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Abstract. Results of scanning tunnelling microscopy (m) show lhat WO different kinds 
of surface smctures cwxist on the (110) surface of ptsoFem. The predominant skucture 
corresponds well to the missing row type (1x2) rewnskuction previously observed on, 
for example P t ( l l O ) ,  whereas the minority domains show a faintly buckled smcture with 
appmximmely (1 x I )  geomeuy. Based on the snd images, we pmpose that lhe two domains have 
different surface chemical compositim and comespond IO two differenl melallurgical phases 
known for the F’tPe sysfem at his composition. 

The (1 IO) surfaces of the Sd transition metals Ir, F’I and Au have been extensively discussed 
in the literature. They have all been reported to possess ( I  x2) and ( I  x3) reconstructions, 
and large efforts on both the experimental and the theoretical si& have been ma& to 
deduce the local geomehy of these superstructures. In the case of R and Au, a missing 
row model, in which the surface decomposes into (1 1 I) microface6 through the removal of 
every second close-packed row, is now generally accepted. Observations of these surfaces 
have been reported in a number of scanning tunnelling microscopy (STM) studies [1,2,3]. 
Ir, on the other hand, was recently found to have an entirely different (1 10) surface, showing 
a rippled structure with (331) facettings on a mesoscopic scale 141. 

The enhanced catalytic propeIties, as compared to pure Pt, of some binary alloys between 
h a n d  3d metals have motivated detailed investigations of their surface regions conceming 
both segregation and atomic geometry. In a recent low-energy electron diffraction (LEED) 
study [51, (1x2) and (1x3) reconstructions were also observed for the (110) surface of 
R80Fem. The ( I  x 2 )  reconstruction was found to have an atomic configuration very close 
to the case of pure Pt(l10) [6] .  The main difference seemed to be larger interlayer distances 
in the surface region, e.g. 13 instead of 20% contraction in the Brst layer, but the general 
trend is very similar and the authors concluded that the origins of the (1 x 2 )  reconstructions 
are probably the same [SI. However, the agreement between the experimental and the 
theoretical IIV-curves was rather pooras compared to other surfaces, and a surface structure 
analysis on the more local scale, as provided by STM, seems well motivated. 

In this paper we report findings from STM measurements on the same sample as were 
used in [SI. Of greatest significance is the observation of two types of well defined surface 
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domains. One is recognized to have the same missing row type (1x2) reconstruction as 
previously has been observed on, for example, Pt( I 10) [2,3], whereas the other, which has 
no counterpart in the case of the pure metal, shows a slightly distorted (1 x 1) structure. 
Based on the STM images, metallurgical data for the M e  system, and considerations for 
the surface segregation, we propose that these domains have different surface chemical 
compositions, and suggest that they correspond to two different metallurgical phases 
expected from the bulk phase diagram to coexist in the crystal at this composition. In 
addition, we note that the STM results presented here. e.g., the presence of two coexisting 
surface structures, may in part explain the moderate agreement in the LEED study [5]. 

The STM [7] is housed in an ultra-high-vacuum (UHV) system, with a base pressure in 
the low IO-" Torr range, also containing a sample preparation/analysis chamber including 
LEED. electron bombardment sample heating and sputtering facilities. The sample consists 
of a Czochralski grown WoFeZo single crystal with a carefully aligned and mirror polished 
( I  10) surface. The Pt content was controlled by x-ray fluorescence measurements to be 
80 & 0.5 at.%. According to the bulk phase diagram [8] this composition corresponds to 
a two-phase region, extending from 78.5 to 82.8 at.% Pt, between an ordered Cu3Au-like 
shllcture (denoted n) and a disordered solid solution ( y ) .  It has previously been shown 
[5 ]  that the present crystal is mainly in the ordered state, but with possible occurrence of 
y-phase parts. The lattice parameter was determined with x-ray diffraction analysis to 3.89 
f 0.01 A, in reasonable agreement with previously published values [8]. 

In vacuum the sample was cleaned by means of repeated cycles of Art ion sputtering 
and annealings, a procedure which previously has been shown to produce a clean surface on 
the present sample as analysed by Auger electron spectroscopy (ABS) [5]. In the final stage, 
the sample was annealed to 900 "C and a LED pattem corresponding to the ( I  x2) phase, 
as described in [5], was obtained. Some very faint features indicated the presence of small 
( I  x3) reconstructed areas. The STM images, which were acquired with electrochemically 
etched W tips, showed large flat areas with a low density of resolved impurities. 

Figure 1 displays a representative overview image of the surface. The ribbon-like 
s t m c t u ~ ~  is similar to what previously has been observed on Pt( 1 IO) [2,3] and corresponds 
to the ( I  x2) and, to a much less extent, ( 1  x3) reconstructions. The corrugation amplitudes 
in the [OOl] direction, i.e., orthogonal to the rows, were measured to be about 0.5 and 
1.5 A respectively, which is close to the values reported for Pt [3]. In general, no atomic 
resolution was obtained along the rows. In agreement with the observations on Pt(ll0) 
I31 the step density and the amount of disorder were found to be much larger in the [OOI] 
direction than in the [ I  io] direction. This explains the streaky character of the LEED pattern 
in the [OOlI direction which has been observed for this surface, and which was discussed 
in [SI. More interesting is the presence of the flatter regions seen in the middle and right 
parts of figure 1. Such regions, which were readily found after each sputtering/annealing 
cycle, were often well aligned with the (1x2) and (1 x3) reconstructed areas, and seemed 
to, as a rough estimate. occupy about 20% of the surface. Figure 2, a partial magnification 
of figure 1 in which the contrast has been enhanced using a differential smoothing routine 
[91, shows that these regions have a distorted ( I  x I )  surface structure. We will refer to 
this Structure as '( 1 x 1)' throughout this paper, emphasizing the close relationship with a 
true ( I  x 1) geometry, regarding the areal density of surface atoms, for example, but also 
indicating the distortion. The cormgation of the atomic rows in the [001] direction is 
-0.05 A, whereas no atomic resolution was found in the close-packed [ 1 TO] direction. 

Two interesting features can be recognized for these '( 1 x I)' areas. First, the distoltion, 
which is due to a two-dimensional sine-wave-like buckling of approximately 0.1 A in 
amplitude, seen as the faint pattem within these domains in figure 1. These buckling pattems 
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Figure 1. An RS0 x 385 Az STM image of fhe prsOFez~(l IO) surface acquired at 10 mV sample 
10 lip voltage and with a tunmlling current of 1 nA. The locations of rhe differem surface regions 
are indimed. In addition, small mas with a (1 x3) sVUcNre can be seen. 

Figure 2. An enlarged section from figun 1. showing the 
‘(I x 1)’ smcm. The contrast hss been enhanced using a 
ifferential smoothing routine, bm lhis has also reduced Ihe 
magnitude. and hence visibility, of the buckling. 

are not perfectly identical between the domains. The related periodicities and directions of 
propagation are essentially the same, but there are slight deviations, presumably connected 
to the domain geometries. In figure 2 for instance, where only the shorter periodicity is 
visible due to the smoothing routine, the pattem is very close to parallel with the [CO11 
direction. This is not a general trend, but is probably a consequence of the upper domain 
boundary being parallel with the [Ool] direction. This effect, the alignment with the domain 
boundaries, can clearly be recognized by a comparison of the two domains in figure 1. 
Furthermore, the buckling pattems are not constant within the domains, but slight and 
continuous changes are frequently observed, and the presence of impurities is sometimes 
found to cause more abrupt changes. An example of the latter can be seen in figure 3. 
Second, as measured from an average plane within the buckling, the ‘(1 x 1)’ domains 
appears 0.40 f 0.1 8, higher than the (1 x2) areas. which suggests a difference in surface 
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relaxation. This height difference may be due partly to an electronic effect, e.g. in part it 
merely reflects the doubled atomic density in the ‘(I x I)’ top layer. In order to obtain the 
true geometric step height, it would be necessary to determine this electronic contribution. 
As a rough estimate, this can be done using the atomic charge density superposition method 
described by Tersoff and Hamann [IO]. Adopting the workfunction 6 = 5.3 eV [Ill 
from the case of pure platinum for both structures, and fitting calculated contours to the 
measured cormgation of the (1x2) structure. a simulated electronic height difference of 
0.11 A between the ‘(1x1)’ and (1x2) areas is hereby obtained. The reliability of this 
exact value can of course be questioned, but it is fairly insensitive to the parameters-at 
least if these are chosen within the range of physical plausibility-and it can be taken to 
provide a reasonable estimate of the real magnitude. The assumption of equal workfunctions 
may seem critical, and a possible difference would certainly affect the result to some extent. 
However, since the more smooth and close-packed ‘( 1 x 1)’ structure can be assumed to have 
a higher workfunction [12], this would rather give a correction in the opposite direction, 
i.e. a lower apparent height of the ‘(I x I)’ structure. However, for small differences in 
workfunction ( < I  eV), this correction is not crucial (<0.03 A). We also note here that the 
(1x2) and (I  x3) structures are approximately equal in height. 

Figure 3. A 410 x 380 AZ mu image of a 
”aminated (presumably with carbon) ‘(1 x 1)’ 
domain, showing a distorted buckling panem. 

Based on the above arguments, the geometric step height between the ‘(I x I ) ’  and (1 x2) 
domains can in a first approximation be estimated to exceed 0.20 A. As the first interlayer 
distance in the (1  x2) smcture was found to have a contraction of -13% as compared to the 
bulk 191, this implies that the ‘(I x I)’ areas rather have a slight expansion in the toplayer 
spacing. This is also supported by the STM images in two other respects. First, the presence 
of the buckling in the ‘(I  x I)’ domains indicates strong repulsive interaction between the 
surface atoms. No corresponding buckling has been found in the (1x2) domains. Second, 
the domain boundaries between the ‘ ( I  x I)’ and ( I  x2) areas do show signs of the expected 
strain due to the difference in surface relaxation. The in-plane boundaries are either separated 
by trenches corresponding to a monatomic step or show some kind of local disorder. 

The similar atomic arrangements of the (1x2) structures of pts~Fezo(llO) and Pt(ll0) 
[5,6] motivates a comparison with theoretical models and calculations for the pure metal. 
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Following the discussion of Heine and Marks 1131 on the atomic forces at noble metal 
surfaces, Fery, Moritz and Wolf [6] suggested that the contraction in the top-layer spacing 
of Pt(l I )(I x2) is related to a redistribution of the electron density from the repulsive d bands 
to the atmctive sp bands in the surface region. This kind of argument may also be applicable 
to the PtsoFe~o surface, provided that the chemical composition in the surface is essentially 
the same as in the bulk. However, for Pt(l IO), the same argument would also hold for 
a (1x1) reconstruction. In fact, theoretical calculations using the embedded atom method 
1141 and the LCAO formalism [IS] predict an even stronger contraction in this case. This 
is obviously in contrast to what is observed on F‘tg~Fw. A possible explanation is that the 
surface chemical composition differs between the ‘( 1 x 1)’ and ( I  x2) domains, with a higher 
platinum content in the ‘(I x 1)’ regions. The bulk lattice parameter is -3.89 8, as compared 
to 3.924 8, for pure platinum, and a possible deviation from the bulk composition in the 
surface would induce strain effects. For instance, would surface enrichment of platinum 
give rise to an expansive pressure. and possibly buckling and expansion phenomena like 
those observed in the ’( 1 x 1)’ domains? 

The surface segregation for a number of dilute binary alloys of transition merals have 
been heated theoretically by Miedema [16]. In the case of Fe in Ft, a surface enrichment 
of platinum was predicted. This also had some support from an AES study, in which it 
was concluded that iron does not segregate to the surface of polycrystalline Ft (-2% Fe) 
[17]. In the case of single-crystalline PtWFe20, which differs from the dilute case in having 
mainly an ordered bulk structure, both the (1 10) and the (1 11) surfaces have been examined 
by means of quantitative LEED analysis L5.181. The results indicated platinum segregation 
for the close-packed surface, whereas the ( I  10) surface was found to have essentially the 
bulk composition. 

We now suggest that the different surface domains are related to the different 
metallurgical phases of the sample. The disordered y-phase has a slightly larger platinum 
content and corresponds to a somewhat larger lattice parameter [SI. Furthermore, since it 
can be assumed to have more pronounced surface segregation effects [ 191, a correspondence 
to the ‘(1 x I)’ domains seems likely. The (1 x2) domains, on the other hand, show no sign 
of lateral stress, indicating a more bulk-like surface composition as would be expected from 
the ordered n-phase. These ideas are further suppotted by the fact that they relate the 
dominant surface structure to the majority phase of the bulk. 

It is not totally surprising that an introduction of excess surface strain would include 
a (1 x2)+(1 x I )  structural transformation. These structures have been calculated to have 
very close total energies for the clean Pt and Au (1 10) sutfaces [14,lS,20]. However, no 
large ( I x  I )  domains with any similarities to those here observed on PtSoFem have been 
reported for these surfaces [ 1-31. 

It seems likely that the presence of two different surface domains has influenced the 
LEED investigation in [5]. We suggest that they are partly responsible for the moderate 
agreement, another contribution being the lack of order in the [OOI] direction as mentioned 
above. Yet it seems that the STM results support the outcome of these LEED calculations to 
some extent. The step height between the ‘(1x1)’ and (1x2) structures is consistent with 
a contraction of the topmost spacing in the ( I  x2) domains, and the absence of buckling or 
any sign of lateral stress in the (1 x2) domains agrees well with a bulk-like composition at 
the surface. 

In summary, we have studied the (110) surface of PtsoFem by means of STM under 
UHV conditions. ?\vo different kinds of surface domains have been observed. One has 
mainly a (1x2) reconstruction, with small insets of a ( I  x3) structure, which is consistent 
with the missing row model previously suggested for this surface. The other domain type 
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has a buckled (I x 1) structure which appears somewhat higher than the (1x2) and (1x3) 
reconstructions. The characteristics of the domains lead us to suggest that they correspond 
to two different metallurgical phases, known to coexist in the alloy at this composition. We 
believe that this work further emphasizes the importance of combining averaging techniques 
like LEED, with more local probes such as STM, and suggest that the presence of the ‘(1 x 1)’ 
areas can partly explain the moderate agreement in the previous LEED study of this sample. 
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