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Lifetime of surface states on„0001… surfaces of lanthanide metals

A. Bauer, A. Mühlig, D. Wegner, and G. Kaindl
Freie Universität Berlin, Institut für Experimentalphysik, Arnimallee 14, D-14195 Berlin, Germany

~Received 22 March 2001; published 1 February 2002!

We have studied the electronic structure of surface states on~0001! surfaces of Gd, Ho, and Lu films with
scanning-tunneling spectroscopy at low temperature~10 K!. The 5dz2-like surface states have a small disper-
sion and exhibit magnetic exchange splittings that are proportional to the 4f -spin moment, being largest for Gd
and zero for Lu. The surface state in Lu lies directly at the Fermi energy, resulting in a sharp peak in the
tunneling spectrum. A line-shape analysis of the tunneling spectra reveals linewidths and, hence, lifetimes of
surface-state electrons governed by electron-phonon and electron-electron scattering.

DOI: 10.1103/PhysRevB.65.075421 PACS number~s!: 73.20.At, 73.50.Gr, 71.20.Eh
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I. INTRODUCTION

Surfaces of crystals with local bandgaps in the surf
Brillouin zone often exhibit surface states that decay ex
nentially into both the bulk and the vacuum and are th
confined to a thin surface layer. Binding energies and dis
sions of surface states have been studied for many mate
More recently, increasing attention has also been given to
lifetimes of these states1,2 as this is of importance for pro
cesses at surfaces where charge transfer is involved~e.g.,
chemical reactions!. However, a profound understanding
surface-state lifetimes is still lacking for most systems.2 Even
for the most extensively studiedsp-like surface states in
noble metals, a quantitative description was not obtained
til very recently by Klieweret al.3

Electronic structure and lifetimes of surface states h
mostly been studied by photoemission~PE! or inverse pho-
toemission~IPE! in the past.2 The first systematic studies o
surface-state lifetimes with scanning-tunneling microsco
~STM! and scanning-tunneling spectroscopy~STS! were per-
formed by Li et al.4 and Bürgi, Jeandupeux, Brune, an
Crampin.5 Advantages of STS over PE or IPE are~i! the
comparatively high-energy resolution at low temperatures~a
few meV or even less!, ~ii ! the access to states on both sid
of the Fermi energy, and~iii ! the high-spatial resolution. Th
latter is of importance if impurities or surface defects distu
the local electronic structure. In this case, it becomes diffic
to determine inherent properties of ideal surfaces with s
tially averaging techniques.6 The major drawback of STS i
that the exact portion ofk space probed by the tunnelin
electrons is not exactly known and depends strongly on
tip geometry as well as on the electronic band structure o
and sample.

In this paper, we present tunneling spectra recorded a
K on ~0001! surfaces of Gd, Ho, and Lu. The 5dz2-like sur-
face states~Tamm states! that exist in the closed-packe
~0001! surfaces of all trivalent lanthanide metals7 appear as
sharp peaks in the tunneling spectra.8,9 They are located in
local band gaps around theḠ point.10,11Their energy is close
to the Fermi energyEF and they exhibit only small disper
sion due to a high degree of localization. Since the 5dz2

orbitals extend far into the vacuum, STS is highly sensit
to these states. Due to exchange interaction with the 4f elec-
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trons the surface states exhibit an exchange splitting tha
proportional to the 4f -spin moment. In general, it results i
an occupied state belowEF with the spin parallel to the 4f
spin ~majority spin!, and an unoccupied state aboveEF with
antiparallel spin alignment.12

By analyzing the line shape of the surface-state peaks
the basis of simple planar-tunneling theory and by tak
into account a small dispersion of the surface states,
have determined the linewidths, i.e., inverse lifetimes,
surface states in Gd, Ho, and Lu. Since the band structur
the lanthanide metals is similar, the observed binding-ene
dependence of the surface-state lifetime can, to fi
approximation, be attributed to the energy depende
of electron-electron scattering, which had not yet be
studied for the lanthanides, neither experimentally nor th
retically.

II. EXPERIMENTAL DETAILS

The experiments were performed in a UHV system tha
equipped with a low-temperature STM and samp
preparation facilities. The base pressure in the UHV sys
is typically 5310211 mbar. The STM consists of a comme
cial STM head ~Omicron! mounted into a home-buil
liquid-helium-bath cryostat. The transferable STM he
is placed inside a copper cage that is cooled by He-excha
gas within two bellows by which the cage is suspend
to provide vibration isolation. The measuremen
presented here were performed at (1060.5) K ~measured
on the sample holder!. The preamplifier for the tunneling
current is located outside the UHV chamber, and
STM/STS measurements are controlled by a digital sig
processor.

For STS measurements, the tunneling currentI and the
differential conductivitydI/dU are recorded as a function o
sample biasU at fixed STM-tip position. Close toEF , the
latter is in good approximation proportional to the local de
sity of states of the sample at an energyE2EF5eU.
We measure the conductivity by modulating the b
voltage (f mod'300 Hz,DU rms'1 mV) and detecting the am
plitude of the tunneling-current modulation with a lock-
amplifier.

The ~0001!-lanthanide films are deposited at room tem
perature on clean W~110! surfaces by electron-beam evap
©2002 The American Physical Society21-1
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ration out of a Ta crucible. The film thickness is controll
by a quartz microbalance with an error of about620%.
After deposition the films were annealed at temperatu
up to 1000 K. The quality of the films is checked b
low-energy electron diffraction~LEED! and STM. The
W~110! single crystal is clamped by small wedg
into a transferable sample holder. All parts are made of tu
sten. In this way, the W~110! crystal can be annealed a
temperatures above 2300 K using a specially desig
electron-beam heating stage. This is necessary to pre
clean surfaces and to remove tungsten oxides from the
face, especially after the crystal was annealed in oxygen
31028 mbar) in order to remove carbon contamination fro
the surface.

FIG. 1. ~a! Representative tunneling spectra recorded on dif
ent lanthanide-metal films at 10 K.~b,c! STM images of~b! a 2-ML
and ~c! a 14-ML thick Ho/W~110! film. Both films were annealed
under same conditions at a temperature less than 700 K. The
film is broken up into~2–3!-ML high islands with atomically flat
surfaces, sitting on top of a continuous Ho monolayer. The th
film is continuous and was smoothed upon annealing~it would need
higher temperatures to break it up!. STM images of Gd/W~110!
films look very similar.
07542
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III. RESULTS AND DISCUSSION

In Fig. 1~a!, we showdI/dU spectra measured on~0001!
surfaces of Gd, Ho, and Lu films. The exchange-split surf
states appear as pronounced peaks in the spectra with
largest exchange splitting observed for Gd and zero split
for Lu. The spectra were recorded on atomically flat surfa
of either continuous films or three-dimensional islands wit
thickness greater and equal to 3 monolayers~ML ! and areas
of at least 100 nm2. Due to large effective masses of th
surface states~m* /m.5, see below!, the impact of lateral
confinement on the surface states should be negligible
these dimensions.13 The islands were produced by anneali
~2–3!-ML thick films ~at temperature up to 1000 K! as seen
in Fig. 1~c!.14 Continuous films were obtained for large
thicknesses upon annealing@see Fig. 1~b!#. LEED showed a
sharp hexagonal (131) pattern and, for the island films, th
expected superstructure from the first monolayer
W~110!.14,15 While the surfaces of Gd and Ho films wer
almost free of contamination, it was rather difficult to pr
pare clean Lu films. We always observed two coexist
phases on Lu-film surfaces@see Fig. 2~a, b!#. In one phase,
the surface state atEF is suppressed@spectrumB in Fig. 2~c!#
and we observe some scattered holes in the surface, pos
due to oxygen contamination. The other phase exhibit
surface state@spectrumA in Fig. 2~c!#. However, the surface
morphology is not as atomically flat as found for Gd and H
surfaces, and impurity-scattering effects cannot be exclud

It should be mentioned that for thicknesses between 3

-

in

k

FIG. 2. ~a! STM image of 3 ML Lu/W~110! after annealing at
1000 K. Image~b! is a magnification of the marked area in~a!. ~c!
Tunneling spectra taken on Lu islands of this film in morpholo
cally different surface regions,A and B, indicated in image~b!.
RegionB is obviously contaminated~possibly by oxygen!, resulting
in a suppression of the surface state.
1-2
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14 ML, we did not observe any thickness dependence of
tunneling spectra. Therefore, we assume that the spectr
present here are representative for surfaces of lanthan
bulk material. It is not yet understood why the exchan
splitting is apparently not affected by finite-size effects
could be anticipated from the well-known thickness dep
dence of the Curie temperature previously measured for
films.16 At higher temperature (T567 K), Bodeet al. found
indeed reduced exchange splittings for less than 4-ML th
Gd islands.8 A detailed discussion of the temperature a
thickness dependence of the exchange splitting will be gi
in a forthcoming publication.17

For a quantitative analysis of the spectral shape of
surface states, we have measured high-resolution spectr
each peak~see Fig. 3!. The observed asymmetry in the L
peak indicates that dispersion of the surface states, altho
it is rather small in lanthanides,7,10,11 cannot be fully ne-
glected~i.e., also states withkiÞ0 contribute to the tunnel
ing current!. To first approximation, we assume a quadra
dispersion with negative effective mass,m* ,0: E(ki)5E0

FIG. 3. High-resolved tunneling spectra taken on~a! Lu, ~b,c!
Ho, and~d,e! Gd films at 10 K. Solid lines: Least-squares fits to t
experimental data composed of three subspectra: a surface-stat
~dashed!, a Gaussian function~dotted!, and a linear or quadratic
background~dash dotted!. The latter is attributed to tunneling int
bulk states. Fit parameters are listed in Table I.
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1(\2/2m* )ki
2 with E0 the energy of the surface state~rela-

tive to EF! at theḠ point, andki the parallel momentum. In
a simple model of planar tunneling, the tunneling curren
given by I}*2`

` nT(E2eU)nS(E)T(E,U)@ f (E2eU)
2 f (E)#dE, whereT is the transmission coefficient for tun
neling,nT andnS are the density of states of tip and samp
respectively, andf is the Fermi-distribution function.18 As-
suming that the bias dependence ofT can be neglected fo
small U, and that the density of states in the tip is const
~within the energy range of interest!, the differential conduc-
tivity is

dI

dU
}p0E

2`

`

dE~nsT!~E! f 8~E2eU!, ~1!

with f 8 the derivative off andp0 a proportionality factor. For
a two-dimensional surface-state band withm* ,0, the den-
sity of states is a step function,nS5n0u(E02E), and the
transmission coefficient is given by

T5exp@22A~2m/\2!~feff2E'!d#

with feff the effective work function,E' the perpendicular
energy component, andd the barrier width. Forum* u@m,
E' can be expressed as

E'5~m* /m!E01@12~m* /m!#E'~m* /m!~E02E!.

For E',feff , the transmission coefficient can thus be a
proximated by

T}exp@2p1~E02E!#

with p15A~2m/\2feff!~2m* /m!d. ~2!

A large p1 factor is responsible for the appearance of rat
narrow peaks in the spectra. In comparison,sp-like surface
states exhibit generally much smaller effective masses,
thus smallerp1 values, which leads to step-function-like fe
tures in the tunneling spectra.3,4

To take into account finite lifetimes of the surface statest,
the function (nsT)(E) in Eq. ~1! is written as an integra
over Lorentian functions weighted with the transmission fa
tor T,

~nsT!~E!}E d«
G~«!

~E2«!21 1
4 G2~«!

u~E02«!

3exp@2p1~E02«!#. ~3!

The width of the Lorentian function~full width at half maxi-
mum! G is related tot by t5\/G. Two contributions to the
lifetime broadening of the surface state are considered h
electron-phonon (e-ph) scattering (Ge-ph5\/te-ph) and
electron-electron (e-e) scattering (Ge-e5\/te-e).

At zero temperature, within the Debye model,Ge-ph is
given by19,20

line
1-3
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TABLE I. Average values forE0 , DEex, p1 , b, G, andt obtained from fits of tunneling spectra such as the ones shown in Fig. 3, as
as measured Debye frequenciesvD and calculated electron-phonon mass-enhancement factorsl taken from the literature for Lu, Ho, and
Gd.23 Line widths due toe-ph scattering,Ge-ph(E0), were calculated with Eq.~4!. The fit parameters varied for different sets of spectra
about 5% forE0 , 10% for b, G(E0), andt(E0), and up to 40% forp1 ~see text!. The surface-state lifetimest were calculated fromt
5\/G.

4 f metal
E0

~meV!
DEex

~meV!
p1

~eV21!
b

~eV21!
G(E0)
~meV!

t(E0)
~fs! l @23#

\vD

~meV!
Ge-ph(E0)

~meV!

Lu 2.3 128 5.2 127 0.59 15.8~Ref. 22! 0.05
Ho 290 437 89 0.52 19 35 0.30 16.4~Ref. 21! 10.3

347 32 0.48 125 5.3
Gd 2182 673 89 0.50 44 15 0.40 14.0~Ref. 22! 11.7

491 55 0.25 132 5.0
d

t
su
r,
e

e

di

er
n
s
c

ve

gi

I
is
nt
n
re
ld
d
b

an

ec-
sed
to
-

pec-
-
b-
,

,

of

e
ing
ent
has
tion

,

d in
the

ro-
fit

ed
ctra.
n-
the

ther

t of
a
tral
that
Ge-ph~T50!5H 2p

3
l

uE2EFu3

~\vD!2 , uE2EFu,\vD ,

2p

3
l\vD , uE2EFu>\vD ,

~4!

with vD the Debye frequency andl the electron-phonon
mass-enhancement factor. The increase ofGe-ph from T50
to T510 K is small19,20 ~,1 meV! and can be neglecte
here. For our fits, we used measuredvD values21,22 and cal-
culatedl values23 listed in Table I. It should be noted tha
these values describe bulk properties, and that for the
face,vD and l may differ from the bulk values. Howeve
changes are expected to be less than 10%, as was rec
demonstrated by calculations for noble metals.3

The (e-e)-scattering contribution to the linewidthGe-e is
given by Fermi-liquid theory,20,24

Ge-e52b@~pkBT!21~E2EF!2#. ~5!

Since the factorb is of the order of 1 eV21, the first term in
Eq. ~5! can be ignored here. In cases where the binding
ergyE2EF amounts to only a few meV~such as for Lu!, the
second term also becomes small andGe-e is thus negligible
(Ge-e!1 meV).

In summary, the surface-state peaks were fitted accor
to Eqs. ~1!–~5! with four parameters,E0 , b, p0 , and p1 ,
used as fit parameters. The temperature that enters the F
distribution function was set to 10 K. For zero binding e
ergy (E2EF50), the model predicts vanishing linewidth
due toe-eande-ph scattering. In the ideal experiment, spe
tral broadening by about 3.5kBT'3 meV ~at T510 K!
would be expected from the convolution with the derivati
of the Fermi-distribution function in Eq.~1!. Experimentally,
however, we find broader structures at small binding ener
in the Lu spectra@E0(Lu)'2 meV, see below#. The reason
for this additional broadening is not yet fully understood.
might be an experimental artifact, e.g., due to rf-no
pick-up on the sample bias. Such effects could be accou
for by convoluting the spectra with a Gaussian functio
which, however, did not result in good fits. Better fits we
obtained by increasing the Lorentian linewidth. This cou
possibly be caused by defect scattering due to structural
order at the surface of Lu films, which was observed
07542
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STM. Therefore, for Lu, we added as further fit parameter
energy independent offset to the Lorentian linewidth.

In Fig. 3, we show least-squares fits of the tunneling sp
tra for Lu, Ho, and Gd. The calculated spectra are compo
of three components:~i! the surface-state peak according
the model described above,~ii ! a linear or quadratic back
ground attributed to bulk-state contributions, and~iii ! a
Gaussian line to account for some extra features in the s
tra ~see discussion below!. As is seen in Fig. 3, the experi
mental data is fairly well reproduced by the fits. The o
tained values forp1 , E0 , b, and its corresponding values
G(E0) andt(E0), as well asDEex are listed in Table I. The
p1 values, which are proportional tom* , are of the same
order of magnitude. Since the parametersfeff andd are not
exactly known@see definition ofp1 in Eq. ~2!#, however, an
accurate determination ofm* is not possible. Nevertheless
by assumingfeff>2 eV and d<15 Å, we can estimate
m* /m.5, that underlines the high degree of localization
the surface states. For different spectra,p1 varies up to 40%.
Certainly, it does not originate from different dispersions. W
assume that a different angular distribution in the tunnel
process is responsible for this variation, e.g., due to differ
tip geometries or surface inhomogeneities. However, this
only weak influence on the other parameters. The varia
of E0 and G for different spectra is less than 5% and 11%
respectively.

As mentioned before, additional features are observe
some tunneling spectra such as the peak to the left of
occupied Gd surface-state peak in Fig. 3~d!. They can most
likely be attributed to tip states since they were not rep
ducible for different tips. The Gaussian line added to the
of the Lu spectrum@dotted line in Fig. 3~a!#, however, might
have a different origin and is not necessarily a tip-induc
feature, as the broad tails have been observed in all spe
The applied model might be too simple to allow for a qua
titative description of the full spectrum. On the one hand,
pronounced peak close to the Fermi energy~zero bias! can
only be fitted by assuming a high effective mass, i.e., a ra
narrow binding-energy range~;7 meV belowE0! that con-
tributes to the surface-state peak. On the other hand, a fi
the broader structures~tails! in the spectrum would require
much wider energy range to give contributions to the spec
shape, i.e., a smaller effective mass. It could be a hint
1-4
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FIG. 4. ~a! Exchange splitting of surface states~squares! vs
4 f -spin moment. The data point for Tb was obtained with STS
Bode et al.9 For comparison, we have also plotted data points
bulk states~exchange splitting ofD2 bands at theG point in the
Brillouin zone! obtained by photoelectron spectroscopy~triangles!
~Ref. 26!. The solid lines represent linear fits to the data with slop
of (268616) meV ~Ref. 26! and (19569) meV for bulk and sur-
face states, respectively.~b! Linewidths,G, and ~c! corresponding
surface-state lifetimes,t5\/G ~squares!, as a function of absolute
value of binding energy,uE0u. In ~c!, for comparison, we have plot
ted lifetimes ofsp-like surface states on~111! surfaces of noble
metals ~Cu, Ag, Au! obtained3 by STS as well as lifetimes o
valence-band states~bulk states! in Fe obtained by time-resolve
two-photon photoemission~Ref. 25!. Filled ~open! symbols in~b,c!
represent lifetimes of states below~above! EF .
07542
the effective mass is energy dependent, however, a m
elaborate theory is needed here for a quantitative descrip

In Fig. 4~a!, the exchange splittingDEex, is plotted versus
the 4f -spin moment of the lanthanide atoms. For compa
son, we also plotted the exchange splittings of theD2 bands
in the bulk that were recently measured by photoelect
spectroscopy.26 As expected,27,28 both the surface-state an
the bulk-band splittings are proportional to the 4f -spin mo-
ment, however, with different proportionality factors~i.e.,
effective exchange-coupling constants! for surface and bulk
states. A detailed discussion of exchange splittings and t
dependence on temperature and film thickness will be p
lished elsewhere.17

We shall now discuss the dependence ofG on the binding
energy of the surface-state band maximumE0 that is pre-
sented in Fig. 4~b!. The corresponding lifetimest are plotted
in Fig. 4~c!. Since theb factors do not vary by more than
factor of 2 for majority- and minority-spin states nor fo
different materials~Gd, Ho! ~see Table I! we observe an
increase ofG with increasinguE0u. The variation of theb
factors is most likely explained by the differences in t
spin-dependent band structures of Gd and Ho. The sma
value of G is observed for Lu where the surface state
located directly at the Fermi energy~b cannot be determined
here sinceGe-e is negligible for binding energies of a few
meV!. It amounts toG„E0(Lu)…55.2 meV. However, as
mentioned before, according to Eqs.~4,5! the linewidth
should be even smaller~,1 meV! at E0(Lu)52.3 meV.
Whether this enhanced value reflects the experime
energy-resolution limit, or there is indeed an enhanced s
tering probability that cannot conclusively be answered
present~see discussion above!.

For comparison of our present data with available lo
temperature lifetime data, we have plotted in Fig. 4~c! life-
times of Shockley-type~sp-like! surface states in noble
metals3 and of valence-band states in Fe.25 While the life-
times of the noble-metal surface states are significa
larger, the lifetimes of Fe-bulk states are comparable to th
of the lanthanide-metal surface states. Qualitatively, this
be explained by the different densities of states at the Fe
energy for noble metals~Au, Ag, Cu!, on the one hand, and
3d- or 4f -transition metals with the strongd-band contribu-
tion at EF , on the other hand. The density of states of t
3d- and 4f -transition metals is about an order of magnitu
larger than that of the noble metals, resulting in an enhan
number of decay channels for hot electrons or holes. T
would explain why theb factors for the lanthanide-meta
surface states are about an order of magnitude larger
those for surface and bulk states of noble metals~for surface
states, Bu¨rgi et al.5 have obtainedb50.019 eV21 for Cu and
b50.032 eV21 for Ag!.

A quantitative understanding of electron-electron scat
ing rates for majority-spin and minority-spin states in la
thanide metals would require calculations based on the ac
spin-dependent band structure, which have not yet been
formed, neither for bulk nor for surface states. It can
expected, however, that the lifetimes of surface and b
states~at same binding energy! are comparable: Although th
5dz2-like surface states are highly localized~in all three di-
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mensions! their spatial extension is still of the order of th
atomic diameter~unlike, e.g., the much stronger localized 4f
states!.29 According to calculations by Zarate, Apel
and Echenique,30 for this degree of localization, lifetime
should not be significantly enhanced with respect to th
of delocalized three-dimensional states. This wo
explain why the lifetimes of the lanthanide surface states
of the same order as those of Fe-bulk states, with both
terials having comparable density of states at the Fe
energy.

It is interesting to note that for the noble metals, the li
times of surface states are even significantly reduced c
pared to those of bulk states.3 This was quantitatively ex-
plained by a strong contribution of two-dimension
intraband transitions within the surface-state band.3 For lan-
thanide surface states, on the other hand, such intraband
sitions are unlikely to occur since, as mentioned, these st
are localized not only in one dimension~as for thesp-like
states! but in all three dimensions, with little overlap. For
quantitative understanding, however, theoretical studies
needed.
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IV. SUMMARY

With the present paper, we have gained important inf
mation on the electronic structure and dynamics of hig
localized states in lanthanide metals. We have measu
binding energies and linewidths~i.e., inverse lifetimes! of the
exchange-split surface states on~0001! surfaces of thin
lanthanide-metal films by low-temperature STS. The e
change splitting is found to be proportional to the 4f -spin
moment with a slope of (19569) meV. The lifetimes are
relatively short and of the same order as those of bulk st
of 3d transition metals at same binding energy. For t
electron-electron scattering contribution, theb factor varied
from 0.25 to 0.52 eV21 for the majority- and minority-spin
states of Ho and Gd.
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