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Electronic and crystalline structure of epitaxial EuNiy films grown on Ni(111)
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We report on an angle-resolved and resonant photoemission study of ordergdiEuNgrown on N{111).
Eu is found to be trivalent in the bulk, but divalent at the surface. The low-energy electron-diffraction pattern
reveals a (/3x3)R30° overstructure with respect to (4iL1). Formation of a Ni-rich compound with a
stoichiometry close to Eulylis concluded. At the surface the stoichiometry is modified due to lattice expansion
caused by the surface valence transition of the Eu ions.
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[. INTRODUCTION nated by a magnetic surface layer. For such systems, even
two-dimensional magnetic order might be achieved. A nec-
In the past years electronic properties of surfaces and inessary condition for long-range magnetic order, however, is
terfaces have become increasingly important due to the agstructural ordering, which is far from trivial for materials
plications of thin films and nanostructures in different fieldswith surface valence transitions. In the divalent configura-
of electronics, communication, and related technologies. Th#&on, the ionic radii of the RE atoms increase by about 10%
broken symmetry at the surface or interface leads to the apwith respect to the trivalent case. This change requires strong
pearance of additional electronic states, electron band narearrangements at the surface which may prevent the forma-
rowing, and structural rearrangements, which in turn influ-tion of an ordered surface layer. Respective surface struc-
ence the magnetic coupling and may considerably change theres have been investigated only in a few cases. In Sm met-
physical and chemical properties of the systérfr rare-  als, a (5<5) reconstruction of the divalerfd001) surface
earth(RE)-based materials, particularly large effects may behas been observédThe only ordered compound studied so
expected from changes of thd #ccupationn. Such phe- faris EuPd. Here, a (1X1) low-energy electron-diffraction
nomena known as surface valence transitions occur in SHLEED) pattern was observed and a surface structure similar
(Refs. 2 and Band Tm(Ref. 4 metals as well as in Sm-, to EuPd was concluded!
Eu-, Tm-, and Yb-derived compounds These systems are RE transition-metal compounds are particularly important
characterized by a divalent RE Xe]4f"(5d6s)?] atomic  due to their hard-magnetic properties. Among them multilay-
configurations at the surface and a trivalenters of Tb and Gd with Ni are interesting as magnetic data
[[Xe]4f"~1(5d6s)®] or mixed-valent configuration in the storage materials. In this respect also Eu/Ni interfaces might
bulk. The valence transitions are related to the fact that fobe of interest since Ed is isoelectronic to Gti'.
all RE’s, except Ce, Gd, and Lu, the divalent configuration In the present work we report on a spectroscopic study of
represents the ground state of the free atoms. The trivalethin EuNi, films grown on a Ni111) substrate. Ordered films
configuration is only stable if the gain in cohesive energy inwere grown by deposition of 80 A Eu onto the clearfINi)
the trivalent phas&2;, with respect to the divalent orig?;,,  substrate followed by annealing at 450°C and studied by
exceeds the promotion enerfy4 necessary to transfer £ 4 means of angle-resolved and resonant photoemis$an
electron into the valence band. This condition is fulfilled forand LEED. Eu is found to be trivalent in the bulk and diva-
most bulk RE-based materials. At the surface, howeverdent at the surface. The formation of a compound with sto-
where cohesive energies are reduced, this condition may behiometry close to EuNiis concluded. The surface layer of
violated, and the divalent configuration remains stdfe. ~ the compound is, however, strongly reconstructed due to a
For heavy RE’s, the # states are strongly localized and lattice expansion caused by the surface valence transition of
retain their atomic properties in the solids. This is particu-the Eu atoms.
larly important for their magnetic properties, as paramag-
ngtic moments are _ob;erved for trivalgnt Sm and Yb,. while Il. EXPERIMENT
diamagnetic behavior is found for their divalent configura-
tions. Thus in the case of a surface valence transition from A (111) surface of Ni metal was used as a substrate to
the trivalent to the divalent configuration a diamagnetic surgrow Eu/Ni interfaces. The substrate was properly cleaned
face layer is formed on top of a paramagnetic bulk. For Ewy flashing to 800 °C. Afterwards it was sputtered with Ar
systems, the situation is reversed, since the trivalenand annealed in © atmosphere at 500°C (5
[[Xe]4f8(5d6s)%] configuration is diamagnetic while the X108 mbar,10 min). Subsequently it was annealed at
divalent [[ Xe]4f”(5d6s)?] configuration has a large spin 230°C in H, atmosphere (%10 & mbar, 20 min. Then the
moment. Therefore in trivalent Eu-based compounds théi crystal was flashed again to 800 °C. The annealing was
unique situation may occur that a nonmagnetic bulk is termiperformed by a resistance heater mounted at the back-
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FIG. 1. LEED patterns ofa): Ni(111) and(b): Eu/Ni(111) taken
at 58-, 85-, and 101-eV kinetic energies.

side of the Ni substrate. After cleaning a sharp hexagonal
LEED pattern with a threefold symmetry of the spot intensi- 130
ties characteristic for a purglll) surface of fcc Ni metal L L L L A A A
was observefFig. 1(a)]. No carbon or other bulk originating 12 10 8 6 4 2 Eg
contaminations were detected with valence-band photoemis- Binding Energy (eV)

sion.

Eu was thermally evaporated from pellets of Eu metal FIG. 2. Resonant PE spectra of Eu/Nil) taken near the reso-
inserted into a Ta crucible. In order to get rid of bulk con-nance maxima of trivalent hx=148 eV) and divalent f{v
taminations of the evaporated material the commercially~142 €V) configurations and off resonande/t130 eV).
available 99.99%-clean metallic ingots of Btom Goodfel-
low, Inc.) were additionally purified by melting in Ar atmo- ~ The base pressure in both spectrometers was in the range
sphere and subsequent cleaning of the resulting pellets B3f 1X10™*° mbar.
scraping with a file. Deposition rat@bou 6 A /min) and
thickness of deposited films were calibrated by means of a IIl. Eu /Ni(111) INTERFACE
quartz microbalance. Deposition of 80 A of Eu onto the
Ni(111) surface resulted in a disordered interface. Structural Figure 1 shows LEED patterns of the clear(Nil) sub-
ordering was achieved by step-by-step annealing of the instrate (@ and the ordered surface compoufig) taken at
terface up to a temperature of about 450°C. The orderedarious kinetic energies. The ordered interface reveals a
interface revealed a\@x \3)R30° overstructure with re- (V3 \3)R30° overstructure with respect to the LEED pat-
spect to the LEED pattern of the (4iL1) substrate. The or- tern of the N{111) substrate. At 58- and 85-eV kinetic ener-
dered films were found to be rather nonreactive; even severgies the intensity of the overstructure-derived LEED spots is
hours after preparation no traces of contaminants could bkrger than the one of the ¢41) LEED image. In contrast to
detected. the pure Ni surface, the LEED patterns reveal sixfold sym-

Angle-resolved PE experiments on the ordered interfacanetry. A structural model will be presented further below
were performed at the Berliner Elektronenspeicherrifg fu after the discussion of the electronic and chemical properties
SynchrotronstrahlungBESSY | exploiting radiation from  of the compound.
the toroidal grating monochromator beamline TGM4. Photon  In order to determine the valence of Eu in the compound,
energies were tuned in the range from 18 to 12Q(l@¥it of resonant PE experiments have been performed at the 4
operation of the beamlinen order to make use of energy — 4f excitation threshold. Here, the £E cross section var-
dependent cross sections and to vary surface sensitivity ii@s dramatically due to the coupling of the direct photoion-
photoemission. Angle-resolved PE spectra were taken with &ation channel with a localizedd4%f"— 4d%4f"** photo-
rotatable hemispherical electron-energy analyf&R65  excitation followed by a Super-Coster-Kronig decay. At
from VSW, Inc) with an angle resolution of 1°. Overall- photon energy below the thresholdyy=130 eV, the
system energy resolution was set to 0.25[&W1 width at a  valence-band PE spectrum is expected to be almost exclu-
half maximum(FWHM)]. The angle between incident light sively dominated by Ni 8 emissions due to the destructive
and the normal to the sample surface was selected to be 50nterference of the two excitation channéidf resonance A

A polycrystalline EuNj was used as a reference sample.corresponding off-resonance spectrum is shown at the bot-
It was cleaned under ultrahigh vacuum conditions by scraptom of Fig. 2. The spectrum reveals a rather narrow band
ing with a diamond file and measured with the same analyzewith maxima at 0.7- and 1.5-eV binding energi&kt) rela-
employing the plane grating monochromator PM 1 attive to the Fermi level ) and a broad satellite structure at
BESSY II. around 6-eV BE. The latter is commonly observed in Ni

Resonant PE investigations were performed using theystems and attributed to a3wo-hole final staté?*>the
plane grating monochromator PM 5 at BESSY I, employingappearance of which may be taken as an indication that the
a Leybold-Heraeus hemispherical electron-energy analyzeMi 3d band is not fully occupied. Above thed4-4f thresh-
with an acceptance angle of 14° and an overall system old, first, the divalent 4° final state becomes resonantly en-
resolution of 0.3 eMFWHM). hanced at about 142-eV photon energy followed by the reso-
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nance of the trivalent # emission at 148 e¥.Figure 2
shows resonant PE spectra taken at 142- and 148-eV photon 3f
energies that emphasize both divalent and trivalent emis-
sions. Since the #emissions are still superimposed by the
Ni 3d signals, the “pure” Eu 4 contributions(gray thick
line in Fig. 2 were extracted by subtracting the off- 2|
resonance spectrum from the on-resonance ones after nor- : . s s
malization of the data at 0.3-eV BE. The divalent signal is 0.8 -06 04 -02 0 02 04
obtained as a sharp peak at 1.6-eV BE corresponding to a [(Eg;h' Eczgh) -Uyl (eV)
spectroscopically unresolvetF final state, while the triva-
lent emissions form a broad multiplet in the region of 6-eV  FIG. 3. Calculated valence of Eu atoms in different Eu-Ni com-
BE® The simultaneous appearance of both divalent andounds. Hypothetical compounds are lettered in brackets.
trivalent PE signals may be discussed in terms of homoge-
neous or inhomogeneous mixed valence: While in the former The valence of an Eu-Ni compound may be calculated by
case the phenomenon is caused by configurational interactianeans of the semiempirical Miedema scheéfé! For com-
in the ground state, in the latter case the observation of thpounds with more than about 60-at. % Ni concentration Eu is
different final states is explained by coexistence of Eu atom$ound to be trivalen{see Fig. 3 in agreement with experi-
with different valence at nonequivalent lattice sites. Since fomental observations. A trivalent behavior of Eu in the bulk as
a homogeneous mixed valent system the Etifihal state is  concluded from the resonant PE data is therefore only com-
energetically degenerated with the ground state, its bindingatible with the formation of a Ni-rich compound like
energy is expected to be close to zero. Thus homogeneo&uNi,, EuNis, or EpNiy5.
mixed valence can be excluded in the present case on the Within a simple tight-binding model, the width of the Ni
basis of the observed large binding energy of the divalen8d band is proportional to the square root of the number of
signal. nearest Ni neighbor€ which increases with Ni concentra-
Inhomogeneous mixed valence may be a bulk propertytion. Therefore the width of the valence band observed in PE
On the other hand, even pure trivalent bulk phases undergexperiments may be taken as a measure of the mean Ni con-
usually a valence transition to the divalent configuration atentration. In Fig. 4 calculated total electron densities of
the surfacé-® Whether a system is mixed valent or trivalent statesDOS) of EuNi,, EuNis, and EyNi,- (solid lineg are
in the bulk may be deduced from the number of divalentshown compared to the shape of the off-resonance PE spec-
components in the PE spectrum: While only a single surface
component is expected for a trivalent system, there should be L LI B S B B
at least two divalent components in case of a mixed-valent
system, from which one arises from the bulk and the other
ongs) from the surface. The energy splitting between surface
and bulk components in the compound, the so-called surface
core-level shiftAESYS, may be related to the respective
shift in the pure metah EZSL by

Valence

AESYWP=E3" - ER k= AEDEY- 0.2 AERLX

=AEJSs-0.25 AERY',

if we assume, that the chemical sh¥E24*:=ER""(comp) hv =132 eV
—ES""(met) is reduced at the surface by 26%For Eu
metal, the maximum of the f4surface component is found
around 2.5 eV, andAEZ&L amounts to 0.5 e¥*® Since
ESU(comp) is found to be 1.6 eV in the present experiment,
one obtains aESUS’ value of about 0.7 eV that is large
enough to be resolved spectroscopically. From the lack of a

respective splitting in the PE data one may conclude that the Eu.Ni
4f® emission is due to a pure surface component and the J2 7 o
compound behaves trivalent in the bulk. In fact, the general 6 4 2 E

F

shape of the fi emission is very close to those of other
trivalent Eu compounds like EuBdhat undergoes a surface
Valence tl‘ansitioﬁ.The relatively Weak intensity Of the triVa' FIG. 4. Comparison between the measured off-resonance spec-
lent bulk emission is, hereby, explained by the small meamrum of the ordered interfacébroken lines, DOS for different
free path of photoelectrori@bout 6 A) at these kinetic en- Eu-Ni compoundssolid lines and the off-resonance spectrum of a
ergies. polycrystalline EuNj sample(shaded area

Binding Energy (eV)
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FIG. 6. Angular scan at 28-eV photon energy of the ordered

FIG. 5. Energy scan in normal emission geometry of the ordere(tu_Ni film. Spectra have been normalized to equal maximum
Eu-Ni film. Spectra have been normalized to equal maximum

. . intensity.
intensity.
wide range of photon energies have been performed. Figure

trum of the surface compourtdashed linesas well as to the 5 shows valence-band PE spectra taken in normal emission
off-resonance spectrum of the polycrystalline Eysiample  geometry with photon energies between 18 and 120 eV.
(shaded arga The calculations were performed within the There are five features resolved in the binding energy range
local-density approximatiofLDA) with the standard Hedin- betweenEg and 8 eV, which are marked in Fig. 5 by vertical
Lundqvist exchange-correlation potentfalusing an opti-  solid lines: neatEg, around 0.7-, 1.3-, 1.7-, and 5-eV BE.
mized method of linear combination of atomic orbitals The first two features are only visible up to about 90-eV
(LCAO) in its scalar-relativistic versioff-?° In the calcula- photon energy, while the third one disappears already at pho-
tions, the compounds were handled as ideal crystals withouion energies exceeding 35 eV. The peak at 1.7 eV that domi-
accounting for surface and real structure effects. It should bgates the spectra at photon energies above 80 eV is due to the
emphasized that details of the DOS should not quantitativelfEu 4f° signal. All other features are related to valence-band
be Compared with ang|e_reso|ved PE data, since the |att@'rni55i0n5. The observed diSperSionS are rather weak pointing
reflect only one-dimensional optical densities of states givet© stacking faults of atomic layers perpendicular to the sur-
by discrete interband transitions. For a simple qualitativdace, probably related to the change of the size of Eu atoms
comparison, however, the similarity of the two quantities isdue to the surface valence transition.
sufficient. Figure 6 shows PE spectra taken at 28-eV photon energy

The experimentally observed bandwidth and peak posiand different polar emission angles along thie-K high
tions are in good agreement with the calculated DOS ofymmetry direction in the surface Brillouin zone of(lL1).
EuNi,, while in the case of EuNiand EyNi;; the predicted In contrast to Fig. 5 the dispersion is now more pronounced.
large DOS around 2.5-eV BE has no counterpart in the PHhe feature neaEg vanishes at around 24° and 51° indicat-
spectrum. On the other hand, good agreement is observéag a Fermi-level crossing of a band. Additional features can
between the off-resonant PE spectra of the film and the polybe seen as before at 0.7-, 1.3-, and 1.7-eV BE. The lowest-
crystalline EuN§ sample indicating that either the band- lying band is seen between 3.2-, and 5-eV BE. Both its dis-
structure calculations overestimate the bandwidth or that thpersion and low intensity point to sp-derived character of
photoionization cross section of the low-lying parts of thethis feature. Obviously-derived bands are restricted in en-
band is small. From the similarity of the spectrum of refer-ergy to the first 2 eV beloviEr making unlikely the forma-
ence sample with the one of the ordered film the formation ofion of extremely Ni-rich compound as E\i,;, where
a phase with a stoichiometry close to EgN8 rather prob- bandwidths around 4 eV as in Ni metal are expecses Fig.
able. 4).

In order to get more insight into the electronic structure of From the electronic properties we are left with a com-
the ordered film, the angle-resolved PE experiments in @ound composition between EyNand EuNi. In fact, these
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two stoichiometries are the only ones known from the bulk
phase diagram in this atomic concentration regime. The
Laves phase Eublidoes not contain lattice planes compat-
ible with the (/3% \/3)-type overstructure observed in the : ) 4
LEED pattern of the ordered film. EufNion the other hand, 0 LO» QOO
crystallizes in CaCystructure and is composed of two dif- @OOQ
ferent atomic layers, one containing only Ni and the other
both Ni and Eu atoms. In the pure Ni layer of EgNthe
Ni-Ni distances are increased by 1% as compared (bIN),

and every second atom is missing in every second row lead-
ing to a (2<2) overstructure. In the other layer, the Eu at- top view <—>»  LEED pattern
oms are located above the mentioned vacancies, whereas the ()

Ni atoms form hexagons around the Eu sites in a way that

the whole layer forms now a3 \/3)R30° atomic arrange-

ment. Since the orientation of the Eu hexagons is defined by (vacuum)  Eu

the vacancies of the pure Ni layer, which reveals £ @) 0.0.0.0,.0.0.0
overstructure relative to Nill), the LEED pattern of a @ @ Q @
EuNi5(0001) compound is expected to be not rotated as com- 0o o G\ OO e
pared to the one of the Ni substrate. Thus formation of EuNi (bulk) Ni

is also not in accordance with the observed LEED pattern.

All other known bulk phases do not posses layers, compat- side view

ible with a (/3% \/3)-type overstructure. On the other hand, .

one has to consider that LEED is particularly sensitive to the FIG. 7. Suggested surface arrangemkiop (a) and side(c)
outermost surface layer that is strongly distorted by means ofiewl and simulated LEED pattertb). There is a correspondence
the surface valence transition of the Eu ions. The atomi@Stween structures marked by hexagons of the same dllack
volume of divalent Eu is larger by about 30% than the one of"d 9raY in the real(a) and the reciprocalb) space.

trivalent Eu making strong surface reconstructions necessary, | .« This assumntion would be consistent with the ob-
In order to develop a structural model based on the fcc . P

. . .~ Served low chemical reactivity of the ordered surface as well
matrix of Ni we may assume that the compound formation IS.< with the LEED pattern
simply achieved by replacing a number of Ni atoms by Eu P '
atoms or vacancies and shifting of some other Ni atoms. For
the trivalent bulk, formation of EuNiwould be in accor-
dance with such a mechanism. Starting from a close-packed peposition of 80-A Eu onto a clean §iL1) surface fol-

Ni layer at the Ni11l) surface, EuNj may be formed by |owed by annealing at 450°C leads to an ordered surface
removing every second atom in every second row of t_hecompound characterized by the LEED pattern with (
substra_te. Eu atoms will be placed on the top of the. result_lng< J3)R30° overstructure with respect to that of the Ni sub-
vacancies and the space between the rare earth will be filleg a0 £y is found to be trivalent in the bulk and divalent at
by Ni atoms. For the divalent surface the same model may bg,o ¢ rface. From the PE and LEED data formation of a
applied: Starting from bulk Euliterminated by a close- ¢qmnound with a stoichiometry close to Eyhg concluded,
packed Ni layer a (3% 3)R30° overstructure may be \here the surface is heavily reconstructed due to the volume

formed at the surface by substituting every third atom fromgpanges caused by the surface valence transition of the Eu
each Ni row by Eysee Figs. &) and(b)]. This corresponds jons.

to the atomic arrangement of the Eu-Ni layer in EgNn
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