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We present an experimental study of the surface effects on the order-disorder phase transition in

the binary alloy Cu3Au. By x-ray scattering under the condition of total external reQection, we ob-
tained depth profiles of the order parameter at the (001) surface when the transition temperature To
is approached. The scattered intensity is analyzed in the framework of the distorted-wave Born ap-
proximation, which is brieAy outlined. The temperature and depth dependence of the evanescent
(100) superlattice intensity is consistent with a wetting transition, which is driven by the first-order
bulk transition: Close to To the disordered phase appears at the (001) surface and grows according

0
to L (t) =(13.1 A)ln~ 1 /t~ with reduced temperature t. During these measurements the near-surface
Debye-Wailer factor was monitored via the (200) evanescent Bragg intensity, which, however,
showed no significant surface eA'ects at To. In several temperature quench experiments, where the
system was rapidly cooled from T ) To to To —AT, we measured time- and depth-resolved evanes-
cent superlattice intensities. We present depth-resolved near-surface relaxation times that exhibit a
very distinct depth dependence. A first quantitative analysis of the relaxation processes is indicated
and gives results consistent with the assumption of an ordinary "surface-induced disorder. "

I. INTRODUCTION

Surfaces and interfaces modify bulk order-disorder
phase transitions in a fundamental manner: Since the
atoms at the surface of solids are less tightly bound than
their counterparts in the bulk, long-range order (LRO)
may be slightly reduced at the surface. In this case the
interface favors the disordered phase and facilitates the
surface regime to reach the disordered state. The charac-
teristic feature of such phenomena is that the surface
effects are not two-dimensional, i.e., they are not simply
confined to the surface; there is a continuous spatial tran-
sition regime from the surface-modified behavior to the
pure bulk behavior as one moves from the surface into
the interior of the system, the length scale of this transi-
tion being determined by the correlation length g of the
matter. Since g diverges at a critical point, it has been
the general wisdom for some time that the action of the
surface only becomes spectacular when the system ap-
proaches its critical temperature. In the last decade it be-
came apparent that first-order phase transitions are also
fundamentally altered close to the border of a system,
where surface-induced critical phenomena may occur
which are completely absent in the bulk. The transition
regime between the two-dimensional surface and the
three-dimensional bulk then mediates between a critical
surface and a noncritical bulk.

In this paper we present experimental studies of the
long- and short-range order associated with this near-
surface regime in the binary alloy Cu3Au which under-
goes a discontinuous order-disorder (L12—--. A2) transi-
tion at To=663 K. By studying the properties of the

LRO parameter near the (001) surface in thermal equilib-
rium and upon a temperature quench, we obtained strong
experimental evidence that this surface acts as a natural
nucleus for the disordered phase. When To is ap-
proached from the ordered state, the thickness of this
surface-induced disordered phase grows and "wets" the
surface in close analogy to the surface melting
phenomenon. In fact, the first-order transition in this
system may be regarded as a model for a particularly sim-
ple melting process, where, in contrast to conventional
melting, only one Fourier component of the system van-
ishes. Thus, the disorder wetting observed in this alloy
can be viewed as a surface-melting process of an Ising
system.

In order to obtain information on the near-surface
long-range order, we applied a novel x-ray-scattering
technique. As one knows, conventional x-ray scattering
is a bulk technique, however, it can be rendered surface
sensitive by exploiting the effect of total external
reAection which occurs at very grazing incidence angles
(with respect to the surface). While the classical surface-
sensitive tools like low-energy electron diffraction
(LEED), its spin-polarized version (SPLEED), or low-
energy ion scattering (LEIS) exclusively probe the struc-
ture and chemical composition of the top and second lay-
er, x-ray scattering at grazing angles can be used to ob-
tain depth profiles of the short- (SRO) and long-range or-
der between some 10 A and several 100 A near the sur-
face under investigation. The depth of the probe can be
tuned within this mesoscopic range rather simply by
varying the grazing angles which determine the decay
length of the evanescent wave field inside the sample.
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II. THE ORDER PARAMETER IN Cu3Au

The bulk phenomena in Cu3Au associated with the
order-disorder transition at To =663 K have been meti-
culously studied by the pioneers in the field: Warren,
Cowley, Moss, Chipman, and others. Thus, surface ex-
periments on this alloy can be based on an exceptionally
well-understood bulk reference.

The ordered alloy exhibits an L 12 structure with four
simple-cubic sublattices, where three of them (a sites) are
occupied by Cu and one (P sites) by Au atoms (Fig. 1).
Accordingly, the Bragg-Williams long-range order pa-
rameter is defined as

1"Layer
Cu-Au

2" Layer
Cu

3' Layer
CU-AU

&o

0

FIG. 1. Structure of the ordered Cu3Au crystal. ao =3.75 A
is the lattice constant, J and —o;J are the NN and NNN in-

teractions. The (001) surface and the associated near-surface
layers are indicated.

This external depth control, together with a straightfor-
ward semikinematic interpretation of the evanescent
scattering, make grazing-angle diffraction of x rays ideal-
ly suited to the investigation of phenomena between two
and three dimensions. The potential of this technique to
study surface-induced critical scattering in binary alloys
has recently been demonstrated using intense x-ray syn-
chrotron radiation. '

This paper is organized as follows: In Sec. II we brieAy
summarize the theoretical and experimental situation in
the understanding of the LRO parameter and its temper-
ature dependence in the bulk and at the surface of
Cu3Au. Before discussing our experimental results on
the (001) surface, we outline the framework of the
distorted-wave Born approximation (DWBA) (Sec. III)
and give some information on the experimental details on
the scattering geometry and the sample preparation and
characterization procedure (Secs. III and IV). The pre-
sentation of the experimental results is divided into two
parts: Measurements of depth profiles of the near-surface
superlattice intensity in thermal equilibrium and the in-
terpretation in terms of a wetting transition are found in
Sec. V. In complementary experiments we performed
temperature quenches at various temperature conditions
and scattering geometries and observed the time depen-
dence of the depth-resolved grazing-angle scattering (Sec.
VI).

3 ~a &Cu
Pl =

4 1 —cc
r&

—cA+—
4 1 —c~„

with r and r& as the fractions of the correctly occupied
sites which range from 1 in the ordered state to cc„and
c~„, respectively, in the disordered state (cc„,c~„are the
Cu and Au concentrations). It is well known that an L lz
structure cannot have a simple Ising ground state, if only
"antiferromagnetic" interactions (J )0) between the 12
nearest neighbors (NN) are taken into account; thus, in
order to remove the frustrated "T=0" configuration, at
least a competing "ferromagnetic" interaction among the
6 next-nearest-neighbors (NNN) is required, resulting in
a Hamiltonian

8=Jar;rJ aJ $ r—;r
NN NNN

where w; =+1, when site i is occupied by Cu and Au, re-
spectively, and a=0.2 (Ref. 7). As a consequence of this
interlocked competing interaction, long-range order in

Cu3Au does not disappear continuously upon approach-
ing To, but instead, the order-disorder transition has been
found by various x-ray-scattering studies to be very pro-
nounced first order. "' '

At and near a free surface, the atoms have a different,
no longer close-packed, local environment, e.g., the
atoms belonging to the top layer of the (001) surface (see
Fig. 1) have only 8 NN and 5 NNN (compared to 12 NN
and 6 NNN in the bulk), and may therefore show a
different ordering behavior. Such a surface-induced effect
on the long-range order has indeed been discovered by
LEED at the Cu3Au(001) surface: the top layers display
a continuous order-disorder transition, ' ' whereby the

Pl
surface order parameter m, obeys a power-law Mi = ltl

'

with P&=0.77 [t—:(To —T)/To is the reduced tempera-
ture]. Sanchez and Moran-Lopez' analyzed an effective
Hamiltonian of a semi-infinite fcc 338 alloy with the
cluster-variation method and essentially reproduced the
observed continuous behavior of mi at the (001) surface,
if the surface pair interaction J, =0.72J (J is the bulk
value). Within this approach, the continuous behavior of
m& appears as a two-dimensional transition of a weakly
coupled surface layer. A completely new insight into
these kind of surface phenomena was provided by Lipow-
sky and co-workers' ' who suggested that the continu-
ous behavior of m, is mediated by a wetting phenomenon
driven by the discontinuous bulk phase transition: When
the free surface of the ordered alloy favors disorder, an
order-parameter profile m (z), as shown in Fig. 2(a), may
develop at temperatures well below To. Within mean-
field theory, it is straightforward to show that such a situ-
ation will finally lead to the emergence of a disordered
surface layer to microscopic thickness L (t) [Fig. 2(b)],
which can grow to a mesoscopic and even macroscopic
size when To is approached. This entails a continuous
temperature dependence of the surface order parameter
mi with the universal quantity P&=0.5. As long as
short-range interactions dominate the surface phenome-
na, one expects this wetting layer to grow according to
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(a} III. THEORETICAL AND EXPERIMENTAL
ASFECTS OF EVANESCENT X-RAY SCATTERING

I

0 $b Z 0

The basis of our experimental setup is depicted
schematically in Fig. 3: A monochromatic and highly
collimated x-ray beam (as provided by modern synchro-
tron light sources) impinges on the mirrorlike surface of
the binary alloy whose average x-ray optical properties
are given by the index of refraction

FIG. 2. Long-range-order profiles close to the free surface.
z =0 denotes the surface. (a) T ((To, onset of surface disorder;

(b) T (To, disordered surface layer with thickness L. The
thermal roughness of the interface is gb.

n =1—5—iP

with

N(Z —bf')
5—kr,

I (t) =(din(1/t), (2) (p=linear photoabsorption coefficient) .

where gd is the correlation length in the disordered phase
(which remains finite at all temperatures). However, this
simple universal wetting scenario is, in general, not ob-
servable in binary alloys, because the broken bonds at the
surface usually lead to surface segregation effects. This,
in turn, may modify the surface-induced critical behavior
drastically. The competition between ordering and
nonordering at the surface of 338 systems renders the
nature of the wetting transition rather complex, ' i.e., it
depends particularly sensitively on the symmetry of the
system and of the surface and on the range and type of
the interactions. The surface composition in the first and
second layer of the Cu3Au(001) has been measured by
LEIS below and above the bulk transition temperature:
In the ordered state, the top layer is the Cu:Au-1:1 layer
followed by a pure Cu layer and so forth (Fig. 1); thus,
the (001) surface exhibits a segregation-free, ideal
stoichiometric termination. The remarkable observation
is that this layering remains unchanged at temperatures
far beyond To. Apparently, the order-disorder transition
is not associated with an interdiffusion of the atoms be-
tween near-surface layers, a fact which has some impor-
tant consequences, e.g. , first, during ordering and disor-
dering no long-range diffusion processes are involved (we
come to this later in Sec. VI), and second, the near-
surface short-range order above To must be consistent
with this layered structure. Theoretical values for the
surface exponent P, deduced from a two-density mean-
field theory and from Monte Carlo calculations' ac-
counting for the layer composition range from 2.22 to
1.72 depending on the actual role of the interfacial Auc-
tuations which is not yet well understood. ' At any rate,
this range for Pi is in clear contradiction to the experi-
mental value' P, =0.77, which, to add to the confusion,
seems to agree more with the predictions of a mean-field
approximation (MFA) theory which discards the action
of nonordering densities. ' This was the state of the un-
derstanding of the LRO at the Cu3Au(001) surface, when
the x-ray experiments described below were initiated.
The particularly intriguing question to answer was
whether an experiment using evanescent x rays could not
detect any indication of a wetting transition.

k is the wavelength of the radiation,

r, =e /(4~eomc ) =2.814X 10 A

is the classical electron radius, X is the number density of
the atoms with charge number Z, and b,f ' is the real part
of the dispersion correction. In our case, for Cu3Au and
a wavelength of )i, =1.50 A, we have b,fc„=—2. 1,
bf A„=—5.0, and P=1.813X10 resulting in a critical
angle for total external reflection a, =V 26=7.8 mrad.

When the incidence angle a, is close to o.„the penetra-
tion depth of the transmitted wave into the medium is
limited to some 50—100 A and thereby allows the study
of surface-related structural phenomena. Experimental-
ly, we then observe a specularly reAected intensity at an
exit angle o.', =a, and out-of-plane-of-incidence scattering
from the evanescent wave field at a scattering angle 26~
and an exit angle uf.

In DWBA, the scattering cross section do. /dQ of this
scattering has the general form

(Q) =&, I tf; ~(Q) (3)

where ~tf;~ is a transmission-polarization factor which
will be discussed later, and S (Q) the semikinematic struc-
ture factor of the scattering process under consideration.
In contrast to conventional bulk scattering, the z-
component of the scattering vector Q,

' is a complex quan-

~1 a~/ac

0.5

ai
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PSD 0 100

FIG. 3. Scheme of grazing-angle diffraction (see main text)
and associated scattering depths in Cu3Au as a function of
o.f /o.', for a; /a, =0.5, 1.0, and 1.5.
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tity in the half-space z ~ 0,

Q,'=k, —kf, =—q,'+i/A (4)

(k;f ),=,(sin a;f 25—2i—P)'~2 . (5)

The above structure factor,

S(Q)=g g (p(r )p(r„))e
m n

r

with the "evanescent wave vectors" for elastic x-ray
scattering

is the semi-infinite Fourier-Laplace transform of the
density-density correlation function (p(r )p(r„)) with
the brackets ( ) indicating the ensemble average. The
Laplace transformation in Eq. (6) with respect to the
"scattering depth" A=Im '(Q,') determines the depth
profile of the scattering ranging from some 10 A for a;0
and o.f below a, to several 100 A at steeper incidence
and exit angles (Fig. 3).

The geometric factor Itf, l, which accounts for the
transmissivity of the surface and polarization effects, is
not particularly interesting in this study, but has to be
properly taken into account. One finds

ltf; I

=
I &;zl I I Tf2l cos 28+

I T»l sin 20 sin af j,

Itf;I = ITsl ITfil +(IT il ITf2I sin 28sin a;+ lail ITfil sin af —2IT, , T»T~Tf, lcoszgsina;sina )

(7)

(8)

for the two cases of x-ray polarized normal (J.) and paral-
lel (II) to the plane of incidence. For an ideal interface,
the transmission coefficients T, (a =i,f; o. =1,2, 3) are
given by the conventional interface equations

2 sinru,
+al

n sinu, +sinro. ,
2 sino. ,

sinu, +sinra,

2 sina,
Q3

n sina, +sinra,

where sinra=—(sin a 25 2i—P)'~ —denotes the "refracted
sinn" in the medium.

In this study we consider LRO in a binary alloy, then
(p(z) ) ~m(z) is the depth profile of the Bragg-Williams
LRO parameter which depends, because of the broken
translational symmetry, on the distance z to the surface.
The evanescent superlattice structure factor (6) is, ac-
cordingly, the Fourier-Laplace transform of m (z).

The experiments were performed at the Hamburg Syn-
chrotron Laboratory (HASYLAB) using synchrotron ra-
diation from the DORIS II storage ring at Deutsches
Elektronen-Synchrotron (DESY). The results described
below were obtained during two experiments in the non-
dedicated operation mode of HASYLAB (E =5.2 GeV,
I =40 meV): The measurement of the near-surface LRO
has been performed on the D4 spectrometer using radia-
tion from a bending magnet. The sample surface was
mounted horizontally; thus, the incident beam is polar-
ized perpendicular to the plane of incidence, and the
transmission-polarization factor

I tf,. I
(7) applies. The

time-resolved quenching experiments have been per-
formed on the W1 station which uses the radiation from
a 32-pole wiggler. Due to the vertical scattering
geometry of the surface diffractometer, the incident beam
is polarized parallel to the plane of incidence resulting in
a transmission-polarization factor Itf;I (8). The x-ray
energy was chosen to E; =8.27 keV (D4 experiment) and
E; =7.20 keV (Wl experiment) below the K edge of Cu in

I

order to avoid strong Cu fluorescence scattering. Figure
4 depicts the typical experimental setup: At the W1 sta-
tion, the energy selection is effected by a Si(111) double
monochromator system followed by a total-reflection
toroidal mirror which eliminates higher harmonics
passed through the monochromator and focuses the beam
vertically and horizontally on the sample surface. The
D4 spectrometer is furnished with a flat Au-coated mir-
ror and a downstream Ge(111) monochromator. Particu-
lar care has been taken in setting the slits before and after
the sample: The lower part of Fig. 5 gives the top view of
the actual surface of the Cu&Au(001) single crystal which
had an ellipsoidal shape with a long (110) axis of 8 mm
and a short (110)axis of 4 mm. The effective beam height
covered by the crystal at n;/a, =1.S is less than 100 pm,
consequently, the incidence slit o.;~ was set between 80
and 100 pm. The two slits o.;~ and crfH horizontal to the
sample surface area Af which is "seen" by the position-
sensitive detector. o.;H and afH were chosen to be 1 and
1.S mm, respectively, resulting in a surface area
which avoided scattering effects from the edges of the
sample (see Af in Fig. 5). One of the characteristics of
this experimental setup is the position-sensitive detector
(PSD) which is set at a certain scattering angle 28& and
measures an ef profile of the evanescent scattering be-
tween 0 and typically 3—4a, . By this the PSD directly
provides a depth profile of the near-surface scattering be-
tween some 10 A and several 100 A depending on the in-
cident angle (Fig. 3).

IV. DETAILS
OF THE SAMPLE PREPARATION

AND SAMPLE ENVIRONMENT

The sample was grown, prepared, and characterized at
the Forschungszentrum KfA Julich-Institut fur
Festkorper- forschung (IFF). The Cu&Au single crystal
was grown in a special Czochralsky apparatus with a
low pulling speed of 3 mm/h in order to avoid the so-
called "constitutional supercooling" which would des-
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FIG. 4. Depth-controlled grazing-angle diffraction using synchrotron radiation. cr v=0. 2 mrad is the vertical divergence of the
x-ray beam; o.;&, o.;&, o.f~ are slits; PSD denotes the position sensitive detector. The (distorted) bottom ruler shows the distances
realized at the W1 beamline at HASYLAB.

troy the single-crystal growth reaction. Remaining com-
position gradients and crystal strains were removed by
annealing the crystal for 14 days at 800'C. The actual
stoichiometry of the alloy was determined by neutron ac-
tivation analysis to be cc„/c~„=3.015. A (001) surface
was spark cut and mechanically polished (final polish
with 0.1 pm Alz03). Then the sample was brazed onto a
Cu plate by baking the assembly in ultrahigh vacuum
(UHV) at 600'C and transferred into the UHV prepara-
tion chamber of the FLIPPER II station at HASYLAB,
where the final treatment of the sample surface was per-
formed consisting of repeated argon sputtering and an-

(001)

Crystal
Surface

= (110)

W- Rh -thermocouple

W heating wire

top view
of sample

FICs. 5. View of the sample shape and mounting with the
heating wire and the thermocouple (top) including the sample
areas A, and Af as "seen" by the specular and the diffracted
beam (bottom). The scattering angle 28 is associated with the
(100) superlattice reQection.

nealing at T =420 C. The subsequent Auger and LEED
analysis revealed an atomically clean surface with a well-
defined c (2 X 2) LEED pattern of the ordered surface.

For the x-ray experiments the sample was mounted via
a UHV transfer in a portable UHV chamber which main-
tained a vacuum ofp = 10 ' Torr throughout the experi-
ment and allowed free access of the x-ray beam onto the
sample surface through a hemispherical Be window. The
actual temperature of the sample was monitored by a W-
Rh thermocouple which was attached at the backside of
the Cu plate (see Fig. 5).

Depth-controlled grazing-angle scattering studies re-
quire well-defined incidence and exit angles ( a, , af ).
This, in turn, necessitates that the simple surface is atom-
ically smooth and macroscopically fiat on the scale of 0,
The waviness of the surface was checked by the angular
widths of the totally refiected x-ray beam at various in-
cidence angles. Figure 6 shows two specular beam
profiles as obtained for the incidence angles o.; =3.3 and
6.6 mrad. The only marginal increase in the specular
widths compared to the width of the incident beam al-
ready tells us that the surface is mirrorlike, a quantitative
analysis allowing for instrumental resolution effects gives
a surface waviness as measured along the footprint A,
(»g 5) « lan, I

=0.35—0.65 mrad.

V. TEMPERATURE DEPENDENCE
OF THE EVANESCENT (100)

SUPKRLATTICE SCATTERING

The x-ray-scattering study described in this section has
been performed on the D4 spectrometer. The evanescent
scattering associated with the (100) reciprocal superlat-
tice reAection has been investigated in the temperature
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range between room temperature (300 K) and 674 K (well
above the transition temperature To = 663 K). We
recorded af-resolved spectra and cxf-integrated ~ scans
of the (100) superlattice refiection and the (200) funda-
mental reAection at various incidence angles o.;/a, be-
tween 0.5 and 1.5.

The (200) scattering intensity was primarily used to
monitor any unusual surface-related Debye-Wailer factor
and surface-roughening effects associated with the order-
disorder phase transition. The af profiles of the (200)
Bragg scattering exhibit a mild temperature dependence
as shown in Fig. 7 for a,. /a, =1.0. The form factor of a
low-order fundamental reAection is, in a good approxima-
tion, given by

—M ~iji=4e ' I:(cc fc +cA~fA )

FIG. 6. Specular beam profiles as a function of o,f as mea-
sured by the position-sensitive detector at 26 for two different
incidence angles n; =3.3 and 6.6 mrad. The widths of the spec-
ular profiles give the waviness of the sample along A, (Fig. 6).
The indicated values are corrected for instrumental resolution
effects. (Note that the detector was shielded with a 1 mm Al ab-
sorber. )

IXf/(Xc

FIG. 7. nf profiles of the (200) fundamental reAection at
a;/a, =1.0 for various temperatures. The solid lines are a
guide for the eyes. The inset shows the af-integrated intensities
as a function of the temperature. The slope
5=2M,~=Q~~ (ugff)/T.

Fig. 7) indicating that no significant roughening occurs at
the transition temperature. Since the bulk Debye temper-
ature OD =277 K [for the top layers of the Cu3Au(001)
one finds a somewhat lower value" O'D =210 K], the ap-
plied high-temperature approximation ( ( u, tr ) /T
=const) is justified for T ~ 300 K and allows the room-
temperature value ( u,z ) '~ to be estimated to be
=0.095 A, which compares reasonably well with the
bulk values (11). Due to the large error bar for ( u, z ) /T,
we did not attempt to extract any surface effect on the
( u ff ), on the other hand, we can use ( u, ir ) /T to gauge
the Debye-Wailer factor of the (100) superlattice peak
which is then expected to vary by 2% between T =470
and 670 K. In the subsequent discussion we will ignore
this subtle temperature dependence.

Figure 8 shows the co scan of the (100) Bragg scattering

1000-
+ b,M(cc„f&„cA„f&„)]—(10)

with M,s =(Mc„+M~„)/2 and bM =Mc„—M~„, where
M =

—,
'

Q~~ ( u ) and c (x =Cu, Au) denote the mean-
square thermal amplitude and the average concentration
of the Cu and Au atoms, respectively. From the room-
temperature bulk values

(u )' =() 093 A

C:~ 800-

C3
600-

Q3
c= ~00-

and

(u )' =0.069 A

we can conclude that the second term in Fzk&(10) contrib-
utes only 1% to the (200) refiection and is thus negligible.
From our experimental data we estimate with an uncer-
tainty of 30% that

( u ' ) /T = 3 X 10 ' A '/K

in the temperature regime from 473 to 677 K (see inset of

200-

0-
—2.0

I

-1.0
I

1.0
I

2.0

~u)( grad)
FIG. 8. af-integrated intensity distribution around (100) su-

perlattice peak at T=623 K as measured in an co scan for
a;/a, =1.0. The solid lines are least-squares fits to the data.
The half-width of the LRO contribution is 0.35 .
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for o.;/o. ,=1.0 at T =623 K. The peak profile of the ~
scan is composed of two contributions, a small Gaussian
with a FWHM of 0.35', which is attributed to near-
surface LRO, and a small broad contribution originating
from difFuse scattering due to near-surface SRO. The af
profile at the peak maximum [Fig. 9(a)] shows the charac-
teristic asymmetric line shape typical for evanescent

I

scattering which can be fully understood within the
DWBA-scattering theory. Including eAects of surface
roughness (p =average roughness amplitude), surface
waviness ( ~

b,n, ~

=variation of surface normal), and so-
called "dead" surface layers, which do not exhibit a no-
ticeable LRO (@=number of surface layers), in Eq. (3)
one finds

1(~ )~ [T e
—tuzxk' —s /~ exp( —

q,'q,'"p —zp /A —zpa, /A)

)
~

1 —exp( ig,'a, ) ~

(12)

o
U3

O

C) 2

(~ ) T= 471.7K
Cu3Au I)00)

rl, =0.2rnrad
p=&oA

p = I

BA

cary)

0
0 2 3

M

oa1000
C)

800-

600-

(b} T=677.2K
C A (100)

Qd
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400-

200-

2

Ctf /Ctc

FIG. 9. o,f profiles of the scattering at the (100) and theoreti-
cal predictions of the D%'BA (solid lines): (a) Bragg intensity
observed at T =471.7 K, (b) SRO diffuse scattering at T =677.2
K. The solid lines are calculated according to Eqs. (12) and
(13).

where kf, is the z component of the wave vector kf as ob-
served in the half-space z (0 (vacuum) and the brackets
( );& denote the appropriate average over the actual un-
ccl talntlcs III thc lncldcncc and cxlt RIlglc (as glvcII
beam divergences, the spatial resolution of the PSD, and
the waviness ~hn, ~

of the illumination sample surface).
For the sake of simplicity, we discarded all terms in Eq.
(12) which do not depend on af and replaced ~t&; ~ by

/Tf / iT, f
cos 28II,

which is an excellent approximation as long as
a; f =0 (a, ). A missing LRO in the top layers, as de-

Idf(Qf )(A~Tfe'
The solid line in Fig. 9(b) is calculated from Eq. (13) using
the fitted parameters obtained from the Bragg scattering
and agrees well with our observation.

The sample was then annealed for 9 h at T=660.9 K,
which was the first temperature in the ordered phase
where we determined af profiles of the near-surface
LRO. By monitoring the time dependence of the super-
lattice peak at a;/a, = 1.0, we found that the evanescent
(100) intensity saturated at this temperature after approx-
imately 6 h. In the further cooling steps, the (100) Bragg
intensity remained constant after 2 —3 h. As an example,

scribed by a nonzero value p, can, for instance, be attri-
buted to an equilibrium surface-induced disorder as dis-
cussed in Sec. II or to a quenched surface disorder when
the sample is rapidly cooled to room temperature after
the high-temperature annealing. Since the LEED mea-
surements disclosed a well-ordered surface, we expect,
that p =0 in this case. The solid line in Fig. 9(a) is calcu-
lated according to Eq. (12) taking p=10+5 A, b.n, =0.2
mrad, and p =1. First, we note that we obtain a smaller
value for An, compared to the An, =0.35—0.65 mrad
from the width of the specular beam which is understood
by inspection of Fig. 5: While the reAected beam experi-
ences the waviness of the sample along the footprint 3„
the scattered x-ray beam probes a comparatively small
surface area ( Af in Fig. 5) which can be appropriately
varied by the two horizontal slits. The fitting parameters
p and p, which have large error bars, indicate, though,
that the surface is reasonably smooth and well ordered.
fWC note here that, in Eq. (12), we did not take into ac-
count an eventual slight miscut of the surface with
respect to the (001) direction. ]

In the first temperature cycle we heated the sample
carefully until the LRO near the surface disappeared and
obtained, in this way, a rough estimate of the transition
temperature and the amount of difFuse scattering in the
disordered phase. Figure 9(b) shows the af profile of the
diffuse scattering at the (100) reciprocal-lattice point at
T =677 K = To+ 14 K and a; /u, =0.8. The pro-
nounced peak at a& /a, = l.0 is solely due to the
transmission function of the interface and must not be
confused with any remaining LRO. Assuming difFuse
scattering with a negligible Q dependence, one gets

I )2 2
fz fz & (2) (13)
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we show in Fig. 10 the recorded evanescent Bragg
scattering as a function of the elapsed time ~ after reduc-
tion of the heating current at ~=0. The temperature,
which was initially T;„;,=To —2.2 K, reached its new
value T„„,~ = To —7.8 K (see also inset in Fig. 10) within
a cooling period of r = 8 min (hatched area) which was
accompanied by a drastic increase in the Bragg intensity.
For ~) 8 min, the superlattice intensity smoothly satu-
rates at its new value (I2), thereby following, in a good
approximation, a simple exponential law (solid line) with
a relaxation time obtained from a least-squares fit of
~= 38.6 min. The annealing time was therefore chosen to
be approximately 3 h. An online data analysis, as shown
in Fig. 10, is quite helpful during the actual experiment,
since it allows a good estimate of the time required for
saturation of the superlattice intensity. Its proper con-
sideration is, as in bulk experiments, indispensable to
avoid accidental nonequilibrium LRO measurements.
The essence of our experimenta1 observations is summa-
rized in Figs. 11(a) and 11(b), which show af profiles of
the (100) Bragg intensity in thermal equilibrium at two
incidence angles a;/a, =1.0 and 1.5 for a selection of
temperatures below the bulk transition temperature
TO=663 K. The data were obtained in the following
way: At each temperature we determined, via an o,'f-
integrated ~ scan, the LRO and SRO contribution to the
scattering intensity at the (100) reciprocal-lattice vector
(as shown by way of example in Fig. 8). From the mea-
sured af profile, we subtracted the associated SRO con-'

tribution [as in Fig. 9(b)] and obtained the LRO part of
the o.f profile. This diffuse-scattering correction of the

af profiles, however, turned out to be very small. (Note
the different intensity scales in Fig. 9 for the Bragg and
diffus'e-scattering profile. ) Before we analyze the data
quantitatively, we will discuss an interesting feature of
these af profiles. Mere inspection of the raw data shows
quite convincingly that the evanescent superlattice inten-
sity disappears in a completely different way in the
diff'erent af regimes. For af /a, & 1, the intensity
remains virtually unchanged in the entire temperature
range until shortly before the transition, where it drops to
zero. On the other hand, for af/a, ~1, we identify a
continuous change of the intensity with each temperature
step which is more pronounced for a;/u, =1.0 than for
a, /a, = 1.5. This behavior is demonstrated for two
diff'erent settings of A=30 and 300 A (Fig. 12). Since af
crucially determines the surface sensitivity, we interpret
this observation as surface-mediated phenomenon, where
the (001) surface induces a continuous change of the LRO
parameter in agreement with the conclusions drawn from
LEED and SPLEED measurements. This demonstrates
quite convincingly that the cz; profiles of the LRO intensi-
ty allow the simultaneous observation of the discontinu-
ous bulk order-disorder transition and the continuous
loss of LRO near the surface. From this analysis we find
within an uncertainty of 0.5 K that the transition temper-
ature To is independent from the distance z; in other
words, there is no surface-induced new phase transition.

For a quantitative analysis of the observed evanescent
Bragg scattering, we plot the data IA(t) associated with
various scattering depths A (between 17 and 500 A)
versus the reduced temperature r = ( To —T) /To on a
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F&G. 10. Time dependence of the af-integrated evanescent superlattice intensity at a;/a, =1.0 upon cooling in the presence of an
ordered bulk. The start and end temperatures are explained in the inset. The hatched area indicates the time required for the sample
to achieve its new temperature. The solid line is a least-squares fit.
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(14)

(b) The asymptotic power law becomes more pro-
nounced, the more surface sensitive we tune the scatter-
ing depth. The underlying rule is disclosed quite simply
by plotting P~ versus 1/A (Fig. 14). All PA values lie on a
straight line through the origin; thus,

double-logarithmic scale (Fig. 13). The intensities I„(t)
exhibit a general trend.

(a) Starting with a mild temperature dependence far
away from To, they enter in a marked T dependence
close to To which ends up in an asymptotic power-law
behavior as indicated by the solid lines with slope 2PA,

I~(t) ~ ~r ~

Vl

C

U

tA

Clr

C:

Cu3

It is interesting to note that the experimental value
P& =0.77 as deduced from SPLEED is just comparable to
the P~ values for small values of A (see arrow in Fig. 14),
whereas for large A the exponent PA tends to zero, which
is typical for first-order phase transitions. In this way,
Fig. 14 displays very nicely the smooth depth transition
from the surface-induced continuous behavior of the
long-range order to the discontinuous bulk behavior.
The length g is the slope of the solid line in Fig. 14,

473 573

ybutk
0

FIG. 12. Temperature dependence of the evanescent super-
lattice intensity at two different scattering depths A=30 and
300 A. (The solid lines are a guide for the eyes. )

=(13.1+2 5) A (16)
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with the error bars resulting from the indicated dashed
lines in Fig. 14. Two questions arise from this observa-
tion.

(a) "Why do the exponents in the asymptotic power-
law regime scale with 1/A"

(b) "What is the meaning of the microscopic length
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FIG. 11. af profiles of the (100) superlattice Bragg intensity
at various temperatures below the transition temperature Tp, (a)
for a;/a, =1.0, (b) for a;/a, =1.5. The solid lines are a guide
for the eyes.

FIG. 13. Evanescent superlattice intensities IA associated
with scattering depth A as a function of the reduced tempera-
ture t =( Tp T) on a double-logarithmic scale. t„denotes the
onset of the asymptotic regime, 2PA denotes the near-surface
"critical exponent" (see main text).
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6(x) is the Heaviside function. Inserting m (z, t) (19) into
Eq. (18), we get

1.0- IA(t) oo J e ' 6(z —(&in~ I/t~ )dz =
~t~ (20)

0.4-

0.2-

0

Pq (SPLEED) and recover the experimentally observed power law with
a 1/A-scaling behavior of the exponent. This power-law
behavior (20) of evanescent Bragg scattering is apparently
a direct indicator of a wetting transition. By comparison
of Eq. (20) with Eqs. (14)—(16), we can identify the micro-
scopic length g as the growth amplitude of the disor-
dered phase and get our final experimental result

L (t)=(13.1+2 5) A in~1/t~ . (21)
0 1 2 3 5 6 7

A. '(10 A ')

FIR. 14. Experimental values PA deduced from Fig. 13 as a
function of 1/A. The arrow indicates the surface exponent P, as
observed by SPLEED (Ref. 13). The solid line follows from a
linear regression giving a slope g =13.1 A. The two dashed
curves determine the error bars +z,' A of g

We will show in what follows that both features are inti-
mately related to a wetting phenomenon associated with
the first-order bulk transition.

For systems where the surface order is driven by the
bulk order ("ordinary systems"), the mean-field solution
of m (z, t) assumes, according to Lipowsky and Speth, the
asymptotic form as shown in Fig. 2(b) which can be writ-
ten in the convenient analytic form

m (z, t) =tanh z L(t)—
(17)

close to the transition temperature ( T ~ To), where L(t)
denotes the position of the interface which is given by (1)
and g~ its width or roughness which has a very smooth
temperature dependence. For small values of I, the in-
terface is assumed to be smooth because it experiences
the potential of the ordered bulk, accordingly,
gi=gb =0(a, ), very close to the phase transition where L
is of mesoscopic size, the beginning interfacial Auctua-
tions eventually tend to increase gi slightly with tempera-
ture, '

The temperature dependence of the evanescent intensity
associated with a fixed scattering depth A is given by

IA(t) ~ I m(z t)e '/ dz (1g)

and provides the Laplace transformed image of the
order-parameter profile m (z, t) close to the free surface.
In the following we study the leading behavior of the wet-
ting transition, namely, the growth of a disordered sur-
face layer with an effective thickness L (t) (1); thus, by ig-
noring the width gi of the order-disorder wall,

(g is the bulk correlation length), which leads to

IA(t)/IA( oo )=1—I2$[1—m (O, t)]] /A, (22)

where IA( oo) is the evanescent intensity far away from
To. In Fig. 15 the quantity [1 IA(t)!IA( oo )] is pl—otted
versus 1/A for three different reduced temperatures t and
indeed exhibits the expected linear relations (solid lines).
The associated slopes provide, according to Eq. (22),
the quantity I 2/[ 1 —m (0, t) ] ] /A and thus the temper-
ature dependence of the top-layer LRO parameter

PIm (O, t) oo ~t~ '. However, in order to extract any reliable
surface exponent P i i a detailed study of the quantity
[1 IA(t)/I„( oo ) ] in —a wider temperature range is neces-
sary. A related discussion of this is also found in Ref. 19
where the feasibility of such experiments is analyzed in
view of the results from renormalization-group calcula-
tions. There one finds that the surface-modified LRO de-
cays as

Since we are dealing with a first-order phase transition,
gz is expected to remain finite on a microscopic range
throughout the entire temperature regime; the obtained
value of approxim. ately 3a, is thus quite reasonable. Our
result may be compared with the Monte Carlo calcula-
tions by Gompper and Kro11' who also find a logarith-
mic growth of the wetting layer with g'z -—7.5 A. In view
of the uncertainties in our experimental value and of the
open parameters in the Monte Carlo simulations, we con-
sider this as a reasonable agreement between theory and
experiment. Note that the Monte Carlo calculations do,
in particular, not account for any surface-induced
changes in the coupling constants. This may also be the
reason for the large discrepancy between the calculated
value of P, and the experimental one as discussed above.
An independent experimental measurement of Pi with
evanescent x-ray would therefore be highly desirable.

In principle, it should be possible to extract P, from
evanescent x-ray data such as ours. For this purpose we
consider the temperature regime t ~ t„(Fig. 13) where
the onset of the surface-induced disorder occurs. The as-
sociated z profile of the LRO parameter is then described
by [Fig. 2(a)]

m (z, t) =1—[1—m (O, t)]e

m (z, t) =6(z —g&ln~ 1/t() . (19) hm, (t) =Amo(t)e
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extensively studied experimentally as well as theoret-
ically. ' We refer the reader to some excellent review
articles. ' The focus of interest has been the late stage of
the so-called "coarsening regime, " where the line shape
of the superlattice reflection shows a universal scaling be-
havior. The time required for the saturation of the LRO
is very long, typically some 10 —10 s. The associated
bulk intensity can be satisfactorily fitted by

(23)

0.1-

FIg. 15. Experimental test of the relation (22) in the regime
t &t„ for three diff'erent reduced temperatures. The quantity
1 —I, /I is plotted vs 1/A.

with distance from the surface, where A, , is a nonuniver-
sal inverse decay length which turns out, in the frame-
work of their model, to be k, =1.6 (reciprocal units) for
the Cu3Au(001) surface. The temperature dependence of
b,mo(t) is accessible to evanescent x-rays if A, ,A(1, thus
for small values of a;, where the scattering depth A is
smallest.

We Anally indicate how a finite interfacial width
gi=gz would be detectable in evanescent x-ray scatter-
ing. By evaluating the Laplace transform (18) with
m (z, t) (17), we get, as long as e= pi/A is small compared
to 1 and I. ( t) o- In

~
1/t ~,

I,(t) ltl '[1—
e~ 1/t~'+'+O(e')]

with a leading correction term proportional to gi. Thus,
a nonzero gi is observable as a deviation of I~(t) from the
simple power-law behavior in the asymptotic regime for
small values of t. It should be noted, however, that IA (t)
is also expected to deviate from the power law for small t,
as soon as the thickness of the wetting layer becomes
thick enough to allow the long-ranging interactions to
enter the scenario. Then, the logarithmic delocalization
(2) of the order-disorder interface turns into

where rz is the so-called "Kramers time, " which is a
measure for the escape rate from the disordered in the or-
dered state. rx. depends on hT = To —Ts„,& (T„„,~ is the
end temperature of the quench), the so far performed ex-
perimental values range from 25 min for ET=10 K to
some 100 min for smaller b, T ("critical slowing down").

Theoretical studies of the temporal growth of wetting
layers are reviewed by de Gennes. Recently, Lipow-
sky considered the influence of short- and long-range
interactions on the growth characteristics of wetting lay-
ers when the temperature is raised from T & Tp to
T = Tp . The first experimental evidence of the time
dependence of the surface LRO has meanwhile become
available from LEIS, LEED, and x-ray-scattering exper-
iments. " It turns out that the typical relaxation time ~
depends sensitively upon the crystal surface and the asso-
ciated surface segregation phenomena: At the (100) sur-
face, ~ of the top layers is reported to be around 10 s and
thus a factor 10 smaller than the bulk value. The ideal
compositional termination of this surface obviously en-
tails this rapid ordering of the (001) top layer. At the
(110) and (111)surfaces, a temperature-dependent surface
enrichment of Au occurs, ' the associated LRO relaxa-
tion times of the surface superlattice reAection are found
to be comparable to or even longer than the bulk values.
Apparently, the establishment of surface LRO requires
there, due to surface segregation, a long-ranging trans-
port of the atoms from and to the surface. In view of this
"sluggish" behavior of the (011) and (111)surface, the re-
ported surface-induced ordering at the Cu3Au(111) sur-
face, which caused some confusion among the commun-
ity, is presumably a nonequilibriurn phenomenon.

This complicated situation at the surface of binary al-
loys becomes a little more transparent if one realizes that
the depth profile of the LRO parameter m (z)

which causes a crossover to a stretched exponential de-
crease of the evanescent superlattice scattering.

VI. NEAR-SURFACE RKI.AXATION TIMES

In this section we discuss some measurements on the
near-surface LRO relaxation times when the sample is
quenched from above Tp. We shall see that the time
scale, which the evanescent superlattice reflection re-
quires to develop upon lowering temperature, provides
some additional evidence for the near-surface ordering
mechanism.

The time dependence of the Cu3Au bulk LRO has been

r (z) —cc„(z) 1 r&(z) —cA„(z)
m (z)= — " +—

4 1 —cc„(z) 4 1 —c&„(z)
(24)

is governed by both the depth profiles of the occupation
probabilities r (z) (y =a,P) and of the actual concentra-
tion c„(z) of the constituent x (x=Cu, Au). If c„(z)
changes in the temperature regime around the order-
disorder transition temperature, this affects m (z) and the
temporal relaxation of m (z, r) upon a temperature
quench, since r (z, r„) and c (z, r, ) have different relaxa-
tion processes with different relaxation times which inter-
fere with an efFective time dependence of m (z). At the
(010) surface of Cu3Au, c (z) does not change with tem-
perature in our experimental temperature regime; thus,



43 LONG-RANGE ORDER NEAR THE Cu3Au(001) SURFACE BY. . . 13 183

one has there the possibility to study the relaxation pro-
cess of the relevant ordering density r (z).

In the following we present some first experimental
data on the relaxation time near the (001) surface. Due
to the presence of the (001) surface, rx. (z, b, T) will de-
pend, as we shall see, on the distance to the surface. The
time-resolved quench experiments were performed with
Wiggler radiation. We did not investigate the depen-
dence of v.z upon hT, but focused on the depth depen-
dence of ~z. In one experiment we quenched the sample
from T;„;,= To+ 10 K to T&„,i = To —30 K ("deep
quench") and observed within the first hour, the time de-
velopment of the short- and long-range order for two
different incidence angles e; =0.6a, and 1.1a, . For
these measurements the PSD was turned by 90 for a

Q~~
Ewald scan through the (001) reciprocal-lattice point
which is, in a very good approximation, a radial scan.
Note that, in this geometry, the o.f~ slit, after the sam-
ple, now acts as a pinhole (Fig. 4). The PSD was aligned
to cover an af range around 1.3a, which corresponds to
A=40 and 300 A for the two incidence angles (Fig. 3).
After the reduction of the heating current, the tempera-
ture of the sample achieved its new value after approxi-
mately 8 min. The radial intensity distribution was mea-
sured in 2-min intervals. Figure 16 illustrates, by way of
example, the observations for a; /a, = l. 1 at three
different times after the quench together with theoretical
curves: shortly after the temperature drop, strong short-
range order fiuctuations appear [Fig. 16(a)] on top of
which the near-surface long-range order develops [Figs.
16(b) and 16(c)]. The solid lines, which are the results of
a least-squares fitting procedure, are composed out of two
contributions, a broad line attributed to SRO and a
smaller Gaussian curve with temporally decreasing width
associated with LRO. Figure 17 summarizes how the ra-
dial intensity and the radial profiles evolve for the two
different incidence angles. This profile analysis allows
one to plot the time dependence of the LRO intensity. In
the initial stage of the quench, the time dependence of the
quantity

&/ 7 ~ 7 /( g+ + 7+ )

—L(~)/A, —l. (~)/PX(e ' —e '), (25)

(r) =IA(r)/IA( ~ )

(Fig. 18) can be very well described by exponential curves
for both settings of A (solid lines), while, at a later stage,
a somewhat smoother time dependence is observable (as
indicated by the dashed line). The important observa-
tion, which we will focus on in the following, is that the
LRO associated with the large scattering depth of
A=300 A (a;/a, =1.1) outcrops first with a time con-
stant ~z ——6. 5 min followed by the surface LRO associat-
ed with A=40 A (a;/a, =0.6), which has noticeably
larger initial time constant of ~z =16 min. This near-
surface relaxation behavior may be understood from the
equilibrium properties of the surface LRO: All equilibri-
um experiments performed at the Cu3Au(001) surface re-
veal a so-called "ordinary" behavior of the surface LRO,
i.e., the surface favors disorder and the surface LRO is
driven by the bulk. Thus, any surface LRO can only de-
velop in the presence of LRO in the bulk of the system.
Consequently, one would expect that, in a temperature
quench from the fully disordered state, the surface LRO
should always lag temporarily behind the bulk LRO. A
quantitative description of the near-surface relaxation ap-
pears complex. Even in a simplified heuristic model one
has to account for a disordered surface region of which
the thickness L(r) decreases with time, until, finally, it
reaches the equilibrium situation as shown in Fig. 2(a).
While the bulk relaxation is characterized by a Kramers
time ~~, the disordered surface region exhibits an "after"
relaxation on top of the actual bulk long-range order
which may be described by rz(z). In a first simplification
of the model, we take rx as an effective relaxation time
averaged over the disordered surface region (Fig. 19). A
straightforward calculation then yields the quantity

o (a}
Itr -~70

C)
P4

O

~
I

}}1 bt =1.0x10 s

I 1 l I I
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FyG 16 Experimental ]inc shapes of the (100) scattering intensity and results from a peak shape analysis at three di8'erent times
after the temperature quench &&=30 K.. The broad component is ascribed to near-surface short-range order, the small Gaussian
component to surface LRO.
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FIG. 19. Possible near-surface relaxation scenario. (For ex-

planation see main text. )
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FICr. 17. Ti~ . Time evolution of the radial intensity profiles after
t e quench from the disordered bulk for two incidence angles

e;/af —0.6 and 1.1. Aq~~ is the reciprocal distance to the (100)
reciprocal-lattice vector. The intensity scale is arbitrary.

which vanishes for ~=0 and ~ and is expected to exhibit
a maximum at a time ~ which depends on ~z, Hz, and
L(r). The observed values of bg —=y —y

' d-2=— 3oo +4o are inc ud-
ed in Fig. 18 and indeed exhibit such a maximum (b,y )

at ~ =208 m'min. From the experiments performed at
thermal equilibrium, we know that L(t) ranges from a
microscopic to a mesoscopic scale depending on the re-
duced temperature; thus, we anticipate a similar range
for L r . In order to estimate the order of magnitude of
L (r), we replace L(r) in Eq. (25) by an effective disor-
dered region L and find, within this approximation, that
the maximum Ay

—L /A l
—L/A—e (26)

1.0— -1.0

0.5- —0.5

20 40 60

w(min )

80

FICx. 18. The quantities g~ =I& /I for A =300 and 40 A
and 4y» —=y3pp +4p as a function of time after a quench from
Tp+10 K to T—

p 30 K. The solid lines are the result of a least-
' ~

squares fit. The dashed curve indicates the deviation from the
exponential curve.

is achieved at

( rQ ++x' )
b ln(1+ y ) y=e /~' (27)

L =10a, , (28)

which lies as exs expected, in the mesoscopic regime ("lattice
constant «L «crystal" ). Thus, within the first minutes

y

when the bulk LRO has its biggest temporal lead over the
agging surface LRO. In this crude relaxation mod l

pec ~ to be independent of A, while information on
the length scale L is obtained from the dependence of the
maximum b,y upon the scattering depth A (26).

For an experimental estimate of L, time-resolved af
profiles of the (100) Bragg scattering were measured dur-

and de thep profiles of the near-surface relaxation behavior
of the surface LRO between A=20 and 300 A were ob-
tained in this way. The results for y ( ) f A =20,

, and 220 A are summarized in Fig. 20(a) together
with the exponential fits and the associated rx. values [see
inset of Fig. 20(a)], which increase very distinctly with
decreasing scattering depth. The derived quantities

y»(r) for A, =220 A and A2=20, 35, and 100 A [Fig.
20bj display maxima b,y (A2), which becomes more
an more pronounced as the surface sensitivity is in-
creased, in agreement with Eq. (26) which can be used
now to estimate L. By solving Eq. (26) numerically we
find
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of the quench, an average surface layer of thickness 10a,
starts ordering with a time constant which is noticeably
larger than the bulk value. The time 7 (27) when the
maximum occurs during this quench is found to vary so-
ftly with A between 17.6 min for A&=20 A to 14.7 min
for A&=100 A and appears, thus, not totally independent
from A as assumed in the near-surface scenario. Note on
the other hand that, in the first quench with a slightly
different AT, we obtained ~ =20.8 min. The fact that

(27) depends on b, T is not surprising since rx and
also, presumably, H are functions of AT. From the ob-
served depth dependence of ~x. and the result (28), we
conclude that our depth- and time-resolved quench ex-
periments add further independent evidence that the
Cu3Au(001) surface shows "surface-induced disorder
(SID)." The phenomenological dynamics of the surface
LRO is governed by the Langevin equation

5m(zr)
& 5F(m)

Cooling period Cu3Au {100}

with I" as the free energy of the semi-infinite system' and
~z ' as the relaxation rate associated with a nonconserved
surface LRO. Clearly, more time-resolved surface-
sensitive measurements of rx. (z) could be useful as an ex-
perimental input into such theoretical models.

C
0.5.

VII. FINAL REMARKS
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FIG. 20. Results from the time-resolved nf profiles of the
(100) superlattice intensity after a quench from To+10 K to
To —36 K. (a) yA vs time for A=20, 35, 100, and 220 A. (b)
4g» for A&=220 A and A, =20, 35, and 100 A vs time. The
solid lines are least-squares fit to the data. The arrows indicate
the elapsed time z when the maximum occurs.

The x-ray experiments described here together with the
other surface work provides a consistent picture of the
ordering phenomena near the Cu3Au(001) surface when
the bulk order-disorder transition temperature is ap-
proached. It should be emphasized that the apparent
simplicity of these surface phenomena is due to the ab-
sence of noticeable surface-segregation effects at this sur-
face. This fact allows, first of all, that x-ray experiments
can be performed in a reasonable time, because of the as-
sociated short relaxation times, and secondly a straight-
forward interpretation of near-surface Bragg intensities.
It should be noted that a continuous change of a surface
superlattice intensity can be related to a continuous
change in the surface LRO parameter in a simple way
only in that case, where the bulk stoichiometry is main-
tained at the surface, i.e., when c„(z) in m (z) (24) do not
change within the temperature regime under investiga-
tion. If a temperature-dependent surface segregation
occurs, as, e.g., in the case of the Cu3Au(011) and
Cu3Au(111) surfaces, the temperature dependences of
r (z) and c (z) overlap and result in a rather complicated
behavior.

The observation of a disordered ("wet") surface layer,
which grows logarithmically as the first-order bulk phase
transition is approached, is so far the most direct experi-
mental confirmation of the theoretical concept of SID as
proposed by Lipowsky. ' One expects this so-called "or-
dinary" surface phenomenon to occur if the surface cou-
plings between the constituents of the alloy are not so
much enhanced compared to the bulk that they do not
compensate the reduction of the order parameter at the
surface due to the broken bonds. This surface-
enhancement factor 6, =—J, /J (J, is the nearest-neighbor
interaction at the surface, J is the one in the bulk) is not
known so far and enters the theory as a free parameter.
A direct measurement of these surface couplings would
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therefore be highly desirable. Short-range-order diffuse
x-ray scattering from the evanescent wave field provides
the possibility of determining surface-induced Cowley
short-range order parameters which are a direct measure
of the pairwise interaction potentials close to the surface.
This weak diff'use evanescent scattering is accessible to-
day using the intense Wiggler radiation provided by
modern synchrotron radiation laboratories. Due to the
broken translational symmetry at the surface and the
complicated eff'ects of surface segregation, the proper
theoretical interpretation is not straightforward, nonethe-
less, first attempts to attack this important problem have
already been reported. '
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