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High-resolution soft-x-ray photoelectron spectroscopy using synchrotron radiation is used to study late-
transition-metal filmgPt, Pd, Ir, Rhon W(111). It is found that the films grow in a layer mode at 300 K. A
single physical monolayéML ) of each of these metals “floats” on the tungsten substrate and, upon annealing
to T>700 K, the metal film-coated Y¥11) becomes faceted, i.e., covered with three-sided pyramids exposing
{211} planes. During growth of Pt, Ir, and Rh films, at 300 K, for coverages exceeding 1 ML, atomic mixing
at the interface is observed, driven by energy released in the adsorption process. Multilayer films of these
metals on W111), upon annealing, undergo complex transformations which include alloying, segregation,
cluster formation, and faceting of the surface between clusters. It is demonstrated that despite the unusual
complexity of the problem, soft-x-ray photoelectron spectroscopy allows for successful investigation of these

transformations.
DOI: 10.1103/PhysRevB.65.075413 PACS nunifer68.55—a, 68.60.Dv, 64.75:g, 81.05.Bx
[. INTRODUCTION resolution 4, photoemission spectra from d5 and

4d-late-transition-metalPt, Pd, Ir, Rl covered tungsten sur-
High-resolution core-level photoemission spectroscopy ifaces as a function of coverage and annealing temperature.
extremely useful in studies of complex bimetallic systemsWhere possibléPt and Ir on W, admetal 4 core-level spec-
for which, during formation, many concurrent phenomenatra have been measured and correlated with the substrate
such as alloying, surface segregation, cluster formation, aspectra.
surface reconstruction may occur. Despite many challenges There are several interesting findings in these studies of
with data interpretation, high-resolution soft-x-ray photo-metals on W111). First, we report evidence for segregation
electron spectroscopdsXPS is a very useful technique for of single monolayers of Pt, Pd, Ir, and Rh on the atomically
studies of bimetallic interfaces since it provides identificationrough W(111) surface upon annealirfign contrast to reports
of the surroundings of various atoms via measurements aff surface alloys on planar WW00) under certain conditions;
core-level shifts. cf. Refs. 5 and § Second, we find strong evidence for inter-
Transition metals, their alloys, and thin films have at-mixing at the interface for multilayer deposition of several
tracted much attention recently, both because they have inmetals(Pt, Rh, In on W(111) at room temperature. This is
teresting physical properties, and because of the variety afnexpected for the thin-film community; it has been gener-
their technological applications as catalysts, shape memorslly believed that thin films of high-melting- metals form
alloys, and in new magnetic materials. As shown recentlyabrupt interfaces.
the atomically rough tungstefilll) surface covered with The present results have implications beyond the specific
films of certain metalgPt, Pd, Rh, Ir, A and annealed to systems studied. Rapidly developing highly accurate first-
temperatures 700—800 K undergoes massive reconstructigminciples theoretical methods for solid-state energetics allow
to form three-sided pyramids of nanometer scale dimensionsow for precise description of bulk and surface properties of
with {211} planes as facet sidé$.This evidence for insta- materials(cf. Refs. 7—10 For example, a comprehensive
bility of surface morphology in a bimetallic system has im- table of segregation energies for transition-metal impurity
portant implications: effective control over growth and mor- monolayers on close-packed surfaces of transition metals has
phology of nanostructure features on surfaces is essential fi(eeen published recently.We believe the time is ripe for
the design and operation of future generations of devices. careful examination of phenomena occurring at interfaces
In previous studies we have reported on growth and aland surfaces of bimetallic systems with highly surface-
loying of late-transition-metal films on the tungsté?ll)  sensitive techniques, in order to test and to stimulate further
surface®® In the present work we focus on the growth andtheoretical work.
thermally activated restructurindaceting induced by late- This paper is organized as follows. After the description
transition-metal films on atomically rough tungst@ril). It  of experimental procedures we present results and data
is demonstrated that the extremely complex structureanalysis for four different metallic overlaye(®t, Pd, Ir, Rh
present on these bimetallic surfaces may be successfully ren W(111); all of these metals are known to induce faceting
solved and investigated with the SXPS technique. of W(111) to {211}. The Pt/W111) data are described in
Specifically, in the present study, we report high-greatest detail to illustrate the analysis and curve-fitting pro-
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cedures. The essential features of the remaining three over
layers are presented more briefly. Finally all of the data are
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PYW(111)
hv =145 eV

discussed to analyze the film growth, thermal stability, seg-
regation, and alloy formation. The findings for(¥iL1)-based
bimetallic systemssimilarities as well as strong differenges .
are compared with the earlier study of (211)-based 1
systems.

Il. EXPERIMENTAL METHODS
%)

The experiments have been performed in a stainless-stee5 |
ultrahigh-vacuum experimental system at the National Syn-S ]
chrotron Light Source of Brookhaven National Laboratory,
on beamline U4A. Details of the experimental setup are de- ]
scribed elsewher¥.The total spectral resolution is0.2 eV 4
at 150 eV and below 0.1 eV at 80 eV photon energy. Typi- ]
cally the x-ray beam and the energy spectrometer axis form
an angle of 45° and the x-ray beam is incident at 45° onto
the sample. The photon flux is monitored and the measurec
spectra are normalized to account for the slowly changing
photon flux. The tungste(il1l) substrate is prepared by re-
petitive heating in oxygen (£10 7 Torr) at 1300 K, fol-
lowed by an abrupt increase of substrate temperature to 2300 . i
K for a ]}éw secon%ﬁlast‘). The experimental SF()atup contains _ FIG. 1. The Pt 4 spectral region recorded during growth of Pt

- ) films on W(111) at 300 K.
several metal dosers used for deposition of platinum, palla-

dium, rhodium, iridium, and gold. Special care is taken toand triple-component at 1 ML. All components have compa-
outgas the dosers before their use. Dosers are shielded duripgple intensity. Such an evolution of the Pt SXPS peak evi-
operation by cooled surfaces and the background pressugnces a layer-by-layer character of grouiththe sense of
during operation does not exceeck 20~ '° Torr. Details of  geometrical “layers?). For higher(multilayen coverages the
the coverage calibration have been described in Refs. 3 ank 4f , feature is smooth and shapeless. This is very differ-
4. Sample temperature is measured by a W5%Re—-W26%Rgnt from the case of a pseudomorphic film ori2al) (Ref.
thermocouple spot-welded to the side of the W crystal.  4) where the single DS lines could be associated with physi-

In order to investigate thermally activated processes occg| layers at the interface and at the surface. In contrast, for a
curring on overlayer films and at the interface, stepwise anpt film on W(111), there are differences in positions of SXPS
nealing to increasingly higher temperatures is used: aftefines associated with different geometrical layers within the
metal deposition the sample is annealed in a sequence ghme physical layer at the interface and at the surface. Thus
ianeaSing temperatures ranging from 400 to 2300 K. Afterthe 4f7/2 SXPS feature for a Pt pseudomorphic film on
each step the sample is cooled, and SXPS data are recordgg(111) is composed of slightly shifted multiple components
and unique decomposition of thef 4eature is not possible.
This is illustrated in Fig. @) where a very accurate
Doniach-Sunijic lines fit produces an unphysical surface-to-
bulk components ratigapproximately 1:1 is expected based
on photoelectron attenuation lengtAs illustrated in the in-
set in Fig. 3, the dependence of the substrate f\jpéak

In Fig. 1, a sequence of SXPS spectra associated with thiatensity on the film thickness is exponential. Since one dose
growth of a Pt film on the WL11) surface is shown. The Pt corresponds to approximately 1-ML coverage it is difficult to
4f4,, peak shape is distinctly different for coverages of 1/3,judge whether the growth is a true layer-by-layer or random
2/3, and 1 ML[where one physical monolayé¥L) is de-  (“sticks-where-it-hits”) growth mode. On the other hand the
fined as the coverage needed to shadow all substrate atoniew-energy electron-diffraction(LEED) image remains 1
~1.7x 10" cn?]. This is a simple consequence of the struc-x 1 during growth but spot sharpness deteriorates with in-
ture of a single pseudomorphic monolayer on fickd) and a  creasing coverage. These observations indicate that the Pt
layer-by-layer film growth. The pseudomorphic layer on adeposit uniformly covers the W substrate, however, the sur-
bcc (111) crystal surface contains three geometrical “layers” face of the film is not atomically flafin order to illustrate
containing atoms in different chemical configuratidfs\  the difference in attenuation of substrate signal for the flat
complete adlayefl ML) contains equal numbers of atoms of and the 3d growth mode we included an attenuation curve
all three types. We have performed a decomposition of Pfor Fe on W111) growth, see the inset in Fig. 3. The Fe on
peaks using as model functions Doniach-SurixS) line W attenuation is characteristic ofd3growth above 2-ML
shapes. The #,, feature, as demonstrated in Fig. 2, is (two dose$ coverage. The Pt on W attenuation is character-
single-component at 1/3 ML, double-component at 2/3 ML,istic of flat growth]

Binding energy [eV]

IIl. RESULTS AND DATA ANALYSIS

A. Platinum

1. Film growth
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a) 1/3ML ] b) 2/3 ML

FIG. 2. Doniach-Sunjic(DS) Pt 4f,, line-
shape fits for a few different thicknesses of a Pt
film on W(111): (a) for 1/3-ML, (b) for 2/3-ML,

(c) for 1-ML, and (d) for 4-ML coverage.

Counts

74 73 72 71 70 69 73 72 71 70 69
Binding energy [eV]

A very interesting property of the Pt/fid/l]) system ob- 1 ‘é . = PYW(111) Pt /W(111)
served during growth of a Pt film at room temperature is that {s“’ f Fe/W(111) hv =145 eV
satellite peaks appear in the Wf 4egion after single- =
monolayer coverage is exceeded. These peaks are shifted k %
~1 eV to higher binding energy, relative to Wf dulk £10'5
peaks(see Fig. 3. These peaks have been previously as- §
signed to a tungsten impurity in the Pt hdst a dilute W 12
alloy)* and their presence during adsorption of Pt oflL1) ;1000 Co

provides evidence that mixing at the Pt/W interface occurs as
a result of the adsorption process. It can be seen that foi
lower coveraged2—-3 ML) the satellite W 4, peak is
slightly shifted relative to the dilute W in the Ptf 4, peak o
(the Pt film is too thin and the strict “dilute” situation is not
possiblg. Above 3-ML coverage the additional peak appears
at the exact position of the “dilute alloy” peak which is
shifted by 0.95 eV with reference to the bulk W position
(Ref. 4. The intensity of the dilute alloy peak relative to the
intensity of the substrate peak increases until a coverage of ¢
ML is reached. This indicates that the mixing at the interface
continues up to 6-ML coverage.

w 1
—
= -
>3
Q

2. Annealing of Pt films

The thermal evolution of the \¥11) surface covered with ]
1 ML of Pt has been monitored by LEED and SX@8e Fig. P A S
4). Each SXPS spectrum shown in Fig. 4 is labeled with the
corresponding type of surface reconstruction as determinec.
by LEED'. As-dosed P.t H peaks_ display sho_ulders_ on the FIG. 3. W 4f spectra associated with growth of a multilayer Pt
high binding-energy side, resulting from their multicompo- film on W(111) at room temperature. The inset shows the height of

nent character as discussed above. Below 500 K the filrghe \y 4f.,, peak as a function of coverage. One dose corresponds
maintains <1 structure. Above 500 K the Pt SXPS peaksi, —1 ML (solid line, square pointsFor comparison we show the

lose their distinct shoulders and LEED indicates a/§2  attenuation curve for a case when the flat growth mode breaks down
X 24/3)R30° reconstructed surface. This configuration isat ~2-ML coveragdcase of Fe/M211): dotted line, circle points

Energy [eV]
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1 ML Pt/W(111)
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] FIG. 4. Annealing sequence for a 1-ML Pt
@ film on W(111). The Pt 4 and W 4 spectral re-
5 gions are shown following annealing to the indi-
8 ] coex. 1700 cated temperature for 1 min. The meanings of

4 coox. 1600 reconstruction labels are the following: “rec.,”
coox. 1500 (2 \/§><2\/§)R30°, “fac.,” faceted, and “coex,”

] ' coexistence of faceted and “rec.” The inset
coex. 1400 shows a Pt 4,, peak height as a function of
coex. 1300 annealing temperature.
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Binding energy [eV]

stable up to a temperature 6700 K where the faceting desorption threshold for Pt, Wf4features associated with
surface phase transition occurs. The faceting transition casurface tungsten atoms appé¢see also Refs. 16 and 117

be identified both by a change in the LEED patt&see Refs. In Fig. 5, Pt & and W 4f spectra associated with anneal-
14 and 15 for a description of the “faceted” LEED pattern ing of a 5-ML thick Pt film on W111) are shown. For tem-
and by narrowing of the Ptf4feature, which is an effect of peratures below 1000 K the observed peak changes resemble
a change in the Pt peak characteristic of a planar Pt adlay@hose observed during annealing of the R2M) systent:

on W(111) (multicomponent to that characteristic of a Pt peaks in the W # region do not changgsee the W 4,
adlayer on W211) (single component (Facets are 10-100 dilute alloy peak formed upon Pt adsorption at the 32.35-eV
nm in size and their edges make little contribution to thepinding energyBE) and the substrate peak at 31.4]e\ to
SXPS peak intensity.This is visualized in Fig. 4inse)  an annealing temperature of 600 K. Above this temperature
which shows the height of the Pt 4, peak as a function of the dilute alloy peak increases in intensity and above 800 K
annealing temperature. The narrowing of the Pt feature reit shifts towards the substrate peak, evidencing formation of
sults in increased height of the feature. The plateau betwees saturated alloy. In the dilute alloy phase Ppdaks appear
700 and 1100 K is correlated with the faceted LEED patternunchangingsince the number of Pt atoms in contact with W
Above 1100 K the Pt #;, peak height decreases and theatoms is low, but the alloy saturation is accompanied by
LEED pattern becomes mixed[faceted and (23 shifts of Pt features to higher binding energy, and by splitting
x 24/3)R30°] suggesting the coexistence of faceted and plainto two separate componentat ~72.4-eV BE which we
nar regions on the surface. In the W4 region no changes attribute to the Pt in the Pt/W alloy and at 71.5-eV BE at-
in the peak shape and intensity are seen throughout thieibuted to the Pt segregated to the alloy surfadéove
whole annealing temperature range. Above the thermall000 K there is a significant increase in the intensity
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1 ML Pd/W(111)

6 ML PYW(111);

—

204

- 2E 2 EP hv=145eV ] hv =80 eV
v/ 2 1
R i : W 4t
] °T 8 3 )

S
o

-alloy peal:)."’.
V| 4t
 emmang sUbstrate peak ;

i 0 T T T r y
] 0 500 1000 1500 2000 2500
1 Temperature [K]

E4f5/2 Pt 4, flash

.

n
o

772

W 4f,, peak height [arb. units]
o
o

Counts

Counts
1

.WO

1100
as dosed

324 322 320 31.8 31.6 314 31.2 31.0 30.8 30.6
Binding energy [eV]

FIG. 6. W 4f;, SXPS spectra associated with annealing of a
1-ML Pd film on W(111).

as dosed . . . . . . .
NN ing to increasingly higher temperatures is shown in Fig. 6. A
76 75 74 73 70 T 70 89 a4 88 ' AR shift of the W 4f;,, peak corresponding to the faceting tran-
sition is visible at 800 K. The W surface peaks appear when
the sample is annealed to temperatures at which Pd desorp-
FIG. 5. Pt & and W 4 SXPS spectra associated with the an-tion from the Pd/W surface becomes efficientl (
nealing sequence for a 6-ML Pt film on(@11). Annealing time is  >1300 K). The W 4 peak shift due to faceting is caused
1 min. The inset shows the intensity of substrate and dilute alloy Wby a change of the Pd/W interface and Pd pseudomorphic
4f,, peaks as a function of temperature. film from (111) to (211) as illustrated in Figs. (&)—7(c).
Annealing of the 1-ML film on W211) does not cause a
of the W 4f,, substrate peak and a decrease in the intensitghange in the W peak shape—the P@M) system does
of the Pt 4, alloy peak at 72.4-eV BE. This peak becomesnot undergo transformations upon annealing below Pd de-
invisible at 1500 K, i.e.~200 K below the threshold tem- sorption temperaturd$ig. 7(a)]. The faceted Pd/\{11) and
perature for thermal desorption of Pt from the Pt-W affdy. Pd/W211) SXPS features are in fact identical, within experi-
These observations indicate that upon annealingTto mental uncertainty, see Fig(lj. (The facet edges occupy
>1100 K the alloy film evolves into three-dimensional clus- little surface area and do not influence the SXPS spgdira.
ters whose areas exposed to the SXPS probe are insigniffirect comparison of the W4, peaks for the planar and
cant. The substrate surface between the clusters remains cdaceted Pd-covered W11) surface is shown in Fig.(@). A
ered with a 1-ML Pt film as evidenced by the intensity andmore detailed analysis of Wf4peak shifts upon faceting can
position of the surface Pt feature and the lack of W surfacde found in Ref. 17.
peaks at temperatures 1400-1700 K. The inset in Fig. 5 Figure 8 shows W # peaks during growth of a multilayer
shows the intensity of W #features versus annealing tem- Pd film on W(111). The dependence of the substrate peak
perature. The different phases of thermal evolution of théheight on Pd coverage is exponentiaee inset in Fig. B
Pt/W(111) denoted on this graph have been assigned accordrdicating a flat form of growth. In contrast to Pt on(¥L1)
ing to the above considerations. (see Sec. Il A2 abovefor Pd deposited on \11) no sat-
ellite peaks have been observed in the Wrdgion indicat-
ing no evidence of intermixing of Pd/W upon deposition.
For 10-ML coverage of Pd the Wf4substrate peaks are
Due to the limited photon energy range of our apparatusttenuated and scarcely visil{gee in Fig. 9 the two lowest
(30—200 eV, the data for Pd/W could be obtained only in spectra in the sequencéJpon annealing, the film of Pd on
the 4f,, region of tungsterithe 3d levels of Pd are beyond W(111) undergoes complex changes. At annealing tempera-
the accessible photon energy rahgk set of SXPS W 4 tures 450-500 K the substrate peaks increase in intensity,
spectra for 1-ML Pd on \{111) recorded following anneal- indicating that the layer is corrugated and the substrate areas

Binding energy [eV]

B. Palladium
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FIG. 9. W 4f;, SXPS spectra associated with annealing of a
10-ML Pd film on W(111). The inset shows the height of W4,
peaks as a function of annealing temperature.

covered with a thinner film are exposed. The dilute alloy
peak appears at 550 K and increases up to 750 K. Simulta-
neously the substrate peak intensity is reduced back, reflect-
ing increased attenuation of the W feak by a corrugated
alloy film (this may be an effect of the increasing alloy film
volume due to incorporation of tungsten atoms into the)film
Above 750 K the saturation of the allofevidenced by
broadening of the alloy W # feature$ is accompanied by
another substantial increase in the substrate peak intensity. At
~950 K, the intensity of the alloy peak decreases, evidenc-
ing the formation of relatively large three-dimensional clus-
ters with small effective areas seen by x-ray photoelectron
spectroscopy(XP9). [The threshold for thermal desorption
of Pd from the Pd-W alloy formed by annealing is 1200 K
(Ref. 2.] The W surface between clusters is covered with a
1-ML Pd film (no W 4f surface features are visibland is
faceted, as evidenced by the SXPS W peak position. The
intensity of the substrate Wf4features vs annealing tem-
perature is plotted in the inset in Fig. 9. The evolution phases
of the Pd/W111) system are denoted on this graph.

C. Iridium

The 4f SXPS spectra associated with the growth of

FIG. 8. W 4f spectra associated with growth of a multilayer Pd Multilayer Ir on W(111) are shown in Figs. 10 and 11. Pre-
film on W(111) at room temperature. The inset shows the height ofviously it has been found for Ir/\R211) that Ir SXPS 4
the W 4f,, peak as a function of coverage; one dose corresponds tpeaks are not shifted if the Ir neighbor atom is exchanged by

~1 ML.

a W atom? Such stability of the Ir atom electronic structure
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I/W(111) oms with different coordination numbers rather than due to
: atoms at the interface experiencing different chemical inter-
3 hv =145 eV actions with the substraigvhich was the case for Pt/)VAt

4 ML the “surface” shoulder on the low BE side is much
less intense than for Ir/Y211) indicating that it may be as-
sociated with the top geometrical layer rather than with a top

] physical layer[which was the case for Y®11)-based sys-

] tems.

] The dependence of the substrate XPS peak intensity on
] the film thickness is exponential, see the inset in Fig. 11.
] This indicates that the growth proceeds in a flat mddiae

3 AML small deviation of experimental data from the straight line in
3 L Fig. 11 is assigned to increase in deposition rate arising from
] 5 ML gradual thinning of the Ir wire which is the source of Ir

atoms) For coverages greater than 2 ML additional peaks

Ir 4f,,,

Counts

] appear in the W # region evidencing an interface mixing

7 similar to the one observed for Pt(\\1) (Sec. Il A). These
1ML peaks are shifted by 0.5 eV to higher BE, and we assign

] these peaks to a W impurity in an Ir hdstr dilute W in an

W’\M Ir alloy, cf. Ref. 4.

M The annealing sequence for 1 ML of Ir({M1) is pre-

. . R I sented in Fig. 12. At different phases of annealing the iV 4
66 64 62 60 58 spectra show rather complex behavior. As shown by LEED
Binding energy [eV] the “as-dosed” film surface has a (Bx2./3)R30° struc-
ture and the SXPS Irf4,, feature displays a shoulder on the

_FIG. 10. An Ir 4f spectral region recorded during growth of an high binding-energy side of the SXPS peak. Upon heating to

Ir film on W(111) at 300 K. 500 K the LEED pattern changes tq/3x 3)R30° and a
shoulder appears on the high BE side of the Wfdature.
is also evident for the Ir/\d11) system, see Fig. 10, where Above 800 K the W 4, peak becomes single-component
in contrast to PUWL11), there is little variation of the Ir peak and the LEED pattern changes indicating a faceting of the Ir
shape in the submonolayer coverage regime. The feature fim covered surface t¢211). Upon further heating LEED
clearly multicomponent but the different lines are due to atshows coexistence of faceted ang3(x \/3)R30° recon-
structed regions. The shoulder on the high BE side of the Ir
I/W(111) v =145ev peak reappears and thé feature resembles closely that be-
el fore the faceting transition. These observations indicate that
. the surface has been converted partially to a planar one.
waf,, Above 2100 K the monolayer desorption threshold is
‘ reached and the surface W domponents are finally seen on
the low BE side(Fig. 12).

In Fig. 13 an annealing sequence fer7 ML of Ir on
W(112) is shown. Dilute alloy peaks are present in the W 4
region for annealing temperatures up to 1000 K. Within this
temperature range Irf4peaks show little variation. Above
1100 K the W 4 alloy peaks shift to lower BE and broaden
indicating the formation of a saturated alloy film. At 1000 K
the Ir 4f features change; the bulk Ir peak decreases in

1 2 height, which reflects the decreased content of Ir in the bulk
] 3 of the film. Within the range 1300—-1700 K the system does
] not undergo further transformations as evidenced by constant
] \____”/&/p SXPS shapes and intensities. This is illustrated in the inset in

Fig. 13. Around 2000 K the Ir bulk alloy # components
5 disappear as a result of thermal desorption of the Ir-W alloy.

33.5 33.0 32,5 320 31.5 31.0 30.5
Binding energy [eV] D. Rhodium

FIG. 11. W 4 spectra associated with growth of a multilayer Ir ~ For rhodium(a 3d meta), the data are limited to thef4
film on W(111) at room temperature. The inset shows the height oflevels of the W substrate. During the growth of Rh films on
the W 4f,, peak as a function of coverage; one dose corresponds t#/(111) the attenuation of substrate W 4eatures is expo-
~1-ML coverage. nential as a function of coverage, evidencing a flat form of

W 4f,, peak height [arb. units]

Counts
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1 1 MLIZW(111) hv =80 eV
W af,,

flash

] 1x1. 2400

1x1. 2300

] ix1. 2200

] hvo1a5ey X1 2100

] 1x1. 2000

FIG. 12. Ir 4f;,, and W 4f,,, SXPS spectra
associated with the annealing sequence for a
1-ML Ir film on W(211). Annealing time is 1 min.
The meanings of the reconstruction labels are the

Counts

] coex. 1600 following: “recl.,” (2 y3x2y3)R30°, “rec2.,”
] (V3% /3)R30°, “fac.,” faceted, and “coex.,”
- coex. 1400 coexistence of faceted and “rec2.”

. 1200

- 1000

o

60!

o

. as dosed

620 615 610 605 60.0 59.5 32.0 31.5 31.0

Binding energy [eV]
growth of Rh on W111), see the inset in Fig. 14. For cov- IV. DISCUSSION

erages higher than 1 ML additional peaks characteristic of a
Rh impurity in the W host appedsee Fig. 14 shifted by N
~0.5 eV to higher BE indicating adsorption-triggered inter- I general the deposition of metal on metal at room tem-

face mixing similar to that observed for Pt and Ifwy  Perature leads to a metastable configuration. This configura-
(discussed in Secs. Il A and IlI)C tion reflects the kinetics of deposition, diffusion, and growth

. . rocesses, and the existence of diffusimeaction barriers’

An a.nne'allng sequence for8 ML of Rh on W11Y) is 'lla'his metastable state can survive insaa Iimitgd temperature
shown in Fig. 15. The as-dosed spectrum show peaks due [a,5e Annealing causes the energetic barriers to be over-
the attenuated W substrate and dilute W in Rh. Above 500 Ksome and the system lowers its free energy through intermix-
the two peaks increase concurrently. Above 650 K the dilutgng and modification of the surface structure. Finally if the
alloy Rh peak increases further while the substrate peak demnnealing temperature/time is sufficient the system may ap-
creases, similar to Pd/WW11) (Sec. Il B). The dilute Rh-W  proach the global energy minimum.
phase exists below an annealing temperature of 850 K. At Bimetallics involving transition metals are often ex-
900 K the alloy peak broadens and shifts to lower bindingtremely complex and synchrotron-radiation-based soft-x-ray
energy. Simultaneously the substrate peak increases its intephotoelectron spectroscopy is a technique of choice for
sity. Above 1000 K the alloy-related feature is almost invis-studying these systems. However, recent advances in accu-
ible suggesting that the alloy forms large three-dimensionatate first-principles computational techniques have made it
clusters. Around 2000 K the W surface peaks appear as possible to calculate reliable segregation energies for a large
result of thermal desorption of Rh from the surface. number of close-packed transition-metal alloy surfdces.

A. Single monolayer films on W(111)
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FIG. 14. W 4f spectra associated with the growth of a
multilayer Rh film on W111) at room temperature. Inset shows the
height of the W 4, peak as a function of coverage; one dose
corresponds te-1 ML.

Binding energy [eV]

FIG. 13. Ir 4f and W 4f SXPS spectra associated with the
annealing sequence for a 7-ML Ir film on(11). Annealing time is

1 min. spectroscopy(AES).1*! Similar segregation phenomena

have been seen on (&/11) with our previous SXPS studids.
Such complete data arrays are extremely helpful in underFor 1-ML Ir on W(111) annealed td =600 K the change in
standing and analyzing experimental data. the LEED pattern and the additional shoulder in the W 4

During annealing, if the segregation energy is negative, apectrum indicate formation of an ordered surface alloy
metastable film of metal on a metal substrate will eventuallyphase.
dissolve into the bulk. If the segregation energy is positive, Planar W111) covered with 1 ML of Pt, Pd, Ir, and Rh is
the metal tends to stay in the surface layer. However, thenstable upon heating, and a massive reconstruction occurs if
entropy factor in the free energy always favors an intermixedhe surface is heated above 700 K. As a result the surface is
system and due to this factor at temperatures high enough tmvered with pyramidal facets exposifglL-type planes.
overcome diffusion barriers, the deposit may be slowly lost~ollowing this transformation a monolayer of deposited
into the bulk. metal still “floats” on the substrate.

Segregation energies for transition metals on the close- For W covered with a single-monolayer metal film its W
packed(110) surface of W have been calculated by Ruban4f SXPS peaks are composed of bulk and interface compo-
et al* Although in extreme cases the surface segregatioments. As a result of the faceting reconstruction the interface
energy may reverse its sign depending on the crystal facis converted from g111) to (211) type, and the interface
(for example, the PtNi alldy) usually it is reasonably well component of the SXPS features changes. This change is
described by a bond breaking model, from which it is as-most apparent for the Pd/W system; for other systems stud-
sessed that the segregation energies scale by a factor upi&a the change is smaltee also Ref. )7 An effect of face-

1.7 going from close-packed to open surfat&B8ased on the ting is also visible in the changing shape of overlayer metal
calculation of Christenseet al,’ it is expected that all met- (Pt and 1) 4f SXPS peaks; faceted surfaces which expose
als reported here strongly segregate from a W host on bot{211} planes covered by 1-ML films produce single-
(211) and (111) crystal faces. This is indeed seen in our component 4 features, as opposed to planadl) surfaces
experimental data; a single physical monolayer of depositedhich produce 4 features that cannot be described by single
metal (Pt, Pd, Ir, Rh tends to remains on top of W11). DS line shapes.

These findings are also consistent with previous data ob- As evidenced by LEED, ultrathin late-transition-metal
tained by low-energy ion scatterifgy,and Auger electron films on W(111) grown at room temperature are pseudomor-
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T £: £ 2 o 5 7 ML Rh/W(111) (or Ir) into the bulk driven by the entropy.factor in the free
15 |£iB2ig % ~% v = 145 6V energy. It may be deduced from binary-alloy phase
£ s 2g S8E . 2 diagramé>#that each of the metals studied in this work has
1gel BigEr W C low solubility in a tungsten matrix, however, the solubility of
Tl L ICFL S [\ W 4f,, Pt and Ir is significantly higher than that of Pd.
4% alloy ipeak o -_," substr:ate peak fii:
@ TP B. Multilayer films on W (111)
o 20]. e-eest® a ; \ . . . .
i ; ) _._.,_" Temperature KI[{[I" ‘\ Previous studies of mul'ula_yer_ Pt film growth on(Wl)_
300 600 900 1200 1500 1800 2100{) | by AES and I__EED(Ref._14) indicated that the growth is
7 W 4f g pseudomorphic, but not in a perfect layer-by-layer mode. In
52

the present experiment this is confirmed for all four admetals
studied since the attenuation of the substrate feature during
growth is exponential and the LEED pattern remains (1
X 1) during growth but its sharpness deteriorates with in-
creasing coverage. We conclude that the overlayers studied
fully cover the substrate although their surfaces are not
atomically flat. The growth proceeds in a random mode
(similar to a “sticks-where-it-hits” mode The 4f SXPS fea-
tures(Pt and Iy originating from multilayer films include the
bulk feature and several components associated with differ-
: ent geometrical monolayers at the surface and at the inter-
R A A A R AR face. These multiple components appear at slightly different
positions; their superposition forms a smooth curve which
cannot be decomposed uniquely.

FIG. 15. W 4f,, SXPS spectra associated with the annealing An interesting property of Pt, Rh, and Ir on(fd1) is the
sequence for a-7-ML Rh film on W(111). Inset shows the sub- Mixing at the interface observed during deposition of over-
strate and dilute alloy W #,, peak intensity vs coverage. layers at room temperature. Although the Pd/W system is

chemically similar to the other systems studied, interface
phic. Results obtained for Pt/@/11) indicate that for cover- mixing does not occur for this case. In no case does the
ages less than a single physical monolayer the growth hasiatermixing occur when the coverage is less than 1 ML. At
well-defined layer-by-layer character. Distinct SXPS peak-3-ML coverage the “intermixed” W peak is already
for different geometrical “monolayers” in the pseudomor- clearly visible. The position of the peak corresponds to dilute
phic (111) bcc layer indicate that each lower layer is com-W in a Pt(Ir, Rh) host. As indicated by the intensity of the
pleted before the next one starts to grow. This is an importarfintermixed” peak, relative to the substrate peak, the mixing
observation which helps in understanding the faceting surstops at 6—7-ML coverage. A very interesting aspect of this
face phase transition. As shown in Ref. 22 the driving forceobservation is that the adsorption of a metal atom at the film
for the transition is a surface energy difference between filnsurface can trigger the site exchange process at a remote
covered W111) and W(211) surfaces. The critical coverage interface.
for faceting to occur is 1 ML. Locally the coverage may Recently Sprague and Gilmdfe have shown by
reach 1 ML(in 2d islands if the average coverage exceeds molecular-dynamics simulations that inelastic processess ini-
2/3 ML. Such faceted 2d islands on a(¥¥1) surface have tiated by an atom impact on the surface can lead to interface
been indeed revealed in recent LEEM and scanning tunnemixing. In particular for Pt deposited on a Cu substrate a
ing microscopy(STM) studies®?* In the present work the mixing has been found for thermal Pt energies. Interface
faceting transition has been observed on fully coverednixing caused by electronic excitation has been reported
W(111) surfaces for annealing temperatures greater than 708lso for a NiTi interface bombarded by GeV heavy i6h.
K for Pt, Pd, and Ir films. Interestingly the Pd-covered fac-has been concluded that the mixing is caused by a short-lived
eted surface is the most stable. Annealing the Pd-coveredttice excitation in the immediate vicinity of an atom im-
faceted W111) surface causes an increase in the facet sizpact. The W/Pt(Ir, Rh) interface mixing observed in the
but the overall character of the surface does not change. loourse of our experiments can be described by similar words,
contrast Pt- and Ir-covered faceted surfaces undergo furthalthough the exact nature of the phenomenon is not yet clear.
transformations upon annealing to temperaturel)00 K;  The energetic barriers for intermixing are similar at all four
the surface is partially converted back to a planar one. This isterfaces studiedas indicated by similar thermal thresholds
evidenced by LEED patterns and by Pt and 1r@XPS peak for mixing ~600 K, see the discussion belpWhe process
shapes. For the Pt/W system STM images of partially facetet clearly driven by a release of energy upon adsorption of a
and partially planar surfaces have been also publish@tis  metal atom on the film surface. Cohesive energies of metals
phenomenon is likely to be associated with the decreasingtudied have been compared in Table I. The energy for Pd is
amount of the overlayer material at the surface. Since theonsiderably smaller than for other metals and the presence
loss of facets occurs below the desorption threshold of Pt oof intermixing may be correlated with the value of the cohe-
Ir from W, the reason behind this could be the diffusion of Ptsive energy.

Counts

Binding energy [eV]
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TABLE I. Relationship between cohesive energies and interfacestrate between clusters. Despite their chemical similarity, Ir,
mixing during deposition of overlayers on a W substrate at 300 KPt, Pd, and Rh multilayer films exhibit different detailed be-
havior during annealing. The complexity in the electronic

Metal Cohesive energfeV/atom Mixing structure of transition-bimetallic systems means that the de-
tailed structure and thermal transformations of a particular

Ir 6.95 yes - . . . .

Pt 5 85 yes system cannot be predicted in a simple way. As discussed in

Ref. 4 the observed SXPS peak shifts have no transparent
relationship to alloy chemistry since the photoelectron peak
shifts for transition metals are influenced by several compet-
ing effects; initial-state charge transfer tends to be rather

An interface between two metals formed at room tem-Small as the localized orbital charge transfer is compen-
perature is typically metastable since interface diffusion barSated for by a frees, p-like charge. Other effects include
riers hinder intermixing. However, the mixing is likely to final-state screening chan_ggs, intra-atomic shifts in valence
occur during annealing. In general there are several possibill€Ve! pogpulatlpns (rehybridization, or reference level
ties: e.g., for anA/B interface,A and B may preferentially changes” The interplay of these many subtle effects is also
remain in separate phases, or they may mix mutuallyA or |mp055|ble to predlqt ina S|m_p_le way. Despite these d_|ff|cul-
preferentially diffuses intd, or vice versa. In particular, if 1€S, based on relative intensities of SXPS peaks, their order
the deposited metal diffusdsiissolves in the substrate, an Of appearance during growth, and their annealing behavior, it
ultrathin film of such a metal would, upon annealing, disap-'S POSsible to identify the chemical configuration of atoms
pear from the surface, forming a dilute alloy with the sub-E&mitting photoe_lectrons in particular SXPS lines a_nd to suc-
strate. However, if the deposited metal is not allowed to dif_c_essfully investigate the structure and transformations of the
fuse into the substrate it may stay on the surface as is, dimetallic system.
form clusters, a surface alloy, or alloy clusters. Relevant ex-
amples, as seen by SXPS, have been demonstrated in our V. CONCLUSIONS

previous papérfor Pt, Pd, Ir, Rh, and Au on \211). Films Several late-transition metalBt, Pd, Ir, Rh grow in lay-

qf Pt, Pd, Ir, or Rh on. \/62;1) are transformed into flat alloy ers on W111). The films have pseudomorphic structure for

films upon annealing; a dilute alloy phase is observed belowe jhitia| few monolayers. A single monolayer of these met-
9,00 K for Pt e_md Pd and below 1400 K for Ir and Rh. For 5¢ o W(112) remains on the surface upon annealing, which
higher annealing temperatured 1400 K) saturated alloy g ayributed to strong segregation trends of late-transition
films are formed. Following SXPS peak assignments fromyatais on W surfaces. The (@11 substrate covered with a

Ref. 4 we are able to analyze the thermal evolution for MOr&ingle-monolayer film of a late-transition met@t, Pd, Ir
complex W111)-based bimetallic systems. Ir on(f1) re-  ppy"ang annealed is faceted to(221). During growth of

sembles closely Ir/M211); initially a dilute W in the Ir alloy multilayer films of Pt, Ir, and Rh at room temperature, ad-

film is formed (600-1000 K. Above 12@ K a film of @ g4rption processess at the surface lead to mixing at the re-
saturated I-W alloy covers the W substrate. , mote interface. Upon annealing, multilayer films of Pt, Pd, Ir,
Phenomena induced by heating Pt, Pd, and Rh films 08,4 rh yndergo complex transformations including alloying,
W(11D) are more diverse. Pt on WA1) resembles Pt on  goqreqation, clustering, and faceting of the surface between
W(211) only during the dilute a.Ion phase at 600_900. KN clusters. Although there are common features observed in the
the case of Pd on W substantial corrugation of the film 0Cyerma) evolution of these bimetallic systems, the detailed
curs before a dilute alloy is formed. For Rh films dilute alloy .4 nsformations are system-specific.
formation and initial film corrugation occur simultaneously.
Since W atoms preferentially diffuse into Pt, Pd, and Rh the
alloying process continues after formation of clusters. A
common feature resulting from strong segregation trends This work has been supported in part by the U.S. Depart-
(see Sec. IV Ais observed for all systems studied; a mono-ment of Energy, Office of Basic Energy Sciences and by the
layer of late-transition metal always covers the tungsten subd.S. Army Research Office.

Rh 5.76 yes
Pd 3.9 no
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