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Surface effects in Eu intesiiietallics: A resonant photoemission study
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The Eu—transition-metal compounds EuAg5, EuRh2, EuPt5, and EuPd5 were studied by resonant
4d~4f photoemission techniques. In divalent EuAgq, a surface core-level shift of the final-state

4f multiplet components of 0.75 eV is found. For the trivalent Eu compounds Euptq and Eupds as
well as for the mixed-valence compound EuRh2, a surface valence change to the lower-valence state
is observed. For EuPt5, an inhomogeneously mixed-valence surface is noticed, pointing to a strong
coordination dependence of the surface valence transition. The energy position of the final-state 4f
screening orbital is discussed on the basis of 4d photoemission and photoabsorption threshold ener-

gies.

INTRODUCTION

The stability of 4f configurations at the surface of
rare-earth metals and compounds has attracted consider-
able interest in the past few years. After the pioneering
photoemission work of %ertheim and Crecelius, ' who
first observed a divalent surface layer of Sm ions on top of
trivalent Sm metal, a number of rare-earth compounds
were found to undergo a valence change to the lomer-
valence state of the solid surface. This phenomenon is
caused by a decrease in cohesive energy due to the reduced
coordination at the surface as compared to the bulk. ' The
model was able to account for the surface valence change
of Sm metal and could be successfully applied for the
rare-earth sulfides" and dialuminides. Scarce infomm-
tion of surface valence changes existed so far concerning
Eu compounds. The systems studied to date were
EuPd2Si2, the EuPd„ intermetallics, and an oxidation
study of Eu metal. ' On the other hand, such an effect is
expected to occur for a number of Eu compounds if
Miedema's semiempirical scheme (developed to calculate
the stability of a compound in the bulk)" is extended to
the surface of trivalent Eu intermetallics. ' Therefore, re-
cently, an x-ray photoemission (XPS) core-level study on a
number of Eu—transition-metal compounds was carried
out which revealed the existence of surface valence
changes in trivalent Euwi5, EuRhs, EuPd5, and EuPtq. '

However, deep-core-level spectroscopy has the intrinsic
problem of the simultaneous appearance of final-state
shake-down processes' and, moreover, a direct spectro-
scopic investigation of the 4f valence-band emission is
masked by the overlapping d bands of the host transition
metals, which have comparable photoionization cross sec-
tions at these energies. Therefore, it mas not possible to
determine the extent of the surface valence change, i.e.,
questions on the completeness of such valence transitions
and on the homogeneous or inhomogeneous valence mix-
ing at the surface remained open.

The aim of the present work is to clarify these problems
by circumventing the difficulties and pitfalls of core-level

spectroscopy through the application of synchrotron ra-
diation at the Berlin Electron Storage Ring (BESSY). The
resonant enhancement of the 4f states near the 4d 4f-
threshold energies' ' together with the favorable cross-
section ratio of the 4f versus the transition-metal d states
at these photon energies were utilized to study and iden-
tify for the first time quantitatively different incomplete
inhomogeneous valence changes at the surface of trivalent
Eu intermetallics. Furthermore, a surface core-level shift
in the divalent compound EuAg5 is detected and com-
pared with the results for other rare-earth compounds.
Moreover, due to different resonance maxima for the
4d~4f excitations in Eu'+ and Eu'+ compounds, as ob-
served for both direct photoemission and total electron
yield spectra, a clear proof of the initial-state character of
the surface valence change could be given. Furthermore,
even in the total electron yield spectra, a distinction be-

tween bulk and surface states could be achieved.

EXPERIMENTAL

The samples of EuPt5, EuPd5, and EuAg5 were
prepared by arc melting and characterized by x-ray dif-
fraction and Mossbauer spectroscopy. ' The bulk valence
was determined to be Eu + for EuAg5 and Eu + for
EuPt5 and EuPdq. The sample of the mixed-valence com-
pound Eukh2 is identical with the sample used in previous
Mossbauer ' and XPS studies.

The photoemission measurements mere performed at
the Berlin Synchrotron radiation facility [Berliner Elek-
tronenspeicherringgesellschaft fur Synchrotron Strahlung
mbH (BESSY)] with the SX-700 monochromator with a
photon flux of 3X10' photons/sechEA in the energy
range 120&hv&150 eV. Photoemission spectra were
recorded using a double-pass cylindrical mirror analyzer
at -0.5-eV resolution. At the 4d 4f resonance, typica-l
count rates at the 4f emission peak were of the order of
10 counts/sec0. 1-eV channel. Total electron yield mea-
surements were carried out with a high-current channel-
tron in connection with a floating battery box and a
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current amplifier. Typical output currents were of the or-
der of 10 8 A.

Angle-integrated energy-distribution curves (EDC's)
were measured at selected photon energies using the
resonant enhancement of the 4f valence-band emission
near the Eu4d threshold 1s'z6 The polycrystalline samples
were scraped with a diamond file and studied in situ in a
vacuum of 2)(10 ' Torr. The surface conditions were
checked by monitoring the 02@ signal at hv=20 and 40
eV, respectively. No oxygen contamination could be
detected as long as the scraping procedure was repeated
every 30 min.

RESULTS AND DISCUSSION
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In Fig. 1, EDC's are sho~n for EuPt5 for
120&hv&300 eV as a representative set of spectra for a
trivalent Eu compound. The dominant contribution at
hv=140, 142, and 148 eV originates from electron emis-

sion to 4f and 4f final states ' as indicated in the figure.
At these energies the photoionization cross section is low
for the transition-metal d states as compared to the 4f
states. We note the following observations: (i) at
h v= 132 eV the 4f emission is totally suppressed„only the
Pt 5d states are visible, (ii) at h v= 140 eV only a final-state

4f emission due to divalent Eu ions is resonantly
enhanced, (iii} at hv=142 eV the 4f emissions from
trivalent Eu starts to contribute considerably to the 4f res
onance, and (iv) from hv=148 eV up to hv=300 eV no
considerable change in the Eu +/Eu + intensity ratio is
observed. What is the reason for the 4f emission? Since
Mossbauer spectroscopy has proved the bulk trivalent
character of the Eu ions, we are faced with a surface
valence change or a hypothetical final-state screening ef-
fect. The usual method, namely to quench the surface ef-
fect by oxidation, ' is unsatisfying since oxidation alters
considerably the geometric and electronic surface struc-
ture. In the case of the Eu compounds we get a direct
proof for the initial-state character of the surface emission
due to the different resonance behavior of Eu + and Eu +

ions. Starting from the trivalent Eu-ion configuration
(1) 4d 'o4f 6(5d 6s),

we have at resonance
(2) 4d 4f7(5d6s)s,

where the 4f screening orbital becomes occupied directly
in this excitation process. The normal Super —Coster-
Kronig decay of this excited state leads to the configura-
tion

(3) 4d 'o4f5(5d6s)3,
i.e., the trivalent photoemission signal. In order to obtain
a 4f final state there remain two possibihties, another
Auger decay via the (5d 6s) states

(4) 4f' 4f (5d6s)
or by additional 4f screening of the trivalent state (3).
However, both processes would be resonantly enhanced to-

gether with the 4f' final-state photoemission signal from
the trivalent Eu ion. Therefore, the Jpreceeding onset of
the 4f emission resonance clearly shows the initial-state
character of the divalent Eu surface emission.

The compounds EuPd5 and EuRh2 show qualitatively
similar spectra to the ones shown in Fig. 1, whereas in the
divalent Eu compound EuAgq, only the 4f resonance is
present. The photoemission spectra of these compounds
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FIG. 1. Valence-band photoelectron energy-distribution
curves (EDC's) of EuPtq excited at various photon energies be-

tween 120 and 250 eV. The spectra were normalized with
respect to variations in the incident photon flux and electron
analyzer efficiency. The relative intensities of the 4f' and 4f6
emission varies with photon energy and a Pano minimum occurs
around 132 eV. Note that the 4f6 emission precedes the 4f'
emission. The corresponding final-state multiplets are indicated.

taken at a photon energy of hv=14S eV are shown in Fig.
2. The spectra are normalized to equal total 4f emission
intensities (normalization to the beam current gives essen-

tially the same result}. We note a systematic increase of
the divalent component in going from EuPt5 to EuRh2
and a strong increase in the linewidth for EuAgz pointing
to the presence of a surface core-level shift in the latter
case. In order to get quanitative information on the rela-
tive intensities of the bulk and surface spectral contribu-
tions, the final-state multiplets were least-squares-



LLICS A RESONANS IN Eu INTERMETAFACE EFFECT

hy = 148e)r' EU4f
g~FACE
BULK

EUAgg
hy= 12oe~

n
o eQ

F+CE

FURh,

g (b)

i i

/ 2
ENERGY BELOW EF (eVj

of FuAg5 athotoemission 'pect'aValence-band p o
'

h d ta points represents120 ev. The solid hnes .
h superposition of

following t ehv=
s fit analysis w" ''lt of a least-squares

' f the bulk and the
the resu

~

1
'
ginating romtwo

. The dashed line denotes
4 6 final-state multlp e s

t the integral back(so»d curves)

grounund contribution

I II I I I I I I I I I I I

1412 108 6 I 2 0-2
ENERGY aELOW E„ ieV)

e valence bands of EuAg5, EuRh2,

5Eu s, a
he data points represelid line following the

'
h a superposition o

so 1 in

least-squares-fit analys is (see text) wit a s
and 4f ' and 4f final-lti lets for EuAgq, an

the bulk
4f final-state mn tip e

corn un so'
the

multip e s po
urves). The das

at
d the surface (sohd curves.

nsition metals taken a
an e

states of the transi i

ission=132 V. The spectra
intensity. Note t e i

pounds.

-Sun ic line shape, including anl ed with a Doniach-Sunjic ine s
integral backgroun no
1nc aslastically scattered electrons.

he 4 intensi y,rder to extract t f n
eV {where there is pr

'
si c

'
h ftt procedure. Weemissi c

have summarized t c r
a surface core- e-level shift of 0.74 e is

ce ef-
t a — here the surface sensitivity is igf t hv —120 CV w

due to the lower 'ne '

,oniqatiOnth' relat1ve photoiother ha„d, the change '"
d h Eu4f electronscrosss sections «r Ag '

hift corresponds wcf thc su accble The value 0
h f for divalent rare-to the sys .

near the one for E Prth compounds an
-to-bulk ratio in E g5

ea
eI thesu ace

*' for
cc«ding to Tab . '

tio as a "standard1. Tak1ng th'
E com-

corresponds to —.
h surface of anC

the
1divalent Eu mon y

that the 4 components inund and assuming n
we

poun
unds contribute on y o

f h. ..'~...;..„...immediately see hat3%o e
5'

caution sine
EuE /Eu phot010niz 10 0-

the other an,nance mmay change. On
n energies o v=

~ ~
pop

t the error will not oosimilar such tha
is thetrends. A more se

'

31
date the obser ved tre . se

t of the surface signa y . A
compared to tthe triva en

low for-E A such processes wou lo
the large ionicmation enthalpy and

1 t Eu ion. There or,

I
for a completely diva en

should give a hint that even in u 5 n o
alent at t e sunlono ay
ter an incompe e'd t that we encounter

ic 4f positions otransition. Since t e m
t e oh lowest multiplet componen s we

er, a homogeneous vbelow the Fermi energy, a

Binding energy (EF)
Eg (eV)Eg (eV)

1.15(10)
5.79(10)
6.17(10)
5.92(10)

Compound

1.90(10)
0.48(10)
0.58(10)
0.61(10)

EUAgg

EuRh2
EuPd5
EuPtq

0.98(3)
1.55(3)
0.66(2)
0.31(1)

ee text) of the spectra shown m Fig. 2.ast-s uares analysis (see text oTABLE I. Results of a least-squ

LinewidthSurface/bulk V», (.V)yg (eVintensity ratio

0.13(5) 0.13(5)
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the surface has to be excluded. Thus a strong coordina-

tion dependence of the surface valence transition is

proved. This finding is in excellent agreement with the

stability of the 4f configurations in EuPdq and EuPt5 as

derived from the Miedema scheme in Ref. 14. A divalent

surface is stabilized by only -0.21 eV in EuPt5, whereas

in EuPd5 it is stabilized by -0.6 eV.
For the mixed-valence compound EuRh2, a drastic in-

crease in the Eu +/Eu + ratio as compared to EuPd5 and

EuAg5 is ouserved. Indeed, a different ratio is expected
since a divalent bulk contribution should occur at room
temperature which is nicely reflected in the increased
linewidth y (see Table I) not yet resolved.

This bulk contribution is reported to be 20% at room

temperature and was derived from XPS measurements
without consideration of surface effects and should, there-

fore, be viewed with some reservation. If we take the
surface-to-bulk ratio from EuPd5 or EuAg5 as a standard,
we get from our measurements a value between 47% or
35% divalent character of this mixed-valence system. We
want to point out that these values derived from the
present measurements can be larger than the real bulk
value due to surface relaxation effects. In the "second"
and "third" layers ' the interatomic distances may be en-

larged leading to an enhancement of the divalent character
of the surface region where most of the photoemission sig-
nal originates.

The measured surface-to-bulk ratios in the 4f emission
provide the possibility to check the contributions of final-
state shake-down processes to the divalent spectral com-
ponents in deep-core-level spectroscopy. ' The XPS spec-
tra for EuPd5 and EuPtq show for the 3d levels a ratio of
1.0 and 0.36, respectively, whereas we have a ratio of 0.66
and 0.31 for the 4f levels of these compounds (see Table
I). In both cases the deep-core-level ratios are systemati-
cally higher than the ratios for direct 4f emission. On the
basis of pure surface effects this finding is astonishing,
since at —148-eV kinetic energies the surface sensitivity
should be higher than at 300 eV, the kinetic energies for
the AlEa excited 3d core electron. This behavior would
indicate the additional presence of final-state shake-down
processes in deep-core-level spectroscopy. On the other
hand, we must keep in mind, as discussed above, the un-

certainty in the determination of the Eu +/Eu + intensity
ratios, so that these numbers indicate a trend but do not
allow a firm conclusion solely on the basis of the present-
ed data.

Another more indirect method for the investigation of
screening processes in XPS core-level ionization lies in the
determination of the energetic position (relative to the Fer-
mi energy) of the 4f screening orbital. As already men-

tioned above, the excitation of trivalent Eu at the 4d~4f
resonance leads formally to the occupation of the 4f
screening orbital (2) yielding the same final state as en-

countered in the direct photoionization of the 4d shell
with 4f screening, i.e.,

4d 4J' (5d6s)

This state constitutes the final state of 4d photoioniza-
tion of divalent Eu with Sd screening, the multiplet com-
ponents of which can be directly inferred from 4d photo-
emission spectra of divalent Eu. ' The correct position

E, of the screening orbital relative to the Fermi energy is
obtained if the energetically lowest multiplet component
EM (in our case D) is shifted towards the Fermi energy by
the value of the threshold energy E~f for the 4d ~4f reso-
nance

Es =E@—E~,
where the threshold energies are obtained from total elec-
tron yield measurements.

In Fig. 4 the results of these measurements in the 4d re-

gion of all Eu compounds studied here are shown. The
structures between 132 and 140 eV point to the fact that
the yield spectra of the trivalent compounds consist of a
superposition of divalent and trivalent components which
increase in analogy to the photoemission spectra in going
from EuPt5 to EuRh2, whereas in EuAg5 only the divalent
final-state component is present.

This component corresponds in structure and position
to the results for Eu metal, ' ' ' whereas the
constant —final-state yield spectra (CFS) of the Eu oxides
show also a superposition of divalent and trivalent com-
ponents. ' In order to isolate the spectral structure of the
trivalent component, the EuAg5 spectrum was subtracted
after proper normalization from the EuPt5 yield spectrum.
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FIG. 4. Total photoelectric yield spectra from polycrystalline

samples of EuAgq, EuRh2, EuPd5, and EuPt5 showing the

4d~4f absorption region. The dashed curve represents the re-

sult of a subtraction of a normalized EuAg5 spectrum from the

EuPt5 spectrum in order to determine the divalent contribution

in the trivalent compounds. Note that the maxima for the
4d94f and 4d 4f' final states are displaced by -4 eV, enabling

the observation of an increase in the divalent spectral character
(from the bottom to the top of the figure. )
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The result is indicated in Fig. 4 by the dashed line. We
note an excellent agreement with corresponding
constant —initial-state (CIS) spectra of Ref. 12, which are
taken at the binding energy of the trivalent components.
This superposition of divalent and trivalent final states in
the yield spectra has the advantage of nearly independent
observation of the divalent spectral contribution in the
resonant photoemission spectra; however, this superposi-
tion makes it difficult to locate exactly the threshold for
the onset of the trivalent emission on the photon energy
scale. The difference spectrum shown in Fig. 4 in any
case allows us to extract E@)133 eV. From the XPS
photoemission spectrum' we have E~ =-133—134 eV and
therefore

This result deserves some comments since already in the
ground state the unoccu ied 4f level lies only -0.5 eV
above the Fermi energy' and therefore is not essentially
lowered by the potential of the 4d core hole. On the basis
of this finding it seems questionable that the 4f state can
be lowered below the Fermi level under the influence of a
4d hole and can become a final-state screening orbital. On
the other hand, one could argue that the population of the
4f screening orbital would lead to a local decreiise of the
conduction-electron concentration in the time scale of the
photoemission, which in turn would cause a stabilization
of the screening orbital below the Fermi energy. In princi-
ple, however, an unoccupied 4f state above the Fermi level

may also be populated by shake-up-type scattering of con-
duction electrons into this state.

It is interesting to compare this result with the results
for trivalent Sm in Sm metal and SmB6 (Ref. 28), where a
lowering of 4f states with respect to a fictive, final state
[which was composed out of XPS and bremsstrahlungs
isochromat (BIS) final states] was deduced. If we apply
our method for the determination of the energetic position
of the 4f state relative to the Fermi level to the case of
trivalent Sm metal, we obtain with E@=125.5 eV (Ref.
28) and E~-130 eV (Ref. 32) a value of E~- —4.5 eV,
which is clearly below the Fermi level. Since in the
ground state similar to trivalent Eu the unoccupied 4f lev-

el resides near above the Fermi energy, ' we obtain, in
contrast to Eu, a lowering of this state by about 5 eV. The
reason for this discrepancy may be explained by multiplet
effects. The 4f screening orbital is a highly correlated
state which is not allowed to be shifted in a simple one-
electron picture. The lowered state is the energetically

lowest tel~ of a 4d 4f" multiplet, whereas the BIS state
(used in Ref. 28) represents the lowest term of the 4d' 4f"
multiplet. Both multiplets show totally different cou-
plings, ' ' the splittings of which vary by several eV.
Thus the "lowering" of the 4f screerung states cannot be
compared directly for different occupation numbers n. To
summarize this section, even with resonant photoemission
techniques it is not possible to determine unambiguously
the role of final-state effects in deep-core-level spectros-
copy of Eu compounds.

SUMMARY

We have studied the intermetallic compounds EuAg5,
EuPt5, EuPd5, and EuRh2 with resonant photoemission
techniques at the 4d~4f threshold. In divalent EuAg5, a
surface shift of 0.75 eV was detected which fits well into
the general picture of core-level shifts in rare-earth com-
pounds. For the trivalent Eu compounds EuPt5 and
EuPd5 as well as for the mixed-valence compound EuRh2,
a surface valence change to the lower-valence state was ob-
served. For EuPt5 we noticed an inhomogeneously
mixed-valence surface pointing to the strong coordination
dependence of this effect. A comparison of surface-to-
bulk intensity ratios found in the 4f spectra with those re-
ported for 3d core-level spectra indicated a contribution of
final-state screening in the latter case. Moreover, we
showed that it is possible to use total electron yield to
study surface valence transitions in Eu compounds since
the resonance maxima for 4f and 4f final states, i.e., the
bulk and surface contributions, differ by -4 eV. This
specific resonance behavior allowed a direct proof of the
initial-state character of the observed surface valence
changes. Finally, on the basis of a comparison between 4d
photoemission and photoabsorption thresholds, it was
shown that the 4f screening orbital in the photoionization
of trivalent Eu compounds is stabilized at or near above
the Fermi energy.
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