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In situ observation of critical phenomena at surfaces of CuzAu(001)
and Si(001) near the transition temperatures
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Surface-induced ordering and disordering near the bulk critical temperature have been investigated by in situ observation
using evanescent wave. Two opposite-type of phenomena were studied. Surface-induced ordering above the bulk
critical temperature TC; p was found for the CuzAu (001) surface by measuring surface diffuse scattering. Long-range order

(LRO) was lost just below T ¢;b» but the short-range order (SRO) remained, showing ordered domains with {10} Anti Phase
Domain Boundary. Surface-induced disordering below the bulk melting temperature Ty, p was found for the Si(001)
surface by x-ray reflectivity measurements under He-gas. It has been shown that the density of the surface is, in a region of
Ty;p - 110 K<T <T,,.p is larger than that of the bulk solid, which indicates surface melting. Surface-induced ordering

and disordering, revealed by in situ observation using evanescent wave, give fundamental information to understand
surfaces/interfaces.
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induced ordering and disordering have been reported,

1. INTRODUCTION and more information is necessary for further
‘When a surface is irradiated by an x-ray beam investigation.
with asmall angle near its critical angle (a.), the x-ray _ Another important issue at surfaces is surface
intensities decrease exponentially along the depth ( melting. Surface melting can be generally recognized as
"Evanescent Wave", Fig.1). X-ray evanescent wave can a state tbat a liquid film s fonm?[c'ih and v:fets the Si)l.ld'
reveal change of surface structures by in  situ vapor  interface ‘at Tn;b- e‘ su ace. mf)’ tng
observation, which is crucial to understand "real phenomenon of Si has attracted special attention in the
surface/interfaces”. Two opposite-type of phenomena: last few years. But most work on Si surfaces has focusid
surface-induced ordering and disordering near the bulk on their behavior at low and intermediate temperatures ',
critical (T, and the bulk melting temperature (Tp,.) and little information is known near T,,,.;,. because of
have been investigated by in situ observation using the experimental difficulties.
evanescent wave. In this study, order-disorder transformation of
Order-disorder transformation in CuzAu (001) Cu3Au (001) surface and surface melting of Si(001) have
surface has been investigated. The alloy CuzAu, which been investigated by in situ observation using
orders from the A1 to the Llp structure at the critical evanescent wave. New systems for.in situ observation
temperature T,,., = 663 K, is considered a classic have been developed and are described in Sec.2. Th;
example of an order-disorder phase transformation. The results of CuzAu (001) and Si(001) are shown in Sec.
atomic ordering of bulk CuzAu above T,,.;, has been and Scc.4, respectively.
investigated extensivelyl’z. However, only several
studies have been made on surfaces>. Both surface-
Intensities " fluorescence " " scattering "
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Fig.1 Phenomena caused by evanescent wave
2. EXPERIMENTS composed of an in situ chamber and x-ray optics for
A new system is designed for observation of generating evanescent ~ wave and measuring thg
critical phenomena at high temperatures. The system is scattering and reflection from it (Fig.1). Aspecimen an
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heating system were located inside the in situ chamber
where the atmosphere can be controlled. An x-ray beam
from synchrotron radiation was used to measure diffuse
intensities and reflectivity of the surface.

2.1 Diffuse intensity measyrements of Ca3Au (001)

The specimen was mounted in a UHV surface x-
ray diffraction chamber equipped with LEED, Auger-
spectroscopy, and an ion gun for cleaning the specimen
by sputtering. The X-ray optics for the experiments
include a Ge-(111) monochromator and a Pt-coated
focusing mirror. The diffuse intensities were measured at
a; = 1.2 g, and E=11.819 keV with a resolution less
than 0.02 in the reciprocal lattice. The experiment was
performed using beam line X2A at the National
Synchrotron Light Source, Brookhaven National
Laboratory. .

Aspecimen with a stoichiometric composition
(12 mm in diameter and 4 mm in thickness) was prepared,
and a mirror-like surface was prepared by mechanically
polishing with AlyO3 to within 0.36° of the (001).
Then the specimen was kept at 743 K for a few hours and
slowly cooled down to a temperature just below T...,, over
several days. Auger-spectroscopy and LEED
measurements were examined to assure a clean and well-
ordered (001) surface.

2.2 Reflectivity measurements of Si (001)

A part of the in situ chamber is shown in Fig.2.
A carbon heater ("H" in Fig.2) coated with SiC film was
located above the surface of the specimen. The heater,
the specimen and the plate were swrrounded by an
insulator of porous carbon with thickness of about 30
mm ("I" in Fig.2), which made it possible to control the
surface temperature as high as Tm’. p Wwith enough
accuracy. The surface temperature can be controlled at a

set temperature with an error of less than + 2-5 degrees
up to near Tm;b’ by monitoring two thermocouples
(TC1&TC2). A temperature gradient in the near surface
region of 103 nm is expected to be smaller than a few
degrees.

The reflectivity was measured by an Nal
scintillation counter (SC) with E = 6812 eV,
Experiments were carried out at a beam line BL-3A at
Photon Factory, KEK, in Tsukuba, Japan. In this beam
line, an x-ray beam from a bending magnet is
monochromated by Si(111) double crystal.

' 50 mm
TC1

Fig.2  Part of the in situ chamber for reflectivity
measurements.

3. RESULTS OF Cu3Au (001)>°

Measured diffuse intensity (Fig.3) contains
short-range order terms and displacement terms, and can
be seperated into the terms based on a series expansion

of the scattering equation in which terms up to the
second order in displacement are retained .
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Fig. 3 Contour map of the diffuse intensities in the two-
dimensional reciprocal lattice Ak.

Both terms contain 14 unknown coefficients
which are Fourier sum over the inter atomic vectors (/, m)
and correspond to the crystallographic parameters such
as SRO and the atomic displacements. Example of the
coefficients are :

Isro = Z Z Qg c0s 2mhil) cos 2mkm),

] 43
qu-—Cu — __277_2 Z <CCu + alm><Xl?nu‘Cu>
1 m CAu (2)
X sin (27rhl) cos (2mkm) ,
RCu—Cu =4 2 (CC“ + am) XCuXCmu
X WZ;"Zm:CAu 1(001>(3)
X cos (27hl) cos 2mkm),
Ccu u u
SCCu = —g72 Y Y ( Co 4 a,,,,)(xg,g X<
! m CAu (4)
X sin (2arhl) sin Qmwkm),
Plz}nu—Cu (5)

Xy = 1 T
CCu

The ay,,, are the two-dimensional Cowley-Warren short-

range-order, where the parameters leA“'C“ are the

conditional probabilities of finding a Cuatom at the end
of a vector (a/2)(I,m) given an Au atom at its origin.
Also, X lmc"' ¥ represents the projected displacement,
along the x-axis, of two Cu atoms separated by a vector
(a/2)({,m), and the carats represent lattice averages.

The total diffuse intensity was measured at a set
of symmetry related points (20-30 typically) to points
in a minimum area where the magnitude of the Fourier
sums are the same. The separation was then performed
using a least-squares procedure. Once this separation was
done for the points in minimum area, real space
quantities (SRO  parameters: «y,,, and atomic
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displacements: X lmC”'C“ ...} could be obtained by
Fourier inversion.

Then a computer simulation of the atomic
structure of CugAu, based on the measured SRO

parameters, was performed in two dimensions. A square
lattice, 128 by 128 simple cubic cells with periodic
boundary conditions was adjusted so that the first five
SRO parameters were matched to the measured values
within 5-6 % (the LRO parameters were set to zero). A
typical portion of the results, composed of 30 by 30
cells, is shown in Fig. 4, where one of ‘the “ordered”
domains and the Au-clusters are indicated by the solid and
the broken lines, respectively.

The most outstanding features of atomic
configurations are: (i) ordered domains (with {10} APB
(Anti Phase Boundaries) with- a unique shape, and (ii)
clusters composed of the same kind of atoms. This
feature is similar to that of the bulk, where there are large
concentrations of low energy APB on {100} planes
created by 1/2 <110> (001) displacements in the
boundary planes, which have the lowest APB energy.
Thus it appears that the same type of APB plays an
important role in the surface, as well.

However the pair potentials obtained by fitting
the SRO shows a large attractive force at the nearest
neighboring site. This interaction may cause the surface
induced-ordering, resulting in the domain structure of the
surface above T -

CO00POOOCOPOOROHPOOO O 0O O
c000000Q00c000C0RC OO0
0oo0000@oo0000000®o@od [01] [10]
00POoOROVOOOCROO0OOPRO O

000 @0 ®O000POO0O0C

XX Y] g ooo0oPHooo \/
o®o0 0@ R 0000 O®O

Q@0 00@Yo@ONR @o@o o0 o0

cocco o®o0@o c9o@oooo ® Au
@0600000WNW @o0@o0 00600

o®@ooco®o QO 800000 ] Cu
©0000Q@00 ROO0O0OOO
C6000000@PPORODRYPRO 6 00O P
00000000 UJ C@ooco®o
00000000 OTOOBOOOROP@O@
@oo®ooconooocoooood®d o

00RO COOROEROCOCOOO0RE

@090 COoO0RCOPHOBRCORO@
0@o@doroc®ooo®Po0®o0Po
0000RROPO 00006000000 G0O

Qo Qo o@PhooRe0c000POB O

Fig. 4 CuzAu(001) surface 56 K above Te:p- An and Cu

atoms are represented by large and small circles,
respectively.

3. RESULTS OF Si (001)8

In situ measurements of reflectivity curves were
performed at ambient temperature. Some typical changes
of reflectivity curves are shown in Fig. 5. The most
outstanding change of the curve during heating was a
change of the critical angle a, on heating from T = 1473
to 1573 K, which showed an increase of density of the
surface well below T, m}.b,(Fig.S). It should be stressed
that this phenomenon was reversible with temperature
change; when the temperature was decreased from T =
1623 to 1473 K, the surface density r decreased and
returned to the value at 1473 Kon heating .

Another change was found in the region where
the angle of incidence af > a. ; the degree of decay of

Reflectivity

Transactions of the Materials Research Society of Japan 26 [2]775-778 (2001)

reflectivity became largerat T > 1473 K than at T = RT,
showing a change of surface roughness from a smooth to
a rough surface on heating. This change was not
reversible, and the rough surface remained the same even
when the temperature was decreased from T = 1623 to
1523 K.
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Fig. 5 Change of reflectivity curves obtained by in situ
observation.

Reflectivity curves obtained at each
temperature were analyzed. X-ray reflectivity : R(Q) is

the function of the scattering vector Q, and is given by

2
R(©Q) = Ry(@)fp (2)exp02)d] @
where Rp(Q) is the Fresnel réﬂectivity, and p'(z) denotes

the gradient of normalized density (p(z)) along the depth
direction.

When the surface is covered by some layers, the
reflectivity curve was calculated based on the Vidal and

Vincent formalism considering the Gaussian rms

microroughnessw‘

In the fitting, various models were tried : (1)
surface layer of Si / bulk Si, (2) SiO; / Si, and (3) only

bulk Si. The model (1) explains best the reflectivity
curves at 7> 1570 K, showing the existence of a surface
layer with a density of 2.5 (2) x 103 kg/m3 which is
larger than that of the bulk substrate ( 2.3 (2) x 103
kg/m3) in a region Tm;b -110 K< T < Tm;b .
Reflectivity curves obtained at each temperature were
analyzed in the same way. The obtained values of density
(p) of Si(001) surface are plotted as a function of
temperature (Fig. 6); emor bars show error in
determination of p, which mainly comes from the
measurements of the angle and the fitting procedure .

In situ observation showed that the transition
temperature of surface melting is located in a range of
1473 K< Tm,.s* <1573 K=Ty,yp - 110 K. This
temperature is about 20-50 Khigher than the temperature
range where the atomic disordering was reported to
occur. This is consistent with the reported studies that
crystallographic anisotropy in the plane becomes

almost zero at T=1500 K!1.  Atomic disordering may
proceed surface melting. More experiments are required
to determine Tm;s* near the range of 1473 -1573 K.
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Fig. 6 Temperature dependence of density of Si (001)
surface. Open symbols for this study , and closed ones
for the bulk. The line is a guide for eye.

Fig. 7 summarizes schematically the
phenomena of Si at high temperature, shown by this
study and reported ones.  Atomic disordering of the
surface starts around I'> 1400 K, and long-range order is
almost lost around 7= 1500 K. Then the atomic state of
surface becomes near that of the bulk liquid (surface-
melting) at T > T,,.c* (1473 K - 1573 K).  The
disordering was observed mainly in vacuum, and the
surface-melting was observed under He gas, as shown in
this study.
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Fig. 7 Schematic diagram of change of Si(001) on
heating in He.

Now_ the possible phenomenon of surface-
melting of S8i(001) is compared with other systems by
comparing the temperature ratio of surface-melting (or
metallic-transition) / bulk-melting : T m; s/b is one of the
indexes for comparison: Tonssib - Ty 5/p ©f Si(001)
(0.88-0.93) is relatively lower than those of other
metals (0.93- 0.98). The uniqueness of surface-melting
of Si and Ge can be understood simply in terms of atomic
coordination.  Si is one fo the semiconductors
belonging to IVB in the periodic table, and have a unique
binding structure of the diamond-type. The numbers of
the nearest neighbois (NN) at 7 = RT are 4 for Si, where
as they are 12 for In, Pb and Al which reportedly show
surface melting. In other words, Si is relatively lose-
packed, and forms a networking structure of a diamond-

type. The Friedle oscillations of the pair potential

results in a complex structure of the liquid with low

coordination numberslz,

4. CONCLUSION

Surface-induced ordering and disordering near the
bulk critical temperature have been investigated by in
situ observation using evanescent wave. Unique systems
for in situ observation have been developed and the
following phenomena were revealed:

(i) Surface-induced ordering of CuzAu(001) surface: LRO
was lost just below Tc;b’ but SRO remained and showed
ordered domains with {10} APB,

(if)  Surface-induced disordering or surface melting of
Si(001) surface: the density of the surface is, in a region
of Tpy:p - 110 K< T < T, is larger than that of the

bulk solid, which indicates surface melting.

In situ observation is essential to understand
change in surface structures around phase transitions,
because they are sensitive to temperature and
atmosphere. It has shown that the advanced approaches
with evanescent wave is powerful to reveal them,
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