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We present a detailed x-ray study of premelting phenomena in the bulk and(a0theurface ofa-gallium
single crystals using conventional and grazing angle diffraction. In the bulk we find anisotropic anomalies of
the lattice vibrations and the thermal expansion above onset temperatures of about 20 °C ald@ig|the
direction and 27 °C along th®01] direction. At the melting temperatufg,,=29.76 °C the vibrational am-
plitude along[010] approaches the difference of covalent and metallic bond lengths, which is likely to induce
a charge transfer between these bonds. We believe that this is the crucial effect that eventually destabilizes the
stacking of metallid010) bilayers characteristic faz-gallium and initiates the transition to the isotropic liquid
phase. We observed no anomalies of the lattice vibrations or the thermal expansion algt@p}hkrection.
At the G4100) surface isotropic blocked surface melting sets in simultaneously with the bulk anomalies and
appears to be initiated by the bulk disordering. The liquidlike surface layer is found to grow logarithmically
with temperature up to a final thickness of about 11 A. In the presence of this layer, we observe anomalous
thermal expansion in an adjacent relaxed subsurface layer.
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[. INTRODUCTION ample by anharmonicities of the interatomic potential or a
proliferation of vacancies nedf,,. At the same time the
Melting is an ubiquitous phenomenon in every day life thermal expansiofiFig. 1(b)] may be anomalously enhanced
and has been investigated intensively for decad®ét is  or reduced due to related, but system dependent phenomena
well known that the solid-liquid phase transition is a first- (see beloyw These precursors may occur both in the bulk of
order transition and therefore involves a nucleation stepa material and/or near the surface.
However, despite all the research devoted to melting in the During the last twenty years it has become apparent that
past, it is still not clear how this nucleation is initiated another precursor, the surface melting phenomeffég.
and where the liquid phase nucleates in a crystal. One of thi#(c)], plays a key role in the understanding of the solid-liquid
few experimental windows to look into such microscopic phase transition. Surface melting denotes the breakdown of
details of the melting process is provided by the study ofthe crystal structure in a thin surface layer beldy. At T,,
structural melting precursors. We present here a comparativibe liquidlike surface layefin which, however, some crys-
temperature-dependent x-ray study of such precursoes in tallinity is still preserved can then serve as a two-
gallium that enables us to address many of the related opetimensional nucleus for the bulk liquid phase, which can
guestions discussed in the following introductory sectionexplain why superheating of crystals is very rarely observed.
about premelting phenomena. Also for this reason, surface melting has been the most
promising candidate in the search file melting precursor
that can eventually lead to a microscopic explanation of

A. Premelting phenomena melting. In thermodyr_lamic terms, surface melting is often
) expected belowl ,, as it can slightly reduce the free energy
1. Melting precursors of a crystal surfacé® The liquidlike layer thicknes4. in-

It is now generally accepted that the actual melting pro-creases with temperature until it saturates at a finite value at
cess is accompanied by precursory disordering well below m [see Fig. 1c)]. According to mean-field theory, this in-
the bulk melting temperatur€,,. The most prominent pre- crease is logarithmitL e — In(1—-T/T,)] if short-range inter-
cursors are anomalously enhanced atomic vibratiéna  actions are dominating in the liquidlike layer, and it follows
proliferation of vacancid€ 12 and dislocationd®*5 an  a power law dependence ¢T3 if long-range van der
anomalous lattice expansi&?],and, in particular, surface Waals interactions are dominating. Note, however, that the
melting®1"~*3 A recent overview of this topic is given in bulk structure is not directly affected until actual bulk melt-
Ref. 44. Several premelting phenomena are visualized schéig sets in aff,.
matically in Fig. 1. Close td , lattice vibrations or the ther-
mal root-mean-squardsm.s) displacements of atoms from
their equilibrium lattice positiofiFig. 1(a)] are often anoma- Despite the large body of experimental evidence about
lously enhanced as compared to a linear temperature depemelting precursors, there are still many unanswered ques-
dence at lower temperatures. This may be explained for exions. In particular, it is still unkown how the different pre-

2. Relations between melting precursors
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FIG. 2. (Color onling Orthorhombic unit cell okx-gallium. The

_FIG. 1. Commonly observed melting precursors that can arise &fimer bonds are indicated as rods connecting pairs of gallium at-
different onset temperaturé, below T,,. (u®) denotes the root- o

mean-squareg¢r.m.s) displacements of atoms from their equilib-
rium lattice position due to thermal motiom. denotes a lattice

parameter or a certain interatomic distaricelenotes the thickness
of the liquidlike layer in the presence of surface melting.

actually initiated ortriggeredby a particular precursor. It is
clear due to Gibbs’ phase rule that the liquidlike surface layer
in the presence of surface melting cannot evolve into a mac-

cursors are related to each other. Note, for example, that dgscopic "‘W'd phase even very qloseTQ]. Lindemann'’s
idely confirmed empirical criterioh,on the other hand,

anomalous lattice expansion can be caused by an anharmo-".
nicity of the interatomic potential, but also by a proliferation \(qzllmvsit;rhaa':itoarfgutl)? ggﬁ?l :fgggge; l::rrli?it?akljllethvrvehsehnorgevcﬂﬁzrt;
of vacancies and the subsequent lattice relaxation. In eith s out to be about 7 to 13 % of the nearestneiahbor dis-
case one would expect the anomalous lattice expansion to g 0 9

accompanied by anomalously enhanced lattice vibrations: | rlcﬁ %sdtijenve(? frzom eéperwegitr?]lile\r/lldeﬁﬁnééfrcr)]r a r?(oret
the first scenario the interatomic potential flatens with in- elailed discussion see Sec. 1y. arly, oné may expec

creasing temperature, thus allowing for a larger amplitude o%hat a strongly altered thermal expansion can induce a weak-

atomic motions; in the second scenario the motions of atom%nlng of particular bonds in a crystal that may be crucial for

next to a vacancy are geometrically less constrained an € Stab'".ty of the lattice. Up to now, howe"ef’ no detailed
therefore enhanced. In most experimental studies howeve(fomparatlve study has been performed to elucidate the actual

such correlations between melting precursors are not inve g:etnaenfneelct)ifna p?(;tclcegls"’(gﬁll;r?rafgrrri?cczgitmg precursor
tigated or discussed. 9p '

Also, while both bulk and surface precursors have been
studied intensively but separately in the past, a possible re- B. Gallium

lation ween bulk an rf remelting phenomena h S .
ation between bulk and surface premelting phenomena has To fill this gap and to attempt an answer to the questions

never been investigated systematically. Intuitively one may ised above. we present mparative x-r tudv of str
argue that bulk melting should be preceded by surface meli-a Seéd above, we present a comparative x-ray study ot struc-

ing since the strength of interatomic bonds is reduced at mo Wal melting precursorgFig. 1) in a-gallium, a highly an-

surfaces due to the altered coordination of the atoms. CertafﬁOtrOp'C semimetal that can be regarded as a representative

bulk precursors, however, may very well occur before Sur_Of a class of substances with a complex symmetry and bond

face melting sets in, in particular precursors that affect thech_artacter. Tfhe To”s_t strild<ing felat“'fe @fgglliu dm ;f] t?i cto-
crystallinity only slightly. For example, it was found on existence o rr}e_ta Ic an (lzovha e(dlrl‘r1e0 onﬁésg Ita tﬁ er-
Al(110 that surface melting was preceded by an anomalou%}l'nes many ol Its unusual pnysical properties.ts ortho-
enhancement of the thermal vibrations in the underlyingr ombic unit cell with room temperature lattice parameters
bulk?! (in which the long-range crystalline order was still &= (4.519-0.001) A, b=(7.657-0.001) A, and c

preservey] an observation that was also predicted by earlier. (4.526+ O'O.Ol) A(Ref. 46 is depicteq in Fig. 2. To inyes—
molecular dynamics simulatiod&.In this context the ques- tigate how this crystal undergoes melting on the atomic scale
i|n the bulk and at the surface, we employed conventional as

a crystalsuch as anomalous thermal vibrations in the case o‘fve” as g_razin_g angl_e diffractiofGAD) technique§” and
Al(110] are enhanced or altered at or near the surface. |ﬁharacter|zed in detail the temperature dependence of Bragg

turn, it is also unclear if an analogon to surface premeltinde‘cf\cft]',o?ﬂS along various crys'ga: d'reCt'OTs' di ionall
also exists in the bulk, for example, a slight symmetry ighly anisotropic material was selected intentionally

change of the bulk crystal lattice before the actual transitior]O" ©Ur Studies, since one of the most interesting and impor-
to the isotropic liquid phase occurs T, . tant aspects of melting is the symmetry change associated

with the transition from the crystalline to the isotropic liquid
phase. So far most investigations of premelting have been
performed on cubic crystdis®*#’the symmetry of which is
Finally, apart from the question about relations betweeralready close to the isotropic symmetry of the melt. Here we
different precursor effects, it is also unclear if the eventuafocus on a system of lower symmetry to investigate how
discontinuous destabilization of the crystal structur@ ais  melting precursors associated with specific crystal directions

3. Crucial precursors
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Gallium single crystals of high purity were grown in an 0° 5 10° 15 200 25 30°

ultrahigh-vacuum(UHV) environment from the melt using r[eC]

the Nacken-Kryoupolous technigf&For the GAD experi-
ments, mirrorlike flat crystal surfaces were prepared by me- FIG. 4. Temperature dependence of various bulk Debye-Waller
chanical polishing in a large refrigerator unit providing a factorsiyy. Solid lines represent fits according to the model de-
cooled environment which was held at temperatures betwees¢ribed in the text.
—20 and 0 °C during the 3 mm diamond poligwpproxi-
mately 2 h and between 0 and 8 °C during the final Syton IIl. RESULTS
polish (0.5—1.5 min. To minimize the mechanical stress on
the fairly soft single crystals they were melted into a Tanta-
lum crucible with the back side, and the contact pressure i _ )
applied to the surface during polishing was held below In this section we pre_sent the _results ab_out bu!k mgltlng
100 g/en?. According to an STM investigatioff,the typical ~ Precursors that we obtalned by investigating Iatt|_ce vibra-
surface morphology was characterized by large flat facetdions and thermal expansion on bulk Bragg reflections.
decorated with in some cases fairly large%00 A in diam-
eter,~60 A in heigh, but isolated hillocks. The presence of
flat facets ensures that the information depth can be tuned in When the atoms in a crystal are slightly oscillating around
a well-defined way in the nm range via the angle oftheir equilibrium lattice positions due to thermal vibrations,
incidence?! the Bragg intensities of the crystal are reduced and the inten-
The GAD experiments were carried out at the BW6 wig-sity reduction is given by the so-called Debye-Waller
gler beamline of the Hamburger Synchrotronstrahlungslabofactors®
(HASYLAB) using an x-ray wavelength~1.2 A, the bulk
experiments at a Siemens 18 kW rotating anode uging ihkl::e*<(U-Qhk|)2>, 1)
~1.54 A. During the surface and bulk sensitive experiments .
the samples were held in a vacuum of about 4@nd Where ((u-Qnq)*)"* is the projection of the root-mean-
107 mbar, respectively. Prior to GAD experiments the sur-squaresr.m.s) disApIacement$u2>1/2 onto the scattering vec-
faces were sputter-cleaned with 1 keV*Aons while the  tor Q. =|Qn«l - Qnii. To start with the discussion of our
x-ray reflectivity was being monitored simultaneously. Nearraw data, the temperature dependence of various Debye-
T, the sample temperature was controlled with an accuracyValler factors is plotted in Fig. 4. The Debye-Waller factors
of 0.05 K using a cold finger and a thermocouple melted,, were obtained from the integrated intensity of rocking
with one side of the sample. curves through the respective Bragg reflectibklj by cor-
Various Bragg reflections were examined in each scatterecting for the remaining terms in EGA1) from the Appen-
ing mode(see Fig. 3 to characterize the disordering along dix. For the weak080) reflection the kinematical expression
the three main crystallographic directiofi0], [010], and  (A2) was used instead. At low temperatufE—0 K) the
[001] within a temperature range betweerl50 °C and the r.m.s. displacements should become small, s,gllshould
melting temperaturel,,=29.76 °C. We will discuss bulk approach 1, which is in fair agreement with the experimental
and surface disordering separately in the following sectionsdata plotted in Fig. 4not shown in detajl the remaining

A. Bulk phenomena

1. Lattice vibrations
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FIG. 5. Root-mean-square displacements of atoms along the 4.526]
main crystallographic direction®10] and [001]. Data points are ’ o i
determined fromigg (down triangley iggo/igao (UP triangley, the .

. . : o e 4.5241 e
corresponding mean valuéilled circles, and igga/igy, (Open | g
circles. The solid lines represent fits according to the model de- < 4-5185'/2/ g
scribed in the text. he
4516 1
discrepancies are due to errors in the correction terms o
applied. With increasing temperature most Bragg intensities 4.514
decay considerably, especially the higher-order reflections
because of th€ dependence of the Debye-Waller factors.
To quantitatively compare the disorder along {{04.0]
and the[001] direction, the corresponding projections of  FIG. 6. Temperature dependence of the lattice parambtans!
(u?) are plotted versus temperature in Fig. 5. They were. The symbols represent mean values of the lattice parameters mea-
derived from the ratioS ggq/igsg @nd iggaligge in Order to  sured on different Bragg reflections, the solid lines are based on fits
minimize the influence of systematic errors, and also directlyaccording to the model described in the text, and the dashed lines
from iyg9 Which is most sensitive to the influence of r.m.s. indicate the range of lattice parameters determined from literature
displacements. Apparently, the results basedggligsoand  data on thermal expansion im-gallium (Refs. 52,55,73,74 The
i 050 are consistent with each otharpper panél measured lattice parameteris slightly offset with respect to _the
The solid lines in Figs. 4 and 5 represent fits(t&(T)) literature values, presumably because of systematic experimental
which we presumed to grow linearly with temperatiiree- ~ ©0rs-

low and above a certain onset temperafligdor premelting  timated from thermodynamic parameters to be 4.7% of the
effects, i.e.,(u*(T))=(u*(To))+m(T)(T—To) with con-  nearest-neighbor distané8>%* This estimation, however,
stantm(T) =m_ for T<T, andm(T)=m.. for T>T,. The  which is based on the assumption of an isotropic mono-
low-temperature behavior of the r.m.s. displacements is imtomic solid and a harmonic potential energy, does not seem
accordance with tabulated values for the Debye parametets be exact fore-gallium according to our experimental re-
of a-gallium[from our data and EqA3) from the Appendix  sults. A less significant anharmonic increase of r.m.s. dis-
we obtain ®;=(149+16) K along [010] and ®y,=(238 placements is also observed along {t®1] direction at
+45) K along [001]; tabulated values vary considerably: about 27 °C, yet we found no evidence for anomalies along
®p=(125 --240) K according to Ref. 51 [100] (see lower panel in Fig.)4

At about 20 °C the r.m.s. displacements al¢fg0] start
to increase anomalously. This points to considerable anhar-
monicities of the potentialor a proliferation of vacancigs As illustrated in Fig. 6, we found the anomalies of the
that become relevant once the r.m.s. displacements exceedh.s. displacements aloi§10] and[001] to be accompa-
0.14 A (corresponding tqu?)=0.02 A in Fig. 5. At the  nied by anomalies of the thermal expansion. Assuming a
melting temperatureT,,, the r.m.s. displacements along linear temperature dependence of the lattice paramietang
[010] reach about 7.5% of the Gadimer length 2.483 A ¢ below and above a certain onset temperaflyeor pre-
(Refs. 46,52 that represents the nearest-neighbor distance imelting effects, we obtain the following fitting results fbg
a-gallium. Since the dimers are oriented approximatelyand the linear expansion coefficients=da/dT. Along
along[010] with only a slight tilt of 17° (see Fig. 2 our  [010]: «=(16.9-0.2)x10 *K ! and a=(—-3.1+3.8)
result is semiquantitatively in accordance with Lindemann’sx 10 * K~ below and aboveTl,=(18.0+1.9) K, respec-
criterion which states that a crystalline structure becomesively. Along [001]: a=(8.3+0.3)x10 * K~ ! and a=(61
unstable when the thermal vibrations exceed about 7 to 13 % 62)x 104 K ! below and abovd,=(27.9+0.9) K, re-
of the nearest-neighbor distan@ee Sec. | A B In fact, the  spectively. The expansion coefficients measured belgw
Lindemann threshold foe-gallium can be quantitatively es- are again consistent with tabulated experimental results

-180°-160°  0° 20°
T[°C]

2. Thermal expansion

224110-4
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In order to verify this interpretation of our results we pro-
pose to look for a charge transfer between bonds of different
type (especially those with bond lengthandt in Fig. 7)
which we expect to accompany the proposed relaxation. In
Ref. 58 HaiRermann gives a good overview of energetical
constraints that determine the lattice geometrgigallium,
and of the correlations between lattice distortions and the
valence electron density distribution in this material. In that
context, one might find that the regular thermal expansion

1 2 3 below 18-20°C leads to a successive weakening of the
dimer bond and a reduction of its covalent character. The
) FIG 7. (COlOI’ Onllné Sketch of pOSSIble unit-Ce|-| VariaFionS assoc|ated |ncrease Of the |Ocal Symmetry Of the Ga atoms
within the G4100) plane as a consequence of the anisotropic thermay eventually be the crucial process initiating the transition
mal expansion. Stretching of the lattice paramét@nd the bond {4 the liquid phase. We emphasize that the r.m.s. displace-
length t (1*)2.) competes with gnhanced dimer V|brat|9ns and aments aiT,, have reached 0.2 A, which means that the dis-
e e e e ot v arel2Cement excoed the difercnce betucen the neares
getically equivalent dimer positions neighbor distances=2.483 A (the dimer length and the
' next-nearest-neighbor distanice2.691 A. With such a tem-
(dashed lines in Fig. )6 but the lattice parametds along  porary stretching of the dimer bond, however, the distinction
[010] stops to increase at about 18°C. While there is alsdetween bonds of initially covalent and metallic character,
some evidence for a slightly anomalous increase of the latrespectively, which determines the unique anisotropic prop-
tice parameterc along [001] at about 28°C, we observed erties ofe-gallium, becomes meaningless. In fact, this ought
regular linear thermal expansion aloft0] (not shown. to mark a transition to a more symmetric phase, such as the
liquid phase.

3. Discussion

Before attempting an interpretation of our results, we note B. Surface phenomena
that pronounced r.m.s. displacements al¢@g0] at room

. . We will now continue with surface precursors in the pre-
temperature have also been observed in a crystal-truncation . . ;
. . o Sentation of our comparative study of premelting effects. We
rod scattering stud§ on anothewr-gallium crystal of similar

uritv and quality. By contrast. no lattice barameter anoma_start with a short introduction and then discuss the following
purity quality. Y - - paramet ._surface-related features and properties: the liquidlike layer
lies have been found in an earlier x-ray investigation on air-

rown bulk crvstal” We suspect that this discrepancy with characteristic for surface melting, lattice vibrations in the
9 y : pec Lo pancy still crystalline region near the surface, and finally the ther-
our results may be due to impurities in the air-grown

44 mal expansion in this crystalline near-surface region.
crystals.

One possible explanation of the observed bulk anomalies
setting in at 18—20 °C could be based on the proliferation of
vacancies. For an alternative interpretation, we consider the For the investigation of surface disordering we chose the
a-gallium structure as composed of corrugated two-Ga100 surface in our experiments. The selection of this
dimensional hexagonaD10) networks®>°® Our result that surface orientation was motivated by the strong anisotropy of
the expansion alon010] stops simultaneously with the the physical properties af-gallium along the two in-plane
anomalous increase of the corresponding r.m.s. displacelirections[010] and[001]. This anisotropy can be ascribed
ments could be an indication of local distortions of the regu4o the (approximatg alignment of the Ga dimers along
lar stacking of(010) networks at elevated temperatures. A[010] (the tilt angled in Fig. 7 is only about 17°). Th&l00)
schematic illustration of a possible relaxation mechanism isurface is also distinguished from any other surface by the
given in Fig. 7, while we point out that the following de- fact that the tilt angle of dimers against that surface is zero.
scription is to some extent speculative. The length of thelhis situation reflects an intrinsic symmetry condition and
strong dimer bond does not change significantly withmay therefore be stable up 1q,. In fact, as reported above,
temperaturé? so the anisotropic thermal expansion indicatedwe found no anomalies alond00Q] in the bulk, so two-
in Fig. 6 will result in a variation of the bond-lengttand the  dimensional disordering withitil00) planes appears to be
bond anglesy and/or§ (configuration 1-2). This is ener- predominant in the premelting regime. Therefore a GAD in-
getically unfavorable since bond lengths and bond angles angstigation of the GA00 surface ought to provide fairly
strongly coupled® Yet, the local bond configuration of at exhaustive depth-resolved information about premelting
least one of the dimer atoms may be maintained if the dimersffects along the mainly affected crystal directions in
are slightly displaced alon@10] (configuration 3. The frus-  «-gallium.
tration between the two energetically equivalent dimer posi- We have examined various in-plane Bragg reflections
tions will then give rise to enhanced vibrations of dimersalong (010 and(001) at an incidence angle;=0.6c., re-
along[010] and to a simultaneous lattice relaxation effectingsulting in a penetration depth= | Im(kiyz)|*l of the incident
a reduction of the thermal expansion ald0d0] as observed beam of about 50 &% As an indication of surface melting, a
in our experiments. strong intensity reduction of these Bragg reflections is ex-

1. Grazing angle diffraction on Ga(100)

224110-5
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FIG. 8. Temperature dependence of the intensity of various sur-  « 0.00§
face Bragg reflections. The data points correspond to integrated -0.011
intensities of in-plane rocking scans obtained afieintegration as 0.02 0.02
described in the text. A typical exit-angle profile measured at the I 1~
(040) reflection is shown in the inset. A detailed line-shape analysis [010] 10.01 5
of these profiledaccording to Eq.(A4) from the AppendiX re- [ - $ 9 5.8 70.00
vealed that the dynamical scattering theory was applicable even in 1 [ ¥ 1001
the near surface region, indicating a high crystalline quality of the v
large flat terraces on the polished surfaces. N -0.02
T[°C]

pected once a disordered layer with a thickness of about the
scattering depthA = (|Im(k; ;)| +|Im(k¢ )|) ™ 1<, evolves FIG. 9. Temperature dependence of the thickness of the disor-
at the surfacé® To determine the Bragg mtensmes consis- dered layer and of the r.m.s. displacements as obtained (@b
tently we recorded exit-angleag) profiles with a position and(00h) reflections according to E@2) (actually calculated from
sensitive detectoiPSD), as depicted on the right side in Fig. the intensity ratioso4o/igs0 andigga/igo4 as for the bulk data The
3, while performing an in-plane rocking scan across theplotted changesAL and A(u?) include temperature-independent
Bragg reflection, i.e., while rotating the sample around theoffsets.
surface normal. In the inset of Fig. 8 we have plotted a typi-
cal a; profile. The actual in-plane rocking scans used to defactore in Eq. (2) does also not depend @y,. The
termine the integrated Bragg intensity were obtained by intemperature dependence of the two types of disordering con-
tegrating thea; profiles over a narrow exit-angle interval sidered in Eq(2), i.e., the evolution of a liquidlike layer at
reaching from 0.93, to 1.07 ... According to Eqs(A4)—  the surface and lattice vibrations in the crystalline region
(A6) from the Appendix, the integrated intensities plotted inunderneath, may be extracted separately from our experi-
Fig. 8 are thus given by mental data, e.g., by plotting |p versusQy at each tem-
perature. Due to the complicated influence of the surface
1.07 ac(9|hk| (0-On) P 2L/A morphology and various experimental detaisich as.the
Jhki= f f W w,af)dagdwoce” Nk Ve : surface miscut, the surface roughness, the sample alignment,
093¢ > as well as the intensity distribution in the primary beam
2 the absolute intensity of a surface Bragg reflection, only the
where L denotes the thickness of the disordered layer an¢hanges of. and(u?) with temperature could be determined
A~43 A the scattering depth governed by the incidence anevith high accuracy, but not the absolute values of these
exit angles ¢;=0.6 a¢, as~a,).?? The scattering depth de- quantities. Therefore we plot in Fig. 9 the changds and
termines the depth range about which information was obA(u?) which include more or less arbitrary but temperature-
tained in the surface sensitive experiments. Note ¢th&t¥?>  independent offsets. Nevertheless it is apparent from these
has to be interpreted as the r.m.s. displacements of atoms thdata that a disordered surface layer starts to grow at 20 °C,
contribute to the Bragg intensity, i.e., atoms in the crystallinewhich is exactly the temperature we have already identified
regionbelowthe disordered layer, not the atomihin that above as the onset temperature of various bulk anomalies.
layer. The r.m.s displacements, however, do not show any anoma-
lies.

—2L/IA

2. Liquidlike layer and near surface lattice vibrations

In contrast to the bulk data shown in Fig. 4, the pro- 3. Discussion of the liquidlike layer thickness

nounced intensity decrease of the surface Bragg reflections The temperature dependence of the disordered layer
nearT , is essentially independent of the reflection or@ere  thicknessL plotted in the upper panel of Fig. 9 is consistent
Fig. 8. This is a direct indication of the evolution of a dis- with a logarithmic growth law as predicted by the mean-field
ordered layer at the surface since the respective dampirtpeory of Lipowsky™® The growth ofL stops at (1% 2) A or
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FIG. 10. Model profiles of r.m.s. displacements as a function of asos| s ! las20
depth for temperatures below and above the onset temperBjure * ’
=20 °C of surface melting. 14,518
=
. . . . ©
about seven disordered atomic layersTaf, i.e., we find 4.516
blocked melting of the G400 surface. This observation I oo las14
corresponds with a recent ellipsometry sttfdy the exam-
ined temperature range and may be directly related to the fact 4.512

52 g0 5° 10° 15° 20° 25° 30°

that the conductance of liquid gallium is higher than that of T1°C]
the solid phasé&!8We did not find a marked difference of the
disordering along different in-plane directiorikere [010] FIG. 11. Temperature dependence of the lattice parambters

and[001]) as it was once suggested by an EXAFS study orandc as determined from various Bragg reflections in GAD geom-
the Al(110 surface’” More recent studies indicate, however, etry. The solid lines again represent fits to the data as in the bulk
that the crystal morphology in the surface melting regime iscase. The discrepancy of the surface thermal expansion Edi0y
likely to be characterized by ordered two-dimensional clusWwith reference to the bulk data below 20 °C is not significant since
ters of atom$®®* which indeed favors a basically isotropic data points at low temperaturéselow —150 °C, not shown in our
disordering within and below the quasiliquid surface layer. figures, but included in the fitsare missing in this case.

nounced than in the bulisee Fig. 11 The lattice parameter
b even shrinks above 25°C rather than becoming basically
Surprisingly, in contrast to the bulk results, the rm.s. dis-constant as in the bulk. The lattice parametestarts to in-

placements displayed in the lower panel of Fig. 9 do notrease anomalously at 22 °C, while in the bulk such a behav-
show any significant anomalies in the examined temperaturgy, \yas only observed above 27 °C. We believe that the en-
range. A possible explanation for this result becomes evidemfignced anomalies of the thermal expansion as compared to
from Fig. 10. We argue that below the onset of surface meltyhe hulk are due to the fact that the liquidlike layer cannot
ing (left panel in Fig. 10 (u®) along [010] grows consis-  exert coherence forces on the underlying crystalline region.
tently with temperature at the surface and in the bulk, bufy js |ikely that dislocations are present within or underneath

that (u?) is higher at the surfac& This corresponds well the crystalline subsurface region to allow for the slight dis-
with studies according to which the displacements of surfac@repancies with the bulk lattice parameters.

atoms exceed the ones of bulk atoms by a factor 1.5 to
2983-650nce a critical threshold valu@u?) . is reached
(see Sec. IV F for a more detailed discussisarface melt-

ing sets in. From that temperature on, the valuéus} right A. Summary of the observed precursor effects
at the interface between the disordered layer and the crystal
below (horizontal line in Fig. 1premains constant &t2) .«
while the thicknes& (T) of the disordered layer increases. A
slight further increase of the value (6i?) with temperature
in the surface-related experimental ddtawer panel in Fig.
9) may be due to the fact that the profile(@f) as a function
of depthz over which the surface sensitive x-ray measure
ments integrate changes slightly as the r.m.s. displaceme
in the bulk becomes more pronoundgseée right panel in Fig.
10).

4. Discussion of the near surface lattice vibrations

IV. DISCUSSION

We now summarize all results in terms of the scenario
depicted in Fig. 12 which shows a depth profile of melting
precursors near the G0 surface as a function of tempera-
ture. We found that surface melting sets in at 20 °C simulta-
neously with anomalies of the thermal expansion and the
lattice vibrations along010] in the bulk. The observation of

locked surface melting at the @&0) surface, characterized

?/ a logarithmic growth of the liquidlike layer thickness up
to 11 A atT,,, is in accordance with theoretical expectations
(see Sec. Il B 3 No significant in-plane anisotropy of the
layer thickness was observed, i.e., Fourier components along
[010] and [001] disappear in the same manner when ap-

Roughly simultaneously with the onset of surface meltingproachingT,, .

at 20 °C, we observe anomalies of the thermal expansion in Upon further heating above 20 °C, a relaxed, still crystal-
the crystalline subsurface region that are even more prdine subsurface layer of presumably several 10 A thickness

5. Thermal expansion
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0 - Sec. | A. For a microscopic understanding we have also in-
urface melting . g . .
\ (¢ el troduced and discussed a specific model dogallium in
\ crystalline L 1(T) Fig. 7. At 27 °C a similar but less significant correlation be-
I le surface layer] tween lattice vibrations and the thermal expansion was found
[ b along[001]. Without further detailed and quantitative under-
| standing of the atomic and electronic structurexedallium,

o -, however, at present no connection can be established be-
locdlly disorgered () tween precursors found in tfi610] and the[001] direction,
cryqtallmebulk .

) respectively.
<u>| <u’>
b | @ -
> 0 22 25 27 2976 . TI[°C] C. Relations between surface precursors

o ) ) _ The disordering at the G&00) surface occurs simulta-
FIG. 12. Schematlp illustration of the depth proflle_ of melting neously and equivalently alor{®10] and [001], indicating
precursors as a function of temperature. In each regime the var a1 gyrface melting is isotropic. Other than that, no direct
ables showing anomalies are noted. Furthermore, the thicknegy|ation between different near-surface melting precursors
L(T) of the disordered layer is indicated. becomes evident from our data. However, we have described

, o ) ) in which way the onset of surface melting seems to be re-
[L'(T) in Fig. 12| develops. This subsurface layer is char-gyqnsiple for the lack of anomalies of the lattice vibrations

acterized by an anomalous thermal expansion al@i@] o4y the surface: once a critical value of the r.m.s. displace-

and [001] as well as near-critical lattice vibrations. One ments is exceeded the crystal lattice in the affected region
might speculate that the enhancembherent lattice relax- breaks down and does not contribute to the Bragg signal

ation in that s_ub_surface region is_ duetoa modified_stress a%ymore(see Fig. 10 Qualitatively it is also plausible that
strain scenario right below the disordered layer which cannog,q thermal expansion is found to be strongly altered in a

exert coherence forces on the subsurface layer. This can {@gion directly below the disordered surface layer evolving
some extent be related to molecular dynamics simulations 0g,,\e 20°C.” because that surface layer does not exert co-
simple model systent$:°* At 27 °C the bulk(in a depth of | orence forces on the crystal underneath.

the order of microns below the surfacaso develops slight
anomalies along thg)01] direction, both in the thermal ex- ) )
pansion and the lattice vibrations. D. Relations between bulk and surface premelting

At the melting temperatur@,,=29.76 °C the amplitude A connection can also be established between bulk and
of the lattice vibrations alon§010] in the bulk approaches surface premelting at 20 °C, which is the temperature that
0.2 A and thus exceeds the difference of covalent and memarks both the onset of surface melting and of pronounced
tallic bond lengths ¢ andt in Fig. 7, respectively We be-  bulk anomalies alon010] (lattice vibrations and thermal
lieve that this induces a charge transfer between these diffeexpansion We suggest two possible interpretations of that
ent types of bonds, and that this is the crucial process thajonnection. First, surface melting may simultaneously affect
actually destabilizes the stacking of metalld0) bilayers in  structural properties of the bulk crystal by means of long-
the crystallinea-gallium phase afl,,. In that sense, bulk range forces. The range of such forces, however, can hardly
melting does not seem to be triggered microscopically byextend into the micron range which represents the depth sen-
surface melting. It rather seems that surface melting is aitivity of our bulk sensitive experiments. Therefore we do
consequence of the onset of strong bulk anomalies at 20 °Giot favor this interpretation. Second, the bulk anomalies may

For completeness, we mention that in our experiments wée due to the proliferation of vacancies, anharmonicities of
did not observe a linebroadening of Bragg reflections, whichthe inter-atomic potential, electronic effects such as a charge
indicates that the dislocation density and the coherenceansfer between bonds of different type, or a combination of
length of the crystals did not change drastically with tem-such effects. As soon as these effects manifest themselves in
perature. As far as the surface sensitive measurements aiaomalies of the bulk structure, the surface melts due to the
concerned, this argument is for geometrical reasons restrictegltered coordination of surface atoms and the accordingly
to dislocations with a Burgers vector parallel to the surfaceaeduced bond strength. In this case, surface melting would be
and a dislocation line perpendicular to the surface. On tha consequence of an enhanced manifestation of bulk premelt-
basis of our data, we will now attempt to give answers to theng effects, a scenario that is also suggested in Ref. 9. As
various questions addressed in Sec. | A for the case dhdicated in the summary of our observatiof@ec. IV A),
a-gallium. we strongly favor this second interpretation. Further implica-

tions of this are discussed in Sec. IV F.

B. Relations between bulk precursors

At 20°C we found clear evidence for a relation between =+ Near surface precursors and bulk symmetry changes

anomalies of the lattice vibrations and the thermal expansion When comparing specific bulk precursors with their near-
along[010] in the bulk. Such a relation can be based on asurface analogon we find quite pronounced differences. The
proliferation of vacancies or on anharmonicities of the inter-near-surface anomalies of the thermal expansion in the re-
atomic potential and can thus be expected as mentioned laxed subsurface layer, for instance, are only qualitatively
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similar to the bulk, but they occur at different temperatures Although our results are consistent with such general
and even the sequence of the anomalies ald@i@] and semiquantitative considerations, their implications go be-
[001] as a function of temperature is reversed compared tgond these considerations for the case aofjallium. We
the bulk(see Figs. 6 and 11The temperature dependence of found experimentally that &k, different types of bonds be-
the near-surface r.m.s. displacements is even qualitativelpome equivalent. From that we can identify a melting
different from the bulk(see Figs. 5 and 9, lower panhel mechanism based on an electronic effect. We argue that the
These observations indicate that there is no simple quantita&zomplex bond configuration ir-gallium is destabilized by
tive relation between bulk and near-surface premelting. Weattice distortions in connection with a charge transfer be-
believe that the modified stress and strain scenario in thewveen different types of bonds. The presence of such an un-
near-surface region plays an important role in this contextisual melting mechanism may also explain the unusually
and is responsible for the differences in the temperature ddew melting temperature of-gallium. We believe that this
pendence of melting precursors in the bulk and near the sumechanism which may trigger or at least be related to all
face. other observed effects occurring at 20 ftGe anomalies of
Likewise, the surface melting precursor does not have @he r.m.s. displacements in the bulk, the anomalies of the
simple analogon in the bulk. While a liquidlike layer devel- thermal expansion in the bulk and at the surface, as well as
ops at the surface, we did not find a simultaneous symmetrgurface meltingis perhaps not universal but also crucial for
change of the unit cell in the bulk as Compared to the low-the stability of other substances with a similar bond scenario.
temperature structurepace grougcmca.®® It presumably originates from an anharmonicity of the poten-
tial energy ina-gallium. Moreover, we expect that the pro-
_ posed charge transfer between bonds is associated with
F. Crucial precursors modified electronic properties. In fact, differences between
It remains to discuss whether there is a specific cruciaPulk and surface electronic properties were found in a pho-
precursor initiating the melting process, a question that hatemission and LEED study on G¥.0,*® which might be
already been addressed in some of the preceding subsectio@é. indication of surface melting at this surface.
The most prominent premelting effects we observed are sur-

face melting and the high final bulk value of the r.m.s. dis- V. CONCLUSION
placements al,,. Since we observe blocked melting at the
Ga(100 surface, the liquid phase is not likely referen- In accordance with other wotk®~%%and with the fact that

tially nucleate at this surface. It might, however, easilythe coordination of atoms is altered at the surface, we believe
nucleate at other surfaces or at edges and corners of tlieat below 20 °C the thermal vibrations at ttl0) surface
sample which was sometimes observed optically on oupf «-gallium are higher than in the bullapproximately by a
samples at the end of an experiment. In any case, it is nowdactor of 1.5—2, even though we are not able to derive ab-
days widely accepted that the macroscopic liquid phassolute numbers for the surface vibrations from our surface
nucleates at the surface, i.e., especially at high-indesensitive x-ray data. At 20 °C anharmonicities of the poten-
surface$>®’ It then remains to explain our experimental ob- tial energy manifest themselves in the simultaneous onset of
servation that alond010] the bulk r.m.s. displacements various structural melting precursdi@nomalies of the r.m.s.
amount to 7.5% of the nearest-neighbor distancel gt  displacements in the bulk, anomalies of the thermal expan-
which seems to be so well in agreement with the semiquansion in the bulk and near the surface, as well as surface
titative Lindemann criterion according to which the r.m.s.melting. We believe that a successive charge transfer be-
displacements are about 7 to 13% of the nearest-neighbdween different types of bonds is also initiated at that tem-
distance afl,. perature. Due to the altered coordination of surface atoms,

According to a recent molecular dynamics study on athe (100 surface starts to melt at 20 °C while the bulk is still
Lennard-Jones crystalr.m.s. displacements of 7 to 13% of stable. While the melting precursors are getting more pro-
the nearest-neighbor distance are actuatlyyet crucial for  nounced with increasing temperature, the crystalline order
the stability of a surface-free crystal. Homogeneous nuclenear the GELOO) surface is successively destroyed, with the
ation of the liquid phase in the form of so-called Lindemanndisordered layer thickness reaching ¢14) A or about
particles in the bulk does not occur before #wtually criti- seven disordered atomic layers at the melting temperature
cal value of 22% is reached at the limit of superheating. WithT,. At T,, the bulk crystal becomes metastable against ho-
the surface r.m.s. displacements being enhanced by a factorogeneous melting and starts to melt from the liquidlike
of 1.5—-2%53-%however, this critical value of 22% is reached nuclei at the surface, i.e., especially from high-index
at the surface already af,,, the equilibrium melting surface$3%’ A number of mechanisms have been discussed
temperaturé. At T,, heterogeneous nucleation of the melt that can be responsible for the destabilization of the crystal.
can set in at the quasiliquid embryo of the liquid phase at thé-or the case of-gallium we conclude from the measured
surface. Thus, the quantitative relation between surface arfoulk r.m.s. displacements that the crucial mechanism is a
bulk vibrations explains why the empirical Lindemann crite- charge transfer between different types of bonds that is ini-
rion for equilibrium melting predicts melting already fGin  tiated at 20 °C due to anharmonicities of the potential energy.
principle noncritical r.m.s. displacements of 7 to 13 % of the The charge transfer is complete T, where the r.m.s. dis-
nearest-neighbor distance. These arguments, however, do mqacements alonf010] have reached the difference of cova-
yet reveal the actual mechanism for melting. lent and metallic bond lengths.
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APPENDIX Ve |G

The measured x-ray intensity integrated over a so-callel! the dynamical and kinematical case, respectivelyand

rocking-scan in which the sample is rotated through the?r @re the incidence and exit angle, respectivélyand Ty
(hkl) Bragg reflection is given B5$6° are the corresponding transmission functiofisis the scat-

tering depth, and; , the component of the momentum trans-
_ 8 re\?FrleMP fer perpendicular to the surfack; is the height of the inci-

f lae(w)dw=loz— —— 55— (A1) dent beamgy the width of the exit beam as defined by the
¢ . detector slitsg the surface roughness, ahdhe thickness of

and the disordered surface layer. The remaining quantities are
defined by the following equations:
J Tl w)do=] 1 23| Fpl?e 2YP (A2)
del @)Udw=1g5— . F
2u V% Sin 260y Xo=—26+2ip, XH:_re)\2W*\‘/'",
in the dynamical and kinematical case, respectivijyde- ¢
notes the intensity measured in the incident beamthe Ki =\xo+
linear absorption coefficient,=2.818< 10" > m the classi- ' '
cal electron radiusy the x-ray wavelengthk,, andV, the Fi,f=e'k"iva,
structure factor and the volume of the unit cell, respectively,
and g the Bragg angleP =1 or P=|cos#g| for polarization C=e ™ and C=e "cos 2

perpendicular to and within the scattering plane, respectivel
andM =3{(u-Qn)?). The r.m.s. displacements?) are re-
lated to the Debye temperatuf@, via the approximate

Yor polarization perpendicular to and within the scattering
plane, respectively,

equation’ 2= (xot+a))
) 302 [T N ) . - Cxp
U~ ———| —+ 5=|.
47’mig | ©F 36T V.= (ki+a)(ki+7.)—(ki— ) (ki— 7:)TZ,

_ For grazing angle diffraction, the corresponding ex7p1)res— W. = (k+ ag) (ki+ 72+ 1) — (k5= o) (kg — 72— )2
sions for the integrated intensity per unit exit angle®af& _
7. are the two of the four solutions of the fundamental equa-
tion of the dynamical scattering theory for the two-beam case

g o
f PSP w0, a0 dw=1y————de o0’ (A4)

day Hisir’26g (af+ xo— ) af + xo— (74 1) °1=C2xuxin,
with"2 that have a positive imaginary part.
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