
rides is more difficult than that of the alkoxo 
ligands. Nevertheless, the permittivities of these 
films are only slightly lower than those of the 
corresponding materials deposited by the con- 
ventional ALD processes, and their leakage 
current properties are nearly identical (21). For 
removal of the chloride residues, proper post- 
deposition annealing conditions must be looked 
for in which the chlorides are replaced by ox- 
ygen but the underlying silicon is not yet oxi- 
dized. In contrast, the use of metal iodides with 
weaker binding energies than the chlorides of- 
fers a potential way to decrease the halide res- 
idues. Yet another scheme might be to use this 
new process only for the interface formation 
and then continue with the conventional ALD 
processes, which leave fewer residues. 

Whereas the reactions between the halides 
and alkoxides were known from the solution 
studies, the success of depositing A1,03 from 
aluminium isopropoxide and trimethyl alumi- 
nium was more surprising. Most likely this 
reaction mechanism involves formation of 
teut-butane 

The most important finding related to this 
ALD chemistry is that there is no interfacial 
silicon oxide layer between the silicon substrate 
and an A1,03 film (Fig. 1). Before depositing 
this film, the silicon surface was etched with a 
dilute aqueous HF solution to remove the native 
oxide and to leave the surface hydrogen termi- 
nated. Whether the thin light zone at the inter- 
face is real or is an artifact is impossible to 
distinguish. However, even if the interface does 
have oxidized silicon, it is only one monolayer 
thick and, thus, represents an atomic-level in-
terface between A1,0, and Si, which is oxi- 
dized only from its topmost layer. The absence 
of a thicker interfacial layer implies that ALD 
with the use of alkoxides as oxygen sources is a 
viable technique for gate oxide deposition for 
the future-generation integrated circuits. The 
other requirements for the gate oxide deposition 
method, i.e., accurate thickness control and uni-
formity over the large silicon wafers, are inher- 
ently fulfilled by ALD because of its self-lim- 
iting film growth process 
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Nanometer-Size a-Pb0,-Type 
TiO, in Garnet: A 

Thermobarometer for 
Ultrahigh-pressure Metamorphism 
Shyh-Lung Hwang,' Pouyan Shen,'* Hao-Tsu C ~ U , ~  Tzen-Fu yui4 

A high-pressure phase of titanium dioxide (TiO,) with an a-Pb0,-type struc-
ture has been identified in garnet of diamondiferous quartzofeld~p~hic rocks 
from the Saxonian Erzgebirge, Germany. Analytical electron microscopy indi- 
cates that this a-Pb0,-type TiO, occurred as an epitaxial nanometer-thick slab 
between twinned rutile bicrystals. Given a V-shaped curve for the equilibrium 
phase boundary of a-Pb0,-type TiO, to rutile, the stabilization pressure of 
a-Pb0,-type TiO, should be 4 to 5 gigapascals at 900°to 1000°C. This suggests 
a burial of continental crustal rocks to depths of at least 130  kilometers. The 
a-Pb0,-type TiO, may be a useful pressure and temperature indicator in the 
diamond stability field. 

Coesite or diamond inclusions in garnet are 
important indicators of ultrahigh-pressure 
(JJHF') metamorphsm [above 2.5 to 2.7 GPa 
for the production of coesite (I)] in orogenic 
belts such as the western Alps (2), the 
Kokchetav Massif in Kazakhstan (3, 4), Dabie 
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Shan in central China (5), the western Gneiss 
Region in Norway (6) ,and recently the Saxo- 
nian Erzgebirge in Germany (7). UHP meta-
morphism is important to our understanding of 
continental collision zones and the mantle dy- 
namics attending subduction ( I ) .  For example, 
the source rocks in the Kokchetav Massif (4) 
and the Saxonian Erzgebirge (7) are acidic 
crustal rocks, and as such they imply burial to 
the mantle depths before exhumation to the 
surface. In general, inclusions larger than sev- 
eral micrometers in diameter can be identified 
using optical microscopy, Raman probe, or 
electron probe microanalysis, as well as meth- 
ods for polishing thin rock sections to quanti- 
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tatively detect microdiamonds that were ex- 
posed at the polished surface by the peculiar 
striation pattern around them (4). Here, we 
report the occurrence of submicrometer-size 
high-pressure titania polymorph inclusions in 
garnet of diamondiferous gneiss from the Saxo- 
nian Erzgebirge, which were overlooked by the 
above techniques but can be characterized by 
analytical electron microscopy (AEM). 

The crystalline massif of the Erzgebirge is 
located in Saxony and the northern Czech Re- 
public. It has a central portion called the gneiss- 
eclogite unit (GEU), which consists mainly of 
ortho- and paragneisses with numerous lenses 
of eclogite. The diamondiferous gneiss discov- 
ered by Massonne (7) from this unit is near the 
eastern shore of the Saidenbach reservoir, about 
1.5 krn northeast of the village of Forchheim. 

The high-pressure metamorphism there was re- 
cently dated at about 340 million years ago (8). 
The diamondiferous gneisses are characterized 
by abundant quartz, rutile, and phengite, as well 
as by peculiarly round, relatively large garnets 
(with diameters in the millimeter range) that 
amount to 10 to 20% of the bulk rock by vol- 
ume. In such gneisses, diamonds are enclosed 
in garnet, kyanite, and zircon (7). Microdia- 
monds and graphite pseudomorphs were found 
only in the zone of garnet with a relatively high 
MgICa ratio in comparison to the core and rim. 
This diamondiferous gneiss was used for the 
present AEM (9) reconnaissance of submi- 
crometer-size inclusions in garnet, in particular 
within the zone with microdiamond inclusions. 

Titania crystals formed submicrometer-size 

2:0 4 0  6 0  8. 0 
KmV 

Fig. 1. (A) Transmission electron micrograph 
(bright-field image) of titania inclusion in gar- 
net, consisting of an epitaxial a-Pb0,-type 
TiO, slab sandwiched between twinned rut~le 
bicrystals with a specific crystallographic rela- 
tionship. Arrows indicate the {I 10) faces of the 
rutile crystals. (B) Dark-field image of the 
a-Pb0,-type TiO, slab. Scale bar, 50 nm. (C) 
Energy-d~spersive x-ray analysis of a-Pb0,- 
type TiO, slab edge-on showing strong Ti and 
0 peaks, with other weak peaks from garnet 
host and supporting Mo grid and Cu ring. 

Fig. 2. Selected area diffraction patterns and 
schematic indexing of twinned rutile (rut) and 
sandwiched a-Pb0,-type TiO, slab in the zone 
axes of 10],1[11 (B) [210],1[21 I],,, (C) 
[310],/[31 I],,, and (D) [100]J[100],,. Open cir- 
cles (hkl), shaded circles, small solid circles 
(hx), and crosses denote diffraction spots of 
rutile, twinned rutile, a-Pb0,-type TiO,, and 
allowed double diffractions of a-Pb0,-type 
TiO,, respectively. Line segments refer to d- 
spacings compiled in Table l .  Other spots are 
due to the garnet host or double diffraction of 
coexisting phases. Arrows indicate diffractions 
weak in intensity because of a low structure 
factor (B and C) or a high tilting angle of the 
thin specimen (D). The tilting angles between 
zone-axis patterns are also marked. 

inclusions in porphyroblastic garnet of al- 
mandine-rich composition [Alm ,,-,, Py,,,, 
Gro,-,,Sp, according to Massome's garnet 
data (7), where Py is pyrope, Gro is grossular, 
and Sp is spessartine]. Electron diffraction anal- 
ysis indicated that these titania inclusions are 
mostly {110) faceted rutile having no specific 
crystallographic relationship to the garnet host. 
After exploring two garnet crystals in separate 
AEM specimens, we found one of six submi- 
crometer-scale rutile inclusions to be twinned. 
This rutile inclusion with dislocations formed 
twinned bicrystals with a butterfly shape when 
viewed along the [ l l i ]  zone axis of rutile to 
show edge-on { 1 10) faces and (01 1) twin 
planes (Fig. 1). A distinct slab sandwiched be- 
tween the twinned rutile bicrystals was found to 
be wide enough (about 8 nm thick) to be iden- 
tified edge-on by semiquantitative energy-dis- 
persive x-ray (EDX) analysis and electron dif- 
fraction as a-Pb0,-type structure of TiO,, that 
is, a columbite phase not previously found in 
Earth. The EDX analysis on the slab edge-on 
(9) showed mainly the oxygen and titanium 
counts, with the remaining cation counts from 
the surrounding garnet matrix and the support- 
ing Mo grid and Cu ring (Fig. 1C). Because the 
EDX analysis on the twinned rutile apart from 
the a-PbO,-structured TiO, slab gave the same 
results, it is reasonable to believe that the two 
phases have the same composition. This inter- 
pretation is supported by later electron diffrac- 
tion identification of the epitaxial a-Pb0,- 
structured TiO, slab at the rutile twin boundary, 
indicating martensitic (i.e., isochemical) trans- 
formation from rutile. 

The identity of a-Pb0,-type structure was 
verified by selected area electron diffraction 
(SAED) patterns in [110],/[1 li],,, [2 10],/ 
[21ilN,, [3 101,/[3  TI,,,, and [lOOl,/[lOOINt 
(Fig. 2, A to D, respectively, where rut de- 
notes rutile). The four zone-axis patterns with 
eight measured interplanar spacings (Table 1) 
and angles between zone-axis patterns (10) 
are consistent with an orthorhombic unit cell, 
specifically a-Pb0,-type TiO, (space group 
Pbcn) (II), for the following reasons. First, the 
observed d-spacings, calibrated with the tet- 
ragonal cell dimensions [a = 0.4594 nm, c = 
0.2959 nm (12)] of the coexisting rutile, fit the 
calculated d-spacings of synthetic a-Pb0,-type 
TiO, within 1% (Table 1). The refined orthor- 
hombic cell parameters (13) are a = 0.459 + 
0.005 nm, b = 0.544 + 0.001 nm, c = 0.494 + 
0.002 nm, in close agreement with those of 
synthetic material quenched to room pressure 
and temperature (a = 0.4563 + 0.0016 nm, 
b = 0.5469 + 0.0015 nm, c = 0.4911 + 
0.0019 nm) (11). Second, the observed diffrac- 
tion conditions (14) allow a unique assignment 
of the space group Pbcn (15). The presence of 
11 1 and 121 diffractions excludes nonprimitive 
orthorhombic space groups. The space groups 
without glide plane and screw axis have no 
systematic absences and hence can be excluded. 
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The presence of 110, 130, and 021 and the 
absence of 0 10, 00 1, 0 1 1, and 120 M e r  ex- 
clude all other orthorhombic space groups ex- 
cept Pbcn. Indeed, the d-spacings, interplanar 
angles, and tilting angles between zone-axis 
patterns shown in Fig. 2 fit well the synthetic 
a-Pb0,-type TiO, (11). The identity of the 
a-Pb0,-type TiO, is also supported by the fact 
that the slab back-transformed partially into 
rutile structure after -20 hours of electron ir-
radiation, hence the dimmed spots of the 
a-Pb0,-type TiO,. The a-Pb0,-type TiO, 
(001) slab is parallel to the (01 1) twin plane of 
rutile with a specific crystallographic relation- 
ship [lOO]a//[lOO],; (OO1)a//(O1l), between 
them, according to the schematic indexing of 
the diffraction patterns in Fig. 2. A dark-field 
imaging using (020), diffraction spot near 
[100], zone axis shows the a-Pb0,-type TiO, 
slab in bright contrast (Fig. 1B). 

The crystallographic relationship and habit 
plane between this a-Pb0,-type TiO, slab and 
twinned rutile host can be explained by a mar- 
tensitic-type transformation (12). The structural 
transition from rutile to a-Pb0,-type structure 
can be achieved by shearing on the (0 1 1 } plane 
of the rutile. The a-Pb0,-type structure can be 
resolved into rutile-type slabs that are two octa- 
hedra wide, bounded by (OO1)m/{O1 l},, as de- 
picted in the idealized hexagonal close-packed 
(hcp) projection along [loo] for both phases 
(Fig. 3) (12). These slabs may be in antiphase 
because the linear chains of filled and empty 
octahedra, characteristic of rutile, are inter-
changed across each boundary. A single crystal 
of rutile subject to shock loading along the (100) 
direction, which gave the maximum yield of 
a-Pb0,-type TiO, relative to other loading di- 
rections, showed the above crystallographic re- 
lationshp and habit plane between rutile and 
a-Pb0,-type TiO, (16). The same crystallo- 
graphic scheme was used to account for the 
shock loading behavior of rutile (16). The (01 1) 

Table 1. Observed and calculated d-spacings for 
a-Pb0,-type TiO,. The observed d-spacings ( 2  
0.002 nrn) were calibrated by coexisting rutile dif- 
fraction spots in the SAED patterns of Fig. 2. The 
calculated d-spacings were based on the lattice pa- 
rameters (a = 0.4563 nrn, b = 0.5469 nrn, c = 
0.4911 nrn) of synthetic a-Pb0,-type TiO, at room 
pressure and temperature (7 7). The refined d-spac- 
ings for the present a-Pb0,-type TiO, (a = 0.459 
nrn, b = 0.544 nrn, c = 0.494 nrn) are also given. 

-

d-spacing (nrn) 
hkl 

Observed Calculated Refined 

twin boundary of rutile itself is already a basic 
unit of a-Pb0,-type structure (Fig. 3C). Thus, 
the epitaxial nucleation of a-Pb0,-type TiO, at 
this twin boundary is crystallographically fa- 
vored. This also accounts for the absence of 
a-Pb0,-type TiO, slab for the nearby rutile 
crystals without twinning. 

Olsen et al. (1 7) used in situ x-ray powder 
diffraction to reveal the phase transition between 
rutile and a-Pb0,-type TiO,. They emphasized 
the rutile and a-Pb0,-type phase boundary and 
the nanophase effect (18),but unfortunately did 
not mention the transformation mechanism and 
the nature of the resulting microstructures for us 
to compare with the present sample. The bulk 
rutile sample used by Olsen et al, consisted of 
powders h e r  than 0.7 Fm,and the nanophase 
TiO, sample prepared by milling was about 10 
nm, slightly larger than the thickness of 
a-Pb0,-structured TiO, slab in the present 
study. Because the position of the phase bound- 
ary is determined by surface energies of the two 
phases, the nature of the surface and interface, 
such as the twin boundary of rutile pertinent to 
the present sample, should be crucial to the 
nanophase effect (18). According to the "bulk" 
stability field of a-Pb0,-structured TiO, (Fig. 
4), the minimum pressure of transition is about 
6 GPa and could have been up to 2 GPa lower 
as a result of the nanophase effect. On the basis 
of the V-shaped curve for the equilibrium pres- 
sure-temperature (P-T) phase boundary of 
a-Pb0,-type TiO,/rutile (Fig. 4) (1 7), the sta- 
bilization pressure of nanometer-size a-Pb0,- 
type TiO, in the present study might be near 4 to 
5 GPa at 900" to 1000°C; such metamorphic 
temperatures were evidenced by incorporation 
of Ti in garnet (7). Because the titania inclu- 
sions were not formed during retrograde trans- 
formation but during prograde metamorphsm, 
the coexistence of rutile and a-Pb0,-type TiO, 
may suggest a peak metamorphic condition 
close to the phase boundary. This supports the 

Fig. 3. Schematic drawing of atom positions and 
crystallographic axes b and c for (A) rutile (6 = a 
axis), (B) a-Pb0,-type TiO, [the former can 
transform to  the latter by 1/2[011] shear for 
every other hcp plane (Oll)], and (C) the basic 
unit of a-Pb027type TiO, at the rutile twin 
boundary. Solid c~rcles and open circles denote Ti 
and 0 atoms, respectively. 

previous suggestion of a burial of diamondifer- 
ous gneisses to depths of at least 130 km (7) 
according to the graphite-diamond transition of 
Berman (19). Indeed, from the geothermobaro- 
metric results (which include phengite and gar- 
net composition and textural observations), the 
P-T path for the diamondiferous gneisses of the 
Saxonian Erzgebirge has been suggested to fol- 
low three stages, with the second stage within 
the diamond stability field (7). This stage is 
consistent with the P-T conditions for the equi- 
librium formation of a-Pb0,-type TiO, from 
nanophase rutile (I 7) (Fig. 4). 

Twinning on (01 1) for rutile bicrystals, com- 
monly found in crustal rocks, is known as genic- 
ulated twinning (20). The twinned rutile should 
have been vresent in the thickened continental 
crust in metamorphic stage I, and then partially 
transformed, possibly because of sluggishness 
of the transition (1 7), to a-Pb0,-type TiO, after 
the graphite-diamond transition in stage 11,cor-
responding to the formation of the diamondifer- 
ous intermediate zoning of garnet (7). The sub- 
sequent exhumation event caused further 
growth of the garnet and the incorporation of the 
rutile and a-Pb0,-type TiO, assemblage along 
with diamonds as inclusions in the garnet. 
Rutile, which has a high isothermal bulk mod- 
ulus KT = 210 GPa (I  7) and remains quite stiff 
at high temperatures (21), may exert effective 
volume constraint during decompression to pre- 
vent a-Pb0,-type TiO, from back-transforma- 
tion to rutile in stage I11 during formation of the 
garnet rim (7). Still, the subduction and exhu- 
mation of the continental crust should be rapid 
enough to partially form and retain the nano- 
meter-size a-Pb0,-type TiO, in the twinned 
rutile bicrystals. 

The slope change of the rutile to a-Pb0,- 

TemperatureCC) 

Fig. 4. P-T evolution of metamorphic stages I t o  
Ill for the diamondiferous gneiss from the Er- 
zgebirge (7). Also shown are the graphite-dia- 
mond transition (79), the phase boundary of 
rutilela-Pb0,-type TiO, (77), and the phase 
boundary of baddeleyitela-Pb0,-type TiO, (22). 
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type TiO, boundary (I7) can be used to deter-
mine the pressure and temperature of  the rock in 
the diamond stability field. In the present case, 
the subduction limit is close to the graphite- 
diamond boundary, but it may be different in 
other cases because of different temperature 
conditions and the envelope shape of the rutile- 
a-PbO, phase boundary. The baddeleyitela- 
Pb0,-type TiO, boundary (22) could be a use- 
ful indicator of possible subduction to the tran-
sition zone of the mantle if baddeleyite-type 
TiO, can be preserved in a host of minerals with 
a high bulk modulus, such as diamond. 
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The Influence of Canadian 

Forest Fires on Pollutant 


Concentrations in the United 

States 


Gerhard Wotawal*l- and Michael TrainerZ 

High carbon monoxide (CO) concentrations from uncertain origins occurred 
episodically in  the southeastern United States during the summer of 1995. We 
show that these episodes were caused by large forest fires in Canada. Over a 
period of 2 weeks, these natural emissions increased CO concentrations in  the 
southeastern United States as well as along the eastern seaboard, a region with 
one of the world's highest rates of anthropogenic emissions. Within the forest 
fire plumes, there were also high concentrations of ozone, volatile organic 
compounds, and aerosols. These results suggest that the impact of boreal forest 
fire emissions on air quality in the mid-latitudes of the Northern Hemisphere, 
where anthropogenic pollutant sources have been considered predominant, 
needs t o  be reevaluated. 

Forest fires are known to be a major source 
of CO and other air pollutants on a global 
scale (I). Large forest fire plumes, how- 
ever, have been found mostly in tropical 
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regions and above the oceans (2, 3). A 
number of studies dealing with the influ- 
ence of fires in boreal forests on trace gas 
concentrations in high northern lati-
tudes were conducted as part of the NASA 
Arctic Boundary Layer Expeditions (4, 5). 
It was shown that summertime sub-Arctic 
haze events were primarily a result of forest 
fires ( 6 ) ,  that fires, together with strato-
spheric intrusions, contribute a major frac- 
tion of total oxidized nitrogen species 
(NO,,) in the remote sub-Arctic troposphere 
( 7 ) ,and that these fires provide a net source 
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