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The influence of temperature on the morphology of both the homogeneous and the inhomogeneous
Cu(311) surfaces is investigated by high-resolution low-energy electron diffraction. Analyzing the spot
profile of the diffracted electron beam under various scattering conditions provides information about
both the surface roughness and inhomogeneities as a function of temperature. From the reversible spot
broadening under the out-of-phase condition, it is concluded that atomic steps may be created reversibly
on the Cu(311) surface by increasing the temperature. The critical temperature, at which the surface
goes from the smooth, low-temperature phase into the rough, high-temperature phase, is obtained from
the vanishing of the central spike of the (00) spot at T =750 K. On the basis of a detailed analysis of
the spot profile, we find that the height-height correlation of the Cu(311) surface cannot be described by
the logarithmic behavior predicted for Kosterlitz-Thouless roughening. Instead of this behavior, in the
low-temperature phase the height-height correlation saturates exponentially as the lateral distance goes
to infinity, while it is characterized by a linear divergence for the high-temperature phase. Sulfur segre-
gated at the surface has two effects: Large areas of the Cu(311) surface become amorphous and the step-
atom density increases. The surface is still rough at room temperature even with small amounts of
sulfur. With increasing sulfur coverage, the roughness due to inhomogeneities overwhelms the thermal-
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ly induced surface roughness.

I. INTRODUCTION

Defects at surfaces are of great interest from both the
technological and the physical points of view. For the
technological application defects play an important role
because they may be strongly involved in many physical
and chemical processes occurring at surfaces: chemical
reaction, catalysis, electronical conduction, and crystal
growth. Since a surface is a drastic disturbance of the
bulk structure, the physical properties of the surface may
differ strongly from the bulk behavior.

The reduced dimensionality of the surface may lead to
substantially different behavior of the crystalline material
close to the surface, e.g., the surface may reconstruct or
the distance of the topmost layers may relax.! Further-
more the surface may be a nucleus for the melting of the
bulk material (surface premelting).2~* Indeed, the criti-
cal temperature, at which the crystal starts to melt at the
surface, is very close to the bulk melting temperature.
On the other hand at lower temperatures there may exist
thermally induced atomic steps at the surface (roughen-
ing transition). This concept was developed by Burton
and Cabrera.> It has been suggested that at low tempera-
tures the growth mechanism for the smooth surface may
be substantially different from the growth for the rough
phase at high temperatures.® However, the experimental
evidence for the roughening transition has been very
elusive for a long time. In 1980 it was observed at solid
helium in equilibrium with its superfluid. Later the
thermal roughening on high-index metal surfaces has
been studied using helium atom diffraction,”® x-ray
diffraction,”!® and low-energy electron diffraction
(LEED).!"12 Because of the weak interaction between
the atoms of these surfaces the critical temperature, at
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which the entropy contribution to the free energy enables
any step production, is sufficiently low. Thus the
roughening of these surfaces can be observed easily, al-
though to date for close-packed surfaces no thermal
roughness has been shown.

It is necessary to use an experimental technique with
atomic resolution to characterize defects on surfaces in
full detail. Some microscopic techniques, e.g., scanning
tunnel microscopy (STM), transmission electron micros-
copy (TEM), or reflection electron microscopy (REM),
can be applied with this resolution so that defects can be
characterized qualitatively without any effort.!> On the
other hand diffraction techniques using high-resolution
instruments are better suited to obtain quantitative infor-
mation about the kind and the distribution of defects due
to superior averaging.!®!> For the study of structural
phase transitions microscopic techniques fail in general,
so thermally induced phenomena can only be measured
with diffraction techniques. Because of the high sensitivi-
ty of low-energy electrons to surfaces and easy handling,
LEED is one of the techniques used most often to study
critical phenomena at and on surfaces. !

After a description of experimental details (Sec. II) and
some information on spot profile analysis of LEED (Sec.
III), the experimental results (Sec. IV) will show the sur-
face roughness for a wide temperature range and various
surface conditions. The discussion reveals (Sec. V) that
present day theory is not sufficient for a description of the
results.

II. EXPERIMENTAL METHOD

The experiments were carried out in a standard
ultrahigh-vacuum (UHV) chamber with a base pressure
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below 1078 Pa. The LEED data were taken with the
SPA-LEED (spot profile analysis of low-energy electron
diffraction) system described in detail in Ref. 18. Here
only the main features of this high-resolution instrument
shall be mentioned. The spots of the diffraction pattern
are recorded by scanning electrostatistically the electron
beam over a fixed Channeltron. Using electrostatic lenses
the instrument has a typical transfer width of 200 nm.
Furthermore, the chamber is equipped with an Auger
system with a cylindrical mirror analyzer (CMA) to
check the cleanliness of the sample by Auger electron
spectroscopy (AES) and an ion bombardment gun for
Ar™ sputtering.

The Cu(311) sample was spark erosion cut and
chemomechanically polished.!® After removing the outer
layers by etching it has a mosaic spread smaller than
0.01° as has been checked with an x-ray diffactometer.
The final orientation of the sample was within 0.1° of the
(311) plane. The UHV cleaning has been done by Ar™
sputtering (600 eV, 1 uA, 1 h) at a crystal temperature of
700-800 K. After each sputtering cycle the sample has
been heated up to 900 K for 10 min. Even after heating
the sample at this temperature no additional contamina-
tion of the surface can be observed by AES. Sulfur
segrates at the surface not before heating the sample up
to 950 K. The sample could be cooled down to 130 K by
liquid nitrogen and was heated by radiation. The temper-
ature of the sample was measured by a Ni-Cr/Ni thermo-
couple clamped on the backside of the sample.

III. ELECTRON DIFFRACTION AT SURFACES
WITH DEFECTS

The surfaces of crystals may be described by the posi-
tions r(n) of the surface atoms. The wave function ¥ of
an electron, which is scattered from the initial wave vec-
tor k; to the final wave vector k, by the crystal, is?0

Y= Zf(n)eil(-r(n) , (1)

where K=k, —k/ is the scattering vector. The scattering
amplitude f(n) combines the wave coming from the nth
surface atom and all underlying atoms and includes
therefore all dynamical effects of electron diffraction.

For a perfectly periodic surface the intensity is given
by

I:|W|2:|f'26ideal(K) (2)
with
Gigeat(K)= 3, 8(K—27n/a) . (3)

The sharp spots may show a shoulder due to surface unit
meshes with a different scattering factor f,, as discussed
in detail in Ref. 21. Here only the influence of steps is of
interest.

We assume that all atoms are on perfect lattice sites.
This means that only the vertical position di(n) of the
nth atom can change its value by multiples 4 (n) of the
layer distance d).

Then the lattice factor is given by
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G(K)= 2(eidKl[h(n+m)—h(m)])eial(”-n , (3

n
where K, and K denote the components of the scatter-
ing vector perpendicular and parallel to the surface, re-
spectively. The angular brackets { ) denote averaging
with respect to m.

Two kinds of surface roughness may be distinguished:
the nearly smooth surface and the rough surface. De-
pending on the finite or infinite number of levels contrib-
uting to the surface the asperity height A defined by

A*=d?[{(h*(m))—<{h(m))?*] 4)

has a finite or an infinite value for the smooth and rough
surfaces, respectively. Therefore it is also possible to
denote the smooth and rough surfaces by finite and
infinite roughness, respectively, indicating that also for
the smooth surface there exist some atomic steps.

For a smooth surface the lattice factor splits into a cen-
tral spike Gy, and a broadening @, caused by the in-
terference from different levels of the stepped surface:

G (K)=Go(K,)Gigea(K)+[1—Go(K|)1dgep(K,) . (5)

The amplitudes of both central spike and broadening
vary with K, periodically. From this variation one can
extract the layer distribution.?>?3 Close to an in-phase
condition dK | =2wh (h denotes an integer) the variation
Go(K ) can be approximated by?*!

Go(K,)=exp(—A%?) . (6)

Here k, =K, —2wh /d denotes the deviation of the verti-
cal scattering vector from the in-phase condition. The
broadening due to steps P, contains the information

about the terrace-length distribution.?*~28
For a rough surface the whole spot profile
broadens?® 3 instead of splitting into central spike and

shoulder as one observes for a smooth surface. The shape
of the spot profile depends on the scattering condition,
but it varies periodically. Especially under the in-phase
condition the spot gets sharp with 8-function profile. The
details of the spot profile depend on both the terrace-
length and step-height distributions.*%3! Assuming a re-
versible surface (upward and downward steps have the
same probability) with geometric terrace-length distribu-
tion, one can show that the profile has a Lorentzian shape
with half-width*!

AK =2[1—B(K)]/(T) . )

Here B,(K ) is the Fourier transform of the step-height
distribution. Therefore both the average terrace length
and the step-height distribution can be obtained by
analyzing the spot profile with respect to the scattering
condition.

As described in Ref. 21 the height-height correlation
I'(n) is also derived out of the spot profile, if it has been
measured for several scattering conditions. Even for the
rough surface the height-height correlation is available if
Eq. (8) from Ref. 32 is used:

G(K)= 2 e —F(n)[lhcos(dKl)]eiaKL-n .

n

(8)
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Therefore many details about roughness are available if
the spot profiles are recorded for many scattering condi-
tions with high precision, so that a separation of central
spike and shoulder is possible.

IV. RESULTS

A. Nomenclature and characterization of the surface
at low temperature: inhomogeneities

The Cu(311) surface (fcc lattice) consists of close-
packed rows in the [011] direction. The distance of the
atoms within the row is =0.255 nm; the distance in the
[23 3] direction of the rows b=0.423 nm. Figure 1 shows
that the surface builds a centered rectangular bravais lat-
tice with layer distance d=0.109 nm.

After the surface has been cleaned and annealed as out-
lined in Sec. II, the profile of the (00) spot has been mea-
sured as a function of the vertical scattering vector K |.
Under the in-phase condition S =dK, /27=2.0 (E=125
eV), where no spot broadening due to atomic steps can be
observed, the profile consists of two parts: a central peak
and a very broad shoulder with low peak intensity (see
Fig. 2). From the halfwidth of the central peak one ob-
tains a transferwidth of 130 nm. Since the instrumental
transfer width is 200 nm, '® the spot is broadened by de-
fects as, e.g., dislocations or mosaics.>®> Supposing that
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FIG. 1. Hard-sphere model of the Cu(311) surface. (a) Side
view. The layer distance d=0.109 nm is shown. The (100)
planes are marked by hatching. (b) Top view. The atomic dis-
tance a=0.255 nm in the [011] direction and the row distance
5=0.423 nm in the [233] direction are shown. The hatched
spheres mark the first layer, the open spheres the second layer.
The solid line shows the primitive unit mesh.
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this broadening is due to mosaics, the spread is less than
0.02° in accordance with the x-ray-diffraction measure-
ments (see Sec. II).

The additional broadening of the spot at this scattering
condition cannot be caused by steps. Therefore inhomo-
geneities of the surface are the origin of the weak shoul-
der shown in Fig. 2, curve a. Since for the almost clean
surface the intensity of the shoulder is very small, there
are very few inhomogeneities. This result is supported by
AES. The ratio of the peak-to-peak intensity of the S(153
eV) Auger line to the peak-to-peak intensity of the Cu(63
eV) Auger line is less than 1%. This ratio is denoted by
R in the following. Other contaminations cannot be ob-
served. The profile of the broadening can be fitted very
well by a Lorentzian-like profile

Dy~ (1+£2,K3) 7372 9)

Here £, denotes the correlation length of the inhomo-
geneities. This shape of the broadening implies that the
inhomogeneities are distributed isotropically and that the
domain sizes have a geometric distribution.®! Since the
shoulder is very broad the average size of the domains
due to inhomogeneities is also very small (£;,;, ~0.13 nm).

To investigate the influence of sulfur on the morpholo-
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FIG. 2. Spot profile of the (00) spot under the in-phase condi-
tion §=2.0. The dashed line is the Lorentzian-like broadening
due to residual inhomogeneities (sulfur contamination). The
amount of segregated sulfur is characterized by AES: (a)
R =1(S(153 eV))/I(Cu(63 eV))=1%; (b) R =I(S(153 eV))/
I(Cu(63 eV))=9%. Notice the logarithmic scale of the ordi-
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gy of the Cu(311) surface the sulfur coverage has been in-
creased stepwise by heating the sample at 7=970 K for
some time. At this temperature a satisfactory amount of
sulfur segregates at the surface. For all studied sulfur
coverages the profile of the additional broadening mea-
sured under the in-phase condition (E=125 eV, §=2.0)
can be described by the Lorentzian-like profile of Eq. (11)
(see Fig. 2, curve b). With increasing sulfur coverage
characterized by the AES peak-to-peak ratio R the inten-
sity of the central spike decreases while the correlation
length &, does not change very much (see Fig. 3). From
the AES data it is clear that the sulfur coverage O, for
the data shown in Fig. 3 is less than 0.03 ML. Neverthe-
less there is a very drastic decrease of the central spike in-
tensity. Following Ref. 21 for this effect there are two
possible reasons. First the scattering amplitude of the
sulfur atoms f; may be much larger than the scattering
amplitude of the copper atoms f,. A second reason
may be that the segregated sulfur disturbs large areas of
the Cu(311) surface. It seems to us that an unreasonable
large scattering amplitude f; is needed to explain this
effect. On the other hand the distortion of the Cu(311)
lattice by sulfur is emphasized by the observation that the
central spike of the (00) spot also broadens if a large
amount of sulfur is segregated at the surface (R >0.1).

Besides the inhomogeneities discussed up to now there
are also atomic steps at the Cu(311) surface. The surface
roughness can be measured changing the scattering con-
dition to the out-of-phase condition. The influence of
both temperature and sulfur segregation on the surface
roughness will be characterized in the following subsec-
tions.

B. Thermal behavior of the clean Cu(311)
surface: atomic steps

To study the roughness of the Cu(311) surface as a
function of the temperature the (00) spot has been mea-
sured at many scattering conditions (E =90-200 eV,
S =1.7-2.5) for the temperature range T =300-800 K.
When increasing the temperature the constant back-
ground intensity increases because of the thermal diffuse
scattering due to thermal vibrations of the surface atoms
(Debye-Waller factor).* Beyond this effect the shape of
the spot also changes: above T=600 K there is a reversi-
ble increase of the spot half-width under the out-of-phase
condition, while the half-width does not change for the
in-phase condition (see Fig. 4). Therefore one can create
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FIG. 3. Effects of the sulfur segregated at the surface (mea-
sured with the AES ratio R) for the spot profile under the in-
phase condition §=2.0. (a) Correlation length of the broaden-
ing due to inhomogeneities. (b) Intensity of the central spike.
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FIG. 4. Temperature dependence of the half-width of the (00)
spot under the out-of-phase condition S=2.5 and at the in-
phase condition S=2.0 for both directions [011] and [23 3].

and annihilate reversibly atomic steps by changing the
surface temperature.

There exist several models to describe the roughening
of a fcc(311) surface. A survey over these models is given
in Ref. 35. When analyzing these models it is predicted
that the roughening transition is of the Kosterlitz-
Thouless type. That is, the height-height correlation
I'(p) depends logarithmically on the two-dimensional dis-
tance p:

T(p)=A(Dnp+C , (10)

where C denotes some constant and the coefficient 4 (T)
increases monotonously with temperature. This logarith-
mic behavior of the height-height correlation leads to a
power law of the lattice factor’?

G (K ~IK[72*7 1
with
n=A(T)[1—cos(dK )] .

Figure 5 shows that the experimental data for the out-of-
phase condition cannot be fitted well by a power law spot
profile either for low or high surface temperature. To fit
the spot profiles the power-law lattice factor Eq. (11) has
been convoluted with the instrumental function.

As Fig. 6 illustrates a much better fit can be obtained if
one splits the spot profile into a central spike and a
Lorentzian-like broadening due to steps:

Do (K )~ (1+EKT) 7372, (12)

where £ denotes the correlation length of surface rough-
ness. Under the out-of-phase condition, this broadening
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FIG. 5. Least-squares fits of the spot profiles recorded under
the out-of-phase condition §=2.5 for several surface tempera-

tures to the algebraic profile Eq. (11) after convolution with the
instrumental broadening.

due to steps overwhelms the weak broadening due to in-
homogeneities discussed in Sec. IVA. The Lorentzian-
like profile of the broadening shows that the terrace-
length distribution is geometric.’! The average terrace
length (T') is twice the correlation length £.25 The
shoulder has some asymmetry for the two directions
[01T] and [233].

When increasing the temperature there are two effects
on the spot profile: the intensity of the central spike de-
creases and the half-width of the broadening increases.
The decrease of the central spike intensity G, with tem-
perature T is shown in Fig. 7 for several scattering condi-
tions. For all scattering conditions the central spike van-
ishes at the critical temperature Tx =750 K. Therefore
at this critical temperature the surface goes from the
smooth phase into the rough phase. Using the relation
InG,~ A? of Eq. (6) the lines in Fig. 7 indicate that the as-
perity height A follows the behavior A~ (Tz —T)1/* as
has been predicted for the roughening transition.*® The
behavior of the correlation length £ with increasing tem-
perature is shown in Fig. 8. Within the observed temper-
ature range it does not change very drastically. The
asymmetry of the shoulder is nearly constant.

To extract the asperity height A from the LEED data
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ing [Eq. (14)]. While for T=400 K there is a central spike (the
shoulder is given by the dashed line), at Tz =750 K the central
spike has vanished.
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Fig. 7. Temperature dependence of the central spike intensity
for several scattering conditions. At the critical temperature
Tr =750 K (arrow) the central spike vanishes for all scattering
conditions (except exact inphase): the surface goes from the
smooth phase into the rough phase.
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for both directions [011] and [233]. The dashed line indicates
the critical temperature T =750 K.

one has to analyze spot profiles for many scattering con-
ditions. Figure 9 shows the central spike intensity G,
versus the vertical phase S =dK, /27 for two tempera-
tures. The lines are fits of the Gaussian behavior Eq. (6)
to the experimental data. From these fits one obtains the
asperity height A as a function of the temperature T,
which is shown in Fig. 10. The asperity height A is a
more slowly changing function with the temperature T
than the drastic decrease of the central spike intensity
seems to indicate. The reason is that even a small in-
crease of the asperity height decreases the central spike
drastically because of the exponential dependency of the

=
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CENTRAL SPIKE INTENSITY G,
o
. —

FIG. 9. Dependence of the relative central spike intensity on
the vertical phase S =dK, /2w for two temperatures. The lines
are fits of the experimental data to the Gaussian approximation
Eq. (7) to obtain the asperity height A.
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line is a fit of the experimental data to the theoretical predicted
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central spike on A? [see Eq. (6)]. This emphasizes that
LEED is very sensitive to small changes of the surface
roughness. Furthermore the solid line in Fig. 10 shows
the dependency of the asperity height on the temperature
A~(Tg—T)"!/* predicted for the roughening transition
(see also Fig. 6).

Finally we want to discuss what the consequences of
the measured spot profile for the height-height correla-
tion are. As has been mentioned above no evidence for a
logarithmic bebavior of the height-height correlation has
been observed. Following the ideas presented at the end
of Sec. IIT the dependency of the height-height correla-
tion I'(p) on the lateral distance p can be obtained direct-
ly from the profile of the broadening due to steps
Dyep(Ky). For the smooth phase (T'=Tg) the
Lorentzian-like shape for the shoulder [see Eq. (12)]
shows that the height-height correlation saturates with
exponential dependency on the lateral distance. The
function @(p) especially, which is involved in the height-
height correlation (see Ref. 21), has the form
@(p)=e P’5, where £ is the correlation length obtained
from the shoulder via Eq. (14). On the other hand above
the critical temperature Ty the spots do not have any
central spike since the surface is rough. The height-
height correlation does not saturate at any finite value
but diverges as p goes to infinity. For this high-
temperature range (rough phase) we have to consider Eq.
(10) to calculate the height-height correlation. The
Lorentzian-like shape of the spot profile indicates that
the height-height correlation I'(p) depends linearly on
the lateral distance p, namely, I'(p)=p/£.3" Here again
& is the correlation length involved in the Lorentzian-like
spot profile via Eq. (9). Summarizing these results for
both the smooth and rough phases the height-height
correlation can be described by

20(1—eP%), T<Tg
L(p)= p/& T>Tg , (13)

where both the asperity height A and the correlation
length £ depend on the surface temperature.
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C. Influence of inhomogeneities on the
thermal surface roughness

The surface roughness has also been studied by SPA-
LEED for the sulfur covered Cu(311) surface. As was
mentioned in Sec. IV A the half-width of the central spike
at the in-phase condition does not increase whilst the
sulfur coverage is not too large. On the contrary at the
out-of-phase condition the half-width increases still with
increasing sulfur coverage at low temperature. Therefore
the step atom density also increases with respect to the
sulfur coverage. This is shown in Fig. 11 for an almost
out-of-phase condition (S=2.35, E=173 eV). This
scattering condition has been chosen to study the thermal
behavior of the sulfur covered Cu(311) surface because
the intensity of the specular electron beam is much larger
than for the exact out-of-phase condition. Nevertheless
for this scattering condition the (00) spot is also very sen-
sitive to atomic steps.

Figure 11 also shows that the half-width of the (00)
spot at S§=2.35 increases with increasing temperature,
while it remains constant for the in-phase condition.
Thus although the surface roughness is enhanced already
at low temperatures by the segregated sulfur it is addi-
tionally increased by the surface temperature reversibly.
Nevertheless there is a great difference from the thermal
roughness of the clean surface reported in Sec. IVB. As
Fig. 12 shows the spot profile at the out-of-phase condi-
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FIG. 11. Temperature dependence of the half-width of the
(00) spot at the out-of-phase condition S=2.5 for several sulfur
coverages. For comparison the half-width at the in-phase con-
dition §=2.0 for R=5% is also shown.
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FIG. 12. Least-squares fit of the spot profile recorded at the
out-of-phase condition S=2.5 to two Lorentizian-like broaden-
ings due to steps and due to inhomogeneities (dashed line). A
central spike cannot be determined.

tion is fitted well by only two parts, a broadened part due
to steps and an additional broadening due to inhomo-
geneities as already measured at the in-phase condition.
Contrary to the clean surface, a central spike cannot be
determined. Therefore the surface is still rough at low
temperatures.

The broadening due to steps can be described by a
Lorentzian-like lattice factor

G(K)~(K*+K?)73% (14)

This implies a geometric terrace-length distribution. The
parameter K =K(K,) governing the half-width of the
broadening due to steps is a function of the vertical
scattering vector K. It is shown in Fig. 13 for two tem-
peratures. Following Eq. (7) the dependence of the half-
width on the scattering condition cannot be explained if
only monoatomic steps exist. Especially that the half
width does not change with K, close to the out-of-phase
condition points to a considerable amount of double steps
contributing to the surface roughness. Denoting the den-
sity of double steps with respect to the total amount of
steps by o the Fourier transform of the step-height distri-
bution involved in Eq. (7) is

Bs(K,)=(1—o0)cos(dK )+o cos(2dK ) . (15)

The solid lines in Fig. 13 are fits of the theoretically pre-
dicted behavior of the halfwidth to the experimental data
if only monoatomic and double steps are taken into ac-
count.

From the Fourier analysis of the half-width dependen-
cy on the scattering conditions one obtains that the (rela-
tive) density of double steps o decreases with increasing
temperature. This is shown in Fig. 14 for a sulfur cover-
age characterized by R=0.05. Since the average terrace
length decreases with increasing temperature (see Fig. 15)
the total amount of steps also increases. Therefore the
total amount of double steps does not decrease as drasti-
cally as Fig. 14 seems to demonstrate. Figure 15 shows
the average terrace length as a function of the tempera-
ture. As the smoother variation of the half-width with
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FIG. 13. Dependence of the half-width for the broadening
due to steps on the vertical phase S =dK, /27 for two tempera-
tures. The solid lines show the best fit assuming that only
monoatomic and double steps are at the surface.

temperature for increasing sulfur coverage indicates (see
Fig. 11) the average terrace length does not depend so
strongly on the temperature if a larger amount of sulfur is
segregated at the surface. Nevertheless the surface gets
rougher with increasing temperature.

V. DISCUSSION AND CONCLUSION

In this report we have shown that atomic steps can be
created on the Cu(311) surface by increasing the tempera-
ture. This has been concluded from the analysis of
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FIG. 14. Temperature dependence of the double step density

for a segregated amount of sulfur characterized by the AES ra-
tios R=5%.
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FIG. 15. Temperature dependence of the average terrace
length for two sulfur coverages characterized by the AES ratio
R. Increasing the amount of sulfur weakens the dependence of
the surface roughness on the temperature.

diffraction spots recorded with a high-resolution instru-
ment at different scattering conditions: the (00) spot
broadens at the out-of-phase condition with increasing
temperature, while the half-width of the spot remains
constant for the in-phase condition. From this effect it
can be concluded that the broadening of the spot is not
caused by a quasielastic broadening due to phonons, since
the broadening due to the one-phonon scattering should
influence the spot profile at all scattering conditions in
the same manner.’® Thus no broadening periodically
changing with the scattering condition can be produced
by thermally activated phonons.

The roughening transition characterized in this work
does not belong to the Kosterlitz-Thouless universality
class since the recorded spot profiles cannot be fitted well
with a power-law singularity. From the fit of the spot
profile with a central spike and a Lorentzian-like shoul-
der, one deduces an exponentially saturating height-
height correlation instead of the logarithmic behavior
predicted for Kosterlitz-Thouless roughening. Neverthe-
less the asperity height A follows the critical behavior
A~(Tg —T)"'* predicted for the Kosterlitz-Thouless
phase transition. We have therefore directly observed the
phase transition from the smooth into the rough phase by
the vanishing of the central spike under various scatter-
ing conditions.

In contrast to these results are earlier investigations of
the thermally induced surface roughness of Cu(311)
analyzing the specular beam of a helium diffraction exper-
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iment.® Taking the instrumental broadening into ac-
count the authors were able to fit the measured spot
profiles with the power-law profile of Eq. (13). Similar re-
sults have been obtained in a helium diffraction investiga-
tion on Ni(311).® However, in these experiments the
transfer width of the instrument has not been very large
(10-15 nm). Since still at the critical temperature TR the
step density is not very high, the spots are not broadened
very drastically. Thus, because the instrumental
broadening is very important, it is a difficult task to ana-
lyze the spot profile in full detail. A similar effect has
even been observed in the high-resolution experiment
presented here. For low temperature, if the spot profile is
only broadened slightly by steps, the fit of the spot profile
with an algebraic function convoluted with the instru-
mental broadening is nearly acceptable (see Fig. 5). If the
experimental data presented here would be convoluted
with the instrument response of a low-resolution instru-
ment, the same degree of correspondence between experi-
ment and theory would be obtained.

However, there may be a second reason for the
discrepancy between both investigations on the thermal
roughness of Cu(311). Both techniques, low-energy elec-
tron and helium diffraction, probe different properties of
the surface. Especially, it is well known that for helium
diffraction step atoms have an enhanced scattering cross
section compared to terrace atoms due to diffuse scatter-
ing from areas around the step edges.>>*° This effect
leads to a decrease in the diffracted intensity even under
the in-phase condition. Therefore the kinematic approxi-
mation used to analyze the spot profiles may not work.
On the other hand it is obvious from the profile under the
in-phase condition that for a LEED experiment the
scattering amplitudes of step and terrace atoms do not
differ strongly, since in the case of large differences one
should measure an increasing broadening of the spot
profile under the in-phase condition with increasing step
atom density. This effect has not been observed here.

Comparing the results obtained with helium
diffraction®® and electron diffraction presented here the
profiles up to the roughening temperature agree with a
Lorentzian profile, if the lower resolution of helium
diffraction is considered. For a temperature above the
roughening temperature, however, helium diffraction
clearly shows a power-law profile beyond any uncertainty
due to resolution limitations.*! Unfortunately no LEED
profiles have been measured well beyond roughening tem-
perature. As a result the transition should be Ising type
up to T and Kosterlitz-Thouless type beyond TR. A re-
cent discussion with Tosatti and v. Beijeren revealed the
possibility of a preroughening transition, where the
roughening is restricted to two layers yielding an Ising
transition. If the two transition temperatures are close to
each other (within 50 K) the experiment will show a su-
perposition of the two transitions with a clear distinction
only well below and well above the measured transition
temperature. Further detailed experiments could reveal
such a twofold roughening transition.

Incongruous results have also been obtained with re-
cent LEED investigations on the thermal roughness of
fcc(110) surfaces. While for Pb(110) the spot profile
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analysis has been done due to the algebraic profile,!! for
Ni(110) the splitting of the spot into central spike and
shoulder has also been observed.'? Indeed, in the work
on Pb(110) only the wings of the spot profile have been
analyzed; the central part of the spot has not been taken
into account. It is decisive to fit a full profile, since by us-
ing different parts of a profile quite different fits may ap-
pear acceptable.

Although many studies done on the thermally induced
surface roughening point to a roughening transition of
the Kosterlitz-Thouless type, it is also discussed in the
literature that this phase transition falls into another
universality class.*>* Thus the roughening transition
seems to be a rather delicate phenomenon, because of the
way a surface roughness depends on the details of the in-
teraction between the surface atoms, e.g., for some
theoretical models a sharp roughening transition is pre-
dicted, while for other models the roughening should
occur very smoothly. Because of the asymmetry of the
Cu(311) surface one may describe its structure by the
rows in the [011] direction (see Fig. 1). Steps lead to a
displacement of the rows, since for different layers the
rows have different places. Therefore the rough surface
can also be characterized by meandering rows. It has
been shown that for a repulsive interaction between the
rows the critical behavior switches from the Kosterlitz-
Thouless to the Ising universality class. For a one-
dimensional surface this means that the pair correlation
decays exponentially, so that the shoulder has a Lorentzi-
an profile.?’” Generalizing this case to an isotropic two-
dimensional surface from the exponential dependency
one gets the Lorentzian-like broadening of Eq. (14) ob-
tained in this work. 3!

On the other hand it seems to be possible that residual
defects (e.g., inhomogeneities, dislocations) at the surface
due to preparation may substantially change the way a
surface roughens. In this work the influence of inhomo-
geneities (here sulfur segregated at the surface) on the
thermal roughness of the Cu(311) surface has been stud-
ied. It has been shown that still small amounts of sulfur
(6, =1%) amorphousize large areas of the Cu(311) sur-
face and increase the step atom density. Even at low
temperatures the inhomogeneous surface is in the rough
phase. Nevertheless, beyond the increasing roughness
due to inhomogeneities it has been observed clearly that
the surface roughness is a function of temperature.
Indeed, its dependency on the temperature gets weaker
due to the presence of sulfur. Up until now there have
only been preliminary theoretical considerations about
the influence of inhomogeneities (impurities) on the
roughening transition.3® This problem has been studied
intensely for the Ising model with fixed impurities (ran-
dom bonds for a two-dimensional Ising model).** Addi-
tionally these authors have shown with renormalization-
group analysis that for three dimensions the character of
the roughening transition also changes.

A very surprising result of these studies on the thermal
behavior of the inhomogeneous surfaces is that the dou-
ble step density decreases with increasing temperature.
One reason for this phenomenon may be that double
steps created by inhomogeneities at low temperatures de-
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cay to monoatomic steps at high temperatures. A similar
effect has been observed for vicinal surfaces studied by
Monte Carlo simulations. Because of the small misorien-
tation angle of a vicinal surface with respect to a low in-
dex plane there are still some straight steps on the surface
at low temperature. These straight steps cannot be ob-
served if the surface temperature is satisfactorily high,
since the thermally created meandering steps overwhelm
and hide and low-temperature steps. In recent STM in-
vestigations on the thermal roughness of Ag(511) this cri-
terion of the vanishing of low-temperature steps has been
used to estimate the critical temperature. *°

Summarizing the results of this report we have shown
that LEED measurements using a high-resolution instru-
ment are very useful tools for studying thermally induced
effects at surfaces. Analyzing carefully the spot profiles
recorded at many various scattering conditions provides
a lot of information to characterize quantitatively both
steps and inhomogeneities at the surface, as a function of
temperature. In this investigation on the thermal rough-
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ness of the Cu(311) surface we have shown that the clean
surface goes from the smooth phase into the rough phase
at the critical temperature T, =750 K. This has been
calculated from the vanishing of the central spike at this
critical temperature observed for what we believe to be
the first time. Inhomogeneities at the surface lead to an
increasing surface roughness even at low temperature.
On the other hand they cause a weaker dependency of the
surface roughness on the temperature. This influence of
the inhomogeneities and the incompatibility of the mea-
sured profiles with currently available theories should
stimulate both further theoretical and experimental stud-
ies.
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