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Diffusive motion of antiphase domain boundaries in FgO, films
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The antiphase domain structure in epitaxiab®e films determines its physical properties such as super-
paramagnetism, resistivity, and magnetoresistance. A good knowledge and control of the domain sizes in these
films is therefore of utmost importance. We report on the finding that the antiphase domain boundaries anneal
out via a diffusive mechanism at relatively low temperatures. This has been demonstrated by postannealing the
films at 250 °C, 300 °C and 350 °C. The boundary migration process is a thermally activated process with an
activation energy of 26 kJ/méR50 me\j. We have further studied the domain size in epitaxiglJzefilms as
a function of growth parameters. A linear relationship has been obtained for the logarithm of the domain size
versus the inverse of the growth temperatimehe range of 125 °C to 300 °C), which supports the diffusional
mechanism. The domain size is not influenced by the iron flux, but does depend on the oxygen flux. This
suggests that the critical nuclei are pairs of iron and oxygen atoms and that iron is more mobile than oxygen.
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[. INTRODUCTION films. Therefore, a large domain size is desirable in order to
measure the magnetoresistance of a single boundary.

Epitaxial FgO, films grown on MgO substrates are  Since the domain boundaries determine general physical
known to contain antiphase domain boundaria®Bs 1-3  properties such as magnetism and resistivity, it is necessary
The APBs are natural growth defects, resulting from the facto have knowledge about the boundary density. For instance,
that the lattice constant of F®, (a=8.3987 A) is twice as the saturation magnetization of f&&, films grown by differ-
large as the one of MgCa=4.212 A). In a previous publi- ent techniques and temperaturge., sputtering and
cation it was assumed that the APBs are formed in the firsiolecular-beam epitaty (MBE)] is very different and
monolayer, with fixed domain size as subsequent layers areould be related to a different APB structdrén this paper
deposited. In this paper, we show this to be incorrect andWe present a quantitative study of the changes in APB den-
that instead the APBs are mobile and anneal out by a diffusity as a function of annealing and growth parameters.
sive mechanism.

The presence of the APBs influences the magnetic and Il EXPERIMENT
electronic properties of the films. For example, the magneti- '
zation does not saturate in high fieldsnd ultrathin films The FgO, films were grown using MBE in an ultrahigh

below 5 nm show superparamagnetic beha¥targe frac-  vacuum system with a background pressure of £@nbar.

tion of the APBs exhibits a strong antiferromagne{fd) Standard samples were grown using an iron flux of
coupling?? Here the conduction electrons that have a highl.2 A/min, an oxygen background pressure of 4@nbar,
degree of spin polarizatiSrare blocked. The resistivity of and a growth temperature of 250 °C. Using these conditions,
epitaxial FgO, films containing APBs is thus increased with films between 3 and 100 nm thickness were grown. To de-
respect to the bulk resistivity. The resistivity of the films alsotermine the structural quality and purity, the films were ana-
increases with decreasing film thickness. Recently we havlyzedin situ using reflection high-energy electron diffraction
showrf that this can be related to a significant decrease iIfRHEED), low-energy electron diffraction and x-ray photo-
domain size, and thus to a strong increase in APB densityemission spectroscopy. The thickness of the films was deter-
Upon application of a magnetic field, the AF spins changemined both during growth from the oscillation period of the
their orientation with respect to each other and the resistivifRHEED specular spot intensity and after growth from x-ray
is reduced. The magnetoresistance behavior for one boundeflectivity.

ary has been modeled by a hopping model in which spin- The iron flux was measured using a quartz-crystal bal-
polarized electrons traverse an antiferromagnetic interfacance. Oxygen was admitted via a gas delivery system con-
between two ferromagnetic chaitis. The magnetoresistance sisting of a small buffer volume. The,Qyas is let into the
effect across one boundary is expected to be very largéuffer volume via a leak valve. The buffer pressure is mea-
However, in the FgO, films the domain size is very small sured with a baratron.

(<50 nm) and the magnetoresistaribR) is thus measured The domain sizes have been studied by transmission elec-
over many boundaries. This greatly reduces the MR effectron microscopy(TEM). Specimens were prepared by dis-
and complicates the modeling of the MR behavior in@g  solving the MgO substrate and floating the®g films off in
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FIG. 1. Domain sizes for 3, 6, 12, 25, 50, and 100 nm thick
epitaxial FgO, films on MgO. The domain size is determined from
dark field TEM images obtained with(@20) spinel reflection. The
line is a fit to the datd = C\ft.

a 4-wt% ammonium sulfatd (NH,),S0O,] solution at
70°C 1 The FgO, films were picked up on a copper grid
and analyzed in a JEOL 2000FX electron microscope oper-
ating at 200 keV. To analyze the domain size, dark field
images were made using (220-type spinel reflection. In
the FgO, films, seven types of boundary shifts are possible:
1/4011], 1/4011], 1/4101, 1/4101], 1/4110],
1/4110], and 1/2100], of which only the first four are
visible when using d220-type reflection. All the domain
sizes reported here refer to the domain size as obtained from
the dark field(220) images taken with this type of reflection.
Quantitative domain sizes have been determined from the
dark field images using the linear intercept method.

FIG. 2. Dark field TEM images of 12-nm thick @, films. The
as-grown film is shown i{a) and the images iitb) and (c) were
lIl. RESULTS AND DISCUSSION taken after postannealing at 300 °C in an oxygen background pres-
sure of 10 ® mbar for 1 and 2 h, respectively. The scale bar is in all
ases 20 nm. Images were taken witli220-type reflection near
ihe[OOl] zone axis.

The formation of APBs in epitaxial F®, films results
from the nucleation of islands when the films are deposite
on the substrate. Previous studies have assumed that t

APBs form in the first monolayer and the domain size is therbxygen background pressure of “fOmbar, which is the
fixed as the APBs continue to extend upwards through thgame as that which took place during the growth of the films.
film as more material is depositéd. Itis clear that the domain size increases with annealing time.
We recently reported that the domain size depends on thehese measurements therefore support the interpretation that
thickness of the film. The domain size increases significantlfhe APBs anneal out during the growth of the films. This is
with film thickness, and therefore with deposition time, ac-confirmed by the TEM imagesee Fig. 2 If larger domains
cording to the parabolic relatioB =\t as shown in Fig. 1.  were to form on top of smaller ones, the small domains
The increase in domain size with thickness can originatevould still be visible in the TEM images, which is not the
from two effects. One possibility is that small domains arecase. The growth of the antiphase domains in epitaxigDie
formed in the first monolayer and larger domains grow onfilms is surprising, as one would expect the APBs to be
top of these as the film thickness increases. The other possitatic. Antiphase domain growth has been observed in
bility is that the APBs migrate laterally during the growth Mg, TiO, films,** but these films were grown with the solid-
process such that the domain size increases. state reaction technique which requires diffusion of one spe-
To discriminate between these two options, we have studcies into the other and high temperatutabout 1000 °C).
ied the development of the domain sizes for 12-nm thick The measured domain sizes for the as-grown and the post-
films by postannealing them at 250 °C, 300°C, and 350 °Gannealed samples at the three different temperatures are

for 1, 2, 4, and 10 hours. Figure 2 shows TEM images of thgshown in Fig. 3. The rate law for domain coarsening can
12-nm thick reference sampl€ig. 2a)] and of samples that generally be described &s*

were postannealed for 1 @r? h at 300 °C[Figs. 2b) and |
2(c), respectively. The postannealing was performed in an D"—Dg=kty, (1)
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FIG. 3. Increase in domain size for 12-nm thick;Bg films

with annealing times 1, 2, 4, and 10 h. Annealing has been done at D é 4" é 3 10
250°C, 300°C, and 350°C. Lines are guides to the eye. Annealing Time (hrs)

with k being the rate constarid,, the domain size at the start
of annealing, and, the annealing time. When=2, k has
the same dimensions as a diffusion coefficient/@h This
rate law results from the driving force for migration being
the APB surface energy and the curvature of the APBS.

In(k)

. . . . . 4.0
the boundary migration mechanism is a thermally activated 00016 00017 00018  0.0019

process, the rate constanhas the formk=kye Fa’ e,

The antiphase domain coarsening in oug®gfilms is
well described by Eq1) with n=2, as shown in Figs.(4)— FIG. 4. Square of the domain size versus annealing tirr@)at
4(c) where the plot ofDZ—Dg versus the annealing time 250°C, (b) 300°C, and(c) 350°C. The slopes of these three
yields a straight line. The slopes of the graphs give values ofurves are shown ifd).

k at three different temperatures. The logarithmkofersus
1/T [Fig. 4(d)] gives an activation energy of 26 kJ/mol. a small atomic displacement migrate much faster than APBs

APB migration following the same rate law as that in Eq.that require an exchange of cations. Furthermore, the two
(1) and withn=2 has also been found in other materials. Formaterials have different electronic properties. Anorthite is
instance, in CyAu in which the activation energy is 184 nonconducting and point defects will build up electrostatic
kJ/mol (Ref. 13 and in anorthite (CaABi,Og) the activa- interaction, inhibiting the motion of the cations, especially at
tion energy is 514 kJ/mdft In both cases, the activation high defect concentrations. §&&,, on the other hand, has a
energy for boundary migration is comparable to values obrapid exchange of electrons betweerf Fand Fé" and no
tained using bulk tracer and interdiffusion experimént¥. long-range electrostatic interactions can build*®ip.

Compared to the above-mentioned materials, the activa- It is also interesting to compare our activation energy to
tion energy for domain coarsening in J& films is rela-  bulk diffusion data. A comprehensive study of the bulk dif-
tively low. APB migration in ordered metallic systems suchfusion in FeO, has been performed by Dieckmann and
as CyAu requires substitutional diffusion and hence activa-Schmalzried’~*° They performed tracer diffusion experi-
tion values are similar to bulk diffusion for these materials.ments as a function of temperature and oxygen pressure. The
However, for FeO, the oxygen sublattice is continuous main result was that diffusion occured via a defect mecha-
across the boundary and APB migration only requires diffu-nism and was therefore strongly dependent on the oxygen
sion of the cation species on the mostly unoccupied interstipressure §O,), because the formation of point defects de-
tial sites of the oxygen sublattice. Consequently, the activapends onpO,. At low pO, the bulk diffusion mechanism
tion energy for interstitial cation diffusion would be expectedwas dominated by iron interstitials. Diffusion via interstitial
to be significantly less than that for substitutional diffusionsites is complicated and several mechanisms have been
of ordered metallic systems. Anorthite also has an fcc oxyproposed®?! At high pO, diffusion occurs mainly via va-
gen sublattice which is continuous across the boundary. Theancies on the octahedral iron lattice, which has also been
difference in activation energy for domain coarsening be-confirmed by Mesbauer studi€€. The migration enthalpy
tween FgO, and anorthite is about an order of magnitude.for vacancy diffusion is 86.5 kJ/mol and for interstitial dif-
The APB coarsening in anorthite requires an exchange of Musion it is 255.6 kJ/mof> Even though the bulk values have
and Sit* whereas in FgO, a translation of the iron ions is been obtained from experiments that have been performed at
involved. Carpenter has showrthat APBs that require only temperatures far above the Curie temperatiitg,(Atkinson

1/TX"
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FIG. 6. Domain sizes versus growth temperature for 6 nm, 12
nm, 25 nm, and 50 nm thick films.

migration does not require additional defects to be formed,
since a defect structure already exists at the APBs.

Due to the high density of APBs the free energy of the
thin films is much higher than for an APB-free single crystal.
The epitaxial films thus possess a large driving force for APB
removal. The situation can be compared to a polycrystalline
film with grain boundaries. Due to the larger free energy of
this system compared to a single crystal the film is not stable.
Annealing these films causes the boundaries to migrate, such
that a local equilibrium at the boundaries can be achieved.
Equilibrium at a boundary junction depends on the surface
energy of the boundaries, the number of boundaries inter-
secting at a junction, the angle between the boundaries, and
the curvature of the boundari&sSmall grains tend to have
high curvature boundaries and these grains disappear during

FIG. 5. Dark field TEM images of 12-nm thick §@, films. The  annealing. A similar situation occurs in the epitaxiabGg
as-grown film is shown i@ and the images itb) and (c) were  films. The as-grown film has a large number of junctions
taken after postannealing at 300 °C in vacuum for 1 and 2 h, rewhere three or more boundaries mge€igs. 2a) and 5a)].
spectively. The scale bar is in all cases 20 nm. Furthermore, the APB directionality is random with a curved

APB structure. After annealing, the boundaries have become
et al. have performed tracer diffusion experiments belbw straighter and the number of junctions is significantly re-
and found that the high-temperature data can be extrapolatetliced[Figs. 2b), 2(c), 5(b), 5(c)].
to temperatures beloW,.?* The activation energy for bulk If the mechanism for domain coarsening during growth is
diffusion is higher than for domain coarsening. A possiblea diffusional process, a change in domain size can be ex-
explanation is that bulk diffusion requires the formation of pected for different growth temperaturfisecause the rate
point defects, while in epitaxial films, a defect structure onconstant k in Eq. (1) depends on temperature ds
the Fe sublattice is already present at the APBs, which coule-koe™Fa’%eT]. To investigate this aspect, 5@, films of 6,
facilitate migration along the APBs. We have also postan412, 25, and 50 nm thickness were prepared at 125°C,
nealed a 12-nm thick B®, film at 300 °C in vacuum. Im- 200 °C, and 300 °C, keeping the iron and oxygen fluxes con-
ages of the as-grown sample and after postannealing for dtant. For higher temperatures, Mg from the substrate starts
and 2 h are shown in Fig. 5. to segregate into the filff, thus limiting the maximum

While the boundaries are sharper for the samples thajrowth temperature.
have been postannealed in oxygen, the domain sizes are to The domain sizes for various film thicknesgés 12, 25,
within 10% equal for annealing in vacuum and in oxygen.and 50 nm versus 1T are shown in Fig. 6. On a logarithmic
The fact that the migration of the APBs is independent of thescale, this is indeed a straight line. The activation energies
presence of oxygen during annealing indicates that boundarmyre 22, 19, and 17 kJ/mol for 12, 25, and 50 nm, respectively.
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FIG. 7. Domain sizes for 12-nm thick §®, films grown at
250 °C as a function ofa) iron flux and(b) oxygen flux.

Within experimental uncertainty these values are the same as
the one obtained for postannealing. This shows that the same
mechanism applies to coarsening during growth. The 6-nm
thick film has a much lower activation energy of 9
+1 kJ/mol. This is probably due to the extremely high APB
density in this filnt leading to an increased driving force for
APBs migration.

The initial domain size formed in the first monolayer can G, 8. Dark field TEM images of 12-nm thick §8, films
also depend on the oxygen or iron flux. We have studied thgrown with a constant iron flux, but with a varying oxygen fluxes of

influence of the iron flux by growing 12nm thick samples () the lowest applied oxygen fluxPg =1 mTorr), (b) Ppys
using 0.6, 1.2, 2.5, 3.6, and 5 A/min iron fluxes, keeping the=5 mTorr, and(c) Ppus=15 mTorr.

oxygen buffer pressure constant at 10 mTorr. The domain
sizes of 12-nm thick films grown at 250 °C with different ~ TEM images of the 12-nm thick E®, films grown at
iron fluxes are shown in Fig.(@. The domain size is within  different oxygen pressures are shown in Fig. 8. The antiphase
experimental error independent of the iron flux. domain boundaries of the two samples with small domain
In contrast, a clear change in domain size is observed i§izes, Figs. &) and §c) appear broader than the APBs of the
the oxygen flux is varie@Fig. 7(b)]. The 12-nm thick speci- film with a larger domain sizgFig. 8(b)], for reasons that are
mens were grown at a constant iron flux of 1.2 A/min8  unclear.
X 10 (m~2s™ 1] using different oxygen fluxes. The oxygen  The fact that the domain size is independent of the iron
flux is expressed in terms of the baratron buffer pres§are flux but decreases with increasing oxygen flux is quite sur-
mTorr). To obtain the oxygen flux, F(£, in particles/ms,  prising at first sight, but can be explained using general
the following relation holdsF(0O,)=1.9x10'"X Pbuf. For  nucleation and growth theoretical arguments. We will start
oxygen buffer pressures between 5 and 15 mTorr, the domaithe discussion with the simpler case of the nucleation and
size decreases with increasing oxygen pressure. growth of an elemental metal and follow the treatment of
When an oxygen buffer pressure of 1 mTorr is used, thevillain et al?” Adatoms are deposited at random with a flux
domain size is smallest. At this oxygen pressure, the flux of per unit area and time. It is assumed that the critical
0, molecules is 1.810'7 (m~2s™1). The iron flux is 1.8 nucleus is a dimer and that the detachment of atoms from
x 10 (m~2s71). The oxygen flux necessary to oxidize the islands and evaporation can be neglected. During the initial
iron into FgO, is 2.4x<10Y (m~2s™1). Therefore, the @ stage of growth, the adatom density rises rapidly, leading to
flux is too low to fully oxidize all the iron into Fg,. an increase in the island density as the adatoms start to ag-
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gregate. At a certain coverage, the average separation ba-full monolayer, and consequently the nucleation time is
tween the islands becomes so small that most adatoms aaéso equal to .= Fr./L2. Combining the last two equa-
captured by an island instead of forming new nuclei. At thistions one finds
stage, the maximum island density is reached. The average L=(pg) V4 @
size of the islands is thus determined by the balance between ~\Po '
the deposition rate and the surface diffusion constant of the The island size thus depends on the oxygen particle den-
adatoms. An approximate value can be obtained as followssity only. It is independent of the iron flux, in agreement with
In the initial stage of the growth, the adatom has to moveexperimental observation. The predicted decrease of island
a distancel before being absorbed. In doing so, it visits size with increasing oxygen particle density implies also a
approximatelyl? sites. The chance to find a site occupied isdecrease with increasing oxygen flux. This is also observed.
p (the density of adatomsand therefore the nucleation rate However, the precise relationship between the oxygen flux
is and the stationary oxygen density cannot be easily derived,
because it depends on at least two removal processes, i.e.,
capture by islands and reevaporation. The latter process must
=FL?p. (2 be particularly important for those experiments in which the
~ Tnuel . ) oxygen fluxes are 5, 10, and 15 times higher than the iron
Another approximate expression for the nucleation ratej,x " Another complicating factor is the increase in domain
can be obtained by realizing that during the time necessary t§ize in time due to diffusion processes.

complete one atomic layer one nucleus is formed Iper In summary, the exact growth mechanism for;Gg
sites?”? i.e., lfr,,q=F/L% Combining the above two grown by MBE cannot be determined from these experi-
equations yields ments, but it is likely that critical nuclei consist of an iron
and an oxygen atom and that Fe diffuses faster than oxygen.
L=(p) 4 (3)  Island formation is then dependent on the density of the

slower species.

The density of adatoms can be obtained from the product The observed domain sizes and their dependence on
of the flux and the average lifetime, of an adatom. The growth parameters of course strongly depend on the growth
average lifetime is approximately equalltd/D, whereD is  method. These experiments have been performed g@,Fe
the adatom diffusion constant. As a result, the average addiims grown by MBE where separate iron and oxygen fluxes

tom density can be expressed as have been employed. For films grown by sputtering or
pulsed laser deposition very different results can be ex-
FL? pected. However, for films grown with sputtering similar do-
p=Fr=—"7" 4 main sizes to the ones in our films grown with MBE have
been found.

and the familiar resudt—3%2"

=
is obtained.
We apply similar arguments to the growth of iron oxide,
which is obviously a much more complicated system. For th

IV. CONCLUSIONS

M| O

1/6
) (5) We have grown epitaxial R®, films which contain an-
tiphase boundarie$APBs by MBE and studied the APB
density. From the results of the variation in domain size with
film thickness and postannealing time, we have shown that
he APBs anneal out via a diffusive mechanism, with an
activation energy of 265 kJ/mol (250 me\j. This low ac-
&ivation energy for diffusion of APBs is detrimental for ap-
the oxygen flux. plications such as magnetoresistance devices. Because the

We assume that a critical nucleus is formed when an FéPBS structure determines general physical properties such

adatom and an oxygen particle meet. The precise form of th s resistivity and magnetism, it is important to understand

oxygen species, whether it is molecular or atomic oxygen, idhe development of th? domain structure as a funct|0|j of
not known. We will assume that the metal particle is Olif.fus_growth parameters. A linear relationship has been obtained

ing at a much faster rate than the oxygen species. In that Cag)gtween the nganthm_ of t_he do_maln size and. 1Besides

the iron adatom visitd 2 sites before it is captured. The the increase n doma}m size with grpvvth temperature, we
probability that it meets an oxygen particle and forms ar]have als_o studied the influence of th_ellron and oxygen fluxes.
oxide nucleus is equal to the average density of oxygen palErom this data, we propose that critical nuclei are those of

ticles po. The nucleation rate of oxide particles then be_FeO'moIecuIes and that the oxygen SPECIES IS reIaﬂyer im-
comes mobile on the surface and thus determines the domain size.

ACKNOWLEDGMENTS

=Frel?po. (6) This work was funded by the Netherlands Organization

for Scientific ResearciNWO). The authors thank John
If the growth is limited by the iron flux, one oxide nucleus is Wheeler for fruitful discussions and H. J. Bruinenberg for
formed perl? sites during the time E, necessary to form technical assistance.

Thucl

014428-6



DIFFUSIVE MOTION OF ANTIPHASE DOMAIN . .. PHYSICAL REVIEW B68, 014428 (2003

*Corresponding author. Email address: w.eerenstein@phys.rug.nf*>M.A. Carpenter, Phys. Chem. Mind, 119 (1979.
1D.T. Margulies, F.T. Parker, M.L. Rudee, F.E. Spada, J.N. Chap3®R. Dieckmann, J. Phys. Chem. Soli&lg, 507 (1998.
man, P.R. Aitchison, and A.E. Berkowitz, Phys. Rev. L&8, 17R. Dieckmann and H. Schmalzried, Ber. Bunsenges. Phys. Chem.

5162(1997). 81, 344 (1977.
2F.C. Voogt, T.T.M. Palstra, L. Niesen, O.C. Rogojanu, M.A. 18R, Dieckmann and H. Schmalzried, Ber. Bunsenges. Phys. Chem.
James, and T. Hibma, Phys. Rev5B, R8107(1998. 81, 414(1977).

3T. Hibma, F.C. Voogt, L. Niesen, P.A.A. van der Heijden, W.J.M. °R. Dieckmann, Ber. Bunsenges. Phys. Ch&f.112 (1982.
de Jonge, J.J.T.M. Donkers, and P.J. van der Zaag, J. Appl. Phy®K.D. Becker, V. von Wurmb, and F.J. Litterst, J. Phys. Chem.

85, 5291(1999. Solids54, 923 (1993.

4W. Eerenstein, T.T.M. Palstra, T. Hibma, and S. Celotto, Phys?!N.L. Peterson, W.K. Chen, and D. Wolf, J. Phys. Chem. Solids
Rev. B66, 201101R) (2002. 41, 709(1980.

5J.M.D. Coey, A.E. Berkowitz, LI. Balcells, F.F. Putris, and F.T. 2K.D. Becker, V. von Wurmb, and F.J. Litterst, Hyperfine Interact.
Parker, Appl. Phys. Letf72, 734(1998. 56, 1431(1990.

SW. Eerenstein, T.T.M. Palstra, S.S. Saxena, and T. Hibma, Phy€3R. Dieckmann, M.R. Hilton, and T.O. Mason, Ber. Bunsenges.
Rev. Lett.88, 247204(2002. Phys. Chem91, 59 (1987.

M. Ziese and H.J. Blythe, J. Phys.: Condens. Matt@r 13 24p. Atkinson, M.L. O’Dwyer, and R.I. Taylor, J. Mater. Scl8,
(2000. 2371(1983.

8A. Yanase and K. Siratori, J. Phys. Soc. Jp8,. 312 (1984. 25D A. Porter and K.E. EasterlindPhase Transformations in Met-

9S. Kale, S.M. Bhagat, S.E. Lofland, T. Scabarozi, S.B. Ogale, A. als and Alloys 2nd ed.(Chapman and Hall, London, 1992
Orozco, S.R. Shinde, T. Venkatesan, B. Hannoyer, B. Mercey, Chap. 3.

and W. Prellier, Phys. Rev. B4, 205413(2001). 263.F. Anderson, M. Kuhn, U. Diebold, K. Shaw, P. Stoyanov, and
1OM.L. Rudee, D.T. Margulies, and A.E. Berkowitz, Microsc. Mi- D. Lind, Phys. Rev. B56, 9902(1997).
croanal.3, 126 (1997). 273, Villain, A. Pimpinelli, and D. Wolf, Comments Condens. Mat-
1D, Hesse and H. Bethge, J. Cryst. Grové$ 69 (1983. ter Phys.16, 1 (1992.
2Andrew Putnis,Introduction to Minerals Science@Cambridge  28S. Stoyanov and D. KaschieGurrent Topics in Materials Sci-
University, Cambridge, England, 1992. 323. ence edited by E. KaldigNorth-Holland, Amsterdam, 1981
13A.J. Ardell, N. Mardesich, and C.N.J. Wagner, Acta Metall, ~ 2°P. Jensen and B. Niemeyer, Surf. R84 1823 (1997).
1261(1979. 30p._Jensen, H. Larralde, and A. Pimpinelli, Phys. ReG5B2556
¥M.A. Carpenter, Am. Mineral766, 1120(1991). (1997.

014428-7



