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Abstract

Photoemissian vxperiments on mixed valent Yb-Al compounds
prepared by diffusing Yb inlu an Al (110} single crystal are
reported. At high ¥b concentrutivns surfarce corce level peaks
reveal n purely divalent surface in agreement with recent results
for cingle crystal YhAlz. Ia “he dilute limit, when the inteonsity
from huik Yh is recduced nelow the limit of detection, a surface
luyer of divalent Yh still persists and u surface segregation nf
Yb in Al is made rvident. When the bulk caoncentration ol Yb s
reduced the bulk mean valence increases. For diluted samples,
wher the fermation of YbAl3 in o surrounding af elemental Al s
experted, Yb is still in a mixod valent state. The nhighly
resolved structures from trivalenl Ybh are compared with o recent

Qf1} a2

calculation of the > 4t mulliplet pattern.



1. Introduction,

Yb-Al intermetallic compounds heve been subject to considerable
interest due to their mixed valence behaviour. Ytterbium which in
its metallic atate is divalent with a filled 4f level is found in
both divalent (f'%) and trivalent (f'°) states in Yb-Al.

The mixed valence character of Yb in Al is of the homogeneous
type, i.e. the valence fluctustes between the divalent and

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

Photoemission has proved to be a valuable tool for the
investigation of the electronic properties of mixed valence
compounds. Especially accessible are mixed valence systems
involving rare-earth metals. This is due to their unfilled and
lacalized a? orbitals. A photoemission spectrum of the 4f level
shows a8 multiplet structure characteristic of the initial
occupation number. The 4f multiplet structures from different
initial occupancies are generally separated in binding energy
which facilitates the detection of a mixed valent bebaviour. 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

!:vulk.:!'lS

The preference of a divalent state at the surface

can be understood from the decrease in cohesive energy due to
the reduced coordination for 8 surface atom. This means that the
surface care levels will shift to higher binding energies with
respect to the bulk core levels7 whereby the divalent

configuration will be stabilized. ln order tn accurately

determine the bulk mean valence, the experiment must be performed

with & resolution high enough to distinguish between the surface
and bulk structures. In the case of Yb this experimental

requirement can be fullfilled since in the divalent state the Yb
4fF level is filled and the photoemission spectrum shows the spin-

13

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

binding energy shift. Trivalent Yb, however, has a 4F spectrum
with several multiplets corresponding to the 4f13-b af12

transition.

Several electron spectroscopic studies of the Yb-Al system have

3 8,9

been made for kalz : YbAl3 , and interdiffusion

cnmpounds.10']1

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
YbAl2 it waé found that the two topmost surface layers were
divalent,3 These surface layers manifest themselves by showing
two different pesks. We find similar surface structures in the
compounds with high Yb concentration and are able to follow these
structures through the diffusion process, In the dilute limit Yb
is found only at the surface and a surface segregation of Yb in
Al is evident, The bulk mean valence 1s seen to increase from 2.4
to about 2.7 as the Yb concentration is lowered. Due to the
ability of Yb and Al to form intermetallic cbmpounds we expect tao
find YbAl} in a surrounding of elemental Al at low Yb
concentrations.12 The present results show that Yb is still in a

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

atomic percent.



2. Experimental.

1The experiments were performed at the Hamburger Synchrotron-

5 The

st.ralungslabor HASYLAB, with Lhe 1LIPPLR monochromator.
photoelectrons were analycsed in a cummercial double pass CHA.
Details of the experimental set-up are given in refl. 14, The

instrumental resolution, including the mcnochromator, was 0.24 -

U.45 eV 1n all spectra reported here. The higher resolution wug

uued in most of the hv = 40 eV and hv = 100 eV spectra when delailed

infarmation on the Yb 4f structures was saught, whereas the Juower
resnlution was used in the spectra rerorded at higher pholon

energies (hy = 17U-190 eV},

3. Preparatior. of Mixed Valent Samples.

Thie samples were prepared by evaporating a thin layer {5081 of ¥b
onto an Al (110} single crystal, which had been cleaned by art
ion sputtering and was subsequently annealed. During the initial
stage of Lhe diffusion of Yb into the Al ecrystal the sprctra ino
Fiqure 1 were recorded and the Yb 4f7/2,5f2 bulk peaks (at
binding energies 1.2 eV and 2.4 eV in the pure metall were found
to shil't continuously towards Lhe Fermi edge. Also the 40 peuks
from surface alums, shifted te higher hinding energies, were seen
to move claser to the lermi edge. It shculd be noted that
spectrum 1b, recorded immediately afler evaporation, shows Lhal a
reaction hetween the Yb and Al has already taken place. Shorl
heat treatments {typically S min. at avwout BOB K! and subsequent
coeling to room temperature were made to produce the samples
vielding the spectra shown in Figures le and Id. A spectrum from

the latter sample, recurded at higher photon energy, 1s shown

over a wider energy range in Figure 2a and reveals 4f structures
typical of mixed valent Yb. Close to the Fermi level we see the

two averlapping bf1a—9 4f13 spin-orbit doublets from Fig. 1d and

between S and 10 eV binding energy the multiplets of the af1}—»

Af12 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 ta the Fermi level (binding
energy 0.15+0.05 eV) is a necessary requirement for a homogeneous
mixed-valent compound.1 The overall structure of the spectrum in

Fig. 2a resembles the spectrum of single crystal YbAlz 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 in Al is very
slow at room temperature " nho changes of the spectra are
expected to occur during the measurements. Each heat treatment
makes the Yb diffuse further into the Al substrate which 1is
recognized by a substantial decrease in the bulk 4f intensity

(see Fig. 2a to 2d).
4. Results and discussion.

4,1 Surface segregation.

Ultimately the diffusian is driven so far that the bulk 4f
intensity tatally vanishes. This is the situation met with in
spectrum 2d where only the Yt 4f surface peaks and the Al 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
sapectrum 2d corresponds only to & top surface layer of Yb an the
Al crystal. Thus this spectrum shows that in the dilute limit Yb
still remains at the surface and, furthermore, this Yh is purely
divalent. When the sample yielding the spectrum in Fig, 2d is
sputtered the Yb 4f peaks disappear and only the valence band
spectrum of Al is seen. After annealing, however, the Yb 4f
signal reappears and the spectrum looks exactly as befare
sputtering. This demonstrates that there is a segregation of Yb

to the surface of the Al crystal.

This experimental finding can be compared with the prediction of

a semi-empirical model by Miedema 15

far surface segregation in
binary systems, In this model three energy terms contribute to =&
difference in surface vis-4-vis bulk composition: (i) the heat of
solution of one metal inte the other, (ii) the difference in
surface energies of the pure constituents, and (iii) an energy
@ssociated with the difference in atomic sizes. Due to the low
surface energy of Yb (510 mJ/mz, calculated from ref. 16) as

2)16

compared to Al (1200 ml/m the secand term will be dominating

and the model predicts a seqreqation of Yb to the surface.

4.2 The divalent Yb 4f spectrum.

In order ta resolve the surface and bulk peaks we employed a
curve fitting procedure using Doniach—gunjié line mhapes 17 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

Al to account for the valence band intensity, which in the

diluted cases (spectra 2c¢c and 2d) gives a considerable
contribution to the spectra. In spectrum 2d the surface
structures are very symmetric and we used 8 single 4f spin-orbit
doublet with a dominant Gaussian braasdening in our fit. The
surface structures in spectrum 2a show an asymmetry towasrds lower
binding energies which to some extent is also seen 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 widihs 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 ratios are given

in Table 2.

We observe é significantly lower life time width for the bulk
4f'? peaks (0.06 eV) compared to the 4f'2 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
shapes are best described by a Gaussian distribution. This is
most clearly seen in spectrum 2d where no interference from bulk
peaks occurs. This broadening is most likely due to different

sites for the Yb surface atoms resulting in a distributian of

surface shifts,

The shifts of the two surface peaks in spectrum 2a sre +0.38+0.05
eV and +0.8340.05 eV with respect to the bulk peak. A slight
increase in these surface shifts {about 0.10 eV) is observed in
spectra 2b and 2c. The separation of the surface derived
structure into two peaks is in agreement with the results for

single crystal ‘fbAl2 reported by Kaindl et.al. 3 who also



interpreted the low binding energy surface peak as emission from
a second surface layer. Following this secona layer peak through
spectra 28 to 2d, we find that it gradually decreases in
intengity until it has totally vanished in the dilute limit (see
Table 2). This indicates that during the diffusion process the
subsurface reqgion is depleted of Yb whereby in the dilute limit

Yb is present only at the surface.

4.3 The trivelent 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 photon energies including the 4d =
4f resononance region, This resonance, which is due to the
interference between the direct photo ionization of a 4f electron
and the direct recombination of the excited ad94r1“ state, was
first observed in the trivalent Yb oxide.18 At resonance the
tatal 4f emission is enhanced and also the relative intensities
hetween different multiplets change. The spectra in Fig. 4 show

18,19

the same resonance hehaviour as found in the oxide. An

interesting difference between the aF13-» AF12 emission from Yb
oxide and that of of the Yb-Al compound is the much narrower line
widths in the latter case. Thus, we are able to perform a
detailed comperison between the measured spectrum and a recent

3 12

calculation of the multiplet structure of the 4f'? o ar

transition made by Gerken.zo This comparison is shown in Fig. 4
for the spectrum recorded at 100 eV photon enrgy. Each multiplet
has been replaced by a Doniach—gunjit line shape using the line
parameters given in Table 1 with relative positions and intensities

from the calculation in ref. 20. As seen in fig. 4 the agreement

between calculation and experiment is very goocd. All structures

in the spectrum are accounted for by the calculated multiplets.
Only 2 slight intensity difference at binding energies 6 to 8 eV
is observed. This is most probably due to intrinsic and/or
extrinsic enerqy losses from the divalent 4f peaks. " To same

extent these losses have been included in the fit by subtracting

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

4.4 Mixed valency.

Using the results from the line fits for the different parts of
the Yb 4f spectra we can estimate the intensity ratios between
the trivalent and divalent emission from the bulk (see Table 2)
and hence calculate the mean valence of ¥Yb. The measured
intensity ratias between the trivalent and divalent peaks
(1'2/1%%) 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 overlap between the weak bulk divalent peaks and the valence
band emission. The mean valence, given by 2 «+ Ilz/(112+113), is
2.4, 2.6, and 2.7 respectively. This can be compared with the
result for YbAl2 3 which was 2.4 in agreement with the value

derived fram lattice canstant measurements.21

22 23

For YbAl3 mean

valencies 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
YbA12 while i1in spectra 2b and 2¢ the concentration 1s reduced by

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

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

10



path of the photoelectrons., Although the above procedure is subject

to some uncertainty and should only be considered as a rough estimate,
we can safely conclude that the spectrum in Fig. 2c corresponds to

an Yb concentration far below that of a homogeneous YbAlj

compaund. Fur the Yb-Al system two intermetallic compounds exist:
YbAl2 and YhA13.12 According to the phase diagram 12

these compounds are formed even at non-stoichiometric compositions
so that, depending on the concentration, the system consists of:

(i) YbAl, 1n a surrounding of pure Yb (>33 at.% ¥Yb), (11) a

2

mixture of YbAl, and YbAl3 (25 to 33 at.% Yb), or (iii) YbAl3 in

2z
a surrounding of pure Al (<25 at.% Yb). Thus, the presence of both
divalent and trivalent bulk structures in spectrum 2c shows that
when YbA13 is diluted in an Al matrix, Yb is still in a mixed
valent state. This means that the mixed valence character is
determined hy the loucal environment of th: Yb atom and is not a
property of the whole lattice. A similar behaviour has been found

also for Tm in meY xSe compounds.6

1-

5. Summary,

In summary, a thin layer of Yb deposited anto an Al (110)

single crystal was diffused into the substrate by repeated heat
treatments yielding intermetallic mixed valence campounds of
different bulk Yb concentrations. It is found that Yb persists in
a divalent state at the suface independent of the concentration.
The ohservation of a divalent surface is in agreement with the
results for YbAlz.} After several heat treatments the bulk Yb
concentration 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 Al surface.
By camparing the intensities for the trivalent and divalent Yb
bulk signsls it is also found that the mean valence increases as
the Yb concentration is decreased. It is concluded thet YbAI3 in
a surrounding of pure Al still retains its mixed valence
character which points towards & local description of homogeneous

mixed valency.
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TABLE 1

Parameters used in the line fits of the spectra in Figure 2. The

line widths are given as full-widths at thalf-maximum.

The ist

surface peak corresponds to the high binding energy component.

Life time width Asymmetry Gaussian broadening
(ev) {eV)
Bulk f13 U.06 0.10 0
Bulk 2 0.20 U.10 0
1st surface peak 0.20 U.0% 0.4%
2nd surface peak a,20 0.10 0.45



TABLE 2
Relative intensities of the different Yb 4f structures for the
ypectra in Fiqure 2. Totul peak arcas were derived from the line

I'ils and narmalized Lo unit arcs for the ist surface peaks.

Area ruelative to 1st surface prak

Spectrum Bulk P15 Bulk f12 2nd surface
2a 0.59 0.38 0.75
2L 0.21 0.37 n.%6
2c 0.04 0.1U 0.22
2d 0 0 n

ligure Captions

2

ligurne

Figure 2,

Figqure 3

Figurer 4.

The Yb &f speetrum after evaporation of a thin luyer aof
Yb onto an Al (110} sinyle vrystal. The spectra (bl,{(c)
and {d} were recorded during the initial diffusion
stage. Fov vcomparison @ speclrum fres pure Yb {a) is

also shoewn.

Flectron cpectra from Yb-AQD interdiffusion compounds
showlng the buik and surface derived 4f spin-orbit
doublels from divalenl Yh at low binding energy and the

13-» 4F1A transition in triavlent

multiptets fram the 4°
Ybh at binding ernergies 5 ta 10 eV, Spectra (a, to (d)}
were recorded fram samples with decreasing bulk
concentrations of Yh. In spectrum {d} the bulk divalent
and trivalent structures have been reduced belaw the

limit of detection and only the surface peaks from

divalent Yb dre seen.

The figures (a),(b) and {¢) shnw line Fits fer spectra
(a.,%e’ and (d} of Fig. 2 respectively. Also shcwn is a
fit for a spectrum recarded at hy = 40 eV fram the game
samole s in spectrum (d° in Fig. 2. Inserted are the
individual compenents of the narrow bulk and broad
surface spin~orbit doublets. Also included are the
calculated inelastic backqground and the estimated
valence band e#mission. Far the sake of clarity these

have neen omitted in spectrum (a).

The 2f structures from trivalent Yb recorded at photan



energies passing through the 4d -» 4f resanance. The
individual multiplets of the 4f'? » 4f1% transition
show a similar intensity enhancement as found 1n the
trivalent Yb oxide. Also included, as a bar diayram,
are the calrulated positions and intensities of the

13 12 o . -
4t 7 — 4f transitiun fram tef, 2D0. A rurve fit based
on this calculation 15 shown for the spectrum recorded

at hy = 100 eV. {1his spectrum is nnt on scale with the

other spectral.
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