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Carbonados are porous polycrystalline diamonds of uncertain origin, which are found at locations in Bahia (NE B

and in the Central African Republic. Their combination of extreme hardness and toughness is ideal for drilling and c

tools. A variety of elements including Fe, Ni, Cu and Ag are associated with the diamonds. Following a suggestion tha

doped diamond may be intrinsically ferromagnetic, we have analysed six samples from Brazil which show ferroma

moments of up to 3Am2kg�1, which is reduced by acid leaching. X-ray diffraction on the crushed powder showed a

diamond structure, with no secondary phases visible. Scanning electron microscopy shows an inhomogeneous distribut

heavy metals and Mössbauer spectroscopy indicates that iron is present as native iron. We find no evidence fro

carbonados for the existence of transition-metal doped ferromagnetic carbon. The intrinsic diamagnetic susceptibi

carbonados is �4.5� 10�9m3kg�1, similar to the accepted value for diamond,�5� 10�9m3kg�1.

r 2005 Elsevier B.V. All rights reserved.
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gates, between 2.6 and 3.8Ga old, found on
alluvial deposits in Brazil and the Central Af
Republic (CAR). Though they have no valu
gems they are ideal industrial abrasives as
random crystallographic orientation makes
highly resistant to crack propagation. W
theories surrounding their origin abound,
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tute a single source as the continents were
unseparated in the Precambrian. Their name i
to their grey-black colour, which develops
diamond crystallites are sintered in a regio
temperature and pressure where there
tendency for the diamond to transform to gra
[1]. Carbonados are irregularly shaped and po
(approximately 10% void space), with cryst
sizes ranging from 0.5 to 500 mm.
An extensive review discusses the po

origins of carbonados [2]. It has been sugg

reserved.
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Fig. 1. Carbonado diamonds from Brazil: (a) many carbonados

(b and c) scanning electron micrograph images showing metallic

inclusions in the carbon matrix (bright spots).
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subducted to the upper mantle and converte
diamond, consistent with their typically cr
selection of inclusion minerals (e.g. orthoc
florencite, kaolinite) [3,4]. However, carbon
are absent from other well-known subdu
zones. Although carbonados are similar in m
ways to kimberlites, a mantle origin is consid
to be unlikely given the significant amoun
helium within the samples and their high poro
with trapped organic material inside, in add
to lacking significant mineral inclusions
Kaminsky suggested that carbonado was fo
by irradiation of carbonaceous materials
associated U or Th [7], while possible extrate
trial origins include the idea that they origin
outside the solar system as ejecta from a collap
red giant star [8], or are the result of a meteo
impact [9,10].

More than a dozen different mineral inclu
have been reported including haematite, magn
chromite, rutile, calcite and quartz [11–14
addition, a number of native metals and
inclusions have been documented including
Fe–Mn, Fe–Ni, Ni, Cr, Ti and SiC [14,15]. N
iron occurs sparingly terrestrially, but is comm
meteorites. In the native state, it is highly unstab
the oxidizing conditions in rocks of the upper
and in the earth’s atmosphere and so iron us
appears in oxides. Terrestrial native iron is eit
primary magmatic constituent or a secon
product formed by reduction of iron compo
by assimilated carbonaceous material [16]. Wh
the magnetic inclusions are within the carbo
matrix [17], or reside almost exclusively in
pores at the diamond surface [18], is disputed
has implications for carbonado genesis.

Interest in the magnetic properties of d
diamond has been stimulated on the one han
the prediction by Dietl et al. [19], based on m
field calculations of hole-mediated exchange,
diamond, a wide-gap semiconductor
Eg ¼ 5:4 eV, should become a ferromagnet w
high Curie temperature, TC � 480K when d
with 5 at% Mn, and on the other hand by
observation of superconductivity in boron-d
bulk [20] and thin film [21] specimens. As
difficult to obtain doped diamond films of
s synthetic diamond, we chose to examine
magnetic properties of natural carbonado
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to see if we can find any evidence that
materials may be intrinsically ferromagnetic
conductors.

The carbonados examined were of Bra
origin [22]. Masses were in the range 3–2
Some are illustrated in Fig. 1. They are diff
shades of grey in colour. X-ray diffraction ana
was carried out on the crushed powder
showed a cubic diamond structure with (
and (2 2 0) reflections and a ¼ 3:56 (A. No
phases are visible. Many, but not all, sam
respond to a small permanent magnet.

Morphology and composition were studie
scanning electron microscopy (SEM) and en
dispersive X-ray analysis (EDAX). Magnetiz
was measured using a vibrating-sample ma
ometer (VSM) or a superconducting qua
interference device (SQUID) magnetom
Mössbauer spectra were taken using a con
acceleration spectrometer, with a source of 57C
Rh. In order to remove any associated phase
treated the diamonds in aqua-regia solution
24 h. The samples were then rinsed twice in w
and then in acetone.

SEM images and EDAX mapping show tha
distribution of heavy metals is inhomogen

Table 1
EDAX analyses of 14 different carbonado samples before aci

1 2 3 4 5 6

C 98.91 98.31 98.79 39.84 58.39 47.29

Al 0.42 0.52 0.41 0.30 0.54 0.32

Si 0.05 0.06 0.04 0.08 0.27 0.88

P — 0.16 0.04 — — —

S — 0.03 0.07 — 1.66 0.88

Cl — — — 0.08 1.43 0.68

K — 0.02 — — 0.02 0.09

Ca — 0.23 0.11 0.09 1.44 3.01

Ti — — — 0.21 — —

Cr — — — — — —

Mn — — — 0.11 — —

Fe 0.63 0.67 0.57 13.33 0.75 1.10

Co 0.02 0.01 — — — —

Ni — — — 34.80 — 0.15

Cu — — — — 18.33 0.20

Zn — — — — 3.85 —

Ag — — — — — —

Ba — — — — 0.69 4.15
-
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seen as bright spots in the diamond in the imag
Fig. 1b. Typical sizes are in the range 0.5–5mm
main impurities identified by EDAX were
potassium, calcium, silicon, aluminium and
phur, and less commonly copper, cobalt,
chlorine and titanium. Results of 14 analyse
summarized in Table 1. While many of
impurities have been widely reported previo
cobalt has not. For some of the inclusions elem
maps show that Fe is associated with Cr, M
and Co. In others, Co appears as an iso
metallic inclusion. Other alloy inclusions in
Cu–Zn and Si–Ti. After acid treatment, most o
metallic inclusions seen by SEM are eliminate
Magnetization curves for four samples at

temperature are shown in Fig. 2a. They sh
ferromagnetic signal, which corresponds
spontaneous magnetization Ms in the r
0.25–3Am2 kg�1 which is superposed on a
magnetic background, partly due to the carbo
and partly due to the gelatine sample holder.
the acid treatment, the magnetic signal is si
cantly reduced for most of the samples—Fig.
is clear that much of the magnetization
associated with surface or open pore mat
rather than the bulk of the carbonado matrix
d treatment

7 8 9 10 11 12 13 14

64.49 62.29 70.25 88.21 76.13 76.83 55.34 92.70

2.71 0.56 — 0.29 0.29 0.21 0.01 0.26

1.77 0.90 — — — — — —

— — — — — — — —

— 9.59 — — — — — —

0.39 — — — — — 1.41 0.35

3.19 0.58 — — — — — —

— — — — — — — —

0.87 0.23 — — — — — —

— — 5.94 — — — — —

— — 0.64 — — — — —

7.02 17.38 20.80 10.14 5.55 12.47 7.16 0.15

— — — — — — — —

— — 2.38 — — — — —

— 0.20 — 0.43 0.25 0.16 0.04 —

— — — 0.89 — — — —

— — — — — — — 6.48

— — — — — — — —
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Fig. 2. Magnetization curves for carbonados (a) before and (b

after acid treatment.
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Fig. 3. Carbonado 3 measured at 300 and 2K.
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ibility accurately, we took an acid-treated sa
with very little ferromagnetic signal, and plac
symmetrically between two gel caps in a straw
the SQUID measurement. A background mea
ment with no sample was made for compar
Data are shown in Fig. 3. The smaller
magnitude) susceptibility at 2K compared
300K is attributed to the presence of some p
magnetic impurities in the diamond. Assumi
Curie law, with an effective moment of O3 mB
concentration is o5 ppm. The main contribu
to the susceptibility is therefore deduced from
300K data. The room-temperature suscepti
-

t
r
-
.

-

10 m kg . This is similar to the accepted v
for diamond, �5� 10�9m3 kg�1. We find
evidence for superconductivity.
The magnetization of sample 1 is al

unaffected by the acid treatment and so it
chosen for Curie temperature measurements.
magnetization was measured as a functio
temperature, data below 300K being taken i
SQUID magnetometer, and a high-temper
furnace attachment used to measure up to 80
Data indicate that the Curie temperature,
exceeds 800K. They are consistent with me
iron, for which Tc is 1043K.
Definite confirmation that the ferromagne

of the carbonados is really due to the inclusio
ferromagnetic iron is provided by the Mössb
spectrum of carbonado 6, shown in Fig. 4.
spectrum is poorly defined because of the s
size of the absorber, and the small iron con
Nevertheless, a least-squares fit to a loren
sextet with the linewidth constrained as 0.3mm
gives a hyperfine field Bhf ¼ 32 ð1ÞT, an is
shift ¼ 0:00 ð5Þmms�1 relative to iron metal, a
quadrupole shift D ¼ 0:0ð1Þ mms�1. Their p
meters are those of metallic iron.
Our results are largely consistent with the r

work of Kletetschka et al. [18] who examine
magnetic properties of a series of 20 samples
the CAR. They found evidence of ferroma
tism in room-temperature measurements, w
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Fig. 4. Mössbauer spectrum at room temperature for sampl

car1.
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10 Am kg . From the variation of the f
magnetic signal on acid leaching, they concl
that the ferromagnetism was mostly assoc
with magnetic carriers at the surface and in
pores, rather than in the bulk of the materia

In conclusion, we find no evidence from
carbonados for the existence of transition-m
doped ferromagnetic carbon. Instead, the f
magnetism is associated with inclusions of me
iron, iron-based alloys or cobalt.
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