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Evidence for Significant Short-Range Order Effects
on Surface Segregation in Ni-Al Solid Solution
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Aluminum surface segregation in Ni-9% Al as studied by low-energy Auger electron spectroscopy is
characterized by quite low equilibrium levels that increase with temperature, in contrast to predictions
of Bragg-Williams—type theories. The free-energy cumulant expansion approach, adapted for surface
segregation, reveals that short-range order can induce significant suppression of solute segregation,
depending mainly on the solvent-solute interaction strength. The diminution of the effect with
increasing temperature leads to anomalous increase of equilibrium segregation, in agreement with the
Ni-Al experiments. [S0031-9007(97)02329-6]

PACS numbers: 64.60.Cn, 64.75.+g, 68.35.Dv, 82.80.Pv

The intrinsic deviation of a solid-vacuum interfacial This Letter presents clear experimental evidence for
composition from the bulk value is quite a common phy-dominant effects of short-range order on surface segrega-
sical phenomenon in metallic alloys [1], affecting diversetion in a solid solution. Thus, as measured by low-energy
macroscopic properties (adhesion, catalytic activity, surAuger electron spectroscopy (AES), aluminum segre-
face magnetism [2], etc.). Yet, usually somewhat simplis-gation in Ni-9% Al is significantly weaker than antici-
tic theoretical models of equilibrium surface segregatiorpated according to the BW-type pair-bond model,
in binary alloys have been used so far. Thus, the moshcluding elastic strain-energy contributions [8], and its
common statistical-mechanical approach to the problem isquilibrium levels increase with temperature between
based on the classical mean-field theory, which is equiva=~500 and 75CC (Fig. 1). This deviation from the
lent to the Bragg-Williams (BW) approximation, assum-usual temperature dependence is reported for the first
ing random distribution of atoms at identical lattice sites.time for a solid solution subjected to adequate equi-
Effects of correlations between atoms (short-range ordefibration. In some previous segregation studies (e.g.,
SRO) have been usually ignored in theoretical calculation®t-Rh [9—11] and Cu-Mn [12]) the apparent increase
of surface segregation in bina®y,.B;_. solid solutions, in segregant concentration with temperature was due to
although usuallyA atoms tend to be preferentially sur- kinetic effects, whereas comparing the present data to
rounded byB atoms (“mixing” tendency, exothermic al- calculations based on a segregation-kinetics model [13]
loying), or by A atoms (“demixing” tendency, endothermic with experimental diffusion coefficients of Al in Ni [14]
alloying). Such interatomic correlations play an importantshow that real equilibrium conditions have been achieved
role in several bulk properties, especially at temperaturesven at the lowest annealing temperature. The distinct
not much higher than the phase-transition temperature, arsgregation trend, occurring at approximately the same
likewise, correlations are expected to have some effect otemperature range for which significant short-range order
surface segregation phenomena. Direct observation of suwas found to exist in Ni-Al solid solutions [15], has
face short-range order has been found, for example, in Rtimulated our attempt to unravel the general role of
segregatedty,sNig75s (111) surface by means of scan- SRO in surface segregation. For this goal we adapted
ning tunneling microscopy [3], in agreement with Monte

Carlo calculations using the embedded-atom method [4]. 0-23

The few previous studies that went beyond the ordinary

mean-field theory used quasichemical or cluster variation g 020

approaches [5—7] with the main purpose of evaluating re- S

lationships between surface segregation and order parame- :Z 0.15

ters. However, choosing a specific cluster representation S

for certain alloy surface structures restricts the general ap- = 0.10

plicability of the theory and involves quite complicated

equations with more SRO parameters than for the bulk [6]. . ‘ !
Therefore, as will be outlined briefly below and derived 003 0 " ¢ o
in detail elsewhere, a different approach has been chosen, Annealing Time (sec)

yielding ?Xp“Cit formula; for quantificatiqn of SRO effects FIG. 1. Representative segregation curves of aluminum at Ni-
that furnish better physical understanding of surface seg Al (110) surface as reflected by variations in AES relative
regation phenomena. intensities. (Ix;/In; = 0.165 for the alloy bulk composition).
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the Kirkwood statistical-mechanical method, which wasenergy between a-layer site and a bulk site. The bulk
developed initially for describing atomic ordering in bulk coordination number is denoted ky and z,, is the
substitutional alloys [16], and recently applied to thecoordination number of g-plane atom with respect to
problem of surface magnetic order [2,17]. Advantagesieighboringg-plane atoms. It should be noted that in the
of this consistent approach, based on the free-energyase ofV > 0 (exothermic alloying), consecutive terms
cumulant expansion, include its general applicabilityin the untruncated expansion [Eq. (1)] have alternating
to Ising systems, the relative simplicity of equilibrium signs, and depending on the value of thé&kT parameter
equations, the convenient extension to non-nearest neigand on the crystal structure, convergence can be sluggish.
bor interactions, and its compatibility with the method For the truncated series used here, a better approximation
of “area-preserving map” for quantitative evaluation ofis to use summation by arithmetic means [23], namely to
in-depth concentration gradients [18]. Most modern thecalculateF, = (F; + F,)/2 instead ofF,. Its validity
ories of surface segregation involve electronic structurdnas been verified in case of weak segregation in a dilute
calculations (e.g., Refs. [19,20]), and one can considealloy by comparing Eg. (4) with an exact formula for
also possible contributions of atomic vibrations [21] andthe correlation correction based on the infinite expansion.
surface relaxation [21,22]. Yet, as will be shown below,{This formula coincides with Eq. (4), except tha¥?/kT
the observed segregation behavior of aluminum can bis replaced byexp(—2V /kT) + 2V /kT — 1]kT}.
fully accounted for in terms of the common pair-bond The multilayer model described above enables us to take
approach extended to include SRO effects. into account contributions to Auger line intensities from
Starting with the Ising model Hamiltonian for an any number of atomic layers starting from the top surface,
A.B; . alloy with a surface and effective pair interaction and it has been used to calculate Al segregation at the Ni-
V = (VA + vBB — 2y48) /2 the free energy, expanded 9% Al (110) surface and at the less open (100) surface.
in inverse-temperature power series, is given in ntie  Values forAhy, AHy°, andV were obtained from the pure

order correlation approximation by Al and Ni surface tensions, atomic sizes, and their heat
"o vV of mixing [24,25], respectively, and it was assumed that
F,=F — kT Z S—f <_ﬁ> , (1) Ah, = AHy;¢ = 0for p = 1. Since elastic strain energy
s=2 -

can be estimated by different elasticity formulas, and pos-
where C; are sth order cumulants, and”; denotes sible contributions of accommodation energy at the surface
the alloy free energy in the BW-type approximation.[26] are ignored, thes Hj® value used can be regarded as a
Minimization of the free energy with respect to the rough estimate only. The effective pair interactions at an
p-plane concentratiorfc,) leads to the following set of alloy surface may be enhanced [27] or reduced [28] rela-
coupled equations describing the equilibrium compositiontive to the bulk value [and theviis replaced by, in terms

profile extending from the top surface laygr = 0) to  corresponding t® or ¢ = 0 in Egs. (3) and (4)]. How-

the bulk (with concentration), ever, as shown by electronic structure calculations [20], in
¢, c AH, Ni-Al solid solutions the interactions are nearly uniform.
e~ 1_o¢ e f{— T > (2)  The set of coupled equations in composition [Eq. (2)] was
p

AH. is th f . i th solved consecutively for the two surface orientations by a
H, is the sungl)o segregation energy in the BW ap-yj51_and-error iterative procedure starting with a guessed

proximation,AH),", and SRO related correctiqﬁ,F;RO, co value for the Al concentration in the top layer, and im-
which involves both energy and entropy contributions anchosing the conditions = ¢ (bulk concentration). The cal-
depends explicitly on temperature. For the case of firsteulated compositional gradient changed only slightly when

neighbor interactions, the first term can be read the truncation of the profile was imposed at a deeper layer.
i o Since in the present experiment the quite surface-sensitive
AH)," = Ah, + AH) Ni(MVV) and Al(LVV) transitions at 61 and 67 eV, re-

spectively, have been chosen for quantitation, it is suffi-
+ Z Vzpq(2cqg — 1) — Vz(2¢ — 1), (3) cient to include calculated signals from the three upper
q atomic layers, which contribute to about 95% of the to-
and, limiting expansion (1) to the first (pairwise) correla-tal intensities (effective escape depth§! = 2.7 A and

tion approximationF,, gives for the second term, A = 2.6 A). Thus, based on the, values derived, the
RO 2y2 intensity ratio for the alloy can be calculated as
AFRRO = > o 2pgcg(l = ¢g) (¢, = 1)
q
12 0 + o _ g/ eff
— 2 e - o) - 1). (4) LA (1 + i) [1 = expl d/)‘ﬁf;)]
kT . Ini Iy (1 ra) [1 — exp(—d/A%)]
In Eq. (3), according to the pair-bond approacky, 2 —od /ST
corresponds to the difference frlayer tensions between p=0 Cp EXH(=pd/Axi 5)
the pure constituentsAH,¢ is the difference of strain f,=0(1 - cp)exr(—pd/)\‘f\,fif)’
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whered is the atomic layer thickness (2.38 A), and The observed (and calculated) suppression of solute
I3 are the signal intensities measured for the pure elesurface segregation induced by short-range order can be
ments under identical conditions, angl, rn; are the cor-  simply understood in terms of atomic coordination con-
responding electron backscattering terms. Figure 2 showsiderations. SRO lowers the alloy energy by changing
results of the calculations in the correlation (SRO) approxthe atom surroundings, so that local ordered regions are
imation and in the BW approximation together with ex-formed. Such compositional fluctuations always attract
perimental data (experimental procedures were describesblute atoms, and thus, in case of demixing (mixing) ten-
before [24]). Clearly, SRO diminishes aluminum segre-dency, clusters of like (unlike) atoms are able to grow. In
gation levels, and the calculated ratios are significantlcase of weak segregation and equal surface and bulk in-
closer to the experimental results, including the anomateractions, surface segregation of the solute is suppressed
lous temperature dependence. As mentioned above, thecause of its stronger attraction to bulk fluctuations com-
AHj¢ value used in the calculations for the elastic en-pared to fluctuations at surfaces, which have reduced coor-
ergy contribution is a rough estimate, so in order to ob-dination numbers [this can be deduced from the two terms
tain a more accurate value, it was used as an adjustabl@ving opposite signs in Eq. (4)]. Since this suppressing
parameter, improving the agreement between calculategffect decreases witincreasingtemperature, anomalous
and experimental ratios (graphs 3 in Fig. 2). Furthermoreincrease in equilibrium segregation level becomes possi-
as expected, the adjustéc, + AH;° absolute value for ble, as observed for Ni-Al. On the other hand, SRO in-
the more open (110) surface, 0.79 eV, is larger than théensifies withdecreasingtemperature, and in exothermic
value (0.68 eV) obtained for the (100)-surface. Compo-solid solutions long-range order (LRO) can appear with the
sitional variations with temperature in individual atomic formation of intermetallic compounds. Effects of LRO on
layers, presented in Fig. 3, show anomalous temperatuiirface segregation were treated theoretically before [7,29]
dependence over a certain range. The oscillatory conceand are similar in their general trends to those of SRO,
tration profile obtained at all temperatures is related to th@amely the possibility of inducing suppression of surface
tendency of increasing the number of Ni-Al pairs in this segregation. The anomalous behavior of Si segregating at
exothermic alloy. Compared to results of BW-type calcu-grain boundaries in Fe-12.9%Si [30], the Al segregation at
lations, the inclusion of SRO leads to significantly dampedsurfaces of Ni-10% Al [31,20] and at Ni-48% Al [32] were
profiles. tentatively explained by means of LRO effects.

Numerical calculations based on the derived equations
have revealed quite subtle conditions for anomalous tem-
perature dependence of equilibrium surface segregation in

0.30
U~ - solid solutions. Thus, SRO-induced anomaly is expected
L to occur in case the segregation is relatively weak, and it
025 |- — -2 depends critically on the magnitude of the segregation driv-

7 ing force relative to the solvent-solute interaction strength
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FIG. 2. Comparison of experimental®) and theoretical FIG. 3. Variations of Al relative enrichment (or depletion) at
Auger intensity ratios of Ni-9% Al as a function of equili- individual (100) atomic planes, as a function of temperature
bration temperature: 1, Bragg-Williams type approximation; 2,for Ni-9% Al with SRO (the outermost layer is denoted by
correlation (SRO) approximation, both with estimat&d, + 0; 1, 2, and 3 denote the 1st, 2nd, and 3rd underlayer,

AHy = —0.77 eV [27]; 3, correlation approximation with fit- respectively). The plane concentrations were calculated in
ted Ahg + AHy® = —0.68 and —0.79 eV for (100) and (110), accordance with the adjustedh, + AH;* = —0.68 eV value
respectively (in all the calculations = 0.15 eV). andV = 0.15 eV.
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