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The geometrical and chemical structure of the G&AL) surface is investigated by quantitative low-energy
electron diffraction and calculations applying density functional theory. The stacking sequence of the top four
atomic planes is Al-Co-Co-Co, followed below by the usual alternating B2 stacking. The topmost layers thus
form a unit cell of the well-known bcc-basdal; crystal structurdthe A;B superlattice of bad11) atomic
planeg, although the bulk phase diagram of CoAl showsD@; phase. Its occurrence and stability at the
surface is due to a slight Co excess of the nominally stoichiometric sample, equivalent to the presence of Co
antisite defects in the bulk. These defects are enriched in undercoordinated near-surface sites of the Al sub-
lattice, which lowers the total energy because more Al atoms can then reside in fully coordinated bulk Al sites.
However, all three topmost layers are undercoordinated, and the segregation of Co antisite defects competes
with a general trend towards a termination of the surface by Al. In the balance, the third layer is the preferred
plane for Co antisite defects.
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I. INTRODUCTION and is fully confirmed by density functional theo(FT)
studies of the detailed geometric and energetic properties of
Intermetallic phases have been a subject of research falifferent possible surface terminations. In our study, we en-
almost a century,and the idea that atomic ordering is re- counter the rather rare situation that quantitative LEED,
sponsible for their wide spectrum of properties is almost adbased on the quality of the fit between calculated model
old.? Their order properties in the three-dimensional bulkspectra and experimental data, cannot differentiate between
became accessible by x-ray diffraction, but due to the initiakwo very different surface models. Here, one may errone-
experimental challenges of surface science, studies of thegusly mask the presence of intrinsic Co antisite defects by
boundaries—their surfaces—have a much younger hitoryconstructing an alternative, mixed-domain termination model
In a single bulk intermetallic phase, the distribution of theof the bulk-ordered system, very similar to a senfindland
elements is usually locally homogeneous, but in a surfackighly controversidf-12 proposal for the related system
this need not be the case. Instead, individual componentdiAl(111). At the time of the NiA(111) debate, the key role
may be enriched at a surface or grain boundary, and thef constitutional defects for surfaces was unknown. In our
importance of thissegregatiorfor, e.g., mechanical or cor- present study of CoAl1l), the powerful combination of
rosion properties of a material has long been recogrfizedquantitative diffraction analysis with fullb initio model
Segregation is a well-studied phenomenon in weakly orderealculations resolves the conflict unequivocally in favor of
ing or even disordered systerh¥et, it came as a recent Co antisite defects. In addition, DFT also provides surface
surprise that the surface composition of strongly orderingstructural parameters of phases which were not accessed in
compounds is also not necessarily a property of the ideallyne work presented in this paper.
stoichiometric bulle.” Instead, the atomic concentration and ~ We place our work in the broader context of transition-
order of a surface may be determined by the material's inmetal aluminide surface physics in the following section, and
trinsic defects, which are due to minor compositional deviathen address the properties of COB11) in AES, quantita-

tions. For the(100 surface of the B2-ordered compound tive LEED, and DFT studies of surface geometry and ener-
CoAI® and for the(111) oriented surface of th&1, com- getics.

pound NiPt/ it was shown that the composition of the out-
ermost atomic plane depends on the sign of the stoichio-
metric deviation of the underlying bulk from the ideal Il. SEGREGATION IN 3D TRANSITION-METAL
ordered phase. ALUMINIDE SURFACES

Both CoAl(1000 and NiP{111) are relatively close-
packed surfaces, where the impact of bulk defects stays The 3d transition-metal aluminides Ni-Al, Co-Al, and
mostly constrained to the topmost atomic layer. In theFe-Al should appear strikingly similar as they each form
present work, we investigate the much more ofEtl) ori-  intermetallic compounds of the B2 type around 1:1 stoichi-
ented surface of CoAl, and obtain the paradoxical result thadvmetry. They are of particular technological interest for high-
its intrinsic defectqCo antisite defects on the Al sublattice temperature applications due to their low density and good
of the crystal influence not the topmost layer, but rather acorrosion resistance. In the following, we summarize the
deeper ondthe third. Our experimental conclusion is de- properties of their surfaces in earlier studiésr earlier re-
rived from investigations by quantitative low-energy electronviews see also Refs. 14 and)1%nd highlight the role of
diffraction (LEED) and Auger electron spectroscofyES), CoAIl(111) to advance this understanding.
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Ni-Al: Early investigations of nominally stoichiometric surface segregation and opposing forces favoring chemical
and ordered NiAl surfaces by quantitative LEED checkedordering® On the one hand, the surface energytofpotheti-
only for the geometry and the chemical termination of thecal) bcc Al is much lower than the values of bcc Fe, Co, or
surfaces without considering the possibility of segregationNi: In the case of the(100 surface the energies are
For (100 and(111) surfaces with their chemically alternat- 0.623 eV/atom for Al, but 1.150, 1.175, and 1.038 eV/atom
ing layers, these studies suggest a single-domain Al terminder Fe, Co, and Ni, respectively. Al surface segregation in
tion for (100),6:17 but surprisingly theoexistencef Al-and ~ FeAl can be attributed to the reduction of the surface energy.
Ni-terminated domains fof111) orientation®1° Subsequent On the other hand, the energy gain for chemical ordering
investigations using low-energy ion scatteridgglS) and  would seem to enforce strict order in the entire crystal in-
scanning tunneling microscopgy8TM) found a reduced Al cluding the surface. The preference for order may be esti-
concentration in the top layer of tH&00) surface®2The  mated by the modulus of the alloy formation enthalpy from
Al deficiency was attributed to the presence of either Ni anelemental crystals, which is much larger for NiAl
tisite atoms or vacancies, and was shown to depend on th€.64 eV/atonr*® or CoAl (0.55 meV/atonf! than for FeAl
surface preparation procedure. Even a pure Ni termination i€0.26 eV/atom.*! So, no pronounced aluminum segregation
reported for high-temperature flash-annealed KiB0 sur-  beyond a bulklike termination is observed in NiAl, unlike in
faces with and without vacancies as determined by x-rayeAl.
diffraction (XRD)?2 and LEIS!® Doubts regarding the mixed ~ In CoAl, the situation should be similar to NiAl because
termination of the(111) surface were also raisé#;3and a of the similar energetics involved. However, an
full consensus on its verity was never reached. In contrast, naccumulatiof*” and even lateral orderidg of Co antisite
controversies exist for the Ni&L10) surface, which shows defects at CoAl surfaces was observed in all investigations
no segregation. All lattice planes are of the same bulklikeup to the present one. In view of the large energy required to
mixed stoichiometry, and a chemically induced rippling wascreate a Co antisité1.29 e\),*? it was arguefl that a Co

found for the outermost layé$:23-28 excess must already exist in tHevidently slightly off-
Fe-Al: For Fe-Al surfaces, much recent work has focusedstoichiometric bulk: Co antisites are the dominant defect
on the geometrical and chemical structure of ¢h@0) ori-  type on the Co-rich side of the phase diagré&nt> Their

entation for various Fe-rich FgAl, samples in the range segregation is favorableecauseof the strong ordering ten-
0<x=<0.5 (i.e., including FeAl. For all compositions, Al dency(large modulus of the alloy formation enthajgy the
segregates to the surface, and the top layer consists almdatlk. The atomic coordination of surface sites is reduced,
completely of Al forx=0.30 and highet?3°For all stoichi- making these an obvious location to reduce unfavorable
ometries, the order of the subsurface region is determined byonding. Still, there is competition with the overall trend of
the phase diagram. In the same way, the local stoichiometrfl segregation. In the balance, transition-metal defect segre-
of the subsurface region also determines the transitional ogation yields 0.85(0.61)eV in the (100 surface of CoAl
der of a sputtered, and therefore Al-depleted, surface on it&NiAl), indeed favoring antisite segregation. On the other
way back to equilibrium during annealig3! No bulk ter-  hand, it wouldcost0.05 eV in FeAl° and consequently is
minated surface is observed for the FEWIO surface. In- not observed even for an Fe-rich bulk. Finally, this interpre-
stead, its equilibrium phase is reconstructed to accommodatation may also account for the varying reports regarding the
Al segregation by way of an incommensurate surface layeexistence of surface Ni antisites in NiAD0).182921 Even
of FeAl, stoichiometry?>=3> The FeAl111) surface shows minor variations of the off-stoichiometries in the samples
even more extreme behavior. Al segregation shows no satunvestigated in these studies may lead to completely different
ration with increasing annealing temperature and the surfacgegregation profiles.
exhibits strong reconstructions.(A&3 X v3) phase is presum- The present paper’s investigation of the geometrical and
ably characteristic for a Rél-like bulk,® and a(3x3) su-  chemical structure of the Cofl11) surface adds to the cata-
perstructure forms on FeAl when annealing in a temperaturépgue of surface structures, and is a crucial test for the above
range above 1000 R The situation is similar for thé210)  outlined picture of surface segregation. According to that,
surface, while thé310) surface is even unstable and devel- CoAl with its large formation enthalpy should be more simi-
ops lower-index facet¥: lar to NiAl than to FeAl. So, it will be interesting to see
Co-Al: To our knowledge there are only two quantitative whether or not CoAlL11) reconstruct$as does FeAlL11) in
investigations of surface geometry and chemistry. Quantitacontrast to NiA{111)] and whether Al segregation as in
tive LEED revealed that CoAL10) is bulk terminated just as FeAl, or antisite segregation as in tf00) and(110) orien-
NiAl (110, with a similar rippling of the first layet’ Yet, tation of CoAl [and in NiAl(100] occurs. Furthermore,
about 20% of the Al sublattice sites of the second layer ar€CoAl(111) planes are rather opgsee Fig. 1, with an ac-
occupied by Co. In a combined LEED and DFT study, Cocordingly short interlayer distance. The topmdstee sur-
antisites were also found in the CdAD0) surface’ and ad-  face planes lack crystallographic near@si) and next near-
ditional Co antisites accumulate in the third layer for yetest neighborgénnn). Atoms in layers one, two, and three have
larger off-stoichiometries of the underlying bufkThe anti-  only four nn(three nnn, seven nr(three nniy, and seven nn
sites concentrate particularly in the top layer which, accord{six nnn), respectively. Only fourth and deeper layer atoms
ing to the chemical sequence of the following layers, shouldare provided with all their eight nn and six nnn. This leads to
consist purely of Al an interesting near-surface bonding environment, and it is
Mechanism: The various findings were qualitatively ex-not clear which layds) would be affected by a possible de-
plained by the competition between a tendency towards Aviation from bulk-like B2 ordering.
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by the electrons had to be treated as a single slab in angular
momentum space, requiring as many as 18 layers for satis-
factory convergence. Up to 11 relativistic and spin-averaged
phase shifts proved sufficient to describe the atomic scatter-
ing up to 500 eV. The different scattering strength and angu-
lar characteristics of Co and Al allow one to distinguish the
two elements in the analysis. The nonstructural parameters of
the bulk were represented by the same values which had
proved to be successful in the analysis of QdAD)3’ and
CoAIl(100.%° The real part of the inner potential was energy
dependentVy, =Vgot+E/150, with Vyy adjusted in the course
of the structural search. The imaginary part was se¥go
=5.5 eV, the lattice parameter was 2.86 A, and the vibra-
tional amplitude for bulk atoms was=uf=u2,=0.09 A
(which agrees with the room temperature vafuextrapo-
lated to 90 K. By means of thermal Tensor LEED
element-independent vibrational amplitudesi=1,2,3 for
the top three layers were determined in the structural search.
The experiments were performed with the sample in arhe search was carried out using a frustrated simulated an-
standard UHV vessel. During the experiments, the pressumeealing procedurg? and was guided by the Pendry R
(base value: &10*hPa did not rise beyond 4 factof® for the quantitative comparison of experimental and
% 10719 hPa. The vessel was equipped with a four-grid backcomputed spectra. Statistical error limits for all optimized
view LEED optics which also served as a retarding-field anaparameters were subsequently estimated by way of the vari-
lyzer for AES. Additionally, an ion sputtering source and aance of the R factogar(R) =Ry,i,V8V,i/ AE.>® The Pendry R
quadrupole mass spectrometer were available. The sampl@ctor was also used to compare experimehtg) spectra
which was oriented with an accuracy of +£0.5°, could befor different conditions, and, in particular, to quantify their
cooled to about 90 K by contact with a liquid nitrogen res-change during annealing.
ervoir and heated up to 1450 K by electron bombardment. The ab initio calculations employed spin-polarized DFT
The temperature was measured using a NiCr-Ni thermoelan the generalized gradient approximati@GA).5¢ Ultrasoft
ment. Afterex situpolishing, the sample was fully cleangd  pseudopotentials for Co and Al allowed for the fast solution
situ by repeated Neion sputtering and annealing at about of the Kohn-Sham equations by means of ¥aep computer
1350 K until impurities were no longer detectable in the Au-code®” Test calculations produced formation enthalpies of
ger spectrum. bulk CoAl, FeAl, and NiAl which deviate no more than
In order to minimize residual gas adsorption, maximum4g meV from the experimental values given in Sec. Il. The
speed for the LEED measurement was realized by videopylk lattice parameters of these alloys could be reproduced
taping diffraction patterns in their entirety. The measureithin about 0.01 A [CoAl: 2.855A (DFT) vs
ments were done at normal incidence of the primary beam 862 A(exp)]. The surface was simulated by a periodic ar-
and for energies between 25 and 500 eV, in steps of 0.5 efangement of symmetric slabs of 19 atomic layét® or
The computer controlled off-line evaluation, including back- Al), which were separated by vacuum slabs equivalent to a
ground subtractioft yielded the intensity versus energy, thickness of 17 layers. The plane-wave basis was defined by
I(E), spectra of 14integer ordersymmetrically inequivalent g cutoff energy of 300 eV and an 818X 2 k-point mesh in
diffraction spots. The resulting cumulative data-base widththe irreducible Brillouin zone.
amounts toAE=3020 eV. The AES data were recorded in
the derivative mode, whereby the peak-to-peak signals of Co |\, THE ANNEALING PROCESS MONITORED BY AES
and Al, Ig, and I, were taken for the A&MVV) and AND LEED
Al(LVV) transitions at 53 and 68 eV, respectively. Some
overlap of these lines was corrected using reference samples Through preferential sputtering of Al, the initial surface

of known composition. The ratio of the two signals,c,  cl€aning procedure leaves behind a surface slab which is
:IA|/|C01 was taken to monitor the deve|opment of the sur-somewhat enriched in Co. In order to provide a well-defined

face composition during annealing. starting point for the experiments, the sputter-cleaned sample
The quantitative LEED intensity analysis was performedwas subjected to a short flash to about 1370tk remove
using the perturbation method Tensor LEE®P through the — any possibly adsorbed residual gas subsequent quench to
Erlangen program packag@enserLEED?® This includes about 90 K, and further sputtering for 30 mifpye=5
chemical Tensor LEE® 5 which allows the easyperturba- X 10°hPa,U=1kV, =4 uA/cm?). By preferential sput-
tive) substitution of an Al atom by a Co atotfand vice tering this creates an Al-depleted surface slab of about 43%
versa. For the full dynamic reference calculation, a plane-Al (estimated from the Auger signalin good agreement
wave based layer stacking scheme could not be used becaugih the literature’® From here, the sample was annealed in
of the small interlayer spacing in th@11) surface(bulk  steps of increasing temperature, marking the surface’s way
value 0.826 A. Instead, the entire surface volume penetratedack into equilibrium with the deeper-lying bulk. This can be

FIG. 1. (Color online Ball model of an Al-terminated
CoAI(111) surface in(a) top, (b) side, and(c) perspective view.

IIl. EXPERIMENTAL AND COMPUTATIONAL DETAILS
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FIG. 2. (Color onling Development of the Auger ratios;co ¢
annealing temperature (K)

with annealing temperature. Each curve begins with the sample
sputtered at 90 K. Symbols + and refer to step-wise annealing
(5 min at each stepof increasing temperature. Symboisstem
from the same stepwise procedure, but with the sample resputter
after every three annealing steps. Low and high temperdture
X 1) LEED patterns are given as insets.

FIG. 3. (Color onling Development of the Pendry R factor for
ératensity spectra of th€20) beam as function of the annealing tem-
perature with the phase annealed at 550 K as referenta and
the phase annealed at 900 K as referend®)inThe reference tem-
peratures are indicated by full circles in each case.

followed by AES as well as by LEED, in the latter case both, h ¢ surf We find th h
by the appearance of the diffraction pattern and the develoghd hange ot surtace structure. We find that spectra change

ment of beam intensity spectra. Each annealing step |astequadually W'_th z_anr_1ea||ng temperature, wherepy the main
for about 5 min at a constant temperature, after which th eaks remain similar throughout but intermediate spectral

sample was quenched to 90 K in order to obtain AES an eatures are modified considerably. These changes can be

LEED data. The procedure was varied by either continuin irrored quantitatively by the beh.avior of the.Pendry R fac-
the anneal immediately, or by resputtering the surface afte}®’ between one spectrum at a fixed annealing temperature

: 4 ; “reference” spectrupnand the spectra at all other values.
every third step. The final annealing temperature could nof ¢ S A .
exceed 1400 K, since evaporation of Al starts here as indi- his development is d|splayed_ in Figs(aBand 3b) using .
cated by the mass spectrometer. the spectra of th€20) beam which prove to be most sensi-

Figure 2 displays the development of the ratige, dur- tive. In panel (a) the fixed spectrum corresponds to the

ing step-wise annealing. Three independent annealing e>l‘-T(1><1) phase annealed at. 550 Hull circle). At about
periments lead to rather similar curves rof,c, versus the 620 K the spectra start to deviate from the reference whereby

annealing temperature. Evidentlyc, is characteristic for the changes saturate above 850 K. As the Pendry R factor is

the respective annealing temperature. However, it does ngl° Metric measure, this behavior needs to be verified with

describe stoichiometric equilibrium with the bulk as anothertn® high-temperature phase as refere(@ K). The result

experiment shows: Returning to a lower temperature doe® displayed in Fig. @). Indeed, all changes occur in the

not reproduce the former Auger ratio. Apparently, in the sur{€mperature range below 850 K. So, the (LX 1) and

face slab probed by the Auger electrons the Al concentratiofi 1(1X 1) phases must correspond to different structures.

grows steadily in a diffusion limited process without, how- The fact that there are only very minor changes within the

ever, reaching a saturation level characteristic for the equicorresponding1x 1) phases, in spite of the steadily increas-

librium state of the fully recovered bulk composition. For iNg Auger ratior ., deserves more discussion. We shall

low (<600 K) and high(=820 K) annealing temperatures address this point after the following description of the

(1% 1)-symmetric LEED patterns develop as inserted in Fig.LEED structure analysis.

2. The low annealing-temperature phase(1X 1), is not as

well ordered as the high annealing-temperature phase,

HT(1Xx 1), as obvious from the background level and from V- LEED STRUCTURE glljﬁ;\l(zSIS OF THE HT (1x1)

the strength and width of the diffraction spots. In addition,

the range where two superstructures develop is also indicated As the LT(1X 1) phase appears to be of only limited or-

in Fig. 2. The extra spots of both are very weak, i.e., eitheder, we concentrate on the quantitative LEED intensity

the corresponding structural deviations fraqihx 1) order  analysis of the HTL X 1) phase in the followingl(E) spectra

are similarly weak, or the respective phases develop in longfor this phase were taken at 90 K from samples annealed at

range order only on small patches of the surface. Therefor®00 and 1300 K. The beam averaged R factor between both

we do not address these phases any further. sets is as small as R=0.058. This indicates that the respective
The development of LEED beam intensities as a functiorstructures must be very similar, wherefore it is sufficient to

of annealing temperature is an indicator for the correspondanalyze only one of them. We chose the 1300 K data set.
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Guided by earlier investigations of aluminide surfaces, wewith a Co or an Al layer—a total of 2x 28=512 inequiva-
allowed for two different types of models. First, early LEED lent stacking sequences. Even with only one full-dynamic
studies devoted to NiAl surfaces claim ordered bulklikereference calculation per stacking sequence, and all subse-
termination$1%with the interesting finding of a domain mix quent variation of geometric and vibrational parameters
with both bulklike terminations present at the surface. Wehandled by Tensor LEED, 512 different stacking sequences
call this class of models the “MT model.” Second, our recentwould still amount to a near-impossible computational task.
analysis of CoAl100)° revealed a unique and overall bulk- We therefore chose to involvehemical Tensor LEED as
like layer stacking sequence, but with significant site-well. To be as neutral as possible, two reference calculations
dependent deviations from ideal stoichiometry in very spewere performed with the top eight layers occupied by
cific surface sitegCo antisite defecys This class of models AlsdC0s (the average scattering matrix of Co and Al accord-
will be called the “AlCq model,” for reasons which will ing to the average-matrix approximation® The stacking
become obvious below. sequence was then determined by allowing either Co or Al to

MT model: As the bulk of CoAl is of B2 structure, it is 9CCUPY each site, naturally with different geometric and vi-

reasonable to test surface models in which this structure e)grannal parameters as outlined above.

: ; In the following structural search, we found that a special
tends up to the vacuum. The B2 structure s an a.lltematmgtacking sequence of chemically pure layers is favored over
supe_rlattlce 01.(11;) Al and Co atomic planes, aIIOW|_ng two all others, including both bulklike terminations. The se-
possible terminations—Al or Co. For each, we varied up to uence(frém top) Al-Co-Co-Co-Al-Co-Al-Co prdduces a

eight interlayer spacings and the vibrational amplitudes o it with RAC%=0.195. This value is lower than that of any

the top three layers, i.e., eleven parameters. However, thger single termination by clearly more than the R-factor
best-fit R factor of the B2 structure is unsatisfactory for bothy,5riance (=0.024. The aforementioned  bulklike
terminations(Rg§> Rg;=0.252. This situation is similar t0 | terminated stacking sequence comes in second place; it
that reported in the LEED analysis of NiAlll), and our  oply differs from the improved model in the third atomic
next step was to try an equivalent mixed-domain terminatior]ayer, where Al atoms are replaced by Co. In fact, this AlCo
model here(MT mode). In the resulting structural search, |ayer sequence at the very surface is also the defining ele-
one must now allow for layer relaxations and atomic vibra-ment of the well-known bcc baseD0, structure—the AB
tions to varyindependentlyn both domains. This more than gyperlattice of(111) planes. If correct, a unit cell of this
doubles the number of adjustable parametéPs<1l  strycture is stabilized at the CoAlL1) surface, although no
+domain weight=23 parametersAs a consequence, the fit corresponding phase exists in the bulk phase diagram of
mustimprove simply due to the sheer number of free param-Co-Al. We also point out that the AlGalement exists only
eters. Still, the best-fit R factor now amounts R§5°  at the surface: All models which extend this stacking deeper
=0.174 with 70%(30%) of the surface terminated by Al into the surface must be discarded because of considerably
(Co). This improvement is significantly larger than the R higher R factors involvedR>0.26).
factor variancdvar(R)=0.021 and can therefore not be di-  The full best fit of the AlCg model still exhibits one
rectly dismissed as an artifact of too many free parameterseemingly counterintuitive feature: The vibrational ampli-
Some further insight can be derived by inspecting the structude of atoms in the third layer is higher than in the second
tural parameters associated with this best fit. In particular, ibne (0.16 A vs 0.14 A. This behavior could be a conse-
turns out that the interlayer spacing between first and seconguence of some actual substitutional disorder in the third
layer in the Co-terminated domainls, is contracted by layer, reflecting the well known coupling between this disor-
more than 40%, a rather unusual amount. The distance of thger and vibration§! We were therefore tempted to allow for
top layer atoms’ nearest neighbod§?=2.44 A, is kept rea- some substitutional disorder in a follow-up step. Taken
sonable(bulk value 2.48 A because of expandedfy and  strictly seriously, one would have to introduce an elemental
dS?, but the nearest neighbor distandg=2.13 A is physi-  concentration parameter for each layer, including element-
cally unacceptable. This raises considerable doubt concerspecific positions in each layer due to the different chemical
ing the validity of the MT model as suchinterestingly, a coordination towards atoms of adjacent lay@msnsor LEED
similarly disturbing value ofd;, was also found for the can model this effect even in the case of disordém total,
Ni-terminated domain in the analysis of NiAlL1), but was the number of free parameters in the structural search would
not further commentet(] Additionally, preliminary STM in-  be almost tripled, and not surprisingly, a straightforward fit
vestigations on the same sanileevealed only double steps attempt produces no convergence of the search. In order to
(and multiples of thoge except where bulk antiphase do- obtain a good approximation to our hypothesis of disorder
main boundaries cross the surface plane. This points to mear the surface, we tested it in the top three layers only, and
single type of termination. included element-specific positions in only the third layer
AlCo; model: Returning to single-domain terminations, (which showed the unusual vibrational amplituddhis
we allowed for deviations from the B2-stacking as a newstructural search converges quickly, reaching an optimum
degree of freedom. As atoms in the top th(g¢#l) layers are  R-factor R=0.172 with reasonable vibrational amplitudes
undercoordinated, surface-related effects may affect all 00.20, 0.12, 0.12 A in layers 1-3, respectively, versus 0.09 A
them and even deeper layers can be modified as a conskxed for bulk layers. While the top layer still consists purely
quence. To capture all conceivable terminations, we allowedf Al, the best-fit indicates 15% and 30% Al in layers 2 and
for chemically pure but different layers in a surface slab of3, respectively. A coupling between vibrations and chemical
eight layers, with B2-stacking order belogtarting either degrees of freedom is clearly a consistent explanation for the
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We know of no other example of the unusual layer stack-
ing exhibited by CoAl111). Therefore, we postpone the dis-
cussion of the structural details found in the LEED analysis
to the next section, in which the structure of COHl1) is
calculated by DFT, both for the AlGesurface stacking and
for ordinary B2 stacking. However, at least two additional

Al ‘-g '-g o \“/g ‘-/3 Lg -24% points deserve attention. The first concerns the Al content of
the surface, which increases continuously with increasing an-
nealing temperature according to Fig. 2, and shows no satu-
ration. As previously noted, the phase reached by a certain
annealing temperature is not an equilibrium state for which
this temperature were characteristieduction of the tem-
perature fails to reestablish the reduced Auger raRather,
the actual stoichiometry in the surface slab is established in a
diffusion limited process. The observed continued increase
of the surface Al content is well consistent with the limited
resolution of actual chemical disorder in tH&) analysis. Of
course, an equivalent argument holds also for théllx1)
phase. Atest run for the LI X 1) phase indicates that the Al
concentration in the first three layers is similar to the(HT
X 1) phase, but is lower in deeper layers. This indicates that
the processes to establish the Al termination and the antisite
FIG. 4. (Color onling Top: AlCo; model in side view. On the occupat_ion of the third Iaye_r are rather fast, in contrast to the
left the resulting atomic layer stacking is given whilst the percent-"eéstoration of the B2-stacking below.
ages on the right stand for the relaxations of the layer spacings 1he second point to discuss is the fact that, within the
relative to the bulk valued,=0.826 A). Bottom: Comparison of Vvariance of the R factor, the fit-quality reached with the
experimental and best-fit calculated spectra of the Al@odel for ~ AlCoz model is the same as that achieved for the MT model.
two selected beams. Although the MT model might be ruled out by odd structural
o ) best-fit parameters and the evidence for double steps in the
vibrations found in the ordered AlGanodel. On the other STM, LEED by its R-factor criterion alone cannot differen-
hand, the reduction of the R factor amounts almost preciselyigte between the two models. This failure must be a conse-
to the R-factor variancé€0.024, i.e., the actual degree of guence of thdtoo) many fit parameters involved in the MT
substitutional disorder found is not well outside the limits of model or, equivajenﬂy, a CO”‘esponding'y too narrow data
statistical errors. In order to avoid the impression of anpase width. Similarly, correlations between atomic vibrations
overly accurate determination of these parameters, we limiynd concentratioismake it hard to distinguish between the
our discussion to the ordered Algmodel in the following,  disordered AlCg model and its fully ordered counterpart.
keeping in mind both the possibility for some substitutionalTherefore, additional support for the Algmodel is needed,
disorder and the faCt that the resulting f|t iS fu”y Consistentand is provided by DFT Ca'cu'ations presented in the next
with the conclusions highlighted below. two sections. We concentrate first on the structural predic-
The ball model of the ordered AlGenodel is giveninthe  tions of DFT for the AIC@ model on the one hand, and for
top panel of Fig. 4, together with the percentages of layeghe Al- as well as the Co-terminated B2 modedaking the
relaxations. For visual comparison, experimental and best-fi{yT mode) on the other hand. Their comparison to the re-
calculated spectra are displayed below for two selectedpective results obtained by LEED should allow one to iden-
beams. The complete set of the resulting best-fit parametefgy the true structure. The energetics and stability of the

is displayed in Table (see Sec. Vlincluding the error limits  phases are then considered in the final section.
as estimated by the variance of the R factor with, however,

no parameter correlations consider@s$ usugl As stated
above, the crystal is capped by a pure Al layer followed by
three layers consisting of Co. In view of the remaining B2-
like stacking sequence, the Co atoms in the third layer reside In recent years, DFT has been shown to predict the struc-
on the nominal Al sublattice of the crystal, and thereforeture of surfaces in excellent agreement with the results of
constitute antisite defects—similar to those found in our earexperimental methods. Work by our own group has demon-
lier investigations of CoAtL00)® and CoA(110)%7 (with both ~ strated such agreement for, e.g., H/(¥b1),52
samples annealed at about 1000)°Eowever, these anti- Br/Pt110,°3%* Ir(100 - (5% 1)-hex®>%¢ FeSi/S{111),%’
sites reside in the third layer for Co@l11), and not in the and CoAl100.53 So, one should be able to determine the
first as for CoA(100. We will show quantitatively below structure of CoA(111) unambiguously by computing the
how this result is consistent with the general competitionstructure of the above AlGoand MT models in DFT, and
between antisite defect segregation on one hand, and an Abmparing them with the respective LEED results. The cor-
surface termination on the other. rect model should produce an exact match. Therefore, DFT
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T o
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Energy (eV)

VI. STRUCTURAL RESULTS BY DFT
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AICO _term TABLE I. Structural parameter values for the MT model and the
3 ' (ordered AlCoj; single-termination model resulting by DFT calcu-
lations. For the AlCg model the values are compared to the LEED

contraction | expansion . 7 ST
result with the statistical error limits given.

d12
d23
d,, AlCo; model MT model
d,. Al-term. Co-term.
de LEED DFT DFT DFT
gz S Adyy(A) -0.01£0.05 -0.03  +0.06 ~0.20
4 w==DFT Adyg(A) -0.27£0.02  -0.29 -0.17 +0.00
o 8 Adg(A) +0.20£0.02  +0.23 +0.14 +0.08
03 -02-01 0 01 02 Ads(A) -0.02+0.02  -0.05 -0.05 -0.01
layer relaxation in A Adsg(A) ~0.06+0.02  -0.05  +0.01 ~0.05
Al-term. Co-term. Adg(A) +0.01£0.02  +0.05 -0.01 +0.05
Ad,g(R) +0.02+0.02  +0.00 +0.01 -0.02
contraction | expansion contraction | expansion Adgg(A) -0.02+0.03 -0.03 -0.01 +0.0
d12
d23 —
d., _— they are comparatively small for a surface as open as
d,s ] CoAl(111). In contrast, the distances between third layer Co
d., antisite atoms and the underlying Co atoms of the fourth and
d,, sixth layers are significantly expandét? and 5%, respec-
d, = LEED = LEED tively). At a first glance, this expansion might be assigned to
d, ™= DFT == DFT a special antisite relaxation effect, i.e., a mutual repulsion of
— — atoms of the same type in an ordered AB alloy. While the
03 -02-01 0 01 02 -03-02-01 0 01 02 DFT results for the bulklike Al-terminated surface reveal that
layer relaxation in A layer relaxation in A

just these distances are similarly expanded in case of a fully
FIG. 5. (Color online Comparison of the structural parameters StOiChiqmetrical B2 surfa}cg, there is a Caniderable _Iattice
derived from LEED and DFT for the structures given. Only for the relaxation around ,the antls_'te atom otherwise. Comparing the
AlCoz-model LEED and DFT agree, proving this to be the correctcorm,)Uted relaxlatlon profiles of the Alganodel and' t'he
structure. bulklike Al-terminated surface shows that the Co antisite at-
oms within the third layer are outward relaxed with respect
calculations were carried out for the Algmodel allowing  to regular Al atom positions. This enhances the contraction
for relaxations of the top eight layer spacings. The same waand the expansion of second layer and third layer spacings,
applied for the Al- and Co-terminated B2-phases which buildrespectively, and reverses tkemall) relaxation of the first
the MT model. Table | compares the DFT results with thosgayer spacing.
of LEED for the AICq model and Fig. 5 visualizes the com- Beyond the confirmation of the AlGanodel as the model
parison for both the AlCpand the MT model. which corresponds to the experimentally prepared surface
As obvious from Fig. 5, DFT and LEED agree for the gy cqyre, the DFT calculations provide additional informa-

AlCos model, with deviations never I_arger than 0.03 A. In tion. As previously stated in the introduction, and as proven
contrast, there are hardly any correlations between the LEER), the next section, an exactly stoichiometric sample would

and DFT results for the Al- and Co-terminated B2 phasesg, it an ideal Al-terminated surface of the B2-ordered

The deviations reach up to 0.25 A and even the sign of th@rystal. For this case, our DFT calculations predict the de-

relzxatmn IS oftedn ﬁt varlanced. lThlsbprc_)ves the AJ@wdel tailed surface structure. The same holds for a Co-terminated
to be correct and the MT model to be incorrect. As a Conseéurface, which cannot be excludadpriori.

quence, the best fit parameters of the MT model in LEED

have no physical relevance. While the AlCmodel is thus

firmly established, it could still be kinetically stabilized. We VII. PHASE ENERGETICS AND PHASE STABILITY
will see in Sec. VIl that it is also the energetically favored CALCULATED BY DFT

structure.

As a final point, we note that all bond lengths within the
AlCos-model geometry appear physically sound. The nn dis- One might expect that a few simpéb initio calculations
tance between first layer Al atoms and second layer Co abf total energies could predict whether the AlGw the MT
oms is almost bulklike, while the nn distance to the fourthmodel is energetically favored. In fact, this direct statement
layer Co atoms is contracted by about 3%. Similar contracwould only be possible if the number of both Co and Al
tions are found for the bond lengths between second layer Catoms were the same for each model, but this is not the case.
atoms and their nn in the third and fifth layers. Such reducedVVe show below that the appearance of Co antisites within
bond distances of “surface” atoms are quite common. In facthe CoAl111) surface is only reasonable if such antisites

A. Mixed termination versus AlCos
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exist already in the material's bulk due to some slight off- 4
stoichiometry, just as for Co&L00).® In contrast, thecre- > .
ation of an antisite by atomic exchange processes in a sto- ’g 3
ichiometric bulk would be energetically very expensive g_ 1 e
(1.29 e\). At a temperature of about 800 Kat which the SE Corterm, e 1
HT(1x 1) phase develogsonly a fraction of about 10 g8 27 - ]
antisites would be thermally excited. For a 1 mm thick éi 5 A
sample[~=107(111) layerd this would not be sufficient to 8 14 o C%~/@, ]
form a single atomic layer of antisite defects—in contrastto € ] R K ]
a slight off-stoichiometry of, for instance, 70 ?

The AlCo; and MT models do not share the same stoichi- %5 T T s T 70 T 65 T 6o
omet(y (an AICQ:,—.cgpped sur_face contains more _Co athms chem. potential i, [eV]
This induces a finite offset in the surface energies of each
arrangement, which is rather drastic for the slab used in the low antisite concentration high

DFT calculationgconsisting of 19111) layers, see Sec. )|

and independent of its thickness. Consequently, we cannot FIG. 6. (Color onling Stability diagram of the Co-, Al-, and

differentiate between the two models only on the basis of thélCos-terminated B2 phases as function of the bulk stoichiometry

total energies resulting from the DFT calculations. Yet wecontrolled by the chemical potential of Co.

can consider the stability of those ordered structures using a

thermodynamic description. In this thermodynamic model  Assuming equilibrium between the surface and the bulk

the surface’s Gibbs functiofsurface formation energy per antisite reservoir and applying the appropriate stability con-

atom is given by ditions, we obtain an expression for the surface formation
energy2 which depends only on one of the chemical poten-

1 tials (here, is chose
> = ;(Gs‘ Naital = Neoteco) (1) ( o "
S 1 1
2 = X(EDFT = Ncomco~ NAI:(
with the chemical potential of the elemenis,, and u, as S
variables. In a stable phase, this function is minimal, but the 1
actual minimum structure now depends on the potentials X [EEW(BZ) *(x- O'S)EAS(X)] - X'“CO)' 4)
Ag is the number of surface atoms per unit cell &xylis the ) o )
free energy, which is approximated by the total energy from Using Eq.(4), a stability diagram of different phases for
the DFT calculationGs~ Eper. We can neglect the entropy the CoAl111) can be constructed. This diagram is displayed
contribution, as its vibrational part is sma# 10 meV/atom in Fig. 6 for Al- and Co-terminated B2 ordered surfaces, and
at 1000 K).%8 Since we concentrate on ordered structures, théor the above AICgmodel. In order to allow the existence of
configurational contribution is also negligible. Assuming thethe MT model, the formation energies for Co and Al termi-

surface to be in equilibrium with a certain bulk phase, wenations should not differ much more than by the thermal
can write energy(=0.1 eV at=1200 K). Clearly, this criterion is only
fulfilled in a region where the formation energy for the sur-
) face according to the AlGomodel is much lower, indepen-
dent of the concentration or temperature values to which the
. abscissa corresponds. Therefore, the MT model is also ex-
whgrebygb S the free energy per atom' qf the b.UIk phase'cluded by energetic arguments, in addition to the comparison
which consists of a BZ_ structure with antisites. '_rhls bulk freeOlc LEED and DFT geometries in the preceding section.
energy is also approximated by the total energies taken from

the DFT calculations

Xpeco+ (1 =X) ma) = Op(X),

B. Why Co antisites prefer the third layer, not the
first

~ 1 -
9o(X) =~ 3E0i(B2) + (x = 0.5ExdX), ) Before concluding, we illustraté) how antisite segrega-

N _ ) tion in CoAl(11]) is energetically favorable, an@) why it
wherebysE(B2) is the total energy of the ideal B2 phase ffects the third layer rather than the top layer. First, we
per atom andExg(X) is the antisite formation energy given by calculate the energieE.®™, of two atomic slabs with either
Eas®)=[Ep(X) ~Ep(B2)]/(x~0.5). Here, Ex(x) is the total  the surface layef,=1, or the third layerj=3, consisting of
energy of a supercell containinly-(x-0.5 antisites. We  Co antisites. This comparison settles the relative stability of
may estimateEpg(x) in the limit of dilute bulk Co antisite both arrangements, but does not reveal whether either con-
defects, setting the Co concentration to 51.9%. For thidiguration is energetically favored over an Al-terminated B2-
value, E,(x) is calculated from the total energy of a single stacked slab without antisites. When comparig™ with a
antisite in a 54 atom B2 cell, a cubic cell on the bcc latticepurely B2-stacked slab, we are faced with the problem that
with a length of &. The quantityE,(B2) is the total energy this slab contains a different number of GAl) atoms,
of an equally sized ideal B2 cell. namelyNS® (NA) per unit cell, than théNS°+2) Co atoms
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no without surfaces and E2™=E,(N;'-1,NS°+1) describes
segregation the same but with a Co antisite atom in the center.
A—0—0—0— In this scenario, the segregation energy of Co antisite
‘@u@ -—0—0—0— defects to the topmost layer(i.e., forming ) a
O: i Co-Co-Al-Co-Al-Co...-stacking sequenceyields AE'=
%.@ o R -477 meV/atom. So, already this process is clearly energeti-
Go —O—O0—C0O—C cally favorable. However, Co antisite defect segregation to
I e i the third layer(the AlCo; mode) is even more favorable,
"'082-8160kid bulk - | AE3=-802 meV/atom, as is shown in Fig. 7.
i o - Handwavingly, these results can be explained by the com-
reference petition between Al termination and the segregation of Co
antisite defects, as described in the Introduction. In fact, the
segregation relatively open(111) surface benefits from both effects. In a
into 1% layer simple nn-bonding picture, the surface compromises by re-
o O—O—O0—O— jecting the full energy gain which is associated with the seg-
co ~ — ——— regation of Co antisites to the fourfold nn-undercoordinated
—0—0—0—0 topmost layer. By choosing the onefold undercoordinated

Al

fl@ a9 _— third layer instead, the energy gain associated with three
Co — — O—O—- more bonds is lost, but the energetic advantage of placing Al
at the outermost boundary of the crystal is retained. The
overall energy gain is almost doubled by this “wise deci-

|
I B2-stacked bulk

) sion.”
AE = -477 meV/atom
: VIIl. CONCLUSION

segregation

into 3"° layer We have investigated thélll)-oriented surface of B2
ANO—0—0—0— transition-metal aluminide CoAl by AES, quantitative
Co -O—O0—0—0— LEED, and DFT. Our unambiguous conclusion is that the

P Co _H: H«J_(:f surface is capped by an Algsequence of111) planes, and

E,@ = S that the usual alternating stacking sequence of B2 follows
Go — O O—O—O—Cr only in deeper layers. Remarkably, this means that the sur-

face stabilizes a full unit cell of the well-known bcc-based
D05 structure, the AB superlattice of(111) atomic planes,
although no such phase is reported in the Co-Al bulk phase
AE3 = - 802 meV/atom diagram. Our findings cannot be explained as a property of
the ideal stoichiometric B2 structure. Rather, they are a con-
FIG. 7. Energetics for the segregation of Co antisites to the firssequence of an inevitable slight Co excess of the near-
and third Al layer of CoAl111) (middle and bottom panel, respec- surface region. Such an excess appears more the rule than the
tively). The situation with all antisites accommodated in the bulkexception, since the stability range of bulk CoAl extends
(top panel serves as the energy reference. only into the Co-rich region of the phase diagram. Therefore,
samples which are Al-rich in the bulk should not exist. In
and (N£'-2) Al atoms of the antisite slabgote that each addition, conventional procedures of surface preparation
slab contains two surfaced herefore, we have to correct the (Sputtering and annealipgalways lead to an even further
energy of the B2-stacked slab by the energy difference bedepletion of Al within the near-surface region. At best, an
tween an ideally B2-ordered bulk cryst&,, and the energy @most pure Al-termination might be found for rather virgin
of a B2-ordered bulk supercell which contains an antisiteS@mples. Normal samples should show the behavior which
atom, EZ"". The relevant surface slab geometries are comWas established in the present paper. _
pared in Fig. 7, with the energy of the B2-stacked slab serv- In @ strongly bound material(CoAl, NiAl), off-

I 1
I B2-stacked bulk |
1

ing as the reference. stoichiometries must be incorporated as rather unfavorable
In total, we write the relevant energy difference as structural defects—Co antisite defects in our case. These de-

_ o . fects will accumulate near the surface to reduce unfavorable

AE =[E;*" - EJ/2 +E, - E2™, (5)  bonds. The tendency of aluminide surfaces to terminate with

Al counteracts this effect, leading to the observed AlGle
whereby E=E(N',NS°) is the energy of the undistorted stacking sequence as an ideal compromise. The antisite seg-
surface slab, anBy*™'=E(N4'~2,Ng°+2) is the slab energy regation energy of about 800 meV is remarkably large.
with theith layer of both slab surfaces replaced by antisite Therefore, even minuscule deviations from the ideal stoichi-
defects[the factor 1/2 in Eq(5) accounts for the slab’s two ometry within the underlying “bulk” will be amplified at the
surface$ The quantityE,=E,(N5',NS° stands for the en- surface by many orders of magnitude, which makes “proper
ergy of a filled B2-stacked cell containing 54 atoiti®.,  annealing” utterly impossible.
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Finally, we re-emphasize that our central result holds forpect more coherent behavior for well-defined off-
strongly ordering compounds in general: a rather shargtoichiometric materials than for their “fully” stoichiometric
switch of the segregation behavior must be expected whercounterparts.
ever the stoichiometry line can be crossed, e.g., in the case of
NiAl. Thus, a collection of seemingly similar samples which

are only nominally stoichiometric may display very different ACKNOWLEDGMENTS
segregation patterns. This is consistent with the somewhat
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