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The systematics of the suppression of superconductivity with increasing magnetic field in
boron-doped nanocrystalline chemical vapor deposition diamond is studied in a broad temperature
range. At the temperature of TS0 which is above the critical temperature, a plateau is observed in the
resistivity versus temperature curve ��T� taken at zero magnetic field. When a magnetic field of
B=BSN�N=1,2 , . . . ,5� is applied, the plateau moves to low temperature with the thermoresistivity
maximum located at TSN �N=1,2 , . . . ,5�. The ��B� curves, measured at different temperatures
around TSN, intersect in the �-B plane at the field of B=BSN. By tuning BSN from 0 to 5 T, a series
of plateaus in the �-T plane and the corresponding intersections in the �-B plane are observed. The
intersections quadratically chain up in the �-B plane, separating the superconducting from the
insulating region. The thermoresistivity maxima exponentially group up in the �-T plane, thus
defining a phase fluctuation zone. The phase boundary, composed of the intersections and separating
the superconducting states from the insulating state, is shown to be a generic consequence of
granularity. © 2010 American Institute of Physics. �doi:10.1063/1.3437653�

I. INTRODUCTION

Diamond, one of the most revered and sought-after ma-
terials by humankind, is taking on a whole new industrial
value owing to its extraordinary mechanical toughness,
uniquely high thermal conductivity, and tunable electrical
properties.1 More than a featureless wide-gapped insulator,
small concentrations of boron can transform diamonds into
doped semiconductors, and at a certain critical doping level,
boron-doped diamonds �BDDs� undergo an insulator–metal
transition. All these physical properties make BDD a prom-
ising candidate to boost the Si-based technologies for the
next generation of more robust, faster, higher voltage elec-
tronic devices.2 In addition, type-II superconductivity has re-
cently been reported for heavily boron-doped bulk3 and thin
film4 polycrystalline diamonds, providing even more fasci-
nating possibilities of the integration of semiconductor and
superconductor electronics.

For the potential applications of the BDDs, it is crucial
to synthesize diamond in the form of wafers/thin films so
that it can be printed with circuit boards and shaped into
other high-tech devices. Chemical vapor deposition �CVD�, a
method widely used in the semiconductor industry, is being
employed to produce high-purity BDDs, offering opportuni-
ties for their practical uses5 and providing stages for funda-
mental research on superconductivity.4,6–13 Although impor-
tant knowledge has been accumulated concerning the

properties of boron-doped CVD diamond thin films,4,6–9,11,12

only a few research reports have been devoted to the granular
nature of this superconductivity. The influence of the inevi-
table granularity of CVD diamond thin films on their trans-
port properties was only lately brought to attention.13,14 In
this article, we present results concerning the temperature-
and magnetic field-driven superconductor–insulator transi-
tions �SITs� in nanocrystalline boron-doped CVD diamond
thin films. We have observed negative thermoresistivity
�NTR� in the �-T plane, and with help of this observation, in
the �-B plane, detected a series of intersections of the mag-
netoresistivity curves taken within well defined temperature
windows. The intersections, a consequence of the granular-
ity, separate the superconducting region from the insulating
region.

II. EXPERIMENT

The BDD granular thin films were prepared by micro-
wave plasma-enhanced CVD at Hasselt University.12,15 The
sample preparation process consists of two main steps, i.e.,
�1� substrate seeding with a cap monolayer of nanodiamond
powders ���5–10 nm� and �2� BDD CVD film growth on
the seeding layer. �1� A substrate of quartz rather than Si was
utilized for diamond deposition to avoid the formation of
leakage channels at relatively high temperatures.16 The
seeding-generated nucleation sites are with a density of
1011 cm−2, and evenly spaced with a tight intergrain distance
distribution.15 �2� The seeded substrate was placed into a
steel type ASTeX 6500 reactor in combination with a con-a�Electronic mail: gufei.zhang@fys.kuleuven.be.
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ventional CH4 /H2 gas mixture. Under irradiation with mi-
crowaves, the gases were agitated and a cloud of energetic
carbon atoms was consequently released. These carbon at-
oms settled on the seeds and gradually, the growing diamond
grains bordered each other. During the growth process, boron
doping was achieved by trimethylboron gas injection with a
TMB /CH4 ratio of 8000 ppm. The average film thickness
was around 83�5 nm for a total deposition time of 10 min.

The granular morphology of the BDD film was charac-
terized by scanning electron microscopy �SEM�, giving a
typical grain size of 90 nm. The polycrystalline nature of the
films was also identified by x-ray diffraction. The BDD film
was patterned into a bridge �3�1 mm2� with six terminals
for transport measurements at INPAC, K. U. Leuven. Mag-
netoresistivity and thermoresistivity in the temperature range
from 0.6 K to 7 K were studied in a Heliox 3He cryostat
from Oxford Instruments, equipped with a 5 T dc magnet.
The applied magnetic fields were perpendicular to the film
surface. Zero field thermoresistivity in the temperature range
of 1.8–160 K was probed in a 4He cryostat. Between 1.8 and
7 K, the zero field thermoresistivity, measured in the two
different cryostats, perfectly overlaps with each other.

III. RESULTS AND DISCUSSION

A. Thermoresistivity and the hopping threshold

Figure 1 shows the temperature dependence of the resis-
tivity at a series of magnetic fields, presenting the systematic
suppression of the superconductivity at low temperature. The
��T� curves, taken at zero field and 5 T, are plotted together
in Fig. 1�a� to indicate the superconducting fluctuation zone
in between.17–20 The characteristic temperatures, i.e., the off-
set temperature Toffset=1.67 K, the onset temperature Tonset

�10.16 K, the critical temperature TC
mid=2.20 K, and the

temperature at the zero field resistivity maximum TS0

=3.55 K, are labeled with arrows. The �xx�T� �B=5 T curve
shows a significant NTR with �xx variations per decade tem-
perature of ��xx �per 10 K=90.6% over the temperature range
of 1–4 K and ��xx �per 10 K=21.9% over the temperature
range of 1–25 K. Such strong �xx variations cannot be taken
as signature of a typical metallic behavior.21 Moreover, as
shown in Fig. 1�b�, the �xx�T� �B=5 T curve deviates distinctly
from the linear relationship between �xx and ln�T� below 4 K.

The origin of the logarithmic temperature-dependence of
�xx between 25 and 4 K still remains unknown while it defi-
nitely should not be ascribed to weak localization effect,
since for which a ��xx �per 10 K�10% is normally expected.21

Between 4 and 1 K, the deviation from the logarithmic be-
havior is found to be exponential. Therefore, the fermion
hopping mechanisms �FHMs� could be taken into account.21

For granular systems, the FHMs have been explained based
on a physical model of thermally activated tunneling
between grains with different charging energy.22–25 The
transport properties of our granular BDD sample with
dispersive size distribution of grains and different intergrain
spacings support such a physical picture.21 By writing
��T�=�0 exp�−�T0 /T��	 with �=1 for the next neighbor
hopping, �=1 /2 for the Shklovskii–Efros law,26 and �
=1 /4 for the variable range hopping �VRH, Mott’s law in
three dimensions�,27 the FHM characterization can be carried
out. As shown in Fig. 1�c�, plotting the reverse resistivity of
the �xx�T� �B=5 T curve as a function of T−0.25 on a semiloga-
rithmic scale, the low temperature segment �1–4 K� of the
curve is found to be in good agreement with the VRH model
��=0.25, Mott’s law in three dimensions�. It should be, how-
ever, noted that the temperature interval 1–4 K is rather nar-
row. The slope of the linear VRH fitting on the semilogarith-
mic scale is given by −T0

� · log10�e� with T0 being a measure
of the quasiparticle correlation strength.28 The value of T0

obtained by the fitting is 0.65 K, far smaller than T0=46 K
for Sato’s semiconducting BDD in the temperature range of
100–300 K �VRH, Mott’s law in three dimensions�29 and
T0=3700 K for Klein’s insulating BDD in the temperature
range of 10–300 K �VRH, Mott’s law in three dimensions�.9

Since the localization radius aH of boron is related to T0

through aH�T0
�/�−1,28 the small-valued T0 suggests a much

larger aH value based on aH�T0
−1/3 in our case.

The exponential increase in �xx�T� �B=5 T fades away
around 1 K below which the remanent superconductivity is
bending the curve over. In studying the zero field tempera-
ture dependence of the longitudinal resistivity, evidenced by
the linear fit to the �xx�T� �B=0 T curve in the �xx-Ln T plane,
within the temperature range of 25 K	T	TS0, the sample
is still nonmetallic, although the increase in the resistivity no
longer obeys an exponential law.21 By now, it is clear that at
low temperatures, a sufficiently high magnetic field can trig-
ger the exponential increase in the sample resistivity �the
insulating state�. Such a global insulating state may be due to
the destruction of intergrain superconducting coherence by
the magnetic field. In our case, obviously, this coherence
suppression overcomes the competing mechanism of quasi-
particle tunneling between the grains.30,31
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FIG. 1. �Color online� Temperature dependence of the longitudinal resistiv-
ity at several constant magnetic fields. �a� Phase fluctuation zone in between
�xx�T� �B=5 T and �xx�T� �B=0 T. Pair arrow-indicated characteristic tempera-
tures: the offset temperature Toffset, the onset temperature Tonset, the critical
temperature TC

mid, and the temperature at the resistivity maximum TS0. Inset:
the granular morphology characterized by SEM. �b� Plots of the resistivity
vs Ln T for �xx�T� �B=5 T and �xx�T� �B=0 T. The dotted-dashed red lines are the
expected logarithmic behavior. �c� The low temperature segment �4–1 K� of
the �xx�T� �B=5 T curve characterized by the FHM. The reverse resistivity is
plotted vs 1 /T0.25 on a semilogarithmic scale. The dotted-dashed red line is
the expected Mott’s law in three dimensions.
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As one of the important characteristic temperatures, the
temperature of the resistivity maximum TS0 is not fixed but is
shifted by magnetic field. Figure 2�a� shows the magnetic
field dependence of this shift. As the magnetic field BSN

�N=1,2 , . . . ,5� increases from 0 to �5 T, the resistivity
maximum shifts from TS0=3.55 to �0 K. As shown by the
colored bars, the states of the system at the resistivity
maxima are indicated and numbered in a format of “SN”
�N=0�5�. For BSN
5 T, the shift is beyond our tempera-
ture range of the measurements. Nevertheless, from the lin-
ear fit going through the states of S0�S5 in the H-T plane
�see inset of Fig. 2�a��, the critical field at zero temperature
HC�0 K� can be estimated. Based on the linear fit, at
HC�0 K�=4.98 T, the last resistivity maximum of the series
should be located, representing the full suppression of the
superconductivity. This deduction is, however, not an evident
fact, owing to the fade away of the exponential increase of
�xx�T� �B=5 T below 1 K �see Figs. 1�b� and 1�c��. With
HC�0 K�=4.98 T and the relation of �GL

= ��0 /2HC�0 K��1/2, a rough estimation of the Ginzburg–
Laudau coherence length �GL=8 nm can still be made ��GL

=10 nm for Ekimov’s bulk BDD �Ref. 3��. Since �GL� the
film thickness �d=83 nm�, the sample can be considered as

three dimensional �concerning its superconducting proper-
ties�, which is in agreement with our FHM characterization
�VRH, Mott’s law in three dimensions�.

B. �„B… intersections at the SN „N=1,2, . . . ,5… states

The SN �N=1,2 , . . . ,5� states separate the NTR from the
PTR �positive thermoresistivity� in the �-T plane for BSN

�3.646 T. This feature remains in the �-B plane. As shown
in Fig. 2�b�, at the temperature of a SN state, e.g., TS5

=1040 mK for S5, we picked a narrow temperature window,
e.g., 1040 mK�50 mK for S5, within which three ��B�
curves were taken, e.g., ��B� taken at 990, 1040, and 1090
mK for S5. Similar to the case in the �-T plane, at the su-
perconducting side �left side� of the SN state, e.g., S5, the
��B� curves lie on top of each other in order of their PTR,
while at the insulating side �right side� of the state, the ��B�
curves are laid in order of NTR. The change in the thermal
ordering occurs right at the SN state, which results in the
intersection of the ��B� curves at BSN.

The systematically detected intersections, chained by a
quadratic fitting �the dashed-dotted line�, represent a phase
boundary which folds the isothermal ��B� curves coming
from the insulating side down to the superconducting side.
Since the transition from PTR to NTR is a characteristic of
the superconductors with either intrinsic or extrinsic
granularity,21–36 the intersection-chained phase boundary
cannot stay free from the granularity and thus, it may be
termed the granularity-specific phase boundary �GSPB�. It is
conceivable that for the ��B� measurements at continuous
temperatures, an insulating belt coming from high magnetic
field will be folded to the superconducting region at low
magnetic field and the GSPB is the very folding line of this
belt. Moreover, this GSPB separates all the possible states
from the top left area in the �-B plane. Therefore, a forbid-
den zone in the �-B plane can be defined for granular sys-
tems.

The magnetic field-driven SITs have been extensively
studied for two decades.32–44 Analyzing the coincidentally
detected crossover by Fisher’s finite-size scaling law37,45 is a
well-known exploratory method.32,35,36,40–44 Naturally, a
bunch of isothermal ��B� curves crossing each other, indi-
cates the temperature independence of the magnetoresistivity
at the crossover point. However, the significance of some
accidentally detected crossovers has so far been overstated.
The temperature independence of the magnetoresistivity was
intuitively extended to �0 K without detailed
survey.32,34–36,39,41

Such visually unique crossovers have always a sheet re-
sistance noncomparable with the quantum resistance RQ

=6.5 k� /� which was predicted to be universal at the
quantum phase transitions �T=0 K� where both vortices and
Cooper pairs are mobile.45 Scaling analysis of these cross-
overs yields various values of the scaling exponent product
�z with � being the coherence length exponent for ���B
−Bcross�−�, and z being the characteristic dynamical exponent
for ���−z, where �B−Bcross� is the deviation from the critical
point. Hereby, we emphasize the difference between the the-
oretical unique crossover �TUC� and our experimental nonu-
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FIG. 2. �Color online� Magnetic field-driven SITs. �a� Moving of the hop-
ping threshold by magnetic fields to the resistivity maxima as indicated by
the vertical bars �SN, N=0–5�. Inset: the magnetic field of SN plotted as a
function of its temperature. �b� Magnetic field dependence of the longitudi-
nal resistivity near and at the temperatures of SN. The intersections are
chained by a quadratic fitting �dashed-dotted line�.
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nique intersections �ENI�. The temperature-independent
magnetoresistivity of the former is a long-range �tempera-
ture� behavior which can be virtually extended to �0 K,
while the temperature-independent magnetoresistivity of the
latter is a short-range behavior �temperature� which only vi-
sually holds around TSN of the SN state, attributed to
d�xx /dT �TSN

=0. Even so, owing to the crucial positions of the
intersections in the �-T/B plane and considering the math-
ematical expression of the temperature-independence of the
magnetoresistivity in Fisher’s scaling law, � /�cross �Bcross
= f��B−Bcross� ·T−1/�z� �Bcross

=1,37 a scaling analysis of the
ENIs might still shed some light on the underlying physics of
the magnetic field-driven SITs in granular systems, even
though the physical picture of the scaling law cannot be bor-
rowed straightforwardly.

An analytic approach to apply this scaling law is the
so-called optimal collapse.32,42 Figure 3�a� demonstrates the
collapses of the resistivity data as a function of �B−Bcross� t
with t=T−1/�z and Bcross being replaced by the magnetic field
BSN at the ENIs. By assigning proper values to t, the �xx�B�
curves collapse perfectly onto each other at the resistivity of
the ENIs. In the collapsing process, the contribution of �B
= �B−BSN� to the SIT is minimized due to �B �BSN

→0, i.e., t
fully scales the transition. Taking the inverse slope of t plot-
ted versus T−1, the scaling exponent product �z of the ENI
can be determined. As shown in Figs. 3�b� and 3�c�, applica-
tion of the finite-size scaling theory to the ENIs may yield
temperature/magnetic field-dependent �z values. Referring to
the GSPB �dotted-dashed line� in Fig. 2�b�, it is found that
the lower the temperature �the higher the magnetic field�, the
steeper the GSPB and the higher the �z value. Ascribed to
the existence of numerous ENIs, by applying the finite-size
scaling analysis to any point on the GSPB, it is possible to
numerically characterize the SIT at that temperature/
magnetic field, although the physical meaning of the �z value
remains an open issue in this case.

C. Unbinding of the precursor Cooper pairs

As shown in Fig. 1�a�, the normal state thermoresistivity
of the �xx�T� �B=0 T curve deviates from the �xx�T� �B=5 T curve

at Tonset�10.16 K which is far above TC
mid=2.20 K. This

feature can be attributed to precursor pairing.17–20 Precursor
Cooper pairing may be established in some intrinsic and/or
extrinsic grains well above TC

mid without requiring long range
phase coherence. Intergrain phase fluctuations delay the glo-
bal condensation of the Cooper pairs and consequently, re-
duce the value of TC

mid. The distinct difference between Tonset

and TC
mid implies a dispersive size distribution of the BDD

grains and/or a doping inhomogeneity. Both options are very
likely to occur due to the specific growth mode of CVD
diamond films, with many small grains at the substrate-film
interface, the number of which gradually decreases as the
film becomes thicker.46

Figure 4 represents the destruction of the precursor par-
ing by magnetic fields. As shown by the magnification in
Fig. 4�a�, the phase fluctuation zone, full of localized precur-
sor Cooper pairs and hopping single quasiparticles, is en-
closed by the curves of �xx�T� �B=3.646 T, �xx�T� �B=0 T and the
exponentially chained SN �N=0,1 ,2 , . . . ,5� states. Based on
the finding of the intrinsic granularity in the BDD thin films
studied by STM/STS measurements,7,10,13 the physical sce-
nario of the “banana-shaped” phase fluctuation zone can be
defined as shown in Fig. 4�b�. Precursor superconducting
grains are embedded in a normal state matrix. When a mag-
netic field of BSN is applied, the intrinsic superconducting
grains may shrink and/or split. As BSN increases, more and
more precursor Cooper pairs may become unbound. The area
A in between a curve of �xx�T� �B�0 T and the curve of
�xx�T� �B=0 T can be taken as a manifestation of the number of
the unbound Cooper pairs. By plotting A versus B as shown
in the inset of Fig. 4�a�, unbinding of the precursor Cooper
pairs by magnetic fields is found to be characterized by a
linear function.

IV. CONCLUSION

By studying transport properties of boron-doped nano-
crystalline CVD diamond, we have observed a generic phase
boundary which can be attributed to the SIT in granular sys-
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FIG. 3. �Color online� Scaling analysis of the SN intersections �see Fig.
2�b�� by Fisher’s finite-size scaling law, which gives various values of the
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tems. In the �-B plane, this phase boundary can be mapped
by the intersections of certain ��B� curves taken within well
defined temperature windows. We emphasize the conceptual
difference between these intersections and the TUC �quan-
tum phase transition at 0 K �Ref. 41��. It is clarified that a
scaling analysis on a crossoverlike intersection may give
magnetic field/temperature-dependent �z values different
from the theoretical prediction. In the �-T plane, the phase
boundary separates the phase fluctuation zone from the su-
perconducting region. Unbinding of the precursor Cooper
pairs within the phase fluctuation zone is characterized by a
linear function of the magnetic field.
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