance peak, situated in the low field regime, is suppressed
and shifted in higher magnetic fields. (b) The 3D view of the
interpolated data of (a).

BOSONIC ANOMALIES IN BORON-DOPED … PHYS. REV. APPLIED 6, 064011 (2016)

064011-3



higher magnetic fields and at lower temperatures. The inset
to Fig. 3(a) displays the linear fit of C=T vs T2 for B ¼ 5 T
(see the dashed black line). As shown by the fitting, the
applied magnetic field of 5 T is not high enough to
completely suppress the superconductivity at low temper-
atures and hence, the normal state is recovered only down
to about 2 K. The linear behavior of C=T vs T2 in the
normal state indicates that our HPHT diamonds are conven-
tional BCS superconductors with a Debye lattice following
the law of C=T ¼ γ þ βT2. Figure 3(b) provides the 3D
interpolation of C=T as a function of T and B.
The bosonic anomalies, observed in the measurements of

ρðTÞ and C=T, are plotted together in Fig. 3(c) for a
detailed survey. Characteristic temperatures of Tc

hc, Thc
p1,

and Thc
p2 are defined as the temperature where C=T starts

increasing and where C=T reaches the local maxima,
respectively. To characterize the resistive superconducting
transition, Tc

onset, Tp, and Tc
offset are defined as the

temperature where ρ starts decreasing, where the ρðTÞ

peak is located, and where ρ drops down to 0, respectively.
The crossover of different phase boundaries as determined
by the C=T and ρðTÞ measurements in magnetic fields can
be seen in Fig. 3(d).
To gain further insight into the bosonic anomalies,

we perform STM and STS measurements on HPHT1.
Throughout a ð500 × 500Þ-nm region [see Fig. 4(a)], the

(a)

(b)

(c)

(d)

FIG. 3. Anomalous specific heat peaks found below the onset
critical temperature of the superconducting transition. (a) The
temperature dependence of specific heat over T,C=T. Rather than
a single jump, two broad C=T peaks are observed for the
polycrystalline bulk diamond. The behavior of the C=T peaks
in magnetic fields is tracked up to 5 T. Inset: With the linear
fitting of C=T (B ¼ 5 T) vs T2, we disclose that our HPHT
diamond has a normal state of classic BCS superconductors.
(b) The 3D view of the interpolated data of (a). (c) When plotting
ρðTÞ and C=T together, the anomalous ρðTÞ peak is found
to be within the temperature window of the C=T peak at Thc

p1,
and the other C=T peak is located at the tail of the resistive
superconducting transition with its maximum temperature
Thc
p2 < Toffset

c . The magnetic field dependence of the characteristic
temperatures as determined in (c) is summarized in (d), yielding
accordingly the phase boundaries.

(a)

(c)

(d) (e)

(g)(f)

(b)

FIG. 4. Topography and temperature-induced evolution of the
superconducting gap width and the zero-bias conductance (ZBC)
map. (a) The topographic image of a ð500 × 500Þ-nm-sized
surface area, on which the grain boundary in between grain
1 (G1) and grain 2 (G2) is marked with dashed white lines.
(b) The superconducting gap measured at three different locations
labeled as A, B, and C in (a). (c) Temperature-induced evolution
of the superconducting gap. The solid curves are the BCS fit to
the half-width of the superconducting gap Δ (hollow symbols) at
different location. (d)–(g) Temperature-induced evolution of the
ZBC map, providing information about the depth variation of the
superconducting gap. Intrinsic granularity is found to play a role
in defining the modulations of Δ on a scale much smaller than the
size of physical grains (extrinsic granularity).
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differential conductance dI=dV spectra are collected and
normalized to the dI=dV value far outside the super-
conducting gap [see Fig. 4(b), for instance]. Analysis of
the dI=dV spectra provides us with information about both
the width and depth of the superconducting gap. The
superconducting gap 2Δ is obtained by fitting the Dynes
formula to the measured spectra. The dense spatial varia-
tion of the SDOS intensifies the intrinsic noise of the
experimental apparatus, resulting in broadened spectra with
an unstable and uneven background. Hence, to fit our
spectra, the Dynes modification of the thermally smeared
BCS density of states is used [21]. Figure 4(c) shows the
temperature-induced evolution of Δ at three different
locations [see A, B, and C in Fig. 4(a)]. From the BCS
fit to ΔðTÞ, Tc ¼ 2.50 K, 2.32 K, and 0.92 K, and
Δð0 KÞ ¼ 0.38 meV, 0.35 meV, and 0.14 meVare deduced
for the locations of A, B, and C, respectively, yielding a
universal value of 2Δð0 KÞ=kBTc ¼ 3.52 at different loca-
tions. The substantial difference between the Δð0 KÞ and
Tc values, obtained from the two different grains (G1 and
G2), clearly indicates that our HPHT diamond is granular
disordered. By taking the dI=dV values at zero-bias voltage
[see the dashed line in Fig. 4(b)], we construct the zero-bias
conductance σZB maps. Figures 4(d)–4(g) display the
temperature-induced evolution of σZB. At T ¼ 0.5 K <
Tc

offset, spatial variations of σZB are already present in G1
and G2, and superconducting vales are found in G2. When
increasing the temperature, the locally emerged normal
states block the vales into superconducting lakes.
On the surface of HPHT1, we perform STM scans in

multiple regions, while no superconducting gap is found
above Tc

offset in any of the randomly chosen areas,
prohibiting us from a detailed survey of the bosonic
droplets at higher temperatures. Our STM and STS
measurements, however, demonstrate the presence of the
inhomogeneity of the local critical temperature in boron-
doped granular diamond. On the other hand, more than a
coincidence, the experimental fact of the absence of
superconductivity in our scanned surface areas also sug-
gests the percolation-based conduction and superconduc-
tivity mechanism of disordered diamond.

IV. DISCUSSION

Different from superconductors in the clean limit, boron-
doped polycrystalline HPHT diamonds are both granularly
and uniformly disordered. Despite the heavy boron
doping of the diamond grains (intragrain substitutional
boron concentration nboron ∼ 2.9 × 1021 cm−3 [7]), the
grain boundaries, in which boron atoms are embedded
as deep-level impurities, make the whole system a resistor
network [11]. When taking into account the difference
between the incorporation efficiency of boron dopants in
the diamond grains with different crystalline orientations
[22], this resistor network becomes even more complex
and, thus, not only physical granularity in morphology

(known as extrinsic granularity) but also electronic granu-
larity due to chemical potential modulations (known as
intrinsic granularity) play a role in defining the percolative
conduction-superconductivity mechanism of the system. In
our single crystalline diamond grains, structural imperfec-
tions such as inhomogeneous boron doping can result in
chemical potential variations at sub-grain-size scales
[23,24]. For superconductivity, the resistor network trans-
forms into a superconductor-insulator-superconductor
(S-I-S) junction network at low temperatures and according
to the percolation threshold in 3D, only about 20% of the
extrinsic and intrinsic grains need to be superconducting
and coupled with each other via the S-I-S junctions. Since
our HPHT diamonds are situated deep on the metallic side
of the boron-doping-driven insulator-metal transition of
diamond [8,25], it is highly likely that the proximity effect
also contributes to the establishment of the percolation
path, lowering the percolation threshold even further.
Based on the resistor network and S-I-S junction net-

work, we interpret the bosonic anomalies of ρðTÞ and C=T
as follows (see Fig. 5): above Tc

onset thermally activated
single quasiparticles along the percolation path contribute
to the electrical transport of the system [see Fig. 5(a)],
resulting in the dirty metallic normal state (see Fig. 1). As
the temperature decreases below Tc

onset, the superconduct-
ing gap starts to open. In the presence of weak disorder, the
opening of the superconducting gap is spatially inhomo-
geneous, resulting in the formation of precursor bosonic
droplets. Local phase locking sets in between some of these
bosonic droplets [see Fig. 5(b)], leading to the initial
decrease of ρðTÞ below Tc

onset (see Fig. 1). Note that
the resistive superconducting transition is a process during
which the bosonic channel takes over the control of
electrical transport from the fermionic channel. In the
presence of disorder, single quasiparticles are gradually
removed from the fermionic channel to charge the bosonic
channel by first forming isolated localized bosonic islands

(a) (b) (c)

FIG. 5. The resistor–superconductor-insulator-superconductor
(S-I-S) junction network model, based on which the bosonic ρðTÞ
and C=T anomalies are interpreted. Note that the solid circles (red
for normal state and blue for superconducting state) should be
viewed as intrinsic and/or extrinsic grains. The percolation and
condensation path is highlighted by glowing polylines. Blue
crosses denote the S-I-S junctions. (a)–(c) illustrate the physics
picture for normal-state, resistive superconducting transition, and
superconducting state (ρ ¼ 0) in the presence of intrinsic and
extrinsic granularity-correlated disorder, respectively.
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(groups of phase-locked bosonic droplets). The anomalous
ρðTÞ increase occurs, since the efficient removal of single
quasiparticles takes place before the establishment of a
percolation path for the dissipationless flow of charged
bosons. When lowering the temperature further, the pre-
formed bosonic islands continue to grow, and more and
more bosonic islands are developed and coupled. The
global phase coherence sets in between these developed
bosonic islands and the bosonic channel takes full control
of electrical transport at T ≤ Tc

offset [see Fig. 5(c)] [16].
For the resistive superconducting transition in ρðTÞjB≠0,

the competition between the fermionic and bosonic chan-
nels is stimulated by the applied magnetic field. On one
side, single quasiparticles, released from the preformed
isolated bosonic droplets due to Cooper pair breaking, can
charge the fermionic channel and delay the intervention of
the bosonic channel. On the other hand, the released single
quasiparticles can also charge the bosonic channel by
forming new droplets when lowering the temperature,
and thus contribute to the establishment of the percolation
path for charged bosons.
We emphasize that in the physics picture described

above, the emergence of the anomalous ρðTÞ peak is
dependent not on the presence of the two-step super-
conducting transition but on the temperature difference
between two scenarios, i.e., the extinction of single qua-
siparticles takes place before the global phase coherence.
For instance, besides our HPHT2, there are also other
systems in which a similar two-step resistive superconduct-
ing transition was present, while no anomalous ρðTÞ peak
was observed [26,27]. On the other hand, there are also
cases, including boron-doped CVD diamond films, in
which an anomalous ρðTÞ peak preceding a single step
transition was found [16,28–30]. In the framework of our
model, disorder is considered as a crucial factor that delays
the onset of the global phase coherence and thus triggers the
temperature difference between the extinction of single
quasiparticles and the global phase coherence. However, the
degree of disorder, required for the emergence of the
anomalous ρðTÞ peak, might not be too high, since other-
wise the broad distribution of the local critical temperature
would slow down the process of the extinction of single
quasiparticles and overlap with the global phase-coherence
temperature. This might be the reason why, so far, the
anomalous ρðTÞ peak has been observed only in some
systems with a relatively low normal-state resistivity
[16,28–30]. The correlation between the anomalous resis-
tivity increase and the normal-state resistivity was ever
observed in some CVD diamond films [9,16]. Note that due
to the accidental observations of the anomalous ρðTÞ peak
in different systems, its origin still remains an open
question. Our interpretation of this anomalous phenome-
non, based on the influence of weak disorder (a possible
common ground between different systems), may stimulate
experimental and theoretical research in this field.

In the framework of our physics picture, we model the
resistive superconducting transition in HPHT1 by consid-
ering three different cases, in which fermionic and bosonic
channels are connected in parallel. In the first case, a
fermionic channel with single quasiparticle resistivity
ρN is connected in parallel to a bosonic channel with
“superconducting” resistivity ρS [see Fig. 6(a)], giving rise
to the total resistivity

ρtotal ¼
ρNρS

ρN þ ρS
; ð1Þ

where ρN is semiempirically modeled as

ρN ¼ ρM −
�
2

Z
∞

ΔðTÞ
gðEÞf0ðEÞdE

�−1
; ð2Þ

and ρS is empirically written as

ρS ¼ ρ0

�
T

Toffset
c

− 1

�
η

: ð3Þ

ρM is the residual resistivity of the dirty metallic state,
gðEÞ ¼ E=½E2 − ΔðTÞ2�1=2 is the single quasiparticle

(a) (d)

(b)

(c)

FIG. 6. Modeling of the anomalous resistive superconducting
transition by using different multichannel circuits. Considering
that a resistive superconducting transition is a process in which
Cooper pairs take over the control of electrical transport from
single quasiparticles, we borrow the switchlike function of
parallel circuits for the development of three different models.
(a) The two-channel model, composed of one fermionic channel
ρN and one bosonic channel ρS, fails to describe our ρðTÞ peak
superimposed in the two-step superconducting transition,
although it can generally provide good fits to resistance peaks
situated at the very onset of resistive superconducting transitions.
(b) The three-channel model, composed of one fermionic channel
ρN and two bosonic channels ρS1 and ρS2, describes the
anomalous resistive superconducting transition fairly well, as
shown in (d). (c) The three-channel model, composed of two
fermionic channels ρN1 and ρN2 and one bosonic channel ρS,
ended up with a failure when fitting the resistive superconducting
transition.
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density of state in BCS theory, and f0ðEÞ is the derivative
of the Fermi-Dirac distribution. Close to Tc

onset, Λ ¼
Λ0ð1-T=Tc

onsetÞ1=2 is taken as the parabolic approximation
for ΔðTÞ. ρ0, η, and Λ0 ¼ 1.74Δ ð0 KÞ are left as fitting
parameters. Note that the integral in the expression of ρN
reflects the removal of single quasiparticles from the
fermionic channel due to the Δ opening [16].
Although the two-channel model mentioned above can

generally provide good fits to resistance peaks with differ-
ent amplitude, it fails to describe our ρðTÞ peak which is
entangled with the two-step superconducting transition.
Above, we interpret the two-step superconducting transi-
tion as a result of two phase-coherence events one after the
other, i.e., local phase locking between some preformed
bosonic droplets sets in at a higher temperature and the
global phase coherence sets in at a lower temperature due to
the presence of disorder [26]. Accordingly, we modify the
model by introducing one more bosonic channel into it [see
Fig. 6(b)]:

ρtotal ¼
ρNρS1ρS2

ρNρS1 þ ρNρS2 þ ρS1ρS2
; ð4Þ

where ρN remains the same as in Eq. (2), while

ρS1 ¼ ρM1 þ ρ1

�
T
Td

− 1

�
χ

ð5Þ

is taken as an empirical expression for the first-step
superconducting transition (local phase coherence at higher
temperature) preceding the anomalous resistance increase,
and

ρS2 ¼ ρS ¼ ρ0

�
T

Toffset
c

− 1

�
η

ð6Þ

for the second-step superconducting transition (global
phase coherence at lower temperature). The experimental
values of Tc

onset ¼ 5 K, Tc
offset ¼ 3.2 K, Td ¼ 4.4 K

(where the resistance dip is located), and ρM ¼
10.43 μΩm were used for the fitting. As shown in
Fig. 6(d), the three-channel model, composed of two
bosonic channels and one fermionic channel, reproduces
fairly well the observed anomalous superconducting tran-
sition, and Λ0 ¼ 1.65meV, ρM1¼ 16.5 μΩm, ρ1¼79kΩm,
χ ¼ 3.8, ρ0 ¼ 1.95 kΩm, and η ¼ 2.11 were obtained as
fitting parameters. Despite our limited knowledge of the
physics meaning of the ρM1, ρ1, χ, ρ0, and η values, we
emphasize that Λ0 ¼ 1.65 meV yields a 2Δð0 KÞ=kBTc
value of 4.4, which deviates not much from our STM and
STS measurement result of 2Δð0 KÞ=kBTc ¼ 3.52.
In the case of three channels connected in parallel, we

also look into the possibility of modeling the resistive
superconducting transition by introducing an additional
fermionic channel into Eq. (1) rather than a bosonic one as
in Eq. (4) [see Fig. 6(c)], i.e.,

ρtotal ¼
ρN1ρN2ρS

ρN1ρN2 þ ρN1ρS þ ρN2ρS
; ð7Þ

where ρS remains the same as in Eq. (3), while

ρN1 ¼ ρN ¼ ρM−
�
2

Z
∞

ΔðTÞ
gðEÞf0ðEÞdE

�−1
ð8Þ

is taken as a semiempirical description for the removal of
single quasiparticles from channelN1 due to the opening of
Δ below Tc

onset ¼ 5 K, and

ρN2 ¼ ρm−
�
2

Z
∞

δðTÞ
GðEÞf0ðEÞdE

�−1
ð9Þ

for the removal of single quasiparticles from channel N2
due to the opening of a second superconducting gap δðTÞ
below Td ¼ 4.4 K. In this case, δ0ð1-T=TdÞ1=2 is taken as
the parabolic approximation for δðTÞ in the vicinity of Td,
and GðEÞ ¼ E=½E2 − δðTÞ2�1=2. In the framework of this
model, although δ0 ≫ Δ0 could give rise to the abrupt
ρðTÞ increase below Td, Eq. (7) failed to describe the
entire resistive superconducting transition due to disconti-
nuity at Td.
The model which we use for describing the resistive

superconducting transition can be directly applied to
explain the C=T anomaly. As shown by the shadowed
region in Fig. 3(c), the resistive superconducting transition
mainly takes place within the temperature range where the
first C=T peak is situated, and the resistivity drops down
to 0 in the temperature window of the second C=T peak. As
such, the C=T peak at Thc

p1 is considered to be responsible
for charging the bosonic channel by forming bosonic
islands [see Fig. 5(b)], while the C=T peak at Thc

p2 takes
part in finalizing the bosonic percolation path by connect-
ing up the bosonic islands [see Fig. 5(c)].

V. CONCLUSION

In heavily boron-doped polycrystalline diamond, we
observe an anomalous ρðTÞ peak superimposed in the
resistive superconducting transition and two broad C=T
peaks below the onset critical temperature. Based on the
resistor network model, the bosonic ρðTÞ and C=T anoma-
lies are interpreted as a result of the quantum confinement
and coherence effects of inhomogeneous superconductivity
in the presence of disorder. We develop a three-channel
model (two bosonic channels connected in parallel with
one fermionic channel) for the modeling of the anomalous
ρðTÞ peak. The inhomogeneity of superconductivity is
confirmed by mapping the Δmodulations in a temperature-
induced evolution with STM and STS. Our data, obtained
from heavily doped granular diamond, clearly demonstrate
that contrary to popular belief, even deep on the metallic
side of the boron-doping-driven insulator-metal transition

BOSONIC ANOMALIES IN BORON-DOPED … PHYS. REV. APPLIED 6, 064011 (2016)

064011-7



of diamond weak disorder can still result in strong quantum
confinement effects and thus anomalous physical proper-
ties. Moreover, our combined STM and STS, electrical
transport, and specific heat data also justify the argument
that the superconductivity in boron-doped granular dia-
mond is based on percolation.
Our progress in diamond material science can be of

practical concerns, when diamond-based devices such as
micro- or nanodiamond SQUID and diamond-made local
probing tips are discussed, since in many cases granular
diamond rather than single crystalline diamond will be used
to reduce the manufacturing costs, and then the influence of
granular disorder on the device can hardly be neglected.
On the other hand, instead of bringing a negative influence
to diamond-based Josephson junction devices, the self-
established grain boundary junctions may be directly
borrowed for relevant device development. Furthermore,
owing to the common grounds between HPHT and CVD
diamonds, our research results, obtained from HPHT
diamond, also shed light on the physical properties of
CVD diamond films, which are considered as a promising
candidate to be integrated into the well-developed silicon-
based electronics.
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