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Com posi tio n-dept h proÙlin g using di ˜erent emission angles of X -ray
photo electron spectroscopy show ed surf ace enhancement of platinum con-
centration of the C oPt ( 30at %) alloy extensi vely annealed to 1000 K in ultra-
high vacuum . T he results are compared with theoretical predictio ns basing

on models w ith no crystal face dependence .

PAC S numb ers: 68.35.Dv , 68.47.De, 79. 60.{i

1. I n t rod uct io n

Segregati on and chemical orderi ng on the al loy surfaceswere extensi vel y in-
vesti gated in the past and com prehensi ve revi ews have appeared [1{ 3]. The kno wl -
edge of the surf ace com positi on and structure of the al loy cata lyst al lows the pre-
di cti on of the given chemical reacti on behavi or (enha ncement or suppression due
to the presence of a speciÙc interca lati on) and is of special im porta nce. Co bal t
based al loys pl ay a signiÙcant ro le in industri al catalysis and thi s sti mulates in-
vesti gati ons of these materi als. The magneti c pro perti es of CoPt al loys, especia lly
thi n Ùlm s, whi ch are im porta nt in the electronics were investigated recentl y as well
[4, 5]. The phase di agram of the Co{ Pt system shows tha t the al loy crysta l l izes to
form a conti nuous series of sol id soluti ons. In the region of 50 at % and 75 at% of
Pt the disorder{ order tra nsform ati ons exist givi ng ordered f cc superlatti ce trea ted
as interm etal l ic system [6].
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As concerns surf ace analysis of the CoPt al loy the f ollowi ng vo lum e com -
positi ons have been exp erimenta l ly studi ed: CoPt(2 0at% ) of the (110) and (111)
sing le crysta l surf aces[7], CoPt(2 5 and 35 at% ) of the (110) face [8], Co Pt(7 5 at% )
of the (100) [9], (110) [10] and (111) face [11]. It wa s determ ined tha t segregati on
is face dependent, wi th Pt segregated at the (111) and (100) faces and Co at the
(110) f ace.

It was interesti ng to inv estigate the segregati on behavi or of the polycrys-
ta l l ine al loy of the vo lum e com positi on compl ementa ry to the above mentio ned
cases,i .e. of CoPt(3 0at% ). Polycrysta ls are more close to the therm odyna m ic m od-
els of the process as well as to som e real cata lysts (e.g. grids). D eterm inati on of
the surface com positi on and structure is im porta nt in order to predi ct a resul t
of a cata lyti c reacti on. It is kno wn tha t under som e circum stances X- ray induced
photo electron spectroscopy (XPS) is able to pro vi de inf orm ati on about the chem-
ical sta tes of the elements and thei r relati ve contents. In thi s study angle-resolved
photo electron spectroscopy (A R-XPS) was appl ied in evaluati on of concentra ti on
gradi ent norm al to the surface.

2. E x per i m en t a l

Exp erim ents were perform ed using an ul tra high vacuum (U HV) chamber
equipp ed wi th the hemispheri cal sector spectrom eter of the AR UPS 10 typ e (V G
Scienti Ùc). The base pressure of the chamber duri ng measurements was lower tha n
1 È 1 0 À 9 m bar. X- ray source wi th Mg anode could operate at 15 kV and 30 m A
givi ng Mg K ˜ radi ati on (the m ean energy of 1253.53 eV)[ 12] of hi gh intensi ty .
The analyzer input lens were set to m ode 1 givi ng lens hal f angle of 1 : 2 £ and/ or
occasionally to m ode 2 (0 : 8 £ ). The spati al uni f orm it y of the X- ray Ûux (hi gh
Ûux and large i rra dia ted area) and the used input lens ful Ùll good condi ti ons
for obta ining proper AR -XPS proÙles. Bi ndi ng energies, referenced to the sampl e
Ferm i energy, were cal ibrated usi ng Au 4 f 7 = 2 photo electrons at 84.0 eV and Cu
2 p 3 = 2 photo electro ns at 932.7 eV [13]. The spectrom eter was interf aced to an IBM
PC m icrocomputer for data acqui siti on. Peak analysis was accom pl ished based on
the Shi rl ey background subtra cti on and m ixed Gaussian-Lo rentzi an peaks using
curve Ùtti ng program of Kwo k [14]. Several analysis were perform ed wi th Ùtti ng
to the D oniach{Sun j ic l ine shape using pro gram of Fi tXPS [15].

The CoPt al loy (m elti ng point of Co is 1768 K and Pt 2041 K) was prepa red
from high puri ty powders (Jo hnson-Ma tthey Chemicals, Ltd. ) by sinteri ng and
hom ogenizati on in an inert atm osphere (N 2 ) at around 1750 K over 10 h. X- ray
di ˜ra cti on analysis of the obta ined ingot conÙrm ed the homogeneity of the al loy.
A specim en slice of ca. 10 m m in di am eter and 0.8 mm thi ck was cut from the
ingot and mechani cal ly pol ished wi th di amond paste to obta in m irror- like surfaces.
The sam ple was mounted on the VG holder whi ch incl uded sampl e heati ng opti on.
The al loy surface was cleaned in UHV by repeated Ar ion bom bardment (1 kV,
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5 È 1 0 À 6 m bar, 5 ñ A) and annealed unti l there was no im puri t y peaks (C, P, S)
detected by XPS.

3. R esul t s an d d iscu ssio n

T o obta in the segregati on equi l ibri um in the subsurf ace region of the al loy,
the sampl ewa s annealed in UHV at 1000 K f or above 50 hours. Then XPS analysis
wa s perf orm ed at room tem perature. W ide-range photo emission spectrum as a
functi on of ki neti c energy of photo electrons of the CoPt(3 0at% ) al loy obta ined
after anneal ing is shown in Fi g. 1.

Fig. 1. Wide- range X PS spectrum of the C oPt(30at%) alloy annealed in U H V at

1000 K .

The m ost pronounced features observed in the spectrum correspond to the
Co -2 s , the Co-2 p , the Co-Aug er, the Pt- 4 d , and the Pt- 4 f level. T aking into ac-
count the avera ge monolayer thi ckness, a , of the al loy in the subsurf ace region
as a CoP t = 0 : 7 a C o + 0 : 3 a Pt = 0:7 È 0:2224 nm + 0:3 È 0:2472 nm = 0:2298 nm
into the Seah{ Dench form ula (f or elements) on the attenua ti on length (AL) of
photo electrons in the alloy we obta in 0.816, 0.985, 1.26, 1.38, and 1.55 nm indi -
cati ng the sampl ing depth correspondi ng to the above peaks, respecti vel y [16].
Hi gh-resoluti on spectra of the Co -2 p , the Co-Aug er, the Pt- 4 d , and the Pt- 4 f

were ta ken for ni ne angles, in 1 0 £ interv al between norm al emission ( ˚ = 9 0 £ ) and
˚ = 2 0 £ and last spectra at ˚ = 1 5 £ , where ˚ i s the take-o˜ angle measured wi th
respect to the surface plane.

The Ùtti ng results of the analyzed photo electron peaks are shown in T abl eI ;
the bindi ng energy (BE) scale refers to the sampl e Ferm i energy. The Ùrst row
(to p and botto m ta bl e) incl udes the data base data of the pure element of cobal t
and plati num [17] and the bindi ng energies could be compared. The uncerta inti es,
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T ABLE I

Parameters of the C o-2 p, the C o-A uger, the Pd- 4 d and the Pt- 4f p eaks of the
pure metal and the annealed at 1000 K CoPt(30at%) alloy for di˜erent take- o˜
angle. A ll level energies, BE, are referenced to the sample Fermi energy and
expressed in eV . Intensity , I , the area under the peak, is expressed in arbitrary

units. Electron escape depth, ED, calculated as ED = A Lsin ˚ , is expressed in
nm and average alloy monolayers, ML (nm /ML).

Co-2 p C o-A uger

BE I ED BE I ED

pure

element 77 8

778.23 2879 0.985/4. 3 480. 1 1724 1.26/5. 5

778.24 2901 0.970/4. 2 480. 0 1824 1.24/5. 4

778.30 3802 0.926/4. 0 480. 1 1585 1.18/5. 2

778.32 3589 0.853/3. 7 480. 5 1399 1.09/4. 8

778.36 3412 0.755/3. 3 480. 2 1079 0.962/4. 2

778.42 3011 480. 2 1129 0.807/3. 5

778.51 1731 0.493/2. 2 480. 6 1094 0.628/2. 8

778.79 703 0.337/1. 5 480. 9 928 0.430/1. 9

778.83 412 0.255/1. 1 480. 9 638 0.325/1. 4

Pt- Pt-

BE ED BE ED

pure

element

314.36 2494 1.38/6. 0 71.17 850 1.55/6. 8

314.33 2515 1.36/5. 9 71.18 884 1.53/6. 7

314.44 2707 1.30/5. 6 71.17 965 1.46/6. 4

314.43 2791 1.20/5. 2 71.22 1027 1.35/5. 9

314.56 2784 1.06/4. 6 71.22 995 1.19/5. 2

314.58 2762 0.890/3. 9 71.24 959 0.998/4. 4

314.61 2365 0.692/3. 0 71.20 756 0.777/3. 4

314.48 1612 71.13 506 0.531/2. 3

314.38 1366 0.358/1. 6 71.12 340

from Ref . [17]

estim ated usi ng data base quanti ti es, include system ati c errors [18]. It should be
m enti oned tha t for di ˜erent sam ples the energy zero (F erm i level) may be di ˜erent
wi th respect to som e com mon absolute energy scale. Thi s shoul d be ta ken into
considerati on duri ng com pari son wi th the results obta ined in thi s work. Accordi ng
to the electronegati vi ty of the elements, Co (1.88) and Pt(2 .28), the charge tra nsfer
from cobal t to pl ati num is exp ected. It is known tha t the core level BE shif t, as
for the noble meta ls, could be relati vely weak, i .e. less tha n 1 eV [19{ 21]. T aki ng
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the average over 9 0 £
À 5 0 £ of the BE of the Co-2 p level as the bul k data of the

al loy (electron escape depth ED Ñ 3 MLs), the value of 7 7 8 : 2 9 Ï 0 : 0 0 5 eV is found
(here the repro duci bi l i ty of measurements [18] is indicated). The BE is shifted by
+0 .11 eV relati ve to the one of pure element. The shi ft of +0 .09 is noti ced for the
BE of the Pt- 4 f level (7 1 : 2 Ï 0 :0 3 eV, average over 9 0 £

À 3 0 £ ). Ab ove quanti ti es
of the shif t l ie wi thi n the uncerta inty level, and i t is di£ cul t to state about charge
tra nsfer between both com ponents of the bul k al loy. However, going to the smal ler
ta ke-o˜ angle, the relati ve energy shift of the Co -2 p of +0 .54 eV and the one of
the Pt- 4 f of { 0.08 eV is observed. It is indi cati ve tha t in the subsurf ace region
(ED < 3 MLs) plati num enri chment takes pl ace (greater charge tra nsfer from Co
to Pt, i .e. greater num ber of Pt ato ms). Ab ove Ùndi ngs show the tendency of the
form ati on of the Co Pt phase in the to pm ost layers.

T ABLE I I
Results of the Doniach{Sun j i c peak shape analy-

sis of the C o-2p , the Pt- 4 d , and the Pt- 4f level
of selected take- o˜ angles corresp onding to the
annealed at 1000 K CoPt(30at%) alloy . Fitting
parameters: ˜ | asymmetry parameter ; BE |

bindin g energy p osition (ref erenced to the sample
Fermi energy) in eV ; Lf whm | full w idth at half
maximum of Lorent zian- shaped p eak in eV . A ll
level energies, BE, are referenced to the sample

Fermi energy and expressed in eV .

Cobalt 2 p

T ake-o˜

angle BE Lf whm BE Lf w hm

0.52 793.6 1.85 778.6 1.15

0.52 793.7 1.85 778.7 1.25

0.50 794.1 2.14 779.1 1.29

Platinum

T ake-o˜

angle BE Lf whm BE Lf w hm

0.35 331.6 4.60 314.7 3.86

0.39 331.9 4.42 315.0 3.66

0.42 331.8 314.9 4.40

Platinum

T ake-o˜

angle BE Lf whm BE Lf w hm

0.16 74.8 0.99 71.5 0.90

0.16 74.9 0.96 71.6 0.89

0.17 74.9 0.96 71.5 0.86
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Al tho ugh our instrum enta l resoluti on does not al low to measure separate
bul k and surface com ponent of Co and Pt photo emission spectra, we Ùt the Co and
Pt peaks as the Doni ach{ Sunj ic form [22{ 24]. Resulti ng parameters reported here
(T able I I) could be regarded as phenom enological values whi ch reÛect subsurf ace
(bul k) and surface v alues of increa sing surf ace contri buti on wi th decreasing ta ke-o˜
angle. Using the Gaussian response functi on from the 0.75{ 1.25 eV interv al, the
exam ples of the best Ùts to the exp erim ental spectra of the Co-2 p and the Pt- 4 f

peak are shown in Fi gs. 2 and 3.

Fig. 2. Doniach{Sunj i c Ùt to the C o-2p experimental spectrum of the annealed at

1000 K CoPt(30at%) alloy . A linear baseline was assumed. The points show the experi-

mental data, the solid lines represent the best Ùt and the b ottom line show s the residual

(exp erimental minus Ùtted), which reÛects the quality of the Ùt.

Fig. 3. Doniach{Sun jic Ùt to the Pt- 4f experimental spectrum of the annealed at

1000 K C oPt(30at%) alloy . A linear baseline w as assumed. The points show the ex-

p erimental data, the solid lines represent the b est Ùt and the b ottom line show s the

residual (exp erimental minus Ùtted), w hich reÛects the quality of the Ùt.
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Because of the non-negl igible noise contri buti on, the Ùt is regarded as not
qui te perfect one. For the 2 p ; 4 d , and 4 f pai r peaks, the asymm etry param eter, ˜ ,
wa s set equal for both peaks in any given level. It is kno wn tha t for the higher value
of ˜ , the photohole is more e˜ecti vely screened, corresp ondi ng to a hi gher local
density of states (D OS) at the Fermi level. The trend in the observed value of ˜

wi th the ta ke-o˜ angle is sim i lar for both plati num levels, i .e. increase in the ˜ . At
smal l ta ke-o˜ angles (greater surf ace contri buti on), 2 0 £ , the ˜ decreasesfor Co-2 p

level (the most surface sensiti ve peak). The last behavi or m ay be indi cati ve for
cobal t depleti on at the to pm ost layer, givi ng lessnet chargepossible to tra nsfer to
pl ati num there. Ano ther Ùtti ng param eter, Lo rentzi an f ul l wi dth at hal f maxi mum
(Lf whm ) is far of exp ectati ons concerni ng the peak hal f-wi dth of m etals and al loys.
As wa s m entio ned, determ ined values conta in experim enta lly unresolved tw o: bul k
and surface contri buti ons, whi ch concerns the wi dths of the photo electron l ines as
wel l .

Insp ection of T able I shows tha t al l signals decrease wi th decreasing pho to-
electron emission angle. It can be found tha t the Co-2 p intensi ty decreases decid-
edly m ore tha n the one of the Pt- 4 d . D ependences of both signals as a functi on of
ta ke-o˜ angle and electron escape depths are col lected in Fi g. 4.

Fig. 4. A ngular dependence of the C o-2p and the Pt- 4 d photo electron intensities of

the C oPt(30at%) alloy annealed at 1000 K . Exp erimental p oints (crosses) are draw n in

the same electron escape depth range for both lines. T he scales of the corresp ondin g

take- o˜ angles (op en circles data) are adj usted as to be close to the data of ( + ). T he

ED is expressed in the average 30at% alloy monolayers, ML.
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Fig. 5. Dep endence of the ratio of the Pt- 4d to the Co-2p photo electron intensity w ith

the electron escape depth as deduced from X PS angular experiment of the C oPt(30at%)

alloy annealed to 1000 K . The increase in the ratio for ED near one monolayer indic ates

on increase in platinum content in the surf ace region.

Because of thei r ki neti c energies, the sam pl ing depths of both tra nsi ti ons
are di ˜erent and the proper evaluati on should ta ke thi s into account. T o m inimi ze
instrum enta l errors (requi rem ent of Ûat and smooth sampl e and decreasing count
rates at glanci ng emission) usual ly the rati o techni ques is uti l ized. The graph of the
Pt- 4 d to the Co-2 p ra ti o as a functi on of the electron escape depth was constructe d
from the data of Table I and dra wn in Fi g. 5. The shape of the constructed l ine as
the best Ùt to the data undo ubtedl y indi cates the enrichm ent of plati num at the
sam ple surface.

4. Co n cl usion s

Co mparison wi th theo reti cal predi cti ons is restri cted to the cases in whi ch
the orienta ti on is not ta ken into account. Cobal t has lower melti ng point and the
sam e ato m ic radi us (Co , 135 pm ; Pt, 135 pm ), whi ch indi cates cobalt segregati on.
On the other hand, the Abra ham{ Brundl em odel [25], i.e. the ÛÊ | ¥ Ê representa-
ti on of the Pt- solute in the Co-m atri x (0 :9 0 À 1 : 0 0 ) suggest pl ati num segregati on.
Predi cti ons of Mukherj ee{Mo ran{ Lopez [26] as wel l as Ossi [27] shows tha t Co
should segregate. Recent theo reti cal calcul ati ons by R uban et al . [28, 29] predi ct
stro ng plati num segregati on in the CoPt al loy.

In thi s wo rk, three indi cati ons of the AR -XPS analysis of the CoPt(3 0at% )
al loy equi l ibri ated at 1000 K in UHV showed the pl ati num enri chment of the sur-
face content. The im porta nce of the predi cti on can have consequences in cata lysts
prepa rati on work.



Surface Segregation of CoPt Pol ycr ystal l ine A l loy 43

Ac kn owl ed gm ent s

Thi s study was perform ed thro ugh Acti ve Nano-Cha racteri zati on and T ech-
nology Pro ject, Special Coordi nati on Funds of the Mi nistry of Educa ti on, Cul ture,
Sports, Science, and Technology of the Japanese Governm ent.

R ef er en ces

[1] U . Bardi, R ep. Prog. Phys. 5 7, 939 (1994).

[2] J.A . Rodriguez, Sur f . Sc i. R ep. 24, 223 (1996).

[3] M. A . V asiliev, J. Ph ys. D , A ppl. Ph ys. 3 0, 3037 (1997).

[4] J. V alentin, T h. K leinef eld, D. W eller, A ppl. Ph ys. 75, 7102 (1994).

[5] M. Jost, J . H eimel, T . K leinef eld, Ph ys. R ev. B 57, 5316 (1998).

[6] M. H ansen, Const i tut ion of Bi n ary A ll oys, Mc Graw -H ill, N ew York 1965.

[7] U . Bardi, B. C. Beard, P.N . Ross, J. V ac. Sci . Techno l. A 665 (1988).

[8] M. Bugnard, Y . Gauthier, R. Baudoing -Savois, 42 (1995).

[9] S. Lee, Y . O kawa, L833 (1995).

[10] K .S. A n, A . K imura, K . Ono, N . K amakura, A . K akizaki, C .Y . Park, K . Tanak a,

336 (1998).

[11] Y . Gauthier, R. Baudoin g-Savois, J .M. Bugnard, W. Hebenstreit, M. Schmid,

P. Varga, 155 (2000).

[12] T .X . C arroll, M. R.F. Siggel, T .D. T homas,
249 (1988).

[13] D. Fuj ita, K . Yoshihara, 226 (1994).

[14] J.M. C onny , C .J . Powell, L. A . C urrie, 939 (1998).

[15] D.L. A dams, unpubli shed, U niversity of A arhus, A arhus 2002.

[16] , Eds. D. Briggs, M. P. Seah, Vol. 1, Wiley , N ew York
1990.

[17] C.D. Wagner, A .V . N aumkin, A . K raut- Vaas, J .W. A llison, C.J . Powell,
J.R. Rumble J r, (N IST X -ray Photo-
electron Spectroscopy Database), Version 3.2 (W eb Version),
http: //srdata. nist. gov/xp s/i ndex .htm.

[18] C.J . Powell, M. P. Seah, 735 (1990).

[19] B. Johansson, N . M ¡artensson, 4427 (1980).

[20] N . M ¡artensson, R. N yholm, H . CalÇen, J . H edman, B. Johansson,
1725 (1981).

[21] P. Steiner, S. H �uf ner, N . M¡artensson, B. Johansson, 73

(1981).

[22] S. Doniach, M. Sunj ic, 285 (1970).

[23] S. H uf ner, G. K . W ertheim, 678 (1975).

[24] C.J . Jenks, S.L. C hang, J.W. A nderegg, P.A . Thiel, D. W. Lynch,
6301 (1996).



44 P. J. Godowski , T . Ohgi , D. Fuj i ta

[25] F.F. A braham, C.R. Brundle, J. V ac . Sc i . Technol. 18, 506 (1981).

[26] S. Mukherj ee, J .L. Moran- Lop ez, Su rf . Sc i. 18 9/190, 1135 (1987).

[27] P.M. Ossi, Surf . Sci . 201, L519 (1988).

[28] A . C hristensen, A .V . Ruban, P. Stoltze, K .W. Jacobsen, H .L. Skriver,
J.K . N §rsko v, F. Besenbacher, Ph ys. Rev. B 5 6, 5822 (1997).

[29] A .V . Ruban, H .L. Skriver, J .K . N § rsko v, Ph ys. R ev. B 59, 15990 (1999).


