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Surface crystal field at the Er/Si(111) interface studied by soft-x-ray linear dichroism
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We have measured the M, 5 edges of Er in submonolayer coverages of Er on Si(111), using linearly po-
larized x rays. The observed dichroism has been related to the surface crystal field and interpreted quan-
titatively in the hypothesis of an axial perturbation. The free ion *I;5,, ground state is split over ~25
meV, the lowest level being of |i‘2—5 ) symmetry. The results are compared to those of a previous experi-

ment on Dy/Si(111).

I. INTRODUCTION

The theory of polarization-dependent x-ray absorption
(dichroism) was initially developed for the study of mag-
netic effects.! More recently, dichroism with linearly po-
larized light has also been proposed as a probe of crystal-
line electric field (CEF) effects’ * and has been applied to
surface layers of Dy deposited on Si(111).2

An atom adsorbed on a substrate experiences a strong-
ly asymmetric environment with a finite charge density
on one side and vacuum on the other. The corresponding
CEF shows a dominant axis of symmetry perpendicular
to the surface, which basically determines the splitting of
the free atom degenerate levels into a new perturbed
scheme. Various techniques can give information about
CEF splitting, and notably inelastic neutron scattering
(INS), but, when a surface layer is to be studied, most of
them fail because of lack of sensitivity. However, thanks
to the high cross sections involved, measurements at the
M, s edges of rare earths (RE) can be easily performed on
layers with a density of the order of 10!* atomscm 2.
The relation between surface crystal fields and x-ray
linear dichroism (XLD) has been discussed in previous
works?>® and will be briefly recalled in Sec. II.

We have measured XLD for several submonolayer cov-
erages of Er on Si(111). RE-Si interfaces and alloys have
attracted large interest,” both fundamental and techno-
logical, for their magnetic and electrical properties. Most
RE form silicides that grow epitaxially on Si(111) and
have very low (=~0.35 eV) Schottky barriers® on n-type Si,
with potential applications as infrared detectors and in-
tegrated Ohmic contacts. Er, in particular, forms a de-
fective disilicide of approximate stoichiometry ErSi, ;,
which presents a hexagonal structure’ formed by alter-
nate stacking of Er and Si planes along the c axis. The ab
plane presents a mismatch of only 1.2% on the Si(111)
surface, and the epitaxial growth of ErSi, ; on Si(111) has
been extensively investigated.

We have used XLD to investigate the crystal-field-
induced splitting of the *I,5,, ground state of Er when
the ion is located at the Si(111)7X7 surface. The mea-
surements were performed on as-deposited as well as an-
nealed layers, and the results are compared to those of a
previous study on Dy/Si(111). The two sets of data can
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be coherently explained within a simplified model suppos-
ing a CEF of C_, symmetry, a result that gives experi-
mental evidence to the relation between crystal fields and
linear dichroism.

II. MODEL CALCULATION

The M, 5 absorption edges of Er and of all the RE have
been calculated in an atomic model several years ago.'°
The atomic model works very well also for the ion in the
solid state as long as only the 3d —4f transitions are con-
sidered, which represent the most intense contribution to
the M, s edges. In this picture, the RE is considered as
an ion that has lost its outermost (5d 6s)™ electrons (usu-
ally m =3). Of all the possible transitions between the in-
itial state 3d'°4f" and the final state 3d°4f" %!, only
those satisfying the dipole selection rules for photon ab-
sorption are retained. Indicating with (J,M;), (1,q),
J',M;) the angular momentum and its projection on the
quantization axis for the initial state, the photon, and the
final state, respectively, the selection rules are given by
|J—1|<J'<J+1 (or AJ=0,%1) and M;—M;=q (or
AM;=0,%1).

For the Er’* free ion, the Hund’s rules ground state is
*I,s,,, hence 2J +1=16-fold degenerate with M values
between — 1 and + 4. In Fig. 1, the lines of the bar dia-
gram for Er’", calculated with Cowan’s Hartree-Fock
program, '"'!2 are reported. In order to fit the experimen-
tal unpolarized Er spectrum, different Lorentzian
broadenings were used according to the AJ value of each
line:'>!* 2I'=0.50, 0.35, and 0.30 eV for AJ=—1, 0,
and 1, respectively. An overall Gaussian broadening of
20=0.4 eV was introduced to account for the experi-
mental resolution on the photon energy. The comparison
between the calculated and the experimental unpolarized
spectra, also given in Fig. 1, shows a general good agree-
ment. The unpolarized spectrum was taken on a poly-
crystalline Er compound, featuring no dichroism.

The relation between the presence of a perturbing field
and the polarization dependence of the absorption can be
easily established in the hypothesis of a perturbation
weak with respect to the spin-orbit coupling (first-order
perturbation theory). In this case, the ground state
|J,M}), degenerate for the 2J +1 values of M, is split
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FIG. 1. Comparison between the experimental (dots) and cal-
culated (continuous line) Er Ms spectrum. The three AJ-
selected components are also reported.

by the perturbation into the new states |®))

=3;a;;|Mj) of energy E; (J remains a good quantum
number). Indicating with 03 the free ion cross section
for the transitions from an initial state |J,M}) induced
by photons of polarization g, and with »n.(T) the occupa-
tion number of the |®’ ) state at temperature T given by
the Boltzmann distribution, one has for the polarization-
and T-dependent cross section in the presence of a per-
turbation

sHD=Zm, (T)z|a,, 2%

To introduce explicitly the polarization dependence,

03” can be written as a function of the AJ-selected com-

ponents o g (with K =J'—J =0,+1) and the 3 symbols
for the composition of the angular momenta,

s{(D=3 3 3 n,(Tay|?
K i j

J+K 1 J
—(Mj+q) q Mj

2

0K »

where i and j run over the possible 2J + 1 wave functions
|®% ) and |Mj ), respectively, and K over the three possi-
ble J'—J values. The three o x components for the Er
M edge are also reported in Fig. 1.

In the notation of the Stevens’s operator equivalents, !°
the CEF Hamiltonian H cgr can be written as

=3 BrOr=30,Ar{r")Or" (1)

n,m nm

H CEF

where A are the crystal-field parameters, containing the
mformat10n about the charge distribution around the ion,
(r™) are the integrals of the radial part of the electronic
wave functions, and 6, are the Stevens’s factors, also
denoted a;, B;, and y; for n =2, 4, and 6, respectively.
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They are specific to each ion, and depend on the orbital
momentum and occupation number of the unfilled shell,
as well as on J. O, are the Stevens’s operator equivalents
acting on the angular part of the wave functions.

The number of nonvanishing terms in Eq. (1) depends
on the point symmetry of the ion site. When the symme-
try is dominated by the axial term, fourth- and sixth-
order components can be neglected, or introduced as
second-order perturbations (see, for example, the paper
by Peschel and Fulde!® about the Pr surface).

We have interpreted our data for Er submonolayers on
Si(111) assuming a purely axial symmetry (C,) for the
CEF, with the axis of rotation along the [111] direction
of the substrate. In C,, we can write!’

Hcgr=B09=BI[3M}—J(J +1)]. )

The perturbation splits the 2J +1 degenerate levels ac-
cording to the modulus but not the sign of M;. For half-
integer J values, as for Er’t, this leads to (2J +1) /2 dou-
blets, separated in energy according to

E;—E;=3BJ{(M;?—(M})*} .

Since the {a;;} coefficients are fixed by symmetry argu-
ments, BY is the only free parameter to fit the model cal-
culation to our data: its sign determines the lowest-lying
level (either |£1) or |[£1%) for Er*™), hence the angular
dependence of the absorption spectra; its absolute value
gives the total energy spread of the perturbed levels

AE i, =3|BI|[(£)2—(1)2]=168|BY| ,

hence the temperature dependence of the dichroism.

III. EXPERIMENTAL DETAILS

The experiment was carried out at beamline SA-22 of
the storage ring Super ACO (LURE, Orsay). A double-
crystal monochromator with two beryl (1010) crystals al-
lowed us to cover the photon energy range including the
M, s edges of Er with a resolving power of about 3000.
To have a degree of linear polarization close to 1, the
portion of the beam emitted within +15 urad around the
ring plane was selected. The presence of two Bragg
reflections close to 35° is an additional guarantee for a
high rate of linear polarization.

All the measurements were performed in an ultrahigh
vacuum chamber (base pressure <1X107'© mbar)
equipped with low-energy electron diffraction (LEED)
and Auger analyzers. The Si(111) substrate was cleaned
by Ar sputtering and annealed up to 1100°C till LEED
showed a sharp 7X7 pattern and Auger no sign of con-
taminants.

Er was evaporated by electron bombardment of a
high-purity ingot placed in a tungsten basket. Typical
evaporation rates, as monitored by a quartz balance, were
0.5 A/min in a pressure of 1 X 10~° mbar.

For most of the submonolayer Er/Si interfaces, LEED
inspection showed the persistence of the 7X 7 reconstruc-
tion of the substrate surface in the as-deposited layers.
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For annealed layers, superstructures like 2X2 and
V3XV3 were sometimes observed, but were not repro-
ducible. The Auger inspections performed immediately
after the sample preparation always indicated a very
clean surface, while spectra taken about 2 h later showed
a relevant amount of oxygen, roughly proportional to the
Er deposit. .

A thick silicide sample (~60 A) was prepared by reac-
tive deposition, i.e., by evaporating Er on a Si substrate
kept at 550°C. The sample was subsequently annealed
for 1 min at 800°C. Before and after this annealing, the
LEED pattern was characterized by the sharp V3XV3
reconstruction typical of the Si-defective ordered phase
ErSi; ; (Ref. 17).

The absorption spectra were measured for each sample
at different angles between the light polarization vector
and the surface normal, ranging between 10° (grazing in-
cidence) and 90° (normal incidence).

As an indirect measure of the absorption process, we
collected the total electron yield (TEY) emitted from the
sample surface using a channeltron in pulse counting
mode. This technique presents a high surface sensitivity
and is particularly suited for studying submonolayer cov-
erages. As a drawback, angular-dependent saturation
effects in TEY have been observed at the M, 5 edges of
RE (Refs. 18 and 19), but they do not affect our measure-
ments on submonolayer coverages.

IV. RESULTS AND DISCUSSIONS

A. Submonolayer coverages

XLD measurements have been performed for several
submonolayer coverages between 0.1 and 0.3 ML as a
function of thermal treatment and sample temperature.
All the films prepared and measured in the same condi-
tions gave equivalent results with high reproducibility,
regardless of the specific thickness. This lack of thick-
ness dependence indicates that the ion/substrate interac-
tion determines the XLD, with little influence of the Er-
Er lateral correlation.

The thermal treatment, on the contrary, has a large
influence on the polarization dependence. Figure 2 com-
pares the spectra taken for an as-deposited (0.25 ML) and
annealed (0.1 ML, 1 min 550°C) sample, both measured
at room temperature. For each sample we measured at
least four different light-to-surface geometries. The
fitting procedure, according to the model described in
Sec. II, was always applied to the grazing incidence spec-
trum in order to determine BY. Spectra for other angles
were then calculated without introducing further param-
eters and compared to the experiment in order to check
the quality of the fit. The continuous lines in Fig. 2 cor-
respond to B9=—0.10 meV and B}=—0.15 meV for
the as-deposited and annealed layers, respectively. With
an error bar of £0.01 meV, these values are representa-
tive of our entire set of submonolayer samples, and
within our assumption of a C,, symmetry, entirely
determine the crystal-field level scheme of the RE ions.
The negative sign of BY indicates that the lowest-lying
level is I:t%) and the total energy spread is 25+2 meV
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FIG. 2. Polarization-dependent absorption spectra at the Er
M edge for a RT-deposited (0.25 ML) and an annealed (0.1
ML, 1 min at 550°C) layer on Si(111). Open circles: normal in-
cidence spectra (¢ ==1). Filled circles: grazing incidence spec-
tra (g =0). The curves at the bottom (filled squares) are the
differences between grazing and normal incidence. Continuous
lines are best fits based on the atomic calculations and crystal-
field model discussed in Sec. II. For each sample, the parameter
B9 has been optimized on the grazing incidence spectrum.

for the annealed layers. Taking the tabulated values?® of
(r?) and a; for Er [0.666a3 and 22/(32X 52X 7), respec-
tively] gives 49=—88 meV a;2~10% K a;? (a, being
the Bohr radius).

The lower value of BY for as-deposited layers should
not be taken as indicative of a weaker crystal field, but
rather of a distribution of Er sites at the surface. An in-
creased linear dichroism after annealing was already re-
ported for the Dy/Si(111) system. In that case, a com-
bined x-ray absorption (XAS)/photoemission spectrosco-
py study was also carried out:*! the increased dichroism
was always accompanied by a narrowing of the 4f photo-
emission structures and associated to the evolution to-
wards a single site occupation for the RE ion.

For one sample, we measured, in rapid succession, the
normal incidence spectrum at room temperature (RT)
and at T=~150+10 K: the two values obtained for B
agreed within 5%, i.e., within the error bar given above.
Contamination of the Er layer prevented a more detailed
study versus temperature since we observed that, even for
a base pressure of ~5X107!! mbar, the lifetime of our
samples did not exceed 2 h.

B. Erbium silicide

For the thick ErSi, ; layer only the normal incidence
data can be used since, as reported for other RE and
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transition metals,'®1%22 the TEY is affected by a strong
angular-dependent saturation. By thick layer we mean a
layer whose thickness is large with respect to the field of
view of XAS in TEY, estimated to be a few tens of A.

Data collected at T =150, 300, and 1000 K are shown
in Fig. 3. The T'=1000 K spectrum is indistinguishable
from the unpolarized one, as expected when the tempera-
ture is high enough to uniformly populate all the levels of
the multiplet. The inset of Fig. 3 shows the spectra, cal-
culated in a C, symmetry, that gave the best fit over the
entire T range (experimental data included six tempera-
tures between 150 and 1000 K). The corresponding value
of BY is —0.04 meV, giving a total splitting AE,,, ~7
meV and AY=—25meV a;?

The crystal-ﬁeld splitting of the Er’* ground state in
the silicide has been investigated by other techniques,?*
including INS and magnetization measurements. The re-
sults for both bulk and thin (300 A) film samples could be
explained taking a BY of 13 ueV, a factor 3 smaller than
the value we deduced from the linear dichroism measure-
ments. A possible origin for this discrepancy is that our
analysis considers only the axial term of second order,
while in Ref. 23 also fourth- and sixth-order terms are in-
cluded. These terms are, however, at least two orders of
magnitude smaller than B). A second possible reason is
that XLD measured in TEY is intrinsically surface sensi-
tive. This may enhance the surface contribution to the
dichroism, which, as shown before, gives a much larger
value for BY. RE silicides, though, are normally Si ter-
minated, which would make even the topmost Er layer
equivalent to the others in terms of nearest neighbors.

As a test for internal consistency of linear dichroism
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FIG. 3. Temperature dependence of the normal incidence
M spectrum of Er in a thick Er silicide layer grown on Si(111).
The differences between 1000 and 150 K and 1000 and 300 K
are reported at the bottom. The inset shows the corresponding
spectra calculated in C,, symmetry with B =40 ueV.
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applied to crystal-field studies, we compared the results
obtained for Er silicide and Dy silicide, which present the
same local environments. For Dy (nine 4f electrons with
a SH,s;,, ground-state configuration)) we obtain
B9=—0.111£0.01 meV. Considering that for Dy

(r?)=0.762a% and a;=-—2/(32X5X7), we obtain
A9=—21+2 meV/a3, which compares very well to the
value for Er (A4 (2’ =—25meV/a (2,). We also note that, for

the same environment and hence crystal-field parameters,
Er*" and Dy3" show opposite ordering of the sublevels,
with a |£13) ground state for the former and [+1) for
the latter. This is related to the opposite sign of the
Stevens’s factor a; for the two ions.

V. CONCLUDING REMARKS

We have measured the 3d absorption spectrum of Er
for several Er/Si interfaces, using linearly polarized pho-
tons. Large variations occur as a function of the angle
between the polarization vector and the surface normal
([111] direction of the Si substrate). No thickness depen-
dence was observed in the submonolayer regime, while
thermal treatments have important effects on the di-
chroism. We have interpreted our experimental results in
terms of the splitting of the *I,5,, free ion ground state
induced by a crystal field of axial symmetry. Within this
framework, we have determined the lowest level to be of
|1 ) character, with a total splitting of about 25 meV
and BY parameter of —0.15 meV. Based on these results
one expects that ordered submonolayers of Er on Si(111)
should present large magnetocrystalline anisotropy, with
favored perpendicular magnetization. This follows from
the fact that, at 7=0 K, only the |+1) state is occu-
pied: it cannot be split by a magnetic field acting in the
surface plane, while a field along the surface normal
separates it into two states, | — 1) and |+12), giving rise
to a magnetic moment of 9uy. This large anisotropy will
be smoothed at finite temperatures, but perpendicular
magnetization will remain favored. The same considera-
tions apply to the epitaxial silicide layers, in agreement
with the results obtained using other techniques. >

We have observed linear dichroism also in a thick
ErSi, ; layer epitaxially grown on silicon. Analyzing the
results in the same axial CEF hypothesis gives a much
smaller splitting (AE,,, =~7 meV). A comparison has
been made with a Dy-silicide layer, where (for the same
environment) a reversed level scheme with ground state
Ii%) is determined. The different behavior of the two
RE ions is related to the opposite signs of their second-
order Stevens’s factors. The values for the crystal-field
parameters 49 obtained with XLD for the two RE sili-
cides agree very well.

The application of soft-x-ray linear dichroism to the
study of crystal-field effects presents, in our view, two
peculiarities that can turn, for certain systems, into two
major advantages: the high sensitivity to little amounts
of material and the element selectivity. In addition to the
case of submonolayers presented here, also buried layers

and multicomponent systems can take advantage of this
technique.
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