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Structure of Pt3Sn„110… studied by scanning tunneling microscopy
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The ~110! surface of the alloy Pt3Sn is studied by scanning tunneling microscopy, Auger electron spectros-
copy, low-energy ion spectroscopy, and low-energy electron diffraction. Preferential sputtering of the surface
causes depletion in Sn in the surface region. Annealing at 600 K leads to the formation of a hill-and-valley

structure with$102% facets perpendicular to the close packed@ 1̄10# surface rows. After annealing at 1000 K
large terraces are formed with a bulk-terminated structure and well-defined steps. Of the two possible termi-
nations, i.e., pure Pt or PtSn, the Sn rich surface is clearly favored.
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INTRODUCTION

The Pt3Sn alloy belongs to the chemically orderedL12

group of alloys. The surfaces of this alloy are of intere
owing to its catalytic properties.1–3 In the equilibrium state
the surfaces studied are always chemically ordered but
pending on the preparation they show a variety of rec
structions, superstructures, etc.

Previously, we reported results from the~111! and ~001!
surfaces of Pt3Sn.4,5 On the~111! surface scanning tunnelin
microscopy ~STM! studies revealed a mesoscopic hone
comb network not found previously by low-energy electr
diffraction ~LEED! and low-energy ion scattering~LEIS!,6–9

quantitative LEED analysis,9,10 and x-ray photoelectron
diffraction.11 This honeycomb network is due to buried di
locations which in turn are caused by Sn depletion in
surface region as a consequence of the preferential sputt
of Sn. The other structures typical for the~111! surface, i.e.,
thep(232) and the (A33A3)R30° structures, are found b
all these structural analysis methods. The~001! surface poses
more problems due to the observation of ‘‘streaky’’ LEE
patterns at intermediate preparations which are hard
analyze.6–9 The STM analysis resolved the problem by fin
ing pyramidal structures with$102% and$104% facets on this
Sn depleted surface that cause the streakiness in the L
patterns.5

The ~110! surface has been studied in less detail so
The Sn/Pt LEIS intensities after annealing at 1000 K turn
out to be similar for the~001! and~110! surfaces, and twice
that for the~111! surface.12 The LEED patterns reported ar
streaky, (131), (231), or rhombic depending on the sta
of preparation.6,7,12 In the LEED nomenclature (231)
means that in the top@ 1̄10# rows of the~110! surface Pt and
Sn atoms are alternating, i.e., the surface is bulk termina
@Figs. 1~a! and 1~b!#. This is in contrast to, e.g., the clea
surfaces of Pt~110!, Au~110!, or Au3Pd(110) which are (1
32) reconstructed in the so called missing-ro
structure.13,14 Pt3Sn has a lattice constant ofa054.00 Å;
this is slightly larger than that of pure Pt at 3.92 Å.

In the present paper we report results of a STM, LEE
0163-1829/2001/63~24!/245403~7!/$20.00 63 2454
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auger electron spectroscopy~AES!, and LEIS study of the
clean Pt3Sn~110! surface.

EXPERIMENT AND RESULTS

The experiments except for LEIS were performed in
ultrahigh-vacuum~UHV! system in Osnabru¨ck at a base
pressure below 5310211 mbar. The main features of th
setup are an Omicron STM I system, a LEED~reflection
high-energy electron diffraction! system, an 180° electro
static analyzer for AES, and stages for sputtering and ann
ing of the samples. For the sputtering a clean Ar1 ion beam
at an energy of 600 eV is used. The annealing temperatu
monitored with a thermocouple. The LEIS spectra were
quired in an UHV system in Firenze. A Varian ion gun
used for sample cleaning and the LEIS measurements.
analysis ion beam current is of the order of 131028 A. The
chamber is equipped with a hemispherical electron/ion
ergy analyzer~HA100, Vacuum Science Workshop!.

The AES spectra acquired after sputtering~Fig. 2! indi-
cate the usual depletion in Sn within the upper layers. Af
some minutes at few microamperes ion bombardment

FIG. 1. Sphere models of the two possible bulk terminations
Pt3Sn(110). Dark gray spheres represent Sn atoms, and light
spheres represent Pt atoms.
©2001 The American Physical Society03-1



th
o

Th
in

a
ion
h
io
i

ases
as
at

de-

a

t
of

TM

-
s

t of
a-
y
ids

eps

ith

°

e
he

s
E

Th
ur
se

b
b

ion

l at
(1

ions

M. HOHEISEL et al. PHYSICAL REVIEW B 63 245403
depletion is saturated. Annealing up to 1000 K restores
Sn signal to a steady state level, i.e., further annealing d
not change the peak height ratio between Sn and Pt.
evolution of the composition in the surface region accord
to AES ~see inset of Fig. 2! is very similar to that of the
Pt3Sn~001! surface.5 In contrast to AES, the LEIS spectr
yield a totally different development of the Sn concentrat
in the topmost layers~Fig. 3!. The outermost layers are muc
less depleted in Sn after sputtering than is the surface reg
After annealing at 600–900 K there is more than 50% Sn

FIG. 2. AES spectra after sputtering~bottom curve! and subse-
quent annealing~higher curves!. Each annealing temperature wa
kept until no further changes in the signal were observed. The A
spectra were taken at a primary electron energy of 10 keV.
inset shows the variation of the Pt concentration with temperat
The concentration values were calculated on the basis of AES
sitivity factors.

FIG. 3. Pt concentration in the outermost layers determined
LEIS. The measurements were taken after sputtering and su
quent annealing. The He beam~1 keV! impinges on the sample
surface with an angle of 45°; the scattering angle is 135°. The
impinged along the indicated azimuthal directions.
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the outermost layers. Further annealing at 1000 K decre
the amount of Sn to about 50%. A similar behavior w
found on the Pt3Sn~111! surface, where after annealing
intermediate temperatures a Sn enriched layer over a Sn
pleted surface region is observed.4,9

In the interesting temperature range around 600 K
LEED pattern indicating faceting is observed~Fig. 4!. The
extra beams appear along@ 1̄10# at 1/3 positions with respec
to the (231) pattern. With varying electron energy pairs
extra beams~see, e.g., beamsf 1 andf 2 in Fig. 4! appear and
change their intensity alternately. The corresponding S
topographic image indeed reveals a faceted surface@Figs.
5~a! and 5~b!#. The facets can be identified as$102% faces as
shown in the model@Fig. 5~c!#. The model shows a non
bulk-terminated variant of the$102% facet~see the argument
below!. The $102% planes are tilted618.4° with respect to
the ~110! plane and the distance between adjacent@001̄#
rows in the$102% facets is 1.53a0 /A254.24 Å. Thus the
shortest possible period of up and down sequences ou
$102% minifacets is 8.5 Å in accordance with the observ
tions @Fig. 5~b!#. There is no straightforward argument wh
the $102% planes are favored. Please note that the pyram
on Pt3Sn~001! also displayed$102% facets.5

With higher-temperature annealing~1000 K! the facets
gradually disappear and large flat terraces develop@Fig. 6~a!#
until they are the dominant structure@Fig. 6~b!#. The steps on
the well annealed surface are of double height~2.8 Å! or
multiples of double height, i.e., always even number st
@see height scans in Figs. 6~c! and 6~d!#. Double steps have
to be expected if the crystal surface is bulk terminated w
only one type of surface layer exposed@Fig. 1~a! or 1~b!#.
The minifacets of the@001̄# steps display slopes of 18.4
with respect to the~110! plane@Fig. 6~c!#. Thus, these facets
are $102% oriented like the facets in the hill-and-valley-lik
structure@Fig. 5~a!#. The apparent slope of the facets at t

@ 1̄10# double steps is 22.5° on average@Fig. 6~d!#. This is
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FIG. 4. LEED image of the faceted surface after 600 K annea
83 eV electron energy. The diffraction pattern contains the
31), (231), and facet beams~labeledf 1 and f 2). With varying
energy the intensity of the facet beams shifts between the posit
f 1 and f 2.
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FIG. 5. STM image of the$102% facets after anneal to 715 K, 154 Å,20.15 V, 2.5 nA~a!, height scan betweenA andB along@ 1̄10#
~b!, and sphere model of a non-bulk-truncated$102% facet, which is in accordance with the data.
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smaller than expected for the usual$111% minifacet orienta-
tion, i.e., 35° with respect to the~110! plane. Since@ 1̄10#
steps occur only with double height we attribute the sma
angle to Smoluchowski smoothing and resolution limits
the tip.

The higher stability of larger$102% facets can be see
more clearly at places where two or more double steps m
@circles in Figs. 7~a! and 7~b!#. The tendency of double step
to merge to multiple double number steps is obviously str
ger for the@001̄# steps than for the@ 1̄10# steps as visible in
Fig. 7~a! ~circles!. The atomic corrugation at the facets
two fourfold steps is visible in the STM image shown in Fi
7~b!.

The question of whether the Pt3Sn~110! surface is in the
Sn rich or in the Pt rich state@Figs. 1~a! and 1~b!# can be
answered by looking at high-resolution STM images~Fig. 8!.
Since we know the orientation of the crystal from the LEE
patterns we can identify the@ 1̄10# direction in the STM to-
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pograph. Clearly, in the STM images the surface lattice d

tance is larger along the@ 1̄10# direction than along the@001̄#
direction. This agrees with the (231) reconstruction indi-
cated by LEED, taking into account the poor visibility of th
Sn atoms as was found on the~111! and ~001! surfaces.4,5

This contrast occurs because the surface density of stat
the Fermi edge is significantly lower for Sn than for Pt.5,23

Thus, the surface structure in the equilibrium phase is rep
sented by the model of Fig. 1~a!, i.e., bulk terminated in the
Sn rich state.

$102% planes of different composition are stacked alt
nately such that bulk-terminated$102% facets can exhibit ei-
ther pure Pt or mixed PtSn layers, as with$001% and $110%
planes. However, the observed structure at the facets is
compatible with both bulk terminations. A pure Pt termin
tion can be excluded because of the LEIS results. Further
can exclude the mixed PtSn termination for the followi
reasons. The observed distance between adjacent at
3-3
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FIG. 6. STM images of coexisting faceted structures and flat terraces,Tanneal5920 K, 300 Å, 0.4 V, 0.8 nA~a!, flat surfaceTanneal

5920 K, 300 Å, 0.5 V, 0.8 nA~b!, with height scan betweenA andB along@ 1̄10# ~c!, and height scan betweenC andD along@001̄# ~d!.

Sphere model of double steps~e!. Note that the minifacets along the@ 1̄10# double steps are$111% oriented and the multiple minifacets alon

the @001̄# steps are$102% oriented as found on the real surface. At the$102% facets the structure model deviates from bulk termination
accordance with the data.
e
t

5
rom
ts,
@001̄# rows in the$102% facets is 4.2 Å, i.e.,all atoms in the
measured outermost$102% layer are equally visible and hav
identical appearance. These observations apply to both
facets of the nonequilibrium surface after annealing to 71
24540
he
K

@Fig. 5~a!# and the facets of the@001̄# steps on the equilib-
rium surface after annealing to 920 K@Fig. 7~b!#. We there-
fore conclude that the structure at the facets deviates f
the bulk truncation. The outermost atomic layer of the face
3-4
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FIG. 7. STM images of merging double steps, 500 Å, 0.45 V, 0.8 nA~a! and 200 Å, 0.40 V, 0.8 nA~b!. The@001̄# steps form double,

fourfold, and sixfold steps whereas the@ 1̄10# steps are predominantly double.
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visible in the STM topography, contains only one elemen
species. The atomic corrugation of these atoms indicates
this is Pt. The models in Figs. 5~c! and 6~e! are possible
non-bulk-terminated structures for the facets of the hill-a
valley structure and at the@001̄# step facets, which are in
accordance with our data. The second layer in the mode
pure Sn, in order to explain the high Sn concentration
served in the LEIS measurements.

Figure 8 shows an additional topographic feature of
well-annealed surface, i.e., single and a few double hole
Sn sites with an apparent depth of 1.0 Å relative to
height of ‘‘normal’’ Sn positions and 1.5 Å relative to th
height of Pt positions. At the voltage of10.5 V chosen in
the STM image of Fig. 8 Pt is measured 0.5 Å higher th
Sn. The corrugation amplitude at the bottom of the dou
holes is similar to the corrugation amplitude of Sn (0.3

FIG. 8. STM image, 120 Å, 0.5 V, 0.8 nA. Pt atoms are visib
as protrusions~open circles!; Sn atoms are invisible~filled circles!.
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not visible in Fig. 8!. At room temperature the mobility o
the apparent holes is moderate. Whether these feature
really Sn vacancies or rather Sn atoms at Pt sites in de
layers is difficult to decide on the basis of STM imaging.
view of their extended apparent depth of 0.9 of the~110!
interlayer distance the defects are probably real holes. S
holes should be quickly filled by atoms from the adatom g
In this case, however, it is possible that the adatom ga
depleted in Sn due to the high vapor pressure of Sn, and
holes remain.

The difference in brightness of Sn and Pt is stronger
negative bias~filled states! than at positive~empty states!.
The change in contrast is shown in the STM image in Fig
where the polarity of the bias~applied to the sample! is re-

FIG. 9. STM image, 100 Å,10.4 V ~lower part!, 20.4 V ~up-
per part!, 0.8 nA. The Pt atoms appear bigger when measuring
empty states~lower part!. The contrast is higher when the fille
states are measured~upper part!. The big bump in the middle is
presumably contamination.
3-5
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TABLE I. Summary of the structures observed on Pt3Sn surfaces after annealing at moderate and h
temperatures.

Surface 600–800 K 1000–1100 K

~111! (A33A3)R30°(Pt2Sn), p(232), adatom islands
mesoscopic subsurface dislocation network

~100! multiple row structure, pyramids bordered c(232), double steps, single atomic adrows
by $102% and$104% facets

~110! hill-and-valley-like structure with$102% (231), double steps, holes at Sn positions
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versed in the middle of the scan. This is in accordance w
the calculated density of states.5 Calculating the occupation
of electronic states within small energy intervals below a
aboveEF at the positions of the Sn and Pt atoms in the Pt3Sn
structure gives higher charges for the Pt position. This e
mation is done on the basis of band structure calculations
in Ref. 5. The charge in the interval@20.4 eV,0 eV# is
0.019 at the Sn atom and 0.25 at the Pt atom whereas
charge in the interval@0 eV,10.4 eV# is 0.020 ~Sn! and
0.071~Pt!. Thus, although the charge is always higher at
Pt atom, the ratio between the charges of Pt and Sn is
hanced for the filled states and higher contrast in STM
ages can be expected at negative bias.

DISCUSSION

The structure of the Pt3Sn~110! surface is in line with that
of the ~111! ~Ref. 4! and ~001! ~Ref. 5! surfaces as all three
show the bulk structure termination after proper cleaning
annealing~Table I!. Interestingly, all three surfaces respo
to the depletion in Sn in the near surface region due to
sputter cleaning procedure by developing fascinating sur
structures~Table I!. The ~111! surface shows a ‘‘honey
comb’’ network similar to that observed in heteroepitax
films15–18 and in the PtxNi12x disordered alloy system.19,20

The honeycomb structure is only observed when the~111!
surface is (A33A3)R30° reconstructed, which implies
higher Sn concentration exclusively in the outermost la
compared to the fully annealed bulk-terminatedp(232)
structure. The~001! surface handles the Sn depletion in
very different way. At moderate annealing temperatures~600
K! the surface develops pyramidal structures with$102% and
$104% facets. These structures disappear at higher temp
tures ~1000 K!. The surface is then bulk terminated wi
double steps running parallel to the@100# and@010# surface
directions. Single atomic Pt rows are found to remain on
surface oriented along the same directions. Here, on
~110! surface we find a faceting in the 600 K annealing
gime. The facets have the$102% orientation like the faces o
the pyramids on Pt3Sn~001!. These$102% faces have no spe
cific significance in the fcc crystal system. They occur wh
the step edges in each layer are situated one row behind
first possible bulk position~Fig. 6!. They are composed o
alternating$100% and ~110! minifacets. Like the~110! plane
they can exhibit PtSn or pure Pt termination. As the com
nation of LEIS and AES shows, the amount of Sn in t
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outermost layers of the faceted surface even exceeds th
the PtSn-terminated plain surface, whereas the deeper
face regions are depleted in Sn. The absolute values for
LEIS Pt/Sn ratio depend on the scattering azimuth. This
be explained by the large diameter of the shadow cone at
kinetic energies. Thereby most of the ions are focused on
channels, i.e., to the second layer, when impinging along

densely packed@ 1̄10# direction. This effect is less pro

nounced along@001̄# and mainly the outermost layer is see
With the faceted structure the polar angle perpendicula
the hills is only poorly definable. Shadowing of the Pt behi
Sn might occur.

The hill-and-valley structure is very likely a result o
stress compensation. Atomic relaxations can occur to a la
extent compared to a flat surface. This is important since
lattice constant of Pt rich regions is smaller than that
Pt3Sn. Further, a gradual decrease in Sn depletion and s
with depth~except of the first layers! is assumed, which ex
plains the relative low corrugation of the hill-and-valle
structure of only a few angstroms. Obviously, the stress
laxation is anisotropic in the Pt3Sn~110! surface region, since
it is rippled perpendicular to the@001̄# direction. On the
other hand the hill-and-valley structure can be assisted
remnant sputter damage.

It is surprising that the ripples on Pt3Sn~110! are along the
densely packed@ 1̄10# direction and not perpendicular. In thi
way the exposed@001̄# rows direction are elementally pure
This seems to be favored as on the plain surface the@001̄#
terrace edges in general run straight over large distan
while the @ 1̄10# steps tend to curve~Fig. 7!. This might be
related to the strong binding between Pt and Sn. It is hig
favorable that Pt is neighbored by Sn and vice versa, wh
implies that diffusion can be hindered along mixed cha
such as@11̄0#. On pure fcc~110! surfaces, for instance
Ag~110!,21 sputter induced hill-and-valley structures are p
allel to the densely packed direction. These anisotropic st
tures are attributed to a balance between erosion rate du
sputtering and anisotropic surface diffusion. This sugge
that in the case of Pt3Sn~110! the surface diffusion is faste
along the @001̄# direction. In contrast to Ag~110!,21 the
Pt3Sn~110! surface after sputtering is rough, independent
sputter time, angle of incidence of the ion beam, etc.

As LEIS shows7 the bulk-terminated PtSn layer is ex
posed on the flat terraces of the well-annealed Pt3Sn~110!
3-6
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surface as on Pt3Sn~001!. Note that with Pt3Sn~111! planes
there is only one possibility of bulk truncation. Neith
Pt3Sn~001! nor Pt3Sn~110! exhibits any steps with heigh
that correspond to an odd number of layers. The termina
with the mixed layer on the~001! and~110! surfaces is unde
the constraint of chemical order also, in accordance with
surface energies of Sn (0.62 J/m2) and Pt (2.7 J/m2).22 An-
nealing at 1000 K produces the bulk-terminated~110!(2
31) surface with double and some multiple double st
parallel to the@001̄# and @ 1̄10# surface directions. For a
surfaces we observe in the topographic STM mode tha
Pt atoms are brighter than the Sn atoms in agreement
band structure properties.5,23 A similar effect has been ob
served with Pt3Co alloys. In field-ion microscopy images C
is invisible between the Pt atoms.24

SUMMARY

The Pt3Sn~110! surface has been investigated using ST
LEED, AES, and LEIS. As on the~111! and ~001! faces,
sputtering causes a depletion of the surface region in
After annealing at 600 K LEIS and AES reveal a Sn r
2454
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outermost layer above a Pt rich subsurface region. In
regime STM images reveal a hill-and-valley structure co
sisting mainly of$102% facets. The previous reported add
tional spots in the LEED pattern12 thus can be explained a
facet spots. After annealing at 1000 K a bulk-truncated (2
31) surface is found. Of the two possible terminations~pure
Pt vs PtSn! only the mixed one is realized; this is facilitate
by steps that are formed only of even numbers of lay
~double steps, etc.!. The @001̄# steps consist of$102% facets;
they tend to merge and form larger facets. As these fa
were also found on~001!,5 they seem to be energetical
favorable in the Pt3Sn system in general. With STM the S
atom cannot be imaged between Pt atoms as a bump s
the local density of states at the Fermi edge is much lo
for Sn than for Pt. This effect was found on~111! and~001!
before and is in line with band structure calculations.4,5,23
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