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In this work we useab initio Hartree-Fock effective core potentials to analyzedissociation on doped
(bimetallic) Cr (110 surfaces described by fMN, and CgEM,N, (M= Sc, Ti, V, Fe, Co, Ni, Zn, Mg, Ca) clus-
ters in both perpendicular and inclined configurations. Our results indicate that the inclined state is energeti-
cally more favorable than the perpendicular configuration. In comparison with monometallic surfaces, some of
the bimetallic systems, such as,8cN,, Cr,TiN,, and CgV,N,, are found to have larger N-N distances,
surface-N, charge transfers, higher Fermi energies, and smaller N-N stretching frequencies, indicating greater
efficiency of these alloys for dissociation. The theoretical parameters obtained from these bimetallic catalytic
systems are interpreted using a general mechanism proposed for dissociation of diatomic molecules on tran-
sition metal surface§S0163-18209)02639-9

I. INTRODUCTION which is not explained by the Blyholder model. We have
previously used a mechanism based on Pauling’s theory of
The efficiency of transition-metal alloys for,Mlissocia- ~nonsynchronized resonance of valence bartfs*®in order
tion is of considerable theoretical, experimental, and technoto analyze the catalytic process of, Nissociation on a Cr
logical interest. The Bldissociative reactions are important (110 surface? This model will also be used in this work to
in heterogeneous catalytic processé$for the synthesis of ~analyze the dissociation ofNon model alloys.

ammonia, the stability of ceramic-metal interfaces, as well as Research efforts focusing on coadsorption of CO with al-
the preparation of nitride layers. A comparison of isoelecXKaline metals on the surface of transition metals have sug-

. . . 6 .
tronic CO chemisorption and dissociation with that of N 9€sted various mechanists™ to explain the observed de-

may provide useful information on how the latter interactscret_a_ste "; tﬁlbrgfuonal_ {redqté:egql/vl and |]rc1%r]ease of r(]:ata_\lytlc
with metallic and alloy surfacesFig. 1). In the linear actiity of the dissociate - viany ot these mechanisms

metal-CO complex, the interaction is described by the BIy-f'Jlre based on some type of induced enhanced back bonding,

holder model in which a bond is formed by the electron"e" modifications of Blyholder's model in which alkali-
transfer from a § orbital of CO to unoccupied metal orbitals
accompanied by the back donation of electrons from occu- Cr N Cr TiN
piedd orbitals into unoccupied 2* orbitals of CO. A simi- co I I 5 2 ‘ 4 2
lar picture can be used to describe the bonding of a metal-N 04 = = LUMO
complex for which the molecular orbitals that participate LUmo
predominantly in bonding to the surface are the donating <
orbitals 374 and 27, which are essentially nonbonding. In £
CO the 27* orbital is localized mainly on carbon so that &
adsorption occurs via metal-carbon bonding whereggsN '?g
adsorbed via a metal-nitrogen bond. On most densely packeqy
metal surfaces CO is adsorbed with the molecular axis par-'g
allel to the surface normal whereas on some surfaces, such a’'g °7 -
Fe (100 and Cr (110, a tilted CO molecular state is also 6
observed. Although N generally chemisorbs with its in-
tramolecular axis approximately perpendicular to the
transition-metal surface;*® some experiment&°have in-
dicated that N is strongly chemisorbed on G110 and FIG. 1. Model for catalytic dissociation of diatomic molecules
other surfaces with its bond axis parallel to the surfacepn transition-metal or model alloy surfaces.
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B B B- TABLE II. Total energies, Fermi energies, HOMO-LUMO,
| ] / surface~N, charge transfers, stretching frequencies for thgiGt,
A A A A B cluster representation of the Ct10) surface.
B AL Erotal Charge N, stretch
M—M MM MM MM Geometried (1x10°) E°  AEY transfef frequency
Inclined —4.755 —6.009 —5.858 —0.79 1052
2) b) 2 9 Perpendicular —4.071 —5.683 —5.620 —0.53 1303

FIG. 2. Orbital self-consistent-field energies for CO,, hhe
bare cluster Gt as well as the inclined @K, and CyTiN, configu-
rations.

a0ptimized geometries described in Table I.
PE o denotes total energgeV).
°Er denotes Fermi energigV).

. YAE denotes HOMO-LUMO energy differendeV).
metal atoms can also cause increased charge transfer to QQMHK% surface>N, charge transfefa.u).

27* orbitals. This weakens the CO bond, decreases the Visiretching frequencyem ).
brational frequency, and increases catalytic activity. Our pro-

posed model for hldissociation on chromium alloys, with- i the Cr(110) plane were substituted by Sc, Ti, V, Fe, Co,
out coadsorption, also uses a modification of the BthoIdeNi, Zn, Mg, and Ca whereas the,\geometry was fully op-
model in which induced enhanced back-bonding electrofmized yielding relaxed interatomic distances and angles.
transfer to N antibonding orbitals can be attributed to effects Despite the often serious limitations to cluster quantum
to be described, including the inclination of Bind doping of  chemical methods, in our previous wérk?®we have shown
the metals. Our work shows how orbital energies are modithat, in agreement with other workers using smaller clusters
fied as a result of inclination and doping. We winitio  for transition-metal surfaces with adsorbed diatomic mol-
Hartree-Fock calculations to study the, Mteraction with  ecyles in a comparative analysis among various geometries,
doped Cr(110 surfaces described by 8N, and CEM,N,  that the calculated charge transfer is in reasonable agreement
(M=Sc,Ti,V,Fe, CO, Ni, Zn, Mg, Ca) clusters in both per- with experiment. We did not simulate doping by charging
pendicular and inclined configurations. We determine optithe cluster in an attempt to better describe the local interac-
mized geometries, charge transfers, Fermi energies, anghn between the dopaiM and N,. We have kept the crystal
stretching frequencies. A general mechanism is proposed fQftoms fixed at the isolated crystal geometry during the cal-
dissociation of diatomic molecules on metallic and bimetalliccyjations. Coulbourn and Mackrdtit investigated relax-
surfaces based on the theory of nonsynchronized resonangfon effects in oxides and found regarding cation impurities,
of covalent bond§-#2° after considering a wide range of possibilities including size
and charge states, no major differences in adsorption charac-
Il. COMPUTATIONAL DETAILS te_ristics from t_hose of the planar ur_ldoped §L_Jrface. Our pre-
vious work using larger clusters with transition-metal dop-
The calculations were carried out using Gaussiaff8.  ants in metal oxides indicated that freezing the positions of
37) in the Hartree-Fock method with effective core potentialsthe crystal atoms in the calculations did not appear to affect
and the Hay and Wadt basis $8#s in our previous wor,  our results and main conclusio?8-%°
we focus on Ci(110) in which tilted N, configurations have
been observed. One or two metallic atoms of the cluster 1. MODEL

The model proposed for the dissociation of diatomic mol-
ecules on pure and bimetallic transition-metal surfaces con-
sists of a process of electron transfer frdvinX, and X,
Geometried  d(N-N)¢ d(surf-N)® d(Cri-PrN)| a9 g —M (whereM is a metal anc,, is a diatomic moleculevia
molecular states. This mechanism is based on the theory of

Inclinec’ 1.474 1.020 1530  11.31 53.93 ponsynchronized resonance of covalent bonds introduced by
Perpendiculdr 1.364 1.084 90.0 0.0

TABLE I. Optimized gemoetry for the GTiN, cluster repre-
sentation of the C(110) surface.

@0ptimized geometry with fixed Cr-Cr experimental interatomic
distances.

PN, inclined towards surface.

°N, perpendicular to surface.

dd(N-N) indicate interatomic distancéd\) between N1 and N2.
ed(surf-N) indicates the perpendicular heigh) of N1, first nitro-
gen, above the surface.

fd[Cri-Pr(N)], i=1,2, indicates the distanc@) between Qr(i
=1) and the projection of N on the Cr1-Cr2 axis.

9« indicates the anglédegrees between the Mbond axis and the
surface. FIG. 3. Interaction of N on the CiMN, and CgM,N, model
hg indicates the rotation anglelegreesof nearly parallel Nbond  representations of the Ct10) surface(we useM 1 for Cr,MN, and
axis from short axis towards long-axis direction. M1 andM2 for C;M,N, clusters.
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TABLE lIl. Optimized geometries for the inclined configurations for the systemBl£IScN,, Cr,TiN,,
CrVoN,, CrFeN,, CrFeN,, CraCoN,, ChyNiN,, and CpzZnN, describing the C(110) surface.

Charge of

Systems N22 d(N-N)® d(surf-N)° d(Cri-PrN) o i

CrN, —0.306 1.428 0.996 1.482 14.18 59.08
Cr,ScN, —0.242 1.466 0.997 1.450 15.97 60.09
Cr,TiN, —0.306 1.474 1.020 1.474 11.31 53.93
CraV,N, —0.205 1.462 0.995 1.482 15.13 59.08
CrFeN, —0.297 1.428 0.995 1.443 13.88 60.62
CrsFeN, —0.308 1.438 0.983 1.482 14.10 57.68
Cr,Co,N, —0.296 1.428 0.994 1.442 13.80 60.61
Cr,NiN, —0.298 1.424 0.965 1.493 14.90 58.80
Cr,ZnN, -0.311 1.424 0.973 1.453 15.56 60.71

Mulliken charge(a.u) on N2, the nitrogen atom furthest from the surface.

Pd(N-N) indicate interatomic distancéd) between N1 and N2.

d(surf-N) indicates, perpendicular height of N1, first nitrogen, above the surface.

dd(Cri-PrN), i=1,2, indicates the distance betweer Gr=1) and the projection of N on the Cr1-Cr2 axis.
€ indicates the anglédegrees between the Blbond axis and the surface.

f3 indicates the rotation angl&legrees of the nearly parallel b bond axis from the short-axis towards
long-axis direction.

Pauling®°8to explain the movement of negative charges inciation than the perpendicular configuration. In the inclined

a metal as a resonance of covalent bonds from one positiaconfiguration, the N-N distance increases, the surfdde

to another, via successive changes of simple bonds. Figuresid N1-N2 (nitrogen atoms closer and further from the

2(a) and 2b) describe the resonance components of the Nsurface, respectivelicharge transfers increase, the Fermi en-

dissociation process and the latter two paf2{s) and 2d)]  ergy goes to higher levels and the N-N stretching frequency

describe the dissociation processs induced by this resonanaiiminishes. Similar effects were also observed for the other
The first stage of the mod¢Fig. 2(a)] shows molecule bimetallic systems investigated, namely ,8N,, Cr;V,N,,

AB at the M-M surface; hereM denotes a transition-metal Cr,FeN,, CrsFe,N,, CrsCON,, CiyNiN,, and CiZnN, (Fig.

atom. Figure Zb) depicts the transfer of an electron from 3).

the surface to the diatomic molecule, followed in Figc)2 In Tables Il and IV we give optimized geometries for

with the redistribution of charge into an antibonding orbital. inclined CgN,, Cr,ScN,, CrTiN, CrVoN, CrFeN,,

In the catalytic process, however, the transferred electroCr;Fe,N,, CrsCoN,, CryNiN,, and CiZnN, configurations

must return to the surface in order to restore the electronewescribing the Cr(110 surface as well as the HOMO-

trality of the catalyst. In the last stage, Fig.dR the A-B

bond is broken with resultant bonding &f and B to the transfers, stretching frequencies of the most stable inclined configu

metal. Inclination has resulted in a configuration more favor- ations for the CiN, Cr,ScN, CrTiN, CrV.N, CrFeN,

able for the formation of bonds to the surface due to the FoN, CrCoN. CrNiN 4 CrZnN.cl deseribing th

gradual increase of the negative charge on aBymmaking it CraF ey, CraCopN,, CLNINa, and CiznN; clusters describing the

Cr (110 surface.
attracted more to substrate atoms that possess a formal posi-
tive charge. The electron returns to the surface, restoring the

TABLE IV. HOMO-LUMO, Fermi energies, surface \tharge

N, stretching

electroneutrality of the catalyst, while theB bond is bro- AEP EC frequency
ken. Syster (eV) (eV)  Charge transfér  (cm™)
IV. RESULTS AND DISCUSSIONS CrsN, —593 -6.114 —0.79 1220
Cr,ScN, —-5.59 —-5.755 —-0.74 1100
We begin with transition metals, afterwards we will dis- Cr,TiN, —5.86 —6.009 -0.79 1052
cuss alkaline metals. In Table | we give the optimized geomc¢r,V,N, —6.04 —6.063 —0.69 1110
etries of the G4TiN, cluster description of the QA10) sur-  cr,FeN, ~6.00 —6.219 —0.77 1250
face. In Table Il we list total energies, Fermi energiescrreN, —5.83 —6.042 ~0.79 1241
[highest occupied molecular orbitidHOMO)], HOMO- ¢y coN, -6.00 —6.220 —0.77 1251
LUMO (lowest unoccupied molecular orbitanergy differ- ¢ nin,  -578 —6.004 —074 1245
ences, charge transfers, and stretching frequencies. In Fig-ér4ZnN2 574 -5739 —0.80 1246

we show the orbital energies for CO,,Nhe bare cluster, the
inclined CgN,, and the GTiN, cluster configurationgFig.  2Optimized geometries as described in Table I.

3) which reflect changes in positions, densities, and FermiAE (eV) denotes the HOMO-LUMO energy difference.
levels with inclination and doping. In agreement with our °E¢ denotes Fermi energigV).

previous worlé the present results indicate that the predisso“Mulliken surface=N,. Charge transfefa.u).

ciative inclined state of GTiN, is more favorable for disso- ©N-N stretching frequencycm™4).
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—e— M transition metal substituent with atoms having low @ occupation.
frequency(cm™) _ Geo_metrical effects may be_important in dissociation of
1500 - —A— M transition metal substituent d!atomlc molecules on blmeta}lllc s¥stems. We note that the
1 a—a, N-N distance (10" A) differences between the atomic radii of Sc, Ti, and V and the
e s, . atomic radius of Cr are 0.36, 0.20, and 0.07 A, respectively,
T 1] whereas the atomic radii of Cr, Mn, Fe, Co, and Ni are simi-
§§1350j lar. Zn constitutes an exception to the rule owing to its
g § 1300 [Ar]3d'%s? configuration in which all orbitals are filled.
é%m"- A This suggests that a geometric effect based on the atomic
% 1200 o Fe O N 2n radius of the substituent transition metal may also play a role
1150 4 in the catalytic process. Surface irregularities caused by the
11004 o iV substitution of metals may alter the potential and orbital
1050 \. overlaps to which Bl is subjected when interacting with a
: T T T T A surface leading to enhanced conditions for dissociation.

Our results in Table IV suggest that doping with transition
metals can reduce the HOMO-LUMO energy difference,

FIG. 4. Stretching frequencicm™!) and N-N distancéA) for  raise the Fermi level and, consequently, increase the capacity
CryMNz, CrMyN, (average values used for £eN, and  of the metal for back donation. Doping can also lead to the
Cr,FeN,) vs the number of 8 electrons oM (Sc, Ti, V, Cr, Fe, Co,  formation of irregularities on the surface due to differences
Ni, and Zn. in atomic radius and modification of the number of available

electrons and holes for charge transfer. These effects favor

LUMO energy differences, Fermi energies, surfad®,  an inclined predissociative state, which is a crucial phase in
charge transfer, and N-N stretching frequencies. Results fahe cyclic process of electron transfer described by the
the pure CsN, systenfi are also given for comparison. We present model; see Fig. 2.
note that in relation to the pure £, system, CScN,, We now turn to alkaline metals. In Tables V and VI we
Cr,TiN,, and CgV,N,, show larger N-N distance§lable  present optimized geometries, HOMO-LUMO energy differ-
l11), high Fermi energies, large surfae®l, charge transfer ences, Fermi energies, charge transfers, and stretching fre-
(Table 1V) and smaller N-N stretching frequencies, indicat- quencies for the GEaN,, Cr,CaN,, and CyMgN, systems
ing greater efficiency of these systems for the dissociatiofin their most stable inclined configurations. In Table VII we
process. We note that the largest N-N distaficd74 A), the  list Mulliken atomic charge distributions for the £aN,,
smallest stretching frequen¢g052 cm?) as well as a large  Cr,CaN,, CrsFe,N,, Cr,TiN,, and CgMgN, configurations.
charge transfer is found for CrTiNOur results from Tables The donated electrons are delocalized and occupy an orbital
[l and IV suggest that the most efficient alloy for dissocia- with energy that depends on the cluster size and dopant
tion of N, should be CfTiN,. A comparison of Gf~eN,  atom; however, the present molecular-orbital calculations
with CrsFe,N, (Tables Il and IV} shows that an increase in show that the electron is mainly localized on, Nh agree-
the dopant concentration increases the surfade charge  ment with the resonating valence bond description. We also
transfer and the N-N distance, leading to more efficient dishote that for CCaN,, Cr,CaN,, and CyMgN,— although
sociation. These tables also show smallgrshietching fre- indicating larger surfaceN, charge transfers of 0.97, 0.92,
guencies and large N-N distances for doping with elementand 0.81, respectively—the amount of charge transferred to
to the left of the Periodic Table whereas there are no signifithe second nitrogen N2 is only 0.279, 0.286, and 0.290, re-
cant differences for Fe, Co, Ni, and ZRig. 4). These find-  spectively, i.e., it is smaller in magnitude than that trans-
ings suggest that the more efficient surfaces are those dopéetred by the GN, (—0.306, CrsTiN, (—0.306, and

NUMBER OF M 3d ELECTRONS

TABLE V. Optimized geometries for inclined configurations withgj, Cr,CaN,, Cr,CaN,, and
Cr,MgN, describing the C(110) surface.

Charge of
System N22 d(N-N)P d(surf-N)° d(Cri-Prn)? a® Vel
CrsN, —0.306 1.428 0.996 1.482 14.18 59.08
CriCaN, -0.279 1.431 1.059 1.300 10.33 63.10
Cr,CaN, —0.286 1.428 1.024 1.280 7.41 64.19
Cr,MgN, —-0.290 1.434 1.045 1.345 11.27 59.97

8Mulliken charge(a.u) of the nitrogen atom furthest from the surface.

®d(N-N) indicate interatomic distancés) between N1 and N2.

d(surf-N) indicates perpendicular height of N1, first nitrogen, above the surface.

dd(Cri-PrN), i=1,2, indicates the distance betweer @ 1) and the projection of N on the Cr1-Cr2 axis.
a indicates the anglédegreesbetween the plbond axis and the surface.

f3 indicates the rotation angl@egrees of the nearly parallel M bond axis from the short axis towards
long-axis direction.
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TABLE VI. HOMO-LUMO, Fermi energies, surfaceN,  metal introduced in the surface was Mg. We note the larger
charge transfer, stretching frequencies for the most stable inclineNj1—N2 charge transfer for GigN, relative to CxCaN,
configurations of the GN,, Cr;CaN,, Cr,CaN,, CryMgN, clusters  and CgCaN,. Further, Mg also has a higher ionization po-
describing the Cf110) surface. tential than Ca and, if it transfers fewer electrons to the sur-
face, we will have a more positive surface which should, in
principle, facilitate a larger N2surface charge transfer
needed to complete the proposed catalytic cycle, although

AEP  EgC N, stretching
Systend (eV) (eV) Charge transfér frequency (cm™?)

CrN, -593 —6.11 ~0.79 1220 the surface+N, charge transfer is less than that for systems
Cr,CaN, -5.16 —5.86 —0.97 1236 with substltutec_j Ca. In addition to yielding better (_:harge
cr,CaN, —5.51 —5.99 ~0.92 1234 transfer as anticipated by our model than that obtained by
Cr,MgN, -5.65 —6.00 081 1208 substituting Ca,_ GMgN, also_ has Ionge_r N-N d!stances and
smaller stretching frequencies. Despite the importance of
@0ptimized geometries as described in Table I. back donation, other factors also have to be taken into ac-
PAE denotes the HOMO-LUMO energy differen¢eV). count for better overall efficiency of the catalytic process.

°Er denotes Fermi energgV).
dCharge-transfefa.u) surface—N..

°N, stretching frequency. V. CONCLUSIONS

The interaction of N with bimetallic surfaces serves as a

CrFeN, (—0.308 systems. Although the addition of Ca and good model for the study of the adsorption and dissociation
Mg atoms to the crystalline lattice increases surfab  mechanism of diatomic molecules on promoted transition-
charge transfer, it does not, based on our model, favor normetal surfaces. Chromium surfaces doped withtiZnsition
synchronized covalent bond resonances, due perhaps to tfer alkaling metals can be more efficient for the dissociation
difficulty of the electron to move from the first nitrogéN1)  of N, by raising the Fermi energy to higher levels and reduc-
to the second nitroge(iN2) and then from N2 to the surface. ing the HOMO-LUMO energy differences increasing back
In the CgCaN, Cr,CaN, and CyMgN, systems, the donation, inclination, and consequently dissociation. The ad-
surface~N1 charge transfer appears to be more efficiendition of other transition metals increases the numbed of
than N1-N2 transfer. The substitution of Cr for Ca and Mg orbitals for back donation. Somed3transition metals, for
could, in principle, reduce the orbitals available for receiv- example, Ti on a Cf110 surface, also increase the number
ing transferred electrons when they return to the surface. of d unoccupied orbitals available for the reception of the

We note that although alkaline metals can contribute sigelectrons for formation of bonds to the surface. Our results
nificantly to the increase of the N-N distances, one must béndicate that the best alloy of chromium for dissociation of
careful with the excess negative charge on the surface bey, is Cr,TiN,. Geometric effects caused by substitution can
cause, according to the present model, dissociation is als@sult in modifications of potentials and overlaps betwegn N
related to the resistance to electron transfer during the catand the surface yielding important effects for dissociation of
lytic cycle. An increase of back donation may represent aliatomic molecules on bimetallic systems. An appropriate
necessary condition, but alone it is not sufficient for the mosklectronic configuration for the charge-transfer cycle together
efficient dissociation. We also observe from Table VII thatwith an intermediate difference of 0.20 A between the
the first outer layer of the surface remains positive for theatomic radius of the substituted metal and Cr seems to be
CrTiN,, Cr,CaN,, CrsFeN,, and CyMgN, systems, which ideal. The efficiency of dissociation is related, according to
is not the case for the gCaN, system. In accordance with our model, with an electron transfer cycle. The increase of
the present model a positively charged surface would helpack donation represents one necessary, but not sufficient,
attract the N2 atom to the surface. Hypothetically, catalystgondition for the optimization of a dissociation reaction. Al-
like CrsCa&N, and CgCaN, may be less efficient due to though the largest back donations correspond to the
blocking of the catalytic cycle. CrsZnN,, Cr,CaN,, and CpCaN, clusters, these systems

The largest surfaceN, charge transfers and the smallesthave smaller N-N distances and consequently larger vibra-
HOMO-LUMO energy differences are found in the tional frequencies.
Cr;CaN, and CpCaN, systems. The most efficient alkaline  In this study we show that for a number of bimetallic

TABLE VII. Mulliken atomic chargega.u) for the systems GEa&N,, Cr,CaN,, CrsFeN,, and CETiN,.

Cr,CaN, Cr,CaN, Cr,MgN, CrFeN, CrTiN,

Atom Charge Atom Charge Atom Charge Atom Charge Atom Charge
Ca 0.739 Ca 0.824 Mg 0.777 Cr 0.116 Ti 0.369
Cr 0.139 Cr 0.287 Cr 0.270 Cr 0.384 Cr 0.229
Cr —0.106 Cr 0.046 Cr 0.017 Fe 0.116 Cr 0.147
Cr —-0.125 Cr 0.052 Cr 0.104 Cr 0.340 Cr 0.168
Ca 0.327 Cr —0.294 Cr —0.291 Fe —0.240 Cr —-0.126

N1 —0.695 N1 —0.630 N1 —-0.524 N1 —-0.477 N1 —0.480

N2 —0.279 N2 —0.286 N2 —0.290 N2 —0.309 N2 —0.306




11794 GUIMARAES, PAVAO, TAFT, AND LESTER PRB 60

systems, the predissociative or inclined configurations aréence of an inclined molecular state which can be identified
more stable. The calculations presented here support thees the precursor state of dissociation.

present model proposed to explain the dissociation 06N
pure and dopedalloys, bimetalli¢ transition metals. We
suggest that this model can also be applied to the dissocia-
tion of other diatomic molecules. The introduction of other
transition metals to the lattice can introduce more electrons T.C.G. and A.C.P. acknowledge financial assistance from
for donation and more unoccupied orbitals to receive theCNPq (Brazil). C.A.T. received financial assistance from
electron when it returns to the surface. An important inter-PRONEX/FINEP/CNPqBrazil). W.A.L. was supported by
mediate state with large charge transfer, in which the molthe Director, Office of Science, Office of Basic Energy Sci-
ecule is inclined to the surface, was observed for all theences, Chemical Sciences Division of the U.S. Department
systems investigated. The results reported support the exisf Energy under Contract No. DE-AC03-76SF00098.
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