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ABSTRACT

Synchrotron radlatlon excited photoelectron spectra of the 4f emlsslon

reglon for all lanthanlde metals Ce to Lu (except Pmw) have been re-

corded. Photon energles ranging from 30 eV to 200 eV have been used to

exclte the 4f electrons wlth maxlmum surface sensitivlty. The 4f emlsslon

spectra of all metals studied, with the exceptlon of Ce, show 4f emlsslon

from the surface layer atoms and the bulk atoms äs clearly separated

structures with dlfferent blnding energles. For Ce no unambigous Separa-

tion of the 4f structure into bulk and surface emisslon could be made. He

fitted the experimental spectra with calculated 4f emission spectra obtal-

ned by adding a bulk and a shifted surface multiplet for each metal. The

intensity ratios within the muHiplets were obtalned from an atomlc calcu-

lation utilizing the intermediate coupling scheme. The intensity ratio

between bulk and surface emission (I^/IS) and the magnitude of the sur-

face core level shift (SCSI were used äs fit parameters.

The deduced SCSs are all positive (towards higher blnding energy), 0.40

eV - 0.77 eV, and In fair agreement with calculated SCSs uslng the

Johansson - HSrtensson - Rosengren model. For the trivalent lanthanldes

we found a systetnatlc Variation of the SCSs through the series, which

can be attributed to differences In the actual electron dlstributlon

between s, p and d- llke valence states. For the trivalent Sm we found

the surface to be completely dlvalent and deduced a surface shlft of

> 0,46 eV, being the energy necessary to change the surface valency.

subraitted to Physica Scripta



I IHTRODUCTION

When high resolution photoelectron spectrometers come into use, it was

shown that the binding energies for core levels in atoms strongly depen-

ded on their Chemical surrounding "chemical shift", (1,2). One of the

most fundamental of these chemical shifts is observed between the atoms

and the solid, but even more subtle changes in the chemical surrounding

of an atom äs e.g. a change in coordination number for one atom in diffe-

rent molecules is clearly recognized äs a chemical shift in the core

level binding energy. These chemical shifts have formed the basis for

extremely fruitful research within many fields of science, and much

theoretical work has been devoted to relate the observed chemical shifts

to physical parameters äs e,g. oxidation number, electronegativity etc.

For an elemental solid it was recognized that the surface atoms have

another coordination number than the bulk atoms and must experience a dif-

ferent potential. Core levels of the surface atoms should therefore also

be expected to exhibit a chemical shift compared to the bulk atoms, This

is perhaps easiest understood for solids where directed bonding is strong

e.g. covalent semiconductors and transition metals, but also calcula-

tions for free-electron l ike metals show that the potential near the sur-

face is substantially different from the bulk (3) .

The idea of a surface atom core level shift (SCS) is old, but was proved

only recently to be experimentally observable. Citrin et al. (4) used

high resolution XPS (x-ray photoelectron spectroscopy) ( where the surface

sensitivity was enhanced by detecting emitted electrons at grazing angles

of emission wi'th respect to the surface. By this method they measured the

SCSs of the Au (4 f ) , Ag (3d) and Cu (2p) core levels. Tran Min Duc et al.

(5) exploited Synchrotron radiation to excite the 4f core level in W, and

by Variation of the excitation energy the kinetic energies of the excited

electrons could be kept in a ränge where the inelastic electron scatte-

ring length is close to its minimum (6). In their data the contrast bet-

ween surface and bulk emission is therefore very high. This work stimula-

ted Synchrotron radiation researchers to a number of investigations of

SCSs, primarily of the 4f levels in the 5d transition metals (5, 7-9).

4.

Using Synchrotron radiation they could tune the kinetic energies of the

electrons to achieve a high surface to bulk contrast.

The interest to measure surface core level shifts was also stimulated by

the theoretical work by Johansson, Martensson and Rosengren (10, 11) who

introduced a thermodynamical model based on a Born-Haber cycle to calcu-

late SCSs for metals. The OHR model only needs the surface energies of

the element measured (Z) and the consecutive element (Z+l) in the perio-

dic System to calculate the shift. This has renewed the interest in sur-

face energies and especially theoretical, experimental and empirical

ways of estiniatl'ng them.

We have earlier reported results on the SCSs of the lanthanide 4f levels

(12). Our interest was triggered by the very different 4f multiplet

structures observed in the 100 eV photon energy Synchrotron radiation

spectra äs compared to the XPS-spectra (13). The present paper report on
Cff

a comprehensive study of the SCSs for all lanthanide metals from Ce to

Lu with ttie exception of Pro .

The lanthaniaes have flf levels which are localized and core-like even

though their binding energies are shallow and sometimes even degenerate

with the valcnce bands. The 4f structures in the photoemission spectra

are also relatively sharp and surface core levels shifts should be detec-

table. This was realized early by experimental studies of the Yb 4f

level (14) .

On the other händ, there are also specific problems related with the 4f-

emission of the lanthanides. It is in the lanthanide series where the 4f-

level is being filled, and hence for most lanthanides the 4 f level is

only fractionally occupied. An excitation of a 4f electron from 4f
h-~i

ground state then leaves the atom in a number of different 4f final

states, all of which occur with certain probabilities (15, 16). The cotn-

plexity of the final state multiplet structure will vary with the 4f

occupation number, and only Ce {4 f c ) , Yb and Lu (4f" r) represent simple

cases.
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For all other lantham'des the detailed knowledge of the 4f multiplet

structure is essential to analyze photoemission spectra in terms of sur-

face and bulk emission.

Recently, Gerken calculated the energy Separation and fractional paren-
tage Intensities of the final state 4f multiplet lines for all the lant-

hanide metals within the intermediate coupling scheine (17). This scheme
gives a proper description of the multlplets for all the lanthanides,
and the results are essential to fit the experimentally recorded
spectra in order to deduce the SCS's.

Experimentally we have only studied evaporated films. These films are
polycrystalline to their nature and we should expect different SCSs for
different crystal grains (11). The polycrystalline films thus compli-
cate the Interpretation of the results and obtaining data from clean

lanthanide single crystals has high future priority. We should stress

that in our efforts to obtain the SCSs of the lanthanides we have very

much benefitted from the earlier XPS work of Lang et al. (13). They

obtained excellent XPS-spectra for the lanthanides showing the bulk mul-
tiplet structures. In all cases we have used their bulk parameters äs
starting parameters in the fits of our surface sensitive spectra.

The SCSs obtained for the trivalent lanthanides increase in magnitude
going from Ce* to Lu while the JMR model using available thermodyna-

mic data predicts one comnon SCS for the trivalent lanthanides (18). The
JMR model gave SCSs for the 4f levels of the 5d transition metals that
agreed well with experiments {7 - 9). The 5d series is characterized by
a filling of the 5d valence level and changes in bonding (surface ener-
gies) due to this filling. For the trivalent lanthanides in the 4f
series the number of valence electrons stray constant when filling the

4f cgre level. Our results indicate that even if the number of valence

electrons are the same, the different distributions of these electrons
among s,p and d like valence levels substantially influence the SCSs.

6.

II EXPERIMENTAL

The experiments were performed at the Flipper Station. HASYLAB. The
monochromator (Flipper) is a plane grating monochromator with a high
photon flux at very good energy resolution (19, 20). The emitted elec-

trons were energy analyzed in a double pass cylindrical mirror analy-
zer. We set the monochromator slits and the analyzer pass energy to get

a total energy resolution of < 0.3 eV below 200 eV photon energy.
Spectra recorded at 100 eV could be obtained with a total energy reso-
lution of typically 0.15 eV.

The samples were evaporated in situ, the base pressure in the UHV samp-
—to ~sle chamber being l x 10 Torr (7 .5 x 10 'Pa) During the evaporations

-q -o
the pressure rose and stabilized at 5 - 8 x 10 Torr (4 - 6* 10 Pa),

after completed evaporation it quickly went back to the starting value.
The cleanliness of the samples was at an early stage checked by Auger
electron spectroscopy, the contaminants were found to be mainly Cl and

0. During the measurements the sample cleanliness was checked by 40 eV
photoemission valence band spectra, where the intensity of a structure

at 5 - 7 eV binding energy was recognized äs contamination derfved for
most lanthanides. In spite of substantial efforts to obtain absolutely

clean films we could for all lanthanides always detect a small conta-
mination derived structure at about 6 eV binding energy and we assume
that this is an inherent property of the used evaporation material

(21).

The structures in the recorded spectra were fitted using DS lineshape
peaks and we used a Gaussian broadening function for the experimental
resolution. Except for the experimental broadening, there was no need
to introduce an extra Gaussian phonon broadening. This is consistent
with the theoretical work by Flynn (22). The shape of the background
was calculated from a simple model for inelastic electron scattering
(23). The operations necessary to obtain a fit spectra were performed

using a Computer program developed at HASYLAB. The quality of the fits

were judged by visually comparing the experimental spectrum and the

corresponding calculated fit spectrum.
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We stress that there is an intimate connection between the background

intensity and the asymmetry i.e. if we fit the 4f structures not adding

any background intensity the asymmetn'es obtained will differ very much
frorn XPS values. Thus we vary the intensity of the background and the

asymnetry simultaneously to get the best fits of the experimental spec-
tra, while constraining the asynroetries to be dose to the correspon-
ding XPS ones.

III THEORY

Johansson, Martensson and Rosengren (10, 11, Iß] have presented a theo-
retical model, which includes both the initial and the final state ef-

fects to predi'ct SCS's. The model is based on a thermodynamical Born-
Haber cycle of the photoionization process. They use the äquivalent
core approximation of the fully screened core hule and obtain to first
order.

E (2) and E (Z+l) are the surface energies of the element investigated
and the consecutive element in the periodic table. The surface energy
is defined äs the difference between the bulk and the surface cohesive
energies. The problem of calculating a certainiEc(s-b) (SCS) is redu-
ced to obtain reliable surface energies of the elements. Only a few a

priori calculations of surface energies exist (3, 24) and the experi-
mental surface energies reported from different experiments are very

scattered for the same elements and are also usually measured at the

melting points (25, 26}. For the lanthanides neither experimental nor

calculated surface energies of reasonable quality have been published.

Using a semiempirical relation based on the difference in coordination
numbers between a surface and a bulk atom, the surface energy has been

expressed äs a constant fraction of the bulk cohesive energy (27, 28)
and eq. (2) can be rewritten äs.

Eq. (3) has been used to estimate SCSs for the 4f core levels of the 5d
transition metals (11) and we will here apply it to the lanthanides.

The use of eq. (3) to calulate the SCS's for the lanthanides poses some
Problems. The lanthanide series is characterized by a gradually filling
of the 4f level, these 4f electrons are localized and at a finite bin-
ding energy, thus the 4f Orbitals do not represent the screening Orbi-

tals of the photoionization process. The screening Orbitals are delo-

calized and at the Fermi level. Consequently the divalent lanthanides
o

have a metallic initial state äs (spd) and a screened trivalent final

state äs {spdr , the trivalent lanthanides have corresponding trivalent
3 tl

(spd) initial and tetravalent (spdr final states. To apply eq. (3) we
need the metallic cohesive energies for the divalent, trivalent and
tetravalent states of the lanthanides.

For most of the lanthanides the 4f occupation differs between the atomic
and metallic states i.e. a 4f s to a 4f (spd) transition takes
place in the condensation. Exceptions are EU and Yb which stay divalent,
and also Ce, Gd and Lu which are trivalent both in the atomic and the
metallic states. Since the bulk cohesive energies reported in tables

refer to the atomic ground state and the cohesive energies in eq (3) are

to be associatd with the valence band cohesive energies in the metallic

state we have to estimate the energy associated with the 4f to 4f

transition.
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This can be accomplished in at least two ways: First we can use the co-

hesive energies of those lanthanides not changing their 4f occupation

number between the atomic and metallic states äs fix points and inter-

polate between them. For the divalent state we have EU and Yb, for the

trivalent state we have Ce, Gd, and Lu. There exist no lanthanide in

the tetravalent state but Hf, the next element to Lu, 1s a good choice

for the tetravalent valence state. In Fig. l we display the result of

the Interpolation from which we derive for the divalent, trivalent and

tetravalent metallic states the cohesive energies of 40 kcal/mol, 100

kcal/mol and 145 kcal/mol, respectively.

We could also use optical atomic spectra to obtain the excitation ener-
|U 1 ,

gies for the 4f to 4f* transition and add these energies to the co-

hesive energies of the lanthanides with respect to the atomic state

(29). This procedure will yield essentially the same result äs the In-

terpolation scheine devised, but is somewhat arbitrary because we have

to chose a certain valence configuration for the final state. A valence

configuration which then should be based on a bandstructure calcula-

tion.

If we insert the interpolated metalic cohesive energies in eq. (3 ) , we

obtain a4E c(s-b) (SCS) = 0.50 eV for the divalent lanthanides (Eu and

Yb) and aAE c ( s -b ) [SCSI = 0.40 eV for the trivalent lanthanides (Ce,

Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm and Lu}.

In the above treatment we have neglected the possibility that our fix

point lanthanide metals may have the same number of valence electrons

but not exactly the same valence configuration, i.e. the distribution

between s, p and d orbitals may vary through the series. He know from

several physical parameters äs crystal structure, melting points, hcp-

bcc phase transition temperatures, and response to pressure, that the

valence configurations are not exactly identical for all the trivalent

lanthanide metals. We illustrate the possible consequences of this in
a i.t i u

Fig. 2, where we assume La to have sd and Lu to have s d '^ valen-

ce configurations. Observe that although La and Lu are both trivalent

in the atomic and metallic states and have almost identical bulk cohe-

sive energies with respect to their atomic states they still have dif-

ferent valence band cohesive energies.

10.

In this paragraph we have illustrated some of the difficulties to

obtain reliable estimates of the surface energies for the lanthanides.

We have introduced a scheine to estimate metallic bulk cohesive ener-

gies which can be used to calculate SCS's for the lanthanides from eq.

(3), but there remain some ambiguities associated with this method.

IV EXPERIHENTAL RESULTS

a) The divalent lanthanides; EU and Yb

The rare earth metals with two valence electrons are EU (4f~*} and Yb

(4f "), the valence configurations being (5d 6s} . In Yb the 4f Shell

is completely filled and in the photoemission spectrum of the 4f level

we expect two peaks corresponding to the final states of the 4f con-
3 Afiguration ( F-ju • F5^) with a statistical intensity ratio 4/3. In

Fig. 3a we show an XPS-spectrum front Lang et al. (13). In this we see

the expected 4f peaks at 1.3 eV (AF-7/a) and 2.6 eV (^s^) blnding

energies, respectively. The solid curve drawn through the experimental

data points in the XPS-spectrum is a convolution of DS lineshape peaks

with a Gaussian broadening function representing the reported experi-

mental resolution of 0.25 eV. We will later discuss the values of the

linewidth (v) and asymmetry («.) parameters of the DS peaks, both the

ones reported in ref. (13) and the ones used in this work.

The top curve in Fig. 3a represents the photoemission spectrum recor-

ded at 100 eV photon energy. We clearly see an extra doublet posi-

tioned at 0.6 eV higher binding energy compared to the original 4f

doublet. The new doublet displays the same intensity ratio (4/3) but

is considerably broader than the original one. The main difference bet-

ween the XPS-spectrum (AIK*, 1486.6 eV) and the 100 eV spectrum is the

kinetic energy of the exci ted electrons. The inelastic electron scatte-

ring length at kinetic energies of 1500 eV is considerable larger than

for electrons having only 100 eV kinetic energies. The 100 eV spectrum

is thus much more surface sensitive than the XPS-spectrum. Therefore

we Interpret the extra doublet äs due to the 4f final states of the

surface atoms ( F-7K (sur face) , FSK (sur face)} .



11.

The surface character of the extra doublet is clearly seen in Fig. 4

where we show a number of spectra recorded at different photon ener-

gies. We observe a rather drastic increase in the intensity of the sur-

face doublet relative to the bulk doublet äs we decrease the photon

energy. This is associated with the smaller scatten'ng lengths for

Iower kinetic energy electrons. In fact one should expect that when we

arrive at very low kinetic energies of the electrons (< 15 eV) , that

the inelastic electron scattering length should start to increase

again. We have not been able to observe this expected decrease in the

surface sensitivity for the lowest phcton energies used in the pre-

sent investigation of the lanthanides (30) . This is in contrast to
other data reported (31} .

In Fig. 4a we also show the fits obtained using the procedure descri-

bed earlier. The fits were made using a binding energy difference of

D.6 eV between the surface and the bulk doublet and adjusting the It/U

ratio for different photon energies while keeping the intensity ratio

4/3 fixed within each doublet. At low phaton erergies we observe a dis-

crepancy in the relative intensities within the doublets. This is a

crossection effect, the 4f crossection rises from threshold roughly

proportional to hw-Eg. Since E^varies within the 4f multiplets we can

observe intensity differences in our experimental spectra not reprodu-

ced by our fitting procedure. We should also be aware of that the

branching ratio can vary rather more dramatically close to threshold

where the final state wave functions are not at all free-electron like
(32).

The fit procedure contains two adjustable Parameters which can be dedu-

ced from our experiments: The magnitude of the SCS and Ig/I^. If neces-

sary we also changed lineshape parameters for which XPS-values served

äs starting values, these changes were associated with changes in the

intensity of the added background.

12.

In Fig. 3b we show two photoemission spectra of the 4f level in EU,

one XPS-spectrum (13) and the other recorded at 100 eV photon energy.

EU has the 4f'1 configuration, the final states for the excited 4 f f e

configuration are "1F-3(J=0,1 6} i.e. 7 posslble states. In Fig. 3b

the calculated intensities and the energy separations for these levels

are shown. The solid curve in XPS-spectrum is the result of adding

these seven 4f lines each of which has been convoluted with a DS peak

and the sum has been resolution broadened. In the XPS-spectrum and the

100 eV spectrum we observe a maximum 4f intensity at 2 eV binding ener-

gy, but in addificn we observe in the 10Ü eV spectrum on the high bin-

ding energy side a shoulder which again originates from the 4f elec-

trons of the surface atoms, To represent the experimental 100 eV spec-

trum we then have to use two sets of F^ states i.e. 14 states with the

multiplet line intensities given within each set. Finally we show in

Fig. 4b fits of this type for a number of photon energies, all para-

meters frozen except for the Iß/I^ ratio which was varied to simulate

the different surface sensitivities for different photon energies.

Also our photon energy resolution varies between the spectra, an effect

which is included äs a variable Gaussian contribtition to the lineshape

in the fitting procedure. We show the single fit components for the 30

eV spectrum; bulk peak, surface peak and background contribution. Here

we obtain a SCS of 0.63 eV (Yb:0.60 eV) and also we observe a surface

peak being much broader than the bulk peak.

b) l he light trlvalent lanthanides; Ce, Pr and Hd.

In Figs 5a - c we show XPS-spectra for Ce, Pr and Nd (13) compared to

our 100 eV spectra. Unlike for EU and Yb, no clearly separated surface

structures are observed. The surface core level shifts predicted by the

JMR model are 0.4 eV for all trivalent lanthanides. For Ce, Pr, and Nd

the lifetime broadening äs determined from the XPS-spectra are of the

same order of magnitude, 0.4 - 0.5 eV (Table I). Therefore any SCS

will be hard to observe, anü we must rely on fits to separate the 4f

structures into bulk and surface peaks.
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For Ce, Parks et al. (33} have obtained a good fit of their expertmen-

tal spectra using a bulk and a surface peak separated by 0.3 eV. They

give an upper liniit for the SCS of Ce to 0.4 eV. They also succeeded

to ofatain a constant binding energy of 1.85 eV for the bulk peak when

fitting spectra recorded at different photon energies. To prove the

existence of a SCS for Ce, we have to compare such a fit with a single

peak fit. In Fig. 6 we show spectra for three different photon ener-

gies and the fits obtained by adding just one Lorentzian peak and a

background. We have fitted the structure at 2 eV binding energy which

has been shown to clearly cxhibit 4f-character (23, 34 - 36). The qua-

lity of the fit is limited due to overlapping valence band emission.

Reasonable agreement is found for a Lorentzian of 0.45 eV HWHM. The

binding energy also stays constant for different photon energy spectra

and we obtain a binding energy of 2.01 * 0.02 eV for all spectra. We

conclude that we have no possibility to unambiguously give a definite

value for the SCS in the case of Ce, especially since the XPS-spectrum

gives no clear Information on the binding energy and the lineshape of

the 4f peak (13).

For Pr which shows a structureless 4f peak at all our photon energies

we have tried to fit the 40 eV and 100 eV spectra with only a bulk

peak, but also by adding a bulk and a surface peak. The results are

shown in Fig 7a and b, the fits are of comparable quality. But there

are clear indications that only using a bulk peak is not correct. In

this case the bulk peak is fitted with a Lorentzian having HWHM of 0.55

eV which is significantly broader than the corresponding HUHM of the 4f

peak in the XPS-spectrum. This is in contrast to our findings for the

other lanthanides where our bulk parameters generally show a very good

agreement with the XPS-spectra parameters. Furthermore we have to shift

the bulk peak from a binding energy of 3.50 t 0.02 eV in the 40 eV

spectrum to 3.45 i-0.02 eV in the 10G eV spectrum to obtain a good fit

using a single bulk peak, while using a bulk and surface peak we obtain

a constant binding energy for the bulkÄF^ multiplet peak for all

photon energies.

14.

For Nd the Situation is clearer because even the raw data display a

change in the 4f-structure for different photon energies (Fig. 8). Fit-

ting the spectra by adding bulk and surface peaks yields bulk para-

meters dose to the XPS-values. However, for Nd and especially for Pr

the deduced magnitude of the SCS depends strenger on our choice of

lineshape parameters than for Yb and EU. Therefore we quote an error

of * 0.1 eV for the SCS of Nd and Pr. The fitting parameters are sum-

marized in Table I.

For Ce the analogy to the other lanthanides certainly suggests the

existence of a SCS. For reasons outlined above our experimental data

do not al low us to ascribe it any specific value between 0 and 0.4 eV.

c) The heavy trivalent lanthanides; Gd, Tb, Dy, Ho, Er, T«
and Lu.

In Figs 9 a-g we compare XPS-spectra with 100 eV photon energy

spectra. We first discuss Gd (4f"t) and Lu (4f11*) which have the same

4f-configurations äs the divalent EU Hf1] and Yb (4f"h. We thus ex-

pect 4f spectra of similar appearance for Gd, EU and Lu, Yb, respec-

tively. In fact, the main differences in the XPS-spectra are the abso-

lute 4f binding energies, which are higher for Lu and Gd due to the

higher atomic numbers compared to Yb and EU, and the larger lifetime

widths for Lu and Gd which is related to their higher binding ener-

gies. The larger lifetime widths make the visibility of the surface

shifted 4f peaks somewhat worse, but still they are seen äs an extra

doublet in the 100 eV spectrum of Lu and äs an asymmetry on the high

binding energy side of the Gd 4f peak in its 100 eV spectrum (Figs 9 a

and b).

o o
The elements Tb (4f ) through Tm (4f ) show strong multiplet Split-

tings is their 4f photoemission spectra (Figs 9 c - g). For Tb and Dy

the multiplet lines divide into two sets, the one with lower binding

energy represents final states with maximum total spin for the 4f con-

figuration and displays only few components. Here it is easy to con-

clude that a lso Tb and Dy have surface 4f emission.
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For Ho, Er and Tm differences between XPS and 100 eV spectra only show

up äs different relative intensities between different parts of the
multiplets. Any additional peaks that can be assigned to surface eirn's-
sion only are hardly detected. We have observed earlier that the bulk

Parameters obtained from XPS-spectra very well represent the bulk emis-
sion excited with 100 eV photon energy (see EU and Yb). It 1s there-

fore fairly safe to assume that the change in relative intensities

from the XPS-spectra to the 100 eV spectra i s due to shifted surface
multiplets in the 100 eV spectra overlapping the bulk multiplets. To

obtain an estiniate of the SCSs we have to rely on our fitting proce-

dure i.e. we use calculated multiplet Splittings and relative intensi-
ties and add a surface and a bulk multiplet with different energy se-
parations to obtain the best representation of the experimental spec-
trum considered. The results of such fitting procedure are plotted for
Gd to Lu in Figs. 10 a - g, To minimize possible ambiquities we fit-
ted a number of spectra at different photon energies with f ixed line-
shape parameters for each metal allowing only the IQ/IS ratio, the

background intensity, and the resolution broadening to vary. The SCS's

obtained for Gd to Lu together with the used fit parameters are summa-
rized in Table I. As already observed for the divalent EU and Yb, the
surface related peaks show additional broadening. In some of the fits
there is a discrepancy between the relative intensities measured and

calculated for different multiplet lines, We attribute this to the va-
riation of the 4f crossection äs a function of the photoelectron's

kinetic energy, i.e. multiplet lines with different binding energies
have different crossections for the same excftation energy.

d) Valence change at the S« surface

For Sm. surface sensitive photoemission experiroents have shown that

the surface atoms have a different 4f configuration than the bulk

atoms (37 - 39). In the bulk Sm is trivalent (4f (5d6s) ) and at the

surface Sm i s divalent (4f (5d6sr).

16.

Lang and Baer concluded from combined XPS and Bremsstrahlung-lsochro-
mat-Spectroscopie (BIS) measurements that the valence change was dri-

ven by a downward surface shift of the unoccupied 4f multiplet to a

Position below £-{39} . In Fig 11 we show the XPS spectrum of Sm toget-
her with spectra obtained at 35 eV and at 100 eV photon energy, The
energy position of the empty 4r( F^) multiplet is also indicated. The
sum of the binding energy of the first multiplet line of the final
state 4f configuration of at the Sn surface occupied 4f configura-
tion (0.77 eV) and thc energy position above E K o f the first multiplet

t
line of the Sm bulk unoccupied 4f final state configuration of the BIS

measureiiients (0.46 eV) can be taken äs the SCS of the Sm surface atoms.

Ilowever, we should observe that only 0.46 eV is needed to cause a valen-
ce chanye, the additional binding energy of 0.77 eV for the occupied 4f

multiplet most likely originales from the valence change itself (40).

The large energy separations between the unoccupied 4f multiplets and E
was taken äs experimental evidence that the Sm surface must be comple-
tely divalent and the bulk completely trivalent (39). This is in con-

trast to earlier interpretations of the Sm surface to be of mixed va-
lence (37, 38). The present study strongly Supports the view of a single
valency for the Sm surface. Any amount of trivalent Sm surface atoms

u
should show up äs a surface shifted 4f multiplet final state configura-
tion. Our spectra show clearly a trivalent bulk multiplet structure (4f

U r c-
to 4f^) and a divalent surface multiplet structure (4f to 4f ), the sum

of these two multiplets with calculated intensity differences within the
multiplets and properly broadened gives very good account of the expe-
rimental data. There is no sign of a surface trivalent multiplet sepa-

rated by at least 0.46 eV from the bulk multiplet (Fig. 12).

The intensity ratio between bulk and surface emission, IB/Ij» obtained

from the 100 eV spectrum is 1.23 which is in reasonable agreement with
the assumption of a completely divalent surface. We had to use somewhat

different DS line shape parameters to fit the 4f to 4f multiplet than

reported earlier (13). Several effects may be responsible for this ob-

servation. Different theoretical multiplet intensities were utilized in

the fits.
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In contrast to Ref 13, we calculated the multiplet intensities In the

intermediate coupling scheme (17). A physical effect due to our sur-

face sensftivity could also add to the discrepancy i.e. a small SCS for

the second layer atoms may exist not large enough to cause a valence

change but sufficient to contribute to a broadening and increased asym-

metry of the bulk multiplet in he 100 eV spectrum. Yet. the complately

divalent character of the Sm surface is clearly established.

V OISCUSSIOH

The SCSs for all the lanthanides studied and the parameters for the

bulk and surface core level peaks given by the fits are shown in Table

I. Also given are the energy scaling factors i.e. the numbers used to

multiply the atomically calculated energy separations between the diffe-

rent multiplet lines to obtain correspondence with the differences mea-

sured for the solid lanthanides. In the case of Sm the energy scaling

factors are different for the bulk and the surface emission, äs the

surface has another 4f occupation. For EU and Gd with a very small mul-

tiplet Splitting ( 0.06 eV) is the determination of an energy scaling

factor difficult. Our parameters obtained for the bulk emission are for

EU and Gd identical with the bulk parameters obtained from XPS-spectra,

we have consequently chosen the same multiplet Splittings äs reported

for the XPS-spectra (13). For Gd using this Splitting made it possible

to fit the broad asymmetric 4f peak by only varying the surface emission

parameters. In Fig. 13 we graphically display the bulk and surface

parameters given in Table I and compare them with the bulk parameters

obtained from the XPS-spectra (13). Especially for the heavier lantha-

nides, Tb to Tm bulk parameters deduced from XPS-spectra differ some-

what from bulk parameters deduced from the spectra recorded at lower

photon energies (100 eV) , where a Separation of bulk and surface emis-

sion had to be made. This is partly due to the relative multiplet inten-

sities used in the fits. We have used relative intensities calculated

in the intermediate coupling scheme (17), which for the heavier

lanthanides should give a nrore adequate representation of the experi-

mental data tnan the relative multiplet intensities calculated using

the LS coupling scheme (16),
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The main observation in Table I and Fig. 13 is that the surface emis-

sion parameters differ substantially from the bulk emission parameters.

In the fitting procedure we could often get equivalent quality for fits

with very different surface emission parameters, if we simultaneously

allowed for a Variation in the SCSs. The parameters given in Table I are

the ones used in the fit curves displayed in the figures of section IV.

These parameters can for the surface emission be varied about 20% and

we still get satisfactory fit curves keeping the SCSs within the Hmtts

quoted in Table I, l arger variations in the surface emission parameters

will not produce good fits.

For the lifetime broadening, v (HWHM), we observe in general a larger

value for the surface emission than the corresponding bulk emission,

this fact is not influenced by our quoted error llmits. From Fig. 13 we

can see that for the surface emission the HWHM varies strongly along the

4f series but one cannot deduce any trend. Similar surface emission

broadening has been observed for polycrystalline Na and Hg (41), but for

polycrystalline Au, Ag and Cu identical bulk and surface lineshape para-

meters could be used to obtain good fits of surface sensitive XPS-

spectra (4 ) . From surface sensitive measurements of the Au 4f peak

using Synchrotron radiation, it was shown that the broader surface emis-

sion peak obtained for polycrystalline Au could be fitted under the

assumption, that the different single crystal grains in the evaporated

film had different SCSs (42). Identical bulk and surface emission para-

meters could then be used and the SCSs quoted for different grains

were in good agreement with tnose given from single crystal data (8).

For the lanthanides there exist no surface sensitive photoemission mea-

surements of the 4f levels from single crystals. We can therefore not

decide whether the surface emission broadening observed is an intrinsic

effect or due to the polycrystalline nature of our samples. For Lu cal-

culations show that the SCSs are quite different for different single

crystal fdCes (11). These calculations are based on a model which assume

dominant d-electron bonding between the atoms in solid Lu, a model which

probably holds for all trivalent lanthanides. It is thus very likely

that the observed surface broadening for the lanthanides could be ex-

plained by the different SCSs for the different single crystal grains

which exist on a polycrystalline sample surface.
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This hypothesis should be tested experiroentally. To try to fit the sur-

face emission structures of the present data with more than one DS peak
seems not very useful, since we have no a priori knowledge of either

the distribution in number of different single crystal grains in the

surface or the actual SCSs for these grains.

Second layer SCSs could be another possible way to explain the broad
surface peaks observed. However, there are a number of arguments spea-
king against this explanation. He believe that the "directed" d-elec-
tron bonding is responsible for the SCSs for the trivalent lanthanides.
The second layer atons have all their nearest neighbour bonds satis-
fied and should be very bulk like. Another mechanism for the SCSs is

the Friede! oscillations of the electronic Charge near the surface,

which also can influence the potential of the surface atoms and cause
observable SCSs. This mechanism is val id in the free-electron like me-

tals äs Na, Mg and AI (41) and could give a contribution to the SCSs of
the lanthanides. This mechanism is also essentially limited to the
first layer atoms (3) . We therefore believe that the decrease of the

SCSs between first and second layer atoms must at least be exponential.
The second layer SCS will then be so small that it only broadens the
bulk emission äs observed in Sm, but not influences the first layer sur-

face emission peaks. Further evidence for second layer emission contri-
buting to bulk peak broadening can be seen in the Lu spectrum of Fig.

9g, where the XPS-spectrum derived bulk parameters do not reproduce the
high binding energy side of the 100 eV bulk peak accurately. Since the
low binding energy side of the bulk peak still is very steep it is not
possible to improve the fit quality by simply increasing the lifetime
width of the DS peak. We Interpret the high binding energy side bulk
peak broadening äs due to a small second layer surface shift which do
not show up in the XPS-spectrum.
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Finally we display in Fig. 14 the SCSs for the polycrystalline lantha-
nides derived from the fit curves in section IV, we also display the
appropriate error limits. We observe that for EU and Yb, the divalent

lanthanides, the experimental SCSs are dose to the estimated value
(0.5 eV) using eq, (3) and the bulk cohesive energies given in Fig. 1.

For the trivalent lanthanides we obtain from eq. (3) and Fig. l an esti-

mated SCS of G.4 eV, which should be the same all trivalent lanthani-
des. The experimental SCSs instead show a systematic Variation from 0.4
eV for Pr to 0.77 eV for Lu.

The trend in the SCSs for the trivalent lanthanides cannot be explained

using available thermodynamic data for the surface and the bulk cohesive
energies of the lanthanides in eqs. (1) and (3 ) , The application of the
model to the lanthanides is äs explained in section II complicated by a
number of factors. First, we cannot use eq. (1), since there is no
reliable theoretical or experimental data on the surface energies of the

lanthanides. When we use eq. (3) we need the bulk cohesive energies for

the tetravalent (Z+l} and trivalent (Z ) state of the trivalent lantha-
nides with respect to their tetravalent and trivalent atomic states
{their metallic bond energies). These numbers are not trivial to obtain,

most trivalent lanthanides exhibit a divalent atomic state i.e. in

creating the solid a transition f s to f (sdF takes place. In
principle this excitation energy is available from optical spectra of

A a
the atoms (29), if we assume a given (sd) configuration äs e.g s d. The
largely unknown (sd) configuration in the solid lanthanides make this
procedure questionable. Another way of estimating the trivalent cohesive

energies was devised in Fig. l, We use the fact that La, Ce, Gd and Lu
have trivalent atomic states and interpolate the trivalent metallic
cohesive energies for the remaining lanthanides from them. For the
metallic cohesive energy of the screened tetravalent state the cohesive

energy of Hf is the natural choice not changing its valency going from
the atomic to the metallic state and being the Z+l element to Lu. In
Fig, l we estimate the tetravalent cohesive energies of the lanthanides

by interpolating using the Zr, Hf and Th cohesive energies äs fix

points. The Interpolation yields the same trivalent and tetravalent

metallic cohesive energies for all lanthanide metals and will not give

any trend in the SCSs along the series.
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However, there exist bulk properties connected to the metallic bonding

which show a Variation along the lanthanide series. In Fig. 15 we plot
the melting temperatures, which display a monotonic increase from Ce to
Lu. We also observe that the minor energy separating the trivalent and
divalent states for bulk Sm and Tm are possible shown äs kinks in the
melting temperature curve. The energy associated with melting is a small
fraction of the cohesive energy and in the melting process we also es-

sentially conserve the metallic electronic configuration. Thus the mel-
ting curve behaviour indicates that there must be differences in bonding
between the atoris depending upon the actual lanthanide metal we consi-

der. These bonding differences are naturally related to the electronic

configuration of the valence band i.e. the distribution of the valence
electrons between s, p and d like states may differ, We assume that the

4f electrons are essentially non bonding.

The main difference in the electronic structure of the trivalent

hanide elements is the nuraber of 5d electrons in the valence band. An
energy band calculation correlating crystal structure with d-band

occupation ylelds for La, n^ = 2.5 and for Lu, r^ = 1.5 (43) . A more

recent calculation including the hybridisation between s and d-states
gives n^E.Q, 1.4 and 2.3 for La, Lu and Hf, respectively (44). Assuming
that the d-electrons are raostly responsible for the bonding and thus for

the surface and the bulk cohesive energies we conclude that the SCS of
La should in magnitude be between the SCSs of Lu and Hf. Experimentally

we observe 0.77 eV for Lu and 0.44 for Hf (45). No SCS measured for La
has been reported. If the number of d-electrons decreases monotonically
through the lanthanide series, this will give a reasonable explanation
for the Variation of the SCSs, The explanation is similar to the one
used to explain the systematic Variation in the SCSs in the 4f levels of
the 5d transition metals upon filling the 5d valence band (10), But for

the lanthanides we Start with a higher d-band occupancy in the beginning
of the series, which decreases upon filling the 4f level and we conse-
quently observe an increasing SCS. The rnain objection is that such Vari-

ation in the d-band occupation should be reflected the bulk cohesive

energies of La and Lu.
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Using eq. (3l and Fig. 14, the Variation in the bulk cohesive energy

should be of the order 15 kcal/mol between the lightest and heaviest

trivalent lanthanide, From Fig. l there is no support for this, we have
however to remember that even for La, Ce, Gd and Lu which are trivalent

both äs free atoms and äs metals there is a valence configuration change
going from the atomic to the metallic state (Fig. 2). In other words the
reported bulk cohesive energies could have less relevance for the metal-
lic bond energies than expected. It has been convincingly shown that the
Variation in the d-band occupancy reported yield metallic bond energies
which explain the different crystal structures in the lanthanide series

(48) . Harder to explain without detailed considerations is the Variation

in properties, which one naively associates with increasing d-electron
bonding äs hardness and melting temperature, their Variation along the

series seem to be opposite to the expected behaviour from the plcture
given.

For the divalent metals, EU and Yb, the d-occupancy is probably too low

for the assumption about the d-electron contribution to the bulk and the
surface cohesive energies to be dominant.

In explaining the origin of the SCS Variation of the lanthanide metals

we have to consider the possibility that it could be of extrinslc

origin i.e. the SCSs could be influenced by contanrination and different
elements could have different susceptibility to e.g. oxygen, which
could introduce a Variation in the SCS not characteristic of the clean
metals. To study this we have recorded spectra of contaminated lantha-

nide films. For "all" of them we observe stable SCSs and the contamina-

tion only decreases the inten&ity of the surface emission. We noticed

one exception to this behaviour, namely Lu. For Lu the SCS observed in-
creased upon oxidation (Fig. 16) and we have to admit that our reported
value of U.77 eV for the SCS in Lu could be lower for a cleaner Lu sur-
face. Extrapolating from our oxidation data we find that the SCS of

clean Lu could be äs low äs 0.70 eV (45). That Lu differs from the

other lanthanide elements could be explained by that Lu alone could
have a chemisorbed phase of oxygen preceeding the bulk oxidation and

this chemisorbed phase could alter the Lu surface energy äs to shift

the surface peäk to higher binding energy.



23.

This type of behaviour has earlier been detected for the AI (111) sur-

face (46). We emphasize, that from our data on contaminated films of

other lanthanide inetals there is no evidence for the Variation of the

SCS through the lanthanide series to be of extrinsic origin.

VI SUMNARY

-ii
We havc shown that the 4f levels of all lanthanide tiietals Ce to Lu

(except Pfii*') exh ib i t positive.' SCS i.e. the surface core level peaks are

displaced to highur binding energies compered to the corresponding bulk

poaks. For the divalent lanthanides, EU and Yb, of the SCSs are accura-

tely predicted by the JMR model (19) using avai lable metallic cohesive

energies. The SCSs of the trivalent lanthanides show increasing SCSs
with increasing atomic nuniber. This Variation is not predicted by the

JMR model which yields the same SCS for all trivalent lanthanides with

the metallic cohesive energies deduced. A SCS that at best represents an

average of the experimentally measured SCis for the different trivalent

lanthanides. The possible explanation to this trend in the SCSs could be

a systematic Variation in the d-band occupancy in the valence bands of

the trivalent lanthanides.

For Ce, our spectra do not allow us to detect a surface shifted 4f-

peak. We believe that the SCS of Ce still awaits a firm determination.

Sm was shown to have a completely divalent surfdce, the deduced SCS for

the hypothetical trivalent Sm surface is found to be > 0.46 eV.

From the lineshapes of the surface and the bulk 4f peaks we observe

that the surface peaks are broader. A fact that we attribute to the

polycrystalline nature of our surfaces, We find no systematic differen-

ces between the bulk and the surface peak asymnetries that could be

used in any argument auout differences in the electron relaxation pro-

cesses following a eure hole creation in the bulk or at the surface of

the lanthanide nietals.

24.

Finally the SCS of Lu is found to increase continuosly upon oxidation,

which makes the observed shift in our spectra of 0.77 eV to an upper

limit for the clean metal surface shift. The oxidation behaviour of Lu

is unique compared tu the other lanthanides metals studied.
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FIGURE CAPTIOMS

Figjre 1.

Reported experimental cohesive energies for the elements In the lantha-

nide series and related elements which do not change their 4f level

occupancy between the atomic and the metallic states. The Interpolation

lines are taken to rcpresent the metallic cohesive energies of the di,

tri, and tetravalent sUtes of the lanthanide metals.

Figure 2.

Illustration of the influence of the actual distribution of electrons

between s and d-states for the different trivalent lanthanides on their

metallic cohesive energies.

Figure 3.

Comparison between XPS-spectra (13) and 100 eV photon energy spectra

for the 4f emission region of a) EU and b) Yb. Also shown are the theo-

retical multiplet intensities and the calculated fits to the XPS-

spectra (solid lines).

Figure 4.

a) Yb 4f emission spectra recorded at different photon energies. The ex-

perimental curves are fitted with calculated curves using f ixed line-

shape parameters and a SCS of 0.60 eV, but varying the l /I ratio bet-

ween different photon energies. At the botton of the figure wo show the
rj T

100 eV bulk and surfdce multiplets. The F-̂ to Fjflj intensity ratio is

fixed to 4/3 für both the bulk and the surface multiplet in all the cal-

culated fit spectra.
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b) EU 4f emission spectra recorded at different photon energies. The ex-

perimental curves are fitted with calculated curves using fixed line-

shape parameters and a SCS of 0.63 eV, but varying the Ij/Ij ratio bet-

ween the different photon energies. At the bottom of the figure we show

the 30 eV bulk and surface multiplets also shown is the calculated back-

ground.

Figure 5.

Comparison between XPS-spectra (13) and 100 eV photon energy spectra

for the 4f emission region of a) Ce b) Pr and c) Nd. Also shown for Pr

and Nd are the theoretical multiplet intensities and the calculated

fits to the XPS-spectra (solid lines).

Figure 6.

Compan'son between the experimental spectra and the calculated fit spec-

tra for the 4f emission of Ce. One single Lorenzian peak (HHHM = 0.45

eV) represents the calculated fit spectrum, also shown is the calcula-

ted background. The only difference between the fit spectra at the dif-

ferent photon energies is the different resolution broadening

(Gaussian).

Figure 7.

a) Comparison between the experimental spectra and the calculated fit

spectra for the 4f emission of Pr. Fit spectra obtained by a superposi-

tion of the bulk and the surface multiplets with the SCS set to 0.50

eV. At the bottom of the figure we show the separate multiplets curves

for the 100 eV spectrum, also shown is the calculated background.

b) Comparison between the experimental spectra and the calculated fit

spectra for the 4f emission of Pr. One single DS peak (HWHM = 0.55 eV

and = 0.05) represents the calculated fit spectrum, also shown is the

calculated background.



31.

Figure 8.

Comparison between the experimental spectra and the calculated fit

spectra for the 4f emission of Nd. Fit spectra obtained by a superposi-

tion of buH and surface multiplets, with the SCS set to 0.40 eV. At

the bottom of the figure we show the separate multiplets for the 60 eV

spectrum, also shown is the calculated background.

Figure 9.

Compan'son between XPS-spectra (13) and 10U eV pnaton energy spectra

for the 4f emission regions of a) Gd, b) Tb, c) Dy, d} Ho, e) Er, f)

Tm and g) Lu. Also shown are the theoretical multiplet intensities and

the calculated fits to the XPS-spectra (solid lines).

Figure 10.

Compan'son between the experimental spectra and the calculated fit

spectra for a) Cd, b) Tb, c) Dy, d) Ho, e) Er, f) Tm and g) Lu. Fit

spectra obtained by superposition of bultc and surface multiplets. At

the bottom of the figures we show the separate bulk and surface multi-

plets for the lowest photon energy spectra, also shown are the calcula

ted backgrounds.

Figure 11.

Comparison between an XPS-spectrum (13) and two spectra recorded at 35

eV and 100 eV photon energy of the 4f emission region of Sm. Also

shown are the multiplet intensities for the bulk emission (4r to 4f ),

the surface emission (4f to 4 r) and the bulk DIS transition (4f to 4

32.

Figure 12.

Fit of the Sm experimental spectrum at 100 eV photon energy by an addi-

tion of the bulk and the surface multiplet emissions. The bulk and

surface multiplets are shown separately at the bottom of the figure,

also shown is the calculated background.

Figure 13.

HUHU ty) and asyi.u.iftries («0 for the DS peaks used in the fits of the

4f emission spectra aispleyed in section IV. X, bulk parameters

(13);0, hui k Parameters (present work);0, surface parameters (present

work).

Figure 14.

SCSs obtained from the fits reported;0, divalent lanthanides;0, triva-

lent lanthanides. The 0.3 eV value for Ce is reported in (33) , we are

not able to make a certain Statement about the actual the SCS between

the linrits 0 and 0.4 eV. Also shown are the estimated SCSs for the di-

and trivalent lanthanides using the bulk cohesive energies from Fig.

l and relation (3).

Figure 15.

Melting temperatures for the lanthanide metals (sol id curve). We also

display the estimated surface energies from the melting temperatures

(dashed curve).

Figure 16.

Two experimental spectra of the 4f emission for Lu obtained at two

different stages of contamination, upper curve contaminated and lower

curve clean. The contamination derived structure due to 02p or Cl 2p

is observed at E£ = 6 eV. Note the increase in the SCS upon increased

degree of contamination.



TABLE I

Element

Ce
Fr
Nd
Sm
EU
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Bulk
HWHM Asymmetry
Y(eV) a

0.^15
0.^10
0,38
0.19
0.06
0.15
0.15
0.16
0.13
0.14
0.08
0.05
0.06

0
0.07
0.12
0.13
0.18
0.19
0.15
0.13
0.20
0.12
0.2:5
0.13
0.22

Surface
HWHM Asyrametrj
Y(eV) a

0.40
0.50
0.26
0.13
0.25
0.30
0.25
0.22
0.30
0.35
0.20
0.45

0.07
0.10
0.10
0.22
0.07
0.15
0.15
0.22
0.12
0.25
0.12
0.10

scs
AEc(s-b)(eV

0.1 t 0.1
0.5 ± 0.1

0.63 ± 0.03
0.50 i 0,05
0.55 ± 0.05
0.55 t 0.05
0.63 * 0.05
0.65 ± 0.05
0.70 ± 0.05
0.60 ± 0.03
0.77 ± 0.07

Energy
scaling
factor

1,10
1.10
1.11/0.97*
0.97
1.25
1.11
1.11
1.075
l.ll
l.ll
1.0
1.14

Doniach-Sunjic lineshape parameters for the bulk and surface

4f emission of the lanthanides. Also shown are the SCS's with

apropriate error limits. The lineshape parameters can be changed

10$ and 20$ for the bulk and surface emission, respectively,

and still yield acceptable fits. The energy scaling factor is

needed to multiply the atomic theoretical multiplet Splittings

to get good fits of our solid state spectra. The * for Sm recogni-

zes the surface emission which have another 4f configuration than

the bulk emission.

B u l k Cohes ive E n e r g y I k c c l / m o l ]

ÖD

in CD
9> O

r—
a

i/i n
CD ttt

-a-i

z:
D.

"O

l/l

o* m
(jj c

Cl
Q.

-H
o-

D
*<

a:
o

m
-i

-H
B

D"

-̂ i r-
— • c

~j Z

in o i,,
0 O o

CD
P

_ l/t
KJ

m
c

_ "l-

O

1

O

Irt

O.

t

t»

P

o ?

S
0

0

o

er

,_ VI

1

D

ft

£ -»*
f—\

— ' K*
(/> .-1

r%» tfr

o. ^_

=.--
Q.

1

N -

Q.
IM

~

-

-

_

-

-

-

-

-

~

X
-4l

V _

Q.

-_l



La Lu

110.7

17.6
(s2d-sd2)

103.1 124.4
(exp.)

22.2
I(s2d-sudu!

metallic
cohesive energy

102.2
(exp.)

metaUic
cohesive energy

Fig. 3

Yb

hv=X»eV

XPS

10 8 6

U
L

Fig. 2



Fig .

4 3 2 1
Bindinq Energy (eV)

Er=0

34796

(0
-P
•r-l

c
D

L
O

X,
-P
r-H

0)
c
u
-p
c

4 3
Fig. 4b B i n d inq E—j

l EF=0
nerqy (eV)

O / 34462



(A*) 93
o= '3 i ? g e ot

SdX

PN

***&»*«**

A« 001=

0''3 S 7 9 8
"l ' l—'—l—i—i—i—r

**+?

SdX

\
'. >

Ad 001= AU.

0-'3

A*00l=



In
tc

n
s
it

y
In

tc
n

si
ty



Fie. 8

8 6 4 2
Bindina Energy (eV)

34797

Gd

tw

1* 12 10 • « 4 J E..O

Dy

XPS

wy
u 12 10 B 6 i E,. a

hv

-i i • i i i r—p

Er

XPS

U

e)

U U M ) • 6 4 I E, = 0

EB(eV)
' ' I ' l ' l ' I ••"•• l ' l ' [

-- Lu
hv ilOOtV

XPS

U U 10 8 6 4 . 2 Efö

b)

tt 8 ( 4 2 E,-0

EB(eV)

d)

Ho

U 8 6 i 2 E , -0

f )

. 9



15 12 9 6 3 EF-
Binding Energy UV)

ia e 6
Binding En.rgy (*V)

1 T 1 1 1 1 1 1 1 1 1 1



Intensity

Ö

mmetry

3P

>
<b

>
^>.̂
X
5
X

0.3

0.2

0.1

0
0.6

0.5

0.4

0,3

0.2

0.1

n

_ ' ' i ' i i i ( i i i i i i _

2 *"o o * *— <-* M _ A
Ä

® 0 X v

- g S * • » 0.
. ® 0

~Y i i i i i i i i i i i i i~*
h- -

- o -
-• o-
- ®

o
- 0 0 -

0 0 0

0 0 -
• X
x m • •

0 X M *

Ä K
* Ä Ä-

1 l | 1 1 1 ! 1 1 I I 1 I 1

Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm Yb Lu
34721

Flg . 13



S
u

rfa
ce

 S
h
ift (e

V
)

34720

C

O'S

T
)

O
.

-o

B
mc

OC
L

—
1

er

O

Xo

m

-HC

O
 

—
3

 
cn

 
ö

i 
i 

• 
i 

l 
i 

' 
i 

• 
1

• 
i 

i 
• _

»-O
-t

^
^' 

•
 

'
, 

»
 

|

^
-
H

^
~
.

-
^

1
 

1 
1 

1 
1 

1
 

I 
i
 

l 
1

M
E

LT
IN

G
 

T
E

M
P

E
R

A
T

U
R

E 
(K

)

L
T
I

PlT
>

l/l

3cnCL

i 
r

J 
1 

l 
l 

'
J
 

L

L
T
I 

C
T
^

O
 

O
O

 
O

C
D
 

\

^
 

^
O

 
O

S
U

R
FA

C
E 

EN
ER

G
Y 

(e
rg

s
/c

m
2)



In
te

n
si

ty

h1
-

oo o*

CD M
. S
r1

0
3
*

C
Q m 3 T 0
3

cn

3
4

7
4

7

;*.\ 
• "

 
V 
,

<
 

'(

''l
 

X
" i

<' 
*.

*
"<

*.
 

'*
i 1

' '
."
 

' 
. 

"
' 

*.
 

x
 .

'•'
. 

**
 •

V 
J?

< 
/-

 
P0

.
U

"
1
 
.
 

\
 •

 
.. 

*•

CÖ
 

>l
 

;V
 
'

-c
 

*.%
 

-.:
'-'.-

 
. •

 •
''

<k.' 
*.* '

;• 
t

\

' 
^ 

-1 
r-

 
'

/ 
/
 

^

'l 
/'


