PHYSICAL REVIEW B, VOLUME 64, 033403

Structure of liquid Sn on Ge(11))
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We present an x-ray-diffraction structural analysis of liquid Sn layers of monolayer thickness absorbed on
Geg111) surfaces. Above the melting temperature, we find that the Sn atoms display both liquidlike and
solidlike behavior. The liquid shows both perpendicular and lateral ordering. The @d/tteystem allows us
to investigate the influence of temperature on the liquid structure. Our most important observation is that the
structure of the liquid Sn layer changes gradually with temperature from more solidlike to more liquidlike.
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[. INTRODUCTION temperature. Because of its lower vapor pressure compared
to Pb, Sn is more suitable than Pb for a study above the
The structure of a liquid in contact with a solid plays an melting temperature.

important role in properties such as flow, lubrication, and Ichikawa"*® determined the phase diagram of the Sn/
wear. This structure is also important in crystal growth,G&(111) system and found an order-disorder transition at
where it influences, for example, the incorporation of impu-coverages between 1 and 1.6 monolay@ft’s) at a tem-
rities and the final growth shape of the cry&tATheoretical ~ PeratureTy, of 170°C, similar to the Pb/Gé11) system:®
studies predict that ordering of the liquid extends over a fewBelow Ty,, and depending on the coverage, the Sn/Ge sur-
atomic distances and exhibits layering perpendicular to théace exhibits a X 3v2 or a+/91xv3 reconstruction. Above
surface as well as ordering parallel to the surfateittle is  this transition the reconstruction disappears, and Ichikawa
known about the parallel ordering of the liquid. Hotwesed ~ found evidence for a liquidlike structure of the Sn layer. The
high-resolution transmission electron microscopy to investi-ordering in the liquid was not investigated.
gate the solid-liquid interface between crystalling$icand Using x-ray diffraction, we find presently th&y the Sn
amorphous PgSi,o and found ordering in the liquid in the layer is well ordered below the melting point and tfiak the
first atomic layers. Layering of the liquid perpendicular to properties of the layegradually change from more solidlike
the surface has been observed in a few experimental studi€§, more liquidlike above the melting point.
e.g., in electrode/electrolyte interfafemd in liquid gallium

in contact with a hard wall. Il. EXPERIMENTAL DETAILS
In the context of surface melting, the nature of a liquid .
film in contact with a solid has also been investigaﬁ:édt To denote the surface structure, we use a surface unit cell

was found that the thickness of the liquid lay@ermed for G&(111) whose lattice vectors are expressed in terms of
“quasiliquid” ) increases upon approaching the bulk meltingthe conventional cubic lattice bg; =3[101], a,=3[110],
point. Attempts to measure the ordering in the quasiliquicand a;=3[111]. The cubic coordinates are in units of the
surface layer, however, have not been succed$fdladdi-  germanium lattice constari6.66 A at 300 K. The corre-
tionally, considerable experimental as well as theoreticasponding reciprocal lattice vectofb;} are defined byg;- b
work has been conducted on intercalation compotfidéin =~ =274, . The momentum transf&, which is the difference
which liquidlike alkali layers are embedded in a graphitebetween the incoming and outgoing wave vectors, is denoted
host. by the diffraction indiceghkl) in reciprocal spaceQ=hb,

The ordering of the liquid near the interface is likely to +kb,+1bs.
depend on several parameters, such as the temperature andThe surface x-ray-diffraction experiments were performed
size match between liquid and solid. No prior experimentakat beamline ID3 at the ESRE&renoblg using a wavelength
information is available on this. Therefore the aim of thisof 1.2 A. The setup consists of an ultrahigh vacuum cham-
study is to determine the structure of a liquid in contact withber, which was coupled to zaxis diffractomer->?° The
a solid as a function of temperature for liquid Sn monolayersrystal was mounted in the UHV chamber with the surface
absorbed on Ge surfaces. The Sridd) system can be normalin the horizontal plane. All data were obtained with a
considered as a model system for crystal growth, in particusmall, constant incident anglé~1.0° and varying exit
lar for the case of liquid phase epitaxyPE) from thicker  angles.
layers. The Gd111) crystal (miscut ~0.2° was cleaned by re-

The Sn/G€l1l) system is comparable to Pb/@&1), a  peated cycles of sputtering and annealing until a ct£a&r
system that has received considerable atterfidhit was X 8) reconstruction was obtained. A Knudsen effusion cell
found that above an order-disorder transition temperatureyas used for the deposition of the Sn atoms. For every data
the Pb layer shows both liquidlike and solidlike behavior. Toset a fresh Sn layer was deposited with a coverage of ap-
develop a better understanding of this dual character weroximately 1.5 ML's(Table |). At coverages below 1 ML,
present here the structure of the thin liquid with varyingthe Sn layer did not show the liquidlike behavior described
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TABLE |. Best-fit parameters at different temperatures.

Fit parameter 150°C<T,)  200°C (>T,) 300°C (>T,) Ref.2% Ref 18
In-plane Debye- 451.0 12+-2(T¢,Ty), 12+2(T1,Ty),

Waller factor(A?) 5+2(Hj) 6+3(Hj)

Height T, atom (&) 2.58+0.10 2.55-0.04 2.64-0.03

Height H4 atom (A) 3.73+0.05 3.58-0.07 2.82-0.12

Height T, atom (&) 4.17+0.10 4.110.07 3.470.12

Height liquid Sn 2423 2.33+0.15 2.46-0.16

# ML liquid Sn atoms ~ 0.0%0.05 0.070.04 0.42-0.09

# ML at T sites 0.930.10 0.84-0.04 0.82-0.06 0.77 0.89
# ML at T, sites 0.19-0.05 0.24-0.04 0.26-0.03 0.19 0

# ML at H, sites 0.280.05 0.22-0.02 0.07-0.02 0.37 0.29
Coverage(ML) 1.41+0.15 1.370.08 1.56-0.12 1.33 1.25
e 4.8 35 3.1

8Fixed value.

bFor Pb/G¢111).

below. Full data sets, which include crystal truncation rodsdimensional layer and a sphere for a three-dimensional layer.
(CTR’s h, k integey,?* in-plane data l(=0.2), specular data A similar observation was made by Gray al. for lead on
(h=k=0), and radial scaf¥were taken at temperatures of germaniunt>

150+20°C, 200:20°C, and 30&20°C, where T, To establish the lateral structure of the Sr layer, both the
=170°. All measured intensities were converted to structuré¢10) and(20) rods were measured at our standard three tem-
factors by applying a standard procedéfréModel calcula-  peratures, see Fig. 2. The solid curve is a theoretical calcu-
tions and fitting were done using th®b program? o0

lll. RESULTS A 150C

m 200°C b
40 - o
® 300°C °

Surface x-ray diffraction can probe both the structure and
the ordering at the interface. A completely liquid Sn layer
gives rise to cylindrical[two-dimensional(2D)-liquid] or
spherical(3D-liquid) shells of diffuse scattering, from which
the pair-correlation function can be deduc¢é&uch a liquid
layer does not contribute to reflections with an in-plane mo-
mentum component. In contrast, a solid, commensurate Sn
layer does not give rise to shells of diffuse scattering, but . T,
appears in the substrate crystal truncation rods. This differ- " "2l
ence is due to the long-range translational order in a solid Sn 0 [TV YY oL )
layer and the short-range order in a completely liquid Sn 1 15 >
film. A Sn layer with both solid and liquid properties will be . q
visible in both types of data. (@ Q(R)

In order to observe the diffuse scattering caused by the
liquid layer, radial scans were performed in tia k]
=[1 2] direction, where no Ge scattering is expected except
thermal diffuse scatteringFig. 1(a)]. No liquid ring is
present at 150 °ChelowT,,). Thus, as expected, the Sn layer
is solid at this temperature. In contrast, at 200 and 300 °C a
diffuse ring is observed. Additional radial scans in different
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directions revealed a similar peak at the same radius. This
clearly indicates the presence of a liquid. Following Gray

et al,?* the position of the liquid ring corresponds to a Sn-Sn

distance of 3.8 and 3.4 A for 200 and 300 °C, respectively.
Figure Xb) shows the position of the liquid ring in radial

(b)
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FIG. 1. (8) Radial scans in théh k]=[1 2] direction at three

scans at different perpendicular momentum transfers for botymperatures, one below the phase transifioiangles and two
a two-dimensional and three-dimensional liquid at 300 °C gpove the phase transitidgequares and circlesThe liquid ring is
The three-dimensional liquid is present as small dropletgiearly seen aroun®,=2. The increase at highe®, is due to
which form when extra Sn is deposited on the two-thermal diffuse scattering from the Ge substréie Position of the
dimensional layer. This demonstrates that the diffuse scatteliquid ring measured at differen®, for a 3D Sn liquid (open
ing forms a cylinder in reciprocal space for a two- circles and a 2D Sn liquidsolid circleg for T=300 °C.
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FIG. 3. Schematic top view of the average structure at 300 °C.
The grayscale of the Sn atoms approximately indicates the occu-
pancy. Due to the symmetry of the GEL]) structure the Sn atoms
can be displaced in three symmetric directions. In Table | the oc-
cupancy of the three atoms at one lattice site are added up to give a
total value.

Structure factor (arb. units)
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cell defined above, which has three lattice sites with three-
FIG. 2. Structure factor amplitudes of tf&0) and(20) crystal fold s.yrr_1metry(l_:|g.. 3)_' In our model, the_ S,n atoms can be in

truncation rods. Measured structure factors are indicated by syn Solidlike or liquidlike state. The solidlike Sn atoms are

bols. The solid curve represents a calculation for bulk terminated!aced on top of one of the three symmetric lattice sites and

Ge(111). The dot-dashed, dotted, and dashed curves represent tfié€ allowed to have a lateral displacement. In that case, all
best fits for 150, 200, and 300 °C, respectively. three symmetric directions are modeled to occur simulta-

neously in different surface domains. A model without in-

lation for a bulk terminated G&11) surface. The(10) rod  Plane relaxations gave a bad fit for both temperatures above
does not follow this calculation at any temperature, whichTm- Sn atoms in the liquidlike state are mobile, without a
implies that the Sn atoms have a significant contribution tdixed position on the surface. We model the liquid atoms by
this rod at all temperatures. TH20) rod shows a different @ single layer with a very high in-plane Debye-Waller pa-
behavior; at low temperatures the measured structure factofameter(so they do not contribute to the CTR'Note that

do not resemble the calculated bulk curve, whereas at highdfe system is expected to be dynamic. The high Debye-
temperatures the structure factors gradually change until thefvaller parameters and the liquidlike behavior indicate that
almost coincide with this curve. Thus the contribution of thethe Sn atoms are mobile and will rapidly change from one
Sn atoms to thé20) rod is highest at low temperatures and state into the other. Relaxation in the Ge substrate was found
almost disappears at high temperatures. to be negligible.

Summarizing the results, one can say that the radial scans The two-state model describes our data well for all tem-
show that the Sn layer has liquid properties while the CTR’sPeratures. Figure 2 shows the best-fit model calculation for
demonstrate its solid features. AboVg, the Sn layer there- the (1 0) and(2 0) rods together with the measured structure
fore hasboth solid and liquidbroperties. As in the liquid film ~ factors, while Table | lists the best-fit parameters. Note that

during surface melting, the Sn layer can be called a quasﬂ"e fit is based on the entire data set, including specular and
liquid. in-plane data. The in-plane displacements are 0®A A)

and 0.8 A(0.4 A) at 300 °C(250 °Q for the T, and T, site,
respectively.

As mentioned before, belowT, the surface is

In order to describe the behavior of the Sn quantitatively reconstructed’*® and cannot be described fully by our 1
we need a model that accounts for both the solid and thex1 model. The above approach effectively projects the re-
liguid character we observe. There are two possibilities foiconstructed structure onto thexll unit cell. This simple
this. One is to use the method that Reiter and NfoSsde-  approach allows us to compare the structure belgywvith
veloped for intercalation compounds and thus model the Sthe results of the liquid structure.
as a perturbed, but uniform, liquid. The alternative is to de- An important characteristic of the system is the distribu-
scribe Sn as a solid that is gradually losing its solid propertion of the Sn atoms among the two states. Belgyy the Sn
ties. Since our analysis shows that the Sn layer is not unilayer is solid and all atoms are near lattice sites. In the fit we
form but contains different sites at all temperaturesfind indeed a liquid coverage of less than 0.01 ML. Above
investigated, the latter solidlike model is more suitable. ThisT, the number of liquidlike Sn atoms increases as a function
is similar to the model that de Vriest al® used for the of temperature(from 0.07 ML at 200°C to 0.42 ML at
Pb/Gd111) system. 300 °Q while the number of solidlike Sn atoms decreases.

For the analysis we have used theq{1) Gg111) surface  The distribution over the two states is shown in Fig. 4. Re-

IV. ANALYSIS
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100 Solid Fraction does not change at the phase transition, but is lost if the
temperature is further increased.
The distribution of the Sn atoms over the three lattice sites

changes gradually with temperature, as can be seen in Table
I. For comparison, both the experimental values and the val-

~
8]

Phase Transition

Fraction(%)
(1]

% Ui A ues found with molecular dynamics for the Pb{GEl) sys-
quid Fraction . 6.25 A
0 +—o—4 : tem are included®?® The occupancy of th&; position is in
100 200 300 all cases the largest and changes least with temperature. The

experimental values of the Pb/@41) system are only de-
termined at one temperature so no comparison can be made
FIG. 4. Fraction of Sn atoms in the solid stasguaresand  Of the temperature behavior.

liquid state(circles at different temperatures. The molecular dynamics studies of the Ph/GH)
system® sketch a similar picture as ours for Sn(G&l).

L : These studies showed that above the phase transition the Pb
markably, the distribution is found to keep on changing farIayer becomes mobile but that the atoms still spend an im-

a_bo_ve the p_hase—transit_ion temperature. The incree}sing Ii(E)'ortant fraction of their time close to lattice sites.
uidlike fraction shown in Fig. 4 is in accordance with the

radial scan$Fig. 1(a)], which show a corresponding increase V. SUMMARY
in the intensity of the liquid ring. The fits and the radial scans

thus clearly show that the Sn structure changes from more [N summary, our analysis shows that the liquid Sn exists
solidlike to more liquidlike with temperature. as a dynamic, 2D layer with Sn atoms residing preferentially

The Debye-Waller factor of the solidlike Sn increasesOn Sites imposed by the GL]) lattice. The structure of the

with the temperature, as expected. Remarkably, the increadduid Sn layer changes gradually with temperature from

is stronger for ther; and T, positions than for thé1, posi- more sqhdhke to more liquidlike. The most important
tion (Table ). This could be an indication of different melt- chqnge IS the deqrease of the percentage of Sn gtoms.near
ing behavior of the Sn atoms at the different positions. Com!attlce sites at hlg_her temperatures. '_I'he_ question arises
pared with the Pb/G&11) systemt® the increase in Debye- whether th|_s beh_awor changes !f the _I|qU|d layer changes
Waller factors is smaller in the Sn/Ge.1) system. This is from two dimensional to three dimensional. Unfortunately,

probably due to the smaller size of Sn compared with F,b'fhe Sn/G€l1]) system is not suitable to investigate this, be-

leading to a better size match with the Ge surface. cause the Sn layer does not completely wet the Ge surface at
The temperature also influences the crystallographié1Igher coverage.

structure. The height of the Sn atoms and the distribution of

the Sn atoms over the three lattice sites change with tempera-

ture. Figure 3 shows the average position of the Sn atoms at Part of this work was performed as part of the research

300 °C, the grayscale indicates the occupancy of the differengrogram of the Foundation for Fundamental Research on

sites. BelowT,,, the height of the Sn atoms correspondsMatter (FOM) and was made possible by financial support

roughly to the height in am-Sn crystal. This configuration from the Dutch Organization for Scientific Resea(biWO).

Temperature (°C)
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