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Bulk samples of the layered ternary nitride Cr2CaN were observed t o  extrude 
filaments of pure elemental gallium at  room temperature. This self-extrusion 
phenomenon is best described as a room-temperature deintercalation of gal- 
l ium from the basal planes of porous Cr2CaN samples. The extruded filaments 
are single crystals with 2- t o  100-micrometer diameters and can be several 
centimeters long. 

Recently, two families of structurally related 
ternary nitrides and carbides, namely, the 
M3BX2, or 312 phases, and the M,BX, or 
21 1 phases, where M is an early transition 
metal, B is a B-group element, and X is C or 
N, were identified and shown to have an 
unusual combination of properties (1-5). 
Here, we report on a previously unobserved 
physical phenomenon-the self-extrusion of 
Ga whiskers-that we observed in porous 

ments, visible to the naked eye, appeared on 
the surface. The absence of Ga XRD peaks 
before exposure and their appearance after 
exposure, concomitant with a decrease in the 
intensity of the (0006) peaks, are compelling 
evidence that the Ga source is the basal 
planes of Cr2GaN. This decrease in intensity 
was confirmed by simulation of XRD spectra 
( 7 ) .  

Scanning electron microscopy (SEM) mi- 
bulk samples of Cr2GaN. Like the other crographs of a typical surface that was lightly 
21 l's, the structure of Cr,GaN, consisting of polished and exposed to air for -2 to 3 days 
Cr-N layers interleaved with layers of pure show that the filaments appear to have been 
Ga, is hexagonal with lattice parameters a extruded from the bulk; energy-dispersive 
and c of 2.88 and 12.7 A, respectively (6). spectroscopy showed that they are made up 

Coarse Ga shots (-2 mm; GFI Advanced of elemental Ga. Evidence that these fila- 
Technology, 99.99% purity) and CrN and Cr ments were forced to flow through a channel 
(-325 mesh; Alfa Johnson Matthey), both is multifold: (i) no two filaments have the 
99.8% pure, were weighed to correspond to same cross section or shape; (ii) channel 
the 21 1 chemistry, hand mixed, and cold marks, mostly striations, are visible on all of 
pressed into pellets 32 mm by 12 mm by 12 
rnm; sealed in evacuated borosilicate glass 
tubes; and hot isostatically pressed at 850°C 
for 8 hours. Because 850°C is above the 
decomposition temperature of Cr2GaN, upon 
cooling, the material consisted of CrN, 
CrGa,, and Cr3GaN. To convert the specimen 
to Cr2GaN, we further annealed it for 24 
hours at 740°C in an evacuated glass tube and 
air quenched it. X-ray diffraction (XRD) of 
the quenched samples (Fig. 1A) indicated 
that they were predominantly single-phase 
Cr,GaN with minor amounts (-5 vol %) of 

the filament surfaces; and (iii) the presence of 
helical shapes that can most easily be ob- 
tained by extrusion is seen. For example, the 
simplest explanation for the various shapes 
taken by the coiled filament (apparent in the 
near center of Fig. 2A and shown at a higher 
magnification in Fig. 2B), which originally 
emerged from the substrate at the lower left 
comer as a tight spiral and continued growing 
from its base, changing shape as it did, is that 
the shape of the orifice through which it was 
extruded was itself continually changing 
shape. 

C ~ N .  The microstructure consists of small The formation and growth of the filaments 
equiaxed grains of 0.5- to 2-p,m diameter. only occur near the surface; Ga peaks were 
The samples were not fully dense but had not observed in the XRD patterns of freshly 
some open interconnected pores with typical fractured surfaces of samples that were ex- 
pore sizes in the 0.3- to 5-p,m range. posed to the atmosphere. This finding was 

After fabrication, the samples were lightly corroborated by SEM; cross sections of ac- 
polished and exposed to the ambient environ- tive surfaces indicated that the roots of the 
ment for 24 to 48 hours. at which time fila- filaments were shallow and in the 2- to 20- 

pm range. In other words. these filaments 
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the filaments is far from uniform, which in- 
dicates that either a catalyst, microcracks, or 
some peculiar geometric arrangement of the 
pores is required. For the most part, exposure 
of the fractured surfaces to the atmosphere 
does not result in the immediate formation 
and growth of these filaments, but light pol- 
ishing renders the inactive fractured surfaces 
active-the introduction of some surface 
damage by light polishing accelerates or cat- 
alyzes this phenomenon. Furthermore, the 
concentration of the filaments was found to 
be a function of sample density, with higher 
density samples showing less activity. Some 
fractured surfaces become active but only 
after prolonged exposure to the atmosphere. 
For example, exposure of a fractured surface 
to the atmosphere for about 6 months resulted 
in a marked increase in the density of the 
filaments, their lengths, and their thicknesses 
(Fig. 2D). It appears that after prolonged 
exposure, most, if not all, pores are active. 

The absence of filaments much smaller 
than 2 pm eliminates surface energy as a 
driving force. Instead, we propose that the Ga 
is extruded from preexisting pores in the 
samples. The Poiseuille pressure (P) needed 
to drive Ga of viscosity q, through a channel 
of radius r and length L, is given by 

where Q is the volumetric flow rate. Consider 
the filament shown in Fig. 2D, which grew to 
about 2 mm in about 50 hours. If the channel 
length (that is, the root of the filament) is 
conservatively assumed to be 50 p,m and the 
viscosity of Ga at room temperature, which is 
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Fig. 1. XRD of as-processed samples of Cr2CaN 
and the same surface after exposure to the 
atmosphere for 24 hours at room temperature. 
Note emergence of Ca peaks and reduction in 
the peak intensities of the basal, or (0006), 
planes of Cr2CaN. 
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>0.98 of its melting point, is on the order of Cr,GaN + ylxXx The implications and potential applica- 
lo5 Pa-s, the pressure drop across the channel tions of this phenomenon in general, and 
length is on the order of 17 kPa. The highest = C ~ Z ( X ~ G ~ L - ~ ) N  + YGa(s) (4) Cr,GaN in particular, are numerous and con- 
uncertainty in the aforementioned calcula- 
tions is in the value of q; even if q = lo8 
Pas, that translates to a pressure drop of 17 
MPa. It is unlikely that the filaments at 0.98 
of their melting point would have a viscosity 
greater than 10' Pa-s. As discussed below, 
such modest stresses can easily be generated 
if the volume changes for the reactions sug- 
gested below are assumed to be positive. The 
volumetric strain required to produce a stress, 
u, is given by 

where E and v are Young's modulus and 
Poisson's ratio, respectively, of Cr,GaN. If 
we assume that E and v are 150 GPa and 0.2 
(8), respectively, the volumetric strain needed 
to generate a pressure of -20 MPa is 2.4 X 

which is a very modest strain indeed. 
There are two plausible driving forces for 

this process. The first is that the solubility of 
Ga in Cr,GaN at .room temperature is less 
than that at the processing temperature and 
what is observed is simply the rejection of 
excess Ga. In other words, the following 

where 7 is a gas in the atmosphere, possibly 
0, or N,. At this time, we cannot rule other 
reactive gases such as %O or CO,. In reaction 
4, is assumed to ieplace the Ga in the basal 
planes. The overall volume changes for these 
reactions are unknown but are almost certainly 
positive because Ga is one of the few elements 
that expand on solidification. For example, the 
volume change for the decomposition of 
Cr,GaN into solid Ga and Cr,N is + 13 vol %, 
which corresponds to roughly 500 times the 
strain needed for the extrusion. It thus follows 
that the driving force for the extrusion is most 
likely the positive volume change of either 
reaction 3 or 4. 

The hemispherical radius of the volume of 
Cr,GaN required, assuming it converts com- 
pletely to Cr,N (that is, reaction 3 is opera- 
tive), to produce the 2-mrn-long filament 
shown in Fig. 2C is on the order of 20 pm. If 
the assumption is that only 10% of the avail- 
able Ga atoms are rejected or replaced, the 
distance increases to -30 pm. Thus, roughly 
30,000 grains must simultaneously pool their 
Ga to produce the filament shown in Fig. 2C. 
At this time, the diffbsion path of the Ga to 

sequential. 1f reaction 4 is operative and re- 
versible, then changes of some physical prop- 
erty, such as conductivity or surface reflec- 
tivity, can be correlated with the partial pres- 
sure of the reactant gas, in which case 
Cr,GaN could be used as a sensor. Further- 
more, when the driving forces and extrusion 
mechanisms are better understood, it is con- 
ceivable that the shape and form of the fila- 
ments can be manipulated and controlled and 
hence exploited to fabricate micrometer-sized 
wires, springs, and rods. With Micro Electro- 
Mechanical Systems technology and the con- 
tinual shrinking of parts and components, 
smaller and smaller wires will be required. 
The phenomenon described in this report is 
potentially a viable technique to fabricate 
single crystals of such wires, which would 
have the added advantage of being mechani- 
cally robust, the extent of which is clear in 
Fig. 2, in which the complex shapes are 
maintained despite the whiskers being at 0.98 
of their melting point. Needless to say, Ga, 
with its low melting point, would be of lim- 
ited use. However, Si and Ge are two other 
elements that expand on solidification, and if 

reaction is occurring: the surface is unknown, but given that some this phenomenon can be reproduced at higher 
surface damage appears to catalyze the phe- temperatures, in say Ti3SiC, or Ti3GeC,, or CrzGaN = Cr2Ga'-~N + yGa(s) (3) nomenon, it is not unreasonable to assume possibly Ti,AIC, then Si, Ge, and A1 mi- 

An alternative, and more likely, explanation that Ga diffuses along microcracks intro- crometer-sized whiskers, or other shapes, 
is that the following reaction is occurring: duced by the damage. could in principle, be produced. 

Fig. 2. A series of SEM a c 
images of the surface " 
of a Cr,GaN sample 
exposed to  the atrno- 
sphere for 50 hours 
(A). Filaments observed 
are pure single crystal- 
line Ca. (B) Same as 
(A), but at higher rnag- 
nification. (C) Same as 
(A), but at a different 
location. (D) The sarn- 
ple after six months, 
showing marked in- 
crease in density and 
lengths of whiskers. 

938 7 MAY 1999 VOL 284 SCIENCE www.sciencemag.org 



R E P O R T S 

If microcracks indeed catalyze the reac
tion, then lasers, among other techniques, 
could be used to scribe fine patterns and 
microcircuits on the surface that would be 
preferentially filled with the B-group ele
ment. If scratched above the melting point of 
Ga, scratches immediately fill up with molten 
Ga. Once patterned, the B-group elements 
could then be doped to form semiconductor-
based devices. For example, Ga could be 
nitrided to form GaN and hence GaN-based 
devices. Finally, the results of this work fur
ther reinforce the notion that the B-group 
element is relatively weakly bound in the 
structure (3-5) and hence easily chemically 

Mercury is an important trace metal in the 
environment because of its complex behavior 
and the high potential toxicity of its methyl
ated species. Gaseous elemental Hg has a 
long atmospheric residence time (1 year), 
which favors long-range transport and ho-
mogenization on a hemispherical scale. Glob
al mercury emissions have increased substan
tially at least during the past 100 to 150 years, 
and they have accumulated in various ecosys
tems (7). Although local decreases have been 
seen in some locations (mainly because of the 
reduction of emissions of regional sources), 
in general, Hg burdens have not declined. 
These observations suggest that atmospheric 
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displaceable. Consequently, it is not unrea
sonable to assume that this replacement-dis
placement reaction could also be earned out 
electrochemically. It is thus anticipated that a 
majority, if not all, of the 312's and 211 's 
could potentially be useful intercalation 
compounds. 
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to Roman times and perhaps even earlier. In 
addition, the bog is ombrotrophic (4), meaning 
that elements such as Hg were supplied to the 
peat exclusively by atmospheric deposition. 

A core of 2.5 m was sampled at intervals 
of 2 cm in the upper 1 m and at intervals of 5 
cm below that depth. Total Hg concentrations 
were measured in wet samples (HgT) and in 
samples that were dried for 2 weeks at 30°C 
(Hg30O) and 105°C (Hg105O) (5). 

The lowest HgT concentrations of the PVO 
core is 22 ng g_1 at 170 to 175 cm, and the 
maximum is 436 ng g~! in the uppermost peat 
sample. These values exceed the concentration 
in bedrock (1.52 ng g_1) by 14 to 290 times and 
imply that the rock was not an important source 
of Hg to the overlying layers. High Hg concen
trations are found at the surface and at depths of 
17 cm (191 ng g-1), 41 cm (65 ng g"1), and 97 
cm (45 ng g'1) (Fig. 1, A and B). The concen
trations in the deeper layers are far from con
stant (Fig. IB). In general, there is.an increase 
in HgT from 70 cm to the top of the core, but 
there are also higher values between 195 and 
250 cm, followed by other local maxima (of 
—40 to 45 ng g~!). These deeper HgT peaks are 
not related to the ash content or bulk den
sity of the peat, these properties being al
most constant throughout the profile. They 
can only be partially explained by the his
tory of mining and metallurgy in Almaden 
(6). The peak at 17 cm, dated between 600 
and 200 years ago, cannot be fully ex
plained by mining or metallurgy activities 
as there is no agreement between Hg pro
duction and the higher concentrations for 
those times and because the relatively high
er values below 190 cm, in samples older 
than 2800 14C yr B.P., predate by centuries 
any known mining activities in Spain. 

A comparison of the HgT profile with those 
of dried samples shows that some Hg was lost 
during heating. For example, the peak at 17 cm 
and the higher values of the deeper section of 
the core are represented entirely by Hg that 
volatilizes at the lowest temperature (30°C). 
Between 15 to 25 and 190 to 250 cm, peat 
layers contain Hg that has low thermal stability; 
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A peat core from a bog in northwest Spain provides a record of the net 
accumulation of atmospheric mercury since 4000 radiocarbon years before the 
present. It was found that cold climates promoted an enhanced accumulation 
and the preservation of mercury with low thermal stability, and warm climates 
were characterized by a lower accumulation and the predominance of mercury 
with moderate to high thermal stability. This record can be separated into 
natural and anthropogenic components. The substantial anthropogenic mer
cury component began —2500 radiocarbon years before the present, which is 
near the time of the onset of mercury mining in Spain. Anthropogenic mercury 
has dominated the deposition record since the Islamic period (8th to 11th 
centuries A.D.). The results shown here have implications for the global mercury 
cycle and also imply that the thermal lability of the accumulated mercury can 
be used not only to quantify the effects of human activity, but also as a new 
tool for quantitative paleotemperature reconstruction. 
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