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Metastable and equilibrium structures on Pt3Sn„001… studied
by STM, RHEED, LEED, and AES
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FB Physik, Universita¨t Osnabrück, D-49069 Osnabru¨ck, Germany
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~Received 6 January 1999; revised manuscript received 1 March 1999!

After sputtering and moderate annealing~600 K! the Pt3Sn(001) surface shows ac(232)-LEED pattern
with streaky facet spots. The scanning tunneling microscopy~STM! images show pyramidal features that
mainly consist of~102! facets, in addition to flat parts between and on top of the pyramids. On the flat parts the
dominating feature are triple atomic rows, which probably consist of Pt. According to Auger electron spec-
troscopy the Sn surface concentration is reduced due to preferential sputtering. Annealing at 1000 K restores
the Sn surface concentration and leads to an improvedc(232)-LEED pattern with no facet spots. With the
STM the disappearance of the pyramids and the formation of large flat terraces with added single atomic rows
along the@100# and @010# surface directions is observed. All steps found are double steps, indicating a strict
termination with the mixed Pt/Sn layer. Chemical contrast between Pt and Sn atoms is observed.
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I. INTRODUCTION

The PtSn surfaces are studied for their catalytic proper
useful for electro-oxidation of methanol in fuel cells and f
hydrocarbon conversion.1–4 The low-index single-crysta
surfaces especially of Pt3Sn have been studied by low
energy ion scattering~LEIS!,5–9 crystallographic low-energy
electron diffraction~LEED!,10,11 spot-profile-analysis~SPA!
LEED ~Ref. 9! and x-ray photoelectron spectrosco
~XPD!.11 Pt3Sn crystallizes in theL12 or Cu3Au-type struc-
ture. Nevertheless, the structures found on the Pt3Sn surfaces
are by no means in all details comparable with the obse
tions of other crystal surfaces of the same crystal type,
Cu3Au,12–16, Ni3Al,17–19 or Pt3Ti.20,21

The low-index surfaces of Pt3Sn have been found to ter
minate always with the chemically mixed layer. The LEE
patterns of the surfaces are regularp(232), c(232), and
(132) for the ~111!, ~001!, and ~110! surfaces,
respectively.10,7 The data of the~110! surface have, however
not yet the same quality as the data of the other t
surfaces.8 The sputtering causes in all three surfaces a lo
ering of the Sn surface concentration. The annealing rest
the surface concentration by segregation. At intermed
stages of the preparation, other structures are observed,
(A33A3) R30° on~111! ~Refs. 11, 9, and 22! or (133) on
~110!.6,8 The Pt3Sn(001) surface has been reported to
‘‘disordered’’ after annealing to temperatures below 1000
apparent from streaky LEED patterns.6–8

In the present paper we report results based on scan
tunneling microscopy~STM! studies supported by Auge
electron spectroscopy~AES!, reflection high-energy electro
diffraction ~RHEED!, and LEED observation of the
Pt3Sn(001) surface. A new type of pyramidal structure
found at intermediate annealing temperatures. Atomic r
structures are observed up to 1000 K.
PRB 600163-1829/99/60~3!/2033~7!/$15.00
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II. EXPERIMENT

The preparation of the Pt3Sn(001)-oriented single crysta
has been described in detail elsewhere.10 The Pt3Sn alloys
are chemically ordered according to x-ray diffraction~XRD!
with a lattice parameter of 4.00 Å.10 The surface is prepare
in our Omicron STM 1 system in the preparation chamber
sputtering with clean Ar ions at 500 eV. For the subsequ
annealing, the crystal is transferred to the analysis cham
of the instrument. In the analysis chamber AES, RHEE
and LEED can be used in addition to STM. For the AES,
use an electrostatic 180° energy analyzer~Physical Electron-
ics! and the RHEED electron source~Staib!. The LEED sys-
tem is a reversed 4-Grid Omicron type. The screen is a
used for the RHEED observations. The patterns are reco
with a video system.

III. RESULTS

After ion bombardment, the surface Sn concentration
the surface region is decreased, as can be seen in Fi
which shows a series of AE spectra with increasing ann
ing temperature after sputtering. At each temperature le
the crystal was held for 30 min. The spectra were taken a
cooling to room temperature. The increase of the Sn conc
tration with increasing annealing is obvious. Atomic conce
trations of Pt and Sn have been calculated via the differe
ated dN(E)/dE signals of Pt~241 eV! and Sn~432 eV!
using sensitivity factors listed in Ref. 23. Within the limita
tions of quantification of AES, the final Sn concentratio
agrees with previous data, i.e., the concentration reache
at. %. The LEED pattern shows at lower annealing tempe
tures ac(232) structure with streaks between the ma
spots as in Fig. 2@the nomenclature in our case is such th
we refer to the unit cell of the substitutionally disorder
surface as (131)#. The streaks are indeed facet spots th
2033 ©1999 The American Physical Society
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2034 PRB 60M. HOHEISEL et al.
move between the main spots upon energy variation.
facets causing these features can be identified with STM
shows a new type of pyramidal structure not reported pre
ously for this surface~Fig. 3!. The sides of the pyramids ar
~102! facets mainly, as can be seen from the inclination w
respect to the~001! plane and the atomic structure. Only ne
the top of the pyramids is the inclination against the~001!
plane lowered, resulting in~104! facets. Atomically resolved
images of the facets@Figs. 3~b! and 3~c!# agree in detail with
the corresponding ‘‘marble’’ models@Fig. 3~d!#.

The bases of the pyramids are oriented parallel to
@100# and @010# surface directions. As can be seen in t
overview image@Fig. 3~a!#, the size distribution for the pyra
mids is relatively narrow, with base lengths in a range
approximately 300–400 Å. Some pyramids, however,
significantly larger@a part of such a ‘‘giant’’ pyramid is
shown in the lower right corner of Fig. 3~a!#. Base lengths of
1200 Å are common. The height of the smaller, avera
pyramids is approximately 40–50 Å, whereas large ones
be 200 Å high.

FIG. 1. Integral@N(E)# AE spectra of the sputtered Pt3Sn(001)
surface after different annealing treatments. The inset shows
decrease of the Pt surface concentration with annealing evalu
from the AE spectra using the peak-to-peak method of the dif
entiateddN(E)/dE signal. Electron energy is 10 keV.

FIG. 2. c(232)-LEED pattern at 98 eV of the Pt3Sn(001) sur-
face after low-temperature annealing. The ‘‘streaks’’ surround
the main spots are indeed facet spots due to the features seen i
3.
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RHEED patterns taken under these conditions show
dence for electrons passing through the pyramids, i.e., tr
mission RHEED~Fig. 4!. The diffraction spots lie on hori-
zontal lines rather than Laue circles~compare schematic
drawing in Fig. 4!, and they do not move with respect to th
shadow edge when changing the angle of incidence. F
these patterns, the unit cell of the transmitted crystallites~the
pyramids in our case! can be evaluated. We obtain a fc
lattice with a lattice constant of 4.160.3 Å, consistent with
the bulk lattice parameter of 4.00 Å. Heating to 1000
results in a normal RHEED pattern with Laue circles a
only faint remnants of transmission features. Furthermo
we observe additional half-order spots between the m

he
ted
r-

g
Fig.

FIG. 3. STM images~a!–~c! and marble models~d!,~e! of the
Pt3Sn(001) surface after low-temperature annealing.~a! Overview,
scan width (3200 Å)2, Ug50.9 V, I t51.0 nA. ~b! ~104! facet on
the side of a pyramid near the top. Scan width (100 Å)2, Ug

50.2 V, I t51.0 nA. ~c! ~102! facet on the side of a pyramid nea
the base. Scan width (120 Å)2, Ug50.4 V, I t51.0 nA. Marble
models of the~104! facet ~d! and the~102! facet ~e!. For better
visibility the models correspond to a chemically ordered bulk~Pt
atoms light grey, Sn atoms dark grey!, whereas the real pyramid
are substitutionally disordered in the bulk. The unit cells seen
STM are indicated.
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spots of the first Laue zone, indicating long-range chem
order. We then conclude that the pyramids causing the tr
mission RHEED are substitutionally disordered, compati
with an Sn-depleted surface region.

Looking at the plane parts of the surface between
pyramids, atomic rows are found@Fig. 3~a!#. The same rows
are found on top of the pyramids, mainly when they a
elongated in one direction, i.e., when the base of the pyra
is a rectangle rather than a square@Fig. 5~b!#. The rows con-
sist of three rows of which the middle one has point defe
giving these structures a ‘‘beaded’’ appearance. The lat
distance of the atoms along the rows is 4.0 Å; the appa
height is 1 Å.

Some pyramids, the more square-shaped ones, show
triple rows on the top. Flat tops exhibiting a square unit c
with a side length of 4 Å are found, as in Fig. 5~a!. In the
center of a few cells, protrusions can be seen@some are in-
dicated in Fig. 5~a!#. These are very likely Pt atoms at S
sites. On average, Sn should be present in the center o
square cells but is imaged with very low corrugation a
thus appears as a depression~compared to Pt, see discu
sion!. However, since no LEIS or LEED analyses have be
performed on the sputtered and low annealed surface, th
first-layer concentration for this case is not known. Bu
high first-layer concentration of Sn is possible even for
overall Sn-depleted surface region, as has been found fo

FIG. 4. Experimental~left panel! and schematic~right panel!
RHEED pattern of the Pt3Sn(001) surface after low-temperatu
annealing. The main features are transmission spots lying on h
zontal lines rather than Laue circles. The Laue circles are indic
in the schematic pattern. Electron energy is 12 keV, direction
incidence is along@100#.

FIG. 5. STM images of a pyramid on Pt3Sn(001).~a! Flat top.
Two unit cells with a centered atom are indicated as examp
Usually no centered atom is visible. Scan width (80 Å)2, Ug

50.5 V, I t51.0 nA. ~b! Examples of ‘‘beaded’’ triple rows on
top of pyramids. The distance between the rows is mostly unifo
but sometimes larger than shown here. Scan width
3100 Å)2, Ug50.9 V, I t51.0 nA.
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(A33A3) R30° reconstruction of Pt3Sn(111).11,9,22 Fur-
thermore, vacancies in the center of the square cells s
energetically unfavorable, and the LEED pattern isc(2
32) as for the well-annealed surface~see below!, indicating
the same unit cell.

Further annealing to 1000 K leads to an improvedc(2
32)-LEED pattern with no or reduced streaking. With ST
we see a ‘‘melting’’ of the pyramids, whereby the small
pyramids disappear before the larger ones~in fact, occasional
large pyramids always remain!. It seems not to be a case o
Oswald ripening, i.e., there is no growth of the larger py
mids at the expense of the smaller ones. What remains
large flat terraces decorated with atomic rows along@001#
and@010# ~Fig. 6!. The majority of the rows are monoatomi
only very few double and triple rows are found. These ro
are possibly remnants of the beaded rows. The length of
rows is not uniform; maximal lengths are approximately 1
Å. The height of the single rows is 1 Å as for the trip
rows. If we look at the flat terraces between the rows, ag
only a square unit cell with a side length of 4 Å is image
Former LEED and LEIS analyses indicate a centered u
cell containing both Pt and Sn,7,10 thus, we conclude tha
only one species is imaged as a protrusion, namely, Pt~see
discussion!. The corrugation of the centered Sn atom is ve
low and lost in the residual noise.

All steps found on the well-annealed surface a
‘‘double’’ steps. This is a strong argument for a strict term
nation with the mixed Pt-Sn layer. In all STM scans we fi
no evidence for surface-atom mobility within the time res
lution of the instrument. All structures including the defec
~beading! in the triple atomic rows are stable at room tem
perature over hours.

IV. DISCUSSION

The ~001! surfaces of chemically ordered fccA3B alloys
have two possible terminations, i.e., in our case, pure Pt o
and Sn in a 1:1 ratio. The evidence of all previous work
this surface is that the ‘‘mixed’’ surface prevails.5,10,7 STM
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f
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FIG. 6. STM images of the Pt3Sn(001) surface after high
temperature annealing~1000 K!. ~a! Overview, all steps are double
steps running along the@100# and @010# directions. Scan width
(1700 Å)2, Ug50.9 V, I t51.0 nA. ~b! Close-up view showing
the remaining monoatomic rows and the substrate. The appa
height of the rows is 1 Å. The square unit cell of the substr
shows no centered atoms, since only Pt is imaged~see text!. Some
defects are seen in the upper part of the image. Scan w
(160 Å)2, Ug510 mV, I t51.0 nA.
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topology cannot givea priori evidence for the composition
But the formation of double steps on the well-annealed s
face is a strong argument for the termination with only o
of the possible two truncations. Together with the results o
previous crystallographic LEED analysis10 and the former
LEIS measurements,7 the termination with the mixed Pt-S
plane is obvious. The fact that STM shows only a square
cell for the well-annealed surface, without evidence fo
centered structure, is explained qualitatively by chemi
contrast: Due to a considerably lower local density of sta
~LDOS! at the Sn-atom sites compared to the Pt-atom s
for energies near the Fermi edge~Fig. 7!, Pt should be im-
aged higher than Sn. In fact, this contrast has been obse
for the (A33A3) R30° structure on Pt3Sn(111),22 where
the attribution of the contrast to the chemical elements w
unambiguous for stoichiometric reasons. For the (A3
3A3) R30° structure, Sn was even imaged as a depress
indicating indeed a very low LDOS at the Sn sites. In t
present work, we have no clear evidence for two specie
atoms with different apparent height. Apparently, the
maining noise in the data hinders the imaging of depress
or atoms with lower corrugations in the center of the squ
unit cells. At considerably higher tunneling voltages (Ut
>1.5 V), a higher LDOS at the Sn sites should be expec
from the bulk band-structure calculations~Fig. 7!, but it is
generally difficult to achieve atomic resolution on metals
these voltages. Also a bulk band structure can only giv
qualitative estimate for the surface LDOS. A calculati

FIG. 7. Total~per unit cell! and local~per space-filling atomic
spheres of equal size at both Pt and Sn sites! densities of states o
Pt3Sn, calculated by the tight-binding linear muffin-tin orbita
method~Ref. 39!. At positive ~sample-! bias voltages the unoccu
pied states aboveEF are imaged in the STM.
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based on the full linear augmented plane-waves metho24

~FLAPW! would be required to accurately account for su
face effects. So far, this has not been done for Pt3Sn sur-
faces.

From topographic considerations, Sn should be ima
higher than Pt, since it is buckled upwards by 0.2 Å
found by LEIS and LEED,7,10 But since STM does not mea
sure the atom core positions, a correlation between appa
and actual height cannot generally be expected. In a re
STM study on Cu3Au(001), however, an upward buckling o
Au has been observed15 in agreement with other reports.12,16

If we assume that the observed contrast is also valid
the structures found on the intermediate annealed surface
then conclude that the beaded~triple! rows are Pt, too~Fig.
5!, as well as the atomic rows on the well-annealed surf
of Pt3Sn(001) ~Fig. 6!. Note that these beaded structur
exist between and on top of some pyramids. These feat
can be considered as ‘‘local’’ reconstruction in order to ma
age the stress due to the Sn deficit. It should be noted tha
single and triple rows run exclusively along the open@100#
and@010# directions, not along the close-packed@110# direc-
tion. This means that the rows consist of only one atom
species~probably Pt!. In the@110# direction, Pt and Sn atom
would alternate.

Assuming that the beaded rows consist of Pt, the hexa
nal structure of the rows may be driven by the tendency o
to form pseudohexagonal reconstructions as found
Pt~001! ~Ref. 25! and Pt-Ni~001! alloys.26 However, the situ-
ation is different for Pt3Sn since no closed layers or larg
patches exhibiting a hexagonal structure have been obse
The beaded rows are almost exclusively three atoms w
and separated by a minimum of approximately two latt
constants as seen in Fig. 5.

The well-annealed Pt3Sn(001) surface shows no reco
struction. Only a slight inward relaxation of the first lay
and an upward buckling of Sn has been found by LEED.10 In
comparison, for the Pt-Ni~001! surface, a shifted row recon
struction was found26 at certain Pt surface concentration
~Pt-Ni is a substitutionally disordered alloy and different su
face concentrations can be prepared by segregation!. The
driving force for this reconstruction was found to be the te
dency of Pt to stay in high coordinated fourfold hollow sit
and thereby pushing Ni into nearly on-top bridge sites on
surface. Since Pt3Sn is a chemically ordered alloy, differ
ences compared to Pt-Ni alloys can be expected. The b
ling of Sn already provides the optimal coordination for Pt
that shifted rows~which in a sense can also be regarded a
buckling! are not favorable.

Another finding of the present work is the absence of a
long-range superstructure. The Pt3Sn(111) surface, in com
parison, shows a hexagonal superstructure due to a disl
tion network after the sputtering, i.e., the depletion of Sn
the near surface region.22 This superstructure is actuall
similar to the one observed for Pt-Ni~111! single-crystal
surfaces.27 On Pt3Sn(001), the sputtering leads to the form
tion of the pyramidal structures~Fig. 3!, causing the streaks
or facet spots in the LEED pattern~Fig. 2!.

In a previous work7 the streakiness of the LEED patter
has been attributed to randomly up-and-down step arr
rather than periodically up-and-down arrays. This is, in hin
sight, quite a good description of the pyramids with varyi
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sizes and varying distances in between.
The origin and shape of the pyramids remain to be

plained. It is obvious that the pyramidal features are p
duced by ion bombardment, since at the low annealing t
peratures used~600 K; i.e., .35% of the melting
temperature28!, the large interlayer mass transport needed
form these three-dimensional structures clearly is not p
sible. To our knowledge, no study has reported the forma
of ‘‘positive’’ ~adatom! pyramids after sputtering so fa
‘‘Negative’’ or void pyramids would usually be expected
no layer-by-layer removal takes place. This has been fou
e.g., on Cu~001!,29,30 where also the formation of stable fa
ets for the sides of the voids has been reported.

The question is whether the structures observed
Pt3Sn(001) can be explained by the same mechanisms
act in pattern formation after sputtering.29,31 First, it may be
questioned if the pyramidal structures found on Pt3Sn are, in
fact, adatom structures or might also be regarded as
structures. Of course, looking at images like Fig. 3~a!, where
flat terraces are seen between the pyramids, this interp
tion is clearly not appropriate. We note, however, that
surface has been annealed after sputtering~although at low
temperature! and, therefore, no longer entirely represents
original sputter morphology. Also, we have observed surf
areas where the pyramid density is considerably higher t
shown in Fig. 3~a!, and no or only a few flat parts wer
present between the pyramids. If the surface consists ex
sively of pyramidal features, it is a matter of convention
one speaks of adatom or void structures. For a sputter
cess, void formation would generally be expected. So, it m
be possible that the adatom pyramids seen in most of
images only appear as adatom structures because the
rounding area has flattened due to annealing. But at this s
this remains speculation, and further experiments are ne
sary to clearly address the formation process of the pyram

Also, it would be interesting to vary the substrate te
perature during sputtering and see if the morphologies di
and the inclination of the facets changes. This has b
found for ion bombardment of Cu~001!,29 where the facets
are of ~113!, ~115!, or ~117! type after sputtering a
<100 K, 200 K, and 325 K, respectively. The features se
in STM images of the same system after room-tempera
sputtering30 are also compatible with~117!-like facets. The
striking fact is that the same facets are formed during epi
ial growth of Cu on Cu~001!,32,33 suggesting a common ori
gin of the structures. The formation of stable facets~slope
selection! is known from epitaxial growth processes32,34,33

and is expected to be a general phenomenon under ce
deposition conditions.35,36 However, it is not cleara priori
that structures in growth and ablation are generally com
mentary as found in the Cu~001! case. The situation shoul
also be more complicated for alloys, where preferential sp
tering can often be observed and the atomic species oc
different sublattices~in ordered alloys as Pt3Sn).

Comparing the~113!, ~115!, and ~117! facets found for
the ~Cu/!Cu~001! system with the~102! and ~104! facets
found on Pt3Sn(001), both inclination angle against the su
strate and azimuthal orientation are different. Whereas
voids or pyramids on Cu are aligned parallel to the@110#
direction, the pyramids on Pt3Sn are parallel to@100#, i.e.,
rotated by 45°. As a consequence, the local geometry is m
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open on~102! and ~104! facets in the sense that the ste
edges are not parallel to close-packed directions~this is valid
for all steps found on this surface and also the ones on
completely annealed surface, Fig. 6!. Looking at the marble
models for the facets in Fig. 3~d!, only one species~Pt in the
figure! is present at the step edges. Since the pyramids
substitutionally disordered according to RHEED~Fig. 4!, the
models are not strictly valid. But assuming that Sn is pres
in the outermost surface and that the chemical short-ra
order is preserved, they should be applicable at least loc
Thus, the fraction of one preferred species at the step ed
could be maximized with step edges running along the o
@001# direction. Along the close-packed@110# direction al-
ways both Pt and Sn would be present at step edges. Wh
ever of the two species is preferred at step edges canno
derived from STM images at the present stage. Becaus
the chemical contrast between Pt and Sn, we tentatively
sume the step edges to be Pt.

One striking fact is the apparent lack of~103!-type facets,
which would be inclined by 18.4° against the~001! plane,
less than for~102! and more than for~104! facets. These
facets could be unstable because of two reasons:~i! Aniso-
tropic diffusion currents could lead to a local increase
inclination as proposed for the growth of Fe/MgO~001!.34

This would destabilize certain inclinations, which is gene
ally the origin of slope selection in epitaxial growth, an
probably also during sputtering.29 ~ii ! The lower surface en-
ergy for Sn could drive a tendency to prefer facets where
atoms are exposed@assuming Pt at the step edges as in F
3~d!#. This would not be the case for~103! facets@and all
other (10N) facets with N odd#, therefore they may be
avoided. The latter argument implies a sufficiently high s
face concentration of Sn, which is compatible with the ov
all Sn depletion in the surface region as discussed abov

The steeper~101! facet could be unstable for the sam
reasons. Also, the inclination could be unfavorable for en
getic reasons, which would generally favor the low-ind
surfaces close to~001!. Therefore, the shape of the pyramid
could also be governed by the tendency to form flat surfa
like ~001!, on the one hand, and the need for a certain in
nation ~more open surfaces! for stress relaxation due to th
Sn deficit, on the other hand.

V. SUMMARY

The Pt3Sn(001) surface has been investigated using ST
LEED, AES, and RHEED. After sputtering and annealing
600 K, the morphology is determined by truncated pyrami
structures with stable facets. At the bottom of the pyrami
~102! facets are found. Near the top, the pyramids flatten
~104!-type facets are formed.

On the flat top of the pyramids, triple atomic rows a
found, which exhibit defects in the middle row, giving the
structures a ‘‘beaded’’ appearance. These structures c
represent a local reconstruction in order to manage the s
due to the Sn deficit of the sputtered surface, which is in
cated by the low Sn/Pt AES ratio.

LEED pattern of the not-completely annealed surfa
shows a c(232) structure in agreement with previou
reports.6,7 The ‘‘fine structure’’ around the fundamenta
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2038 PRB 60M. HOHEISEL et al.
beams also reported previously could be identified as fa
spots due to the pyramids.

RHEED pattern taken under these conditions shows
tures stemming from transmission through an fcc lattice w
a lattice parameter compatible with that of the bulk crys
No long-range chemical ordering was observed for the py
mids, indicating substitutional disorder, which may be e
pected for the Sn-depleted surface. However, chemical o
must be preserved at least locally according to thec(232)
pattern in LEED.

Annealing at 1000 K leaves a perfectly ordered flat s
face with a well-definedc(232)-LEED pattern. Steps ar
exclusively double steps indicating termination with on
one of the possible two truncations, either pure Pt or Pt
Sn in a 1:1 ratio. Previous LEIS and crystallographic LEE
studies have clearly favored the mixed termination. This
compatible with STM, if the centered Sn atoms are imag
with very low corrugation and are thus practically lost in t
residual noise. This contrast is compatible with bulk ban
structure calculations showing a significantly lower LDOS
the Sn sites compared to the Pt sites near the Fermi edg

On the terraces, atomic row structures running alo
@100# and@010# are found, consisting of either Pt or Sn. It
m
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suggestive to assume that the rows are Pt and thus caus
reported catalytic properties. Chemisorption or ‘‘titration
experiments could be a way to test for either Pt or Sn.

Further experiments would be required to shed more li
on the origin of the pyramidal structures. The morphology
certainly sputter induced, but comparison with existing stu
ies on pattern formation after ion bombardment rema
speculative at the present stage. Slope selection due to a
tropic diffusion is a promising concept, and carefully co
trolling the sputter parameters should give more insight i
the underlying processes. Also, the relevance of both
pyramids and the added rows with respect to catalytic ac
ity should be investigated, since cases are known where
more ‘‘open’’ surfaces, e.g.,~102!, have chemisorption prop
erties that are markedly different from those of low-ind
surfaces of the same metal.37,38
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