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A third route, adopted by one of the authors some years
The structure of a new metastable Au–Sn phase was deter- ago (5), is to use the intensities of excess lines in high-

mined by convergent beam electron diffraction. Micrometer- order Laue zone (HOLZ) reflections which can be treated
sized crystals were grown by heating a metal/oxide/metal tri- in a quasi-kinematic fashion. In general, in order to inter-
layer and allowing the metals to react. The new phase was pret the structure of the excess lines effectively, one must
tetragonal with space group P4/nbm, lattice parameters a 5 have a good idea of the basic structure. However, a recent
6.63(3) Å and c 5 5.92(3) Å, and composition AuSn4. The phase publication (6) has shown how even if the structure is
was found to be isostructural with PtPb4 with Au atoms located

completely unknown, useful information can be inferredat 2(a) sites and Sn atoms at 8(m) sites. Conditional Patterson
from Patterson transforms using the HOLZ intensities totransforms parallel to the c-axis were calculated from the quasi-
enable a partial structure determination.kinematic intensities of first-order Laue zone (FOLZ) reflections

Last, a new scanning system has been developed by thediffracted from Bloch states localized on the Sn atom strings.
authors (7) in which the beam is rocked at a constant angleThe contour maps showed clear peaks from Au–Sn and Sn–Sn

interatomic vectors. A least-squares refinement using the FOLZ around a zone axis and then de-rocked below the specimen
reflections gave the Sn atomic parameters as x 5 0.167(1), to produce ‘‘precession patterns,’’ analogous to X-ray pre-
z 5 0.25(4).  1996 Academic Press, Inc. cession patterns. Using this technique, the diffracted inten-

sities are determined by integration through the Bragg
condition and are thus less prone to nonsystematic dynami-

1. INTRODUCTION cal interactions. The precessed intensities are collected on
a single negative and may be analyzed by standard X-ray

The use of convergent beam electron diffraction
methods without any prior knowledge of the crystal struc-

(CBED) patterns to determine the space group of submi-
ture (8).

crometer crystals is now a well-established and routine
Reports of a possible new Au–Sn phase (9) prompted

procedure (1). However, to go further and locate the atom
a study of this system by electron diffraction. A preliminary

positions within an unknown structure using electron dif-
article describing a new tetragonal Au–Sn phase was pub-

fraction is still fraught with many difficulties.
lished elsewhere (10). This paper extends the original re-

The basic limitation is the strongly dynamical nature of
search and applies the HOLZ excess line technique to

electron diffraction so that, in general, even from moder-
confirm, and subsequently refine, the proposed structure.

ately thin crystals, the intensities of low order reflections
quickly move away from their kinematic values. For thin 2. GROWTH OF Au–Sn FILMS
organic crystals and layered inorganic materials containing
principally light elements, the restrictions produced by dy- Within a high vacuum chamber, high purity (99.99%) Sn

was evaporated from a molybdenum boat onto freshlynamical coupling between reflections are less severe, and
considerable progress has been made (2). As an alterna- cleaved rock salt held at room temperature to form a dis-

continuous, but connected, polycrystalline film, typicallytive, the crystal structure can be imaged directly and sig-
nificant advances have been made in new imaging tech- 500 Å in thickness. The film was then exposed to air to

form a thin oxide layer. Under a high vacuum, Au wasniques such as side-band holography (3) and through-focal
series (4). Unfortunately, the resolution attained by such then evaporated directly onto the oxide layer. By dissolving

the rock salt in water, the trilayer film was transferredtechniques, although nearing 1 Å, is still insufficient to
solve all but the simplest of structures. onto a Cu mesh grid and examined in a Philips EM430

transmission electron microscope.
The Au did not form a continuous film but was found1 To whom correspondence should be addressed.
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FIG. 1. Bright field image of the trilayer film after in situ heating, showing the t-AuSn phase, labeled A, unreacted Sn, labeled B, the equilibrium
phase AuSn, labeled C, and the underlying amorphous tin oxide.

to grow as isolated islands. The grain size of both the original Sn grains. The areas of the specimen with very
weak contrast in the figure correspond to a residual filmAu and Sn was about 0.1 em. A preliminary examination

showed that no reaction has occurred between the two of amorphous tin oxide. Thin strips of Sn remain around
the channels in the film. The area of the film showing strongmetals, which were separated by a layer of tin oxide. When

the films were heated in situ in the microscope, there was bend contour contrast B, is unreacted Sn. The strongly
diffracting grain labeled A in the center of the figure isno evidence of any reaction until the temperature ap-

proached the melting point of Sn at 505 K. At these temper- the new metastable t-phase. Just above the t-phase is a
atures, the metals interdiffused through the oxide barrier large grain of AuSn, labeled C.
to form several intermetallic compounds with grain sizes The t-phase composition was measured from calibrated
as large as 2 em. energy-dispersive X-ray spectra and was AuSn4 with an

The majority of the intermetallic compounds examined estimated error of 5% in the Au : Sn ratio. To determine
were the known equilibrium phases, AuSn (space group the space group and lattice parameters by electron diffrac-
P63/mmc) and AuSn2 (Pbca). However, three new meta- tion, the films were transferred to a double-tilt specimen
stable phases were found, two with monoclinic structure holder and cooled to 100 K to reduce thermal diffuse scat-
and one with a tetragonal structure. It is this last phase, tering; the metastability of these phases implies that the
subsequently referred to as the t-phase, or t-AuSn, that Debye–Waller factors were likely to be relatively large at
is the subject of this paper. room temperature.

Inspection of both CBED and selected area diffraction
3. RESULTS (SAD) patterns confirmed that the phase was tetragonal

with a primitive Bravais lattice; unit cell parameters and3.1. The t-Phase Structure
c/a ratio are listed in Table 1. Figure 2a shows a [001]
convergent beam pattern taken at 150 kV from the t-Figure 1 shows a bright field image from a typical area

of the trilayer film with narrow channels separating the phase. Figure 2b is an enlargement of a symmetry-indepen-
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TABLE 1 dent sector within the first-order Laue zone (FOLZ) show-
Summary of Structural Parameters for t-AuSn ing slightly overlapping discs. The 4mm whole pattern sym-

metry was consistent only with point groups 4mm or
Space group P4/nbm 4/mmm. Careful inspection of the pattern revealed thatLattice parameters a 5 6.63(3) Å

the FOLZ contains twice as many reflections as the zeroc 5 5.92(3) Å
layer. This was attributed to the presence of a diagonalc/a 5 0.894(4)

Structure tP10 in Pearson notation, isostructural with glide in the (001) basal plane. The point group was there-
PtPb4 fore 4/mmm. In addition the observation of dark bars, or

Atom positions x 5 0.167(1) Gjønnes–Moodie lines of absence (11) in FOLZ reflections
z 5 0.25(4)

of type 0k1, where k is odd, indicated a b-glide on theBond lengths Au–Au 4.69(2) Å
h100j planes. These glide planes were confirmed by tiltingAu–Sn 2.9(4) Å
about a k100l axis to a pattern such as Fig. 3, where3.50(3) Å

Sn–SnH(in basal plane)

(out of basal plane) Gjønnes–Moodie lines were visible in reflections of type3.3(5) Å
0kl (k odd). The space group was therefore P4/nbm. It
was noted that all the t-phase grains studied showed a
strong texture with the c-axis normal to the film plane.

FIG. 2. (a) Convergent-beam electron diffraction pattern recorded at 150 kV parallel to the [001] zone axis of the t-AuSn phase at 150 kV.
The whole pattern has 4mm symmetry. The n-glide in the basal plane of the structure is confirmed by the doubling of reflections in the FOLZ ring
compared to the zero layer. (b) Enlargement of a symmetry-independent section of the FOLZ ring, showing two excess lines (branches) within the
disks. The FOLZ disks are slightly overlapping.
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U n(R) 5 O
Gn

UGn
exp(2fiGn ? R), [2]

where Gn is a 2-D vector within the nth layer of the recipro-
cal lattice normal to c. Equation [2] is a 2-D Fourier sum
over the Ug coefficients restricted to the nth layer; for
n 5 0, Eqs. [1] and [2] reduce to the usual definitions of
the projected potential U 0(R). The higher order condi-
tional potentials are generally complex because a phase
factor exp(22finz) is attached to the potential integrated
along z. For example, the contribution to U 1(R) by a single
atom at height z 5 Af will be entirely negative imaginary, and
that from a single atom at height z 5 As will be negative real.

However, HOLZ reflections diffracted around a major
zone axis show distinct excess lines slightly displaced from
the Bragg condition. These lines correspond to diffraction
out of excited Bloch states for the projected potential. At
major zone axes typically only 2 or 3 states are significantly
excited and thus the electron wavefunction can be ade-
quately represented by a sum over only these excited states.

FIG. 3. CBED pattern taken near the [001] zone axis, tilted about The most tightly bound branches (and also the ones
the k100l direction. A Gjønnes–Moodie line of absence (dark bar) can most absorbed) that diffract into HOLZ excess lines gener-
be seen in the reflection of type 0kl (k odd), in the center of the Kikuchi ally fall inside the Bragg condition and correspond to Bloch
band, indicating a b-glide on the h100j planes.

states localized on the strongest atom strings in the pro-
jected potential. The effective conditional potential is then
modified to U n(R) multiplied by the Bloch state amplitude

The t-phase lattice parameters, space group, and compo- t( j)(R) for branch j of the dispersion surface. The multipli-
sition listed in Table 1 were not consistent with any of cation of a sharply localized string potential by the slowly
the equilibrium or metastable Au–Sn phases listed in the varying function t(R) implies that the shape and depth of
literature (12). At this stage, it became apparent that the the atom strings is modified but the positions of projected
phase was likely to be isostructural with PtPb4 (13). How- atoms are not significantly affected to a very good approxi-
ever, the analysis was continued to confirm the structure mation.
and to determine the atomic parameters from CBED pat- For projected cells that contain sets of symmetry-related
terns. atomic strings, the excited Bloch states are generally 1s-

or 2s-type states localized on the atom strings or a combina-
tion of these states to give molecular Bloch state clusters.3.2. HOLZ Diffraction
Provided that the string potentials are well separated, the

The approach to structure determination and refinement splitting between branches of the dispersion surface for
is based on the method established by one of the authors the molecular states remains small, and the branch cluster
using HOLZ intensities (5). In the kinematic limit, the can be treated as a single composite Bloch state localized
effective potential controlling the amplitudes of HOLZ on all of the symmetry-related strings (4). When multiplied
reflections in the nth layer of the reciprocal lattice perpen- by U n(R), the effect is to isolate a subset of symmetry-
dicular to the c-axis is given by the conditional projected related atom strings within the conditional potential. It
potential U n(R) defined as then follows that the HOLZ excess line amplitudes remain

proportional to the corresponding partial structure factor
in a quasi-kinematic limit where the crystal thickness isU n(R) 5 E1

0
U(r) exp(22finz) dz, [1]

much less than the HOLZ extinction distances (typically
p1 em).

Knowing the approximate crystal structure, dynamicalwhere R is a 2-D position vector within the projected cell,
z is a fractional coordinate parallel to c and U(r) represents calculations give the Bloch state amplitude and excitation.

HOLZ intensities can be used to confirm the structure andthe conventional 3-D crystal potential in standard form.
By substituting into Eq. [1] an expansion of U(r) as a then refine atomic parameters to a precision approaching

measurements made by X-rays.Fourier sum over Ug’s an equivalent expression for U n(r)
is obtained No allowance is made for dynamic coupling between
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HOLZ reflections. In practice, some reflections may show sured from negatives taken at different voltages and
thicknesses. The intensity data for the hk1 reflections areevidence of this in the form of intensity variation along

the excess line. These reflections can be omitted from the plotted in Fig. 5. Absences in the data set correspond
to reflections which were perturbed by strong dynamicalrefinement procedure, but their effect will be minimized

overall if a large number of HOLZ reflections are used. interactions and were therefore omitted. Crosses indicate
reflections kinematically forbidden by the b-glide in theProvided that the HOLZ reflections are high multiples of

the reciprocal basis vectors, even small atomic displace- h100j planes.
ments produce large changes in the associated structure

3.4. Patterson Transformsfactors.

The Patterson or self-correlation function for U(r) is
defined as3.3. Measurement of Intensities

CBED patterns centered on the [001] zone axis were
P(r) 5

1
V

E U(r9)U(r 1 r9) dr9, [3]recorded with a probe of size 10 nm at voltages between
150 and 270 kV in 10 kV steps. The morphology of the t-
phase grains implied that the patterns were recorded from

where V is the volume of unit cell.areas somewhat thicker than ideal and this is reflected in
Conditional projections apply equally well to Pattersonthe final analysis as large dynamical perturbations. Never-

transforms, wheretheless, it has been shown (14) that the principal effect of
2-beam extinction within HOLZ intensities used to refine
an atomic parameter is to increase the statistical uncer- Pn(R) 5 E1

0
P(r) exp(22finz) dz [4]

tainty in that parameter and not to introduce any significant
systematic error.

and
Dynamical calculations using the atom positions for the

PtPb4 structure were consistent with the two excess lines
Pn(R) 5 O

Gn

uUGn
u2 exp(2fiGn ? R). [5]shown in Fig. 2, where the weaker inner line corresponded

to a 1s state localized on the Sn atom strings (Fig. 4a) and
the outer line was associated with diffraction from a hybrid

Notice that like U n(R), the conditional Patterson trans-combination of 2s states sitting on both the Au and Sn
forms Pn(R) are generally complex due to the z-dependentstrings (Fig. 4b). The sign of each peak within the hybrid
phase factor in the integral.2s state was found to be negative. This is important as the

It is often helpful to plot Patterson transforms using thescattering into the a HOLZ reflection is governed by both
E 2 2 1 formalism (15), where E 2 5 I/kI l where I is theU n(R) and t( j)(R) as discussed previously. For example,
observed intensity and kI l is the mean observed intensityif the peaks on the Au strings within the 2s state were of
for all reflections included in the transform. This producesopposite sign to those on the Sn strings this would result
a Patterson function with the self-correlation peak at thein the effective scattering potential for the Au being of
origin removed. This is useful, in that vectors of smallopposite polarity to that of the Sn. Calculations revealed
magnitude which are normally swamped by the origin peaka third weakly excited line that was expected to lie inside
may be revealed.the inner 1s Sn branch. This corresponded to a 1s state on

the Au atom strings (Fig. 4c) but for typical thicknesses,
3.5. The Symmetry of the Conditional Transforms

say 500 Å, this branch is highly absorbed and therefore
was not visible in the pattern. For space group P4/nbm, the symmetry of the related

Patterson group is P4/mmm and the projection groupAnalysis was restricted to the outer branch because of
its high visibility and also the strong azimuthal intensity along [001] for both U 0(R) and P0(R) is p4mm. The two-

dimensional space groups of the conditional projectionsvariation associated with the Sn atom positions. Symmetry
independent FOLZ reflections (82) were indexed from the are less simple because the z coordinates of the atoms

are included in the transforms through the phase factorvoltage sequence. Intensities were measured on an eight-
point interval scale by visual comparison with an array exp(22finz). The symmetry of the conditional projections

is given by the layer group (16).of calibration lines exposed on a photographic film and
overlapped with the original negative, thereby avoiding Consider the symmetry of U n(R). The b-glides parallel

to h100j and h110j in P4/nbm (Fig. 6a) become mirrors inlocal perturbations of local intensities due to nonsystematic
interactions and providing a simple background subtrac- the real part of U n(R) and the layer group is p4mm, No.

52 in Weber notation (17), the same as the projection grouption. Sufficient reflections were common to pairs of nega-
tives to give a reliable cross-calibration of intensities mea- for U 0(R). In the imaginary part, however, the b-glides
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FIG. 4. The significantly excited Bloch states at the [001] zone axis of the t-phase calculated using the PtPb4 structure. Only the modulus of
the Bloch state is shown and the area in each figure is equivalent to four projected unit cells. (a) shows a 1s state on the Sn atom strings, (b) shows
a hybrid 2s state on both Au and Sn strings, and (c) shows the third excited state, a 1s state on the Au atom strings which is highly absorbed and
is invisible in the CBED patterns.
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an ideal transform determined from the same set of FOLZ
reflections but now calculated using kinematic intensities
derived from the known PtPb4 structure. This is shown in
Fig. 7b. Even in this ideal situation, the background ripple
is large due to the limited data set used in the transform.
Comparing Figs. 7a and b, it is clear that despite the errors
in the experimental FOLZ intensity data, there is a sub-
stantial correlation between the two transforms, confirming
that the t-phase was isostructural with PtPb4.

Inspection of the experimental transform shows only
five peaks (excluding the origin peak) in the symmetry-
independent octant whereas there are six in the schematic
transform. The missing peak (also very weak in 7b) is
associated with the Au–Sn interatomic vectors within the
p4mm layer group. It was stated earlier that this peak is
absent if the z-coordinate of Sn is z 5 Af. The z-parameter
of the Pb atom in the PtPb4 structure is 0.255, close to the
ideal value of Af, and therefore the peak is very weak. The
absence of a peak in the experimental transform indicates
that the Sn z-parameter in the t-phase structure must also
be close to the value of Af. The peak at the center of the

FIG. 5. Map of hk1 reflections used to calculate the Patterson trans- experimental Patterson transform is much weaker than
form P1(R). The radii of the circles size are proportional to the measured expected. To explain why, consider the strongest reflec-
intensity. Reflections of type h01 (h odd) are forbidden by the b-glide tions in the FOLZ. These will be dominated by the eight
and are shown as small crosses.

Sn atoms in the unit cell scattering in phase and will un-
doubtedly be prone to extinction effects, emphasised by
the necessity of using relatively thick crystal. This extinc-
tion will be most evident in the peak at the center of the

become antimirrors giving the layer group p422 (No. 55). transform which represents the summed contribution from
If the 8(m) atoms in the PtPb4 structure are at ‘‘ideal’’ two Au–Au vectors minus eight Sn–Sn vectors for z 5 Af.
heights of z 5 Af then U n(R) is pure real for n even, and As discussed below, Au and Sn atoms scatter into almost
the 8(m) atoms contribute only a pure imaginary compo- separate subsets of FOLZ reflections, and therefore it is
nent for n odd. The Patterson transform Pn(R) is pure real expected that extinction will reduce the amplitude of the
for all values of z and n. The layer symmetry is again Sn reflections more quickly, reducing the overall peak
p4mm. These pattern symmetries are illustrated in Fig. 6 strength by mutual cancellation of Au and Sn contribu-
for the PtPb4 structure with the x parameter on the 8(m) tions.
sites taken to be exactly Ah for simplicity. The basic PtPb4 An approximate value of the x parameter can be esti-
structure is sketched in Fig. 6b and the corresponding mated by simply measuring the peak positions on the trans-
schematic maps for U 1(R) and P1(R) are shown in Fig. 6c form. The clearest peak on the experimental pattern is
and 6d, respectively. The peaks shaded grey correspond to that at the (As, y) position, indicated by the arrow. This
four separate Au–Sn interatomic vectors, two with phase interatomic vector is equivalent to a displacement of (As,
factor exp(22fiz) and two with exp(12fiz), giving a total As 2 2x) in the (001) basal plane of the structure. Therefore,
multiplicative factor of cos(2fz). For z 5 Af, these phase the y-axis position of the peak gives a direct measure of
factors are equal in magnitude but of the opposite sign x, where y 5 As 2 2x. Measurement of the peak position
and therefore the peak will be absent in the Patterson gave x 5 0.17(1).
transform.

3.6. Experimental Patterson Transforms from t-AuSn 3.7. Refinement of the Atomic Parameters

The experimental Patterson transform of Fig. 7a con-The Patterson transform P1(R) was calculated from the
FOLZ intensity data (shown in Fig. 5) for comparison firmed that the t-phase was isostructural with the PtPb4

structure, with two free parameters, x, controlling the 8(m)with the transform expected from the PtPb4 structure. The
experimental transform is shown in Fig. 7a. Although positions of the Sn atoms in the basal plane and estimated

to be 0.17, and z, which was estimated to be 0.25 from thepeaks can be distinguished from the background ‘‘ripple,’’
it is beneficial to compare the experimental transform with absence of peaks in the Patterson transform.
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FIG. 6. (a) Schematic diagram of the rotation axes, glide planes, and mirrors parallel to c in P4/nbm using standard notation. The projected
cell area is half the size of the cell shown in the figure. (b) Diagram of the PtPb4 structure where the small filled circles represent the Pt atoms at
z 5 0 and the larger filled and open circles represent Pb atoms at 1z and 2z, respectively. (c) Schematic map of U1(R) where filled circles represent
the potential on the Pt atom strings (pure real) and open circles represent the potential on the Pb atom strings. For atoms at z 5 61/4, the potential
is pure imaginary and the sign of the potential is shown in the figure. (d) Schematic map of P1(R) where filled circles have zero phase factor, open
circles represent correlation peaks multiplied by the factor cos 4fz (equal to 21 if z 5 1/4) and shaded circles represent peaks multiplied by the
factor cos 2fz (equal to zero if z 5 1/4). The triangle corresponds to the symmetry-independent octant mentioned in the text. The radii of the
circles represents the strength of the peak expected in the transform. The peak at the center is associated with both Au–Au and Sn–Sn vectors.

The x parameter was refined independently of the z h 1 k 5 2n
parameter, which was initially fixed at Af. The value of z

uFhk1u2 5 4f 2
Au 1 16fAu fSn cos 2fz cos 2fhx cos 2fkzwas then changed to a new value and x was refined again.

Although somewhat laborious, it was felt this was a much 1 64 f 2
Sn cos2 2fz cos2 2fhx cos2 2fkx [6]

safer method of refinement, given the large uncertainties
h 1 k 5 2n 1 1in the z parameter value, than using a global minimum

uFhk1u2 5 64f 2
Sn sin2 2fz sin2 2fhx sin2 2fkx. [7]search routine.

The structure factor for hk1 reflections can be grouped
into two sets, For z 5 Af, these expressions simplify to
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FIG. 7. (a) Experimental conditional Patterson transform P1(R) calculated from the data in Fig. 5; the origin peak has been removed. The
arrow indicates a Sn–Sn interatomic vector. (b) Conditional Patterson transform calculated from the known PtPb4 atomic parameters, for comparison
to the transform shown in (a).

h 1 k 5 2n uFhk1u2 5 4f 2
Au [8] and the calculated intensities were normalized to the exper-

imental data using K 5 oI0Ic/oI 2
c. An estimate for the

h 1 k 5 2n 1 1 uFhk1u2 5 64f 2
Sn sin2 2fhx sin2 2fkx. [9] standard deviation in x was obtained from the width of

the minimum in the function E(x) as described in the Ap-
Thus, in the ‘‘ideal’’ situation, with z 5 Af, the reflections pendix of (4). In Fig. 8a the function E(x) is plotted for x
alternate with contributions to the intensity from either in the range from 0.1 to 0.2, with z fixed at 0.25. A clear
the Au atoms or the Sn atoms but not both. minimum is obtained for x 5 0.167 with a standard devia-

Further, if the ‘‘doubly ideal’’ situation is reached with tion of 0.001.
x 5 Ah and z 5 Af, then The z parameter was then varied keeping x constant to

determine the function E(z) and obtain an estimate of the
error for the value of z quoted. This is shown in Fig. 8b.uFhklu2 5 0 if h 1 k 5 2n 1 1, and h or k 5 3n.
The z parameter was found to be 0.25 6 0.04. The broad
minimum in the function E(z) is reflected in the large errorThe estimated values of x and z for the t-phase are close
for z. This size of error is not unexpected as the intensityto this doubly ideal situation and thus one would expect
data will be very insensitive to changes in the c-axis direc-

every 3rd row of Fig. 5 to be weak. Allowing for dynamical tion, parallel to the beam.
perturbations and measurement error then this patterning A Debye–Waller factor was included in the refinement
can indeed be seen in the figure. although this had little effect on the position of the mini-

The refinement procedure was based on a least-squares mum. The value of the Debye–Waller factor obtained can-
method (5) to minimize E, defined as the root-mean square not be relied upon in refinements using HOLZ data col-
difference between the observed and calculated intensities lected this way. Often, the best refinement is obtained for
(I0 and Ic, respectively) for N symmetry-independent re- a negative Debye–Waller factor (7) as was the case here
flections, where (B 5 20.11 Å2), but this is of course physically meaning-

less. The negative value for B can be explained by the use
of a simple visual comparison when measuring the FOLZE(x) 5 !o (I0 2 KIc(x))2

N
[10]

intensities. The eye appears to automatically compensate
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FIG. 8. (a and b) Variation of E (see Eq. [10]) with atomic parameters x and z, respectively, calculated from the observed FOLZ intensities.
Minima are found for x 5 0.167(1) and z 5 0.25(4).

for the reduction in overall intensity with increasing scat- a Kagomé-like net. For clarity, only the Sn atoms within
a single plane are shown in Fig. 9. Similar nets orthogonaltering angle and therefore increases the intensity of reflec-
to the plane of the paper would run along the k110l direc-tions at higher values of g relative to those at lower values.
tions every As unit cell.Calibration of intensities between negatives then gives rise

Th hexagons are regular if c/a 5 (Sd)1/3 P 0.817 and x 5to an over-compensation for reflections of high order and
Ah. In the t-phase, c/a is much larger and therefore, as showntherefore, in the refinement, leads to a reduction in the
in Fig. 9, the hexagons are elongated in the c-axis direction.Debye–Waller factor, even to a negative value.
The two Sn–Sn bond lengths quoted in the table representA reliability factor, or R factor, defined as R 5 ouI0 2
the two independent edge lengths for the hexagonal nets.Icu/oI0 was determined using the refined intensities and
The t-AuSn phase is the only phase known to the authorsgave a value of R 5 0.49 at x 5 0.167. Although this figure
to be isostructural with PtPb4.is large compared to most X-ray refinements, due mainly

to dynamical perturbations, the error in the refined value 5. CONCLUSIONS
of x remained small because of the large number of high-
order reflections in the data set. A trilayer of tin/tin oxide/gold was grown by thermal

evaporation. The two metals were heated in situ in a TEM

4. DISCUSSION OF THE t-AuSn STRUCTURE

Crystallographic data for t-AuSn are summarized in Ta-
ble 1. In the structure, sets of Sn atoms at z P Af, Df are
arranged antisymmetrically with respect to each other. The
squares of these nets are centered by Au atoms at z 5 0
to form square antiprisms. The Au and Sn nets form a unit
of 3 layers which is well separated from the adjacent 3-
layer unit. The Au–Sn bond length along the edge of the
prism is 2.9(4) Å. The Sn–Sn bond length within the basal
plane is 3.50(3) Å.

Alternatively, the structure can be described as illus-
trated in Fig. 9, to emphasize the importance of the Sn–Sn
bonding. The Sn atoms lie within two sets of orthogonal FIG. 9. A slice through the t-phase structure emphasising the ar-
planes containing hexagonal nets parallel to (110) and rangement of Sn atoms in a Kagomé-like net parallel to the h110j planes.

Four projected unit cells are shown for clarity.(110) planes. These sets of hexagons are fully locked into
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