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Electronic and crystalline structure of epitaxial EuNix films grown on Ni„111…

S. Wieling, S. L. Molodtsov,* and C. Laubschat
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We report on an angle-resolved and resonant photoemission study of ordered EuNix films grown on Ni~111!.
Eu is found to be trivalent in the bulk, but divalent at the surface. The low-energy electron-diffraction pattern
reveals a (A33A3)R30° overstructure with respect to Ni~111!. Formation of a Ni-rich compound with a
stoichiometry close to EuNi5 is 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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I. INTRODUCTION

In the past years electronic properties of surfaces and
terfaces have become increasingly important due to the
plications of thin films and nanostructures in different fiel
of electronics, communication, and related technologies.
broken symmetry at the surface or interface leads to the
pearance of additional electronic states, electron band
rowing, and structural rearrangements, which in turn infl
ence the magnetic coupling and may considerably change
physical and chemical properties of the systems.1 For rare-
earth~RE!-based materials, particularly large effects may
expected from changes of the 4f occupationn. Such phe-
nomena known as surface valence transitions occur in
~Refs. 2 and 3! and Tm ~Ref. 4! metals as well as in Sm-
Eu-, Tm-, and Yb-derived compounds.5–8 These systems ar
characterized by a divalent RE@@Xe#4 f n(5d6s)2# atomic
configurations at the surface and a trivale
@@Xe#4 f n21(5d6s)3# or mixed-valent configuration in the
bulk. The valence transitions are related to the fact that
all RE’s, except Ce, Gd, and Lu, the divalent configurat
represents the ground state of the free atoms. The triva
configuration is only stable if the gain in cohesive energy
the trivalent phaseEcoh

31 with respect to the divalent oneEcoh
21

exceeds the promotion energyU f d necessary to transfer a 4f
electron into the valence band. This condition is fulfilled f
most bulk RE-based materials. At the surface, howe
where cohesive energies are reduced, this condition ma
violated, and the divalent configuration remains stable.9,10

For heavy RE’s, the 4f states are strongly localized an
retain their atomic properties in the solids. This is partic
larly important for their magnetic properties, as param
netic moments are observed for trivalent Sm and Yb, wh
diamagnetic behavior is found for their divalent configu
tions. Thus in the case of a surface valence transition fr
the trivalent to the divalent configuration a diamagnetic s
face layer is formed on top of a paramagnetic bulk. For
systems, the situation is reversed, since the triva
@@Xe#4 f 6(5d6s)3# configuration is diamagnetic while th
divalent @@Xe#4 f 7(5d6s)2# configuration has a large spi
moment. Therefore in trivalent Eu-based compounds
unique situation may occur that a nonmagnetic bulk is ter
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nated by a magnetic surface layer. For such systems, e
two-dimensional magnetic order might be achieved. A n
essary condition for long-range magnetic order, however
structural ordering, which is far from trivial for material
with surface valence transitions. In the divalent configu
tion, the ionic radii of the RE atoms increase by about 10
with respect to the trivalent case. This change requires str
rearrangements at the surface which may prevent the for
tion of an ordered surface layer. Respective surface st
tures have been investigated only in a few cases. In Sm m
als, a (535) reconstruction of the divalent~0001! surface
has been observed.3 The only ordered compound studied s
far is EuPd3. Here, a (131) low-energy electron-diffraction
~LEED! pattern was observed and a surface structure sim
to EuPd5 was concluded.11

RE transition-metal compounds are particularly importa
due to their hard-magnetic properties. Among them multila
ers of Tb and Gd with Ni are interesting as magnetic d
storage materials. In this respect also Eu/Ni interfaces m
be of interest since Eu21 is isoelectronic to Gd31.

In the present work we report on a spectroscopic study
thin EuNix films grown on a Ni~111! substrate. Ordered films
were grown by deposition of 80 Å Eu onto the clean Ni~111!
substrate followed by annealing at 450 °C and studied
means of angle-resolved and resonant photoemission~PE!
and LEED. Eu is found to be trivalent in the bulk and div
lent at the surface. The formation of a compound with s
ichiometry close to EuNi5 is concluded. The surface layer o
the compound is, however, strongly reconstructed due t
lattice expansion caused by the surface valence transitio
the Eu atoms.

II. EXPERIMENT

A ~111! surface of Ni metal was used as a substrate
grow Eu/Ni interfaces. The substrate was properly clea
by flashing to 800 °C. Afterwards it was sputtered with A
and annealed in O2 atmosphere at 500 °C (5
31028 mbar,10 min). Subsequently it was annealed
230 °C in H2 atmosphere (531028 mbar, 20 min!. Then the
Ni crystal was flashed again to 800 °C. The annealing w
performed by a resistance heater mounted at the b
©2002 The American Physical Society15-1
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side of the Ni substrate. After cleaning a sharp hexago
LEED pattern with a threefold symmetry of the spot inten
ties characteristic for a pure~111! surface of fcc Ni metal
was observed@Fig. 1~a!#. No carbon or other bulk originating
contaminations were detected with valence-band photoe
sion.

Eu was thermally evaporated from pellets of Eu me
inserted into a Ta crucible. In order to get rid of bulk co
taminations of the evaporated material the commerci
available 99.99%-clean metallic ingots of Eu~from Goodfel-
low, Inc.! were additionally purified by melting in Ar atmo
sphere and subsequent cleaning of the resulting pellet
scraping with a file. Deposition rate~about 6 Å /min! and
thickness of deposited films were calibrated by means o
quartz microbalance. Deposition of 80 Å of Eu onto t
Ni~111! surface resulted in a disordered interface. Structu
ordering was achieved by step-by-step annealing of the
terface up to a temperature of about 450 °C. The orde
interface revealed a (A33A3)R30° overstructure with re-
spect to the LEED pattern of the Ni~111! substrate. The or-
dered films were found to be rather nonreactive; even sev
hours after preparation no traces of contaminants could
detected.

Angle-resolved PE experiments on the ordered interf
were performed at the Berliner Elektronenspeicherring¨r
Synchrotronstrahlung~BESSY I! exploiting radiation from
the toroidal grating monochromator beamline TGM4. Pho
energies were tuned in the range from 18 to 120 eV~limit of
operation of the beamline! in order to make use of energ
dependent cross sections and to vary surface sensitivit
photoemission. Angle-resolved PE spectra were taken wi
rotatable hemispherical electron-energy analyzer~AR65
from VSW, Inc.! with an angle resolution of 1°. Overall
system energy resolution was set to 0.25 eV@full width at a
half maximum~FWHM!#. The angle between incident ligh
and the normal to the sample surface was selected to be

A polycrystalline EuNi5 was used as a reference samp
It was cleaned under ultrahigh vacuum conditions by scr
ing with a diamond file and measured with the same analy
employing the plane grating monochromator PM 1
BESSY II.

Resonant PE investigations were performed using
plane grating monochromator PM 5 at BESSY I, employi
a Leybold-Heraeus hemispherical electron-energy anal
with an acceptance angle of614° and an overall system
resolution of 0.3 eV~FWHM!.

FIG. 1. LEED patterns of~a!: Ni~111! and~b!: Eu/Ni~111! taken
at 58-, 85-, and 101-eV kinetic energies.
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The base pressure in both spectrometers was in the r
of 1310210 mbar.

III. Eu ÕNi„111… INTERFACE

Figure 1 shows LEED patterns of the clean Ni~111! sub-
strate ~a! and the ordered surface compound~b! taken at
various kinetic energies. The ordered interface reveal
(A33A3)R30° overstructure with respect to the LEED pa
tern of the Ni~111! substrate. At 58- and 85-eV kinetic ene
gies the intensity of the overstructure-derived LEED spots
larger than the one of the (131) LEED image. In contrast to
the pure Ni surface, the LEED patterns reveal sixfold sy
metry. A structural model will be presented further belo
after the discussion of the electronic and chemical proper
of the compound.

In order to determine the valence of Eu in the compou
resonant PE experiments have been performed at thed
→4 f excitation threshold. Here, the 4f PE cross section var
ies dramatically due to the coupling of the direct photoio
ization channel with a localized 4d104 f n→4d94 f n11 photo-
excitation followed by a Super-Coster-Kronig decay.
photon energy below the threshold,hn5130 eV, the
valence-band PE spectrum is expected to be almost ex
sively dominated by Ni 3d emissions due to the destructiv
interference of the two excitation channels~off resonance!. A
corresponding off-resonance spectrum is shown at the
tom of Fig. 2. The spectrum reveals a rather narrow ba
with maxima at 0.7- and 1.5-eV binding energies~BE! rela-
tive to the Fermi level (EF) and a broad satellite structure
around 6-eV BE. The latter is commonly observed in
systems and attributed to a 3d two-hole final state,12–15 the
appearance of which may be taken as an indication that
Ni 3d band is not fully occupied. Above the 4d→4 f thresh-
old, first, the divalent 4f 6 final state becomes resonantly e
hanced at about 142-eV photon energy followed by the re

FIG. 2. Resonant PE spectra of Eu/Ni~111! taken near the reso
nance maxima of trivalent (hn5148 eV) and divalent (hn
5142 eV) configurations and off resonance (hn5130 eV).
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ELECTRONIC AND CRYSTALLINE STRUCTURE OF . . . PHYSICAL REVIEW B 65 075415
nance of the trivalent 4f 5 emission at 148 eV.6 Figure 2
shows resonant PE spectra taken at 142- and 148-eV ph
energies that emphasize both divalent and trivalent em
sions. Since the 4f emissions are still superimposed by t
Ni 3d signals, the ‘‘pure’’ Eu 4f contributions~gray thick
line in Fig. 2! were extracted by subtracting the of
resonance spectrum from the on-resonance ones after
malization of the data at 0.3-eV BE. The divalent signal
obtained as a sharp peak at 1.6-eV BE corresponding
spectroscopically unresolved7F6 final state, while the triva-
lent emissions form a broad multiplet in the region of 6-e
BE.6 The simultaneous appearance of both divalent
trivalent PE signals may be discussed in terms of homo
neous or inhomogeneous mixed valence: While in the form
case the phenomenon is caused by configurational intera
in the ground state, in the latter case the observation of
different final states is explained by coexistence of Eu ato
with different valence at nonequivalent lattice sites. Since
a homogeneous mixed valent system the Eu 4f 6 final state is
energetically degenerated with the ground state, its bind
energy is expected to be close to zero. Thus homogen
mixed valence can be excluded in the present case on
basis of the observed large binding energy of the diva
signal.

Inhomogeneous mixed valence may be a bulk prope
On the other hand, even pure trivalent bulk phases und
usually a valence transition to the divalent configuration
the surface.2–6 Whether a system is mixed valent or trivale
in the bulk may be deduced from the number of divale
components in the PE spectrum: While only a single surf
component is expected for a trivalent system, there shoul
at least two divalent components in case of a mixed-va
system, from which one arises from the bulk and the ot
one~s! from the surface. The energy splitting between surfa
and bulk components in the compound, the so-called sur
core-level shiftDESCS

comp, may be related to the respectiv
shift in the pure metalDESCS

met by

DESCS
comp

ªEB
sur f2EB

bulk>DESCS
met20.2•DECS

bulk

>DESCS
met20.25•DECS

sur f ,

if we assume, that the chemical shiftDECS
bulk

ªEB
bulk(comp)

2EB
bulk(met) is reduced at the surface by 20%.16 For Eu

metal, the maximum of the 4f -surface component is foun
around 2.5 eV, andDESCS

met amounts to 0.5 eV.17,18 Since
EB

sur f(comp) is found to be 1.6 eV in the present experime
one obtains aESCS

comp value of about 0.7 eV that is larg
enough to be resolved spectroscopically. From the lack
respective splitting in the PE data one may conclude that
4 f 6 emission is due to a pure surface component and
compound behaves trivalent in the bulk. In fact, the gene
shape of the 4f emission is very close to those of oth
trivalent Eu compounds like EuPd5, that undergoes a surfac
valence transition.6 The relatively weak intensity of the triva
lent bulk emission is, hereby, explained by the small me
free path of photoelectrons~about 6 Å) at these kinetic en
ergies.
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The valence of an Eu-Ni compound may be calculated
means of the semiempirical Miedema scheme.19–21For com-
pounds with more than about 60-at. % Ni concentration Eu
found to be trivalent~see Fig. 3! in agreement with experi-
mental observations. A trivalent behavior of Eu in the bulk
concluded from the resonant PE data is therefore only c
patible with the formation of a Ni-rich compound lik
EuNi2 , EuNi5, or Eu2Ni17.

Within a simple tight-binding model, the width of the N
3d band is proportional to the square root of the number
nearest Ni neighbors,22 which increases with Ni concentra
tion. Therefore the width of the valence band observed in
experiments may be taken as a measure of the mean Ni
centration. In Fig. 4 calculated total electron densities
states~DOS! of EuNi2 , EuNi5, and Eu2Ni17 ~solid lines! are
shown compared to the shape of the off-resonance PE s

FIG. 3. Calculated valence of Eu atoms in different Eu-Ni co
pounds. Hypothetical compounds are lettered in brackets.

FIG. 4. Comparison between the measured off-resonance s
trum of the ordered interface~broken lines!, DOS for different
Eu-Ni compounds~solid lines! and the off-resonance spectrum of
polycrystalline EuNi5 sample~shaded area!.
5-3



e
-

ls

o
b

e
tt

ve
iv
is

os
o

P
rv
ol
d-
th

he
er

o

o
n

ure
sion
eV.
nge
al
.
V
ho-
mi-
o the
nd
ting
ur-
ms

rgy

ed.
t-
an
est-
is-

n-

m-

re
um

red
um

S. WIELING, S. L. MOLODTSOV, C. LAUBSCHAT, AND G. BEHR PHYSICAL REVIEW B65 075415
trum of the surface compound~dashed lines! as well as to the
off-resonance spectrum of the polycrystalline EuNi5 sample
~shaded area!. The calculations were performed within th
local-density approximation~LDA ! with the standard Hedin
Lundqvist exchange-correlation potential23 using an opti-
mized method of linear combination of atomic orbita
~LCAO! in its scalar-relativistic version.24,25 In the calcula-
tions, the compounds were handled as ideal crystals with
accounting for surface and real structure effects. It should
emphasized that details of the DOS should not quantitativ
be compared with angle-resolved PE data, since the la
reflect only one-dimensional optical densities of states gi
by discrete interband transitions. For a simple qualitat
comparison, however, the similarity of the two quantities
sufficient.

The experimentally observed bandwidth and peak p
tions are in good agreement with the calculated DOS
EuNi2, while in the case of EuNi5 and Eu2Ni17 the predicted
large DOS around 2.5-eV BE has no counterpart in the
spectrum. On the other hand, good agreement is obse
between the off-resonant PE spectra of the film and the p
crystalline EuNi5 sample indicating that either the ban
structure calculations overestimate the bandwidth or that
photoionization cross section of the low-lying parts of t
band is small. From the similarity of the spectrum of ref
ence sample with the one of the ordered film the formation
a phase with a stoichiometry close to EuNi5 is rather prob-
able.

In order to get more insight into the electronic structure
the ordered film, the angle-resolved PE experiments i

FIG. 5. Energy scan in normal emission geometry of the orde
Eu-Ni film. Spectra have been normalized to equal maxim
intensity.
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wide range of photon energies have been performed. Fig
5 shows valence-band PE spectra taken in normal emis
geometry with photon energies between 18 and 120
There are five features resolved in the binding energy ra
betweenEF and 8 eV, which are marked in Fig. 5 by vertic
solid lines: nearEF , around 0.7-, 1.3-, 1.7-, and 5-eV BE
The first two features are only visible up to about 90-e
photon energy, while the third one disappears already at p
ton energies exceeding 35 eV. The peak at 1.7 eV that do
nates the spectra at photon energies above 80 eV is due t
Eu 4f 6 signal. All other features are related to valence-ba
emissions. The observed dispersions are rather weak poin
to stacking faults of atomic layers perpendicular to the s
face, probably related to the change of the size of Eu ato
due to the surface valence transition.

Figure 6 shows PE spectra taken at 28-eV photon ene
and different polar emission angles along theḠ2K̄ high
symmetry direction in the surface Brillouin zone of Ni~111!.
In contrast to Fig. 5 the dispersion is now more pronounc
The feature nearEF vanishes at around 24° and 51° indica
ing a Fermi-level crossing of a band. Additional features c
be seen as before at 0.7-, 1.3-, and 1.7-eV BE. The low
lying band is seen between 3.2-, and 5-eV BE. Both its d
persion and low intensity point to asp-derived character of
this feature. Obviouslyd-derived bands are restricted in e
ergy to the first 2 eV belowEF making unlikely the forma-
tion of extremely Ni-rich compound as Eu2Ni17, where
bandwidths around 4 eV as in Ni metal are expected~see Fig.
4!.

From the electronic properties we are left with a co
pound composition between EuNi2 and EuNi5. In fact, these

d
FIG. 6. Angular scan at 28-eV photon energy of the orde

Eu-Ni film. Spectra have been normalized to equal maxim
intensity.
5-4



ul
h
t-
e

,
f-
e

a
t-
s

th

b

m
N
r

pa
d
th
s
m

o
a
fc
i

Eu
F

k

th
tin
ll

y b
-

om

n
E
e
b

fo

r
Ni

ob-
ell

ace

b-
at

f a

me
Eu

fu
the
reich
f of

e

ELECTRONIC AND CRYSTALLINE STRUCTURE OF . . . PHYSICAL REVIEW B 65 075415
two stoichiometries are the only ones known from the b
phase diagram in this atomic concentration regime. T
Laves phase EuNi2 does not contain lattice planes compa
ible with the (A33A3)-type overstructure observed in th
LEED pattern of the ordered film. EuNi5, on the other hand
crystallizes in CaCu5 structure and is composed of two di
ferent atomic layers, one containing only Ni and the oth
both Ni and Eu atoms. In the pure Ni layer of EuNi5, the
Ni-Ni distances are increased by 1% as compared to Ni~111!,
and every second atom is missing in every second row le
ing to a (232) overstructure. In the other layer, the Eu a
oms are located above the mentioned vacancies, wherea
Ni atoms form hexagons around the Eu sites in a way
the whole layer forms now a (A33A3)R30° atomic arrange-
ment. Since the orientation of the Eu hexagons is defined
the vacancies of the pure Ni layer, which reveals a (232)
overstructure relative to Ni~111!, the LEED pattern of a
EuNi5~0001! compound is expected to be not rotated as co
pared to the one of the Ni substrate. Thus formation of Eu5
is also not in accordance with the observed LEED patte
All other known bulk phases do not posses layers, com
ible with a (A33A3)-type overstructure. On the other han
one has to consider that LEED is particularly sensitive to
outermost surface layer that is strongly distorted by mean
the surface valence transition of the Eu ions. The ato
volume of divalent Eu is larger by about 30% than the one
trivalent Eu making strong surface reconstructions necess

In order to develop a structural model based on the
matrix of Ni we may assume that the compound formation
simply achieved by replacing a number of Ni atoms by
atoms or vacancies and shifting of some other Ni atoms.
the trivalent bulk, formation of EuNi5 would be in accor-
dance with such a mechanism. Starting from a close-pac
Ni layer at the Ni~111! surface, EuNi5 may be formed by
removing every second atom in every second row of
substrate. Eu atoms will be placed on the top of the resul
vacancies and the space between the rare earth will be fi
by Ni atoms. For the divalent surface the same model ma
applied: Starting from bulk EuNi5 terminated by a close
packed Ni layer a (A33A3)R30° overstructure may be
formed at the surface by substituting every third atom fr
each Ni row by Eu@see Figs. 7~a! and~b!#. This corresponds
to the atomic arrangement of the Eu-Ni layer in EuNi5, in
contrast to the latter, however, the proposed structure is
rotated with respect to the Ni layers. Since the divalent
atoms will not fit into the Ni vacancies due to their larg
atomic radii, a relaxation perpendicular to the surface may
expected. Such a relaxation would be accompanied by
mation of a large surface dipole layer@see Fig. 7~c!#. Since
this is energetically not favorable, the space between the
laxed divalent Eu atoms could be filled by additional
ve
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atoms. This assumption would be consistent with the
served low chemical reactivity of the ordered surface as w
as with the LEED pattern.

IV. CONCLUSION

Deposition of 80-Å Eu onto a clean Ni~111! surface fol-
lowed by annealing at 450 °C leads to an ordered surf
compound characterized by the LEED pattern with a (A3
3A3)R30° overstructure with respect to that of the Ni su
strate. Eu is found to be trivalent in the bulk and divalent
the surface. From the PE and LEED data formation o
compound with a stoichiometry close to EuNi5 is concluded,
where the surface is heavily reconstructed due to the volu
changes caused by the surface valence transition of the
ions.
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view# and simulated LEED pattern~b!. There is a correspondenc
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