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The specular reAectivity from the (110) surface of a Cu single crystal has been measured for tempera-
tures between 300 and 1100 K. At lower temperatures, the reAectivity is well described by a model
which yields a contraction of the spacing between the first and the second surface layers by 8% relative
to the bulk layer separation. The fits also show large surface-normal vibrational amplitudes within the
first few atomic layers. The line shape of the scattering transverse to the specular direction has two corn-
ponents below 1000 K, and evolves with increasing temperature. However, our data do not preclude the
existence of a surface-roughening transition.

I. INTRODUCTION

It is generally expected that the surface of a crystal will
become more disordered as the temperature is raised to-
ward the bulk melting point. A variety of different disor-
dering phenomena have been proposed theoretically, in-
cluding roughening, which involves a divergence in the
variance of the surface position, and premelting, which is
the loss of translational order within the surface or near-
surface layers. Above the roughening temperature, the
surface height-height correlation function shows a loga-
rithmic divergence with distance across the surface, '

leading to a power-law description of the diffracted inten-
sity as a function of the in-plane component Q~~

of the
scattering vector. Faceting, wherein a surface slightly
misaligned or "miscut" from a high-symmetry direction
phase separates into regions of low step density and re-
gions of high step density, is also possible. Finally, sur-
face atoms may show enhanced vibrational amplitudes
compared to the bulk. A focus of current theoretical and
experimental interest is to determine the extent to which
these concepts describe the (110) surfaces of face-
centered-cubic metals. In spite of this effort, a general
understanding has not yet emerged.

Apparent roughening transitions have been observed
by high-resolution low-energy electron diffraction for the
Pb(110) (Ref. 4) and Ni(110) (Ref. 5) surfaces. The situa-
tion for Ag(110) surfaces, however, is unclear with re-
ports alternatively of roughening and faceting transfor-
mations, possibly with step pinning by impurities playing
an important role. X-ray-scattering experiments have
given evidence for roughening transitions below the bulk
melting temperature T~ for the (113) surfaces of Cu (Ref.
9) and Ni, and also for the hexagonally reconstructed
Pt(001) surface. ' The reported roughening temperatures
vary from 0.45TM for Ni(113) (Ref. 2) and Cu(113), to

0.89T~ for Pt(001).' For the (110) surfaces of Pb and
Ni, roughening is observed near 0.69T~ and 0.75TM, re-
spectively. ' Surface premelting has been observed ex-
perimentally for the Pb(110) surface 40 K below TM by
ion scattering. "

Much effort has been directed toward an understand-
ing of the Cu(110) surface. The Cu(110) surface has been
observed to disorder at high temperatures by He beam
diffraction' and low-energy ion scattering. ' On the
basis of x-ray-scattering experiments, ' it was proposed
that the Cu(110) surface has a roughening transition at
about 900 K (which corresponds to =0.66TM). Howev-
er, later x-ray experiments' showed that surface miscuts
by 0.8 and 0.2 of these crystals lead to reversible facet-
ing at temperatures below 900 K, thereby explaining the
observations which had been attributed to roughening of
the (110) facet in Ref. 14. Subsequently, He-scattering ex-
periments' yielded no evidence of a roughening transi-
tion on the basis of the absence of a change in the scatter-
ing line shape. Instead, the behavior of the Cu(110) sur-
face observed above 500 K was attributed to an anoma-
lously large anharmonicity of the atomic vibrations at the
surface. The results from a wide range of other tech-
niques including He-atom scattering, ' mirror electron
microscope low-energy electron diffraction, ' and
impact-collision ion-scattering spectroscopy' have also
been interpreted in terms of large, anharmonic surface vi-
brations. Large surface anharmonicity has been experi-
mentally observed by high-resolution electron-energy-loss
spectroscopy. Computer simulations ' have also in-
dicated that the surface vibrations are anharmonic.
More recent molecular-dynamics and Monte Carlo corn-
puter simulations have suggested that surface disorder-
ing proceeds in a stepwise fashion with a roughening
transition near 1000 K and a premelting of the surface
about 50 K below the bulk melting temperature. Very re-
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cently, Kern has stated that new He-scattering mea-
surements reveal a roughening transition at Tz =1080
K=O. STM, but the data have yet to be published.

In this paper we report measurements of the x-ray
specular refiectivity of the Cu(110) surface for tempera-
ture between 300 and 1000 K. X-ray scattering is one of
the few structural probes which is sensitive to the struc-
ture of more than a few surface layers. Moreover, since
the x-ray reAectivity from both ideally terminated and
reconstructed surfaces can be easily calculated, it is pos-
sible in principle to find both the atomic displacements
and the root-mean-square (rms) vibrational amplitudes
(or the Debye Wailer factors) of the different layers. Our
data display a clear evolution with temperature. First,
the integrated intensity of the specular reAectivity de-
creases, indicating that the normal displacement ampli-
tudes of the surface layers increase with temperature. In
addition, we observe that the line shapes of scans trans-
verse to the surface-normal direction exhibit two com-
ponents, one sharp (resolution limited) and the other
diffuse. For increasing temperatures, the intensity of the
sharp component decreases, and is absent above 1000 K.
This suggests that the surface is stepped, and possibly
rough above 1000 K over areas comparable in size to the
resolution area (=2000 A). However, our data do not es-
tablish a specific roughening transition, above which
there is a logarithmic divergence of the height-height
correlation function.

II. THE EXPERIMENT

ble at the highest temperatures, and is not reported here.
Before and after some of the measurements the surface

cleanliness was measured by Auger-electron spectrosco-
py. Unfortunately, the Auger spectroscopy revealed
detectable amounts of sulfur on the surface whenever the
sample was held at temperatures above 1000 K for more
than about a half hour. Two months of annealing the
sample in a hydrogen atmosphere did not significantly
reduce the amount of sulfur. Sulfur contamination at
high temperatures has also been reported in earlier exper-
iments. ' * ' Nevertheless, at lower temperatures no
detectable contamination of the surface could be ob-
served by Auger spectroscopy during the experiments.

III. RESULTS AND DISCUSSION

Transverse scans (8 scans) through the specular rod
were taken for a range of values of the surface-normal
scattering wave vector Q~=(Ha*, Ha*, 0) with H be-
tween 0.2 and 2.7. Here, a *=2~/a, with lattice constant

0a=3.615 A at room temperature. The measurements
were carried out for many different temperatures between
300 and 1000 K. A few of these scans taken at room tem-
perature are shown in Fig. 1. Note the decrease in inten-
sity near H=1.0. The increase in the background near
H=2 is caused by thermal diffuse scattering from the
bulk. In order to calculate the integrated intensity
(reAectivity), it was found necessary to fit these data to a
two-component line shape. This is particularly clear for
the data at small Q~ in Fig. 1, and is highlighted in Fig. 2.

The x-ray-scattering experiments were performed at
beamline X22C at the National Synchrotron Light
Source, Brookhaven National Laboratory. The sample
(13X 13 X 3 mm ) was held in an ultrahigh vacuum
chamber with a pressure less than 5X10 ' Torr. The
orientation of the surface normal was parallel to the [110]
direction to within about 0.1. Two azimuthal orienta-
tions were studied, one with the [001] direction in the
scattering plane and one with the [110] direction in the
scattering plane. The size of the illuminated sample area
was typically limited by slits in front of the sample to
1 X 3 mm . The resolution of the spectrometer for a pho-
ton energy of 8.1 keV (A, = 1.53 A) was 3 X 10 A ', and
2X10 A ' in the scattering plane parallel to and per-
pendicular to the surface normal, respectively, and about
3 X 10 A ' perpendicular to the scattering plane at the
(220) reflection.

Prior to the x-ray experiments, the sample was subject
to extensive Ar sputtering and high-temperature anneal-
ing cycles to clean the surface. This annealing improved
the bulk mosaic, finally leading to a value of 0.03 at the
(220) re6ection. During the x-ray-scattering measure-
ments, the sample surface was also cleaned by Ar-ion
sputtering and annealing at 800 K for 10—30 min before
measurements at each new temperature. The sample was
heated by electron bombardment from a filament located
behind it and the temperature was monitored by a
(WRe5% —WRe26%) thermocouple. We did experiments
at temperatures up to about 100 K below the bulk melt-
ing point, but the observed reAectivity was not reproduci-

FIG. 1. Transverse scans through the specular rod at room
temperature for some values of the surface-normal scattering
wave vector Q~ = (Ha ",Ha *,0). Here, co =0—(20)/2. The
large background in the scan near the {2,2,0) Bragg peak is
caused by the thermal diffuse scattering. Note the broad com-
ponent of the peak at small Qj as indicated by the dotted line
for H=0. 2 and also shown in Fig. 2. Intensity is in arbitrary
units.
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We tried several combinations of Gaussians, Lorentzians,
and Lorentzian-squared curves. The best fits were ob-
tained using a combination of a broad Lorentzian
[full width at half maximum (FWHM) =0.6+0. 1' ]
and a sharper, resolution-limited Lorentzian-squared
(FWHM =0.17+0.02 ). The in-plane characteristic
length g corresponding to the inverse of the half-width at
half maximum of the sharp peak (5 X 10 A ' at
H =0.2) is (=2000 A. For H ) 1.1, the peaks were well
described by only a single Lorentzian-squared com-
ponent. The widths of the two components were roughly
independent of Qi. Although the data required two com-
ponents to be fitted at all H (1.0 and for all tempera-
tures, we do not attribute any particular significance to
the forms of the fitted line shapes (Lorentzian vs
Lorentzian squared) due to limited statistics. Conse-
quently, we are unable to draw any conclusions concern-
ing the possible divergence of the height-height correla-
tion function of the surface.

It is important to note that by moving the illuminated
area across the sample at small scattering angles (small
Qi), the relative positions of the broad and narrow com-
ponents shifted. When the beam was moved parallel to
the scattering plane across the sample, the broad com-
ponent shifted from being at one side of the narrow com-
ponent to being at the other side, as shown in Fig. 2. The
maximum relative displacement of the two components
was about 0.15, and near the center of the sample the
displacement was less than 0.07'. Since the sharp com-
ponent corresponds to specular reflection from the crys-
tallographic (110) oriented surface, we infer that this
component corresponds to the scattering from smooth

FIG. 2. Scans along the [110]direction through the specular
rod at three different positions on the sample surface. The
translation of the crystal was parallel to the [110] direction.
The middle, symmetric scan is from the center of the sample,
while the upper and lower scans are near two opposite edges.
Circles show the measured intensity, and the solid lines show
the broad component obtained in fits of the data to a two-
component line shape. (The scans are shifted vertically for clar-
ity. )

(110) facets. The measured width of the sharp com-
ponent then implies that the (110) facets are at least 2000
A in size. According to this interpretation, the broad
component arises from stepped regions on the surface.
Its position depends on the local average surface-normal
direction. The interpretation of the displacement of the
broad component shown in Fig. 2 is that the macroscopic
surface profile parallel to the (001) planes of the crystal is
slightly convex.

The specular reflectivity for three different tempera-
tures is shown in Fig. 3. The solid lines in this figure
show the best fits to a model for the reflectivity. In gen-
eral, the specular reflectivity R is given by the expres-
sion

P4n ro'
iT(e)/4[F(Q, )I'

I k sinO
, 2

'~n ~i ~n ~ ~i ~

X pne
" e

n=0

where F(Qi) is the form factor, W„(Q&) is the Debye-
Waller factor, z„ is the position of the nth layer with rela-
tive density p„, k =2m/A, , ro is the Thomson radius of the
electron, I is the area per atom in each plane, P is a po-
larization factor, and T(g) is the Fresnel transmission
coefficient. At 300 K the separation d between the (110)
layers in the bulk is d =a /2&2= 1.28 A. Then,
z„=(1—n+s„)d, where E„ is the relative displacement
of layer n relative to its position in an ideally terminated
crystal, and the distance between layer n and layer n+1
is d„„+,=(1+E„—E„+,)d. We have shown the
reflectivity for an ideally terminated surface at 300 K as a
dashed line in Fig. 3(a). Our model allows variation of
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FICx. 3. X-ray specular reflectivity for the Cu(110) surface at
(a) 300, (b) 600, and (c) 925 K. The curves are shifted for clarity.
The solid lines are best fits to a reflectivity model for the surface
as discussed in the text. The dashed line in (a) shows the specu-
lar reflectivity of an ideally terminated surface at 300 K.
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the parameters for four layers beneath the surface. The
perpendicular positions z„(n = 1,2, 3,4) of the layers were
variables to be fitted together with the root-mean-square
(rms) amplitudes o „ofthe atomic vibrations perpendicu-
lar to the surface in the Debye-Wailer factor
W„(Qt)= ,'cr—„Qi. For the Debye-Wailer factor of the
bulk, we used the values found in the measurements by
Martin and O' Connor, which show anharmonicity of
bulk vibrations for T)400 K. The densities p„were
kept fixed at their bulk values. To avoid an inappropriate
biasing of the fits by low reAectivity points with large er-
ror bars, these points were removed, and the data were
refitted. However, this gave only small changes in the
best-fit parameters.

The measured reAectivity in Fig. 3 decreases from its
value near H=0. 2 until about H= 1 (consistent with
Fresnel's law), and rises again near the Bragg peak
(H =2). The main discrepancy of the measured
reAectivity from that expected for an ideally terminated
surface [dashed line in Fig. 3(a)j occurs near H=1.3.
The fits show that the large decrease in reAectivity at
T=300 K near H = 1.3 in Fig. 3(a) is caused by a con-
traction of the top surface layer by ~ e, ~

= (6.0+0.5)% rel-
ative to the position of the first layer in an ideally ter-
minated surface. The small shoulder seen at H=0. 8 can
be related to an expansion of the second layer by
E2 = ( 1.8+0.5)%. These results correspond to an 8%
reduction of the distance d&2 between the two top layers.
The best fits also show a small contraction of the third
layer by less than 1%. The values of the contractions are
in agreement with earlier measurements by low-energy
electron diffraction (LEED), ' high-energy ion scatter-
ing (HEIS), ' and medium-energy ion scattering
(MEIS), which show changes of the layer separations
d, z (first-second layer) and d23 (second-third layer) by—8.5% and +2.3% (from LEED), —5.3% and +3.3%
(from HEIS), and —7.5% and +2.5% (from MEIS), re-
spectively.

Except for a decrease in the reAectivity with increasing
temperatures, the Q dependence of the line shapes are
qualitatively similar between 300 and 925 K. Figure 4(a)
shows the temperature dependence of the top-layer con-
traction obtained from fits to data like that shown in Fig.
3. Between 300 and 700 K the contraction of the top lay-
er changes little, but at higher temperatures our fits sug-
gest that the contraction decreases and at 925 K it is re-
duced to about 3%. However, as seen in Fig. 4(a) the un-
certainty in the values of c.

&
at high temperatures is rela-

tively large. The main reason is that there is a strong
correlation in the fits between the values of c.

&
and the vi-

brational amplitude o. &. The change in c.
&

cannot, there-
fore, be interpreted as a definitive proof for a reduction of
the top-layer contraction with increasing temperature.
However, recent computer simulations using effective-
medium theory show a similar reduction in the first in-
terlayer spacing d i2 with temperature, although the con-
traction of d &2 at room temperature in the simulations is
only about half of our value. Moreover, such an expan-
sion is expected for anharmonic vibrations. The change
with temperature of the positions of the second and third
layers does not show a clear trend, but the shifts of the
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second- and third-layer positions relative to the corre-
sponding bulk layers, ~82' and ~E3~, are less than 2% and
1%, respectively, at all the higher temperatures.

The most important factor in reducing the surface
reAectivity in the region near H =1.3 at higher tempera-
tures is the rapid increase in the Debye-Wailer factor for
the top layers of the crystal. The rms surface-normal vi-
brational amplitudes o.„ofthe first few layers calculated
from the fitted Debye-Wailer factors are shown in Fig.
4(b) together with the bulk values. At room tempera-
ture the value of o.

&
for the top layer is almost twice the

bulk value, and the values for the second and third layers
are also slightly increased. As the temperature increases,
all of the rms amplitudes o.„ increase faster than the bulk
value o.b„&k. There is a very large increase in o.

&
between

700 and 800 K, and at 925 K o. , is almost three times the
bulk value.

The rms vibrational amplitudes shown in Fig. 4(b) are
in relatively good agreement with the values found in
Ref. 18 from LEED studies, but the value of o.

&
at high

temperatures is about 30% larger than that reported in
other experiments. ' ' Our results are also in good
agreement with computer simulations, ' which show a
large increase in the amplitude of the surface-normal vi-
brations above 600—700 K. It is interesting to note that
using the Lindemann criterion, which predicts that
melting will occur when the vibrational amplitude is
about 10% of the interatomic spacing (here o.„)0.26 A),
the first layer should be melted at 800 K, and the second
layer at 900 K. Although the criterion should not be
used for separate layers, it gives a clear indication of the
unusually large thermal vibrations of the top layers in the
Cu(110) surface at temperatures above 600—700 K. Un-

FIG. 4. (a) The relative displacement c,
&

from the bulk-
terminated position of the surface top layer vs temperature
found in the fits of the specular re6ectivity. (b) The rms
surface-normal vibrational amplitudes of the four top layers of
the (110) surface. The filled circles show the vibrational ampli-
tudes of the bulk from Ref. 28.
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fortunately, the presence of sulfur contamination on the
surface which occurred above 1000 K has prevented
meaningful analysis of the measured reflectivity closer to
the bulk melting temperature.

It should be noted that modifications of the reflectivity
model used in the fits change the temperature variations
for the surface parameters shown in Fig. 4. However, by
adding more free fitting variables, such as the density p]
of the top layer, or the density of atoms in an additional
adatom layer, the fits were not significantly improved.
Such modifications of the model changed, in particular,
the values of 0

&
and c, &. Since the change in the quality of

the fits was not large enough to distinguish between the
various modifications of the model, the results presented
in Figs. 3 and 4 were obtained by using the simplest pos-
sible model. From our testing of different variations of
this basic model, it can be concluded that the addition of
a partly filled adatom layer has a similar effect on the
specular reflectivity as an expansion of the top-layer spac-
ing c„accompanied by an increase in the Debye-Wailer
rms amplitude o.

&.

Finally, we discuss the temperature dependence of the
transverse line shapes. Transverse scans taken as a func-
tion of temperature at H=0. 4 are shown in Fig. 5(a).
These data have been fitted to the sum of narrow and
broad components, as discussed earlier in the text. As
may be seen, the intensity of the narrow component de-
creases dramatically with increasing temperature with
respect to that of the broad component underneath.
These results are quantified in Fig. 5(b), which shows the
total integrated intensity versus temperature, together
with the integrated intensities of the sharp and broad
components separately. It is clear that the decrease in to-
tal intensity is accounted for by the gradual disappear-
ance of the sharp component. The width of the narrow
component of the peak is relatively independent of the
temperature. A similar behavior is found at larger Qt.

In our view, the simplest interpretation of the two-
component line shapes measured in transverse scans of
the specular reflectivity is in terms of surface faceting, in
which one domain is smooth and aligned to the crystallo-
graphic [110] direction, while the other supports a high
density of steps. If there were only a single domain type
at this surface, oriented at the macroscopic miscut of
0.07' away from the [110] direction, then (assuming
monatomic steps), there would be one step for every 400
Cu atoms along the [110]direction. This corresponds to

an average step separation of about 1000 A, which is
one-half of the measured characteristic length g, and
would give only a single component in a transverse scan.
A faceted surface, on the other hand, is consistent with
earlier refiectivity experiments on Cu(110) surfaces mis-
cut by 0.2' and 0.8', respectively. ' In those studies, the
surfaces were found to facet below =520 K. Also similar
to the present case, a sharp peak aligned to the [110]
direction disappeared above 900 K in those studies, leav-
ing only a broad peak related to the average surface mis-
cut. The disappearance of the sharp component (and the
slight increase in the intensity of the broad component)
seen in Fig. 5(b) probably signals the proliferation of steps
across the formerly smooth (110) facets. Unfortunately,
it is impossible to deduce the microscopic surface mor-
phology from our data, for example, to reliably extract
the average step-step separation. Nor is it possible to
characterize the long-ranged behavior of the height-
height correlation function, as is necessary in order to
convincingly distinguish between a rough surface with a
divergent variance of the surface height, and a step-
disordered flat surface.

IV. CONCLUSIONS

We have measured the specular reflectivity of a
Cu(110) surface for temperatures between 300 and 1000
K. For small values of Qt the line shape of the scattering
is best described as a sum of a narrow, resolution-limited
component and a broader component. At larger Qt only
the narrow peak is observed. Fits to a simple model for
the surface reflectivity show that at room temperature
the distance between the first and second surface layers is
contracted by about 8%. This contraction decreases as
the temperature increases. The gradual decrease in the
x-ray reflectivity above 600—700 K shows that the sur-
face becomes more disordered at higher temperatures,
consistent with the disappearance of the smooth (110)
facets. This is also indicated by the large increase in the
fitted rms amplitude o.

&
of the surface-normal vibrations

of the top layer. The surface-normal vibrational ampli-
tudes for the second and third layers are also much larger
than the bulk values. X-ray specular reflectivity mea-
surements on macroscopically flatter single-crystal sur-
faces of higher purity may give further insight into the
behavior of the (110) surface of copper just below its
melting temperature.
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