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Identification of reconstruction in Pt films deposited on Pd(110) at room temperature
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We have studied the properties of Pt films on Pd(110), grown by deposition at 300 K and annealed up
to 900 K, using low-energy electron diffraction and Auger-electron spectroscopy. We observe (1X2)
and (1X3) superstructures, depending upon Pt coverage and annealing temperature. At one monolayer,
the (1X1) periodicity is unperturbed. Between one and three monolayers, a broad and streaky (1X2)
develops upon annealing, then fades to (1X 1) as the film dissolves. At three monolayers and above, the
broad and streaky (1X2) splits to a (1X3), then fades again to (1X 1) at high temperature. Adsorption
of CO causes (1X3)—(1X 1) reversion at relatively low temperature, 430 K. Based upon the known be-
havior of Pt(110) reconstructions, this is strong evidence that the (1X3) structure of the Pt film is a sur-

face reconstruction.

I. INTRODUCTION

Properties of thin films, including surface properties,
are being scrutinized ever more closely. One intriguing,
fundamental property of a surface is its tendency to un-
dergo a structural transformation, or reconstruction,
wherein the surface atoms are displaced from their bulk-
like positions, with a component of that displacement in
the surface plane.! While there is a large body of litera-
ture concerning reconstructions in clean surfaces of bulk
materials, as yet there are very few studies of surface
reconstruction of films. In this paper, we describe such a
study for one particular metal film system, Pt/Pd.

Pt and Pd are very similar metals. The lattice
mismatch, for instance, is only 0.8% (Ref. 2) and so lat-
tice strain should present little perturbation to the sur-
face properties when one metal is grown atop another.
The two metals also are continuously miscible in the solid
state.’ However, a major difference in their properties is
that the clean, low-index surfaces of bulk Pt tend to
reconstruct, whereas the clean, low-index surfaces of bulk
Pd are stable against reconstruction.*> Specifically, for
the clean (110) surface of Pt, as well as Au and Ir, (1 Xn)
“missing-row”’ reconstructions are known, where n can
take values of 2, 3, and even higher integers.! For clean
Pt(110), the (1X2) reconstructions are most frequently
reported in the literature® 22 but (1X3) structures have
also been described.’™°

In this study we show that Pt films grown on the (110)
surface of Pd can exhibit bulklike reconstruction. The
two parameters which we vary in searching for recon-
struction are coverage and annealing temperature. Cov-
erage is important because it indicates the thickness at
which this particular surface property —
reconstruction—approaches that of the bulk. Tempera-
ture is important because the (1X1)—(1X2) transfor-
mation of the bulk (110) surface is an activated and ir-
reversible process, known to require temperatures of
275-300 K to occur on typical experimental time
scales.!> This reflects the energy barrier associated with
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surface diffusion in forming the missing-row reconstruc-
tion,! and so it is reasonable that thermal treatment is
also necessary to induce reconstruction in the Pt film.
There are no previous studies of Pt/Pd(110) reported in
the literature.

II. EXPERIMENTAL PROCEDURES

The experiments take place in an ultrahigh vacuum
system equipped for Auger-electron spectroscopy (AES),
mass spectrometry, ion bombardment, low-energy elec-
tron diffraction (LEED), and Pt evaporation. The Pt
source is a resistively heated tungsten filament wrapped
with 0.25-mm-diam Pt wire (99.95%), following the
design of DeCooman and Vook.?> The Pt source is en-
closed in a double-walled, liquid-nitrogen-cooled shroud
with a 1.5-cm orifice directed toward the sample. The
deposition rate is on the order of 10'* atomss™!. Using a
thoroughly outgassed filament, 60 s of evaporation usual-
ly causes the pressure to rise by ~4X 10710 Torr above
background, which is <2X 107! Torr. AES reveals no
impurities in the films, and shows that the distribution of
Pt across the sample is uniform within +£5%. The Pt is
removed by argon-ion bombardment after each experi-
ment. The conditions of bombardment are 1 keV, ap-
proximately 1.5 pA/cm?, at 300 K.

In the annealing sequences, the crystal is held for 20 s
at temperature, then cooled below 200 K for LEED and
AES measurements. Therefore, only irreversible changes
are detected. The diffraction pattern is recorded via a
silicon-intensified-target camera on a videotape, and later
processed with a computerized image-acquisition sys-
tem.”* The LEED intensity profiles are measured along
the [001] direction, i.e., between the reciprocal-space (1,0)
and (1,1) positions. Diffuse intensity elongated between
these two reciprocal-space positions is referred to as
streaking. The crystal current is 70 nA. More experi-
mental details can be found elsewhere.?>2¢
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III. EXPERIMENTAL RESULTS

Coverage determination. For estimation of Pt film
thickness, we use mainly AES. Figure 1 displays the
Pt (NVV) and Pdy;( MNN) signal intensities as a func-
tion of cumulative deposition time at 300 K. As in a pre-
vious study of Pt/Pd(100),?” there are no clear discon-
tinuities in slope to indicate the filling of successive lay-
ers; however, the absence of such discontinuities does not
rule out layer-by-layer growth.?”’” We therefore estimate
the Pt to Pd Auger ratios expected at ©p,=1 and 2.2
[The absolute coverage is expressed in monolayers ©, and
is defined as the ratio of surface atoms to atoms in a bulk
Pd(110) plane, 9.35X 10" cm™2.] Using inelastic mean
free paths for the Pd;;( MNN) and Pt (NVV) Auger
electrons of 7 and 4 A, respectively,zg’30 and handbook
spectra for a measure of the peak-to-peak intensity of
bulk Pt relative to Pd,*' the calculated Auger intensity
ratio (Ip, /Ip4) is 0.34 and 0.71 at ©=1 and 2, respective-
ly. These ratios (0.30-0.35 and 0.7-0.8) are indicated
with arrows in Fig. 1. Their assignment to coverages of 1
and 2, respectively, is substantiated by a previous study
of Pt on Pd(100), wherein layer growth and coverages
were established somewhat more reliably using Bragg in-
tensity oscillations in LEED.?? The values obtained for
the Auger ratio of Pt to Pd in that work were 0.30 for the
first layer and 0.77 for the second layer.>? We therefore
take the arrows in Fig. 1 to indicate, at least roughly, the
points where the first and second layers are filled. It
takes about twice as long to reach the second value as the
first, indicating that the film grows in a somewhat smooth
(layered) morphology, at least for the first two layers and
at 300 K. Higher experimental AES ratios are assigned
to integral coverages by assuming that Pt flux and stick-
ing coefficient are invariant with time. The assumption
of constant sticking coefficient is supported by our previ-
ous studies of Pd/Pd(100) and Pt/Pd(100).*>** Nonethe-
less, at ©p, > 2, the values should only be taken to indi-
cate relative, not absolute, coverages.

Film superstructures. Figure 2 shows the LEED inten-
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FIG. 1. Pt and Pd Auger intensities as a function of cumula-
tive Pt deposition time at 300 K. The Auger data are acquired
in the first-derivative mode with a single-pass, cylindrical mirror
analyzer and a normal-incidence electron gun (2 keV).

sity profiles for a series of Pt films as a function of anneal-
ing temperature following deposition at 300 K, and Table
I summarizes the results. At ©p,=1, the (1X1) periodi-
city appears unperturbed, and no fractional order spots
or streaking are visible. As ©Op, increases to 2, heavy
streaking appears. At ©Op,=2, some intensity grows at
the half-order position after annealing to 370-400 K, as
shown in Fig. 2(a). This fractional-order intensity is very
broad, and disappears after annealing to temperatures
greater than 575 K. At ©p,=3, Fig. 2(b), the same
streaking appears but as the temperature increases to 550
K the half-order spot intensifies and sharpens slightly; at
higher temperature the half-order spot splits and moves,
reaching third-order positions at 630 K. Annealing to
higher temperature results in complete loss of the
fractional-order components.

The continuous splitting of the half-order spot with in-
creasing temperature, resulting finally in a (1X3) super-

TABLE I. Temperature- and coverage-dependent progression of LEED patterns, following deposi-

tion of Pt on Pd(110) at 300 K.

Coverage Structural sequence with increasing temperature
Op,=1 (1X1)
400 K? 575 K
Op, = streaky (1X1)——broad (1X2)——(1X1)
400 K2 575-630 K®
Op=3 streaky (1X1)——broad (1X2) (1X3) (1X1)
400 K2 460-760 K® 785K
Op,=5 streaky (1X1)——broad (1X2) (1X3) (1X1)
490 K2 710-885 KP
Op, =15 streaks ——broad (1X2) (1X3) (1X1)

2The distinction between a streaky (1X 1) (or streaks alone) and a broad (1X2) is rather subjective, as
Fig. 2 reveals. Therefore the temperature at which the transition between these two patterns occurs is

also subjective.

°In these temperature regimes, the LEED pattern changes continuously from a relatively broad and

faint (1X2), to a sharper and brighter (1X3).
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FIG. 2. LEED profiles measured along the [001] direction between the (0,0) and (0,1) beams at a beam energy of 35 eV. The ap-

proximate Pt coverages are (a) ©=2, (b) ©=3, (c) ©=5, (d) ©=15.

structure, is more apparent for thicker Pt films as evident
in Figs. 2(c) and 2(d). At ©p,=5, Fig. 2(c), a broad half-
order spot appears after heating to 400 K, which splits
and shifts continuously as the temperature increases fur-
ther. Annealing to 760 K produces a bright (1X3) pat-
tern. Higher temperatures result in loss of the (1X3) and
return of the (1X1). At ©p,=15, Fig. 2(d), the broad
half-order spot persists to 710 K, splits at higher temper-
ature, and reaches third-order positions at 885 K. The
(1X1) returns at higher temperature.

The temperature necessary to gain (1X3) periodicity
increases as coverage increases. This is illustrated in Fig.
3, whereas Ak of the component which develops into the
( O,%) spot is shown as a function of temperature for three
Pt coverages. The temperature necessary to reach
Ak, =1is 630, 760, and 885 K for ©p,=3, 5, and 15, re-
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FIG. 3. LEED spot splitting as a function of temperature for
three initial coverages of Pt. Each curve is labeled with the ini-
tial Pt coverage in monolayers.

spectively. For each coverage, this coincides with the
temperature at which the fractional-order spots reach
maximum intensity prior to fading. Note also that the
maximum intensity of the fractional-order pattern in-
creases as coverage increases. That is, the brightest
(1X3) of Fig. 2(d) is 1.5 times more intense than that of
Fig. 2(c), and it is 3 times more intense than that of Fig.
2(b).

Auger measurements: thermal stability of films. The
variation of the Ip, /Ipy Auger ratio with temperature is
shown in Fig. 2. Note that the temperature programs
and coverages are identical to those of Fig. 2, except for
the highest coverage, which is ©p =15 in Fig. 2 and
Op, =10 in Fig. 4. The reason for the difference is that an
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FIG. 4. Iy, /Ipy Auger ratio as a function of annealing tem-
perature. Each curve is labeled with the initial Pt coverage in
monolayers. The ten-monolayer curve is compressed vertically
by a factor of 10, and the five-monolayer curve by a factor of 2.
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Auger ratio cannot be measured meaningfully for Pt films
thicker than ©p,=10. With this exception, the Auger
data of Fig. 4 are exactly comparable to the LEED data
of Fig. 2 and, in fact, are acquired simultaneously.

It is evident that the Ip,/Ipy Auger ratio declines as
temperature increases. For ©p,=2 and 3, the most severe
decline begins approximately at 600 K; for ©p,=5 and
10, the decline begins at 700 K. [The former temperature
is about 100 K lower than that reported in a similar study
of Pt on Pd(100), for comparable Pt coverages.?’] Com-
parison of the AES and LEED data reveal that the
(1X3) disappears, and the (1X1) returns, only after a
significant diminution of the Pt Auger signal at all cover-
ages. This might be expected, since both events probably
signal massive dissolution of Pt in Pd. More unexpected
is the correlation between the fractional-order spots’
sharpening and splitting toward third-order positions,
and the decline in the Auger ratio. Although this corre-
lation is ambiguous for the two lower coverages, where
the Auger ratio declines gradually, it is evident for the
two higher coverages, where the Auger ratio is constant
and then falls off sharply. For instance, when a five-layer
film is annealed at 760 K, the Auger ratio falls to 75% of
its original value (cf. Fig. 4), yet here the fractional-order
LEED spots reach third-order positions and become
much brighter than at any other temperature [cf. Fig.
2(c)]. The (1X3) then fades and disappears at T > 760 K
[cf. Fig. 2(c)].

Adsorption of CO. 1t is known that adsorption of cer-
tain gases, particularly CO, can cause the (1X2) and
(1X3) patterns of bulk Pt(110) to revert to the
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FIG. 5. LEED profiles acquired during continuous exposure
of a Pt film (©p,=3) to CO at 430 K. The pressure of CO is
1X107® Torr. The film is initially prepared by deposition of Pt
at 300 K in vacuum, followed by annealing to 630 K. The an-
nealing produces a (1X3) with optimal brightness and sharp-
ness at this coverage (cf. Fig. 2).
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(1X1).720:19.6,21.22 Therefore we examine the effect of CO
adsorption on the (1X3) superstructure of the Pt film, in
order to determine if the film behaves similarly. Adsorp-
tion of CO at temperatures below 400 K does not remove
the (1X3) pattern of the film; exposure at higher temper-
ature (430 K) does lift the (1X3), as shown in Fig. 5.
This indicates that the CO-induced (1X3)—(1X1) re-
version is activated. Working at T >400 K introduces a
complication, however, in that the desorption rate of CO
is significant and a CO adlayer is not stable in vacuum.
In order to establish an equilibrium coverage of CO at
this temperature, the LEED measurements are per-
formed in ambient CO (1X 1072 Torr). Figure 5 shows
that the (1X3) is removed slowly under these conditions.
It is not clear whether the time dependence results from a
slow increase in CO coverage, from the kinetics of the
(1X3)—(1X1) transition, or from both (perhaps cou-
pled). In any case, the (1X3) is removed with CO ad-
sorption at 430 K, as shown, and it also returns when CO
desorbs (not shown).

IV. DISCUSSION

A first main conclusion from the data is that the Pt
films exhibit LEED patterns with (1X2) and (1X3)
periodicity. The same periodicity is associated with the
known missing-row reconstructions of Pt(110), suggesting
strongly that they share a common origin. However, the
Auger ratio of the film (Fig. 4) declines significantly be-
fore the “best” (1X3) is obtained (Fig. 2). This could be
interpreted as evidence that the (1X3) represents an or-
dered surface alloy rather than a surface reconstruction.
We believe that this interpretation is incorrect, based on
the fact that the (1X2) and (1X3) superstructures first
appear when there is no appreciable change in the Auger
ratio. As shown in Fig. 2, the broad spots of the (1X2)
appear at 300 K, whereas the (1X3) pattern appears at
higher temperatures: 575 K at ©=3, 460 K at ©6=35, and
710 K at ©=15. If these structures were due to different
surface alloys, the Auger ratio should be constant at all
coverages for the (1X2) or (1X3) patterns, and should
change when (1X2) converts to (1X3). However, no
such correlation is observed. On the other hand, the de-
cline in the Auger ratio of the film for the best (1X3)
suggests that partial dissolution of the Pt film accom-
panies some change in morphology. In addition, the ad-
sorption of CO (Fig. 5) causes the LEED pattern to
change from (1X3) to (1X1). This is very similar to the
effect of CO adsorption on the Pt(110) surface, where it is
known that CO can “lift” the reconstruction.®”1~22 If
the (1X3) pattern of the Pt film represented a Pt-Pd al-
loy, it is unlikely that adsorption of CO could cause re-
version to (1X1). Therefore we classify the (1X3) pat-
tern of a film as a missing-row reconstruction, analogous
to those identified for bulk Pt(110) surfaces.”® 11371719
The temperature necessary for this process to occur with
the film—430 K—is comparable to the temperature
necessary for CO to lift the known (12X 3) reconstruction
of Pt(110)—300 to 400 K.

For the Pt film, deposition at 300 K results in a streaky
(1X1) pattern. The streaks surely indicate that some de-
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gree of (1X2) order is present, although the deposition
process must “trap” a high degree of disorder. A recog-
nizable (1X2) LEED pattern is obtained after annealing
to 400-500 K. This temperature range is significantly
higher than that reported for clean (110) surfaces of bulk
Pt, where the (1X1)—(1X2) transition reportedly
occurs at 275-300 K, depending upon heating rate.!? Be-
cause of the long annealing times in our experiments, the
value which corresponds to the slowest heating rate (275
K) is most appropriate for comparison to our data. Thus
the kinetics of the (1X1)—(1X2) transition are some-
what slower for the film than for the bulk surface,
perhaps due to roughness in the film which inhibits
diffusion.

At Op, =3, the LEED pattern changes continuously
from (1X2) to (1X3) with increasing temperature, as
shown by Fig. 2 and Table I. At lower coverage, the full
progression to the (1X3) does not occur; we postulate
that it is prevented by extensive Pt-Pd mixing at relative-
ly low temperature. Indeed, the Auger data of Fig. 4
show that at ©p,<3 the films are less stable than at
higher coverage. For ©p,= 3, the (1X2) predominates
after low-temperature annealing (approximately 400—500
K); the (1X3) predominates after high-temperature an-
nealing (approximately 600-900 K); and in between, the
surface contains a mixture of (1X2) and (1X3) domains.
In the mixed regime, the (1X2) and (1X3) domains must
be small relative to the coherence length of the LEED op-
tics (approximately 100 A) in order to explain the con-
tinuous shift in spot position. The smallness of the
(1X2) domains is also obvious from the broadness of the
(0,1) spot after low-temperature annealing (cf. Fig. 2).
The half-width corresponds to a real-space dimension of
10 to 13 A, or 4 to 5 unit cells. By contrast, the third-
order spots of the (1X3) structure are much sharper,
particularly for the thicker films, where their width ap-
proximately equals that of the (0,1) spot. It appears that
small regions of (1X2) develop at 400-500 K, but then
(1X3) regions also develop at higher temperature and
eventually engulf the (1X2) areas. This suggests that
formation of the (1X3) is slower than formation of the
(1X2) at low temperature—possibly reflecting a higher
activation barrier—but that the (1X3) is more stable
than the (1X2).

It is interesting that the (1X3) structure is favored for
thick Pt films, even though the (1X2) structure is most
often reported for (110) surfaces of bulk Pt.572% It is, in
fact, remarkable that the sharpest and brightest (1X3)
pattern is observed for the thickest film [©p,=15, Fig.
2(d)], since one would expect a thick film to approach
bulklike properties. Some unique characteristic of the
film must favor the (1X3) structure over the (1X2).
There are two obvious possibilities. The first is that the
Pt film changes in morphology—either roughens or
smoothens—as temperature increases, and this change in
morphology favors the (1X3). This hypothesis is sup-
ported by results for Au/Pd(110), where the (1X3)
reconstruction appears to be associated with thicker films
because of the roughness which is introduced to the film
above a critical coverage.>* For Pt/Pd(110), neither
Auger nor LEED data provide unequivocal evidence for
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a temperature-dependent morphological change, al-
though the slight decline in the Auger ratio at T <600 K
and Op, <5 (Fig. 4) could be taken as evidence of
roughening. The second hypothesis is that the (1X3) is
stabilized by small amounts of Pd impurities in the Pt
film, and that annealing serves to increase the surface
concentration of such impurities, even before AES clearly
reveals such intermetallic mixing. Indeed, other authors
have shown that the (1X2) reconstruction of Pt(110) can
be converted to the (1X3) phase by trace amounts of Ca
and K, which can be explained by the propensity for elec-
tron transfer from these contaminants to the met-
al.®»%3%36 (Neither Ca nor K is detectable with AES as
an impurity in our Pt films or Pd substrate.) If some elec-
tron transfer occurred also from Pd to Pt, this might ex-
plain the stabilization of the (1X3). If the boundary be-
tween Pt and Pd were perfectly sharp, such an effect
should be limited to the region close to the interface.
However, the slight decline in the Auger ratio at T < 600
K and Op, <5 (Fig. 4) could be taken as evidence of gra-
dual intermixing of the two metals, with the sensitivity to
such intermixing being lower for the thicker films. Thus
both hypotheses are plausible, on the basis of data
presently available.

Finally, it is interesting to note that Au films grown on
Pd(110) also display a continuous progression from
(1X2)to (1X3) LEED patterns.26’34 However, there are
two major differences between the two systems. First, in
the case of Au/Pd(110) the fractional-order spot splitting
is primarily a function of coverage, not annealing temper-
ature, whereas the reverse is true of Pt/Pd(110). A
second major difference is that, although the Au/Pd(110)
LEED pattern attains third-order periodicity at ©,,~4,
the pattern becomes increasingly faint above two mono-
layers, and disappears entirely above approximately six
monolayers. In contrast, the (1X3) pattern of
Pt/Pd(110) gets brighter and brighter with coverage, at
least up to 15 monolayers. In the case of Au/Pd(110), we
attribute the LEED patterns to the growth mode of the
film, which is Stranski-Krastanov with a critical thick-
ness of two monolayers.?®3* Further experimental data,
such as scanning tunneling microscopy, are necessary to
determine whether the (1X2) and (1X3) patterns of
Pt/Pd(110) can be similarly associated with coverage- or
temperature-dependent changes in gross morphology.

V. CONCLUSIONS

There are two main results from this study.

(1) Annealing Pt films can produce LEED patterns
with (1X2) and (1X3) periodicity, at Pt coverages above
two monolayers. The fact that CO adsorption lifts the
(1X3) is evidence that the pattern represents a bulklike,
missing-row reconstruction.

(2) The temperature-dependent progression of the
LEED patterns suggests that small (1X2) domains devel-
op first, at relatively low temperature. The (1X3)
domains form and grow at higher temperature, eventual-
ly overwhelming the (1X2) areas. Some property of the
film—perhaps roughness or a small amount of Pt-Pd
mixing—serves to favor the (1X3) over the (1X2) struc-
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ture. At even higher temperature, the LEED pattern
fades to a (1X 1), probably due to massive dissolution.
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