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Abstract—A key uncertainty in models of the global carbonate-silicate cycle and long-term climate is the
way that silicates weather under different climatologic conditions, and in the presence or absence of organic os7#
activity. Digital imaging of basahs in Hawaii resolves the coupling between temperature, rainfall, and
weathering in the presence and absence of lichens. Activation energies for abiotic dissolution of plagioclrtse .
(23, 1 t 2.5 kcal/mol) and olivine (21.3 t 2.7 kcallmol) are similar to those measured in the laboratory, and
are roughly double those measured from samples taken underneath lichen. Abiotic weathering rates appear to
be r3roLrortionalto rainfall. Dissolution of da~ioclase and olivine underneath lichen is far more sensitive to
rai~fali. Copyright 01999 Elsevier Scie~ce kd

,,,. 1. INTRODUCTION

By casting the Earth, oceans, and atmosphere as participants in
a vast chemical reaction whose elementary steps can be largely
understood through coordination chemistry, Werner Stumm
focused the efforts of at I’easttwo generations of scientists on
unraveling the inner secrets of global geochemical cycling. No
geochemical cycle has received more attention in recent de-
cades than that of carbon, primarily because of concerns about
global warming. To paraphrase Werner, “Although we are clearly
performing a massive titration of C02 into the atmosphere, our
limited understanding of the carbon cycle makes it difficult to
predict the outcome of the experiment.” Presumably, a clearer
understanding of the complex linkages involved would provide a
more certain view of future climate shifts, as well as a means for
understanding global change in the geologic past.

Over geologic time spans (> 105 year), silicate weathering
reactions control the movement of carbon between the atmo-
sphere and oceans, and during the past 400 million years, biota
have played an important role in the process. Weathering of Ca
and Mg silicates is the primary sink for atmospheric C02 over
geologic time, and the amplification of weathering caused by
the appearance of biota in the Precambrian almost certainly
caused a decrease in atmospheric C02 levels (Lovelock and
Whitfield, 1982). Although the cause-and-effect linkages are
fairly straightforward, the actual magnitude of the shift from
abiotic to organically mediated weathering is unclear. Biotic
enhancement has been argued to be “on the order of at least 100
to perhaps more than 1000” Qchwartzman and Volk, 1989).
Drever (1994) argued for a much smaller effect. The uncertain
biotic enhancement is a critical unknown in models of early
climate as large-scale shifts in atmospheric C02 levels would
likely result, owing to the greenhouse effect, in temperature
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excursions. A minor enhancement of weathering by biota
would imply that global temperature changed relatively little
with the colonization of land by the biota. A high biotic
weathering enhancement would point to a substantial lowering
of temperature. For example, Schwartzman and Volk (1989)
calculated an abiotic Earth 15°C warmer than the present if
biotic weathering is 10 times faster than abiotic weathering. The
abiotic Earth temperature was cdcttiatedto be 30”C warmer if
biotic weathering is 100 times greater than the abiotic case. The
order of magnitude uncertainty in the biotic effect makes it diffi-
cult to model global habitability over geologic time.

It would be useful to know to within at least an order of
magnitude, to what degree soil microorganisms, lichens, and
vascular plants accelerate weathering. Tlis is not an easy
question to answer because the factors that control the weath-
ering of the Earth’s crust are complex, often coupled, and, as a
result, understood at the field scale only in a semiquantitative
sense. Soils rich in organic matter often have high C02 pres-
sures and abundant organic acids, and are often warmer than
soils that are not. Soils exposed to heavy rainfall often have
high organic activity. Any, or all, could result in accelerated
weathering. To separate the various effects, watershed studies
have focused on denudation fluxes from multiple basins, dif-
fering primarily in the variables of interest (e.g., temperature or
runoff) (Velbel, 1993; White and Blum, 1995). Weathering
rates increase with temperature, ambient moisture, and organic
activity, although the derived dependencies are somewhat ap-
proximate because no two basins are the same in a mineralogic,
hydrologic, or biological sense.

To resolve more precisely the controls on weathering, we
looked directly at the silicate minerals, as opposed to the
solutions in contact with them, and built a model based on
measurements made at a single rnineralogically and hydratrli-
cally similar field site. We digitally imaged weathering rates of
plagioclase and olivine as a function of mean temperature,
organic activity, and rainfall on a series of basalt flows in
Hawaii. This allows us to gauge the role of temperature and
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Wurtzite InxGal.xNhas a direct band gap that can potentially be varied from 3.42

(x=O) to 1.89 eV (x = 1), making it useful for fabricating blue and @een light-emitting

diodes. Recent experimental studies have begun to provide valuable insights into the

properties of InGaN,l-5 and two noteworthy observations have emerged from these

studies: 1) InGaN layers up to 2500 ~ thick can be grown coherently on GaN in spite of

the sizeable lattice mismatch (= 2.7% mismatch at x = 0.25, for instance), and 2) The

peak in photoluminescence (PL) spectra is often observed at a lower energy than the

absorption edge typically used to define the band gap. Chichibu et al.6 proposed that the

redshift in the PL signal (sometimes referred to as the Stokes shift) arises from the

recombination of excitons localized in iridium-rich regions of the alloy, and this view has

recently been extended by O’Donnell et aL7 who speculated that quantum dots exist

within the alloy matrix having compositions approaching InN. Coherent growth results

in compressive biaxial strain within the alloy which can change its band structure, and

may also generate an internal electric field causing field-induced tail states to appear

below the absorption edge via the Franz-Keldysh effect.8 Wetzel et al.s proposed that the

redshift in the PL signal in strained alloy films originates from these tail states, thereby

providing an explanation that does not require the presence of composition fluctuations or

quantum dots.

Notwithstanding the different proposed explanations for the redshift in the PL

signal, alloy band gaps as measured by absorption-related techniques (absorption,

photoreflectance and spectroscopic ellipsometry) vary significantly between films grown

by different groups. This is illustrated in Fig. 1 where we plot the gap deviations, AE~=

Eg,InGaN - XEg,lnN- (1 – X)Eg,Gw, from five sets of InGaN fihns. (The gap deviation is used

here in order to emphasize the band-gap bowing and to facilitate comparisons between

theory and measurements, and wurtzite and zinc-blende results.) We note that the gap

deviations for biaxially strained wurtzite films are consistently below the values for

unstrained zinc-blende films, whereas strain is expected to increase the band gap. One

purpose of this study was therefore to carefully examine the effect of biaxial strain in

wurtzite InXGal-XNfilms. We have also examined the effect of chemical ordering on the

band gaps of strained wurtzite InXGal-XN.This work was motivated by experimental
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studies showing evidence of cation ordering along the [0001] direction in wurtzite

alloys.g Furthermore, a recent theoretical study by Northrup et aL1oreported that iridium

atoms have a 0.5 eV bias to incorporate at one of the two possible sites at a step edge in

wurtzite InGaN, thereby providing a mechanism for ordering along the [0001] direction.

For future reference, we note that this mechanism does not apply to cubic structures so

this type of ordering should not be present in zinc-blende InGaN.

Our calculations were performed using the Kohn-Sham formulation of density-

fimctional theoryll with 192-atom supercells consisting of 4X4X3primitive wurtzite cells.

We considered the set of x values 0.0625, 0.125,0.1875,0.250, 0.375, and 0.5, and for

each x we generated five separate configurations in order to assess the variation in the

computed alloy properties with atomic configuration and the finite-sized supercell used in

these calculations. Ordered configurations were generated by constraining iridium atoms

to reside on alternating planes along the [0001] direction and randomly occupying cation

sites within a plane. Random configurations were generated by randomly occupying the

cation sites. The atom positions were fi.dly relaxed for all of the supercells considered,

and the cell shapes for unstrained cells were adjusted until the diagonal elements of the

stress tensor were equal to zero. For strained cells, the lattice constant in the (0001) plane

was fixed at the theoretical value for GaN, and the lattice constant along the [0001]

direction was adjusted until the corresponding component of the stress tensor was equal

to zero. The calculations were performed using the plane-wave, ultrasoft pseudopotential

forrnulation,12 employing pseudopotentials developed by Grossner et al.lq The Brillouin

zone was sampled using the r-point, and tests using Monkhorst-Pack14 parameters

{2,2,2} verified the adequacy of this sampling.

We first briefly discuss results related to alloy lattice constants and mechanical

properties. The a lattice constants of the unstrained supercells were found to be within

0.4% of the composition-weighted averages of the constituent values and the c lattice

constants were within 0.3%, indicating that Vegard’s law15 is valid for wurtzite InGaN.

The c lattice constants of the strained, random supercells were within 0.2% of the values

predicted using composition-weighted lattice and elastic constants,lG indicating that no
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unusual behavior exists in terms of the mechanical response of InGaN

Finally, negligible differences were found in the st@ along the c-axis

and random structures.

In Fig. 2, we present our results for unstrained, random wurtzite

to biaxial strain.

between ordered

alloys. For each

composition we show the average of the gaps from the five configurations and the

standard deviation. The band gap dependence on composition is nearly parabolic with

bowing parameter, b, ranging from 1.2(x= 0.5) to 1.5 eV (x = 0.1875) where the bowing

parameter is defined in terms of the expression AE~ = -bx(l – x).. Our results are

compared with measurements on unstrained zinc-blende alloys and theoretical estimates

for zinc-blende alloys obtained using special quasirandom structures (SQS).17 The

calculated wurtzite and zinc-blende gap deviations are in good agreement, providing

confidence in’the often made assumption that nitride alloys having these two structures

should have similar band-gap bowing. The theoretical results are in very good agreement

with measurements by Goldhahn et aL,4 and somewhat worse agreement with the results

of Brandt et aL5 beyond x = 0.1.

In Fig. 3, we display all of our results for wurtzite alloys. Straining the random

alloy to be coherent with GaN increased the gaps for x <0.25 and decreased them for x >

0.25. A similar non-linear behavior was found for wurtzite GaN under biaxial strain in

the (0001) plane over the range -0.04 ~ Ell~ +0.01 where Eliis the in-plane strain. ~nc-

blende GaN displayed similar non-linear behavior for trigonal strain, but only weakly

non-linear behavior for tetragonal strain over the same range of strain values. As a check

that these results were not an artifact of the pseudopotential approximation, the same

calculations were performed using the all-electron, full-potential, linear muffin-tin

orbitals method. Almost exact agreement was found both in the absolute values of the

band gaps and their strain dependence. Similar calculations were carried out for zinc-

blende Gal? under trigonal strain and roughly comparable non-linearities were found.

Further studies are underway to determine the origin of this surprising behavior.
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Ordeting tiestitined alloys reduced tiekbmd gapsconsiderably @ig.3). Before

comparing these results to measurements, we note that the strain-induced electric field

discussed by Wetzel et al.g can alter the alloy band structure aside from causing field-

induced tail states. To estimate the magnitude of this effect, we note that the field will

exert a force on an atom proportional to its ionic charge. If we assume a charge of –1 for

nitrogen ions, +1 for cations, and a field strength of 1 MeV/cm, then the force on an atom

will be 0.01 eV/~ in magnitude. These forces will tend to lengthen the cation-nitrogen

bond oriented along the c-axis and, as a secondary effect change the c lattice constant.

We estimated the field effect on the band gap by displacing the atoms in an x = 0.5

ordered alloy and relaxing the c-axis in response to these displacements. The resulting

change in the alloy gap was +25 meV. If we assume that this effect scales linearly with

composition, then it will have little bearing on the comparisons or discussion presented

below and we therefore neglect it.

Our strained wurtzite results are compared with corresponding measurements in

Fig. 3. The results for random alloys fall above the measurements and are in poor

agreement with them. The results for ordered alloys are in much better agreement with

the measured values, especially those of Wagner et al.3 In addition, we note that

O’Donnell et al.ls estimated a gap deviation of AE~= -l.45x eV for InxGal..N in the range

()s xs 0.4. A line~ fit to our strained, ordered results yields AEg= -1.5x eV in excellent

agreement with their estimate. O’Donnell et al. 18 also emphasized that their

measurements showed no evidence of a parabolic form for the gap deviations, and the

same might be said for the experimental results shown in Fig. 3. Our calculations

indicate that this behavior arises mainly from the non-linear response of the alloy gap to

biaxial strain, although ordering enhances the linearity beyond x = 0.25.

In summary, our results for unstrained, random wurtzite alloys and our estimates

for zinc-blende alloys are in good agreement with each other, and in good agreement witi

zinc-blende measurements.lg Our results for random alloys indicate that biaxial strain by

itself cannot account for the differences in measured gap deviations between wurtzite and

zinc-blende samples. However, we do find an interesting, non-linear band-gap
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dependence onstrain, both for InGWand for buRcompounds. Cation ordering along

the [0001] direction considerably reduces the band gap of strained wurtzite alloys as

compared with random alloys, and yields much improved agreement with measured

values. The presence of chemical ordering may therefore provide an explanation for the

different gap deviations of wurtzite and zinc-blende samples, since this type of ordering

should not occur in zinc-blende InGaN. In light of these results, it seems worthwhile to

look for evidence of ordering in a broader set of wurtzite samples than has been

examined up to now. The presence of composition fluctuations or iridium-rich quantum

dots in wurtzite InGaN and their absence in zinc-blende InGaN could possibly account

for the differences in wurtzite and zinc-blende gap deviations. However, a more

complete theory of how these fluctuations affect absorption is needed as well as an

explanation of why the fluctuations apparently do not exist in zinc-blende alloys.

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed

Martin Company, for the United States Department of Energy under Contract DE-AC04-

94AL85000. The ab initio total-energy and moleculm-dyntics package, VASP (Vienna

ab initio simulation package), was developed at the Institute fiir Theoretische Physik of

the Technische Universit.iit Wien.
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Figure captions.

A. Measurements of thegapdeviation in InGaN alloys. Thegapdeviations for zinc-

blende were computed assuming a band gap of 1.8 eV for zinc-blende InN.

B. Calculated gap deviations for random, unstrained wurtzite InGaN, estimated gap

deviations for zinc-blende InGaN, and corresponding experimental results for zinc-

blende InGaN. The symbols for the wurtzite results show the average of the gaps

from the five configurations and the vertical lines give the standard deviations. The

gap deviations for the experimental results were computed assuming a band gap of

1.8 eV for zinc-blende InN.

C. Theoretical and experimental gap deviation results for wurtzite. The symbols for the

wurtzite results show the average of the gaps from the five configurations and the

vertical lines give the standard deviations. Note that we have offset the compositions

for the random results by* 0.003 to make them easier to distinguish.
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