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Chemical ordering of alloy surfaces: Low-index versus vicinal surfaces
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SomeA;B fcc alloys undergo a chemical order-disorder phase transition. During the ordering process, four
types of domain appear within the bulk, separated by antiphase boun@sifiBs). As for chemical ordering
in the presence of a surface, scanning tunneling microscopy and He diffraction studies consistently show a
contrasting behavior between vicinals, where APB’s emerge at the surface, and low-index surfaces, where no
APB'’s emerge. These differences emphasize the role of the step density in surface chemical ordering.
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[. INTRODUCTION it was found that the disordered layer thickness diverges as
In(T,—T).2 Wetting by disorder is a common property of
Three stages can be distinguished in the chemical ordetwo-dimensional interfaces and has also been observed at
ing process of ordered alloys: in the Iowerdered phase, the APB’s in bulk CuAu,?® and Cu-P@L7%)." In addition, the
symmetry of the high-temperature phase is broken and thgurface composition is altered as compared to that in the bulk
ordered phase nucleates randomly in the bidlkcleation due to segregation phenomena. As a consequence, it was
stage. Upon aging belowT, these domains grow until the shown, for example, that as little as 3% excess Au concen-
full volume is ordered and sharp antiphase boundariegation lowers the temperature of the bulk transition
(APB’s) are formed between domains belonging to the sevf T¢(Cu,Auyg) =644.5K] whereas, due to surface segrega-
eral possible variantgrowth stage A domain structure re- tion, the surface transition is 20 K hight.
sults and upon further aging it is followed by the coarsening As for chemical ordering kinetics in the presence of a
of the domaingcoarsening stageAfter several decades of surface, McRae and Malit showed an initial surface order-
investigations, understanding of the coarsening regime afg prior to bulk ordering in CyAu. Reichertet al1° pointed
chemical ordering has been greatly improved by the work obut in x-ray experiments on GAu (001) a strongly aniso-
Allen and Cahn(AC) on FeAl alloy.! This compound un- tropic ordering and found that no APB'’s with a component
dergoes a second-order bulk order-disorder phase transitioaf the translation vector perpendicular to the surface plane
When crossing the transition, the relevant order parametdes defined in Fig. Lare created in the surface region. In
associated with chemical order decays continuously and fallsontrast, a high APB density within the surface plane has
to zero at the critical temperatufie . The kinetics of coars- been observed when the vicinal surface CiFél) (1,1,11
ening belowT, is thermally activated and, as shown by AC, is briefly annealed below,.*? While both alloys belong to
is driven by the thermal diffusioffunction of the absolute the same cubic crystallographic class (fig), one can
temperaturel) and not by the value of the order parameter
[function of the interval T—T.)]. According to the standard f)
AC theory, the typical domain size during the coarsening
stage varies with aging timeaccording to the scaling law
A(T)tY2. This dependence was shown to be related to the
reduction of the curvature of the APB’s. It is presumably
valid for all ordering processes when the order parameter is
not conserved across the transitfotiThe t*? power law has
been widely observed for bulk chemical ordering A{B
(fcc L1,) alloys of the CyAu type?~’ Such alloys exhibit a
first-order phase transition; there are four possible variants of
chemical order which give rise to three different types of
APB (see Fig. 1L Very recent investigations of GAu with
the tomographic atom probe give evidence that the time evo-
lution of the ordered domain size follows the very satte
law even before domains come into conta@rowth
regime.’ FIG. 1. Unit cell of an ordered\;B alloy. The three numbered
Chemical order-disorder transitions in the presence of &rrows indicate the vectors of translation between the four different
surface have attracted attention as specific surface phenoWeriants of the chemical structure. Each translation vector defines
ena have been pointed dUt? Indeed, surface wetting by one type of APB. The 1 and 2 translations induce a phase shift in
disorder belowT ; was evidenced on GAu (001), for which  the concentration profile in the (001)z)(direction.
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wonder whether it is the nature of the alloy or the surfacemiscut (6.2+0.3)°] orientation was chosen to have a high
orientation(flat/vicinal surface that is responsible for these density of interacting steps while keeping wide enough ter-
different behaviors. Indeed, the two alloys differ in variousraces, which enables a straightforward interpretation of He
aspects. diffraction spectra and easy STM imaging. Single crystals
(1) For the surfaces, experiments have shown that thevere aligned by the Laue technig(&0.2° and the samples
terminal plane of 4001) surface is pure Cu for Cu-Pt7%) (typically 12 mm in diameter, 2 mm thigkvere spark cut.
whereas the termination is mixed Cu-Au for Su.*° After mechanical and electrochemical polishing, the surface
(2) For Cu-Pd17%), bulk APB’s exhibit no strong pref- of the crystals were Ar sputtered(400 eV, 6 uA, 1 h at
erential orientatiot? whereas APB’s of CjAu are predomi- room temperatude under ultrahigh vacuum. Preferential
nantly oriented in the low-indef001 planes®!’ This dif-  sputtering[Cu for Cu-Pd17%), Au for CuAu] is observed
ference can be related to the different ratio between first- andy Auger electron spectroscopy. Before He diffraction and
second-nearest-neighbor interactions. When the nearesteanning tunneling microscopy experiments, brief annealing
neighbor interaction is dominant, conservative APBar  at 800 K enables restoring the surface stoichiometry before
which the number oA andB nearest-neighbor atoms is con- ordering belowT.. He diffraction and STM experiments
served have a low creation energy and faceting of APB’swere performed in different vacuum chambers. Our He dif-
along {001 planes results. For the same reason, the anisofractometer has been described elsewR&fhe energy and
ropy of the short-range order aboiWfg is much higher for wave vector of the incident beam are, respectively,
CuAu than for Cu-P@.7%).8 As a consequence, it has been E=22.1 meV andK=65 nmt. Our commercial STM
noted by Caht that the anisotropy of the APB’s as ob- (Omicron ) allows imaging at room temperature after
served in CgAu makes chemical ordering for this alloy more quenching from the ordering temperature.
complex.

Interactions and surface segregation for the two alloys are lIl. VICINALS OF Cu sAu AND Cu-Pd(17%)
notably different. It would be highly desirable to determine
whether the observed behaviors in surface chemical ordering A. Equilibrium structure
(the presence or absence of APB's in the surface plaae Owing to the bulk structure th@01) and(110) crystallo-

be I|n.ked to the presence of steps.' In order to answer th'@raphic planes oA;B fcc L1, crystals are alternately pure
question, we have investigated a vicinal surface ofATU 54 mixedAB. The chemical order can be described by a
(00_1) and_ the(001) surface of Cu-P(i_?%). _Scanning tun- three-component order parametes, (7, ,7,). The z direc-
neling microscopy(STM) and He diffraction techniques o designates the normal to the surface. The ideal cut of the
have been used to determine surface morphologies. The full ik with a small angle(miscut @) with respect to(001)
set of experimental dafgrevious results on GAu (001, \o4id exhibit steps separated Wy or AB terraces. This
and Cu-PAL7%) (1,1,12,"* together with the present results gy cture is shown in Fig. 2 for th@,1,19 surface[vicinal
on a vicinal of CgAu (001 and on Cu-PA7% (00D] al- 4 (001), nominal miscuta=7.33°, average terrace width
lows us to propose an overall scheme for chemical ordering —5.5a, step-to-step distande=|L o+ h|]. This morphol-
at surfaces, able to reconcile the experimental observation%gy is unstable and STM images of @wi (1,1,13 (Ref. 21
and Cu-PdL7% (1,1,11 (Ref. 23 after long aging treat-
Il. EXPERIMENT ments show paired steps separated by double-width terraces
- as shown in Fig. 3. Similar paired-step morphology has been
One Cu-PdL7% and one CyAu (composition 26.75 observed for a vicinal of Cu-Ri7%) (110.2* For both al-
at. % Au single crystals were used. The concentration of thgoys, the paired-step structure in the ordered phase reverts to
Cu-Pd alloy differs from the ideahsB stoichiometry and 5 single-step structure in the disordered phage T,). The
corresponds to the congruent paifitWe thus avoided the single-step distribution T>T,) is even for Cu-PL7%)

two-phase regions as well as the long-period structti®s  yjcinals whereas single-step bunching occurs forsATu
higher Pd concentrationsn the phase diagram. In Cu-Au, (11,132

the congruent point is reached for the stoichiometric alloy

CusAu. The as-grown CjAu crystal was found to exhibit a )

sliughtly higher concentration. We have checked that this does B. CusAu (1,1,193 ordering

not induce the formation of long-period APB structures at As shown in Fig. 4, STM images of the ¢Au (1,1,13

low temperature. In addition, similar experiments on asample show surface domains defined by step pairing. As

sample with a lower Au concentratiof®4.23 at.% Al there are two ways to pair adjacent steps the surface exhibits

showed that a small variation of the concentration does naiwo types of variant. From one surface domain to the next,

alter the present resufs. paired steps separate to be paired in the other way. Changes
The lattice parameter for the Cu-Rd%) crystal is a, in pairing thus define surface antiphase boundd&#sPB’s)

=0.367 nm, the related elementary step heighhisay/2  as shown in the scheme of Fig. 4.

=0.184 nm, and the nearest-neighbor distance witBi1) After 18 h annealing at.— 20 K, wide surface domains

terraces isa=0.260 nm. The temperature for the chemicalare visible. Inside a given domain, the surface structure ex-

order-disorder transition i$,=778 K. Data for CgAu are  hibits pairs of steps; the distance between the two steps is

ap=0.375 nm,h=0.187 nm,a=0.265 nm, and’.=663 K.  mainly 0.5 or 1.5 (Fig. 3) and rarely 2.8. According to

For the CyAu vicinal surface, thé1,1,13 [vicinal of (001),  the bulk structure, and to the following observations on
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FIG. 2. Top: top view of the bulk truncation along tkie 1,11
orientation {,=5.5a) of a chemically ordered1, A;B alloy. The
heavy rectangle indicates the centered surface unit cell. Middle:
side view of the same structure. Bottom: top view of the paired-step
structure with pureA terraces. The heavy rectangle indicates the
surface unit cell as observed by He diffraction.

Paired-steps
with distance 0.5 a

FIG. 3. 9z/ 9x STM picture (52 nnx 52 nm) for CuAu (1,1,13.

CugAu (001) and on our STM pictures, it is very reasonable T=300K, 1=0.86nA,V=1.39 V. Paired steps at minimum sepa-

to assume that the structure of the paired-step vicinal surfac@tion distance (0&) are seen as black vertical lines and paired

is composed of terminal terraces with the mixed compositiorPtePS Separated by s gray lines.

(Cu-Au) whereas subterrace atomic planes are pure Cu

planes. Indeed, low-energy ion scattering studies on thé& (the associated wavelength is, however, hardly seen in this

(001) surface have shown that the preferred bulk terminationmage, where a lower resolution was reachéddhis is con-

is a Cu-Au plané’ In addition, straighf110] double-height  sistent with a change in the nature Afand B step edges

steps and a well-resolved CuAu terrace structure have beemhen crossing the SAPB. All SAPB’s observed with atomic

observed by STM on a GAu sample cut 2° off thg001]  resolution exhibit such changes in tip-height modulation at

direction?® Some of our STM images where atomic resolu-step edges. These observations confirm that the near-surface

tion along step edges is obtain¢see Fig. $ support our chemical domain structure becomes apparent via the step do-

assumption on the nature of the emerging atomic planes. Omain structure. As SAPB’s, separate adjacent domains with

these images, the tip-height modulation along the upper steghifted concentration along t§€01] direction, it is notice-

edge A1-A2) is high with a wavelength of 0.53 nm, i.e., able that only two APB’s out of three can be seen in that

twice the nearest-neighbor distareOne atom out of two is  way.

seen. At the lower step edg&(1-A’2) the modulation is The coarsening of the surface domains was investigated

much weaker with a wavelength comparable with the atomiby STM. Images were recorded at room temperature after

distance of 0.26 nnfequal toa; all atoms are se¢nFinally,  annealing aff.—20 K for different times, which shows the

it must be noted that the surface structure considered is simiime evolution of the domain distributio(see Fig. 8 For

lar to the one we observed on Cu{R@% (1,1,19," except  short annealing time, no strong preferential orientation of the

that the role of mixed and pure Cu planes is reversed. SAPB’s is observed, whereas after 18 h annealing one sees
As has been shown for Cu-Bd@% (1,1,19,* the that SAPB's are predominantly aligned along fi€0] and

SAPB'’s can be interpreted as being caused by the emergenp@lQ] directions. The very same behavior was observed by

of bulk APB’s (see the scheme of Fig).6The STM image electron microscopy for bulk APB*¥7

shown in Fig. 7, where one SAPB crosses the steps as seenThe characteristic surface domain sixewas measured

by the change in step pairing, supports this assumption. Thi@r each annealing time. At least 10 imagé&02.4 nm

cross sections along upper step edge$-A2,B’1-B’2, or  X102.4 nm like those shown in Fig. 8 were analyzed. For

D1-D2) exhibit a wavelength of the tip-height modulation this purpose, the total lengtti of the SAPB’s for a total

of 2a. At lower step edgesA’1-A'2,B1-B2, andC1-C2) surfaceS is measured for each set of images akhds ob-

the modulation has a lower amplitude, as in the image of Figtained as
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FIG. 4. Top left: CyAu (1,1,13 STM image (102.4 nma 102.4 nm) after 18 h annealing &t 20 K. Two domains for step pairing are
seen. Top right: 9z/dx image of the same area allows the steps to be seen better. Terraces belonging to one surfac&Sgohssia heen
colored in dark gray. Within the central surface dom&in steps separated by @.5nd 1.5 are seen. Bottom: scheme of the step
configuration close to a SAPRBvhite terraces, CuAu; gray terraces,)Clihe subsurface structure aloAg\’ is given in Fig. 6 below.

2S studies on a vicinal of Cu-R#i7%) (001).*? In the following,
A~ (1) we briefly recall the main results for this surface in order to
point out the similarities between the two systems.

Results are given in Fig. 9. For long aging time, the values of A surface domain structure sgr;%gr to that of Bu was
A are close to the size of bulk domains as measured by x-ra§bserved on Cu-R@i7%) (1,1,11.”“" Step pairing occurs
diffraction for the same temperature range by Hashimoto®n the latter surface in such a way that terraces are always
Nishimura, and Takeuchiand by Poquette and Mikkofa. Pure Cu, which is found to be the preferential termination for
These authors find 82 AC-type dependence. For short ag- (001) terraces. Chemic_al ordering of this surfac_;e can_be de-
ing time, A is much larger than the bulk domain size. Two duced from the evolution of SAPB'S. At crossing points

reasons may explain this difference. First, domains smallewgh ?N/?]Pe?;spsgedeﬁtefsS;zamﬁJotobih%?ridfﬁgr;heu?éhgu
than a few double-terrace widths may not be seen throug Y, b €dg 9 b

the step pairing. Second. it mav happen that ordering is faste? Cu-Pd. As for CyAu, surface domains correspond to dif-
P pairing. na. | y happ Jerng | $Erent variants of thé& 1, structure. The average domain size
near the surface, which would increase the size of surfac

. X . . was measured on STM images and by He diffraction ver-
domains with respect to those in the bulk in the very earlyg o ordering time and temperatusee Fig. 10 In the late
stages of ordering and coarsening.

stage of orderingA is found to vary asA(T)tY? in agree-
ment with the AC scaling lawsee Fig. 1D As for the vici-
C. Comparison with Cu-Pd(17%) nal of CwAu, A is found forT=T.—50 K to be close to the
bulk domain size measured by x-ray diffraction. In addition,
1. Cu-Pd(17%) (1,1,11) an Arrhenius plot of the prefactdk(T) gives an activation
Results obtained for the GAu (1,1,13 surface can be energy of 2.250.15 eV, close to the value measured for
compared to those of our previous STM and He diffractionCu-Pd17%) bulk ordering(2.0+0.15 e\}.*?
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FIG. 5. Top left: 11 nnx10 nm high-resolution STM image. 0 0_'5 1.0 15 20 25 30
Top right:  dz/dx image of the same area. Three paired steps are Distance along the step (nm)

seen. Bottom: tip height along upperAl-A2) and lower ) )
(A’1-A'2) step edges. Along the upper step edge the wavelength is FIG. 7. Top: 6.8 nnx20 nm STM image andz/Jx image of the
0.53 nm, close to twice the nearest-neighbor distamcand it is same area. One SAPB where paired steps separate crosses the pic-
0.26 nm at the lower step edge. This is consistent with a surfacfire. Bottom: tip-height modulation along step edgeite bars on
structure where terraces are CuAu planes over pure Cu subterralte 92/9x image indicate the position of each cross segtidie
atomic planes. wavelength of the tip-height modulation along upper step edges is
2a. The amplitude of the tip-height modulation at lower step edges
2. Vicinal of Cu-Pd(17%) (110) is smaller. Across the SAPB the tip-height modulatiorAand B
step edges changes consistently with a change in the nature of the
In order to assess the generality of the emergence Qforresponding atomic planesA{-A2 and B’1-B’2, CuAu;
APB’s at vicinal surfaces we have further investigated bya’1-A’2 andB1-B2, Cu.
STM a vicinal(miscut 1.89 of Cu-Pd(17%) (110 after short

ordering 1 h, AT=15K) (the sample we previously studied very much as on thél, 1,13 surface. Emergence of APB's is
by He diffractiorf’). STM images show that APB’s emerge thus evidenced on one other surface and for a miscut much
lower than for(1,1,11 surfaces.

N Surface Antiphase D. Vicinal surfaces: Conclusion

Chemical ordering at vicinal surfaces of the two alloys
considered appears very similar. The different behavior of

Antiphase boundary
(APB) FIG. 8. 9z/9x images(102.4 nmx102.4 nm of CuAu (1,1,13
(T=293 K) after, from left to right, 5 min, 4 h, and 18 h annealing
FIG. 6. Bulk cross section across a SARirpendicular to the at T,—20 K. White and gray colored terraces are for the two pos-
surface and along the segme¥A’ defined in Fig. 4. sible surface domains.
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FIG. 11. Cu-PéL7% (001). Intensity and width of thg0,0)
FIG. 9. Characteristic domain siZeas a function of annealing specular peak as a function AK, . Intensities forT=(Hl)823 K
time. (O) Surface domain size measured from STM images accord>T. and () 753 K< T, have been corrected for thermal attenuation
ing to Eq.(1) for ordering atAT=T,—T=20 K. Taking into ac- (Debye-Waller factor Full width at half maximum(FWHM) of the
count that only two APB’s out of three are observed, data have beespecular peak fof =(0)823 K and(Xx) 753 K.
multiplied by a factor 2/3 for comparison with bulk data. Bulk
domain characteristic size measured by x-ray diffraction by Po- IV. Cu-Pd(17%) (001)
quette and Mikkola(Ref. 4: AT=(V)90, (A) 65, (+) 40, and . .
(X) 15 K. (O) Same measured by Hashimoto, Nishimura, and. In order to assess the_ generality of _the contrasting behav-
Takeuchi(Ref. 5 at AT=5K. (——) t"2 law according to AC 10rs of the(001) and vicinal surfaces in the emergence of
(Ref. D. APB'’s, we have investigated the Cu{R@%) (001 surface
by He diffraction and STM. On such a low-index surface,
their bulk APB’s makes the present comparison crucial tayide terraces with a high-energy terminal pldi@u-Pd for
draw firm conclusions on surface ordering at vicinal sur-Cu-Pd17%)] cannot exist. Upon ordering, extra single steps
faces. Emergence of APB’s appears as a common property gfe thus expected to be formed along with the emergence of
the vicinals studied. In the late stage of surface ordering O\PB'’s, in such a way that all terraces are pure Cu p|anes_
vicinals, the observation of similar bulk and surface characiote that only APB'’s for which the translation vector has a
teristic lengths for ordered domainfCusAu and Cu-  nonzero component in th@®01] direction (i.e., including a
Pd17%)] and of similar activation energies for bulk and sur- shift of the », component of the order parameténduce a
face domain coarsenif@u-Pd17%)] indicates that the late ~ shift in the z direction of the Pd concentration component.
stage of surface ordering is driven by bulk APB dynamics. |n the He diffractometer, the sample azimuth is chosen in
The observation of step pairing and the evolution of SAPB’ssych a way that thE110] direction is in the incidence plane.
on CuAu(1,1,13) clearly shows that APB's emerge at the|ncidence angle#; are measured with respect to the surface
surface, in strong contrast with the fact that these APB’s dgyormal. As in Ci(001), the only observable diffraction peak
not emerge on théd01) surface of the same alldy.It turns s the specular and the intensity of other diffraction peaks is
out that the emergence of APB’s at the surface is made pogyelow our detection limiti(/1,=2x 10"°). The corrugation
sible by the presence of a high density of steps and thugf the terraces is thus very small, as expected for a pure Cu
depends on surface orientation. plane. The0,0) peak shape and intensity were recorded ver-
sus¢p(AK,) (i.e., versus incident angle) for T=823 K,

13K

A i.e., aboveT.. As shown in Fig. 11, the intensity and the
0 46K » 35K peak width oscillate versusK | , thus showing that residual
= o 83K = 85K steps are present on our sample. We have used these results
- 1000 X bulk domain to determine precisely the in-phasf) and out-of-phase
H size 54 K (AP) kinematic conditions. From the period of the width and
< intensity oscillations, one finds that the step height is 0.183
g nm, in agreement with the elementary step height, so that
8 most steps are single. The amplitude of the width oscillations
g X -
100F 3 X 2 X 4 can be related to the step densffyand from our measure
ment the average terrace size is of the order of 100 nm. After
1000 10000 100000 24 h ordering aT =T~ 25K, the very same peak width and
Time (s) intensity oscillations are measurédt T=753K). In such

conditions, the characteristic size of chemically ordered do-
FIG. 10. Cu-P@L7% (1,1,11. Average domain size versus or- mains measured on vicinal surfaces of the same alloy would

dering time for variousAT=T.—T temperatures. Open symbols, b€ greater than 100 nm.

STM measurements; full symbols, He diffraction measureméhs. We then measured the peak width and intensity of the
Bulk size domain measured by situ x-ray diffraction.(—) t¥2  specular peak during the ordering process at 25 K, after
law according to AQ(Ref. 1). a rapid quenching frort =823 K. Measurements were done
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FIG. 12. Cu-Pd17%) (001). Ratio of the FWHM of the specular
peak forg;=70° and 52%close to the AP conditiorto the FWHM
measured forg;=60° (close to the P conditionversus ordering
time atT,—25K.

for #,=60° (close to the P conditignand #;,=70° and 52°
(close to the AP condition The width ratio between AP and

P conditions remains constant during orderi{sge Fig. 12

this indicates that no extra steps are formed. In contrast, an
evolution of the width of He diffraction peaks in AP condi-
tions on the(1,1,1) vicinal surface is clearly observed at

T.—35K.*? This shows that the surface morphology of the £ 13, 90 nmx90 nm STM image of Cu-RA7% (001 (after
(001) surface is not affected by bulk chemical ordering andy h annealing at.— 45 K). The surface profile along the indicated
that no APB’s emerge at the surface. line shows that pairedP) and single(S) steps are present. In the

STM images were taken on the very saf@81) sample at  area within the circle, paired steps separate to be paired differently
room temperature aftel h annealing afT=733 K=T, whereas adjacent terraces appear unaffected.
— 45K, for which the size of surface domains on thel, 11
surface is of the order of 30 nm. Scarce residual steps amgme even after a rapid quenching. These experiments to-
observed, defining terraces wider than 100 nm. The step degether with the x-ray study on GAu (001),'° and our ob-
sity is obviously much lower than expected from the SAPBservations on Cu-Rdi7%) (001), show that the(001) sur-
density measured on the vicinal. At some places on oufaces of the two alloys have similar behaviors: a low single-
sample, small bunches of steps can be observed. Pairgtep density is observed after short ordering and this density
steps, as well as single steps, are visible, as shown in th@mains constant during chemical ordering. The emergence
image of Fig. 13. It is remarkable that on the left part of theof APB’s would induce a high and slowly decaying single-
image paired steps separate in the same way as on vicinglep density in order to preserve the preferred surface termi-
surfaces. In this area, upper and lower terraces are not afation, which is not observed. This allows us to conclude
fected. These observations are in good agreement with odhat APB’s with a component of the translation vector per-
He diffraction experiment and thus consistently show thapendicular to the surface plane do not emerge on(@iod)
the (001) surface morphology is not affected by chemical surface.
ordering.

The present results are fully consistent with previous in-
vestigations on surface chemical ordering ins@u (001) by
x-ray diffraction’® STM?° and He diffractior’®3! On
CwAu (001), Mannori et al®%3! observed He diffraction Previous experiment$'?and our present observations on
peaks foIT<T., in addition to the specular, which indicates low-index and vicinal surfaces show that the process of
in agreement with their low-energy ion scattering LEIS studychemical ordering alters the morphology of vicinals while it
that the terminal plane is(2x2)Cu-Au ordered. Further- does not affect that of close-packed surfaces. Based on this
more, they observed oscillations of the specular intensity as gesult, the ordering process at surfaces may be described as
function of incidence angle that they attributed to the presfollows.
ence of a low density of residual steps. From data analysis, AboveT., the bulk is disordered and, due to surface seg-
they concluded that single stefand not only double steps regation, thep, component of the order parameter is nonzero
are present aftel h ordering aff .— 23 K with a density such at the surface. This reflects the oscillatory concentration pro-
that 95% of the surfacéwithin the transfer length of their file in the direction normal to terracedsee Fig.
diffractometey is at the same level. In a more quantitative 14(a)]. APB’s localized in the subsurface region are thus
STM experiment, Linet al?® observed that the step density present below each step. As shown by Reickedl.,° this
on a CuyAu (001) sample does not depend on the orderingpreexisting order at the surface acts as a template for surface

V. CHEMICAL ORDERING AT
SURFACES: CONCLUSION
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(PV) and is in phase opposition for the two others
(APV). PV’s merge with the surface domain and APB’s
(with a component of the translation vector perpendicular to
the terrace plangsre formed between APV'’s and the sur-
face ordered layer. In other words, APB’s resulting from the
bulk ordering process cannot emerge at the surface. The
APB'’s thus formed necessarily exhibit @nvexcurvature
toward the bulkFig. 14b)]. Within the AC process, small
domains shrink, leading to an increase of the average domain
size and a reduction of the curvature of APB’s. The thickness
of the ordered surface layer increases in that iayface-
driven ordering [Fig. 14(c)]. This explains the observed
nonemergence of APB’s &001) surfaces. Experimental ob-
servations on flat surfaces consistently show that no steps are
formed upon ordering and that the surface keeps its prefer-
ential termination. This is expected to occur beneath every
terrace of a vicinal surface in the early ordering stage.

As the aging proceeds for vicinal surfaces, bulk domains
become wider than the step-step distariceThe APB's
pinned at steps then merge and exhibit a curvataveard
o the surface[see Fig. 14c)]. According to the AC process,

these domains encapsulated in a wider domain must subse-
quently shrink and in agreement with our experimental ob-
servations on vicinal surfaces double steps are formed in
such a way that the preferential termination is obtained for
PN B all terracegbulk-driven ordering. Thus, the contrasting be-
havior between flat and vicinal surfaces suggests that order-
ing occurs in two steps. For short ordering timess much
G&rger thanA and surface ordering prevails. For long aging
ttliqrges,L becomes smaller thak and emerging bulk domains

PV

FIG. 14. (a) Disordered crystal T>T,). Surface segregation

(Ref. 10. Evanescent surface antiphase boundaideshed lines
are present and pinned at step edges. The nonzero component of

. L impose surface chemical order.
order parametenm, in the surface vicinity acts as a template for | USi h h that the infl f chemi
surface chemical orderingb) Chemical ordering foL>A. PV n conclusion, we have shown that the infiluence or chemi-

(APV) designates domains with in-pha&eit-of-phasg 7, compo- cal order on surface morpholqu is different for flat and vici-
nent with respect to the surface order. APV's cannot emerge dt@l surfaces oL.1, alloys. This is valid for the two alloys
the surface whereas PV’s merge with the surface donfaitupon  investigated although their bulk APB's have very different
aging, the thickness of the ordered surface layer increases. Note thaghaviors. The absence of step formation upon ordering on
only two APB’s out of thregfor which the translation vector has a flat surfaces confirms the conclusion of Reicteral © that
nonzeroz component, i.e., separating PV’s and APV’s are shown.surface segregation imposes the surfggeorder-parameter

(d) After long ordering L <A), wide bulk domaingPV or APV) component. For vicinal surfaces, for whithis much lower

are formed. Small domains beneath one terrace out of two arthan A, step pairing allows reducing the surface energy and
formed. (e) These domains shrink and a paired-step structure rethe surface morphology is driven by bulk chemical order as
sults. shown by the emergence of bulk APB'’s.

ordering belowT . [see Fig. 14b)]. Variants compatible with ACKNOWLEDGMENTS
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