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Anomalously Large Thermal Expansion at the (0001) Surface of Beryllium
without Observable Interlayer Anharmonicity
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We have measured a large thermal surface expansion, 6 times larger than the bulk, on Be(0001)
using low-energy electron diffraction. This observation seems to be inconsistent with previous
measurements reporting negligible anharmonicity in the surface phonon modes normal to the surface.
Density-functional theory calculations for the thermal expansion from the minimum in the free energy
within the quasiharmonic approximation agree with the experimental observations and demonstrate
that the enhanced thermal expansion is caused largely by a softening of the in-plane vibrations.
[S0031-9007(98)05647-6]

PACS numbers: 63.20.Ry, 68.35.Bs, 68.35.Ja

Thermal expansion of a crystal is a direct manifestatiotimes revealed a vibrational anharmonicity for motion
of the anharmonic nature of the interatomic forces innormal to the surface 4—5 times greater than in the bulk.
solids. For purely harmonic interatomic potentials, theUnfortunately, there are no equivalent measurements of
mean positions of the atoms do not change even thouginharmonicity for Ag(111), Ni(100), and Pb(110) to com-
their vibrational amplitudes increase with temperatureplement the thermal expansion measurements.

Thus, an expansion upon heating is intimately related to Recently, the density-functional theory calculations by
the anharmonicity of normal modes of lattice vibrations,Narasimhan and Scheffler [6] and Cho and Scheffler
which, in turn, are determined by the nature of binding[7] have challenged the intuitive picture of thermal
between the different units in the lattice. When a crystakexpansion. They argue that thermal expansion at surfaces
is cleaved, a surface is formed by breaking the symmetris driven largely by a rapid softening of the in-plane
and reducing the coordination. This process causes largphonon frequencies with increasing temperature rather
thermal motion of the surface atoms and presumablyhan anharmonicity in the out-of-plane modes. This
enhanced anharmonicity in the interlayer potential. Asproposal is physically compelling, because the reduction
the temperature is increased, this anharmonicity can lead symmetry at the surface in combination with the fact
to large anisotropic vibrations, surface roughening, andhat the bulk structure confines the in-plane relaxation will
premelting [1]. undoubtedly lead to a coupling of the interlayer separation

Early free energy calculations with pair potentialsand in-plane motion.
for the (100), (110), and (111) surfaces of Cu showed The large top layer expansion of5.8% reported
that anharmonicity and its effect on the equilibriumfor Be(0001) [8] at room temperature from low-energy
atomic positions (thermal expansion) and the vibrationglectron diffraction (LEED) is in obvious conflict with
around the equilibrium atomic positions (mean-squardirst-principles calculations, which found an expansion of
displacements) should be 2—-3 times larger at the surfac€2.7% [9] and +2.5% [10] for T = 0 K, neglecting zero-
as compared to the bulk [2]. The first experimentalpoint vibrations. The measurement of the temperature de-
evidence for enhanced thermal expansion of a crystgiendence of the Rayleigh wave at the Be(0001) surface
surface was reported for the Pb(110) surface [3] and theby Hannon [11] found very little anharmonicity in the
for Ni(100), Ag(111), and Cu(110) [4]. The coefficients zone boundary surface phonons at b&ttand M. Here,
of thermal expansion were found to be 5 to 20 timesthe Rayleigh wave consists almost entirely of motion of
larger than in the bulk, much higher than suggested byhe top layer atoms normal to the surface, i.e., the inter-
the aforementioned theory.The assumption in all of layer potential showso sign of enhanced anharmonicity.
these studies was that the enhanced thermal expansid@ince thermal expansion is thought to be intimately asso-
is caused by the greatly enhanced anharmonicity otiated with anharmonicity, a significant thermal expansion
vibrations perpendicular to the surface. causing the disagreement was prematurely ruled out. It

The first quantitative measurement of surface anharshould be pointed out that surface x-ray diffraction cannot
monicity was performed on Cu(110) by Baddorf andbe employed for this lowZ element. Beryllium is a win-
Plummer [5] using high-resolution electron energy lossdow material in x-ray beam lines.
spectroscopy (HREELS). In their study, the tempera- In this Letter, we report the measurements of the
ture dependence of the surface phonon energies and lifexterlayer spacing at the surface of Be(0001) as a function
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of temperature and compare our data with density-
functional theory calculations. We find that the (10) beam:

experimental top layer separation expands from.1% — zl‘;irl';"hi:t

at 110 K to +4.3% at 300 K and +6.7% at 700 K,
giving a large surface coefficient of thermal expansion
a, =70 X 107% K~!, whereas the bulk value is only
a, = 12 X 107® K1, The presented theoretical results
agree well with our experimental observation. More-
over, our theory shows that a softening of the in-plane
vibrations are more important to the thermal surface
expansion than the out-of-plane vibrations. Thus, we
present evidence that surface can exhibit large thermal
expansion even though the interlayer potential shows very
little anharmonicity.

The clean Be(0001) surface was prepared by sputter-
anneal cycles at 700 K and monitored with HREELS T=300K
and Auger electron spectroscopy. The shétpx 1)
LEED pattern at normal incidence exhibited a sixfold
symmetry indicating a natural averaging over the two T=700K
possible terminationsA(or B) of the threefold symmetric A ‘ 230 ’ 3:)'0' ' 4'00 '
hcp(0001) surface. The experimental LEEDY data sets Energy (eV)
were formed by averaging all recorded equivalent beam ) _
intensities as a function of incident electron energy. Thi;FI'G- 1. Comparison of the measured LEELDV spectra (thick

. - . ines) for the (10) beams to the calculated diffraction intensities
resulted in three beam profiles (10), (11), and (20) with thin lines) for the optimized structures at temperatufes

total energy rang@ £ of 970 eV. Full sets of LEED-V 10, 300, and 700 K. The experiment-calculatiérV’ curve
data were taken at three different sample temperaturepairs are arbitrarily shifted vertically but the relative intensity
cooled to 110 K, at 300K, and resistively heated toscale is conserved.
700 K. For the latter measurement, the heating current
was cycled and thé-V data were only acquired during -V curves for the best-fit structures is obvious from
periods when the current was zero. The large thermahe very low values ofRp given in Table I. We find a
vibrations at 700 K allowed for measurement of one beantemperature-dependent increase in the top layer expansion
profile with an energy range of 220 eV. from +3.1% (*=0.7) at 110 K to+4.3% (*0.7) at 300 K

The analysis of the LEED-V spectra was carried and +6.7% (+1.2) at 700 K, which is accompanied by
out using standard multiple scattering algorithms [12].5 times larger thermal mean-square displacements of the
Atomic scattering matrices were calculated from a maxisurface atoms compared to the bulk. Figure 2(a) shows
mum of 14 phase shifts, which we derived from bulk the change in the surface relaxations with temperature. It
potentials [13], and were renormalized for thermal vi-should be noted that the experimental surface expansions
brations using a Debye temperatuBg, converted into are quoted relative to the appropriate bulk expansion,
isotropic mean-square displacemenig);, (u*),, and
(u?), for the first two layers and the bulk, respectively. TABLE I. Geometric parameters extracted from the best fit
Intralayer scattering was treated exactly via matrixto the LEED /-V data for the three temperatures investi-
inversion and layers were stacked by renormalize ated. Temperature-dependent bulk lattice constants from x-ray

. . . iffraction [23].

forward scattering. Electron attenuation was included
by the energy-dependent imaginary part of the optical 110K 300 K 700 K
potential Vy; modeled by the equatiofy, = —5.0 eV ao(T)pare (A) 2.2826 2.2856 2.3008
{(E — Vor)/(150 eV — Vo,)}'/3, whereE is the electron  ag,/d, (%) +3.1 =07  +43+£07  +67 = 12
energy. The energy dependence of the real part was asc,,/d, (%) +1.4 = 0.7 +17 + 0.7 128 + 1.2

Intensity (arb. unit)

sumed to be Iineaeror =a + ,8 (E — 150 eV), a and Adsa/dy (%) +09 + 09 +0.1 + 09 -23+15
B were optimized during the search procedure. We used,./4, (%) —02=09 —03+09 +07* 15
the method of tensor-LEED [14] for the structural search. <u>1 (A) 0.16 = 0.02 0.16 = 0.02 0.23 + 0.03
The agreement between measured and calculat&d )y (A) 013+ 002 012+ 002 016 + 0.03
curves were quantified by the Pendtyfactor Rp [15]. W (B) 0.07 + 001 008 * 001 009 * 0.02

Figure 1 shows the experimental data for the (10) Ry 0.142 0.130 0.143
beam at the three temperatures studied. The low electron , - V) 970 870 220
energy part of the spectra show shifts in peak positions, Vo, (V) 704 701 651
which can be caused only by changes in the surface ™ B 0.009 0.012

structure. The excellent agreement with the calculated
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while for all reported theoretical numbers the bulk is30 points of the irreducible part of the surface Brillouin
at T = 0 K. The reason for the deviation+@4.3% vs zone. We find that, af = 0 K, the first three interlayer
+5.8%) from the previously reported room temperaturespacings all expand, by2.9%, +1.1%, and+0.4% with
expansion [8] lies in our improved treatment of thermalrespect to the bulk spacing, in good agreement with a pre-
vibrations at surfaces. The mean-square displacements\dbus pseudopotential calculation [9] and the extrapola-
the surface are determined to be a factor of 4—6 largetion of our experimental results to 0 K. The effect of
than in the bulk indicating that the surface is vibrationally zero-point vibrations is not included in these numbers.
much softer with a greatly reduced surface Debye tem- We investigate temperature effects on the surface re-
perature. The layer-dependent vibrational amplitudes ariaxation by considering the static and vibrational contri-
strongly correlated and have to be carefully optimized to-butions to the free energy [6,7]. In the quasiharmonic
gether with the structural parameters—this is a cruciabpproximation, the free energy for the surface is given by
ingredient in the LEED theory for surfaces with very dif- minimizing the functionF(d,,, T) with respect tai;,,
ferent dynamical properties than the bulk. A summary of . (ho;(d
all of the optimized structural and nonstructural parame- £ (@12, T) = V(di2) + kBTZI”{Z S"*(ﬁ)}'
ters is given in Table I. The strong enhancement of the ' 1)
vibrational amplitudes at the surface vs the bulk and their i i ) o .
increase with temperature are shown in Fig. 2(b). The staln€ first term in Eq. (1) is the first interlayer potential
tistical errors in the structural parameters were estimate@ind the second term is the vibrational energy and entropy;
by calculating the variance @ [16]. hw,-(dlz). denotes the V|brat|ongl frequencies a}nd the
In order to understand the mechanism behind the obsUmmation runs over all occupied bands dacpoints.
served large thermal expansion of Be(0001), we per/Ve obtain the potential energy as a function of the
formed density-functional theory calculations using thefirst interlayer spacing with the deeper spacings kept at
local-density approximation (LDA) for the exchange- the|rT.= 0 Kva!ues'. The calculateq mt_erlayer potential
correlation potential [17]. The Be atom is described byY (¢12) is shown in Fig. 3. In approximation, we evaluate
norm-conserving separable pseudopotentials [18] and tH8€ Sum in Eq. (1) by using three surface “wave packets
electron wave functions are expanded in a plane-wave ba&? which the top layer atoms move as a whole along the
sis with a kinetic energy cutoff of 20 Ry. The Be(0001) [1000], [0110], and[0001] directions on a rigid substrate.
surface is modeled by a periodic slab geometry consistyote that these effectlve; V|t_)rat|onal modes correspond
ing of ten layers and a vacuum thickness correspondind the modes at the Brillouin zone center for the top

to four such layers. Thk space integration is done with 1@Yer on a rigid substrate. The frequencies of the in-
plane vibrational modes can be obtained by using the

frozen-phonon approach, while the frequency of the out-
of-plane vibrational mode is given by the curvature of
V(d2). Considering these three surface wave packets, we
find that thermal vibrations change the surface relaxation
Ady»/dy from +3.7% at 0 K to +3.9% at 100 K,+4.6%

at 300 K, and+7.0% at 700 K. The theoretical value
at 0 K is obtained by including the zero-point vibration
which increases the top layer spacing from the value
given by the minimum of the total energy;2.9%, to

A Adqy2/dg (theory)
o (th. w/o zero-point vib.)
6 + - (exp.)

Outerlayer Expansion (%)
'S

a) -m- Adpg/dp (exp.) Ady,/dy = +3.7%. For comparison, the contribution to
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Temperature (K) FIG. 3. Total energy per surface atom as a function of the

top layer relaxation (triangles), and the top layer relaxation
FIG. 2. (a) Change in the surface relaxation as a function ofs a function of temperature (filled circles). The open circles
temperature from experiment (filled) and theory (open). (b)represent only the contribution of the out-of-plane vibration to
Surface vibrational amplitudes (rms motion) as a function ofthe thermal expansion. X” marks the top layer relaxation at
temperature. T = 0 K neglecting zero-point vibrations.
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the thermal expansion from the above mentioned out-ofORNL and supported by the U.S. Department of Energy
plane and in-plane vibrations is shown in Fig. 3. We findunder Contract No. DE-AC05-960R22464 with Lock-
that it is largely the softening of the in-plane modes thatheed Martin Energy Research Corp.
contribute to the large thermal expansion of Be(0001).
Despite our rather simple model calculations, the agree- _ _ )
ment between experiment and theory for the thermal *E{fg’ren?;ridcgisgé éinggaGQNa“o”al Laboratories, MS 9161,
expansion of Be(0001) is remarkable. We note that the ’ A L .
displacements considered in our theory do not relate to 'Present  address: Solid_State Division, Oak Ridge

National Laboratory, Oak Ridge, TN 37831-6032.
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