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Growth of Eu on Pd(111) studied by x-ray and uv photoemission and crystallographic properties
as determined by reflection-high-energy-electron-diffraction and x-ray-diffraction studies
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The electronic properties of europium layers deposited on a Pd(111) single crystal (up to 190 A of eu-
ropium) have been studied by ultraviolet and x-ray photoemission spectroscopies on both the valence
bands and core levels (Eu and Pd). It is shown that, except for very low europium thicknesses, the for-
mation of the Eu/Pd(111) interface is dominated by diffusion processes between europium and palladi-
um. A systematic comparison between the electronic properties of this diffusive interface and the ones
of well-defined intermetallic compounds (EuPds, EuPd;, EuPd,, and EuPd) and amorphous Eu,Pd,_, al-
loys, allows one to specify what kind of alloys or compounds formed at the interface as a function of the
Eu thickness and/or temperature. Here, benefit is taken from the well-known sensitivity of the Eu
valence to local environment. The most interesting result of this study is that these highly disordered
Eu/Pd interfaces can be crystallized by heating the layers at moderate temperatures (800—1000 K), or by
performing the evaporations of Eu on the Pd(111) substrate held at similar temperatures. In all cases
and for all Eu thicknesses, reflection high-energy electron diffraction, x-ray diffraction, and photoemis-
sion experiments show evidence of the epitaxy of a trivalent, most likely EuPd;, intermetallic compound
on the Pd(111) surface. Moreover, the epitaxial growth of Pd(111) on this trivalent compound is possi-

ble. It opens the possibility of building a metallic superlattice such as Pd/EuPd;.

I. INTRODUCTION

In the past few years, numerous studies have been de-
voted to the determination of the growth mechanisms of
rare-earth (RE) elements on transition metals (TM).!~14
The principal aim of such studies is to determine, as pre-
cisely as possible, all the properties of the interfaces that
are formed between RE and TM elements, in order to in-
vestigate the possibility of building artificial modulated
structures (multilayers and/or superlattices) presenting
interesting physical properties. In the case of RE-TM
systems, the interest is obviously related to the exotic
magnetic properties which can be obtained in such ma-
terials. In particular, as it is commonly realized today in
the case of semiconductor superlattices, the possibility of
achieving TM/RE-TM (compound) metallic superlattices
needs to be investigated. Recently, bidimensional growth
of intermetallic RE-TM compounds on TM, obtained by
coevaporation [Yb,Ni, YbNi, on Mo(110)] (Ref. 5) has
been demonstrated. Similarly, it has been shown that tri-
dimensional growth of RE-TM compounds on TM can
occur in several systems where strong diffusion takes
place between the RE and the TM element [e.g.,
Yb/Ni(100),* Nd/Cu(100), Nd/Cu(111),3 etc.]
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In this paper, we present the results we obtained on the
Eu-Pd system, for Eu coverages up to 190 A. The growth
mechanism and electronic properties are followed by
photoemission [x-ray photoemission spectroscopy (XPS)
and ultraviolet photoemission spectroscopy (UPS)] and
Auger spectroscopy (AES), whose surface sensitivity is
well known. The structural properties are studied by
reflection-high-energy-electron-diffraction (RHEED) and
x-ray-diffraction experiments.

The Eu-Pd system has been chosen for the following
reasons.

(i) From earlier experiments,'® the possibility of obtain-
ing amorphous Eu,Pd,_, alloys on a wide range of con-
centration (0.15=<x =<0.5) has been established and the
study of their electronic properties has revealed the con-
tinuous change in Eu valence (Eu’*[4f%5d6s)’] to
Eu?*[4f7(5d 6s5)*]) with a transition at x =0.3 and which
reflects the modification in the local environment of Eu
by Pd atoms.

(ii) Around this valence transition, several intermetallic
compounds are known to exist in the Eu-Pd phase dia-
gram: EuPds (SmPts structure) and EuPd; (AuCu; struc-
ture) in the trivalent state, EuPd, (MgCu, structure) and
EuPd (BCr structure) in the divalent state.
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(iii) The interdiffusion between europium and palladi-
um is known to be very important. For instance, europi-
um and palladium interdiffuse even at low temperature
(down to 77 K), which is not generally the case for other
rare-earth—transition-metal systems.

In Sec. II, we shall describe the experimental tech:
niques we use both to prepare the Eu/Pd interfaces and
to study them. In Sec. III, the structural information ob-
tained from RHEED and x-ray-diffraction experiments
will be presented. We shall focus essentially on the re-
sults that demonstrate the formation of an epitaxial
growth of a slightly distorted EuPd, intermetallic com-
pound on Pd(111). Then we shall demonstrate that epi-
taxy is preserved when Pd is evaporated on this epitaxial
compound. Section IV will be devoted to the presenta-
tion of the results obtained on the electronic structure of
these Eu/Pd interfaces from photoemission experiments
(XPS and UPS), and comparison with those of polycrys-
talline EuPd, (y =1, 2, 3, 5) compounds will be made. Fi-
nally, the mam conclusions of our study will be given in
Sec V.

II. EXPERIMENTAL DETAILS

A. Evaporation of Eu on Pd(111)

The evaporations of europium and palladium were
made in a molecular-beam-epitaxy (MBE)-like the
ultrahigh-vacuum chamber built by MECA 2000
(France).!® This MBE chamber is directly connected to
standard photoemission equipment from VG Scientific
(England) (VG ESCALAB II). The base pressure in the
two chambers is typically in the 5X 10~ !'-hPa range. In
the MBE chamber, a cryogenic shield cooled to liquid-
nitrogen temperature allows one to perform the evapora-
tions at low pressure.

The europium depositions were made by using a Knud-
sen cell with a boron nitride crucible operating at 800 K.
The pressure during the evaporations was always less
than 5X107° hPa. Palladium was evaporated by elec-
tron bombardment at a temperature of 1900 K under a
pressure of 107! hPa. The evaporation rates were con-
tinuously measured by two water-cooled quartz microbal-
ances from INFICON. The evaporation rates used for
our studies were in the range of one monolayer (ML) per
minute and the error arising from the quartz monitors
themselves can be estimated at 10%.

B. Structural studies

The RHEED experiments were performed in situ with
a VG LEG 300 apparatus working at 20 keV under a 1°
incidence. X-ray-diffraction experiments were performed
ex situ on a PHILIPS High Resolution Diffractometer.
This setup is suitable for reflectometry and studies of ep-
itaxial systems.!” A Ge(220) four-crystal monochromator
delivers pure CoKa, radiation (A=1.78892 A with
AA/A=2.3X107°) and a parallel beam (divergence
Aw=0.07 mrad).'®* We have recorded diffraction dia-
grams in the 6/26 scan and 260 scan modes with a 26 step
of 0.02°, a counting time of 8 sec/step, and a receiving
slit of 0.3°. The rocking curves were scanned in the o
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scan mode with a step of 0.01°, a counting time of 2
sec/step, and an acceptance angle of 4° for the detector
kept in the Bragg fixed position.

C. Spectroscopic studies

The Auger spectra were recorded in the derivative
mode with an AES spectrometer from RIBER (France)
(OPC105) working at 2 keV with an emission current of 2
pA. The modulation was 2 V peak to peak and the total
resolution in energy (AE /E) in the 5X 1073 range. The
XPS spectra were obtained using the Al Ka radiation
(hv=1486.6 eV) and the UPS ones with the Hel
(hv=21.2 eV) and He 11 (hv=40.8 eV) radiations, the en-
ergy resolution being =~ 1.0 eV for XPS and =0.2 eV for
UPS.

D. Samples

The substrate used for our depositions was a Pd(111)
single crystal (8 mm in diameter and 0.5 mm in thick-
ness). Before each deposition, it was cleaned by argon ion
bombardment at a temperature of 900 K and then heated
again at 900 K for 10 min until no traces of contamina-
tion (O, C, S, etc.) could be detected by AES. Moreover,
we checked carefully that the recrystallization was fully
achieved by doing RHEED experiments.

The polycrystalline samples EuPd;, EuPd;, EuPd,, and
EuPd were obtained by arc melting starting from 5N Pd
and 3N Eu. X-ray-diffraction experiments were per-
formed on all samples in order to check that they were all
single phased [for EuPds, a small amount (=5%) of
parasitic phase was present].

In the case of the x-ray-diffraction studies, which were
performed ex situ, the samples were covered by a 40- A
Pd layer deposited at T=300 K, in order to avoid any
problem of contamination (oxidation, etc.).

III. STRUCTURAL STUDIES
A. RHEED Experiments

The RHEED patterns were obtained for three different
azimuths of the Pd(111) substrate, namely the [011],
[211], and [321] directions. Because the results are simi-
lar for the three azimuths, we report only, in Fig. 1, the
RHEED patterns obtained in the [011] direction.

In Fig. 1(a), the diffraction lines are those characteris-
tic of the p(1X1) structure (d =2.75 A) of pure Pd(111).
In Fig. 1(b), we show the results obtained for a 3- A euro-
pium deposit (i.e., for a coverage ©=1.5; see Sec. IVA
for the definition of ©) at room temperature (RT). A
well-ordered p(2X2) structure (d=5.50 A), with no
change in the Pd interatomic distances (in the limit of ac-
curacy: *0.1 A), is observed. The p(2X2) structure is
visible for 0.5<©=2.3 (i.e., up to nearly 5 A Eu depos-
it), but with an increasing diffuse background when © be-
comes higher than 2. For thicker Eu layer deposition at
RT, as shown in Fig. 1(c), we rapidly lose all the
diffraction lines, which indicates that the surface becomes
strongly disordered. This situation reflects, as we shall
discuss later, the occurrence of interdiffusion between Eu
and Pd.
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The interesting point is the result we obtain when the
samples are annealed between 800 and 1000 K, or if the
Eu deposit is made within this temperature range. As
shown in Fig. 1(d), which corresponds to a 190- A Eu RT
deposit annealed for 2 min at 1000 K, we get again the
p(2X2) diffraction lines. Note that (i) in the limit of ac-
curacy, the surface lattice parameter (5.50%0.1 A) is
found to be twice that of Pd(111) and (ii) this situation is
independent of the thickness of deposited Eu. This result
strongly suggests the formation of an epitaxial Eu-Pd
compound on the Pd(111) substrate. We shall see that all
our results confirm this hypothesis. It is difficult, perhaps
even impossible, from the RHEED results alone to obtain
the structure of this epitaxial compound; the fact that, at
the surface, the divalent state of Eu is always stabilized
may obscure the conclusion. Nevertheless, it is clear
from these RHEED results that we deal with a hexagonal
surface lattice where the in-plane parameter d is about
5.50 A. Among all the known intermetallic Eu-Pd com-

(a)

pounds, the only possible candidates are (1) (111) EuPd,
(AuCu; structure) with d=aVv2=5.80 A; (i) (111)
EuPd, (MgCu, structure) with d =a /V2=5.49 A. The
results we obtained by x-ray diffraction will clarify, more
or less, the situation.

Another interesting point is illustrated in Fig. 1(e): the
RHEED diffraction pattern corresponds to the situation
shown in Fig. 1(d), where an additional amount of 40-A
Pd has been deposited at RT, followed by an annealing of
2 min at 700 K. We clearly observe again the p(1X1)
structure of pure Pd(111) showing that Pd grows epitaxi-
ally on the former Eu-Pd compound.

B. X-ray-diffraction results

X-ray-diffraction experiments were performed on the
annealed Eu/Pd(111) interface (Eu deposited thickness:
190 A). As shown in Fig. 2(a), only Bragg peaks of the
(111) family of the cubic structure can be observed on the

(b)

(e)

FIG. 1. RHEED patterns in the [011] real-space direction. (a) pure Pd(111). (b) 3- A Eu deposited at RT. (c) Disappearance of
RHEED patterns when the Eu depos1t at RT is higher than 5 A. (d) 190-A Eu deposited at RT and annealed for 2 min at 1000 K. (e)
40-A Pd deposited on the 190- A reconstructed interface and annealed for 2 min at 700 K.
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6/20 scan diffractograms, which means that only these
planes are parallel to the sample surface. In fact, each
peak of the monocrystalline Pd(111) substrate is accom-
panied by an equivalent peak of the alloyed-phase Eu-Pd,
which is an indication of a very well-oriented structure.
For simplicity, we have indexed the peaks of the alloyed
phase as Eu-Pd(111) and Eu-Pd(222). The interplanar
distance dpy =2.2460+0.0005 A has been deduced from
the position of the Pd(111) and Pd(222) peaks. The lat-
tice parameter given by a =d,,d\/§ is in good agreement
with the value given for pure palladium by the Joint
Committee For Powder Diffraction Standard. The aver-
age interplanar distance in the growth direction for the
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FIG. 2. X-ray-diffraction data obtained from the annealed
sample. (a) 6/26 scan (see text). (b) Rocking curve around the
[111] axis. The full width at half maximum is near 1°. (c)
Dispersion of the (111) Bragg peak with 20 (see text).
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alloyed phase was evaluated to be dg,pq
=2.2783+0.0005 A. A very weak additional peak at
20=51.23°, correspondmg to d=2.07 A, could be attri-
buted to a residual twin in the layer.

The rocking curves around the [111] axis recorded in
the w scan mode for several rotation angles (R) reveal in
every case a full width at half maximum (FWHM) of
Aw=1°, both for the palladium substrate and the alloyed
layer [Fig. 2(b)]. It means that the mosaicity of the de-
posited film and the substrate are of the same order of
magnitude. However, the maximum of the rocking curve
for the Eu-Pd(111) axis shifts around the Pd(111) axis
when the angle R is changed. This indicates a disorienta-
tion of the axes with respect to each other, which could
be due to defects generated by the growth mechanisms.!®
Cross-sectional transmission electron microscopy would
be able to provide further information on that
phenomenon.

By choosing an R angle for which the rocking curves
of Pd and Eu-Pd were mixed up, i.e., when both
diffraction vectors were lying in the goniometric circle
plane, and by fixing the incident angle @ given by the
maximum of the rocking curve, we have achieved 260
scans for the (111) Bragg peaks, with the aim of evaluat-
ing the distribution of the interplanar distances. The low
value of the FWHM (A26=0.2°) [Fig. 2(c)], for the Eu-
Pd alloyed phase, similar to the one of the palladium sub-
strate, indicates that the interplanar distances are weakly
dispersed and close to a mean value d =2.28+0.01 A.
However, the observation of the (222) peaks, which is
more accurate because of the higher angle of dispersion,
hints at a diffraction contribution just between the
Pd(222) and Eu-Pd(222) peaks, coming from a low pro-
portion of intermediate interplanar distances, probably
due to the strains at the interface between the palladium
substrate and the Eu-Pd layer.

These x-ray-diffraction experiments show that, in the
case discussed here, a well-ordered intecrmetallic Eu-Pd
compound of “large” thickness (e > 190 A) grows epitaxi-
ally on the Pd(111) surface. It cannot be (MgCu,-
structure) EuPdZ, because the (111) reflection is ex-
tinguished in this structure. Thus the main peak at
23.12° (d=2.277 A) would correspond to a (222)
reflection. The second peak at 51.68° (d =1.140 A) can-
not be indexed in this structure; moreover, as discussed in
Sec. IV, our XPS results show clearly that the Eu ions in
this compound have to be trivalent, which is not the case
for Eu(2+) in EuPd,. The case of (trivalent) EuPd; with
the cubic AuCu; structure is more interesting. Indeed,
the distance between the (111) planes in this structure is
2.37 A, as deduced from the lattice constant (a=4.101
A). Similarly, the in-plane distance is 5.8 A. The two
diffraction lines we observed are correctly indexed in this
structure as (111) and (222) reflections. The distance be-
tween the (111) planes (2.28 A) corresponds to an in-plane
distance of d=V2XV3Xd(111)=5.58 A, which is in
good agreement with the RHEED results. However, we
notice that it implies a 5% contraction in the interatomic
distances both in and between the (111) planes and thus
the compound has to match this strain on a large scale,
which is quite surprising for an intermetallic compound.
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Off-stoichiometry effects, which exist in EuPd3 (Ref. 20)
on a limited range of concentration (24-26 % in Eu), can
change the lattice constant by an amount of +0.02 A,
which is not enough to explain the contraction (in the
0.1/0.2-A range) we observe here. From these diffraction
experiments, we are not able to go further with this prob-
lem. Complementary investigations on in-plane and
asymmetrical-plane distances, which need to be per-
formed on much larger samples in order to allow low-
angle experiments, are absolutely mandatory if we want
to obtain an exact knowledge of the crystallographic
structure. For our purpose, the main point is that we
have to deal with an intermetallic compound that is quite
close to EuPd; with the AuCu, structure.

IV. ELECTRONIC STRUCTURES AS STUDIED
BY XPS, UPS, AND AES EXPERIMENTS

From the results presented in the above section, it ap-
pears that the growth mechanism of Eu/Pd interfaces
can be described in three main steps. (1) The formation
of a thin p(2X2) Eu layer at very low Eu coverage (typi-
cally =2-3 ML). (2) The formation of disordered Eu-Pd
layers for thicker Eu coverage (up to 190 A). (3) The or-
dering of these Eu-Pd layers that form, at moderate tem-
peratures (=820 K), an epitaxial EuPd; compound on
Pd(111).

In this section we shall present the results concerning
the electronic properties of these Eu/Pd interfaces in the
three regions described above.

A. Low-europium coverages (<2 ML) grown
at room temperature

Auger intensities obtained in that range of coverage are
presented in Fig. 3. Despite the dispersion, a rather
well-defined break is observed for the intensity of the Eu
signal at an amount of evaporated Eu corresponding to
Ng,=4X10" atoms/cm? We notice also the existence
of a similar, but weaker, behavior on the Pd intensity at
the same value of Ng, that corresponds to a coverage of
©=1, i.e., to the completion of the p(2X2) layer of Eu
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FIG. 3. Pd (MVV) and Eu (NVV) Auger intensities as a func-
tion of Eu coverage expressed in units of 10'* atoms/cm®. The

breaks in the curves corresponds to ©~1 as defined in Sec.
IVA.
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on the Pd(111) substrate (©=1 ML=1X15.4X10"
atoms/cm?). Thus, both AES and RHEED experiments
support a layer-by-layer growth of Eu. Confirmation of
this hypothesis is given by the UPS and XPS measure-
ments, as well as from the analysis of the fine structure of
AES signals. In Fig. 4, Hell spectra are reported for
clean Pd(111) and deposits of Eu on Pd(111) up to 3.5
ML. The kinetic energy of the emitted electrons in He Il
corresponds to a very small escape depth (=4 A), so that
most of the emitted signal is due to the superficial
layer(s). The sharp feature close to the Fermi level ob-
served for the Pd(111) substrate is characteristic of a sur-
face state of Pd (Ref. 21) and, as expected, its intensity is
highly sensitive to the presence of any adsorbate on the
surface. On the basis of the results presented in Fig. 4,
we can conclude again that the Pd(111) surface is fully
covered after the deposition of Ng, =4 X 10'* atoms/cm?,
which corresponds to ©~1. The feature that appears
below the Fermi energy (=~ 1.5 eV) is attributed to the Eu
4f states. Unlike these UPS spectra, the Pd Auger
M sVV spectra are insensitive to the Eu coverage up to
©=2.22 Similar results are deduced from the comparison
of XPS Pd core-level spectra, which are not shown here.
Thus, we conclude that, in this range of coverage, there is
no strong interaction between europium and palladium
and that no diffusion process takes place. This con-
clusion is reinforced by the results we obtained on the Eu
4d core-level spectra, which are shown in Fig. 5. For
comparison, the Eu metal spectrum is also presented.
Such spectra are made essentially of two well-resolved
features arising from "D, 7=1,...,s and °D y=2,...,6 SPectro-
scopic final states in L-S notation. For the low-europium
coverage case (i.e., © <2 ML), it is clear that the Eu 4d
spectra compare well with that of pure divalent Eu metal
and we believe that the energy shift we observe (=~1.1
eV), is characteristic of isolated Eu atoms at the Pd(111)
surface.

Obviously, it appears directly from Figs. 1, 3, and 5
that the situation corresponding to this p(2X2) arrange-

Normalized intensity (arb. units)

1 1 I 1 1 1
S 4 3 2 -1 0 1
Binding energy (eV)

|
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FIG. 4. He 1l spectra obtained at different Eu coverages. The
spectra have been normalized to the maximum height.



7834

T T T T
e=1
8=1.5
0=2
8=3.
A L |
. Eu3+
19A
puré Eu

5 _J
T
1 LB 1

1340 1345 1350 1355 1360 1365
Kinetic energy (eV)

7

Normalized intensity (arb. units)

FIG. 5. Normalized (to the maximum height) Eu 4d XPS
spectra for differentoEu coverages expressed in units of © for the
low values, then in A for higher coverages (see text).

ment of europium atoms is no longer stable for © =2
ML. We shall discuss this case in the next section.

B. High-europium coverages
of the Pd(111) surface at room temperature

After the completion of the second p(2X2) layer of eu-
ropium, we have shown in Sec. III that the RHEED pat-
terns become more and more diffuse and finally disappear
for ©=2.3, indicating that the interface becomes more
and more disordered. The loss of the RHEED pattern is
directly correlated with the appearance of trivalent
features on the 3d and 4d Eu XPS spectra (see Fig. 5).
The Eu mean valence derived® from these spectra (Fig.
6) shows a pronounced maximum near 6 =3 (i.e., 6 A).
Then, it decreases to 2 as the Eu coverage increases.
With the help of our previous Auger fine-structure
analysis of the Pd M, s V'V spectra,”> we conclude that a
mixed Eu-Pd interface has formed as soon as the loss of
RHEED patterns is observed. In order to explain the
continuous decrease of the Eu mean valence, one has to
invoke the formation of more and more divalent Eu sites
as the coverage increases (a similar conclusion was given
recently by Selés and Raaen?® from experiments on Eu
evaporated on polycrystalline Pd). Thus, the formation
of amorphous alloys Eu,Pd,_,, where x is coverage
dependent, is strongly suggested. This is supported by
the possibility of getting such amorphous alloys over a
wide range of concentrations!® in which a continuous de-
crease of the Eu mean valence has been observed. In or-
der to verify and emphasize this hypothesis, we now dis-
cuss the photoemission results obtained for different Eu
coverages: 10, 21, 64, and 122 A. [Speaking in terms of
O would be meaningless and thus, we prefer to character-
ize the Eu coverage by the equivalent Eu thickness (dg,)
as determined by quartz measurements.] These results
will be compared to those obtained for the polycrystalline
samples EuPd, (y =1, 2, 3, 5). For these thicknesses, Eu
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FIG. 6. Eu mean valence deduced from Eu 3d XPS spectra as
a function of the Eu deposited thickness. Region I—epitaxy;
region II—beginning of the diffusion regime; region III—
diffusion regime.

is found to be divalent except for the 10-A deposit for
which the Eu mean valence is 2.1.

1. Valence-band spectra

The valence-band spectra, for both the different Eu
coverages and the polycrystalline compounds, are shown
in Fig. 7. For comparison, these spectra have been nor-
malized to the maximum height.

The XPS valence-band spectra of the polycrystalline
compounds exhibit a continuous decrease of the band-
width, associated with a shift toward higher binding ener-
gies, as Eu concentration is increased. Such effects have
already been observed and described by Fuggle et al.*
for a great variety of Ni and Pd intermetallic compounds
and/or alloys. It appears, from such studies, that the in-
terpretation in terms of d-band filling is very appropriate.
The XPS spectra obtained for the four different Eu cover-
ages behave in the same way, indicating that the 4d band
of Pd, which is involved in the mixed interface, is filled
up as the Eu coverage increases.

A similar behavior is observed on the Hel and Hell
valence-band spectra. Due to the filling of the Pd 4d
band, the maxima of the density of states (DOS), for the
EuPd, intermetallics, shift to higher binding energies.
Here again, the same evolution of the UV spectra is ob-
served in the case of Eu deposition on Pd(111).

These observations complete the previous discussions
about both the behavior of the Pd MVV Auger spectra
and the continuous change of the Eu mean valence as a
function of the deposited Eu thickness. It is now tempt-
ing to address one of the crucial points of our study,
which is to get quantitative information about the con-
centration of the amorphous Eu, Pd,_, alloys that form
at the interface. As discussed below, this can be made by
doing simple comparisons between the different valence-
band spectra we obtained.

For the 122-A Eu deposit, it appears that the valence-
band spectra compare fairly well with those of the EuPd
compound. However, the XPS valence-band spectrum is
narrower in the case of the Eu/Pd interface and, as re-
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vealed by the Hel spectrum, the maximum in the DOS
lies at higher binding energy, whereas the Pd 4d band-
width is obviously narrower. Thus, we have to conclude
that the amorphous alloy Eu, Pd;_, that forms at the in-
terface has an Eu concentration (x) higher than 0.5. This
conclusion assumes that the alloy is homogeneous (i.e.,
that there is no concentration gradient across the mixed
interface). The validity of this assumption will be dis-
cussed later in Sec. IV B 3.

For the 64-A Eu deposit, the XPS and He I spectra can
be superimposed on those of the EuPd compound. Then,
in that case, thg: Eu concentration is near 0.5.

For the 21-A deposit, the situation seems to be more
complicated: the XPS bandwidth lies in between that of
EuPd, and EuPd;, but the energy shift compares rather
well to the one of EuPd; or EuPds. This apparent con-
tradiction is due to a Pd contribution from the substrate
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FIG. 7. Valence-band spectra obtained at 1486.6, 40.8, and
21.2 eV. (a), (c), and (e) show spectra for Eu-Pd compounds: (1)
Pd(111); (2) EuPds; (3) EuPd;; (4) EuPd,; (5) EuPd. (b), (d), and
(f) show spectra for Eu on Pd(111): (1) 10 A; (2) 21 A; (3) 64 &;
(4) 122 A. The vertical bars indicate the Pd(111) Fermi level.
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because the deposited Eu thickness is in the range of the
electron mean free path. The further analysis of the Pd
3d core-level spectra (see Sec. IVB2) confirms this as-
sumption. Thus, a better estimation of the alloy concen-
tration may be obtained with the help of the HeI spec-
trum because the electron mean free path is slightly lower
than for XPS. In that case, the spectrum is very similar
to the one of EuPd,, but with a slightly weaker Pd 4d
bandwidth and a maximum in the DOS that is at a higher
binding energy. Thus, the Eu concentration should be
slightly higher than 0.33.

For the 10-A Eu deposit, the same remarks about the
electron mean free path must obviously be taken into ac-
count. The only valuable comparison can be made be-
tween the Hel spectra. The Pd 44 bandwidth is a little
higher than the one of EuPd, and thus we may conclude
that the alloy concentration should be lower than 0.33
but higher than 0.25 (by reference to the EuPd; He I spec-
trum).

Similar comparisons can be made between the Hell
spectra [Figs. 7(c) and 7(d)], which yield roughly the same
conclusions. However, there are differences that may be
explained by the fact that with HeIIl radiation we are
more sensitive to the surface than with Hel or XPS. In
particular, the small amount of oxygen contamination,
which was always present in the case of the polycrystal-
line samples, may obscure the conclusions of such com-
parisons. Nevertheless, the fact that similar conclusions
are given by all the three techniques support strongly the
formation of homogeneous (in the sense discussed above)
Eu,Pd,_, alloys at the interface between Eu and Pd.

2. Pd 3d XPS core-level spectra

The Pd 3d core-level spectra of the EuPd,, intermetallic
compounds [see Fig. 8(b)] again reflect the filling of the
Pd 4d band: the XPS line becomes more and more
symmetrical, whereas it shifts towards the high-binding-
energy side with Eu content. The positions of the well-
known Pd satellites,? relative to the main peak (AE,), are
also strongly concentration dependent, as shown in Fig.
8(c) and summarized in Table I. We can see that the pa-
rameters of the Pd 3d core-level spectra in the case of the
Eu/Pd interface behave in the same way for the different
Eu deposits, as reported in Fig. 8(a).

In order to get quantitative information, all the 3ds,,
Pd spectra were fitted using a nonlinear least-square pro-
cess. A Doniach-Sunjic profile convoluted with an exper-
imental Gaussian resolution (1 eV FWHM) was chosen to
represent the theoretical line. No background was sub-
tracted from the experimental data. The natural 3ds,,
linewidth (y) was supposed to be the same for all the
spectra. With these constraints, the best value for the y
parameter of the Doniach-Sunjic function was found to
be 0.2410.04 eV, in good agreement with earlier pub-
lished theoretical and experimental data.?%?’

A good fit of the Pd 3d s, line for the Pd(111) substrate
was only achieved by taking into account a second
feature, located at 0.40%0.10 eV from the main line on
the high-binding-energy side (keeping the linewidth and
the asymmetry parameter constant). The relative intensi-
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ty of this second contribution increases significantly when
the normal of the sample is tilted by 60° from the direc-
tion of the analyzer (i.e., in a more surface-sensitive posi-
tion), showing that it originates from a surface contribu-
tion.?® This result is in agreement with the work of Erbu-
dak et al.” .

For the 10- and 21-A Eu deposits, as these thicknesses
compare with the Pd 3d photoelectron mean free path, it
was necessary to superimpose two contributions in the fit:
the first one originates from the Pd(111) substrate and the
second one from the interface alloy. In those fits, all the

parameters concerning the contribution of the Pd sub-
strate were kept constant at their values deduced from
the uncovered Pd(111) substrate. For the other cases (64-
and 122-A Eu deposits and polycrystalline compounds),
good fits were obtained by taking a single contribution to
the XPS Pd 3d;,, line. All the results are summarized in
Table 1.

Direct comparisons between the fit parameters ob-
tained in the case of the intermetallic compounds and
those of the Eu/Pd interfaces can be made. As can be
seen from Table I, the results are consistent with the con-

TABLE 1. Energy and satellites positions of the Pd 3d line for the different samples, and electronic

parameters deduced from the line fit (see text).

Eu E, (eV)? Asymmetry Intensity
thickness Pd 3ds,, AE, (eV)° parameter® ratios?
10 A 1151.6° 7.2°+£0.6 0.15 1.257+0.1
21 1} 1151.55¢ 8.5°t0.5 0.14 1.8/+0.2
64 1} 1151.2 14.1+0.8 0.13 3.2+0.2
122 A 1151.1 not measured 0.12 4.3+0.3
Annealing 1151.65 9.41+0.6 0.11 1.0+0.2
at 820 K
Compounds
Pd(111) 11519 6.0+0.5 0.20
EuPd; 1151.7 6.7+0.5 0.16 0.60+0.05
EuPd, 1151.7 7.4+0.9 0.16 0.82+0.05
EuPd, 1151.25 9.31+0.5 0.12 1.29+0.05
EuPd 1151.15 13.1£0.6 0.13 2.924+0.05

?Kinetic energy. Uncertainty: +0.15eV.

“Energy difference between the 3d, , line and the corresponding satellite.
‘Deduced from the Pd 3d line fit. Uncertainty: +0.01.

4 3d measured intensity ratios Iz, /Ip4 as explained in the text.
“Value not corrected for substrate contribution.

fObtained after subtracting the substrate contribution.
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clusions obtalned from the valence bands, except in the
case of the 21-A Eu deposit where, from the Pd 34, it ap-
pears that the Eu concentration should be lower than
0.33.

Concerning the satellite positions relative to the main
line (AE,), the agreement is not so good. In fact, such sa-
tellites are made of rather different contributions (extrin-
sic and intrinsic) and extrinsic satellite contributions may
be present in the spectra. Indeed, Hillebrecht et al.?
have shown that these extrinsic losses are the predom-
inant part of the satellites in the La-Pd alloys (and more
generally in the light rare-earth Pd alloys). These extrin-
sic losses, like plasmons, at variance with those of intrin-
sic nature, are not directly associated with the local elec-
tronic structure and/or environment. In fact, as it has
been discussed at the beginning of Sec. IV B, the continu-
ous valence decrease of Eu led us to suspect that the in-
terface alloys are amorphous. The observation of a
diffuse background on the RHEED patterns agrees well
with such a hypothesis. It is then tempting to try to
correlate the differences observed for the AE, values with
the amorphous nature of the alloys that form on the
Pd(111) surface. This would imply that amorphous and
polycrystalline compounds with the same Eu concentra-
tion show different extrinsic losses. Of course, it is some-
what speculative, and deeper studies are needed in order
to confirm or disprove this assumption.

3. Intensity measurements

A quantitative estimation of the Eu concentration (x)
in the mixed interfaces may be given by the measured in-
tensities of the XPS 3d core-level spectra. For Pd, the to-
tal area (Ipy) of the 3d line was measured, including the
satellite contributions. For Eu, as the 3d;,, line is ob-
scured by the Pd MVV Auger lines, the intensity (Ig,)
was measured only on the 3ds,, spectra. In order to min-
imize systematic errors due to different sample sizes
(especially for the EuPd, compounds), the intensity ratio
Ig,/Ipy was taken as the relevant parameter. In all
cases, a Shirley’s-type background was subtracted. The
results are listed in Table I and plotted in Fig. 9 as a func-
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FIG. 9. Measured XPS 3d intensity ratios (I, /Ip4) (see text).
Solid lines are a guide for the eyes.

7837

tion of Eu thickness.

From these measurements and according to the
method described in the Appendix, the Eu concentration
was deduced. It is shown in Fig. 10 as a function of the
deposited Eu thickness. In all cases, the Eu concentra-
tions we found are in excellent agreement with those ex-
pected from the valence-band and Pd 3d spectra dis-
cussed above. This is an indication that the concentra-
tion gradient in these mixed Eu/Pd interfaces is rather
small and, as previously observed in RE-TM systems,*
that an alloy of a given concentration develops at the in-
terface. However, because of the surface sensitivity of
the photoemission process, our conclusion about the ab-
sence (or the weakness) of a concentration gradient is
only relevant for the first ~30 A beyond the surface sam-
ple. Finally, let us mention that, from the results shown
in Fig. 10, it is rather difficult to formulate a conclusion
about the existence of an upper limit for the Eu concen-
tration at the interface. If it does not exist, this would
imply the possibility of finally getting pure europium on
the palladium substrate at room temperature.

C. Study of the ordered EuPd; phase formed at 820 K

As shown by the RHEED and x-ray-diffraction experi-
ments presented in Sec. III, there is a complete reorgani-
zation of the Eu/Pd interface when the sample is heated
at 820 K after Eu deposition or if the Eu deposition is
made directly at high temperature (since the two process-
es lead to the same results, we shall not distinguish be-
tween them in the following). As shown in Fig. 9, the
XPS intensities obtained after annealing suggest that the
interface properties do not depend anymore on the thick-
ness of the Eu deposn except perhaps at low coverage
(<10 A). This is fully confirmed by all our photoemis-
sion results. For brevity, we shall only present here the
results obtained in the case of a 64-A Eu deposit.

In Fig. 11, the valence-band spectra recorded with Al
Ka, Hel, and He II radiations are shown. Now, we must
emphasize that direct comparison with the results
presented on polycrystalline compounds is no longer pos-
sible due to the fact that the interface is ordered. Indeed,
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FIG. 10. Eu concentration in the Eu,Pd,_ , alloys as a func-
tion of the deposited Eu thickness at room temperature (see Ap-
pendix). Solid line is a guide for the eyes.
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despite the large angular acceptance (=~ 10°) used in our
experiments, angular dispersion is observed?® when the
annealed sample is tilted by 35°. This behavior was not
observed for the nonannealed sample and can be related
to the observation of two very distinct areas of the Bril-
louin zone of the ordered compound.

As shown in Fig. 11, the valence-band spectra of the
ordered 64-A Eu interface lie in between EuPd, and
EuPd;. However, the fact that we clearly observed the
small bump located at —7-eV binding energy on the XPS
spectrum (which was not observed before heating and
which is a fingerprint of the trivalent state of Eu) sup-
ports the hypothesis of the formation of a trivalent com-

3 T T T T EuPd
2.5+ =
2
T 2+ 7
T
2
Z15F q
3 Eul’dZ
=
£ L ]
< EuPd,
05k EuPd, .
0 1 1 | | ]
02 04 06 0.8 1 1.2
x/(1-x)

FIG. 12. 3d intensity ratios for the Eu-Pd compounds plotted
as a function of x /(1—x), where x is the Eu concentration. The
solid line is a linear fit which gives the R, (2.83) value as dis-
cussed in the Appendix.

pound. This conclusion is fully confirmed if we compare
the Eu 3d,, XPS core-level spectrum of EuPd; (trivalent
compound) to the one of the ordered interface (Fig. 11).
A similar conclusion results from the analysis of the Pd
3d core-level spectra: the energy position of the XPS line
is typical of a trivalent compound.

The intensity ratio deduced from the Eu and Pd 3d
lines may be affected by photodiffraction effects. Despite
this possible phenomenon, the measured values lead to a
26+2 % Eu concentration (i.e., EuPd_, gs), which is in
excellent agreement with our previous analysis of the x-
ray-diffraction data. The fact that the asymmetry factor
and the energy position of the satellites are different from
those of an EuPd; polycrystal (Table I) is probably due to
the single-crystal state of the sample and also, obviously,
to the fact that the interatomic distances in the epitaxial
compound are not the same as for the EuPd; compound
as discussed in Sec. III B.

V. CONCLUSION

Numerous experimental techniques have been used in
order to determine both the electronic and the crystallo-
graphic properties of Eu/Pd interfaces. All our results
agree well with the conclusion that interdiffusion between
europium and palladium plays the essential role in the
properties of these Eu/Pd interfaces. The main con-
clusion of our study is obviously that a well-defined in-
termetallic compound can be stabilized epitaxially at the
interface on a large scale.

Usually, epitaxy was searched in systems where the
diffusion between the two elements was as small as possi-
ble in order to avoid disorder. Here, on the contrary, we
take benefit of the diffusion between europium and palla-
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dium in order to induce some kind of solid-phase epitaxy.
This process is already used in the realization of semicon-
ductor superlattices but, to our knowledge, it is the first
time that such a process has been obtained for metallic
systems. We believe that our study opens the possibility
of realizing some additional kind of metallic superlat-
tices. Experiments on RE-Fe systems, which are very in-
teresting for their magnetic properties, are now in pro-
gress.
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APPENDIX: DERIVATION
OF THE ALLOY CONCENTRATION
FROM THE XPS MEASUREMENTS

We start from a homogeneous alloy Eu,Pd,_, of
thickness d, lying on the Pd(111) surface. In that simple
case the (3d) XPS intensities of Pd and Eu are given by

Ipg=(1—x)I% |1—e~ =% 190 -2
}"Pd A'Pd
and
IEu=xI%u 1—e™ d ,
A'Eu

where Ap; and Ag, are the electron mean free paths
(EMFP) related to the 3d lines of Pd and Eu, respectively.
For simplicity, we suppose that the EMFP depends only
on the kinetic energy of the emitted electrons (Pd =~1150
eV, Eu =360 eV). We assume that Ap, is two or three
times more important than Ag,, and Ag, lies between 4
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and 10 A.?!' This range of EMFP is large enough to en-
sure a good estimation of the error about the wanted x
concentration.

I, and I3, are the 3d intensities of the pure elements.
The ratio of these two quantities is found with the help of
the reference compounds as indicated below. The two
preceeding relations lead to the formula

IEu —I%u X 1_8—(d/A‘Eu)
Ipg =10 (d/Apy) I%g 1—x 1—e™(d/Apg)
1. Case of a thick Eu,Pd;_, alloy (64- and 122-4 Eu

deposits). In this case, the exponential terms are neglect-
ed, and we get

R=

IEu X

R= =R01—x ,

where R, may be directly obtained from the measured in-
tensities of the polycrystalline EuPd, compounds. The
quasilinear variation of R as a function of x /(1—x) plot-
ted in Fig. 12 shows that the measured intensity ratios
are not greatly affected by the drastic changes observed in
the 3d line shapes for both europium and palladium.

Since we know R, we then can find the x value for
each Eu deposit by measuring the experimental R quanti-
ty.
2. Case of a thin Eu Pd,_, alloy (10- and 21- A Eu de-
posits). Here, the situation is more complicated because
the experimentally unknown d value compares with the
EMFP, and we cannot neglect the exponential terms. In
order to determine the concentration x, we proceed in
two steps. In a first step, we remove the Pd(111) contri-
bution from the total Pd intensity by fitting the Pd 3d line
as indicated in Sec. IV B 3 and we get the experimental R
ratio. In a second step, we express the thickness d as a
function of x and all the known parameters; a simple cal-
culation yields

d__do Dg, xMg,+(1—x)Mp,
x Mg, xDg,+(1—x)Dpy

where d,, is the thickness of the Eu deposit, Mg,, Mp,
and Dg,, Dp, are the atomic weight and the density of
europium and palladium, respectively. A Vegard law is
supposed to be valid to approximate the unknown alloy
density. By varying the EMFP in the previously defined
ranges, one can now calculate the theoretical expression
of R as a function of x. The comparison with the experi-
mental R value gives us the desired concentration.
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FIG. 1. RHEED patterns in the [011] real-space direction. (a) pure Pd(111). (b) 3-A Eu deposited at RT. (c) Disappearance of
RHOEED patterns when the Eundeposit at RT is higher than 5 A. (d) 190-A Eu deposited at RT and annealed for 2 min at 1000 K. (e)
40-A Pd deposited on the 190-A reconstructed interface and annealed for 2 min at 700 K.



