All the values of F_ in Table 1 are much

lower than the value of 3.8 V/A that was
found in field ion microscope (FIM) experi-
ments for positive Si ions (17). Similar reduc-
tions of F_ in STM geometry have been seen
before (3, 4, 5). This effect has been discussed
in terms of the overlap of image potentials of
tip and sample, which reduces the barrier to
field emission (4, 13). Recent calculations
(20, 21) show that, in STM geometry, ions
can be emitted at much lower fields than in
FIM studies, consistent with the relatively
small F_ values determined here.

The F_ values at negative bias are the
same, within errors, for all tips, which
agrees with the simple picture that F_ is an
intrinsic property of the Si, independent of
the tip material. There is more scatter at
positive bias; but the tip-sample separation
is also considerably smaller, so the effects of
interaction with the tip may be more pro-
nounced. Although anion emission cannot
normally be observed in FIM studies be-
cause of the large electron currents gener-
ated at negative tip bias (21), recent theo-
retical studies support the view that anion
emission should occur at critical fields sim-
ilar to those for cations (13, 20, 21).

The values of A are of the order 1 to 10

at positive bias but are considerably
larger at negative bias. However, it would
be overly simplistic to interpret these dif-
ferences solely in terms of variations of the
tunneling area. For example, in more de-
tailed treatments of the tunneling equation
at low bias (22), other parameters enter
into the exponential prefactor, such as the
electronic density of states of the emitter.
To further investigate such effects, a more
detailed theory of tunneling is needed in
the medium voltage regime where V ~ ®.
We note that in the fitting procedure, A
couples strongly to the values of ®, and ®,.
This is a large source of uncertainty because
the quoted values of work functions vary
considerably (19). The values that we used
for the metal tips were based on contact-
potential measurements that related to a
standard value for W (19). For Si, a stan-
dard value of 4.8 eV was used (16). The
errors in Table 1 include a +0.2 eV varia-
tion in the work function values.

We stress the importance of tip prepara-
tion in achieving reproducible results. For W
tips that were not electron-bombarded, groove
formation was not reproducible and often did
not occur even at tip biases up to 10 V. A
possible explanation is the presence of an
oxide layer several nanometers thick on the
tips (23). The field at the sample may be
substantially reduced by the presence of this
dielectric film near the end of the tip. Elec-
tron bombardment effectively removes the
oxide over a large area. We note that Au tips
can modify the surface in a reproducible way
without electron bombardment, presumably

A2
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because Au is comparatively inert. Thus, we
suggest that the discrepancy between our re-
sults and earlier attempts (2) to modify
Si(111) is attributable to tip preparation. This
is a controversial hypothesis that deserves
further study because it may be important in
other STM nanomodification experiments.

With research based on our results, it
has recently been shown that single Si
atoms can be removed by a brief pulse near
the critical voltage (24). Such single-atom
modification is a probabilistic event because
field emission is a thermally activated pro-
cess. Modification on the scale of the
grooves in Fig. 1 may ultimately be of
greater technological significance, though,
because it is highly reproducible.
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Boundary Layer Profiles in Plasma
Chemical Vapor Deposition

David S. Green, Thomas G. Owano, Skip Williams,
David G. Goodwin, Richard N. Zare, Charles H. Kruger*

A nonlinear optical spectroscopy based on degenerate four-wave mixing has made pos-
sible direct measurements of species temperature and concentration profiles through the
boundary layer of a reactive plasma at atmospheric pressure. Spectra were obtained for
CH and C, radicals over a range of conditions including those for the plasma chemical
vapor deposition of diamond films. Numerical simulations based on a one-dimensional
stagnation-point flow model are in good agreement with the measurements. The CH mole
fraction is shown to rise and fall as a function of distance from the substrate, which is
compelling experimental evidence for the complex chemistry that is occurring in the plasma

boundary layer.

Plasmas find a wide range of applications
from light sources to materials synthesis and
even the development of controlled fusion.
Yet the contribution of plasmas to emerging
technologies relies on our ability to charac-
terize what is among the harshest of chem-
ical environments. The intense luminosity
along with the rapidly changing chemistry,
temperature, pressure, and velocity chal-
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lenge our ability to make meaningful mea-
surements and to model such systems.
Diagnostics are required to provide infor-
mation about neutral and ionized species,
electron density, and energy in the plas-
ma. Furthermore, the implementation of
such diagnostics must be nonintrusive,
species- and state-selective, sensitive, and
capable of high spatial and temporal reso-
lution. We report the use of resonant
degenerate four-wave mixing (DFWM) (1,
2) to probe the boundary layer chemistry
of an atmospheric-pressure radio-frequency,
inductively coupled plasma. As a represen-
tative system, we used an industrial-scale
reactor and made in situ measurements of
the temperature and concentration of CH
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Fig. 1. Schematic of the stagna-
tion-point flow geometry showing
the boundary layer (not to scale).
The two counterpropagating and
collinear pump beams are in-
dicated as forward and back-
ward beams (/ and /). The I I

Water-cooled
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surface
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probe beam is designated I, S p'
and the conjugate beam is the -
DFWM signal beam 1. s
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layer
edge

and C, radicals under conditions that in-
clude those used for the plasma chemical
vapor deposition (PCVD) of diamond films
(3, 4). We observed that under certain
conditions the CH concentration rises and
falls in the boundary layer, in close agree-
ment with numerical simulations.

One of the distinctive features of atmo-
spheric-pressure PCVD, in contrast to low-
pressure environments, is the presence of a
thin (<1 cm) boundary layer near the
surface. As the hot plasma impinges on the
colder surface, the flow is diverted; this
results in a boundary layer characterized by
chemical nonequilibrium and steep gradi-
ents in velocity, temperature, and compo-
sition. This layer is important chemically
because it defines a restricted reaction zone
for the production and destruction of mo-
lecular species. In Fig. 1 we show schemat-
ically the stagnation flow geometry and the
intersecting laser beams that are used to
probe selected volumes within the bound-
ary layer. The radicals present in the bulk
plasma may diffuse through the boundary
layer and will have varying rates for recom-
bination or reaction in the gas phase and at
the surface. But the growth of a complicat-
ed material, such as diamond, is a complex
mechanistic process that involves many
reaction intermediates. Critical to the dep-
osition process are the energized transient
radicals created in the boundary layer.
Therefore, to understand the chemical
mechanisms that govern PCVD as well as
the fundamentals of plasma chemistry, it is
necessary to investigate the coupled effects
of convection, diffusive transport, gas-
phase chemistry, and gas-surface chemistry.

The use of DFWM as an optical diagnos-
tic of plasmas is a promising alternative to
many conventional laser-based spectro-
scopies that are intractable in these harsh
environments (). This spectroscopy is very
sensitive and has been used successfully to
monitor atomic (5-8) and molecular (9—
13) species for combustion diagnostics as
well as atoms in a low-pressure discharge
(14). The DFWM signal is a spatially co-
herent, polarized beam that can be collect-
ed with high efficiency and filtered against

LElil block

Plasma free stream

background interferences from incoherent
light (1). The ability to use this technique
to detect species at levels approaching 10'©
molecules per cubic centimeter in flames
and discharges has obvious advantages for
tracking transient and highly reactive
chemical intermediates. In addition,
DFWM in the phase-conjugate configura-
tion is a sub-Doppler spectroscopy that is
superior to linear techniques in selectivity

and state specificity. Furthermore, spatial-

resolution on the scale of micrometers can
be obtained with sample volumes defined by
the overlap of the three incident beams.

To quantify the DFWM process, the
two-level model proposed by Abrams et al.
(2) is usually applicable (I, 5-14). If we
assume low optical density and conditions
of saturation, the DFWM signal intensity is
directly proportional to the square of the
population difference AN2. The DFWM
signals are sensitive to laser intensity, ab-
sorber motion, pressure, and level-depen-
dent processes. Although “real” systems are
complicated, DFWM determinations of ab-
solute concentrations should be possible
and certainly relative concentrations can be
obtained. Temperature measurements can
be made by fitting the intensities from
well-resolved rovibrational lines to a Boltz-
mann distribution (10, 13).

The experimental setup for our DFWM
experiment is known as the phase conjugate

geometry (I, 2). The laser source is a
conventional neodymium:yttrium-aluminum-
garnet pumped dye laser system that pro-
vides 5-ns pulses of 0.05-cm™! bandwidth.
The light is spatially filtered and passed
through a series of beam splitters that yield
three input beams of equal intensity. The
maximum energy of the beams is main-
tained near 10 ] per pulse (yielding inten-
sities in excess of saturation). Both the
forward pump beam I; and the probe beam
I, are vertically polarized, while the back-
ward pump beam I is horizontally polar-
ized. With the forward pump and probe at
an angle of 2.5° the interaction volume is
defined by a path length of approximately 1
cm and beam waists of less than 500 wm.
The conjugate beam I_, the DFWM signal,
is extracted from the probe beam path with
a 1:1 beam splitter, passed through a linear
polarizer and spatial filter, and collected by
a photomultiplier tube ~8 m away from the
luminous plasma.

Diagnostics of plasma chemistry require
not only well-designed experiments but also
theoretical models. The difficulties in de-
veloping these models lie in the inherent
complexity of high-temperature gas-phase
and gas-surface chemistry and the lack of
necessary kinetic and thermophysical data.
In our studies, we draw on a computational
simulation developed for diamond PCVD
(15). The robustness of the model can be
judged by its successful application to many
deposition systems, including hot filaments,
arc jets, flames, and rf plasma torches (4,
15, 16). This is a one-dimensional stagna-
tion-point flow model that includes coupled
gas-phase chemistry, multicomponent dif-
fusion including thermal diffusion, and sur-
face chemistry. The gas-phase chemical
reaction mechanism consists of 50 reac-
tions. The diamond growth mechanism is a
modified form of the methyl-based mecha-
nism proposed by Harris (17). The model is
used to predict gas-phase temperature and
velocity profiles, concentration profiles for
20 chemical species (Ar, H, H,, all C;- and
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Fig. 2. The CH temperature
profile determined from

DFWM measurements (A)
and that calculated (—)
from numerical simulation,
where T oo gream = 3700 K
and T, poae = 1300 K. (In-
set) Representative DFWM
spectrum of the CH A2A-
X211 (0,0) and (1,1) band
systems in the region of the
R(5) rotational lines, at T,
= 3700 K.
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Fig. 3. Results of a stoichiometric study that
compares DFWM measurements of the relative
CH (@) and C, (O) mole fractions in the free
stream with an equilibrium calculation (—) at
Tiee stream = 3500 K as a function of CH,

feed-gas flow. The Ar and H, flows are fixed at
106.5 and 12 liter min—*, respectively.

C,-hydrocarbons, as well as several C;- and
C,-hydrocarbons), and deposition rates as a
function of temperature, gas mixture, and
total pressure. In the past, this model has
been used as a sensitive test of growth rates
(4, 15). In contrast, this work examines the
model’s predictive ability to trace the
chemistry of reactive gas-phase intermedi-
ates at higher temperatures, under colli-
sion-dominated atmospheric-pressure con-
ditions.

The chemistry encountered during at-
mospheric-pressure plasma synthesis of dia-
mond thin films consists of the nonequilib-
rium reactions that occur within the bound-
ary layer. The species of interest include
atomic hydrogen, which participates in
such processes as activation of surface sites
and extraction during hydrocarbon addi-
tion. The carbon is drawn from a variety of
species such as C;H,, (m = 0 to 4) and
C,H, (n = 0to 6). It is the nonequilibrium
processes between hydrogen and the radi-
cals near the surface that enhance diamond
growth kinetics under temperature and
pressure conditions that would otherwise
make diamond deposition impossible.

The high spectral, spatial, and temporal

the spectra of CH and C, as a function of
position in the boundary layer and to derive
local temperature profiles. We select the
rotational lines of the CH A2A-X?II (0,0)
and (1,1) band systems near 431 nm and
the C, PII—’TI, (2,0), (3,1), and (4,2)
band systems near 437 nm for study. The
spectral region displayed in Fig. 2 shows the
R(5) rotational lines of CH. All fine struc-
ture and A-doublet components of CH are
clearly resolved. Also shown in Fig. 2 is a
comparison between the CH vibrational
temperature determined by DFWM mea-
surements at various distances from the
substrate and the profile predicted by the
one-dimensional flow model. Here we apply
the relation I, « N? and evaluate the
temperature using relative DFWM signal
intensities from corresponding rotational
components and the ratio of Boltzmann
factors. The simulated profile is calculated
by adopting the DFWM-measured free-
stream vibrational temperature of 3700 K
and the pyrometrically measured surface
temperature of 1300 K as boundary condi-
tions. Good agreement is found between
the numerical simulation and DFWM mea-
surements.

Stoichiometric studies use DFWM diag-
nostics to monitor the relative change in
the mole fraction of CH and C, as a
function of the CH, feed-gas flow at fixed
temperature and Ar:H, mixing ratio. Such
investigations are motivated by previous
work (4) in which it was reported that there
is a narrow parameter range in which dia-
mond films are grown and in which it was
shown that gas-feed ratios have a dramatic
effect on growth rates. Figure 3 illustrates
the result of stoichiometric measurements
in the free stream. The DFWM data reflect
a simple N? signal dependence, and we
evaluated the Boltzmann factors using an
experimentally derived temperature of 3500
K. The calculated equilibrium concentra-
tions and the DFWM measurements show
excellent agreement. Consequently, the
stoichiometric studies confirm that relative

sensitivity of DFWM allows us to measure  species concentrations determined by
Fig. 4. Comparison between the 60— T T T T TT35000
CH concentration profile deter- - ]
mined from DFWM measure- sol- (i \ ]
ments (@) [with a spline curve _r Il g —{4000
() fitto the data points] and that € [ I ]
calculated (---) from numerical 240 \ N ] g
simulation, where Tieoqueam = S [ W\ —{3000 3
4100 K and Tsubs.tra(e = 0 K. ":‘530:_ \\ . ] 3
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perature measurements (A) and L, o B — ———= 72000 E
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DFWM measurement are consistent with
equilibrium chemistry in the free stream.

A comparison of the predicted CH tem-
perature and mole fraction profiles based on
the one-dimensional stagnation-point flow
model with the DFWM measured tempera-
ture and relative mole fraction profiles is
shown in Fig. 4. We used harsher plasma
conditions here than in the above experi-
ments to obtain steeper temperature gradi-
ents and to test the ability of DFWM
diagnostics to track the rise and fall of
radical concentrations in the boundary lay-
er. On the basis of integrated signal inten-
sity ratios between rotational components
of the CH (0,0) and (1,1) bands, we
evaluated the vibrational temperature at a
number of positions close to the maximum
of the concentration profile. We found that
these temperature measurements, in con-
junction with a surface temperature deter-
mined by optical pyrometry, are sufficient
to define thermal boundary conditions for
the numerical simulation (yielding a free-
stream temperature of 4100 K). Additional
boundary conditions adopted in this simu-
lation are a free-stream velocity of 10 m s™!
and a surface temperature of 800 K. The
predicted thermal boundary layer is about 5
mm thick and falls steeply close to the
surface. We have found good agreement
between numerical simulations and DFWM
measurements of vibrational temperature
from 2000 to 4500 K. The drop in strength
of the CH (1,1) bands in the cooler regions
hinders the evaluation of vibrational tem-
peratures for distances smaller than 1 mm
above the surface. Yet we are encouraged by
the fact that the rotational structure of the
CH (0,0) band spectrum remains strong
even close to the surface and should provide
rotational temperature profiles to within
100 pm.

The mole fraction profiles in Fig. 4
illustrate the sensitivity of DFWM diagnos-
tics to the production and destruction of
CH concentration within the boundary lay-
er for a characteristic set of plasma condi-
tions. The relation I, « N? is considered
valid, and we normalize the relative
DFWM measurements to the peak predict-
ed value. The Boltzmann factors are ob-
tained from the simulated thermal profile
defined by the gas-phase and surface tem-
perature measurements. The CH mole frac-
tion goes through a maximum inside the
thermal boundary layer at a distance of
about 2.5 mm from the surface, while in the
same region the temperature decreases
monotonically (Fig. 4). These results show
excellent agreement between the DFWM-
measured relative species profile and the
numerical simulation.

Such measurements when compared
with theoretical models provide valuable
information on the role of partial equilibri-
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um among the C;- and C,-species with
atomic hydrogen. The correct prediction of
the temperature and concentration profiles
are a vital test of our ability to understand
plasma chemistry at the boundary layer,
specifically the dependence on gas-phase
reactions and the contribution of surface
reactions.
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Cryptic Grain-Scale Heterogeneity of Oxygen
Isotope Ratios in Metamorphic Magnetite

John W. Valley* and Colin M. Graham

Oxygen isotope ratios measured by ion microprobe in magnetite from granulite-facies
marble of the Adirondack Mountains, New York, range from +2 to +11 per mil (standard
mean ocean water) across a single grain that measures 3 millimeters by 5 millimeters. Low
values are concentrated in irregular domains near the grain boundary but also occur in the
grain’s interior. In contrast, grains 1 millimeter in diameter that are from a second nearby
sample show no significant heterogeneity, except within 10 micrometers of the grain
boundary. These data, including large gradients of up to 9 per mil per 10 micrometers,
provide important new constraints on the nature and origins of intragrain isotopic heter-
ogeneity and on oxygen isotope thermometry. The differences between these magnetite
grains result from contrasting mechanisms of isotope exchange with fluids after the peak
of regional metamorphism. Volume diffusion of oxygen through the crystal structure of
magnetite contributed to isotope exchange in the rims of small grains, but larger grains are
crosscut by healed cracks that are not readily detected and that short-circuited diffusion.

The fractionation of oxygen isotopes be-
tween coexisting minerals should, in theo-
ty, provide an ideal means by which to
determine the temperature of formation for
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many rocks (I-5). Appropriate mineral as-
semblages are plentiful, fractionation coef-
ficients are well calibrated, temperature
sensitivity is good, and there is no measur-
able pressure correction. However, the ac-
tual reliability of the results of stable isotope
thermometry in igneous and metamorphic
rocks is controversial (1, 4, 6-11).
Thermometers have often been thought
to reset after mineral crystallization by ex-
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change within and among minerals. Exper-
imental data on oxygen self-diffusion in min-
erals have been used in models of retrograde
exchange and, in some cases, in estimates of
cooling rates (7-10, 12). The approximate
agreement of two or more temperatures esti-
mated from different mineral pairs in the
same rock is often taken as proof that the
estimate is accurate, but apparent agreement
can arise in spite of retrogression.

Recent numerical modeling has shown
that, because grain boundaries are zones of
relatively rapid diffusion, there is not a
simple blocking-temperature relation for
diffusion [as in (13)]. In addition, closed-
system exchange depends on modal propor-
tions of all of the minerals in a rock as well
as their mineral diffusivities, grain sizes,
grain shapes, and cooling rates (10). Fur-
thermore, oxygen diffusivity in some min-
erals is greatly enhanced by high water or
proton activity (14, 15). In the presence of
fluids, oxygen exchange may also occur by
solution reprecipitation or reaction rather
than by diffusion (8, 11, 14, 16, 17). Thus,
the removal of grain boundary fluid by
retrograde reactions during the cooling of a
metamorphic rock could cause sudden ces-
sation of oxygen diffusion. These observa-
tions raise the possibility that individual
mineral grains might preserve microscale
information of their thermal or fluid-rock
interaction histories (7).

Advances in the microanalysis of stable
isotope ratios in minerals by the ion micro-
probe—secondary ion mass spectrometer have
allowed researchers to decipher the isotopic
record within individual mineral grains as
initially demonstrated for magnetite (7). In
well-constrained cases where zonation pat-
terns are known, their interpretation can
provide a more fundamental understanding
of the thermal evolution and the fluid-rock
interaction in the Earth’s crust.

In this report, we describe the first de-
tailed mapping of oxygen isotope ratios in a
single mineral grain, a large magnetite crys-
tal from a granulite facies marble from the
Adirondack Highlands, New York, and dis-
cuss implications for the processes that redis-
tribute oxygen during cooling of metamor-
phic rocks. The magnetite crystal is from the
Weston Mine, a magnetite skarn at the
contact of the Marcy anorthosite massif in
the central Adirondack Highlands. These
rocks have experienced a complex metamor-
phic history (18, 19) of contact metamor-
phism and metasomatism (~900°C, <3
kbar), regional Grenville-age (1080 to 1050
million years ago) granulite facies metamor-
phism at about 775°C and 7.5 kbar, and
finally late-stage alteration during slow cool-
ing, 1° to 3°C per million years (20). Large
amounts of aqueous fluids were involved
during skarn formation, small amounts of
grain boundary fluids were present during
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