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Surface valence transition in trivalent Eu insulating compounds
observed by photoelectron spectroscopy
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The surface valence transition was observed iriribelatingrare-earth compounds which are integral valent
in the bulk. From the careful study of EW3Eu 4d, and Eu 4 core-level photoelectron spectra of BUF
Eu,03, and EuC}, we unambiguously identified the divalent lafgrat the surfaces of these stable trivalent
insulating compounds. This finding removes ambiguity and long-standing controversy on the interpretation of
core-level satellites in these Eu compour[@®&0163-182€09)50924-1

It has been known for some time that the electronic struccannot be applied to E@; since the hybridization strength
ture of a solid at the surface may be different from that in th&equired to fit experimenta| data is unreasonab|y |arge con-
bulk due to the reduced coordination number and differentjgering lanthanide contraction effect. Hence they proposed
atomic geometry. This can be directly observed by thgnat the ground state of EQ; might be mixed valent, al-
surface-sensitive photoelectron spectroscopy. In the case g{,,gh they could not rule out the possibility of the surface
core levels, it can manifest itself as the phenomena of thg,jence transition as its origin. This proposal of mixed-valent

T#incf bcgt;]e-lfl\(/aﬂoi?g;aarr]](;vteb::r:f%cbesevr?/fg Cn? ﬁiﬂs't'ﬁ;?gtound state for E40;, if true, is quite unusual since no
P y ther trivalent rare-earth oxides are known to be mixed va-

earth metallic compounds including Ce, Eu, and YbIent in the ground state, and this calls for a new understand-
compounds;® and these observations agree well with theo-, ne g ;! .
g of its bulk properties. Our present study confirms the

retical predictions based on the complete screening picture dp9 ; .
photoemission proce”sand Miedema’s empirical scheme for existence O,f the sate!llte structure in the deep corg-leyel
the cohesive energy. sp_eptra of trivalent Eu insulating compouno_ls_, an_d clarifies its
However, for insulating rare-earth compounds, neithe©rigin as due to the surface valence transition in contrast to
surface valence transition nor surface core-level shift hae mixed-valent ground state. This is in line with the usual
been positively identified experimentally up to now. Onechemical wisdom, and settles the controversy.
possible reason for this lack of experimental evidence is the The samples studied in this paper were three trivalent in-
charging effect often present in photoemission experiment ofulating Eu compounds EyF Eu,03, and EuC). Powder
insulators and the resulting broad core-level line shapessamples with purity better than 99.9% were purchased from
Also it is difficult theoretically to predict core-level binding Johnson & Mattey Co. commercially, and these powders
energies for insulating compounds since the assumption ofiere pressed at about 200 atmospheric pressure to make the
complete screening in the photoemission final state isanot pellet disk of about 1 cm radius for core-level XPS measure-
priori obvious for the case of insulators, nor is the Miede-ments. The Euf sample was also evaporated on a metal
ma’s scheme directly applicable to insulating compounds. substrate to prevent the charging effect which usually causes
In this paper, we report the unambiguous identification ofthe energy calibration problematic for insulating compounds.
surface valence transition phenomenon in trivalent Eu insuThe core-level photoelectron spectroscopy experiment was
lating compounds observed by core-level x-ray photoelecperformed at Seoul National University with photoelectron
tron spectroscopyXPS) and the valence-band photoelectron spectrometer made by VSW Scientific Instruments Ltd,
spectra using synchrotron radiation. This study removes which was equipped with AK«a x-ray source and the mul-
long-standing controversy and ambiguity surrounding sateltichannel hemispherical electron energy analyzer. The pellet
lite structures in the core-level photoemission spectra ofamples were cleaned by scraping the surface with a dia-
some trivalent insulating Eu compounds. In the case ofnond file until the impurity components of oxygen and car-
Ew,03, some researchers reported a satellite structure dton were not seen in Osland C Is core-level spectra. The
about 9 eV lower binding energy relative to the main peak inbase pressure of the analysis chamber was better than 1
the Eu 3 core-level photoemission specfrashich was later X 10~ ° mbar during the measurement, and the overall energy
refuted by a different research gro(jffhe theoretical study resolution was about 1.3 eV. The valence-band spectra of the
as to this satellite was also performed by lkedal,’ and  evaporated EufFthin film were obtained at the 2B1 VUV
they found that the conventional mechanism of the hybridbeam line of Pohang Light Sour¢PLS) in Korea using an
ization effect, which was successful in explaining similarultrahigh vacuum chamber equipped with the VG Clam-2
two peak strucutures in thed3core-level spectra of early hemispherical multichannel electron analyzer. All the
rare-earth insulating compounds such asQ@a and Ce®,  valence-band spectra were normalized by the mesh current
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FIG. 2. The calculated multiplet structure of trivalent Ed 3
core-level photoemission spectruBd4f® configuration obtained
from Ref. 10.

Intensity (arb. units)

fitting in Fig. 1. Comparing with the published Ed 3pectra
of trivalent and divalent intermetallic Eu compourfdae
can identify a prominent peak around 1134 eV, which we
labeled ag+3), as due to the trivaler8d4f® configuration
T B, (underline represents a holewhile the other small peak
1180 1170 1160 1150 1140 1130 1120 around 1124 eV, labeled aﬁ‘Z), Corresponds to the divalent
Binding Energy (eV) 3d4f’ configuration. In these curve fittings, the intrinsic line
) ) ) shapes of the divalent Eud3;, and 33, peaks were taken
FIG. 1. Eu 3l core-level spectra of trivalent insulating Eu com- from our previous publicatioﬁ,g where the calculated mul-

pounds Euk, Ew,0,, and EuC{. The dots represent raw data, and . 7 . . :
the lines represent the result of curve fitting as described in the texyplets of the3d4f " configuration were shown to be in good

Here, (+2) represents divalent surface signal aneB) represents dgreement with th_e experimental spectra of metallic Eu com-
trivalent bulk signal. pounds. For the trivalent peaks, we have used the calculated

multiplet structure of3d4f® by Imadaet al,'® which is
shown in Fig. 2. It can be noted in this calculated line shape
corresponding to the incident photon flux. During thefor a trivalent Eu ion that a distinct satellite peak shows up at
valence-band photoelectron spectroscopy experiment, th@5 eV higher binding energy relative to thds3, main struc-

base pressure was better thax B0~ '° mbar. ture with about 7% of intensity. This is the origin of the peak
Figure 1 shows Eu@ core-level photoemission spectra of we labeled as mult’ in Fig. 1.
trivalent insulating Eu compounds EyFEW 03, and EuCy. Armed with these experimental line shapes for trivalent

These spectra can be divided into two groups, one belongingnd divalent configurations, we now try to fit the experimen-
to 3ds, structure and the other tadgj,, due to a large spin- tal Eu 3d core-level spectra of our three insulating com-
orbit interaction of the Eu @ core level. The dividing line pounds by adjusting only the energy separation and the in-
between two groups lies around the binding energy of 115@ensity ratio between trivalent+3) and divalent (+2)
eV in this figure. In these spectra the binding energies areonfigurations. We have fitted bottd3, and 35, regions
fixed such that the main peak of the Edsp structure has simultaneously, while keeping the binding-energy difference
the same binding enerdyt134.0 eV as that of the interme- and the intensity ratio between the main trivalent bulk spin-
tallic compound EuPg? since the absolute binding energy orbit peaks as 30.2 eV and 0.67 eV, respectively. The results
for insulating compounds is difficult to determine experi- of these curve fittings are shown in Fig. 1 and the values of
mentally due to the charging effect. two free parameters, i.e., the energy separation and the in-
In all three spectra, we can see two prominent peaks iensity ratio between divalent and trivalent components, are
both groups denoted by+3) and(+2) and a small structure listed in the first two columns of Table I. We can see that the
in the 3ds;, region denoted by thult” We assign these two quality of fitting is very good for all three Eu insulating
prominent peaks to the trivalent peak from the bu#B) and  compounds studied, and the free parameter values are not
the divalent peak from the surfade-2), respectively. The varying very much depending on the compound.
reasons for this assignment will be discussed in detail below. Now that we proved the existence of the divalent peak in
To analyze these spectra quantitatively by curve fitting, weEu 3d core-level spectra of these trivalent insulating com-
first determined the inelastic energy-loss structure of eachounds, we must ask the origin of this divalent peak. Two
compound by taking anionslcore-level spectra. The Fs1 possible candidates come into the mind. One possibility is
core-level spectrum from EdFfor example, shows three that ground states of these commonly believed trivalent com-
energy-loss structures at about 15.4 eV, 24.2 eV, and 30Bounds are actually mixed valent with both divalent and
eV higher binding energy relative to the Fs Inain peak. trivalent components coexisting in the bulk ground state, as
Judging from the energy position, they are presumed to comsuggested in Ref. 8. If it were the case, it would be necessary
from the plasmon exciationghe first and second surface to reassess our understanding of the bulk physical properties
plasmon, and the first bulk plasmon, respectiyeBpectra such as magnetic susceptibility of these compounds. The
for other anion % levels are similar. other possibility is that the divalent component comes from
These extrinsic energy-loss structures were convolutethe surface lay€s), whose ground state is different from the
with the intrinsic line shape of each component pé&lg) bulk because of different geometric environments. This phe-
and (+2) to make the experimental line shapes for curvenomenon of the so-called “surface valence transition” has
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TABLE I. The difference of binding energiese and the intensity ratids/l g between divalent surface
(+2) and trivalent bulk +3) peaks obtained from the curve fitting of the Eu core-level photoemission spectra
for EuR;, Ew,O3, and EuCy. The first two columns show the results for the Edgg core-level spectra, and
the next two columns are for the Ew 4£ore-level spectra.

Ae(3dg) (eV) Is(3ds) Ae(4d) (eV) Is(4d)
=E(+2,S:3ds)) =E(+25S:°Dg)
Compound —E(+3,B:3ds)) I 5(3ds) —E(+3B:8H) I 5(4d)
EuR, 9.9 0.19 9.3 0.09
Ew,0, 8.3 0.25 7.2 0.12
EuCk 9.6 0.27 8.7 0.17

been observed before in many rare-earth metallic compound¥ the fitting are very satisfactory as shown with solid lines

including Eu~2 but has not been positively identified in in-
sulating compounds as yet.
To answer this question, we have studied the Hwdre-

in Fig. 3. The values of the parameters obtained this way are
listed in the last two columns of Table I.
We note from this table that the intensity of the divalent

level and the valence-band photoemission spectra of thegseak relative to the trivalent peak becomes smaller in the Eu

compounds. Figure 3 shows the Ed dore-level spectra of

EuFR;, Eu, 04, and EuC{, where we can see three peak struc-

tures. Comparing with the published Ed 4pectra of triva-
lent and divalent intermetallic Eu compourfdse can iden-

4d spectra compared with d3 spectra for all three com-
pounds. This is not compatible with the hypothesis that the
ground states of these insulating compounds are mixed va-
lent in the bulk, since in that case the ratio would be the

tify two prominent peaks around 135 eV and 140 eV, whichsagme, However, this change of the intensity ratio can be

we labeled ag+3), as due to the multiplet structure of the
trivalent 4d4f® configuration. The other small peak around
125 eV, labeled aé+2), is interpreted as due to the divalent
4d4f’ configuration, following the discussion of Eud3

spectra above. To make the analysis quantitative, we ha

tried curve-fitting of these experimental spectra in the sam

way as the Eu 8 core-level spectra, using the known line
shapes of Eu d core-level spectra of trivalent and divalent
Eu configurationg.Again we employed only two adjustable

parameters in this fitting, the energy separation and the i

explained if we assume that the divalent signal comes from
the surface layés), since the electron mean free path de-
pends on the electron kinetic enerdy? The kinetic energy

of photoelectrons from the Eud3core level is about 350 eV,

Mfihereas that from the Euddcore level is about 1320 eV in
Bur experiment using the A« source. Since the electron

mean free path becomes minimum around the kinetic energy
of 100 eV1!1%the former is more sensitive to the surface and
should contain a larger intensity of surface signals. This is

néxactly what we found in our data as shown in Table I, and

tensity ratio between divalent and trivalent peaks. The resu”?herefore we can conclude that the divalent Eu signal comes

Eu 4d (+3)

plasmon

Intensity (arb. units)
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Binding Energy (eV)
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FIG. 3. Eu 4 core-level spectra of trivalent insulating Eu com-
pounds Euf, Eu,0O3, and EuCy. The dots represent raw data and

from the surface lay€s) rather than the bulk mixed valency.

This conclusion is reinforced by the direct observation of
an Eu 4 signal in the valence-band photoemission spectra.
If the ground state is mixed valent, Ed 4mission should be
at or very close to the Fermi levEl while it would be away
from the Fermi level if it comes from the divalent surface
layen(s). To check for this possibility, we have taken the
valence-band spectra of the EBufhin film, which was pre-
pared by evaporation on the stainless steel substrate to avoid
charging effect, at various incident photon energies as shown
in Fig. 4. The broad peak centered around 7.2 eV binding
energy seen in the spectrum whilv= 130 eV (lowest panel
corresponds to the emission from B Ddands. As we in-
crease the photon energy, we can see that a peak develops at
~1.6 eV binding energy near the incident photon energy
hy=140 eV, and if we increase the photon energy further
another structure between the binding energies 8 to 13 eV
can be seen arourttv=144 eV.

These two structures are due to the Huetnission, and
judging from the resonance behavior with the incident pho-

the lines represent the result of curve fitting as described in the texiOn €nergy and the peak line shape, we can assign the peak
Here (+2) and (+3) represent divalent surface and trivalent bulk near the Fermi level to the divaleft— f° transition and the
signal, respectively. The binding energies of these insulators aréeeper binding-energy structure to the trivalEht f> emis-
aligned such that the most prominent trivalent peak coincides witsion. It is known from the previous resonance photoemission

that of intermetallic trivalent compound Eufdpectrum around
134.2 eV(Ref. 2.

study of Eu intermetallic compountfsthat the resonant en-
hancement of Eu # emission due to the photoabsorption
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hy the possibility of the mixed-valent ground state, since the 4
) emission is far away from the Fermi level. Hence the
5 146 valence-band spectra confirms our interpretation that the di-
4 . jl44 valent signal comes from the surface lagerwhile the triva-
S, e 142 lent signal comes from the bulk. Taken together with the
> -1 40 results of Eu 8 and 4 core-level spectra, this conclusively
@ 138 e ,
2 N proves that the surface valence transition to the divalent state
2 132 occurs in these insulating Eu compounds which are trivalent
T e e 30, in the bulk.
18 16 14 12 10 8 6 4 2 0 -2 We have shown from the careful study of Ed and 4
Binding Energy (eV) core levels as well as thef4valence-band photoemission

spectra of representative insulating Eu compounds;EuF

: . : . w03, and EuC] that there exist divalent surface layers in
sions at various photon energies. The numbers on the right-han . . . .
side represent incident photon energies. We can clearly see tﬁ ese trivalent compou.n.ds. This is the flrst.ob.servatllon of the
resonance of Eu #emissions near the Fermi level and betweenSUrface valence transition phenomenon in insulating rare-
8-13 eV binding energies. The broad peak at about 7.2 eV come@arth compounds, and removes the ambiguity regarding the
from F 2p electrons. interpretation of controversial satellite structures in the core-
level spectra of insulating Eu compounds. In addition, we
process 4'%f"—4d%f""* followed by super-Coster- haye identified all the loss structures in the core-level photo-
Kronig Auger decay occurs at different photon energy deemjssion spectra of these compounds, and somewhat unex-

pending on the rjumber offdelectronan. This is because the pected multiplet structure dd4f® configuration in the Eu
Coulomb attraction energy betweef dlectrons and thed! 34 ;re_level spectra of trivalent Eu compounds.

core hole is slightly larger than the Coulomb repulsion en-
ergy between # electrons, and hence the photoabsorption We are indebted to Dr. Imada for showing us his theoret-
energy of the 4'%f’—4d°4f® (divalent initial stat¢ tran-  ical calculation on the multiplet structure of the Bd4f®
sition is lower than that of the df4f5—4d%f7 (trivalent  configuration prior to publication. This work was supported
initial statg transition by a few eV. In intermetallic Eu com- in part by the Nano-science program of the Ministry of Sci-
pounds these energies were observed te-id0 eV (diva-  ence and TechnologyMOST) of Korea, and the Korean
lent configuration and ~144 eV (trivalent configuration  Science and Engineering Foundation through Atomic-scale
respectivelyt* which agrees with our data quite well. Hence Surface Science Research Cen®@BSRQ at Yonsei Uni-
the peak near the Fermi level is clearly due to ffie-f®  versity. The synchrotron photoemission data were obtained
transition from the divalent initial state, and the structuresat Pohang Light Source in Korea, which is supported by
between 8 eV and 13 eV binding energies are due tdthe MOST. One of ugE.-J.C) wishes to acknowledge the finan-
— f° transition from the trivalent initial state. cial support of the Korean Research Foundati@nant No.
The important fact to note in Fig. 4 is that the divaleiit 4 98-003-D00108 and Chonnam National University in the
signal is located 1.6 eV below the Fermi level. This rules outprogram year of 1998.

FIG. 4. The valence-band spectra of Euicluding Eu 4 emis-
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