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Observation of domain structure and coarsening at Cu-Pd alloy vicinal surfaces
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The morphology of a vicinal surface of anA3B-type ordered alloy@Cu83Pd17~1,1,11!# is investigated by
STM and He diffraction. In the ordered state of the alloy, domains with paired steps are observed and STM
images reveal the link between the surface structure and the chemically ordered underlying domains. The
surface domain size grows during aging ast1/2. The activation energy for this coarsening process is found to be
2.2 eV. This value is close to the one obtained for bulk ordering.@S0163-1829~98!04319-7#
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The comprehension of surface microstructures is of f
damental and technological interest as they are expecte
play a major role in the related fracture, adhesion, wear
catalytic properties of solids. In bulk alloys chemical orde
ing has been investigated for a long time together with
relation with metallurgical properties.1 Binary alloys that un-
dergo a chemical order-disorder transition~at Tc) on a fixed
lattice are of generic interest to perform such studies. In
vicinity of surfaces, concentrations and chemical order
equilibrium are perturbed by segregation,2 and reduced coor
dination of surface atoms gives rise to surface-induced
order for temperatures close to the transition tempera
Tc .3,4 Moreover, the kinetics of ordering was found to e
hibit original features when taking place near the surface5,6

The trend to chemical ordering is likely to affect drama
cally the surface morphology as well. Previous studies
Cu-Pd alloys revealed that the surface equilibrium morph
ogy can be strongly linked to chemical order. Indeed
double step structure was observed belowTc ~778 K! ~Refs.
7–9! on vicinals of Cu83Pd17. Moreover, it was found tha
aboveTc ~i.e., when long-range chemical order is destroye!
the double step structure on this alloy reverts to a single
one, showing that the surface morphological transition
chemical order driven@8,9#. Indications for double heigh
steps were also found for Cu3Au.10,11

TheseA3B-type alloys exhibit a first-order phase trans
tion from a low-T simple cubicL12 structure described by
three-component order parameter12 to a high-T disordered
fcc state. As for bulk chemical ordering symmetry breaki
leads to the coexistence of 4 translational variants boun
by 3 types of antiphase boundaries~APB’s!. The density of
APB’s is further reduced in the subsequent coarsen
stage.13,14This latter stage is in fact characterized by a sin
length scale, the average domain size. For a first-order t
sition with a nonconserved order parameter this size is
pected to follow a t1/2 universal behavior according t
Lifshitz15 and Allen-Cahn16 ~LAC!.

In this paper we report on direct observations by scann
tunneling microscopy~STM! of the paired step structure on
570163-1829/98/57~19!/12497~4!/$15.00
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vicinal surface of anA3B-type alloy. For a sample shortly
aged belowTc we see domains of paired steps, separated
walls. For step edges we have obtained atomic resolu
images that exhibit contrast between Cu and Pd atoms.
allows us to identify unambiguously surface walls with t
emergence of APB’s. Domains of paired steps on the surf
thus give an unprecedented real space picture of chemic
ordered domains on the surface of an alloy. We show t
STM images allow one to measure the characteristic sur
domain size and to follow the coarsening stage of step p
ing.

We have chosen to investigate the same vicinal surfac
~001! as in Ref. 9@viz. Cu83Pd17~1,1,11!,17 step heighth
51.83 Å, step-step distance along@110# L055.5a with
a52.59 Å#. For this vicinal surface the ideal bulk truncatio
would exhibit terraces alternately pure Cu and mixed Cu-
Under ultrahigh vacuum the sample was first Ar1 bom-
barded at room temperature~RT! and then annealed abov
Tc ~T5873 K! for 1 h torestore surface concentrations. Aft
such a treatment the disordered sample was aged belowTc

for chemical ordering and subsequently cooled to RT
STM observations. For long ordering time~48 h atTc230
K! constant current STM pictures of the surface show dou
steps separating double width terraces (2L0).9 For short or-
dering time~1 h at Tc230 K! STM images show that ste
pairing exhibits a domain structure~see Fig. 1!. Along line-
like zones, which we call surface domain walls~SDW’s!,
steps separate locally to pair differently. Within each dom
double steps are rather straight and strongly coupled.

The chemical nature of step edges can be inferred fr
STM images with atomic resolution. Let us consider the l
side of the STM picture in Fig. 2: along the crest of the upp
step edge (A12A2) we measured for the tip height modula
tion period 2.6 Å, i.e., the crystallographic distance betwe
adjacent atomsa. In contrast, the measured height modu
tion period along the crest of the lower step edge (B12B2)
is 5.2 Å. This strongly suggests that the terrace ending
(A12A2) is pure copper~period a) whereas the subterrac
12 497 © 1998 The American Physical Society
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atomic plane is mixed Cu-Pd~period 2a). This is in accor-
dance with the bulk structure and in agreement with ion s
tering experiments on the~110! surface of a Cu-Pd alloy.18,19

Note that only vicinals of alloys can provide such inform
tion on the composition of subsurface crystallographic pla
that would be invisible in the case of singular surfaces. T
STM picture in Fig. 2 is crossed by a SDW whose st
pairing is different on each side. One sees that when cros
the SDW the tip height modulation along theA step edge
changes from 2.6 Å (A12A2) to 5.2 Å (A32A4). Con-
versely the tip height modulation along theB step edge
changes from 5.2 Å (B12B2) to 2.6 Å (B32B4). On the left
side of the SDW the terrace plane ending at (A12A2) is Cu
while on the right side the very same crystallographic pla
becomes a subterrace Cu-Pd one~emerging at theA32A4
step!. The chemical composition of~001! atomic planes thus

FIG. 1. Left: top view of the gradient of STM tip height acro
the step direction of the Cu83Pd17~1,1,11! surface~after 48 h anneal-
ing at DT5 13 K, image size 102431024 Å2). Paired steps are
seen as broad dark lines. Right: scheme of a surface domain
~SDW! at a magnified scale.

FIG. 2. Perspective view of a 323128 Å2 STM image with
atomic resolution along step edges. Heavy white line: SD
Curves: tip height along the crest of stepsA andB. On the left side
of the SDWA (B) is an upper~lower! step with a tip height period
2.6 Å ~5.2 Å, one atom out of two is seen!. The reverse is seen o
the right side of the SDW.
t-

s
e
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ng
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changes from Cu to Cu-Pd across SDW’s. These bounda
are unambiguously the manifestation of the emergence
APB’s involving a phase shift in the Pd concentration profi
perpendicular to the terraces. The near surface chemical
main structure is apparent via the step domain structure.
there are only two ways to pair adjacent steps the surfa
exhibits two variants. Note that only 2 APB’s out of the
possible ones involve a change in the composition of bu
~001! atomic planes when crossing the boundary20 and can
be seen as SDW’s.

From large-scale STM images~Fig. 3! the shape of the
surface domains can be directly observed. SDW’s exhibit
strong preferred orientation, very much like bulk APB’s.21

We have deduced a characteristic lengthL as follows. We
measured the total lengthLSDW of observable SDW’s on
several STM images~total surfaceS). L is deduced asL
5(2S/LSDW). In order to follow the kinetics of domain
coarsening, we measuredL for different ordering tempera-
tures belowTc (DT5Tc2T583, 46, and 13 K! and order-
ing times (103 to 23105 s!. In each case at least 5 picture
~minimum size 5123512 Å2) were analyzed. Figure 3
shows typical images for different aging times. The variatio
of L as a function of aging time shown in Fig. 4 is discusse
below.

Once the surface morphology of Cu83Pd17(1,1,11) is pre-
cisely known by STM, it is tempting to use a surface sen
tive diffraction probe to followin situ the domain coarsening
kinetics at the ordering temperature. We have thus achie

all

.

FIG. 3. 102431024 Å2 STM pictures after, from left to right: 8
min, 1 h, and 48 h annealing atDT5 13 K. Grey and white areas
are surface domains colored according to step pairing. The anal
of results shows that areas with a given pairing correspond
chemically ordered domains.

FIG. 4. Domain size vs annealing time at given temperatur
indicated byDT. Open symbols: STM measurements; Full sym
bols: He measurements. Lines are best fits withA(T)t1/2 law.
* : Bulk domain size as determined by x-ray diffraction.
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57 12 499OBSERVATION OF DOMAIN STRUCTURE AND . . .
thermal energy atom scattering~TEAS! measurements on
our sample. As He atoms do not penetrate into the bulk
diffraction technique is highly sensitive to the surface m
phology and rather insensitive to differences between Cu
Pd. All measurements were done with the incidence pl
perpendicular to the step direction and with wave vectorki
56.4 Å21. Diffraction peaks for the ideal double step su
face fulfill the Bragg condition 2(L01h)–q52mp. uL0u
55.5a is the single terrace width,uhu is the height of a single
step, andq is the momentum transfer; see Fig. 5. In t
presence of SDW’s, adjacent domains are translated
respect to each other. The component of the translation
tor perpendicular to terraces ish. In addition to this type of
disorder, step edges meander and exhibit kinks of lengta.
Generally, both contribute to peak broadening. In order
diffraction to be exclusively domain structure sensiti
~DSS! we have chosen the incidence angle of the He beam
that an odd order peak (m55) is specular to the terraces an
in phase opposition with respect toh (h–q5mp). The dif-
fraction peak of interest is then sensitive neither to the s
disorder nor to the component of the domain shift paralle
the terraces (q'L0). This diffraction peak is thus selectivel
sensitive to SDW’s. The (m55) peak was scanned perpe
dicular to the incidence plane and we found that peak bro
ening is minimum for DSS conditions, as expected. Af
long aging~48 h atTc210 K! the peak shape is Gaussia
and its width is resolution limited. After a short aging th
peak is broadened and its shape is well fitted by an ins
ment convoluted Lorentzian~width WL). The characteristic
surface domain size was deduced asL5(2p/WL). Results
reported on Fig. 4 show a nice agreement with STM data
are discussed below.

STM (DT513 K! and TEAS (DT535 K! show thatL
follows aA(T)tn law with n50.560.05. For shorter times a
slower variation is observed, this initial stage being long
for lower temperatures, very much like in bulk Cu3Au.22 Fit-
ting TEAS and STM late stage data for largerDT with
A(T)tn and keeping consistentlyn51/2 gives the tempera
ture dependence of the prefactor, which in turn is related
the diffusion constant of the ordering process. The activa
energy deduced from an Arrhenius plot ofA(T) is 2.25
60.15 eV@Fig. 6#.

Finally, as morphological domains coincide with chem
cally ordered domains, it is of interest to compare our val

FIG. 5. Schematic perspective view of the surface across a
APB, which emerges as a SDW. Step edges with Cu-Pd m
composition are shaded.h: single step height as well as perpendic
lar component of the SDW translation vector.k i and k f : wave
vectors for He diffraction in DSS conditions.a: kink vector at step
edges.
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of domain size and activation energy for surface dom
coarsening with corresponding values for bulk chemical
dering. For this purpose we have used x-ray data take
ESRF on the very same sample. Bulk ordering kinetics
constant T was followed by measuring versus time th
(1̄1̄2) bulk chemical order diffraction peak~bulk DSS con-
dition!. The incidence angle (0.3°) was above the critic
angle ac50.27°. We found that the central peak intens
variation after quenches from aboveTc to DT570, 50, 20,
and 10 K can be time scaled~see Fig. 6-inset!. An Arrhenius
plot of the time scaling factors gives a bulk ordering activ
tion energy of 2.060.15 eV, very close to the measured su
face value. From peak width scaling measurements
DT554 K (t5500 to 33103 s! we have determined the
corresponding bulk characteristic length@note that 2 APB’s
out of 3 contribute to the broadening of the~1̄ 1̄2! bulk peak#.
Results reported in Fig. 4 are of the same order as the sur
domain sizes measured by STM or TEAS. Note that from
variation of bulk domain size measured for short timest
,1 h! one cannot extrapolate the value of the late sta
exponent.

In summary, we have shown that the morphological re
lution of STM allows one to explore surface chemical ord
ing via step arrangements and to follow kinetics. Within e
perimental errors the size of bulk domains and that of surf
domains turn out to be similar, this is also true when co
paring bulk and surface activation energies. The value of
time exponentn for surface domains is compatible with th
LAC formalism.

Our prime result is the visualization of the emergence
APB’s at the surface. This observation is in contrast w
recent results on Cu3Au(001), for which Reichertet al.6 re-
ported that no APB’s involving a phase shift in the Au co
centration profile perpendicular to the surface are create
the near surface region during ordering. These authors
plain this observation as due to the oscillatory segrega
profile present aboveTc ,23 which acts as a template fo
chemical ordering, thus pointing out a surface specific ord
ing effect not seen here. For our Cu-Pd vicinal surface th
very APB’s are apparent on STM images. The two syste

lk
d

FIG. 6. Arrhenius diagram for (h) square of the prefactorA(T)
~Å 2 s21) of t1/2 for L. Full line is best fit ~activation energy
52.2560.15 eV!. (s) time scaling factor~unity for DT510 K! of

the (1̄1̄2) peak intensity~activation energy52.060.15 eV!. Inset:
Time scaling of the x-ray diffraction peak intensity~counts! after
quenching from aboveTc to givenDT. Time scale is forDT510 K.
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are indeed different in several aspects. Note first that AP
in Cu3Au are strongly anisotropic@conservative~001!#, in
contrast with APB’s in Cu-Pd, which exhibit no preferre
orientation, this could induce changes in the localization
APB’s near the surface. Most importantly, for a vicinal su
face, segregation effects on neighboring terraces act in p
opposition so that on the average possible template eff
.
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e

,

.
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f

se
ts

are canceled. Whether it is the presence of steps or a di
ence between the two alloys that brings about these cont
ing behaviors it is clear here that the surface morpholo
reflects the subsurface chemical order.

We would like to thank S. Clausse for his help in pe
forming the STM experiments. We are greatly indebted
the Surface Diffraction group at ESRF.
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