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Temperature Dependent Sign Reversal of the Surface Contraction of Ag(111)
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We have studied the structure of the Ag(111) surface as a function of temperature using medium en-
ergy ion scattering. We find that the first interlayer spacing is contracted at temperatures below 670 K.
but increases at higher temperatures in a nonlinear fashion and is expanded some 10% 80 K below the
melting point. As the surface vibration amplitudes increase significantly at the same time, we attribute
this sign reversal to enhanced anharmonic effects at the surface.

PACS numbers: 68.35.Ja, 65.70.+y, 79.20.Rf

It is well established that the first interlayer separation
on most metal surfaces is contracted at room tempera-
ture, with only a handful of exceptions discovered so far.
In the harmonic approximation, both the surface and
bulk lattice constants are temperature independent, while
anharmonicity implies that these parameters will change
with temperature. Because of the lower symmetry at the
surface, the anharmonicity in the surface is expected to
be larger than in the bulk. One would therefore expect
the surface interlayer separation to increase with temper-
ature faster than in the bulk so that a surface contraction
could be turned into an expansion at high enough temper-
atures. This was originally predicted by Allen and de
Wette [1] for noble gas crystals. Dobrzynski and Mara-
dudin later did detailed calculations for a metal surface
[Fe(001)] [2]. Experimentally, it is known that the
thermal expansion coefficient is enhanced at the surface
[3,4], in agreement with theoretical work [1,2,5,6]. The
temperature dependence of the interlayer spacings has
been studied in some cases [7-9], but a sign reversal of
the first layer spacing has not yet been observed.
Knowledge of the atom displacements at high tempera-
tures can assist in the development and assessment of mi-
croscopic theories that describe the behavior of surfaces
in the anharmonic regime.

In the present Letter we present medium energy ion
scattering (MEIS) data for the temperature dependence
of the first three surface interlayer separations (d,3, d>3,
and d34) and vibrational amplitudes of Ag(111). We
show that at room temperature d; is, as expected, con-
tracted, but expands above 670 K in a nonlinear fashion,
so that at 1150 K (80 K below the melting point), the
surface is expanded by 10%. This is closely paralleled by
a significant increase in the ratio of surface to bulk rms
vibrational amplitudes, a ratio which is constant below
670 K. We attribute the sign reversal to enhanced anhar-
monic effects at the surface. Other indications of surface
enhanced anharmonic effects have been observed with
other techniques [10,11].

The sample was a Ag(111) disk 2 mm thick and 15
mm in diameter. Auger spectra using a double pass cy-
lindrical mirror analyzer as well as MEIS spectra taken
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after prolonged anneals showed no evidence of impurities
segregating to the surface. The sample was radiatively
heated by a tungsten filament. Data were taken between
300 and 1150 K. At high temperatures a calibrated opti-
cal pyrometer (accuracy *0.5%) was used for tempera-
ture measurements, while at temperatures lower than 870
K a Chromel-Alumel thermocouple was used. The tem-
perature gradient over the sample surface was a few per-
cent, while the temperature variation of the sample dur-
ing measurements was less than 5 K.

MEIS is a well established quantitative high resolution
technique for the study of surface structure [12]. A well
collimated ion beam (97.5 keV protons in our case) is in-
cident along a high symmetry (channeling) direction.
The backscattered proton flux is measured as a function
of energy and angle. As the scattering cross section is
known, we can measure in absolute units (atoms per unit
cell) the amount of material visible to the beam. The in-
cident ion beam current is measured by intercepting a
known fraction of the beam before it reaches the sample
[13], while the ion energy analyzer allows the simultane-
ous collection of ions within a 1.8 keV energy window (at
100 keV) and a 22° angular range. The energy resolu-
tion is 150 eV at 100 keV [14]. For a rigid, perfect lat-
tice only the first atom of each row of atoms will be visi-
ble to the ion beam. Thermal vibrations and/or relaxa-
tions will allow some ions to penetrate deeper in the crys-
tal (Fig. 1) and backscatter off atoms in the second,
third, etc., layers. The higher the vibrational amplitudes,
the deeper the ions can penetrate in this way, so as the
temperature increases, a significant increase in the yield
occurs. This increase is a measure of the vibrational am-
plitudes perpendicular to the beam direction. lons that
backscatter from deeper layers cannot reach the detector
if they propagate in the directions of the surface atoms.
The scattered yield will therefore be reduced along these
directions, resulting in a blocking dip in the angle depen-
dent scattering yield (Fig. 1). The positions of the block-
ing dips contain information about the relative positions
of the atoms within a crystal [12].

All the data were taken within the [110] scattering
plane in three different scattering geometries. To quanti-
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FIG. 1. Schematic tigure illustrating the principle of chan-
neling and blocking (atom sizes and relaxations exaggerated).
An outwards relaxation of the surface atoms results in increased
visibility of deeper layers and a shift of the blocking dip to
higher scattering angles.

fy our data we perform Monte Carlo simulations of the
scattering from trial structures [15]. The bulk vibration-
al amplitudes as well as the nearest neighbor correlation
coefficients used in the simulations were determined using
the Debye model. The atomic displacements due to
thermal motion were taken to follow a Gaussian distribu-
tion, which is believed to be a reasonable approximation
[8]. By optimizing the structural parameters in the mod-
el and comparing to the data, we arrive at the best struc-
ture. Figure 2 contains the data as well as the results of
the best fit simulations for ions incident along the [110]
direction. The structural parameters varied were the first
three interlayer separations and the corresponding vibra-
tional amplitudes. We allowed the vibrational amplitudes
normal to the surface to vary independent of the in plane
amplitudes. As the number of parameters that enter the
simulations is increased (because more layers contribute
to backscattering) it is possible to find more than one pa-
rameter set that provides a good fit to the data in any one
geometry. The fact that we have data in different
scattering geometries provides us with more stringent re-
strictions on the parameters.

All our simulations were performed assuming a flat,
crystalline, unreconstructed, solid surface and the same
atom density in all layers, assumptions which are justified
by our experimental observations. Surface premelting
and vacancy formation is not expected [16] to be impor-
tant for a close packed surface so far below the melting
point {17,18]. Our data fully support this, as the back-
scattering yield increases much more slowly than when
premelting occurs [17,19-21]. Also, premelting is ac-
companied by exceptionally high vibrational amplitudes
[21], not observed in our case. Our layer resolved block-
ing data show significant second-first layer blocking at all
temperatures, also inconsistent with the existence of a
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FIG. 2. Angular spectra taken at 420, 820, and 1150 K,
showing the shift of the blocking dip with temperature. The
solid lines are the results of the best fit simulations. The ion en-
ergy was 97.5 keV; the ions were incident in the [110] direction
and collected around the [001] direction.

quasiliquid layer. A high temperature surface recon-
struction like the one observed for Au(111) and Pt(111)
[22-25] would give blocking spectra very different from
those we observe.

The blocking dip in Fig. 2 corresponds to the [001]
bulk direction (90° scattering angle). At room tempera-
ture, the surface blocking dip is shifted slightly towards
lower scattering angles, corresponding to a small surface
contraction. As the temperature increases, three changes
occur in the spectra: The yield increases, the blocking dip
shifts well past 90° (meaning that the surface goes from
being contracted to being expanded), and the full width
at half maximum (FWHM) of the blocking dips is re-
duced. The increase in the yield and the reduction of the
FWHM are both indications that the vibrational ampli-
tudes increase (deeper layers are sampled and blocking is
less efficient at the same time) [19]. It is important to
realize that the changes in the blocking dip position actu-
ally reflect changes in the difference between surface and
bulk interplanar separations over and above the (smooth)
increase in the bulk lattice spacing with temperature.
The shift of the blocking dip position therefore indicates a
nonuniform expansion coefficient perpendicular to the
surface.

A plot of the temperature variation of the first three
interplanar separations, as measured relative to the bulk
values, is shown in Fig. 3. The surface shows a smali
(Ad2/dyux = —2.5%) contraction of the first layer spac-
ing at room temperature, with an even smaller expansion
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FIG. 3. Relative change in the surface to bulk interlayer
spacings with temperature. Data are shown for the first three
layer spacings. For clarity only the error margin in d); is
shown.

of d23(+0.6%). (We are not at these temperatures very
sensitive to changes in d34 from the bulk value.) There
are no detectable changes in these values at temperatures
below 670 K. Above 670 K a dramatic increase in the
first interlayer spacing occurs, so that around 750 K
Ad 12/dpu crosses zero and increases to +10% at 1150 K
while d23/dpui increases from +0.6% at 300 K to +5.5%
at 1150 K (Fig. 3). The error bars shown in Fig. 3 are
determined using a goodness-of-fit test (R factor) that
compares the output of our Monte Carlo scattering simu-
lations with the data. The R-factor analysis is done for
different sets of vibrational amplitudes with the con-
straint that the obtained yield at the shoulders of the
blocking dips matches the experimental values within 3%.
When this constraint is met the results in Fig. 3 are ob-
tained. Further analysis of the data at 820 and 1000 K
shows that the best results for 820 K are obtained when
diytdy;;=477+0.04 A [2.38 <dj,<2.46 (A)] and for
1000 K when d+d»3=4.9720.06 A [2.49 <d |, < 2.61
(A)]. The bulk interlayer spacings are 2.388 A at 820 K
and 2.397 A at 1000 K. The thermal expansion coef-
ficients can be estimated from the slope of the individual
lines in Fig. 3. Since the slope is strongly temperature
and layer dependent the surface thermal expansion
coeflicient will exhibit the same behavior. At 1000 K the
first layer expansion coefficient is found to be 10 times the
bulk value. At temperatures higher than 700 K the visi-
bility of the third and fourth layers combined becomes
comparable to that of the second layer. As a result the
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FIG. 4. rms surface vibrational amplitudes as a function of
temperature. The amplitudes are normalized to the bulk values
at the same temperature.

blocking dip shape depends on the combination of both
(3 and d3s. We find that before the second and third in-
terlayer spacings start to expand (d3+d34) goes through
a shallow minimum. As thermal expansion is an anhar-
monic effect, our observations can be attributed directly
to enhanced surface anharmonicity.

Concurrently with the lattice expansion an increase of
the vibrational amplitudes is observed. Figure 4 shows
the individual layer vibrational amplitudes normalized to
the bulk value at the same temperature. Below 670 K,
() is = 1.45x(ug), where (ug) is the rms bulk vibra-
tional amplitude and (ut) the rms first layer vibrational
amplitude. This vibrational enhancement is rather small.
implying that there is no major softening of the force con-
stants for Ag(111) at these temperatures, in agreement
with total energy calculations [26]. Above 670 K the first
layer vibrational amplitude increases much more rapidly
than the bulk value, so that at 1150 K the surface vibra-
tion amplitude is twice that of the bulk. While this is still
far below values associated with surface melting, it is
a significantly larger enhancement than that usually
encountered on surfaces. There is a smaller relative
enhancement of the second layer vibrational amplitude,
while no significance can be attached to the small devia-
tion from the monotonic behavior in the third layer vibra-
tions. The simultaneous changes in the vibrational be-
havior and the structural parameters indicate that indeed
the lattice expansion observed is related to anharmonic
effects that grow stronger as the temperature rises.
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Additional evidence for the existence of enhanced
anharmonic effects on Ag(111) comes from a study of the
Debye-Waller factor in low energy electron diffraction,
where it was found that multiphonon scattering contribu-
tions to the peak intensity start appearing around 530 K
and become the dominant contribution after 750 K [27].
This is the same temperature range where we observed
the onset of the surface expansion.

In summary, using MEIS we have observed for the first
time a sign change in the surface relaxation of Ag(111),
accompanied by a rapid increase in the surface vibration-
al amplitudes. We attribute our results to the presence of
enhanced anharmonicity at the surface.
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