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No Thermal Roughening on Cu(110) up to 900 K
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We present energy-resolved He-scattering data on the thermal behavior of the clean Cu(110) surface.
At variance with a recent x-ray study we have observed no evidence for a proliferation of steps, i.e., for
thermal roughening, up to T =900 K. The analysis points to an anomalous increase of the mean-square
displacement of the surface atoms at temperatures T ~ 550 K which might be ascribed to an enhanced
surface anharmonicity.

PACS numbers: 64.60.Cn, 68.35.Bs, 68.35.Rh, 79.20.Rf

The concept of a roughening transition has been
developed by Burton, Cabrera, and Frank. ' It plays a
crucial role in the understanding of the crystal growth
and the equilibrium shape of crystal surfaces. On an
atomic scale the roughening of a clean smooth surface is
defined as the proliferation of atomic steps by thermal
generation at a roughening temperature Tg at which the
free energy for creation of a step becomes zero. The
basic question, whether the roughening transition tem-
perature of a low-indexed surface is lower than the crys-
tal melting temperature or not, is still a matter of
dispute.

More recently, a less stringent definition of the
roughening —this time of nominally stepped high-
Miller-index surfaces —has been given: the proliferation
of the kinks on the already present step rows, which thus
meander dramatically. At the corresponding roughening
temperature Tz, the free energy for the creation of a
kink within a step becomes zero. Since the energy for
creation of such a kink atom is lower than that necessary
for the generation of a step atom, roughening is expected
to occur at lower temperatures on the nominally stepped
surface than on low-indexed surfaces. Theoretical and
experimental investigations have been mainly focused
on nominally stepped, high-indexed surfaces. With He-
atom di6'raction ' and x-ray scattering, the high-
indexed (l, l,n) surfaces (with n ~ 3) of Cu ' and Ni
were indeed shown to undergo a roughening transition
well below the melting temperature.

The low-index Cu(110) face is known to show an
anomalous thermal behavior. Various surface probe
techniques ' such as thermal He scattering, low-energy
ion scattering, photoemission, and inverse photoemission,
reveal a dramatic decrease in the measured signal upon
increasing the surface temperature above —500 K.
Thermal roughening has been considered as one possible
explanation. Very recently, however, it was definitely in-
ferred from x-ray scattering data that the (110) surfaces
of Cu and Ag ' undergo a roughening transition.
Mochrie has fitted his x-ray scattering data on Cu(110)
as a function of temperature by assuming an increase of
the mean-square displacement of the surface atoms (u ).

Then he ascribed this increase to thermally generated
steps, i.e., to thermal roughening: "This behavior corre-
sponds to (u ) rapidly becoming larger. The most
reasonable interpretation is that the thermally generated
steps give rise to the extra interfacial width. By T
=600'C there are numerous steps at the surface. This
is precisely the requirement for a roughening transi-
tion. "

In the following we will confirm that there is indeed a
strongly enhanced mean square displacement (u ) of the
Cu(110) surface atoms for temperatures T~ 550 K.
However, we will demonstrate that there is no increase in
step density up to T=900 K. This shows that an anoma-
lous thermal behavior of the coherent intensity is not a
sufficient proof for the occurrence of thermal roughen-
ing.

The experimental data reported here have been ob-
tained with the UHV high-resolution He-scattering ap-
paratus described in detail elsewhere. " The He-beam
generator and detector being immobile, the total scatter-
ing angle is fixed: 6;+Of =90'. The angular divergence
of the incident beam and the angle subtended by the
detector are both 0.2'. The energy of the incident beam
in the experiments reported below is 18.3 meV at an en-
ergy spread of 0.25 me V. Using a pseudorandom
chopper, we are able to perform a time-of-flight analysis
of the scattered He atoms, by which we can discriminate
between purely elastic-scattered atoms and those which
have undergone one-phonon or multiphonon interactions
with the surface. The base pressure in the scattering
chamber is in the low 10 "-mbar range. The Cu sam-
ple was cut by spark erosion and carefully polished. The
miscut angle was checked by Laue back reAection to be
&0.2'. The Cu(110) surface was cleaned by successive

cycles of sputtering with Ar ions and heating. The quali-
ty of the surface was controlled by LEED and Auger-
electron spectroscopy and finally by He diffraction and
diffuse He scattering.

As a first step of our investigation, the peak height I of
the specular beam (6;=Pf=45') was recorded as a
function of temperature. Figure 1 shows, for tempera-
tures T ~ 550 K, an almost linear decrease of logI which
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FIG. 1. Normalized specularly reflected He-beam intensity
as a function of surface temperature 6; =Pf =45' and beam
energy E; =18.3 meV.

Q(A")

FIG. 2. Polar peak profile of the specular beam along the
[001] direction for three surface temperatures. (A constant
background has been subtracted. ) Q denotes the momentum
transfer parallel to the surface: Q =k;(sindf —sin6;).

corresponds to the usual thermal Debye-Wailer behavior.
For temperatures T ~ 550 K, however, the intensity de-
creases much more rapidly [I(1000 K)/I(550 K) —5
X10 ]. A similar behavior has been observed earlier
on Cu(110) and Cu(100). '

The anomalous peak-height decrease above 550 K
may have different causes: the proliferation of steps (i.e. ,

thermal roughening as conjectured by Mochrie ), the
proliferation of other type of defects such as vacancies or
adatoms, and/or an anomalous increase of (u, ) (anoma-
lous Debye-Wailer effect) due to an increase of the
anharmonicity of the surface atom vibrations with in-

creasing temperature. In the following we will show how
the various capabilities of high-resolution He scattering
allow us to discriminate between these causes.

The creation of steps on a low-index surface leads ob-
viously to the appearance of low-index terraces separated
by these steps, i.e., by a height difference h =1.27 A in

the case of Cu(110). Under appropriate scattering con-
ditions the widths of the diffracted beams (in particular
the specular beam) increase substantially as soon as the
average terrace width becomes of the order of the
transfer width of the instrument or smaller. ' ' The
scattering conditions have to be chosen so that the ampli-
tudes scattered from adjacent terraces do not interfere
constructively in the specular direction. This leads to the
broadening; the situation is named "out of phase" in con-
trast to the "in-phase" situation, where the interference
is constructive exactly in the specular direction. In the
present experiment the transfer width associated with the
specular beam is about 350 A. Thus a step density even
below 1% leads to an easily observable broadening. This
also holds for scattering conditions which are not exactly
antiphase (in the following called the "out-of-phase" re-
gime), as long as the interference is not purely construc-
tive. ' Consequently, if no peak broadening is ob-
served, a proliferation of steps and thus a roughening of

the low-indexed surface can be excluded. The applica-
tion of this straightforward criterion is not hampered by
the interference with the other effects. Indeed, vacancies
and adatoms as well as Debye-Wailer-type effects lead
mainly to large-angle scattering and thus contribute only
marginally to diffraction-peak broadening. Even if va-
cancies and adatoms were to broaden the peaks, the fol-
lowing statement —which is important here —rigorously
holds: If there is no peak broadening in the "out-of-
phase" regime, there are no terraces of average width be-
tween the size of the transfer width (—350 A) and 10 A.

In Fig. 2 the specular peak profiles monitored at three
temperatures of the Cu(110) surface are shown [the
asymmetry of the peak profile is due to the small residual
mosaic structure ( & 0.2') of the Cu(110) surface). The
scattering conditions EH, = 18.3 meV, 0; =Of =45' were,
in view of the interplane distance of Cu(110), well inside
the "out-of-phase" regime [the phase difference between
beams scattered from adjacent terraces is hk;(cos6;
+cosgf ) = 1.68 x 2x]. The peak heights differ by more
than 2 orders of magnitude in accordance with Fig. 1. In
spite of this, the FWHM are identical within the experi-
mental uncertainty (0.018', the width of one channel
corresponding to dg =0.0026 A '). This demonstrates
that up to 900 K, the step density is substantially less
than 1%, i.e., there is no sign of step proliferation. Thus,
up to this temperature there is not even the slightest in-
dication for roughening.

In the case of nominally stepped surfaces, starting
from more sophisticated theoretical considerations, a
roughening criterion based on the profile analysis of the
wings of the diffraction peaks has been developed. ' As
Conrad et al. have pointed out, ' only the elastic com-
ponent of the profile has to be considered. Therefore, we
recorded the purely elastic-scattered intensity only, by
discriminating all inelastic contributions by means of a
time-of-flight analysis. The time-of-flight spectra were
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FIG. 3. Log-log plot of the elastic contribution to the polar
peak profiles in an extended region of the first Brillouin zone
for diA'erent temperatures. A slope of —1 (dashed line) is ex-
pected for a surface at its roughening temperature (Refs. 2 and
3).

taken for polar angles 6; & 45', corresponding to the
steeper right side of the peak profiles in Fig. 2, where the
effect of the crystal mosaic structure is minimized. The
result is shown in Fig. 3. The momentum transfer paral-
lel to the surface, given by Q=k;(sin6f —sin6;), extends
from close to the peak maximum up to the middle of the
first Brillouin zone along the I Y direction (44.5' ~ 6;
~ 42 ). The log-log representation was chosen in order
to make the comparison to the theoretically predicted
power-law line shape. ' Although the slope in Fig. 3 is
slightly varying with temperature ( —2.8 for T=300 K,
—2.5 for T=700 K, and —2.0 for T=850 K), it is still
far beneath the value of —1 expected for a surface at
the roughening temperature. '

This result shows that there is no significant contribu-
tion of step scattering in the wings of the specular beam,
i.e., the density of steps is negligible. Indeed, theory and
experiment have shown that steps become rough
(meander) at relatively low temperatures [720 and 380
K on Cu(113) and Cu(115), respectively]. Thus, if
present on the Cu(110) surface, the steps should be fully
roughened by 850 K, and if their density were high
enough they should lead to a slope of —1 in Fig. 3.

We have demonstrated so far that up to 900 K there is
no indication whatsoever for a roughening of the
Cu(110) surface, not even for a "preroughening. "' This
is the main result of this Letter. In addition, we are able
to explore another possible cause of the dramatic de-
crease of the intensity of the coherent beams above
T=550 K: the proliferation of vacancies and adatoms
(either Cu or segregated impurity atoms). This can also
be done in a direct experiment. High-resolution He
scattering is particularly suited also for this type of in-
vestigation, because of the very large total cross section
for diffuse thermal He scattering for both adatoms and
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FIG. 4. Diffuse elastic-scattered intensity as a function of
surface temperature, g =0.73 A ' (0; =40'), measured along
the [001] direction (0) and along the [110]direction (0).

vacancies (=100 A ). ' The He atoms are thought to
be scattered mainly elastically and rather uniformly in a
wide solid angle by adatoms and vacancies. The diffuse
elastic peak has become a standard measure for the es-
timation of the density (and even of the detailed struc-
ture) of these scatterers. ' ' The effectiveness of this
criterion for the appearance of the roughening itself has
recently been demonstrated in the case of the Ni(113)
surface which does roughen around 750 K: the diffuse
elastic peak increases dramatically with temperature, be-
cause of the increase of the total step length, as a conse-
quence of the meandering of the step rows. ' We have
thus monitored the diffuse elastic peak as a function of
the Cu(110) temperature at various scattering geome-
tries. Under all conditions the diffuse elastic intensity
does not increase but decreases with increasing tempera-
ture. In Fig. 4 a typical plot taken at a parallel wave-
vector transfer Q=0.73 A ' along the [001] direction is
shown. The experimental data presented so far have
been measured in the [001] direction, i.e., probing pri-
marily the existence of steps running along the [110]
direction. We have emphasized this direction because, if
steps were to appear their edge should be parallel to the
[110] and not to the [001] direction. Indeed, measure-
ments on various (110) surfaces performed with scan-
ning tunneling microscopy and ion scattering (see, e.g. ,
Ref. 20) have shown that disorder on these surfaces is
due to long segments of close-packed [110] rows moving
rather freely along [110]channels. In spite of this obvi-
ous argument, we have still performed control measure-
ments in the [110]direction. Again, no sign of roughen-
ing has been found. An example is given in Fig. 4 (filled
circles). The diffuse elastic peak has the same decreas-
ing behavior independent of direction.

Since there is no increase in diffuse elastic intensity
above T=550 K as in the case of truly rough surfaces'
(but instead an enhanced decrease), we can also rule out
the increase of adatom or vacancy density as the main
cause for the observed anomalous thermal behavior for
T~ 550 K evidenced in Fig. 1.
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The fact that, in contrast to the true roughening
case, ' the diffuse elastic scattering decreases more rap-
idly than by the "normal" Debye-Wailer factor above
550 K when the surface temperature increases indicates
that the main cause for the dramatic specular intensity
decrease above 550 K may be ascribed to inelastic
effects. An anomalous increase of the mean-square dis-
placement of the surface atoms (u ) (anomalous Debye-
Waller effect) due to an increase in anharmonicity could
certainly be a realistic cause. ' Indeed, an enhanced sur-
face anharmonicity has also been proposed as the cause
of the dramatic increase of the thermal expansion
coefficient of Pb(110) at temperatures above 0.5TM,
with TM being the melting temperature. ' We have mea-
sured by time-of-Aight spectroscopy the energy distri-
bution of the He atoms scattered under diAerent
geometries and noticed a strong enhancement of the
multiphonon events above 500-600 K; a theoretical in-
vestigation is currently underway. A real experimental
exploration of the contribution of these inelastic events
to the loss of specular intensity is, however, only possible
by inelastic measurements in the whole 2z solid angle.
The present experimental capabilities (only in-plane
scattering and 0;+0/=90') do not allow for such mea-
surements yet. However, a theoretical modeling of the
scattering in the presence, for instance, of an enhanced
anharmonicity might lead to predictions of a certain
characteristic behavior in the scattering plane which
could than be looked for with one of the present time-
of-Aight machines.
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