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Towards an understanding of liquid-metal embrittlement: Energetics of Ga on Al surfaces
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First-principles electronic structure calculations show that Ga wets the low Miller index surfaces of Al
Consistent with a thermodynamic basis for the observation that Ga causes single-crystal Al to crack along
(100 planes, the Ga-covergd00 plane has the lowest surface energy. This represents a compromise between
weaker Ga binding on closer-packed Al surfaces and higher clean surface surface energies on more open ones.
In the second adsorbed Ga layer, or{180), several structures lie near the minimum total energy, consistent
with rapid diffusion of Ga to a crack tigS0163-182@06)01031-4

[. INTRODUCTION paper. In Sec. Il A, we discuss the details of our first-
principles computational method. In Sec. Il B, we present re-
The fact that a material’s environment can drastically af-sults for reference bulk Al and Ga crystals. Section Il C con-
fect its resistance to fracturenot only offers a scientific cerns the structure and energetics of Ga pseudomorphic
“handle” on the factors that determine the stability of solids 11 monolayers on the low Miller index planes of Al. Sec-
under stresébut also has serious technological significancelions Il D and Il E treat fractional layer Ga adsorption, in and
Examples of technological implications are plentiful: Liquid- on Al surfaces. Finally, in Secs. Il F and Il G, we discuss the
metals are not allowed on airplanes — spillage could lead t@dsorption of two Ga layers on an Al surface, in pseudomor-
disastrous crack formation. Liquid-metal embrittling agentsPhic and quasihexagonal arrangements, whose energies are
are used to enhance the speed of drilling. Embrittlement is ¥€ry close. The discussion in Sec. Il of this paper aims at a
key impediment to a “hydrogen economy.” Soldered con- qualitative picture of what makes Ga an embrittling agent,
ductors are worth little if the soldering agent causes them tdvhile Al is a strong metal. Developing more direct calcula-
crack. tional support for this, or perhaps an alternative picture re-
In this paper, we focus on liquid-metal embrittlement Mains an important task.
(LME), for which a qualitative explanation has not emerged
despite decades of research. Numerous LME couples are
known: Ga embrittles Al, Au embrittles Mo, Hg embrittles IIl. FIRST-PRINCIPLES CALCULATIONS
Zn, Cd embrittles Fe, eftWe wish to understand, on the OF Ga ADSORPTION ON Al
basis of atomic level parameters, why a particular embrittling A. Method
species attacks a particular metal, by how much it reduces a '
metal’s strength, and how the embrittled metal will crack, To investigate the properties of clean and Ga-covered Al
e.g., along what crystal plane or grain boundary. surfaces, we use the local density approximatiobDA) to
The Ga/Al system is especially interesting because, althe density functional theoyElectron-nucleus interactions
though their properties as metals are so different, Ga and Are represented by carefully tested pseudopoteritiBls:
are neighbors in column Il A of the Periodic Table, whosecause Ga has a shallondXore level, we use the Louie-
chemistry ought to be similar. In what follows, we presentFroyen-Cohen nonlinear core correction for Gale expand
the results of first-principles calculations of the energeticslectronic wave functions in a plane wave basis with ener-
and structure of ultrathin Ga layers adsorbed oflAl),  gies up to 10 Ry.
(100, and (110 surfaces. Consistent with a thermodynamic We model the Al surfaces via calculations for thin Al
basis for the observation that Ga causes single-crystal Al tglabs, using 5-12 atomic layers for(&l1), 6-14 layers for
crack along(100) planes*® we find (1) that Ga binds more Al(100), and 820 for A{110. We use orthorhombic super-
strongly to Al than to itself — thus Ga wets Al surfaces, andcells in all cases, even the hexagonallAll) surface, for
(2) that the Ga-covere@00) plane has the lowest surface Which we choose a/3x1 surface cell. The reason is that
energy, representing a compromise between weaker Ga bingpecialk points are more efficient in orthorhombic than in
ing on closer-packed Al surfaces and higher clean surfacbexagonal cells. We perforik-space averages via a special
surface energies on more open ones. We also find that krpoint sample corresponding to between 500 and 200000
second Ga adlayer binds relatively weakly to the first. Thusk vectors in the full Brillouin zon&BZ) of a one atom cell.
there are many two-layer Ga adsorption structures with To analyze the wetting behavior of Ga on Al surfaces, we
nearly equal energies. This is consistent with low barriergieed a reference energy for pure Ga. For this purpose, we
and fast Ga transport to crack tips at room temperaturegptimize the lattice constants and the positions of the Ga
which are necessary to explain the rapid crack propagation inuclei in thea-Ga crystal structure, i.e., the Ga ground state.
Ga-induced fracture of Al>* Since, experimentally, the lattice parametarandb in the
We describe our calculational methods and give a detailedrthorhombica-Ga phase are nearly equdl51 A as against
presentation of our results in the following section of this4.52 &), we simplify the optimization by requiring=b. Our
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k-point sample, fore-Ga, constitutes 2048 special points in ~ TABLE I. Summary of calculated surface energies for clean and
the full BZ corresponding to a primitive tetragonal cell con- Ga-covered surfaces. The indications “fcc” and “hcp” refer to the

taining 8 Ga atoms. two inequivalent threefold hollows on the AlL1) surface.
Finite slab thickness anklspace sampling are the major N
sources of numerical inaccuracy in the results reported here. Surface E sur (MeV/A ?)
Tests imply that our per-atom energy difference§ can be (jean A(111) 54.9
trusted to thedlevel Oﬁ'lg'rme\? Surfrzillce-energ?)‘/& differences Ga(1x 1)-fec/Al(111) 405
are converged to a reliability of roughly 3 meV; Ga(1x 1)-hcp/AK11D) 43.4
clean A(100 56.8
B. Calculated properties of bulk Al and Ga Ga(1x1)/Al(100 29.7
. . . clean A(110 65.3
To perform a LDA calculation, one begins by selecting an Ga1xX1)/AI(110 43

energy functional to represent the effects of exchange and
correlation(XC). Most recent LDA calculations employ the
XC energy functional and potential parametrized by Perdew a| is considerably more cohesive than Ga. Its measured
and Zungef, using S|0mulz_;1t|ons of the infinite electron gas by cohesive energy is 0.56 eV higher, per atom. The calculated
Ceperley and Aldet: T_h',s choice guarantees, in the hypo- gitference is 0.86 eV, i.e., somewhat larger. The fundamental
thetical limit that a solid’s crystal potential becomes iSotro-rea50n that Al is more cohesive is that it costs considerably
pic (the “Jellium” limit), that the calculated energetics will |ogg energy to promote thesBp Al atom to a 33p? state
approach those of the Ceperley-Alder simulation. However;, \hich all valence electrons can participate in bonding,
the goal of the present work is to improve our understandingp, 4, the correspondings84p— 4s4p? promotion costs in

of the mechanical properties of Al and of liquid-metal em- 5 (For further discussion of this point, see Sec. Ill B be-
britlement mechanisms. Accordingly, the asymptotic behavTOW_)

ior of Al in the Jellium limit is less important here than Al's These properties of Al and Ga suggest the following: Be-

response to external stress. We, therefore, use the Wigngpse of the larger cohesive energy of Al, Ga impurities in
interpolation formul’ for the exchange-correlation energy. aj wil tend to segregate to the surface. This agrees with an

which yields Al elastic properties in good agreement Witheyperimental solubility of Ga in Al of only 2%, and also with
experiment, for example, a bulk modulus of 0.722 Mbar,,; cajculations showing that a formation of 3:1, 1:1, or 1:3
compared to quoted experimental values of 0.722 Mbar a”Q\IIGa alloy, in a fcc matrix, is endothermic by 31 meV, 51
0.76 Mbar. The theoretical Al lattice constant, using theqev or 58 meV per atom. At the surface, bonds of Ga to Al
Wigner potential, is 4.03 : , Which is 0.4% smgller_ than the 4ioms will be stronger than to Ga neighbdifsthe surface
room tgmperature experimental value. Con5|der|n_g that theyyycture is not dimerized, anywayTherefore, Ga adlayers
theoretical result corresponds T6=0, and does not include i jower the Al surface energy. Because of the similar sizes

zero point motion, the calculated lattice constant is actuallyys A| and Ga. at least the first adlayer of Ga on Al surfaces
about 0.5% too big compared to the experimental value. IRyl be commensurate.

comparison, the Ceperley-Alder representation of XC gives a
lattice constant about 1.5% smaller than experiment, and a
bulk modulus 12% larger than the Wigner result.

Ga is a low melting point29.8°Q metal. In itsT=0
phase, known aa-Ga, Eg.milies in a pronounced dip in the The expectation that Ga binds favorably to Al surfaces is
density of states. This occurs because Ga atoms dimerize #fonfirmed by our findings. On all three low index Al sur-
the a-Ga structuré? i.e., because one Ga-Ga bond in thefaces, the first ML of Ga binds strongly. The calculated ad-
eight-atom unit cell is especially strong and short. The bondsorption energies are 3.221 eV and 3.176 eV in fcc and hcp
betweerGa-dimers are much weaker. This may be the sourc@ollows on A(111), 3.340 eV on A{100), and 3.380 eV on
of the low melting point. More generally, though, structuresAl(110.'® Assuming that the Ga atoms come from a reser-
other than thea-phase structure, including nondimerized Vvoir, whose cohesive energy is that @fGa, 3.12 eV, we
phases, are energetically cldSeFor example, our calcula- find that all three Ga-covered Al surfaces have a reduced
tions show that fcc-Ga is only 60 meV per atom higher insurface energy.
energy tham-Ga. The most stable surface of clean Al is(AL1). For the

A first step in understanding how Al and Ga interact is tolow Miller index planes, the computed surface energies are
compare their bulk properties. As one expects, given theig_, (111)=54.9 meV/A?, E,,{(100)=56.8 meV/A2, and
identical Pauling covalent radif, the computed radii of Al E<,{(110)=65.3 meV/A2. (For a summary of our results,
and Ga, in comparable crystalline phases, are similar. In 8ee Table)l As expected in a valence saturation picture, Ga
hypothetical fcc phase, our LDA calculations imply that binds preferentially to less stable surfaces, which are the
the Ga lattice constant would be 423 , corresponding more open ones. Neverthelegs(100), not Al(110), is the
to a metallic radius of 1.4DA . This is 5.1% larger than most stable of the Ga-covered, low Miller index surfaces
our result for fcc-Al. Importantly, ina-Ga, we obtain a This represents a compromise between weaker Ga binding
dimer bond length of 2B A , corresponding to a Ga rad- on closer-packed Al surfaces and higher clean surface sur-
ius of only 1.25 A *® Thus, we must think of Ga as an atom, face energies on more open ones. Specifically, it means that
whose bonding configuration and radius can vary considerthe stronger bonding of Ga on @0 is not enough to
ably at very little cost in energy. overcompensate the lower surface energy of cledt0%).

C. Calculated properties of Ga monolayers
on low Miller index Al surfaces
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To obtain the surface energy of a clean elemental surface We find that each substitutional geometry corresponding
from the cohesive energy of ad-layer slab, one uses the to a particular Ga coverage on(ADO is energetically indis-

formula, tinguishable(within 1 meV per Ga atomnfrom a combina-
tion of nonintermixed phases corresponding to the same cov-
Ecui= [Egl‘;ﬁ’tN) —NEpul/2A4, (1)  erage. Thus, at AL00), the energy lost in replacing Al-Al by

Al-Ga bonds is compensated by the gain in replacing Ga-Ga
where the energy per bulk layer is obtained from a bulkby Al-Ga bonds. On All11) the intermixed phases are actu-
calculation using the same supercell as for the slab. On thally slightly favored, though not enough to reverse the order-
right-hand side of Eq(1), A, is the area of the surface unit ing of the surface energies of Ga-covered(1All) and
cell. The factor 2 accounts for the fact that a slab has twdAl(100). At 1/4 ML Ga coverage on Al11), the Ga atoms

surfaces. prefer a substitutional structure to compact on-surface is-
The “surface energy” relevant to adsorbate-assistedands by 9 meV per Ga atom; at 1/2 ML Ga coverage, the
opening of a crack is not given by E(L), but rather by difference is 3 meV.

Whether intermixed surface phases are relevant to the em-
Ecur=[ ES2EYN) — N Epyy— E24S0a/A . 2 brittlfemen_t of Al by Ga remains an open question. Sin_ce
configurational entropy favors mixed phases, our results im-

The additional term in the square bracket is the energ;PIy that the Ga/Al interface layer is intermixed in thermal

necessary to remove the atoms to be adsorbed on the n&guilibrium, aboveT:O K. For nonequilibrium s_ituations,
surface from a reservoir. In reality, for liquid-metal em- Notably a propagating crack, energy barriers might prevent

brittlement, the reservoir should be a droplet of the embrit—the_ formation of m_|x_ed phases. We have, t_h_erefore,_tned to
adsorbate, estimate a lower limit for the Ga-Al intermixing barrier on

tling I'q.u'd’.andECOheS'Ve.ShOUId thus be a per Ga atqm heatAI (100 at various local Ga coverages: For example, an

of sublimation. Not having a LDA-based value of this quan- : : o L

: : : . _atomic geometry that seems unavoidable in intermixing on a

tity, and consistent with the fact that all our calculations X _— :

i . flat Al(100) surface has one Ga atom in a substitutional site

correspond tor =0 K, we use instead the calculated cohe-. ! ;

sive energy ofr-Ga. At 1ML Ga coverage, using E€®), the in the AI(100) surface layer and the Al atom it replaced in an
gy ) 9¢, 9 ' adjacent four-fold site in the layer above. The difference be-

H 111_ 2
calculated surface  energies arBg=40.5 meV/A’, tween the energy for this configuration and the initial nonin-

100__ 110__ . N .. .
Esur=29.7 meV/A?, andEgy=43 meV/A?, termixed state is a lower limit for the energy barrier of the
Ga-Al exchange. We calculate this energy difference to be
D. Submonolayers of Ga on Al surfaces 0.39 eV, if the local Ga coverage is lo{#/4 ML). At 1 ML

local Ga coverage, this exchange barrier is reduced to 0.28

Smcg .Ga a“’”.‘s in *fcc-Ga™ are slightly larger than Al eV. On the other hand, if the Al surface is initially covered
atoms, it is conceivable thatd1l commensurate Ga adlayers by two pseudomorphic Ga layers, then the exchange of Al

arelz _under comprestsi\{[ﬁ st(rsessh. Tf[) thegk fort_sucfh Ga-Ga "'Shd Ga is energetically favorable, by 0.08 eV, and if there is
puision, we compute h€ t>a heal of adsorplion 1or a COVers ., ey it is between the initial and final states of the ex-
age less than 1 ML. But, comparing per Ga atom adsorptlorahange process

energies, we find that both 1/4 ML and 1/2 ML Ga are quite It goes without saying that it is hard to make anything like

unstable on AlL11) and' AI(100)., rellatl've to a full mono- 5 gefinitive analysis of the barriers to Ga-Al intermixing. The
Iayer.ThL_Js, the_Ga-Ga interaction is, in fact, attractive. relevant barriers might have nothing to do with flat surfaces.

. Spemflcally,_ in_half monolayerg of Ga on @Al1), con- They might be associated with steps or other defects. Inter-
S|der[ng two different geometngs in@(2x2) cell, the ad- mixing energies computed for a pseudomorphic Ga dilayer
sorption energy per Ga atom is reduced by 65 m.eV COmfnay also be irrelevantsee Sec. G, belowfor the simple
pared to the full monolayer. On A100), the reductlon_ is 108 reason that such a structure may never occur. Perhaps most
meV. These “?5”“5 show that on-surface Ga will ter_1d t?mportantly, in a strained system, one in which a crack is
form compact islands. The ab_sgnce of Ga-Ga _repulsmn 'Sbout to propagate, one needs to be concerned that barriers
p(esumably relat_ed to Ga’s ability to condgnge Into phf”lse\%/ill be modified because of the straimand also that the
with vy|dely varying bond lengths, but of similar cohesive ¢ oo applied might provide the energy necessary to over-
energies. come whatever barriers do exist. Some of these issues can be

addressed by further calculations. However, as we emphasize
E. Gain Al surfaces in Sec. Ill C, atomic scale structural information on well

Theory implies that clean Al surfaces are under tensilecharacterized surfaces would make it much easier to restrict

stress.’ Since the lattice constant of fcc-Ga is slightly biggerour atte_ntion to important Ga/Al configura_ttions. The one
than that of Al, the incorporation of Ga into the Al surface qor]clus_lon th.at we can curre.nt.ly d_raw conﬂdeptly from our
layer could relieve such stress and thus be preferred to or#'m'ted Investigation of Intermixing s that_ even .'f Ga and Al
surface Ga adsorption. We test this idea by substituting c™X during crack propagation, it is the intermixed (200 -
atoms for 1/4 and 1/2 ML of the outer layer atoms of1&0) su_rfa_cenltglat_ has the Iowes_t surface energy. Thus, the Griffith
and Al(111). For the A[(100 surface, we also test the results criterion™ still favors cracking along the AL00) plane.

of adsorbing an additional pseudomorphic monolayer of Ga
on the intermixed surface layer. This means that we study Ga
coverages of 1/4 ML, 1/2 ML, 5/4 ML, and 3/2 ML on Because atoms in the first Ga layer bind more strongly to
Al(100. Al surfaces than Ga binds to its neighbors in bulk Ga, we

F. The second layer of Ga on Al
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equal 2.71 and 2.72 A and the rest are greater than 2.80 A.
Most of the inter-Ga bond lengths are clustered around 2.86
A'in the 8x 1 structure, but, including each Ga atom’s quasi-
Rexagonal first-neighbor shell, they range up to 3.15

Does this nearly 20% bond-length variation imply that the
Ga dilayer is “dimerized?” The answer to this question is
somewhat ambiguous. In the<8l cell, nine second-layer Ga
atoms lie in a quasihexagonal arrangement above a square

FIG. 1. Schematic top view of two layers of Ga in aix®  array of eight first-layer Ga’'s. The low symmetry of this cell
overlayer on A(100. Three unit cells are shown. The outer layer allows the Ga atoms considerable freedom to adopt an opti-
Ga atoms, indicated by light gray circles, are arranged quasihexagenal adsorption geometry. Thus, one might attribute the ex-
nally. Because Ga-Al bonds are stronger than the bonds between Gstence of bonds that are 0.23 A smaller than the majority to
atoms, the first Ga layer, indicated as medium gray circles, is closgn energetic preference for dimerization. On the other hand,
to pseudomorphic to the Al substrate, whose outer layer atoms af§e fact that the first and second Ga layers simulate being
indicated by the darkest gray circles. The four shortest Ga-Ga bondgyt of registry” means that unless one of the second-layer
(in ordey in this 8X1 structure connect the ogter layer Ga atoms 5toms is pushed up into a third layer, with a considerable
labeledA, B, C, andD to the atoms almost directly below them reqyction in its coordination, there must be both stretched
in the first Ga layer. and compressed bonds.

. The result is that we can only draw one firm conclusion

expect that a second Ga layer will be only weakly boundfrom our analysis of the 8 1 adsorption geometry, namely,

This proves to be true for two surfaces that we tested ; : :
. ; that the energetic penalty for its wide range of Ga-Ga bond
Al(11)) and Al100. The adsorption energy per Ga in @ |gngihs is small. This conclusion is consistent with our ear-

secondl x 1)-Ga adlayer is lower by 180 meV on @Y |io "finding that the cohesion of the strongly dimerized

and 220 meV on ALL0O. a-Ga phase is only 60 meV stronger, per atom than in the

Adcorol:ar_y Olf tfhe secqu Irz]';\y?_r’s v(;eakdllaondmg Is that ity jimerized fcc-Ga geometry. It is also consistent with other
resides relatively far outside the first Ga adlayer. OALM), o, retical, as well as experimental findings for pure Ga.

the Ga-Ga layer separation is 12% larger than the Al-Al IayerSpecifically though dimerization is known to occur in
. . . 0 1
separation. On ALLOO), it is 14% larger. The two Ga layers a-Ga, ab initio calculations aimed at interpreting STM mi-

bind to each other so weakly that they can be moved relativ 1 : ;
) N4 . ) "V Erographs of ther-Ga(001) surfacé! suggest that its atomic
to each other without significant barriers, i.e., the pOtent'aErrangement resembles that of Ga-lll, an undimerized, fcc-

energy surface inhibiting the motion of the second layer iﬁike hasé? Similarly. althouah its x-rav structure factor
only slightly corrugated® On AI(100), it costs less than sugg%sts that dimerys: are prgsent in Ii()q/uidgézinert gas

about 10 meV to move the second Ga layer from the four- . - " )
fold hollows of the first Ga-layer to bridge sites. In the atom scattering data from the liquid-Ga surface “do not ap

. . . pear to exhibit any special features that reflect pairing of
bridge geometry, the separation between the Ga layers i ftoms. 24 y sp P 9

creases to 120% of the @00 interlayer separation.

G. A quasihexagonal Ga layer? Ill. DISCUSSION

The weak interaction between first and second Ga adlay- This section focuses on two issuéa) To what extent do
ers on A[100) suggests that the second layer could prefer @ur results help understand the embrittlement of Al by Ga,
lower symmetry atomic geometry, e.g., a quasihexagonaind (B) how can we account for the fact that Ga and Al,
structure?® We study three hexagonal reconstructions: aneighbors in the Periodic Table that often behave similarly,
4x1 with five second-layer Ga atoms per unit cell, &%  e.g., in lll-V semiconductors, have such different mechanical
with seven second-layer Ga's, and & 8 with nine of them  properties in their metallic states.

(see Fig. 1L Compared to the X1 second Ga layer, the
guasihexagonal phases are slightly less stable. The difference
per second layer Ga atom is 90 meV for the # phase, 60
meV for the 6xX1 phase, and 40 meV for thexdl phase. Brittle fracture is a dynamical effect with a non-negligible
Since the energy difference between the 1 phase and the temperature dependence. Whether a crack propagates or
8X1 reconstruction is so small, we cannot rule out the posblunts, i.e., whether a metal is brittle or ductile, depends on
sibility that the second Ga layer is actually incommensurateas yet poorly known nonlinear interactions in regions of high

Since a-Ga shows a pronounced dimerization, with astress concentration. In the particular case of Ga-induced em-
short bond of length 2.44 A and the next six shortest bond$rittlement of single-crystal Al, the energy to extend a crack
ranging between 2.71 and 2.80 A, we have been alert fois found to be three to four orders of magnitude greater than
signs of a similar dimerization in adsorbed Ga multilayers.the energy needed just to expose fresh Ga-cover€tOg|
For example, in the energetically relatively favorabkg B  surface. The reason is that in the macroscopic failure experi-
dilayer on A(100), we note that four Ga-Ga bond lengths lie ment, much of the crack propagation energy is consumed in
between 2.63 and 2.67 A. As indicated in Fig. 1, these coreorollary processes far outside the scope of our idealized
respond to bonds between four outer layer Ga atoms antheory (e.g., deformation of the sample and its grips, and
Ga’s almost directly below them. Two other bond lengthsductile shear*

A. Thermodynamics of Al embrittlement by Ga
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These remarks make it plain that the energies that weptimum for the fcc structure instead reflects very different
calculate for Ga adsorbed @ K on flat Al surfaces far from bonding of Ga when its coordination is low. lrGa, each
“explain” Al embrittlement by Ga. Nonetheless, several fea- atom has only one strong bond. In an fcc metal, each atom
tures of the LDA energetics are suggestive: participates in twelve equivalent bonds, sharing its three va-

(1) When single-crystal Al is embrittled by Ga, stresslence electrons equally among them.
cracks expos€l00) planes, even cracks deliberately initiated ~ Why is there a tendency toward dimerization in Ga and
along other crystal directiofsConsistent with this result, not in Al? A reasonable assumption is that what distin-
and with the idea based on the “Griffith criterion®that  guishes the chemistry of Ga and Al is their differantp
cleavage occurs on the plane, whose surface energy is smairomotion energie® In both atomic Ga and Al, the elec-
est, we find that X 1-Ga/A100) has a lower energy of tronic ground state configuration $p, and thus, since the
surface formation than either Ga on the more close-packedalences shell is closed, there is only a singfe electron
(111) surface or on the very opgi10). The experiments of available to form a bond. In order to make many bonds, an
Old and Trevena imply that surface-energy anisotropy cans electron must be promoted topastate, such that the ex-
not be the source of a propensity to crack aléh@0) planes, cited atom has three unpaired electréhsf the energetic
unIessEif,’rof is considerably more than a few percent smallercost of this promotion is relatively high, and the compensa-
thanEXLL # Satisfyingly, we find quite a substantial surface- tion in the form of hybridization energy is not equally high,
energy anisotropy for the Ga-covered surfaCazamely(cf. s—p promotion will not occur. In this case, there will be a
Table ), tendency to form few bonds.

Atomic spectroscopy reveals that the minimam p pro-
EYELN=0.69 and EXNYELI1=0.73. (3)  motion energy in Ga is 4.71 eV. In Al, it is 3.60 ¥ Thus,
Ga is more stable than Al in singly relative to multiply

Thus, our LDA results support the idea that Ga’s tendgncy Bonded states. The reason for the higher promotion energy,
cause failure along ALOO) planes has a thermodynamic ba- as anticipated, does “have something to do with the

SIs. . i shell.” Because they are not subject to a centrifugal barrier,
(2) Weak cohesion between the first and second Ga layels oo rong of any principal quantum number spend an ap-
glc a s;ngIeGAI ’\jﬁrface s%gglests feven v_lv_(re]aker bonding b yreciable fraction of their time close to the nucleus. But
ee; WO aTd coverﬁt dsu_rtz;\cesl. us, faé sotg)n 3.5 hen a Gas electron is inside the=3 shell, it is attracted
crack opens wide enougn to admit two layers or &a, bon 'n%y an effective nuclear charge of 21 instead of only 3. A
across the crack will be weak.

(3) Finally, once the crack is wide enough to admit threeSS electron in Al sees a nuclear charge of 11 when it is

Ga layers t);émsport of Ga to the crack tipg\JNiII become verymsIde then :.2 shell, not 21, becau_se there is nd &hell.
. " ; The upshot is that the sAelectrons in Ga are bound more

rapid. The first two layers worth of Ga will cap the exposedtightly than the 2's are in Al

Al(100 surfaces. The next Ga's will “float” between the )

previously adsorbed Ga layers, moving with extremely low . In contrast tos.s, p electrons are kept. frqm the core re-
barriers. gion by the centrifugal forcep electron binding in the two

atomic species is, therefore, very similar. This can be seen,
for example, in the very close values of the first ionization
potentials of Ga and Al, 5.999 and 5.986 &\Since the Al
and Gap states are bound essentially equally well, while the
s electron is held tighter in Ga, the—p promotion energy
Although these results are consistent with experimentin Ga is higher, and Ga tends to form dimers, while Al does
they nevertheless demand some sort of explanation. Why igot.
it, after all, that Ga is liquid near room temperature, and an
embrittling agent, while Al is strong enough for aircraft fu-
selages? Why does Ga bind strongly to Al and weakly to C. The future
itself? The notion that the shallod states in the Ga atom Our results indicate that first-principles calculations based
must play a role is both obvious and vague. To make it mor@n the local density approximation capture the essential
specific, we start from the simple idea that embrittling agentghemistry that underlies the phenomenon of Al embirittle-
are species that do not form many bonds. Species that emaent by Ga. In future calculations, we will address LME
brittle do not “glue” one side of an opening crack to the with increasing levels of realism. Important features of the
other. Hydrogen is a clear example. The crystal structure ofroblem that seem within our reach at present include a
a-Ga, an orthorhombic arrangement of Ga dimers, providestress concentration at model crack tips, and dislocation
a hint that Ga is another. In-Ga, each Ga atom has a single emission.
neighbor only 2.44 A away and six other neighbors 0.27 to This said, it should be clear that the number of Ga-Al
0.36 A more distant. The structure of liquid Ga also showssurface atomic arrangements that are plausibly relevant to
evidence for the presence of Ga diméts. cracking phenomena is virtually boundless. We would, there-
As noted above, the short Ga-Ga bondarGa is not fore, greatly welcome the results of structural analysis on
evidence that Ga is a smaller atom than Al. Energy vs latticewell-characterized, Ga-covered Al surfaces. Answers to the
parameter optimization for a hypothetical fcc Ga crystalsimplest questions would help us reduce the dimensions of
yields a Ga nearest neighbor distance of 3.00 A, a bit largethe Ga/Al configuration space to be explored. Does Ga order
than the result for fcc Al, 2BA . The fact that the minimum on Al(001)? Is the second Ga layer pseudomorphic or not? Is
bond length ina-Ga is 0.54 A shorter than the computed there intermixing in the first or several Al layers? And fi-

B. Why is Ga an embrittling agent, while Al
is a strong metal?
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nally, how do the answers to these questions depend on Ga ACKNOWLEDGMENTS

coverage and temperature? Without proving that we can ac-

count for the experimental systematics of Ga adsorption on We are grateful to T. A. Michalske for many useful dis-
unstrained, flat Al surfaces, it is hard to imagine a successfutussions and tutorials, and to E. Shchukin and A. R. C.
attack on possibly much more difficult issues such as th&Vestwood for their inspiration and support. This work was
arrangement of atoms near a crack tip, as a function of apsupported by the U.S. Department of Energy under Contract

plied stress.

No. DE-AC 04-94AL85000.

1For a survey, see A. R. C. Westwood, Fracture in Metals
edited by D. C. Drucker and J. J. Gilmawiley, New York,
1963 [Metall. Soc. Conf.[Proc] 20, 553(1963].

2B. A. Benson and R. G. Hoagland, Scr. Met&R, 1943(1989.

Wilshaw, Fracture of Brittle Solids(Cambridge University
Press, Cambridge, 1975

9A. R. C. Westwood and M. H. Kamdar, Philos. Ma8). 787
(1963.

3For a review, see A. R. C. Westwood, C. M. Preece, and M. H2°This thought comes from the extreme case of adsorbed Xe over-

Kamdar, inFracture: An Advanced Treatisedited by H. Lie-
bowitz (Academic Press, New York, 19¥Vol. lll, Chap. 10.
4C. F. Old and P. Trevena, Met. Sdi3, 591 (1979.

5A. R. C. Westwood, C. M. Preece, and M. H. Kamdar, Am. Soc.

Met. Trans.60, 723 (1967.

SFor a review of the LDA, se&he Theory of the Inhomogeneous
Electron Gasedited by S. Lundgvist and N. H. Mar¢Rlenum
Press, New York, 1983 Also, see, W. E. Pickett, Comput.
Phys. Rep9, 115(1989.

’D. R. Hamann, Phys. Rev. 80, 2980(1989.

8S. G. Louie, S. Froyen, and M. L. Cohen, Phys. Re2@31738
(1982.

%J. Perdew and A. Zunger, Phys. Rev2B 5048(1981).

10p, M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566 (1980.

11E. Wigner, Phys. Rew36, 1002 (1934.

2y G. Gong, G. L. Chiarotti, M. Parrinello, and E. Tossatti, Phys.
Rev. B43, 14 277(199).

131, Bosio, J. Chem. Phy$8, 1221(1978.

141, Pauling, The Nature of the Chemical Bondrd ed.(Cornell
University Press, Ithaca, NY, 1960

5The experimental dimer bond length inGa is 2.44 A .

layers, which are hexagonal, independent of the substrate sym-
metry.

210, Ziger and U. Dug, Phys. Rev. B46, 7319(1992.

22M. Bernasconi, G. L. Chiarotti, and E. Tosatti, Phys. Rev. Lett.
70, 3295(1993.

23y, Waseda and K. Suzuki, Phys. Status Soliélj 339 (1972.

24W. R. Ronk, D. V. Kowalski, M. Manning, and G. M. Nathanson,
J. Chem. Physl104, 4842(1996.

2For clean Al, the anisotropy is considerably smaller. In this
case, we obtain (cf. Table ) ENYEYN%=0.87 and
ENYEL=1.035.

26For an alternate picture, see J. Hafner and V. Heine, J. P}3. F
2479(1983.

2See L. Brewer, irAlloying, edited by J. L. Walter, M. R. Jackson,
and C. T. SimgASM International, Metals Park, OH, 198&p.
1-28.

28C. E. Moore Atomic Energy Leve)dNatl. Bur. Stand(U.S) Circ.
No. 467 (U.S. GPO, Washington, DC, 19149

2n fact, this argument is not as simple as it seems at first glance,
because when a Ga £lectron moves inside the=3 shell, it
screens the interaction between the B, andd electrons and

16As an atomic reference energy for Ga, we use here and elsewhere the Ga nucleus, pushing them farther from the nucleus and re-
in this paper the energy of a non-spin-polarized, quasi-isolated ducingtheir binding energy. However, the mutual repulsion of

Ga atom, described by plane waves with a cutoff energy of 10

Ry.
7R. J. Needs, Phys. Rev. Lef8, 53 (1987.
18p A, Griffith, Philos. Trans. R. Soc. London Ser. 221, 163

(1920; for an extended discussion, see B. R. Lawn and T. R.

the electrons in thex=3 shell diminishes when their orbitals
increase in size. The net result is that the occasional plunge of
the 4s electron inside the=3 shell is energetically favorable.

(A similar discussion pertains for as3lectron in Al plunging
inside then=2 shell)



