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With their potential for electronic applications as microchip
substrates, high-efficiency electron emitters, photodetectors and
transistors, diamond and carrier-doped diamond have been studied
extensively3–6. The extremely short covalent bonds of carbon atoms
in diamond give diamond many of its desirable properties, but also
constrain geometrically which dopants can be incorporated and
their concentration. Because of its small atomic radius compared to
other potential dopants, boron is readily incorporated into the
dense (1.763 £ 1023 atoms cm23) diamond lattice. Boron dopes
holes into a shallow acceptor level close to the top of the valence
band that is separated from the conduction band of diamond by
E g < 5.5 eV. Electrical transport studies of B-doped diamond,
including high-pressure synthesized crystals and CVD (chemical
vapour deposition) films, find that low boron concentrations
n < 1017–1019 cm23 give a semiconducting conductivity with an
activation energy of ,0.35 eV (refs 7–11). Increasing the concentration to 1020 cm23 gradually decreases the activation energy9,10, and
for n $ 1020 cm23, the electrical conductivity acquires metallic-like
behaviour near room temperature8–11 that signals an insulator–
metal transition near this concentration. A metallic-like conductivity has not been found, however, at low temperatures for
any presently available B concentration, which has reached
(2–3) £ 1021 cm23 (refs 8–11).
We have studied B-doped diamond synthesized by reacting B4C
and graphitic carbon at pressure, 8–9 GPa, and temperature, 2,500–
2,800 K, for ,5 s. Under these conditions, polycrystalline diamond
aggregates 1–2 mm in size formed at the interface between graphite
and B4C. All the diamond aggregates had a metal-like lustre.
Scanning electron microscopy (SEM) showed that the diamond
grain size was a few micrometres (Fig. 1). The samples were
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Diamond is an electrical insulator well known for its exceptional
hardness. It also conducts heat even more effectively than copper,
and can withstand very high electric fields1. With these physical
properties, diamond is attractive for electronic applications2,
particularly when charge carriers are introduced (by chemical
doping) into the system. Boron has one less electron than carbon
and, because of its small atomic radius, boron is relatively easily
incorporated into diamond3; as boron acts as a charge acceptor,
the resulting diamond is effectively hole-doped. Here we report
the discovery of superconductivity in boron-doped diamond
synthesized at high pressure (nearly 100,000 atmospheres) and
temperature (2,500–2,800 K). Electrical resistivity, magnetic susceptibility, specific heat and field-dependent resistance measurements show that boron-doped diamond is a bulk, type-II
superconductor below the superconducting transition temperature T c < 4 K; superconductivity survives in a magnetic field
up to H c2(0) $ 3.5 T. The discovery of superconductivity in
diamond-structured carbon suggests that Si and Ge, which also
form in the diamond structure, may similarly exhibit superconductivity under the appropriate conditions.
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Figure 1 Optical and scanning electron microscopy images of the material. Top, central
part of the high-pressure synthesis cell after subjecting graphite and B4C to highpressure, high-temperature conditions. D, diamond; G, graphite. Bottom, SEM image of
B-doped diamond synthesized at high pressures and temperatures.
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characterized by X-ray diffraction, micro-Raman spectroscopy,
electrical resistivity, magnetic susceptibility and calorimetry
measurements. Consistent with an expanded lattice deduced from
the X-ray spectrum given in Fig. 2a, Raman spectra of our samples
(Fig. 2b) are very similar to those observed for the most heavily
boron-doped CVD diamond films11. (From the weak zone-centre
phonon line at ,1,300 cm21 and the general form of the spectra11,
our samples should have a carrier concentration n $ 2 £ 1021 cm23.
For normal diamond, a zone-centre phonon line is observed at
1,332 cm23.) Quantitative estimates of the boron content in our
samples were made using NMR and inductively coupled mass
spectrometry. Within experimental uncertainty, both methods
yielded the same value of 2.8 ^ 0.5% for the total B content.
Inductively coupled mass spectrometry on a second sample also
gave the same B content. Good agreement between these two
techniques, one of which is volume sensitive (NMR) and the
other of which probes only a surface layer of ,1,000 Å, suggests
that B atoms are distributed rather uniformly in the sample. Neither
technique, however, is sensitive to the local environment of the B
atoms. Assuming that all the B atoms are incorporated into the
diamond lattice, the upper limit of the charge carrier concentration
is 4.9 £ 1021 cm23, a value somewhat larger than the maximum
previously reported. This estimate decreases to 4.6 £ 1021 cm23,
assuming the sample contains 2% B4C.
The temperature (T)-dependent resistivity (r) of one of these
B-doped samples is plotted in Fig. 3a. Measurements of currentvoltage characteristics at various temperatures confirmed an ohmic
response. In the range 230–300 K, ›r/›T . 0 as expected for a
metal, but below 230 K the resistivity increases weakly with decreasing temperature. Near 4 K, r(T) starts to fall rapidly and reaches an
immeasurably small value below 2.3 K as shown in the inset of
Fig. 3a. The resistive variation below 4 K is typical of an inhomogeneous superconductor, in this case with the inhomogeneity
probably arising from a non-uniform distribution of boron in the
diamond lattice. As also indicated in the inset of Fig. 3a, the
application of hydrostatic pressure produces a linear decrease in

Figure 2 X-ray diffraction and Raman spectra of B-doped diamond. a, X-ray diffraction
pattern of B-doped diamond. The strongest peaks of B4C at 16–178 and graphite near
12–138 are absent in this pattern from diamond, but are visible in spectra (not shown) of
material taken from the boundary between B4C and diamond. We estimate that unreacted
B4C in the polycrystalline diamond does not exceed 1–2%. The diffraction pattern gives a
cubic lattice parameter of 3.5755 ^ 0.0005 Å, which is larger than 3.5664 Å for
undoped diamond and within the range of lattice parameters 3.575–3.5767 Å for
maximally B-doped diamond24,25. b, Raman spectra of diamond, synthesized in the
system graphite–B4C (lower curve) and CVD films11 with boron concentrations of
3.4 £ 1017 cm23 (upper curve) and 1.5 £ 1021 cm23 (middle curve).
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the resistive mid-point transition temperature T c without any
additional significant broadening of the transition. The relatively
slow decrease of T c with pressure P (›T c =›P ¼ 26:42 £
1022 K GPa21 ; ›lnT c =›P ¼ 2:79 £ 1022 GPa21 ) contrasts with
positive ›T c =›P ¼ 0:05 K GPa21 reported12 for elemental boron
for P . 180 GPa, ruling out the possibility that the zero-resistance
state in B-doped diamond is due to free boron. As expected for an
inhomogeneous superconductor, applying a magnetic field slightly
broadens the transition and shifts it to lower temperatures (Fig. 3b).
The resistive mid-point T c decreases at a rate ›H c2 =›T c ¼
21:7 T K21 ; from which we estimate the T ¼ 0 upper critical field
H c2(0) ¼ 3.4 T using the standard relationship13 for a dirty type-II
superconductor H c2(0) ¼ 20.69 (dH c2/dTjTc)T c. As is evident in
the inset of Fig. 3b, this estimate is a lower limit because the onset of
the resistive transition is still near 1.7 K in a field of 4 T. With
H c2(0) ¼ 3.4 T and the relation yGL ¼ ½F0 =2pH c2 ð0Þ 1=2 (where
F 0 ¼ hc/2e is the quantum of magnetic flux), the Ginzburg–Landau
coherence length y GL ¼ 100 Å.
Resistance measurements are unable to determine if superconductivity arises from the crystal bulk, surface, or filaments of zeroresistance material; however, magnetic susceptibility measurements
allow more definitive conclusions. As shown in Fig. 4, there is a
strong diamagnetic response in the a.c. magnetic susceptibility of
these boron-doped diamond samples below 2.3 K where the resist-

Figure 3 Electrical resistivity and upper critical field curves for B-doped diamond.
a, Temperature dependence of the electrical resistivity of B-doped diamond at normal and
representative high pressures. The insets show details of the resistivity behaviour below
5 K and the pressure-induced shift DT c of the midpoint of the resistive transition.
b, Temperature dependence of the upper critical field for B-doped diamond. The resistive
mid-point is used to define H c2. The inset shows the evolution of the resistivity near T c at
different magnetic fields 0–4 T.
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ance drops to zero. At 1.1 K, the diamagnetic response for various
B-doped samples ranged from 25% to 60% of the value measured
for a superconducting indium sample in the same coil system. An
absolute value of magnetic susceptibility for two separate samples,
measured by SQUID (superconducting quantum interference
device) magnetometry, agrees with the above estimates (Fig. 4),
and, further, finds a diamagnetic response on cooling in a d.c. field
of 5 Oe. These results indicate that the superconductivity is not
filamentary. Moreover, magnetization measurements versus field
(inset of Fig. 4) find the magnetic hysteresis expected in a bulk
superconductor with flux pinning.
A specific heat anomaly at T c would provide the most definitive
evidence that superconductivity develops in the bulk of B-doped
diamond. Assuming that the effective mass of charge carriers is the
free electron mass m e, we estimate the electronic contribution to the
specific heat as C ¼ gT. g ¼ 7.6 £ 1024 J mol21 K22 from the free
electron relationships kF ¼ ð3p2 nÞ1=3 and g ¼ p2 nk2B me ="2 k2F ;
where k F is the Fermi momentum, n is the carrier density, and k B
is Boltzmann’s constant. For a weak coupled BCS superconductor,
the jump in specific heat C at T c is DC/gT c ¼ 1.43, which implies
DC ¼ 2.5 £ 1023 J mol21 K21 and for our largest 2-mg sample,
then, DC ¼ 4.2 £ 1027 J K21. This is a very small value, essentially
equal to the noise level of a commercial Quantum Design Physical
Property Measurement System. We have measured the specific heat
of this 2-mg sample in such a device and find a barely discernable
anomaly near 2.3 K.
For phonon-mediated superconductivity, T c is given approximately by T c ¼ ðvD =1:45Þexpð21:04ð1 þ lÞ=lÞ; where v D is the
Debye temperature and l is a measure of electron–phonon coupling14. The high Debye temperature of diamond (v D ¼ 1,860 K)
suggests that carrier doping the diamond lattice could produce a
relatively high T c. Using this value of v D and T c ¼ 2.3 K, we
estimate l ¼ 0.2, indicative of weak electron–phonon coupling.
This somewhat small value of l can be understood qualitatively
from the relation l ¼ Nð0ÞkI 2 l=ðMkq2 lÞ; where N(0) is the density
of electronic states at the Fermi energy, kI 2l is the average square of
the electron–phonon matrix element, M is the ionic mass and kq 2l is
a characteristic phonon frequency averaged over the phonon
spectrum14. Although the ionic mass is light, the strong covalent
bonds in diamond and low concentration of charge carriers imply a
small N(0) and large kq 2l.

Superconductivity in doped semiconductors is an intriguing
issue for theory15–19, but experimentally only a few superconducting
semiconductors have been discovered. Bulk superconductivity with
T c < 0.1–0.5 K was found20 in self-doped GeTe and SnTe at carrier
densities n < 1021 cm23 and in doped SrTiO3 (T c < 0.05–0.25 K at
n < 1019–1021 cm23). There have been no reports until now of
superconductivity in group-IV semiconductors with the diamond
structure—silicon, germanium and their alloys—though it was
predicted16 to exist at very low temperatures. The discovery of
bulk superconductivity in B-doped diamond should stimulate a
fresh look at this old problem, which is posed more straightforwardly in B-doped diamond than in the more complex Si- or
Ge-based clathrates, which are the first superconductors21,22 built
from a network of tetrahedral covalent bonds having bond lengths
comparable to those of cubic diamond. Few, if any, measurements
of B-doped diamond have been made below 4 K (ref. 8), so that
superconductivity may have been missed in samples prepared by
others with lower B concentrations. A systematic study seems
worthwhile. Our results also suggest that homogeneously doping
diamond with B concentrations of (4–5) £ 1021 cm23 should
produce sharp transitions near 4 K and upper critical fields above
4 T.
A

Methods
Sample preparation and analysis
Starting materials, graphite discs containing #500 p.p.m. impurities and B4C powder
containing less than 3,000 p.p.m. impurities (mainly Fe # 2,000 p.p.m., and
Si # 1,000 p.p.m.), were placed in a graphite heater assembly. Impurity content in the
starting materials was determined by X-ray fluorescence and spectroscopic methods, both
showing identical results. Starting materials were annealed in vacuum to remove moisture.
The heater was insulated by boron nitride sleeves from the gasket material (lithographic
stone, mainly CaCO3 þ SiO2) and opposed tungsten carbide anvils (with 6% Co) of a
high-pressure toroid apparatus (ref. 23). Molybdenum disks separated cylindrical parts of
the graphite heater and anvils. Impurity content in the synthesized diamond was
determined by X-ray fluorescence, with special attention to Ca, Co, Fe and Si, which could
arise from the gasket, anvils and B4C. Total content of these elements does not exceed
500 p.p.m. The boron content in our diamond samples was estimated in two ways. NMR
spectra were measured at room temperature and peaks corresponding to 13C and 11B
isotopes were observed. The ratio of boron/carbon atoms in the sample was calculated on
the basis of the peak areas and the known natural abundance of 11B/13B and 13C/12C
isotopes. The second method used a high-resolution inductively coupled mass
spectrometer (ThermoFinnigan-MAT ‘Element 2’) equipped with an ultraviolet laser
ablation microprobe. The samples also were characterized by X-ray diffraction and microRaman spectroscopy. X-ray diffraction studies were made with a BRUKER-AXS
diffractometer and monochromatized Mo radiation. Micro-Raman spectroscopy was
performed using a U-1000 spectrometer. The laser exiting radiation (488 nm) was focused
to a spot ,20 mm in diameter. The Raman spectra were recorded in backscattering
geometry with a resolution better than 1 cm21.

Electric and magnetic measurements
Resistivity measurements were made in a standard four-terminal configuration using an
LR700 a.c. resistance bridge. Silver epoxy attached 25-mm Pt wires to the samples.
Measurements in the range 1.1–300 K were performed in a 4He cryostat. Resistivity
measurements at hydrostatic pressures to 5.3 GPa were performed in a miniature clamped
toroidal cell. A diamond sample and lead manometer were placed inside a small Teflon
capsule filled with liquid. Pressure was applied at room temperature and then the clamped
cell was cooled slowly to 1.1 K. Measurements of the resistivity in the range 0.5–4 K and in
magnetic fields to 4 T were performed in a Quantum Design Physical Properties
Measurement System. Measurements of a.c. magnetic susceptibility were made in two
apparatuses, one to 4He and the other to 3He temperatures, by measuring the mutual
inductance of a miniature coil with an LR700 bridge. The coil response was calibrated by
measuring the susceptibility of a piece of superconducting indium, having a shape and size
similar to that of diamond samples, or by normalizing the data to d.c. susceptibility results
obtained for T $ 1.8 K in a Quantum Design Magnetic Properties Measurement System
with an applied magnetic field of 5 Oe.
Received 23 January; accepted 1 March 2004; doi:10.1038/nature02449.

Figure 4 Magnetic susceptibility of B-doped diamond near T c. The a.c. data (triangles)
were normalized to the d.c. data (circles) at 1.8 K. ZFC, zero-field cooled; FC, field cooled.
No diamagnetic signal was found in B4C samples prepared at the same pressure and
temperature conditions used for the diamond synthesis. The inset plots magnetization
versus field at 1.8 K. From the magnitude of the hysteresis at H ¼ 0, a simple estimate
based on Bean’s critical state model26 gives a critical current density of
,1.45 £ 106 A m22.
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Earthquakes are observed to occur in subduction zones to depths
of approximately 680 km, even though unassisted brittle failure is
inhibited at depths greater than about 50 km, owing to the high
pressures and temperatures1–3. It is thought that such earthquakes (particularly those at intermediate depths of 50–300 km)
NATURE | VOL 428 | 1 APRIL 2004 | www.nature.com/nature

may instead be triggered by embrittlement accompanying dehydration of hydrous minerals, principally serpentine1–3. A problem
with failure by serpentine dehydration is that the volume change
accompanying dehydration becomes negative at pressures of
2–4 GPa (60–120 km depth), above which brittle fracture mechanics predicts that the instability should be quenched4,5. Here we
show that dehydration of antigorite serpentinite under stress
results in faults delineated by ultrafine-grained solid reaction
products formed during dehydration. This phenomenon was
observed under all conditions tested (pressures of 1–6 GPa;
temperatures of 650–820 8C), independent of the sign of the
volume change of reaction. Although this result contradicts
expectations from fracture mechanics, it can be explained by
separation of fluid from solid residue before and during faulting,
a hypothesis supported by our observations. These observations
confirm that dehydration embrittlement is a viable mechanism
for nucleating earthquakes independent of depth, as long as
there are hydrous minerals breaking down under a differential
stress.
A popular hypothesis for overcoming brittle fracture inhibition,
especially for earthquakes at intermediate depths (,300 km), is
assistance of brittle fracture by generation of a free fluid as a result of
dehydration of serpentine or other hydrous minerals1–3,6–11. The
phenomenon of dehydration embrittlement was discovered
almost 40 years ago1 but has been studied only sporadically since
that time4–8. In particular, this phenomenon has not been addressed
by controlled deformation experiments at pressures greater than
700 MPa, equivalent to only ,20 km depth in Earth. Studies of
acoustic emission at elevated pressures5,8, however, have implications for deeper earthquakes. The latter studies, although lacking
control of differential stress, strain, or strain rate, recorded acoustic
emissions at much higher pressures and inferred that faulting had
occurred.
The fracture mechanics explanation of how dehydration
embrittlement can enable brittle shear failure at elevated pressure
is based upon production of a pore pressure as a consequence of a
positive volume change, DV, of the dehydration reaction and
consequent decrease in the effective pressure on existing or potential
planes of weakness. Thus, as conventionally understood, the theory
predicts that if the DV of the reaction were to become negative,
failure would become more difficult and the shearing instability
would vanish4,5. Because hydrous fluid is much more compressible
than solid silicates, the total DV of dehydration of the common
hydrous phases of primary interest (for example, serpentine and
chlorite) is progressively reduced as pressure increases and becomes
negative at pressures of 2–4 GPa, equivalent to pressures of
60–120 km in Earth. One consequence of this prediction is that
earthquakes should not be possible by dehydration embrittlement at
greater depths5. However, dehydration embrittlement is the only
earthquake nucleation mechanism known to be viable for depths
less than 300 km (ref. 2). Thus, it is important to determine whether
this mechanism can function under conditions where DV is
negative.
We report here the results of deformation experiments at pressures of 1–6 GPa and temperatures of 550–820 8C using an antigorite
serpentinite from Val Malenco, Italy, for which the phase diagram
has been measured12. Figure 1a shows the experimental conditions
investigated; the slope of the high-temperature limit of antigorite
stability (Fig. 1a) is negative above ,2.2 GPa, reflecting negative DV
of reaction above that pressure.
Figure 1b–f shows microstructures of the starting material and
results of annealing without deformation outside antigorite stability. The layering, strong foliation and proportions of antigorite
and relict olivine shown are typical of our starting material. Figure 1f
shows breakdown of antigorite along boundaries with relict olivine
and healed cracks of several orientations outlined by fluid
inclusions; such inclusion trails are rare in the starting material,
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