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Stability of 4f configurations in rare-earth-metal compounds
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Surface effects of the 4f and Sp binding energies as well as on the valence state were investigated
for the dialuminides of the heavy rare-earth (RE) metals by high-resolution photoemission (PE)
spectroscopy using synchrotron radiation. For comparison, Eu, Yb, and Lu metals as well as YbZn2
were also studied. Complementary bremsstrahlung isochromat spectroscopy measurements were

performed on GdA12, ErA12, and TmA12. A pronounced difference in the magnitude of the surface
core-level shifts and the intensity of the surface signals was observed between trivalent and divalent

(including mixed-valent) RE compounds. The considerably larger shifts of the divalent (mixed-

valent} compounds as compared to the trivalent ones are shown to be due to the larger heat of corn-

pound formation for the latter. The high surface-to-bulk intensity ratio in the PE spectra of di-

valent and mixed-valent compounds is discussed alternatively in terms of either a reduced mean free
path due to the 4f scattering or a passible surface segregation of RE ions. On the basis of
Johanssons s stability diagram for RE metals and the measured 4f binding energies for compounds,
a simple scheme is presented which allows a prediction of 4f configurational stability in a whole

series of RE compounds. In agreement with this model, a divalent surface layer was observed for
trivalent SmA12, but not for SmPd3.

I. INTRODUCTION

The study of solid surfaces has attracted increasing in-
terest in the last few years, since a number of interesting
phenomena are connected with the loss of symmetry and
the related change in coordination of atoms at the surface:
surface core-level binding-energy shifts, ' surface relaxa-
tions and reconstructionsP as well as surface valence tran-
sitions. From the experimental point of view, high-
resolution photoemission (PE) techniques play an impor-
tant role in the investigation of these phenomena, since
the small mean free path of the photoelectrons renders
these methods particularly surface sensitive, allowing a
direct insight into changes of the electronic structure in
the surface region of a solid.

The rare-earth (RE) metals are particularly well suited
for such surface-oriented studies since the localized 4f
electrons lead to sharp final-state multiplet structures in
the PE spectra, so that surface effects may be investigated
vrith high resolution. Moreover, the competition between
4f promotional energy and cohesive energy can lead to de-
finite valence changes (in terms of the 4f occupation
number) and therefore to qualitative changes in the chem-
ical and physical properties of the solid surface.

In the present work vm report on a systematic PE study
of the RE dialuminides in the photon-energy range 20
&hv& 110 eV. For GdA12, ErA12, and TmA12, comple-

mentary bremsstrahlung-isochromat-spectroscopy (HIS)
measurements were performed. These intermetallic com-

pounds crystallize in the cubic MgCuq Laves phase; with
the exception of Eu and Yb, all RE ions are trivalent in
these intermetallics. Eu is divalent in EuAlq, while Yb
exhibits a mixed-valent behavior in YbAlz. In order to
include a similar but completely divalent Yb compound,
we extended the systematics to YbZnz, we also compared
the experimental results with those for the elemental RE
metals and other RE compounds. On the basis of experi-
mentally determined binding-energy shifts for the 4f and

5p core levels, we observe a linear relationship between the
surface and the bulk shifts as well as a distinctly different
behavior of divalent and trivalent RE systems. This
behavior can be described in a quantitative way by relat-
ing the shifts to formation energies for the RE com-
pounds in different valence states. ' For the heats of for-
mation, we use the semiempirical model of Miedema. s'o
Moreover, we are able to correlate the magnitude of the
core-level shifts with the occurrence of a surface valence
transition in SmAlq, and establish a simple scheme for the
4f configurational stability of several series of RE com-
pounds. The observed high surface-to-bulk emission ratio
for the divalent and mixed-valent RE compounds is alter-
natively discussed in terms of surface segregation versus
changes in the electron mean free path.

II. EXPERIMENTAL DETAILS

The room-temperature PE experiments were performed
at the Synchrotron Radiation Center of the University of
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Wisconsin —Madison, using a display-type photoelectron
spectrometer and a toroidal-grating monochromator for
photon energies 20&hv(110 eV." Electrons were ac-
cepted within an 86' cone with axis normal to the surface.
The overall resolution of the system was 0.17 eV [full
width at half maximum (F'WHM)] at hv=70 eV. All
samples were studied in polycrystalline form, with the ex-

ception of EuA12, which was available as a single crystal.
The Laves-phase compounds were fractured in situ and
studied within 10—120 min after fracturing. No changes
of the spectral features were observed within this period in
a vacuum of 4)&10 "Torr. The samples of Eu and Yb
metal were evaporated in situ on stainless-steel substrates,
and the Lu surface was cleaned by scraping with a dia-
mond file. The BIS experiments were performed at
h v = 1486 eV with a modified Vacuum Generators
ESCA-III photoelectron spectrometer, equipped with a
specially designed electron gun, a Johann-type x-ray
monochromator, and a photon detector. ' The total-
system resolution was about 0.7 eV (FWHM). In the
BIS measurements the samples were filed in situ every 4
min in a vacuum of 8X 10 ' Torr in order to avoid oxy-
gen contamination.

In all RE systems studied in this work, the given as-
signment of spa:tral features in the PE spectra as bulk or
surface emission spectra is based on the observed photon-
energy dependence of the valence-band spectra, which —in
all cases—is characterized by a strong decrease of the sur-
face 4f emission with increasing photon energy. This
photon-energy dependence is expected from the known en-

ergy dependence of the electron mean free path in other
RE systems. '

The PE spectra could be least-squares-fitted to a super-
position of surface-derived and bulk-derived 4f final-state
multiplets. The bulk hnes could be represented by
Doniach-Sunjic line shapes, ' convoluted by a Gaussian
spectrometer function, while the surface components
could be better described by pure Gaussians. These find-
ings together with the much larger width of the surface
peaks suggest that there are several overlapping surface
signals due to different coordinations of surface atoms.
Such effects have previously been found in a PE study of
Yb metal films deposited on a substrate at liquid-He tem-
peratures. ' In order to account for electron-electron
scattering of photoelectrons on their way through the
sample, an integral background (dashed curves in Figs.
1—4) was also taken into account.

The HIS spectra a&ere analyzed in an analogous way us-

ing the known 4f-multiplet splittings. ' ' In this case the
surface components were found to be negligible due to the
low surface sensitivity of BIS at electron kinetic energies
around 1500 eV.
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FIG. l. 4f and 5pi/i core-level PE spectra of Lu metal and
LuA12. The heavy solid line represents the result of a least-
squares-fit analysis of the data with a superposition of two 4f 'i

(5pi/i) final-state multiplets originating from the bulk (light
solid curve) and the surface (dotted curve), respectively. The
dashed line represents the integral background.

III. EXPERIMENTAI. RESULTS

In Fig. 1, 4f and 5p3/i core-level PE spectra of Lu met-
al and LuA12 taken at a photon energy of hv=70 eV are
presented; Fig. 2 shows corresponding spectra for Yb met-
al and Ybzn2. The 4f PE spectra are dominated by emis-
sion from the 4f' states of Lu and divalent Yb, giving
rise to a superposition of bulk- and surface-derived 4f '3

final-state spin-orbit-split doublets. Within the limits of
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FIG. 2. 4f and 5p3/g core-level PE spectra of Yb metal and
YbZn& including the results of the least-squares-fit analysis.
The 4f ' and Sp3/p subspectra from the bulk (surface) are indi-

cated by the light solid (dotted) curves.
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the present accuracy the observed surface shift, ~e id~
tical or the 4f and 5p, ~, levels. A compariso~ of the

tho
spectra observed for the intermetallic compound 'thS VA

ose for the pure metals reveals distinct differences be-
tween the divalent (Yb) and trivalent (Lu) systems: While
trivalent Lu in LuAlz shows nearly no change as com-
pared to the pure metal, divalent Yb in YbZn2 exhibits
arger bulk and surface core-level shifts as well as a strong

increase of the surface emission intensity. An analogous
E~
(eV)

Es
(eV) (eV)

~s
(ev)

TABLE I. 4, binding energies E and chemical shifts hE of
bulk {index B) and surfurface {index S) components for several RE
compounds. Always the multiplet component with the 1wi e owest

in ing energy is used. Note that the chemical shift is defined
Emet Ecom . With the exception of Eu, Yb, and Lu, the

given values for the pure metals are taken from Refs. 16 and 35'
data for EuPd EuPuPd3, and EuPd~Si2 were taken from Ref. 22.
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0.45
7.35
2.10
3.75
4.45
0.10
0.50
6.75
0.20
0.60
0.55

1.80
8.15
2.85
4.50
5.20
1.05
1.35
7.75
1.20
1.50
1.40

1.00
0.20
0.10
0.15
0.10
1.00
0.60
0.20
1.25
0.85
0.85

0.30
—0.1G
—0.05
—0.05

0.05
0.70
0.40
0.05
0.85
0.60
0.70

~err
0

~ ~ y ~ r ~ ~ ~ ~I

z 10- 6
I T 1

~ ~ I I

3

UJ 0-
+ r

~o

»=75eV

E

~BULK

C)

I-

c) 0

SURFACE
BULK

URFACE

~ sv

4 2 0
BINDiNG ENERGY
RE L. TO EF (eVj

0-
10 5

BINDING ENERGY REL. TO EF (eV)

order)

0

PIG. 3. 4f PE spectra of Eu metal, EuAli, and GdA1 . The
data were least-e east-squares-fitted by a superposition of two 4f6
final-state multiplets. Positions and relative intensities of the
bulk (surface) 4&~ m),& multiplet are represented by the solid (dotted)
bar diagram for Eu metal. Bulk {surface) contrib

'
d

cated by the light solid (dotted) curves. Note the difference in
energy zero for Eu and EuM2 {lower axis) and GdAl (
axis).

upper

FIG. 4. 4f PE spectra of SmAlz, TmAli, and D Al . Th
SmAl s ectrz p trum was fitted by s superposition of a 4f' multiplet
close to EF and a deeper-lying 4f multiplet from bulk-trivalent

s. e m & and DyAlz spectra were least-squares-
analyzed with a superposition of two 4f" and two 4f' final-
state multi lets res

~ ~

of the bulk su
p, pectively. Positions and relative inte t'n ensi ies

u {surface) multiplets are represented by the solid (dot-
ted) bar diagrams.
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behavior of divalent and trivalent RE ions in the respec-
tive dialuminides is observed for EuA12 (divalent) and
GdAli (trivalent); relevant 4f PE spectra of such systems
are displayed in Fig. 3. Both substances show the same
4f final state; the spectrum of divalent EuA12, in con-
trast to that of trivalent GdAli, is quite different from the
one observed for pure metals. The results of the line-
shape analysis concerning the positions of the bulk and
surface line as well as the respective shifts relative to the
pure metals are summarized in Table I.

Valence-band PE spectra of the trivalent RE com-
pounds SmAli, TmAli, and DyA12, taken at the indicated
photon energies, are displayed in Fi . 4. The spectrum
observed for SmA12 contains both 4f and 4f' final-state
multiplets, separated by the Coulomb correlation energy
U=4. 5 eV. By varying the photon energy, the 4f s emis-
sion near the Fermi edge, originating from divalent Sm
atoms, is clearly identified as a surface feature, while the
4f final-state multiplet at higher binding energy
represents the expected signal from bulk trivalent Sm
atoms. This clearly shows the existence of a surface-
induced valence transition in SmAli, quite similar to the
case of Sm metal. Consequently, the spectrum of SmA12
is well described by a superposition of a 4f multiplet

close to EF and a deeper-lying 4f final-state multiplet
from bulk-trivalent Sm ions. A homogeneously mixed-
valent surface can be excluded from the 0.6-eV binding
energy observed for the weakest bound 4f -multiplet com-
ponent. Moreover, only the outermost surface layer of
SmAI2 is involved in the valence transition to the divalent
state, since no surface core-level shift is found for either
the 4f or the 4f final states. Thus, a complete surface
valence transition is encountered in SmA12, this con-
clusion is in agreement ~ith much less detailed 3d core-
level x-ray-photoemission-spectroscopy (XPS) results. '

On the other hand, no indications for surface-induced
valence changes were observed in the cases of TmAli,
DyA12 (Fig. 4), and TbA12 (not shown here). The 4f-
dominated valence-band spectrum of TmAlz is conse-
quently well described by a superposition of two rigidly
shifted 4f" final-state multiplets, ' accounting for elec-
tron emission from bulk and surface atoms, respectively
(see Table I}. This is true also for DyAli, where the ob-
served 4f-emission features could be reasonably well
analyzed by a superposition of two rigidly shifted 4fs
final-state multiplets, ' which originate from bulk and
surface Dy atoms.

Figure 5 shows the BIS results for GdA12, ErA12, and
TmA12. The spectra are dominated by the 4f final-state
multiplets, since the 4f cross sections are much higher
than the 5d ones. The bar diagrams in Fig. 5 represent
the positions of the multiplets as derived from least-
squares-fit procedures. The good quality of the fits pro-
vides no hint to surface contributions to the experimental
spectra, a fact that may actually be expected from the
large mean free path of electrons with a kinetic energy
around 1500 eV.

The experimental results may be summarized as fol-
lows: (i) The binding-energy shifts (chemical shifts) of the
bulk core levels relative to the pure metals are distinctly
larger in divalent systems than in trivalent RE com-
pounds. (ii) The surface core-level positions exhibit the
same overall trend, however, with smaller shifts. (iii) In
divalent compounds, the intensity of the surface com-
ponent is markedly higher than in trivalent compounds.
(iv) A surface valence transition from a bulk trivalent to a
surface divalent state of the Sm atom is observed for
SmA12. (v} No surface features are identified in the BIS
spectra.
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FIG. 5. HIS spectra of GdA12, ErA12, and TmA12, taken at
1486.6 eV photon energy. The spectra mere fitted using the cor-
responding final-state multiplets (bar diagrams and hght solid
curves) superimposed on an integral scattering background
(dashed line). Note the lack of surface contributions due to the
large mean free path of the electrons at this energy.

IV. DISCUSSION

A. Binding energies and 4f-configurational stability

The 4f photoexcitation of a divalent (4f") RE ion leads
to a trivalent (4f" ') final state. On the other hand, the
population of an initially unoccupied 4f state of a
trivalent RE ion in a HIS experiment results in a divalent
RE impurity in the solid. If we denote the energy differ-
ence between the divalent and trivalent state by ~&qq qqI,

the binding energy Es of the lowest level of the final-state
4f multiplet can be written as'

EJi =4+ii ni+E&~& (pllotoeiiilssloli)

Ea ——AEn, nr —E;+i (BIS),
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FIG. 6. Relation between the chemical shifts in 4f binding
energy in the bu1k and at the surface for various RE com-
pounds. Note that ~=E —E ". m.v. denotes the mixed-
va1ent compound.

where E;m~ describes the heat of solution of the final-state
impurity ion in the lattice, and further relaxation effects
are neglected. Note that binding energies are taken as pos-
itive values for photoemission and as negative values for
HIS experiments. Following Johansson, ' ~&qq I can be
expressed in terms of the difference in cohesive energies of
ideal divalent and trivalent RE elements plus the atomic
4f"~4f" r5d promotional energy:

~Err, rrr =E~4 Em%—+E(4f"~4f"
Due to the lower coordination at the surface, the cohesive
energy for a surface atom is reduced to =80% of the bulk
value, 20 leading to a corresponding shift in the core-level
binding energy [surface core-level shift (SCS)].e'

In intermetallic compounds, the cohesive energies are
increased by the heat of formation —~:s'0 2'

Ecom Emet
coh coh

Combining Eqs. (1)—(3), the chemical shift && of the 4f
level in a compound as compared to the elemental metal is
given by

Ecom Emet (~3+ ~2+) E3+,met+E3+com
B 8 lxtlp imp

(4)

Here, ddf2+ (~ +) denotes the heat of formation of the
divalent (trivalent) compound, and Em~ describes the im-

purity term. Trivalent RE compounds, which become
tetravalent in the PE final state, may be treated in an
analogous way: In this case, bt12+ and ~3+ have to be

replaced
by ddt + and ddt +, respectively, and similarly

E;+p by Et+p.
Figure 6 displays the observed surface versus bulk

chemical shifts for a number of rare-&orth compounds.
The approximately linear relationship between surface and
bulk shifts22 directly reflects the decrease in cohesive ener-

gy at the surface. The data can be described by a straight
line with a slope of about 0.7, which is slightly smaller

than the one of 0.8 proposed by Johansson for RE met-
als. The striking result in this diagram is the separation
of the data into two clearly distinct regions. On the left-
hand side the trivalent RE compounds with small shifts
are located, while on the right-hand side the divalent and
mixed-valent compounds with larger shifts are found.

A qualitative understanding of the behavior is obtained
by examining Eq. (4). The first term denotes the differ-
ence in the heat of formation between initial and final
state, which may be estimated on the basis of the Miede-
ma scheme. ' For divalent and trivalent RE ions, a
value of =—1 eV is obtained. For a trivalent RE initial
state, the corresponding difference between trivalent and
tetravalent RE ions in the final state is calculated to be
=+0.5 eV; in this case, the RE ion in the tetravalent fi-
nal state is represented by Hf. ' The remarkable change
in sign reflects the fact that a trivalent RE configuration
yields the most stable chemical bond in the compounds
considered here. The second term, E3+~ ", denotes the
heat of solution of a trivalent RE ion in a divalent matrix,
which may also be calculated with Miedema's scheme. In
case of trivalent RE metals, the second term would read
as E;"+~ ", representing the heat of solution of a tetra-
valent RE ion in a trivalent matrix. By extrapolating
Miedema's formula to infinite dilution, ' a value of
=0.5 eV is obtained in both cases. '

The third term describes the heat of solution of a mole-
cule with a trivalent {tetravalent) ion in the matrix of
molecules of divalent {trivalent} RE ions. This term is
difficult to estimate. We argue, however, that it is gen-
erally small. This assumption is justified by the following
two arguments: (i) In general, a good solubility of similar
compounds, e.g., of EuA12 and LaA12, with different
valences of the RE iona, is observed. This indicates that
despite a positive size-mismatch energy the heats of solu-
tion are negative due to an increase in entropy. Since en-

tropy terms in intermetallic compounds are, in general,
considered to be small, the resulting impurity term
should be even smaller. (ii} As will be seen below, the
good agreement between thermochemical data and
measured 4f binding energies in PE and BIS implies
that Simp +E&~p 0 Since both impurity terms
are negative, however, we may follow that
E;+'" =;+'" =0. Neglecting the last term in Eq.
(4), we obtain for the chemical shift of the 4f level
between a RE metal and a RE compound, bE= —1
—0.5 eV= —1.5 eV for a divalent RE ion and DE=0.5
—O. S eV=O.O eV for a trivalent RE ion, in good agree-
ment with experiment.

The position of the divalent 4f multiplet is closely re-
lated to the stability of the divalent ground state. A di-
valent RE ion will become trivalent, if the gain in
cohesive energy compensates the 4f promotional energy.
On the other hand, for a trivalent RE metal, any decrease
in cohesive energy, caused by reduction of the coordina-
tion at the surface, may lead to a transition to a divalent
state {surface valence transition). For elemental RE met-
als, Johansson derived the stability scheme shown in the
left-hand part of Fig. 7. In this diagram the open circles
denote the divalent-to-trivalent transition energies for
bulk metals. Since we will use this diagram in connection
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FIG. '7. Energy difference AE&i, iii between the divalent and
trivalent configurations of RE metals (theory) and RE di-

aluminides (experiment). Horizontal lines denote the relative

position of the Fermi level in the bulk and at the surface, respec-
tively. In the case of the RE dialuminides, these lines are extra-
polated from measured 4f binding energies from PE (solid cir-
cles) and BIS (solid squares) measurements. Open circles
represent the position of the Fermi edge relative to the 4f level;

circles below the horizontal lines denote a stable divalent config-
uration.

with spectroscopic data, we denote the line of zero as the
Fermi level EF. In the case of zero impurity energy in

Eq. (4) the points in the diagram correspond to 4f posi-
tions as measured for divalent RE metals with PE and for
trivalent RE metals with BIS. The difference in relative
stabilities of the RE configurations at the surface leads to
a shift of the whole curve. In Fig. 7 we have instead
represented this shift by a different line of zero denoted
by EF. The data points below the lines of zero indicate
stable divalent ground-state configurations. Consequent-

ly, Eu and Yb metal are divalent in the bulk, whereas Sm
metal exhibits a divalent configuration only at the surface.
According to Eq. (3), the formation of an intermetallic
compound adds the heat of formation to the cohesive en-

ergy of the pure metal, which can be represented by a
shift of the Fermi level in the stability diagram. This
shift can be directly inferred from the measured 4f energy
positions in the PE and BIS spectra. Neglecting the im-

purity terms as discussed above, the measured binding en-
ergies are, according to Eq. (1), identical to the bE«ni
stability energies of the Johansson scheme. Since the
data points in this diagram represent the lowest final-state
multiplet terms, the new position of the Fermi level for
the compounds can be plotted easily using the measured
4f binding energies.

This procedure is applied to the RE dialuminides as
shown in Fig. 7(b), using the PE data for divalent EuAli
and mixed-valent YbA12, as mell as the corresponding
HIS data for trivalent GdA12, ErA12, and TIDA12. The
good agreement between PE- and HIS-derived Fermi lev-
els for the bulk justifies the neglect of the impurity term a
posteriori. The inclination of the straight lines through
the bulk and surface Fermi-level data points hints to dif-
ferent dependences of the bulk and surface cohesive ener-
gies on the ionic radii. Of particular interest is the posi-
tion and slope of the Fermi level at the surface, which for
TmA12 predicts a stable trivalent configuration at the sur-

FIG. 8. Energy difference bEiiiii between divalent and
trivalent configurations for the MRE-Pd and M~-Pd3 series of
compounds. Horizontal hnes denote the relative position of the
Fermi level in the bulk and at the surface, respectively, as extra-
polated from measured 4f binding energies (sohd circles). Open
circles below the lines represent stable divalent configurations.

face [in contrast to TmS (Refs. 13 and 24)] and for SmA12
a surface valence transition. These predictions are in ex-
cellent agreement with observation; for SmAlz, even the
magnitude of the measured binding energy is correctly
predicted. Thus, this simple scheme allows a prediction
of 4f configurational stability in a whole series of RE
compounds, if just two compounds have been studied

spectroscopically.
We finally present further convincing applications of

such stability schemes for M&EPd, compounds where

MRE is one of the rare-earth metals. Suitable PE and BIS
data are available for Eu- and Yb-based com-
pounds. ' ' ' Figure 8 shows the constructed stability
diagrams for the MREPd and MRaPd3 series of interme-
tallics. The most interesting features in the context of the
present discussion are the positions of the Sm- and Tm-
based compounds in this diagram. The Tm compounds
are found to exhibit a trivalent surface in both systems.
The same holds for Sm in SmPd3, while for Sm in SmPd
a surface valence transition is predicted, with a 4f binding

energy of =0.4 eV. No 31 4f final-state feature has
been observed in the core-level x-ray PE spectrum of
SmPdq, indicating the pure trivalent character of the
surface layer, in perfect agreement with the present
model. The case of SmPd3 represents an illustrative ex-

ample against the naive assumption that the Sm ions are
generally divalent at the surface of bulk trivalent interme-
tallic Sm compounds.

B. Intensity of surface emission

In general, an increase in the relative weight of the in-
tensity of surface emission in a compound as compared to
the pure metal can be caused by two effects: (i) a change
in the stoichiometric composition of the surface region of
a sohd, i.e., surface segregation; (ii) a decrease of the mean
free path of the emitted photoeiectrons.

In fact, surface-segregation effects have been observed
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in several alloy systems. Conceptually, the decomposi-
tion probability of a dilute binary alloy at the surface can
be expressed in terms of three energy terms, namely the
difference in surface energy of the pure constituents, the
elastic size-mismatch energy and the heat of solution in
the liquid phase. From these three energies, the differ-
ence in surface energy is often the most important term
leading to a surface enrichment of the constituent element
with the lower surface energy. In the case of the systems
studied here, and substituting the surface energies for di-
valent and trivalent RE ions by the ones for Sr and Y,
values of about 430 and 1100 mJ/m are obtained, respec-
tively, while for Al and Zn surface energies of 1200 and
1020 mJ/m have been calculated. Therefore, from
these surface energy considerations, segregation effects
may be expected in the ease of divalent compounds,
whereas trivalent compounds should be rather stable.
Values for the heat of solution, calculated within
Miedema's scheme, ' are only half as large for the di-
valent case than for the trivalent compounds. Further-
more, the large molar volume of the divalent RE ions
(=34 cmz/mol) as compared to trivalent ones (=20
cm /mol) and particularly to Al (=10cm /mol) leads to a
much higher size-mismatch energy in the divalent sys-
tems, so that surface segregation is favored in this class of
compounds. However, Miedema's scheme is strictly ap-
plicable only to the case of dilute alloys. For ordered
compounds, the energy loss due to size mismatch has to
be replaced by the gain in lattice energy, which in the case
of close-packed Laves phases may be high enough to sta-
bilize the bulk composition of the compound at the sur-
face.

Considering the RE compounds studied here, the small-
er than expected chemical shift observed for EuAlz (see
Fig. 6) could be a consequence of an Eu enrichment at the
surface. However, YbZnz and YbAlz, which show the
same high intensity ratio of surface-to-bulk emission, are
in good agreement with the general correlation between
bulk and surface shifts. Moreover, the qu intitative agree-
ment between the constructed stabihty diagrams and the
experimental observations, especially for SmAlz (see Fig.
7), seem to contradict a model based on surface segrega-
tion.

It is interesting to compare these considerations with
the results of thin-film-deposition experiments with Yb
and Sin on Al single-crystal surfaces. For divalent
Yb, strong interdiffusion effects were found even at room
temperature, leading to the formation of YbAlz and
YbAlz when the substrate was heated, and finally to a
complete dissolution of the Yb ions in the bulk lattice. A
monolayer of divalent Yb ions, however, remains stable at
the surface in all cases. For Sm, no diffusion effects were
reported. Disordered monolayers of Sm deposited on an
Al(001) surface exhibit a mixed-valent behavior, and may
be transformed to an ordered trivalent overstructure by
heat treatment. The findings for the Yb-Al system are in
good agreement with expectations based on Miedema's
scheme, and support the concept of possible segregation
effects in divalent RE compounds. However, the observa-
tion that no compound formation takes place in the
Sm-Al system and the fact that the heat-treated Sm

monolayer on Al(001) is trivalent (in contrast to SmAlz)
demonstrate the differences between intermetallic com-
pounds and adsorbate-substrate systems in the present
context.

Discussing surface segregation in intermetallic RE
compounds, a PE study of Yb-Au alloys is of special in-
terest. ' The disordered alloys were produced by eva-
porating thin Au films on a substrate of polyerystalline
Yb metal. Strong interdiffusion effects were found lead-
ing to the appearance of separate bulk and surface signals
in the valence-band PE spectra from the divalent Yb iona.
The surface-to-bulk intensity ratio of the Yb 4f subspec-
tra refiected a strong increase with decreasing Yb concen-
tration in the bulk, which was explained by enhanced sur-
face segregation of Yb. However, this explanation is not
obviously consistent with the observed 4f binding ener-
gies. Compared to Yb metal, the chemical shift of the
surface component is correlated to the one of the bulk by
a factor of 0.8. This correlation was found to be valid up
to an Au content of about 20 at. %, whereas for higher
Au concentrations, the correlation factor increases. For a
stoichiometric composition at the surface, a factor of
0.7—0.8 is expected according to Johansson's model,
whereas any increase of the Yb concentration at the sur-
face should lead to a decrease of the correlation factor
(since the surface composition would be closer to elemen-
tal Yb metal). On the basis of the observed chemical
shifts, surface segregation of Au is therefore suggested,
which is in contradiction, however, to the observation of
an enhanced Yb 4f surface-to-bulk intensity ratio.

An alternative explanation of this peculiar behavior can
be given by considering the mean free path A, of pho-
toelectrons emitted from a RE compound. This quantity
can be written as

where A,„(A,, ) denotes the mean-free-path contribution due
to scattering of the hot ele:trons by valence electrons (core
electrons). A,, is approximately proportional to the core-
level binding energy, and much larger than A,„, so that
its contribution to the mean free path may be neglected in
most cases. In divalent and homogeneously mixed-
valent RE compounds, however, a localized 4f level is po-
sitioned near or immediately below EF, and hence could
strongly affect the mean free path A, Applying the
theory of Penp to Yb metal, an unreasonably small value
of A,,=0.25 A is obtained. This failure of the theory may
be caused by the neglected reduction of the 4f scattering
probability due to shielding of the 4f orbitals by the 5s
and Sp states. Furthermore, the small radial extent of the
4f orbital may lead to a decrease in the scattering cross
section. Further theoretical and experimental work is evi-
dently necessary to clarify this point. Nevertheless, it
should be qualitatively correct that a decrease in the 4f'
binding energy cause a decrease in the electron mean free
path. This effect, in turn, leads to a reduction of the bulk
signal and to the observed enhancement of the surface
emission.

In conclusion, there are several arguments in favor of
surface segregation in divalent and mixed-valent RE com-
pounds. On the other hand, effe:ts from changes in the
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mean free path cannot be excluded when considering pos-
sible causes for the high surface-to-bulk intensity ratio in
core-level PE spectra of these materials.

V. SUMMARY AND CONCLUSIONS

The dialuminides of the heavy RE metals were studied

by high-resolution PE in the photon-energy range 20
& h v & 110 eV and by high-energy BIS at a photon energy
of 1486 eU. Surface core-level shifts were resolved in the

4f PE spectra of all compounds studied and, in a few
cases, also for deeper-lying 5@3/2 core lines. Within ex-
perimental accuracy, the surface shifts for the two core
levels were found to be identical. For a number of RE in-

termetallics, a linear relation between surface and bulk
core-level binding-energy shifts relative to the elemental
metals was observed, where the surface shifts amount to
only =70% of the bulk chemical shifts. This observation
is shown to be due to a reduction in the cohesive energy at
the surface of these compounds. Moreover, the divalent
and homogeneously mixed-valent compounds exhibit
much larger chemical shifts than the trivalent RE com-
pounds. This phenomenon is caused by the high heat of
formation for trivalent metallic RE compounds and can
be explained qualitatively within Miedema's scheme.

With the measured PE and HIS 4f energies, stability di-
agrams for the divalent and trivalent RE configurations
were constructed. In agreement with the stability diagram

for MRaAlx compounds, a divalent surface layer was ob-

served for bulk-trivalent SmA12, while TmAli exhibits no
valence change at the surface. Similarly, a trivalent sur-

face layer is predicted for SmPdi, in perfect agreement
with the experimental observations. Therefore, a generali-

zation of these results seems to be justified in the follow-

ing sense: The 4f-configurational stability in a whole
series of RE compounds may be correctly predicted from
spectroscopic results for only two compounds.

For divalent and homogeneously mixed-valent com-

pounds, a systematically higher surface-to-bulk intensity
ratio was found as compared to trivalent compounds.
Changes in the electron mean free path due to binding-

energy-dependent 4f scattering as well as surface segrega-
tion of rare-earth iona were discussed as possible causes
for this phenomenon.
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