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Structure of Pt3Sn(110) studied by scanning tunneling microscopy
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The (110 surface of the alloy B8n 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 paclﬁ&iO] 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 auger electron spectroscof#ES), and LEIS study of the
clean P§Sn(110 surface.

The PSn alloy belongs to the chemically orderéd,
group of alloys. The surfaces of this alloy are of interest
owing to its catalytic properties:2 In the equilibrium state
the surfaces studied are always chemically ordered but de- The experiments except for LEIS were performed in an
pending on the preparation they show a variety of reconultrahigh-vacuum(UHV) system in Osnabak at a base
structions, superstructures, etc. pressure below %10 ' mbar. The main features of the

Previously, we reported results from tfEL1) and (001) setup are an Omicron STM | system, a LEERflection
surfaces of BSn*° On the(111) surface scanning tunneling high-energy electron diffractionsystem, an 180° electro-
microscopy (STM) studies revealed a mesoscopic honey-static analyzer for AES, and stages for sputtering and anneal-
comb network not found previously by low-energy electroning of the samples. For the sputtering a clean Aan beam
diffraction (LEED) and low-energy ion scattering.E1S)6=°  at an energy of 600 eV is used. The annealing temperature is
quantitative LEED analysi!® and x-ray photoelectron monitored with a thermocouple. The LEIS spectra were ac-
diffraction* This honeycomb network is due to buried dis- 9uired in an UHV system in Firenze. A Varian ion gun is
locations which in turn are caused by Sn depletion in the'Se€d for sample cleaning and the LEIS meas_ugrements. The
surface region as a consequence of the preferential sputterifg@!ysis ion beam current is of the order 0£ 10" A. The
of Sn. The other structures typical for thl1) surface, i.e., © amber is equipped with a hem_lspherlcal electron/ion en-
thep(2x 2) and the (/3 y3)R30° structures, are found by €9y analyzeXHA100, Vacuum Science Workshpp
all these structural analysis methods. Tb@l) surface poses The AES spectra gcqglred af_ter_ sputterifigg. 2) indi-
more problems due to the observation of “streaky” LEED cate the usual depletion in Sn within the upper layers. After

patterns at intermediate preparations which are hard t§°Me Minutes at few microamperes ion bombardment the

analyze®=® The STM analysis resolved the problem by find-
ing pyramidal structures with102 and{104 facets on this " "‘ /é , 6
Sn depleted surface that cause the streakiness in the LEED M‘H‘H .H
patterns’ ~® o ...

The (110 surface has been studied in less detail so far. 2
The Sn/Pt LEIS intensities after annealing at 1000 K turned
out to be similar for th€001) and(110) surfaces, and twice
that for the(111) surface'? The LEED patterns reported are
streaky, (Ix1), (2X1), or rhombic depending on the state
of preparatior’:”*? In the LEED nomenclature (21)

means that in the topl 10] rows of the(110 surface Pt and

Sn atoms are alternating, i.e., the surface is bulk terminated
[Figs. @) and Xb)]. This is in contrast to, e.g., the clean
surfaces of RL10), Au(110), or AuzPd(110) which are (1
X2) reconstructed in the so called missing-row
structure’®* Pt;Sn has a lattice constant af,=4.00 A; FIG. 1. Sphere models of the two possible bulk terminations of
this is slightly larger than that of pure Pt at 3.92 A. Pt,Sn(110). Dark gray spheres represent Sn atoms, and light gray

In the present paper we report results of a STM, LEED spheres represent Pt atoms.

EXPERIMENT AND RESULTS
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155 . 2(')0 L 3(')0 ' 4(')0 L (l)O FIG. 4. LEED image of the faceted surface after 600 K anneal at
o 5 83 eV electron energy. The diffraction pattern contains the (1
kinetic energy [eV] X 1), (2x1), and facet beam@abeledf1 andf2). With varying
. energy the intensity of the facet beams shifts between the positions
FIG. 2. AES spectra after sputterifigottom curve and subse- f1 a%fz y P

qguent annealinghigher curves Each annealing temperature was

kept until no further changes in the signal were observed. The AE$he outermost layers. Further annealing at 1000 K decreases
SpeCtra were taken at a primary electron energy of 10 keV. Th@he amount Of Sn to about 50% A S|m||ar beha\nor was
inset shows the variation of the Pt concentration with temperaturéqq ;nd on the RISN(111) surface, where after annealing at
T.h.e.concentration values were calculated on the basis of AES Sestermediate temperatures a Sn enriched layer over a Sn de-
sitivity factors. pleted surface region is observéd.

depletion is saturated. Annealing up to 1000 K restores thEEIEnDtgeattlgrtﬁ rﬁ,ﬁ;ggﬂ;Zﬂgg;%fgeisriggzr%;;n(31) 6'queK :
Sn signal to a steady state level, i.e., further annealing does — i o
not change the peak height ratio between Sn and Pt. ThigXtra beams appear alohgg10] at 1/3 positions with respect
evolution of the composition in the surface region according® the (2<1) pattern. With varying electron energy pairs of
to AES (see inset of Fig. Ris very similar to that of the ©€Xtra beamssee, e.g., beanfd andf2 in Fig. 4 appear and
P&SN001) surface® In contrast to AES, the LEIS spectra change th.elr.mtens[ty alternately. The correspondlrjg STM
yield a totally different development of the Sn concentrationtoPographic image indeed reveals a faceted surfaegs.
in the topmost layeréFig. 3. The outermost layers are much 5(@ and 8b)]. The facets can be identified §802 faces as
less depleted in Sn after sputtering than is the surface regio§"OWn in the mode|[Fig. 5(c)]. The model shows a non-
After annealing at 600—900 K there is more than 50% Sn ifPulk-terminated variant of thgl02 facet(see the arguments
below). The {102 planes are tilted- 18.4° with respect to
70 the (110 plane and the distance between adjaded@l]
rows in the{102 facets is 1.Xa,/\2=4.24 A. Thus the
65|~ ;':';2}222 {61(’)%(])} : shortest possible period of up and down sequences out of
— {102 minifacets is 8.5 A in accordance with the observa-
60 & tions[Fig. 5(b)]. There is no straightforward argument why
the {102} planes are favored. Please note that the pyramids
ssl i on PtSn(001) also displayed 102 facets®
With higher-temperature annealind000 K) the facets
/O gradually disappear and large flat terraces devitap 6(a)]
until they are the dominant structurgig. 6(b)]. The steps on

45 ] the well annealed surface are of double heigh8 A) or
multiples of double height, i.e., always even number steps
. | | | | | | [see height scans in Figs(cp and &d)]. Double steps have
S0 400 500 600 700 800 900 1000 to be expected if the crystal surface is bulk terminated with
temperature (K) only one type of surface layer exposgeg. 1(a) or 1(b)].

FIG. 3. Pt concentration in the outermost layers determined b);rhﬁ minifacets ﬁf the[O(l)l] ste_ps dlspla);] slopﬁs Off 18.4°
LEIS. The measurements were taken after sputtering and subsi/ith respect to thé110) plane[Fig. 6c)]. Thus, these facets
quent annealing. The He beafh keV) impinges on the sample are{102 oriented like the facets in the hill-and-valley-like
surface with an angle of 45°; the scattering angle is 135°. The ion§tructure[Fig. 5@a]. The apparent slope of the facets at the
impinged along the indicated azimuthal directions. [110] double steps is 22.5° on averafféig. 6(d)]. This is

50

Pt concentration (at. %)
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FIG. 5. STM image of thé102 facets after anneal to 715 K, 154 A;0.15 V, 2.5 nA(a), height scan betweef andB along[110]
(b), and sphere model of a non-bulk-trunca{d®2 facet, which is in accordance with the data.

smaller than expected for the usyalll; minifacet orienta- pograph. Clearly, in the STM images the surface lattice dis-

tion, i.e., 35° with respect to thel10) plane. Sincg 110] tance is larger along tHeL 10] direction than along thg001]
steps occur only with double height we attribute the smalledirection. This agrees with the §21) reconstruction indi-
angle to Smoluchowski smoothing and resolution limits ofcated by LEED, taking into account the poor visibility of the
the tip. Sn atoms as was found on tii&11) and (001) surfaces:®

The higher stability of large{102 facets can be seen Thjs contrast occurs because the surface density of states at
more clearly at places where two or more double steps mergge Fermi edge is significantly lower for Sn than for°B%.

[circles in Figs. 7a) and b)]. The tendency of double steps Thyg, the surface structure in the equilibrium phase is repre-

to merge to multiple double number steps is obviously stronggpieq by the model of Fig(d), i.e., bulk terminated in the

ger for the[ 001] steps than for the110] steps as visible in  gn rich state.
Fig. 7(a) (circles. The atomic corrugation at the facets of {102 planes of different composition are stacked alter-
two fourfold steps is visible in the STM image shown in Fig. nately such that bulk-terminat§d02 facets can exhibit ei-
7(b). ther pure Pt or mixed PtSn layers, as wiff01} and {110

The question of whether the J8n(110) surface is in the planes. However, the observed structure at the facets is in-
Sn rich or in the Pt rich statEFigs. ¥a) and 1b)] can be  compatible with both bulk terminations. A pure Pt termina-
answered by looking at high-resolution STM imag€®). 8.  tion can be excluded because of the LEIS results. Further, we
Since we know the orientation of the crystal from the LEED can exclude the mixed PtSn termination for the following

patterns we can identify th[eTlO] direction in the STM to- reasons. The observed distance between adjacent atomic
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FIG. 6. STM images of coexisting faceted structures and flat terrdges,;= 920 K, 300 A, 0.4 V, 0.8 nA(a), flat surfaceT yneal
=920 K, 300 A, 0.5 V, 0.8 nAb), with height scan betweet andB along[110] (c), and height scan betwe&handD along[001] (d).
Sphere model of double stef®. Note that the minifacets along t[ElO] double steps arfl11} oriented and the multiple minifacets along
the[001] steps arg 102 oriented as found on the real surface. At {1€2 facets the structure model deviates from bulk termination, in
accordance with the data.

[001] rows in the{102 facets is 4.2 A, i.eall atoms inthe  [Fig. 5a)] and the facets of thf001] steps on the equilib-

measured outermo$102} layer are equally visible and have ium surface after annealing to 920[Kig. 7(b)]. We there-
identical appearance. These observations app|y to both tH@re conclude that the structure at the facets deviates from
facets of the nonequilibrium surface after annealing to 715 Khe bulk truncation. The outermost atomic layer of the facets,
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(@) (b)

FIG. 7. STM images of merging double steps, 500 A, 0.45 V, 0.8aAnd 200 A, 0.40 V, 0.8 nAb). The[001] steps form double,
fourfold, and sixfold steps whereas the10] steps are predominantly double.

visible in the STM topography, contains only one elementahot visible in Fig. 8. At room temperature the mobility of
species. The atomic corrugation of these atoms indicates thttie apparent holes is moderate. Whether these features are
this is Pt. The models in Figs.(§ and Ge) are possible really Sn vacancies or rather Sn atoms at Pt sites in deeper
non-bulk-terminated structures for the facets of the hill-anddayers is difficult to decide on the basis of STM imaging. In
valley structure and at thg001] step facets, which are in View of their extended apparent depth of 0.9 of (140
accordance with our data. The second layer in the model iiterlayer distance the defects are probably real holes. Such
pure Sn, in order to explain the high Sn concentration obholes should be quickly filled by atoms from the adatom gas.
served in the LEIS measurements. In this case, however, it is possible that the adatom gas is
Figure 8 shows an additional topographic feature of thedepleted in Sn due to the high vapor pressure of Sn, and the
well-annealed surface, i.e., single and a few double holes &toles remain.
Sn sites with an apparent depth of 1.0 A relative to the The difference in brightness of Sn and Pt is stronger at
height of “normal” Sn positions and 1.5 A relative to the nNegative biadfilled stateg than at positive(empty states
height of Pt positions. At the voltage 0f0.5 V chosen in  The change in contrast is shown in the STM image in Fig. 9
the STM image of Fig. 8 Pt is measured 0.5 A higher tharwhere the polarity of the biagpplied to the samples re-
Sn. The corrugation amplitude at the bottom of the double ’
holes is similar to the corrugation amplitude of Sn (0.3 A,

il

.,;‘7_ L %
FIG. 9. STM image, 100 A+ 0.4 V (lower par}, —0.4 V (up-
per parj, 0.8 nA. The Pt atoms appear bigger when measuring the

AR
A AR, \\ bigg |
empty stateqlower par}. The contrast is higher when the filled

FIG. 8. STM image, 120 A, 0.5 V, 0.8 nA. Pt atoms are visible states are measurddpper part The big bump in the middle is
as protrusiongopen circleg Sn atoms are invisibléilled circles. presumably contamination.
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TABLE |. Summary of the structures observed o3t surfaces after annealing at moderate and high

temperatures.
Surface 600-800 K 1000-1100 K
(111 (\3X \/3)R30°(PtSn), p(2%2), adatom islands
mesoscopic subsurface dislocation network
(100 multiple row structure, pyramids bordered c(2Xx2), double steps, single atomic adrows
by {102 and{104 facets
(110 hill-and-valley-like structure witq102 (2X1), double steps, holes at Sn positions
facets

versed in the middle of the scan. This is in accordance witltoutermost layers of the faceted surface even exceeds that in
the calculated density of statt€alculating the occupation the PtSn-terminated plain surface, whereas the deeper sur-
of electronic states within small energy intervals below andface regions are depleted in Sn. The absolute values for the
aboveEg. at the positions of the Sn and Pt atoms in thgSRt  LEIS Pt/Sn ratio depend on the scattering azimuth. This can

structure gives higher charges for the Pt position. This estihe explained by the large diameter of the shadow cone at low
mation is done on the basis of band structure calculations, agnetic energies. Thereby most of the ions are focused on the
in Ref. 5. The charge in the interv@i-0.4 eV,0 €M is  channels, i.e., to the second layer, when impinging along the

0.019 at the Sn atom and 0.25 at the Pt atom whereas t - L . .
charge in the interval0 eV,+0.4 eV] is 0.020 (Sr) and rbeensely packed[l_lO] direction. This effect is less pro-

0.071(PY. Thus, although the charge is always higher at thehounced alon§001] and mainly the outermost layer is seen.
Pt atom, the ratio between the charges of Pt and Sn is eWVith the faceted structure the polar angle perpendicular to
hanced for the filled states and higher contrast in STM imthe hills is only poorly definable. Shadowing of the Pt behind
ages can be expected at negative bias. Sn might occur.
The hill-and-valley structure is very likely a result of
stress compensation. Atomic relaxations can occur to a larger
DISCUSSION extent compared to a flat surface. This is important since the

The structure of the BBR(110) surface is in line with that lattice constant of Pt rich regions_is smaller t_han that of
of the (111) (Ref. 4 and(001) (Ref. 5 surfaces as all three P§38n. Further, a gradual Qecrease_m Sn depletlon_and stress
show the bulk structure termination after proper cleaning and‘”th depth(except of the first Iaye_ifss assumeq, which ex-
annealing(Table ). Interestingly, all three surfaces respond Plains the relative low corrugation of the hill-and-valley
to the depletion in Sn in the near surface region due to th truc_ture_ of qnly a f_evx_/ angstroms. Obviously, the str_ess re-
sputter cleaning procedure by developing fascinating surfac@ation is anisotropic in the §8n(110 surface region, since
structures(Table ). The (111) surface shows a “honey- it is rippled perpendicular to thg001] direction. On the
comb” network similar to that observed in heteroepitaxial other hand the hill-and-valley structure can be assisted by
films®~® and in the RiNi,_, disordered alloy systeff:?®  remnant sputter damage.

The honeycomb structure is only observed when (ttkl) Itis surprising that the ripples onJ&n(110) are along the

surface is (/3% /3)R30° reconstructed, which implies a densely packefi110] direction and not perpendicular. In this

higher Sn concentration exclusively in the outermost layeiyay the exposefl001] rows direction are elementally pure.

compared to the fully annealed bulk-terminatp@x2) — 1pig seems to be favored as on the plain surface G0d]

Cery iferentway. At mderaie amaling ermperatugep 1 S0SS In General un s over arge distances
: while the steps tend to curvéFig. 7). This might be

K) the surface develops pyramidal structures Witb2 and elated to the strong binding between Pt and Sn. It is highly

104 facets. These structures disappear at higher temper . . - .
Eureﬁ(looo K. The surface is thenppbulk term?nated Wﬁh _avorable that Pt is neighbored by Sn and vice versa, which

double steps running parallel to th00] and[010] surface implies that_diffusion can be hindered along mi>fed chains
directions. Single atomic Pt rows are found to remain on thééuch as[110]. On pure fc¢110 surfaces, for instance
surface oriented along the same directions. Here, on th89(110,”" sputter induced hill-and-valley structures are par-
(110 surface we find a faceting in the 600 K annealing re-allel to the de.nsely packed direction. These anisotropic struc-
gime. The facets have tHa02} orientation like the faces of tures are attrlbutec_i to a palance betvyeen.erosmr_\ rate during
the pyramids on RSn(001). These{102 faces have no spe- SPuttering and anisotropic surface dlffu5|_0n. _Thl; suggests
cific significance in the fcc crystal system. They occur whenthat in the case of BBn(110 the surface diffusion is faster
the step edges in each layer are situated one row behind tledong the[001] direction. In contrast to Ag.10,2* the

first possible bulk positiorfFig. 6). They are composed of PSN(110 surface after sputtering is rough, independent of
alternating{100 and (110) minifacets. Like theg110 plane  sputter time, angle of incidence of the ion beam, etc.

they can exhibit PtSn or pure Pt termination. As the combi- As LEIS show$ the bulk-terminated PtSn layer is ex-
nation of LEIS and AES shows, the amount of Sn in theposed on the flat terraces of the well-annealesER1.10
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surface as on EBN(001). Note that with P{Sn(111) planes
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outermost layer above a Pt rich subsurface region. In this

there is only one possibility of bulk truncation. Neither regime STM images reveal a hill-and-valley structure con-

PSN(001) nor PESn(110) exhibits any steps with heights

sisting mainly of{102 facets. The previous reported addi-

that correspond to an odd number of layers. The terminatiofional spots in the LEED patteththus can be explained as

with the mixed layer on thé001) and(110) surfaces is under

facet spots. After annealing at 10X a bulk-truncated (2

the constraint of chemical order also, in accordance with the<1) surface is found. Of the two possible terminati¢psre

surface energies of Sn (0.62 Fymand Pt (2.7 J/f).?? An-
nealing at 1000 K produces the bulk-terminatedl.0)(2

Pt vs PtSihonly the mixed one is realized; this is facilitated
by steps that are formed only of even numbers of layers

x 1) surface with double and some multiple double stepgdouble steps, etc. The[001] steps consist of102 facets;

parallel to the[001] and[110] surface directions. For all

they tend to merge and form larger facets. As these facets

surfaces we observe in the topographic STM mode that thwere also found or(001),° they seem to be energetically
Pt atoms are brighter than the Sn atoms in agreement witfvorable in the RSn system in general. With STM the Sn

band structure properti@$> A similar effect has been ob-

atom cannot be imaged between Pt atoms as a bump since

served with P{Co alloys. In field-ion microscopy images Co the local density of states at the Fermi edge is much lower

is invisible between the Pt atorfs.

SUMMARY

The P£Sn(110 surface has been investigated using STM,

LEED, AES, and LEIS. As on thé€111) and (001) faces,

for Sn than for Pt. This effect was found ¢h11) and(001)
before and is in line with band structure calculatifig®
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