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1. Introduction.

Yb-Al intermetallic compounds have been subject to considerable

interest due to their mixed valence behaviour. Ytterbium which in

its metallic state is divalent with a filled 4f level is found in

both divalent (f14) and trivalent (f ) states in Yb-Al.

The mixed valence character of Yb in AI is of the homogeneous

type, i.e. the valence fluctuates between the divalent and

trivalent configurations (see e.g, ref. 1).

Photoemission n äs proved to be a valuable tool for the

investigation o f the electronic properties of mixed valence

compounds. Especially accessible are mixed valence Systems

involving rare-earth metals. This is due to their unfilled and

localized 4f orbitala. A photDemission spectrum of the 4f level

ehows a multiplet structure characteristic of the initial

occupation number. The kf multiplet structures from different

initial occupancies are generally separated in binding energy

which facilitates the detection of a mixed valent behaviour. Also

the mean valence can be determined from the relative intensities

of the multiplet structures. However, recent photoemission

studies of several mixed-valent rare-earth compounds have shawn

that the surface is divalent in contrast to the mixed valent

2-6
bulk. " The preference of a divalent state at the surface

can be understood from the decrease in cohesive energy due t o

the reduced coordination for a surface atom. This means that the

surface core levels will shift to higher hinding enerqies with

respect to the b u l k core levels whereby the d i v a l e n t

configuration w i l l be stabilized. In urder tn accurately

determine the bulk mean valence, the experiment must be performed

with a resolution high enoudjh to distinguish between the surface

and bulk structures. In the cese of Yb this experimental

requirement can be füllfilled since in the divalent state the Yb

4f level is filled and the photoemission spectrum shows the spin-

orbit aplit 4f final atatea with a large surface to bulk

binding energy shift. Trivalent Yb, however, has a 4f spectrum

13 12
with several multiplets corresponding to the 4f -v 4f

transition.

Several electron spectroscopic studies of the Yb-Al system hsve
T Q g

been made for YbAl„ , YbAl ' , and interdiffusicn

compounds. ' In this paper we report results from dilute Yb-Al

interdiffusion compounds with emphasis on the surface structure

and the bulk mean valence. In measurements on single crystal

Y b A l - it was found that the two topmost surface layers were

divalent. These surface layers manifest themselves by showing

two different peaks. We find similar surface atructures in the

compounds with high Yb concentr a tion and are able to follow these

structures through the diffusion process. In the dilute l i m i t Yb

is found only at the surface and a surface segregation of Yb in

AI is evident. The bulk mean valence is seen to increase from 2.4

to about 2.7 äs the Yb concentration is lowered. Due to the

ability of Yb and AI to form intermetallic cbmpounds we expect to

find YbAl, in a surrounding of elemental AI at lüw Yb

1 2
concentrations. The present results show that Yb is still in a

mixed valent state even at a mean buik concentration af only a few

atomic percent.



2. ( Ixppr impnta l .
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y ipld i nq the specti'.n shown in F i g u r e s 1c and 1 et . A L; p P u t r u m from

t he l a t t e r sample, recurded at luylier photon r:nt'ryy , i ü shr;wn

over a wider energy ränge in Figure 2a and reveals 4f structures

typical of mixed valent Yb. Close to the Fermi level we see tlie

two overlapping 4f —> 4f spin-orbit doubletg from Fig. 1d and

between 5 and 10 eV binding energy the multiplets of the 4f -*

1 2
4f transition of trivalent Yb. The observation of emission from

both divalent and trivalent Yb together with the appearance of

the bulk divalent 4f peak close to the Fermi level (binding

enerqy 0.15+0.05 eV) is a necessary requirement for a homogeneous

•\t compound, The overall strücture of the spectrum in

Fig. 2a resembles the apectrum of single crystal YbAl from

ref. 3.

In order to investigate Yb-Al compounds of even lower Yb

concentration, the heat treatments were repeated several times

yielding the spectra b,c and d in Fig. 2. After each heat

treatment the sample was cooled to room temperature before

recording the spectra and since the diffusion of Yb an AI is very

slow at room temperature no changes of the spectra are

expected to occur during the measurements. Each heat treatment

makes the Yb diffuse further into the AI Substrate which is

recognized by a substantial äecrease in the bulk 4f intensity

(see Fiq. Za to 2d).

4. Results and discussion.

4.1 Surface segregation.

Ultimately the diffusion is driven so far that the bulk 4f

intensity totally vanishes. This is the Situation met with in

spectrum 2d where only the Yb 4f surface peaks and the AI valence

band are seen. As is evidenced by a comparison between the



different spectra in Fig. 2 and the results of a curve fitting

procedure, which will be discussed below, the Yb 4f emission in

gpectrum 2d corresponds only to a top aurface layer of Yb on the

AI cryatal. Thus this s pect r um shows that in the dilute limit Yb

still remains at the surface and, furthermore, this Yb is purely

divalent. When the sample yielding the spectrum in Fig. 2d is

sputtered the Yb üf peaks disappear and only the valence band

spectrum of AI is seen. After annealing, however, the Yb 4f

siqnal reappears and the spectrum loaka exactly äs before

sputtering. This demonstrates that there i s a segregation of Yb

to the aurface of the AI crystal.

This experimental finding can be compared with the prediction of

a semi-empirical model by Miedema for surfece segregation in

binary Systems. In this model three energy terms contribute to s

difference in surface vis-a-vis bulk composition: (i) the heat of

eolution of one metal into the other , (ii) the difference in

surface energies of the pure constituents, and (iii) an energy

Bssociated with the difference in atomic sizes . Due to the low

surface energy of Yb (510 mj/m , calculated from ref. 16) äs

7 l ft
compared to AI (1200 mj/m ) the second term will be damina'

and the model predicts a segregation af Yb to the surface.

4.2 The divalent Yb 4f spectrum.

In Order to resolve the surface and bulk peaks we employed a
„ -| 7

curve fitting procedure using Doniach-Sun jic" line ahapea for

the individual peaks. An inelastic background proportional to the

integrated area of the bulk peaks was used. We also added to the

fits a signal proportional to the valence band spectrum of pure

AI to account fcr the valence band intensity, which in the

diluted cases {spectra 2c and 2d) gives a considerable

contribution to the spectra. In spectrum 2d the surface

structures are very Symmetrie and we used a single 4f spin-orbit

doublet with s dominant Gausaian braadening in our fit. The

surface structures in spectrum 2a ahow an asymmetry towards lower

binding energies which to some extent is also aeen in spectra 2b

and 2c. In the fitting procedure we used two spin-orbit doublets

to reproduce these surface peaks. For best Fits the widths of

these peaks are very similar to the widths found for the surface

peaks in spectrum 2d. Some of the results from the curve fitting

are shown in Figure 3. The set of line parameters used in all

fits are given in Table 1 and measured intensity ratlos are given

In Table 2.

We obaerve a significantly lower life time width for the bulk

4f13 peaks (0.06 eV) compared to the af12 multiplets (0.20 eV)

and also compared to pure Yb (0.10 eV). The widths of the surface

peaks largely exceed the widths of the bulk peaks and the line

shapeg are best described by a Gaussian distributicn. This is

most clearly seen in spectrum 2d where no interference from bulk

peaks occurs. This broariening is most likely due to different

sites for the Yb surface atoms resulting in a distribution of

surface shift s.

The shifts of the two aurface peaks in apectrum 2a are +0.38+0.05

eV and +0.83+0.05 eV with respect to the bulk peak. A slight

increase in these surface shifts (about Q.1D eV) is observed in

spectra Zb and 2c. The Separation of the surface derived

structure into two peaks is in agreement with the results for

single crystal YbAl reported by Kaindl et.al. who also



Interpret cd the low bindinq energy surface peak äs emission from

a second surface layer, Following this second layer peak through

spectra 2a to 2d, we find that it gradually decreases in

intensity until it has totally vanished in the dilute limit (see

Table 2). Thia indicates that during the diffusion process the

subsurface region ig depleted of Yb whereby in the dilute limit

Yb is present only at the surface.

4.3 The trivalent Yb 4f spectrum.

So far we have discussed the divalent part of the Yb 4f spectrum.

Let us now turn to the trivalent structures. In Figure 4 we show

spectra recorded at different photcn energies including the 4d -*

4f resononance region, This resonance, which is due to the

interference between the direct photo ionization of a 4f electron

g 14
and the direct recombination of the excited 4d 4 f state, was

1 8
first observed in the trivalent Yb oxide. At resonance the

total 4f emiasion is enhanced and also the relative intensities

hetween different multiplets change. The spectra in Fig. 4 show

10 19
the same resonance hehaviaur äs faund in the oxide. ' An

13 12
interesting difference between the 4f -* 4F emission from Yb

üxide and that of of the Yb-Al compound is the much narrower line

widths in the latter case. Thus, we are able tc perform a

detailed comparison between the measured spectrum and a recent

13 12calculation of the multiplet structure of the 4f -» 4f

20
transition made by Gerken. This comparison is shown in Fig. 4

for the spectrum recorded at 100 eV photon enrgy. Each multiplet

has been replaced by a Doniach-Sunjit line shape using the line

Parameters given in Table 1 with relative pasitions and intensities

From the calculation in ref. 20. As seen in Fig. 4 the agreement

between calculation and experiment is very good. All structures

in the spectrum are accounted for by the calculated multiplets.

Only a slight intensity difference at binding energies 6 to 8 eV

is observed. This is most probably due to intrinsic and/or

extrinsic energy lasses from the divalent üf peaks. To some

extent these losses have öeen included in the fit by subtracting

the background intensity of the spectrum in Fig. 2d.

4.4 Hixed valency.

Using the results from the line fits for the different parts of

the Yb 4f spectra we can estimate the intensity ratlos between

the trivalent and divalent emission from the bulk (see Table 2)

and hence calculate the mean valence of Yb. The measured

intensity ratlos between the trivalent and divalent peaks

(I12/!13) are 0.6+0.1, 1.8+0.4, 2.6+1 in spectra 2a, 2b, and 2c

respectively. The big uncertainty for the last spectrum is due to

the averlap between the weak bulk divalent peaks and the valence

12 12 13
band emission. The mean valence, given by 2 •*• I /(I +1 ), is

2.4, 2.6, and 2.7 respectively. This can be compared with the

result for YbAl which waa 2.4 in agreement with the value

21derived from lattice constant measurement s. For YbAl.. mean

22 23valencies of 2.7 and 2.95 have been reported.

To find the compositions of the samples investigated we have estimated

the mean bulk concentration of Yb by comparing the bulk 4f intensities

from the Yb-Al samples with the corresponding intensity from pure Yb

measured under the same experimental conditions. For the sample

yielding spectrum 2a the mean concentration roughly corresponds to

YbAl- while in spectra 2b and 2c the concentration is reduced by

a factor of 3 anri 10 respectively. This estimate, of course, only

applies to a shallow region of the crystal due to the small mean free

10



path of t he photoelectrons, Although the above procedure is subject

to some uncertainty and shauld only be considered äs a rough estimate,

we can sä fei y conclude t ha t the spectrum in Fig. 2c corresponds to

an Y b concentration F a r below that of a homogeneous YbAl,

compound. FEI r the Yb-Al System t wo intermetallic compounds exist :

12 12YbAl and Y!)A1. According to the phase diagram

these compounds are formed even at non-st oichiometric compositions

so that, dppending on the concentrat ion , the System consists of":

(i) YbAl ? in H surrounding of pure Yb (>J 3 at ,% Yb), (11) a

mixture of Y b A l and YbAl, (25 to 33 at.fi Yb), or (lii) YbAl in

a surrounding of pure AI (<25 at,?o Yb). T hu s, the presence of both

divalent and trivalent bulk structures in spectrum 2c shaws that

w he n YbAl is diluted in an AI matrix, Yb is still in a m i x e d

valent state. This means that the mixed valence character is

delermined hy the lucal environment of t h 1 Yb atom and is not a

property of the whole lattice. A similar behaviour has been found

also for Tm in Tm Y„ Se compounds.x 1-x p

5. Summary .

In summaiy. a thin layer of Yb deposited o n t o an AI (110)

single crystal was diffused into the Substrate by repeated heat

treatments yielcling intermetallic mixed valence compounds of

different bulk Yb concentrations. It is fuund that Yb persists in

a divalent state at the suface independenl: of the concent rat ion .

The observation of a divalent surface is in agreement with the

results for Y b A l _ . After several heat treatments the bulk Yb

concentrat ion is reduced below the limit of detection but the

surface Signal is still present. When this sample is sputtered

the Yb Signal disappears but is completely restored by annealing.

11

This shows that there is a segregation of Yb to the AI surface.

By camparing the intensities for the trivalent and divalent Yb

bulk Signals it is also found that the mean valence increases aa

the Yb concentration is decreased. 1t is concluded that YbAl- in

a surrounding of pure AI still retains its mixed valence

character which points towards a local description of homogeneous

mixed valency.
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TARLE 1

Parameters used in the l ine fits of the spectra in Eiyure 2. The

line widths are q i v e n äs full-widths at tial f-maximum. The ist

surface peak corresponds to the high hinding energy component.

l iFe t i m e width Asymmetry Gaussian broadening

(eV) (eV)

Dülk T
13

2
LBulk

1 a t su r f'ac e peak

2nd a u r f a c e penk

Ü.Ü6

Q.2U

U.2U

Q.2Ü

U. 10 0

U. 1D 0

0,10 0.45
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energies passiny throuqh the 4d -»• 4f i-Rsnnance. The
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individual m u l t i p l e t s o f t h t1 4 f -» 4 f transiLiun

show a similar i n t e n s i t y unhanlernent äs found in the

trivalent Vb o x i d e . Also includPtl, äs a bar di a y i - o m ,

are the calculated pciP i t i ons and intensities of the

13 1 Z4f" —> (*f transitiun from rr'f, 20. A rurve fit boseri

un thia calculation i^ shown f'or the Rpec-trum rfcorderi

at hV - 100 eV. 'Ihis spectrmn iü nnt on scale with the

ot her s p e c t r a).
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