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Surface-Induced Giant Anisotropy in the Order Parameter Relaxation at CusAu(001)
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We present a novel surface phenomenon found in the investigation of the ordering kinetics near the
surface of CyAu(001). Monitoring different classes of Fourier components of the ordetedtructure
by time-resolved x-ray scattering, we found a giant anisotropy in the relaxation behavior. The layered
structure normal to the surface relaxes ultrafast while lateral ordering occurs much more (sipily
207-”’1). We argue that the recently discovered oscillating segregation profile acts as a two-dimensional
nucleating sheet for ordering wave vectors normal to the surface. [S0031-9007(97)03089-5]

PACS numbers: 61.50.Ks, 64.60.Cn, 64.60.My, 82.20.Mj

The investigation of the ordering behavior of first- OP. In the following we use the full four-component OP
order phase transitions has a long tradition. In particular¥ = (¥, ¥,, V5, ¥,) associated with thé&.1, structure
CusAu is prototypical for a fcc ordering alloy in which of the ordered CgAu (for details see [11]), whereby,
the order parameter (OP) of the system is not conserved related to ordering waves parallel to the (001) surface,
(NCOP) [1]. Equilibrium and nonequilibrium properties while W53 describes ordering perpendicular to the (001)
of the phase transition are well understood in the bullsurface. The surface-relate#f;- and W3 components
[2—4]. Time-resolved x-ray experiments on bulk Bu  are experimentally accessible through the glancing-angle
systems have revealed ordered domains that appeared afkeray observation of the (100) and (110) surface superlat-
a quench from &; > T, to Ty < T, (=663 K) nucleating tice reflections, respectively.
from the metastable disordered phase. Information about The x-ray experiments have been carried out at the
the existence of antiphase boundaries (APB’s) due tX16A beam line of the National Synchrotron Light Source
nucleation on the four simple cubic sublattices of the fcqNSLS) at the Brookhaven National Laboratory [12] using
structure and their spatial distribution can be extractedhe same sample as in the previous studies of the surface
from the shape of the superstructure reflections [5], as frormodified order-disorder transition and the surface segrega-
the anisotropic inverse widths which yield the averageion [10,13]. The bulk stoichiometry has been determined
antiphase domain size for each type of APB. Atlong timedo bexc,/xay = 3.237. A routine UHV preparation pro-
after the quench the average domain dizgrows with  vided an atomically clean and mirrorlike sample surface.
time t according to the Lifshitz-Cahn-Allen lavi, ~ /2, Glancing angle fundamental Bragg profiles exhibited a res-
for curvature driven diffusion of domain walls [2,4,6]. In olution limited mosaic width of 0.000 Thus, the surface
addition, critical divergence is found as the quench depthegion was close to a perfect single crystal.

AT =T, — Ty goes to zero [6]. Adeviation fromtheideal The scattered intensity has been recorded with a linear
CusAu stoichiometry slows down the ordering kinetics andposition-sensitive detector providing scattering profiles
changes the growth law of the domain size [7]. in either an in-pland2®) or the out-of-plane direction

In the last decade there have been many experimera,). In order to achieve surface sensitivity and depth
tal and theoretical efforts to extend the understanding ofesolution we used grazing angle diffraction [8] where the
first-order phase transitions from bulk to surface behavincident and the scattered beams are restricted to angles
ior [8,9]. Generally at the surface a broader variety ofcomparable to the critical angle of total reflectian, A
phenomena occurs than in the bulk, including surface segeduction of the scattering depth down to 20 A was
regation, surface relaxation, or a possible change in thachieved by choosing a wavelength of 1.73 A, yielding
order of the phase transition [10]. These phenomena dex. = 0.51°. The phase transition temperature has been
pend on the surface orientation, the average compositionletermined from the temperature dependence of the (100)
or the interaction strength at the surface. In this papesuperstructure intensities for different scattering depths,
we address the so far open question how the ordering kthereby confirming our earlier result that the surface-
netics of a binary alloy and the resulting APB distribution and bulk-related transition temperatfe = 663 K is the
after a quench to a metastable state is affected by the presame, consistent with surface-induced in-plane disorder.
ence of a surface. As we will show by an x-ray scatter- The crystal was mounted on a Ta plate and heated
ing study on CyAu(001) there are indeed unexpected andoy a tungsten filament. Quenches were performed by
rather dramatic surface phenomena in the relaxation of thehutting off the filament power to achieve cooling rates of
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0.55 K/sec measured by a thermocouple placed on the Tsame deptAT and different scattering depths; [15].
plate near the edge of the crystal. The scattered intensifjhis ratio should be constant with time, if the OP growth
was then recorded while decreasing the temperature [14 uniform. We found that the OP componenks and
At the end of each cycle the shape anisotropy of theV,, which are related to the ordering within the Cu-Au
superstructure reflection was examined. layers parallel to the surface, are not growing uniformly
Here we report the results of two series of quenches twith depth; instead, the lateral order starts to grow in the
several final temperatures with varying scattering depthsbulk and is driven to the surface [9]. This behavior is
(a) quenches t@y < T, while monitoring theW-related consistent with the equilibrium phenomenon of surface-
(100) surface reflection; (b) quenchesTp < T, while  induced disorder where the surface exhibits a preference
monitoring the relaxation behavior perpendicular to thefor the disordered state at temperatures belgw
(001) surface via th&;-related (110) surface reflection. The time evolution of the in-plane radial (100) profile
First we turn to the relaxation of the in-plane OP has also been measured for a series of quenches with
components¥;. Prior to the measurements the crys-varying quench and scattering depths. Figure 1(b) shows
tal was annealed &fy, + 26 K for at least 15 min and some results of a detailed peak shape analysis. The
subsequently &f; = Ty + 6 K for another 10 min. Fig- domain size which is directly related to the (resolution-
ure 1(a) shows the evolution of the (100) surface Braggorrected) half width of the peak grows according to a
peak. The time scale for the relaxation of the (100)power law L(t) ~ % in the late time regime withy =
Fourier component compares well with the values found).36 *= 0.02. This is substantially smaller than the power
in the bulk [2]. The same behavior is found for the (101)law exponent of a Lifshitz-Cahn-Allen law for curvature
reflection associated witt,. driven growth of the domain size in NCOP systems. It
In order to check whether the growth of the lateralcan be understood by the fact that the sample has a small
OP components occurred uniformly with depth we tookCu excess compared to the correct;8u stoichiometry.
the ratiol (AT, Ay, t)/I(AT, A,, t) for quenches with the Shannonet al.[7] found an analogous behavior with
a = 0.2 or even a logarithmic growth in a GAu sample
with a larger Cu excess ot /xay = 3.76 [16].
6 T . . r r r———r Now we turn to the relaxation of th&; component.
a) For a typical quench, while monitoring the associated
Ty- 30K, A = 2504 (110) superstructure reflection at the I}l fundamental
Bragg tail, the crystal was annealedfgt= T, + 26 K
for at least 15 min. Figure 2(a) shows the integrated
intensity of the profiles versus time, while Fig. 2(b) gives
the time evolution of the intensity profile normal to the
surface. The observed steep increase in the integrated
intensities in Fig. 2(a) is due to a rapidly growing layered
structure normal to the (001) surface and the lattice
contraction during the quench. A guantitative comparison
. 4 of Fig. 2(a) with Fig. 1(a) reveals that the relaxation times
time (10" sec) for the a; integrated (100) intensities;), are at least
1 order of magnitude larger than for the (110) Fourier
components , depending on quench and scattering depth
[see the inset of Fig. 2(a)]. This reveals a giant surface-
induced anisotropy in the relaxation of the different OP
components. Note again that the bulk OP components
show identical relaxation behavior.
The time evolution of the normalized profiles [Fig. 2(b)]
is similar for all quenches and scattering depths. It starts
with a diffuse-like line shape and ends very quickly with a
line shape for a system which is long-range ordered in the
direction perpendicular to the surface.
The material width parallel to the surface along the
radial direction is independent of quench and scattering

FIG. 1. (a) Time evolution of thex, integrated (100) reflec- depth and keeps its value constant during the quench at

tion after various quenches @ < To. (b) Time dependence g nog2 + 0.0002 reciprocal lattice units. Analyzing in
of the domain size measured at the (100) reflection for a scaly il the lateral shape of the fundamental Braqd tails
tering depth of 370 A after a quenchTo = T, — 20 K ( o raw p 99

data,  resolution corrected). The growth of the domain size[11], @ step and terrace structure of the surface was
follows a power law (straight line). derived revealing a step height @f/2 and terrace ledges
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4 lation length of the system which is diverging according
l1a Ty- 30K, A = 25A to & ~ ¥ with v = 0.5ands = (T — Tsp)/T upon ap-
T,- 30K , A = 250A proaching the ordering spinodal temperatiligg [11,17].

5 3] T 20K. A = 250A Thl_Js, t_he §urface-t_)ound oscillatory concent_ration profile
& g ’ which is directly given by a local surface-induced OP

g 24 T‘-20K A= 25A component¥; > 0 can be viewed as a two-dimensional

5 0 ’ precursor of the low temperature ordered phase.

E 4] The layering in the direction perpendicular to the sur-

/’ face conforms to thé& 1, structure and exhibits therefore
selected Fourier components of this ordered structure. No-

0 00 02 04 06 08 tice that all the quenches & < T discussed above start
) ‘ in the disordered phase where a segregated layer at the sur-
time [10" sec] face is always present. Since we argue that> 0 at the
. . . . . surface acts as a nucleating sheet for layerwise ordering
104 p) time after the quench [sec] perpendicular to t_he surfacg, it is most instructive to inves-
3 tigate the relaxation behavior of the segregated layer dur-
— 081 105 1 ing a quench within the disordered phase (i%.,> To)
3 06 556 which does not lead to bulk order.
] ;gg: ] Figure 3 displays the temperature and the inte-
= 04 i grated intensity of the (110) surface Bragg peak versus
§ time as observed after a quench fr@n= Ty + 96 K to
£ 024 . T; = Ty + 26 K. Notice that in this temperature regime
the scattered intensity originates exclusively from a seg-
0.0 {— . . . . regated layer at the surface. The thickness of this layer
0 1 2 3 4 is growing during the temperature quenchTp > T.
aglag The observed increase in the intensity is induced both

FIG. 2. (a) Time evolution of thex, integrated (110) re- by the lattice contraction noted above and the growth_of
flection after various quenches t6, < T,. The intensity the segregated layer. As can be seen, there is no time
recovers almost immediately according to the dropping temiag between the decrease in temperature and the increase
perature. The inset shows a direct comparison ofdhein- iy Bragg intensity, thus, the kinetics of surface segrega-

tegrated (100) (dashed line) and (110) (solid line) intensities. . .
for T; = Ty — 30 K and A = 250 A on the same scale. (b Yion aboveT, was beyond our time resolution. In fact,

Normalized intensity profile perpendicular to the surface for theWe could use this intensity curve as a monitor for the
quench tol; = Ty — 30 Kand A = 25 A. temperature at the surface during the quench. Upon this

quench the thickness of the segregated layer increases
only slightly from 4.0 to 5.2 A [13], which should not
along the (110) direction corresponding to the radial
direction at the (110) reflection. This prompts a static
phase shift in the Au concentration profile perpendicular

to the surface along the terrace ledges due to the preferred 109 0.9

Au rich termination at the surface [13]. Thus, thg/2 L 0.8
steps force a static phase shift in the concentration profile 80 3
along the terrace ledges in the disordered phase. Since & [ 0.7 S,
the angular width at the (110) reflection stays constant . ] 106 x
during the ordering process, no additional APB’s with a K o5 =
perpendicular component in the phase shift are created in T 0
the near surface region. This temporal behavior of the OP 401 - 0.4 E
component¥; is completely different from the familiar [ 0.3 -
bulk behavior [2,6,7]. 20

1 10 100 1000 10000

In order to explain our observations we refer to a recent ¢ [sec]
secC

experimental investigation of the equilibrium surface seg-
regation profile of CyAu(001) aboveT, [11,13]. The FIG. 3. Time evolution of the (110) Fourier component after
thermodynamic properties of the oscillatory, exponen@ quench from7, + 96 K to T, + 26 K. Triangles mark
tially damped segregation profile have been related to thg'e increase of thex, integrated intensity, filled circles the

. L ecreasing temperature. The inset shows the intensity profile
o_rder—dlsorder phase transition of the system and the asSfarpendicular to the surface for an incidence anglenpft=
ciated four-component OF. It was found that the decay (.8q, at timest = 2, 44, 130, and 2088 s after the quench has

length of the segregation profile is identical to the corre-been started.
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