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Surface core-level shifts and surface states for the heavy lanthanide metals
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We report on a systematic study of surface core-level shifts of 4f photoemission lines for the close-

packed surfaces of monocrystalline films of the heavy lanthanide metals and for the (110) surface of Eu
metal. Data are presented for Eu, Dy, Ho, Er, and Lu metals. Surface states close to the Fermi level

were observed for all close-packed surfaces studied so far. The magnitudes of the surface core-level
shifts were found to be distinctively smaller than previously reported results.

Surface shifts of core-level photoemission (PE) lines
had first been observed more than a decade ago for Au
metal. ' They are due to the reduced coordination of sur-
face atoms and can be related to the difference in
cohesive energies of the initial and final state. In the
case of lanthanide materials, particularly well-resolved
surface shifts are observed for the 4f PE lines due to the
relatively narrow intrinsic linewidths. A few years ago,
a self-consistent-field linear-muon-tin-orbitals calculation
with the atomic-sphere approximation, considering only
initial-state contributions to the surface core-level shifts,
claimed very good agreement between theory and experi-
ment. The subject was therefore considered to be fairly
closed until recently, when a high-resolution PE study of
a well-ordered (0001) surface of a monocrystalline film of
Tb metal, grown epitaxially on W(110), resulted in a sur-
face core-level shift that was more than a factor of 2
smaller than the previously reported value. Similarly,
small surface core-level shifts were subsequently observed
for close-packed surfaces of Gd metal, as well as Tm and
Yb metals, suggesting a systematic reanalysis of surface
core-level shifts for the entire series of lanthanide metals.
Apart from these surface-related binding-energy shifts of
core states, the appearance of valence-band-derived sur-
face states has been observed for lanthanide metals. An
occupied surface state was first theoretically calculated
and experimentally observed for the (0001) face of Gd
metal. ' Subsequently, such surface states were also
found for close-packed surfaces of Tb metal, ' ' Tm and
Yb metals, '" as well as La metal. ' From the variation
of the PE cross section as a function of photon energy,
these surface states were characterized as d like, '" in
agreement with the theoretical prediction.

In the present paper, we report on a systematic PE
study of surface core-level shifts for the close-packed sur-
faces of monocrystalline films of the heavy lanthanide
metals and for the (110) surface of Eu metal, with the
metal films grown epitaxially on W(110). Data are
presented for Eu, Dy, Ho, Er, and Lu metals, with the
magnitudes of the derived surface core-level shifts being
distinctively smaller than the previously reported experi-
mental and theoretical values. On the experimental side,
the differences are explained as a consequence of the
rough polycrystalline surfaces studied previously, while
on the theoretical side, the discrepancy with the experi-

mental results suggests the importance of final-state con-
tributions to the surface core-level shifts. In addition, d-
like surface states were observed for the close-packed sur-
faces of all lanthanide metals studied so far.

The PE experiments were performed with a high-
resolution spectrometer equipped with a Leybold-
Heraeus EA11 hemispherical electron analyzer employ-
ing either He II radiation from a resonance lamp or syn-
chrotron radiation from the SX700/II monochromator
operated by the Freie Universitat Berlin at the Berliner
Elektronenspeicherring fur Synchrotronstrahlung
(BESSY). The total-system resolution varied between 25
and SO meV (full width at half maximum). Most mea-
surements were performed with the metal samples at
room temperature; to reduce thermal broadening, a few
spectra were taken with the samples cooled to tempera-
tures as low as 20 K using a closed-cycle helium refri-
gerator. To this end, a special sample holder had to be
constructed that allowed us to heat the W(110) single-
crystal substrate up to =2000 K for cleaning and, on the
other hand, to cool it down to =—20 K for the PE mea-

0
surements. About 100-A-thick films of the lanthanide
metals were grown epitaxially on the clean W(110) sub-
strate at typical growth rates of 5 —10 A/min by thermal
evaporation of the high-purity metals from either resis-
tively heated W coils or Ta crucibles heated by electron
bombardment. Similar to the case of Gd(0001), the sub-
strate was kept at room temperature during deposition in
order to achieve layer-by-layer growth. ' ' The base
pressure in the experimental chamber was 3 X 10 "mbar
rising to -=2X10 ' bar during deposition. A quartz mi-
crobalance served for monitoring the thickness of the de-
posited films. Immediately after deposition, rather
diffuse low-energy electron-diffraction (LEED) patterns
were observed, which sharpened considerably upon sub-
sequent annealing at elevated temperatures (between 400
and 700 K).

Figure 1 displays PE spectra of the close-packed (0001)
surfaces of well-ordered monocrystalline films of Dy, Ho,
Er, and Lu metals grown epitaxially on W(110). The
spectra on the left side of the figure represent the 4f"
final-state PE multiplets; they were taken at the given
photon energies. The spectra on the right side were
recorded with 40-eV photons, and they all show the spec-
tral signature of a narrow occupied surface state at the
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Fermi level. We shall first turn to an analysis of the
4f" ' PE multiplet spectra and discuss the d-like surface
states further below.

The simplest 4f" ' PE multiplet is observed for the
Lu(0001) metal surface, with a 4f ' configuration in the
ground state. It consists of two spin-orbit doublets, one
from the bulk (solid subspectrum) and one from the top-
most surface layer (dashed subspectrum), which are
separated by a surface core-level shift of
5, = —(0.53+0.02) eV. The negative sign means that the
surface component is shifted to lower energy with respect
to the bulk component, i.e., to higher binding energy; the
chosen sign convention is in agreement with that of Ref.
6. The spin-orbit splitting turns out to be 1.48+0.02 eV.
Note the substantially larger widths of the components of
the surface doublet, which are mainly caused by thermal
broadening. ' The 4f " ' final-state PE multiplets of the
spectra of Er(0001), Ho(0001), and Dy(0001) were least-
squares fitted by assuming, in each case, identical multi-
plet spectra for the bulk and surface, however, allowing
for broader lines of the surface multiplets. The relative

positions of the 4f" ' multiplet components were taken
from the atomic calculation of Gerken, ' while the agree-
ment between the theoretical and experimental intensities
of the individual multiplet components was found to be
relatively poor; they were accordingly varied to obtain
good fits of the spectra. Note that the multiplet splittings
had to be stretched by a typical factor of 1.10 as com-
pared to the values given in Ref. 16; this is a consequence
of the increased core potential in the PE final state. In
this way, the following surface core-level shifts were ob-
tained: Dy(0001), 5, = —(0.30+0.03 ) eV; Ho(0001),
5, = —(0.43+0.05) eV; Er(0001), 5, = —(0.39+0.07) eV.
Note that the quoted value for Dy metal was derived
from the high-resolution PE spectrum of the I' multiplet
component shown in Fig. 1, which was measured with
100-eV photons and the sample cooled to 150 K.

A high-resolution PE spectrum of the (110) face of a
monocrystalline film of bcc Eu metal at a temperature of
20 K is displayed in Fig. 2; the formation of the (110) face
was confirmed by LEED. Note the individual FJ multi-
plet components in the bulk spectrum that could be
resolved. The spectrum from the topmost surface layer
(dashed subspectrum) is less well resolved and is again
shifted to higher binding energies by the surface core-
level shift; by least-squares fit, a surface core-level shift of
5, = —(0.48+0.03) eV is derived.

The present results for the surface core-level shifts are
summarized in Table I. This table also contains recently
published 5, values by our group for the close-packed
surfaces of Gd, Tb, as well as Tm and Yb. In this way,
a complete sequence of surface core-level shifts for the
heavy lanthanide metals becomes available, allowing a
comparison with previously published experimental and
theoretical results.

Figure 3 gives a graphical representation of the surface
core-level shifts of 4f" ' electron-removal states of the
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FIG. 1. Photoemission spectra taken from the (0001) faces of
monocrystalline films of Dy, Ho, Er, and Lu metal grown epi-
taxially on W(110). The spectra were taken at the given photon
energies, with the samples at room temperature; in the case of
Dy metal, the shallowest 4f-multiplet component was also mea-
sured with the sample cooled to 150 K. Note the intense PE
peaks from surface states very close to the Fermi level observed
in all cases. The results of least-squares-fit analyses are given by
the solid lines through the data points as well as by the solid and
dashed subspectra, respectively, representing the 4f multiplet
signals from the bulk and from the topmost surface layer.
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FIG. 2. High-resolution photoemission spectrum of the (110)
surface of a monocrystalline film of bcc Eu metal at 20 K taken
with He?I radiation; the film was grown on W(110). Note that
the individual components of the bulk subspectrum are
resolved.
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TABLE I. Summary of experimental results for the surface
core-level shift 6, of 4f PE lines for the given faces of the heavy
lanthanide metals.

Lanthanide metal

Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Face

{110)
(0001)
(0001)
{0001)
(0001)
(0001)
(0001)
(111)
(0001)

—5, (meV)

480+30
290+30
260+30
300+30
430+50
390+70
470+50
450+30
530+20

Ref.

Present work
6
5

Present work
Present work
Present work

7
7

Present work

-800

-600

-400E
bQ

4l

4l
41

4l

-200 0 Gerken et al. (85)
Begley et al. (90)

CI Alden et al. (93)
present work
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FICx. 3. Surface core-level shifts of 4f" ' electron-removal
states for the heavy lanthanide metals. In addition to the
present results (filled circles), previous experimental values ob-
tained on polycrystalline films by Gerken et al. (open circles,
Ref. 3) are included. The open diamonds represent the results of
an ab initio calculation for the (0001) faces of the lanthanide
metals (Ref. 4); the open square gives the theoretical value of a
more recent calculation of Alden, Skriver, and Johansson (Ref.
17)~

heavy lanthanide metals from Eu to Lu. In addition to
the present results and those of Refs. 5 —7 for smooth sur-
faces of monocrystalline films (filled circles), previous ex-
perimental values obtained on polycrystalline films (open
circles; Ref. 3) are also included. The open diamonds
represent the results of an ab initio calculation for the
(0001) faces of the lanthanide metals; the open square
represents the more recent theoretical value for Lu(0001)
by Alden, Skriver, and Johansson, ' which is in good
agreement with the experimental result. Note that the
experimental 6, results for close-packed surfaces of the
lanthanide metals exhibit an overall increase in magni-
tude from Gd to Lu; they are, however, strikingly smaller
than the previously published experimental results as well

as the theoretical values of Begley et al. For complete-
ness, we refer to three other recent experimental results
for epitaxial Gd(0001) films, which are less accurate than
the present result and are not included in Fig. 3:
5, = —0.4+0. 1 eV 5, = —0.45 eV 5, =0.3—0.4 eV.
The 5, value for the more open Eu(110) surface deviates
from the observed systematics for the close-packed sur-
faces. This is in agreement with theoretical predictions '

as well as experimental observations for other materials,
which show that the 5, values are usually smaller in mag-
nitude for close-packed surfaces than for more open ones.

On the experimental side, the discrepancy between pre-
viously published 5, values and the present results can be
explained as a consequence of rough surfaces of the poly-
crystalline materials, while rather smooth surfaces were
investigated in the present paper. As discussed recently
in connection with Tb(0001), the magnitude of 5, in-
creases with decreasing coordination number. This
means that on rough surfaces, with an abundance of low-
coordinated sites, the surface signals are not representa-
tive for the topmost layer of an atomically smooth sur-
face.

On the theoretical side, the striking discrepancy be-
tween the results of Begley eI; al. and the present experi-
mental 6, values suggests the importance of final-state
contribution to 6„since only initial-state effects were tak-
en into account in those calculations. In this respect, we
would like to refer to a very recent study of surface shifts
of 4f"+' electron-addition states (populated by inverse
photoemission) and 4f " ' electron-removal states
(reached by photoemission) in Gd(0001), where a separa-
tion of the observed surface core-level shifts into initial-
state and final-state contributions was achieved. The ob-
served sign of the final-state shift determined for
Gd(0001) explains at least part of the discrepancy be-
tween the theoretical results of Ref. 4 and the present ex-
perimental results, since the final-state screening contri-
bution causes a decrease in the magnitude of 6, for the
electron-removal state by —=0. 10 eV. A very recent
theoretical study of surface core-level shifts of occupied
and unoccupied 4f states in lanthanide metals, with full
inclusion of final-state screening contributions, has in
fact achieved a much better agreement with the present
experimental results; this holds also for the surface core-
level shift calculated by the same group for Lu(0001). '

We finally comment on the surface states observed
close to the Fermi level for the close-packed surfaces of
Dy, Ho, Er, and Lu. As in the case of Gd, Tb, ' La, '

as well as Tm and Yb metals, ' " the photon-energy
dependence of the PE-signal intensity supports a 5d-like
character in all cases, in agreement with the theoretical
prediction for Gd(0001). In the case of La(0001), '

Gd(0001), ' and Tb(0001), the unoccupied part of the
surface states has additionally been studied by inverse
photoemission with a variable photon-energy spectrome-
ter. In the latter two cases, the magnetic exchange split-
ting was also investigated as a function of temperature.
It is now clear that such a d-like surface state exists
directly at the Fermi level on the close-packed surfaces of
all heavy lanthanide metals as well as on La(0001) (Ref.
12) and Nd(0001). It is thus a common property of
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close-packed surfaces of lanthanide metals. Since this
surface state is highly localized, it can influence the sur-
face core-level shift and is subject to strong magnetic ex-
change splitting in magnetically ordered materials such
as Gd and Tb metals. ' In this way, it may well be re-
sponsible for the enhanced magnetic surface properties
observed for ferromagnetic lanthanide metals. We hope
that the present systematic results will stimulate further

theoretical work on the surface electronic structure of
lanthanide metals.
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