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Lifetime of surface states on(0001) surfaces of lanthanide metals
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We have studied the electronic structure of surface staté®@01) surfaces of Gd, Ho, and Lu films with
scanning-tunneling spectroscopy at low temperaflifeK). The 5d,2-like surface states have a small disper-
sion and exhibit magnetic exchange splittings that are proportional toftlspid 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.
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[. INTRODUCTION trons the surface states exhibit an exchange splitting that is
proportional to the 4-spin moment. In general, it results in
Surfaces of crystals with local bandgaps in the surfacein occupied state belo®y with the spin parallel to the #
Brillouin zone often exhibit surface states that decay expospin (majority spin, and an unoccupied state abd¥ge with
nentially into both the bulk and the vacuum and are thugntiparallel spin alignmerif
confined to a thin surface layer. Binding energies and disper- BY analyzing the line shape of the surface-state peaks on
sions of surface states have been studied for many materiale basis of simple planar-tunneling theory and by taking
More recently, increasing attention has also been given to th®t0 account a small dispersion of the surface states, we

lifetimes of these staté< as this is of importance for pro- have determin_ed the linewidths, i._e., inverse lifetimes, of
cesses at surfaces where charge transfer is involeey surface states in Gd, Ho, and Lu. Since the band structure of

chemical reactions However, a profound understanding of 'éhe Ianéhanlde Tezﬁls 1S S|][nllar, th? obl_‘?etr.ved blndmgt—emfe'rg%/
surface-state lifetimes is still lacking for most systenfisien epencence o € suriace-slale fiietime can, to 1irs

for the most extensively studiedplike surface states in approximation, be attributed to the energy dependence

noble metals, a quantitative description was not obtained uan electron-electron scattering, which had not yet been
. -aq . 3 P studied for the lanthanides, neither experimentally nor theo-
til very recently by Klieweret al.

. o retically.
Electronic structure and lifetimes of surface states have y

mostly been studied by photoemissi@PE) or inverse pho-
toemission(IPE) in the past The first systematic studies of Il. EXPERIMENTAL DETAILS

surface-state lifetimes with scanning-tunneling microscopy e experiments were performed in a UHV system that is
(STM) and sc_anning-tunnel[pg_spectroscc(@]’& were per-  equipped with a low-temperature STM and sample-
formed by Lietal” and Bugi, Jeandupeux, Brune, and preparation facilities. The base pressure in the UHV system
Crampin® Advantages of STS over PE or IPE &fi¢ the s typically 5x 10~ ' mbar. The STM consists of a commer-
comparatively high-energy resolution at low temperatiees cial STM head (Omicron mounted into a home-built
few meV or even legs(ii) the access to states on both sidesjiqyid-helium-bath cryostat. The transferable STM head
of the Fermi energy, andii) the high-spatial resolution. The s placed inside a copper cage that is cooled by He-exchange
latter is of importance if impurities or surface defects disturbgas within two bellows by which the cage is suspended
the local electronic structure. In this case, it becomes difficulys  provide vibration isolation. The measurements
to determine inherent properties of ideal surfaces with SPapresented here were performed at £105) K (measured
tially averaging techniqueésThe major drawback of STS is on the sample holder The preamplifier for the tunneling
that the exact portion ok space probed by the tunneling cyrrent is located outside the UHV chamber, and the
electrons is not exactly known and depends strongly on theTn/STS measurements are controlled by a digital signal
tip geometry as well as on the electronic band structure of tiﬁbrocessor.
and sample. _ For STS measurements, the tunneling curieand the

In this paper, we present tunneling spectra recorded at 1ffifferential conductivitydl/dU are recorded as a function of
K on (0001 surfaces of Gd, Ho, and Lu. Thed®-like sur-  sample biad at fixed STM-tip position. Close t&, the
face states(Tamm statesthat exist in the closed-packed |atter is in good approximation proportional to the local den-
(0001) surfaces of all trivalent lanthanide metalppear as sity of states of the sample at an enerfy-E-=eU.
sharp peaks in the tunneling spectfaThey are located in \we measure the conductivity by modulating the bias
local band gaps around thiepoint!®* Their energy is close  voltage fn.q~300 HzAU™~1 mV) and detecting the am-
to the Fermi energ¥er and they exhibit only small disper- plitude of the tunneling-current modulation with a lock-in
sion due to a high degree of localization. Since th25 amplifier.
orbitals extend far into the vacuum, STS is highly sensitive The (000))-lanthanide films are deposited at room tem-
to these states. Due to exchange interaction with theldc-  perature on clean Y¥10 surfaces by electron-beam evapo-
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FIG. 2. (8 STM image of 3 ML Lu/W110 after annealing at
1000 K. Imageb) is a magnification of the marked area(a). (c)
Tunneling spectra taken on Lu islands of this film in morphologi-
cally different surface regionsh and B, indicated in imageb).
RegionB is obviously contaminategossibly by oxyge) resulting
in a suppression of the surface state.

Ill. RESULTS AND DISCUSSION

In Fig. 1(a), we showd|/dU spectra measured ¢6001)
surfaces of Gd, Ho, and Lu films. The exchange-split surface
states appear as pronounced peaks in the spectra with the

FIG. 1. (@ Representative tunneling spectra recorded on differ-largest exchange splitting observed for Gd and zero splitting
ent lanthanide-metal films at 10 Kb,c) STM images ofb) a 2-ML  for Lu. The spectra were recorded on atomically flat surfaces
and(c) a 14-ML thick Ho/W(110 film. Both films were annealed of either continuous films or three-dimensional islands with a
under same conditions at a temperature less than 700 K. The thifickness greater and equal to 3 monolay@ft ) and areas
film is broken up into(2—3-ML high islands with atomically flat  of gt least 100 nf Due to large effective masses of the
surfaces, sitting on top of a continuous Ho mont_)layer. The thickgrface state$m*/m>5, see below the impact of lateral
film is continuous and was smoothed upon annedlingould need  ¢qnfinement on the surface states should be negligible for
higher temperatures to break it uiSTM images of GAMA10  hese dimension€ The islands were produced by annealing
films look very similar. (2—3-ML thick films (at temperature up to 1000)Ks seen

in Fig. 1(c).'* Continuous films were obtained for larger
ration out of a Ta crucible. The film thickness is controlled thicknesses upon annealifigee Fig. b)]. LEED showed a
by a quartz microbalance with an error of abati20%.  sharp hexagonal (21) pattern and, for the island films, the
After deposition the films were annealed at temperaturegxpected superstructure from the first monolayer on
up to 1000 K. The quality of the films is checked by W(110.**® While the surfaces of Gd and Ho films were
low-energy electron diffraction(LEED) and STM. The almost free of contamination, it was rather difficult to pre-
W(110 single crystal is clamped by small wedges pare clean Lu films. We always observed two coexisting
into a transferable sample holder. All parts are made of tungphases on Lu-film surfacdsee Fig. 2a, b]. In one phase,
sten. In this way, the \W10 crystal can be annealed at the surface state &; is suppressefspectrunmB in Fig. 2(c)]
temperatures above 2300 K using a specially designednd we observe some scattered holes in the surface, possibly
electron-beam heating stage. This is necessary to prepatieie to oxygen contamination. The other phase exhibits a
clean surfaces and to remove tungsten oxides from the susurface statgspectrumA in Fig. 2(c)]. However, the surface
face, especially after the crystal was annealed in oxygen (2norphology is not as atomically flat as found for Gd and Ho
X 10~ 8 mbar) in order to remove carbon contamination fromsurfaces, and impurity-scattering effects cannot be excluded.
the surface. It should be mentioned that for thicknesses between 3 and
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+(h2/2m*)kf with Eq the energy of the surface stafela-

@) tive to Eg) at thel” point, andk, the parallel momentum. In

a simple model of planar tunneling, the tunneling current is
given by l«fZ n(E—eU)ng(E)T(E,U)[f(E—el)
—f(E)]dE, whereT is the transmission coefficient for tun-
neling,nt andng are the density of states of tip and sample,
respectively, and is the Fermi-distribution functioff As-
suming that the bias dependenceTotan be neglected for
small U, and that the density of states in the tip is constant

dI/dU (arb. units)

100 =50

(within the energy range of intergsthe differential conduc-
tivity is
E di - ,
z qu*Po| dE(MTI(E)f'(E-eU), (1)
g
:% with ' the derivative of andp, a proportionality factor. For
= e e n o Y a two-dimensional surface-state band witfi <0, the den-
- . D sity of states is a step functiomg=ny0(E,—E), and the
-200 -150 -100 -50 0 O 200 400 600 transmission coefficient is given by

T:exp[—Z\/(Zm/ﬁz)(ébeff_ E,)d]

= with ¢« the effective work functionE, the perpendicular
E energy component, and the barrier width. Foim* |>m,
5 E, can be expressed as
B
= E, =(m*/m)Eg+[1—(m*/m)]E~(m*/m)(Ey;—E).
-600  -400 200 0 200 400 600 %00 For E, < ¢, the transmission coefficient can thus be ap-
Sample bias (mV) proximated by
FIG. 3. High-resolved tunneling spectra taken (@n Lu, (b,0 _ .
Ho, and(d,e) Gd films at 10 K. Solid lines: Least-squares fits to the Teeexd —pu(Eo=B)]
experimental data composed of three subspectra: a surface-state line with p;=(2m/A2 ¢ o) (—m*/m)d. 2

(dashegl a Gaussian functioridotted, and a linear or quadratic

backgrounddgsh dotted The Iatt.er is gttributed to tunneling into A large p, factor is responsible for the appearance of rather
bulk states. Fit parameters are listed in Table I. narrow peaks in the spectra. In comparissplike surface

: . states exhibit generally much smaller effective masses, and
14 ML_’ we did not observe any thickness dependence of thﬁwus smalleip, values, which leads to step-function-like fea-
tunneling spectra. Therefore, we assume that the spectra W&res in the tunneling spectid
present here are representative for surfaces of lanthanide- To take into account finite lifetimes of the surface states

bullilitirTatierlaI. ltr'smantnytEt #ndter(jstgodfithhy }Qe e;chfmgethe function 0.T)(E) in Eqg. (1) is written as an integral
Sp g IS apparently not afiected by €-S1z€ ellecls as,, o | grentian functions weighted with the transmission fac-
could be anticipated from the well-known thickness depen-t
: A rt,
dence of the Curie temperature previously measured for Gc?
films.1® At higher temperatureT= 67 K), Bodeet al. found
indeed reduced exchange splittings for less than 4-ML thick I'(e) _
. X ) . (ngT)(E)e | de 0(Ep—e¢)
Gd island€ A detailed discussion of the temperature and (E—e)2+1T%¢)
thickness dependence of the exchange splitting will be given
in a forthcoming publicatiod’ xexd —pi(Eo—e)]. (€)
For a quantitative analysis of the spectral shape of the
surface states, we have measured high-resolution spectra fbhe width of the Lorentian functioffull width at half maxi-
each peak(see Fig. 3. The observed asymmetry in the Lu mum) I is related tor by 7=#/I". Two contributions to the
peak indicates that dispersion of the surface states, althoudifietime broadening of the surface state are considered here:
it is rather small in lanthanides,>** cannot be fully ne- electron-phonon &-ph) scattering (e pn=7/7c ) and
glected(i.e., also states witk;# 0 contribute to the tunnel- electron-electrond-e) scattering ['c.e=#/7c.¢)-
ing curren}. To first approximation, we assume a quadratic At zero temperature, within the Debye model,.y, is
dispersion with negative effective mass* <0: E(k))=E,  given by*?°
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TABLE |. Average values foE,, AE,,, p1, B, I', androbtained from fits of tunneling spectra such as the ones shown in Fig. 3, as well
as measured Debye frequencies and calculated electron-phonon mass-enhancement factaken from the literature for Lu, Ho, and
Gd 2 Line widths due toe-ph scattering]’..,;(Eo), were calculated with Eq(4). The fit parameters varied for different sets of spectra by
about 5% forE,, 10% for B, I'(Ey), and 7(Ey), and up to 40% foip,; (see text The surface-state lifetimeswere calculated fromr
=nlT.

=) AEg P1 B I'(Eo) 7(Eo) fiwp Ie-pn(Eo)
4f metal (meV) (meV) (ev™ (ev™ (meV) (fs) \ [23] (meV) (meV)
Lu 2.3 128 5.2 127 0.59 15.@&Ref. 22 0.05
Ho -90 437 89 0.52 19 35 0.30 16(Ref. 2] 10.3
347 32 0.48 125 5.3
Gd —182 673 89 0.50 44 15 0.40 14(BRef. 22 11.7
491 55 0.25 132 5.0
27 |E— EF|3 STM. Therefore, for Lu, we added as further fit parameter an
3 W’ |[E-Ef|<fiwp, energy independent offset to the Lorentian Iinewidth.
Lepn(T=0)= ) In Fig. 3, we show least-squares fits of the tunneling spec-
—7T)\ﬁa) |E—Ef|=fiop, tra for Lu, Ho, and Gd. The calculated spectra are composed
3 b of three componentsdi) the surface-state peak according to

(49 the model described abovéi) a linear or quadratic back-
with wp the Debye frequency anil the electron-phonon 9round attributed to bulk-state contributions, afid) a
mass-enhancement factor. The increas& g, from T=0 Gaussian line to account for some extra features in the spec-
to T=10K is smalt®?° (<1 meV) and can be neglected tra (see discussion belgwAs is seen in Fig. 3, the experi-
here. For our fits, we used measured value$??and cal- mental data is fairly well reproduced by the fits. The ob-
culated\ value$® listed in Table I. It should be noted that tained values fop,, Eq, B, and its corresponding values,
these values describe bulk properties, and that for the suf-(Egy) and 7(Eg), as well asAE, are listed in Table |. The
face, wp and A may differ from the bulk values. However, p; values, which are proportional tm*, are of the same
changes are expected to be less than 10%, as was recendiyder of magnitude. Since the parametés andd are not

demonstrated by calculations for noble mefals._ . exactly known[see definition ofp; in Eq. (2)], however, an
_The (e-e)-scattering contribution to the linewidifle.c is  accurate determination afi* is not possible. Nevertheless,
given by Fermi-liquid theory.” by assuming¢.=2eV and d<15A, we can estimate

_ 2 2 m*/m>5, that underlines the high degree of localization of
Te.e=2B[(mkeT)"+ (E—Ep)7]. ®) the surface states. For different specprayaries up to 40%.
Since the factog is of the order of 1 eV?, the first term in  Certainly, it does not originate from different dispersions. We
Eq. (5) can be ignored here. In cases where the binding enassume that a different angular distribution in the tunneling
ergy E— Er amounts to only a few me¥such as for L the  process is responsible for this variation, e.g., due to different
second term also becomes small dhd, is thus negligible tip geometries or surface inhomogeneities. However, this has
(Te.e<<1 meV). only weak influence on the other parameters. The variation
In summary, the surface-state peaks were fitted accordingf E, andI" for different spectra is less than 5% and 11%,
to Egs.(1)—(5) with four parametersky, B, po, andp, respectively.
used as fit parameters. The temperature that enters the Fermi- As mentioned before, additional features are observed in
distribution function was set to 10 K. For zero binding en-some tunneling spectra such as the peak to the left of the
ergy (E—Eg=0), the model predicts vanishing linewidths occupied Gd surface-state peak in Figd)3 They can most
due toe-eande-ph scattering. In the ideal experiment, spec-likely be attributed to tip states since they were not repro-
tral broadening by about X5T~3 meV (at T=10K) ducible for different tips. The Gaussian line added to the fit
would be expected from the convolution with the derivativeof the Lu spectrunjdotted line in Fig. 8)], however, might
of the Fermi-distribution function in Eq1). Experimentally, have a different origin and is not necessarily a tip-induced
however, we find broader structures at small binding energiefeature, as the broad tails have been observed in all spectra.
in the Lu spectrdEy(Lu)~2 meV, see beloy The reason The applied model might be too simple to allow for a quan-
for this additional broadening is not yet fully understood. Ittitative description of the full spectrum. On the one hand, the
might be an experimental artifact, e.g., due to rf-noisepronounced peak close to the Fermi enef@gro bias can
pick-up on the sample bias. Such effects could be accounteshly be fitted by assuming a high effective mass, i.e., a rather
for by convoluting the spectra with a Gaussian function,narrow binding-energy range-7 meV belowE,) that con-
which, however, did not result in good fits. Better fits weretributes to the surface-state peak. On the other hand, a fit of
obtained by increasing the Lorentian linewidth. This couldthe broader structurdgails) in the spectrum would require a
possibly be caused by defect scattering due to structural disauch wider energy range to give contributions to the spectral
order at the surface of Lu films, which was observed byshape, i.e., a smaller effective mass. It could be a hint that
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FIG. 4. (a) Exchange splitting of surface statésquarep vs

4f-spin moment. The data point for Th was obtained with STS by,
Bode et al® For comparison, we have also plotted data points for

bulk states(exchange splitting ofA, bands at thd" point in the
Brillouin zone obtained by photoelectron spectroscdpyangles

(Ref. 26. The solid lines represent linear fits to the data with slope

of (268+16) meV (Ref. 26 and (195-9) meV for bulk and sur-
face states, respectivelgb) Linewidths, T, and(c) corresponding
surface-state lifetimes;=#/T" (squarey as a function of absolute
value of binding energyE,|. In (c), for comparison, we have plot-
ted lifetimes ofsplike surface states ofl1l) surfaces of noble
metals (Cu, Ag, Au obtained by STS as well as lifetimes of
valence-band stateulk statey in Fe obtained by time-resolved
two-photon photoemissiofRef. 29. Filled (open symbols in(b,c)
represent lifetimes of states beldabove Ef .

S
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the effective mass is energy dependent, however, a more
elaborate theory is needed here for a quantitative description.

In Fig. 4(a), the exchange splitting E.,, is plotted versus
the 4f-spin moment of the lanthanide atoms. For compari-
son, we also plotted the exchange splittings of Aebands
in the bulk that were recently measured by photoelectron
spectroscop$® As expected!? both the surface-state and
the bulk-band splittings are proportional to thé-gpin mo-
ment, however, with different proportionality factofse.,
effective exchange-coupling constantsr surface and bulk
states. A detailed discussion of exchange splittings and their
dependence on temperature and film thickness will be pub-
lished elsewheré’

We shall now discuss the dependencd’afn the binding
energy of the surface-state band maximégy that is pre-
sented in Fig. 4). The corresponding lifetimesare plotted
in Fig. 4(c). Since theg factors do not vary by more than a
factor of 2 for majority- and minority-spin states nor for
different materials(Gd, Ho (see Table )l we observe an
increase ofl" with increasing|Ey|. The variation of thes
factors is most likely explained by the differences in the
spin-dependent band structures of Gd and Ho. The smallest
value of I' is observed for Lu where the surface state is
located directly at the Fermi energg cannot be determined
here sincel ... is negligible for binding energies of a few
meV). It amounts tol'(Ey(Lu))=5.2 meV. However, as
mentioned before, according to Eqget,5 the linewidth
should be even smallef<1 meV) at Eyg(Lu)=2.3 meV.
Whether this enhanced value reflects the experimental
energy-resolution limit, or there is indeed an enhanced scat-
tering probability that cannot conclusively be answered at
present(see discussion aboyke

For comparison of our present data with available low-
temperature lifetime data, we have plotted in Fi¢c)4ife-
times of Shockley-type(splike) surface states in noble
metal$ and of valence-band states in #ewhile the life-
times of the noble-metal surface states are significantly
larger, the lifetimes of Fe-bulk states are comparable to those
of the lanthanide-metal surface states. Qualitatively, this can
be explained by the different densities of states at the Fermi
energy for noble metal6Au, Ag, Cu), on the one hand, and
3d- or 4f-transition metals with the strondtband contribu-
tion atEg, on the other hand. The density of states of the
3d- and 4f-transition metals is about an order of magnitude
larger than that of the noble metals, resulting in an enhanced
number of decay channels for hot electrons or holes. This
would explain why theB factors for the lanthanide-metal
surface states are about an order of magnitude larger than
those for surface and bulk states of noble metais surface
states, Bgi et al> have obtaine@3=0.019 eV* for Cu and
3=0.032 eV ! for Ag).

A quantitative understanding of electron-electron scatter-
ing rates for majority-spin and minority-spin states in lan-
thanide metals would require calculations based on the actual
spin-dependent band structure, which have not yet been per-
formed, neither for bulk nor for surface states. It can be
expected, however, that the lifetimes of surface and bulk
stateqat same binding energare comparable: Although the
5d,2-like surface states are highly localizéd all three di-
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mensiony their spatial extension is still of the order of the IV. SUMMARY

atomic diametefunlike, e.g., the much stronger localizetl 4 With the present paper. we have gained important infor-
state$.?® According to calculations by Zarate, Apell, P Paper, 9 P

and Echeniqué® for this degree of localization, lifetimes matign on the elt_actronic st_ructure and dynamics of highly
should not be significantly enhanced with respect to thosiPc@lized states in lanthanide metals. We have measured
of delocalized three-dimensional states. This woulgPinding energies and linewidtlise., inverse lifetimesof thg
explain why the lifetimes of the lanthanide surface states ar8xchange-split surface states ¢8001 surfaces of thin
of the same order as those of Fe-bulk states, with both mdanthanide-metal films by low-temperature STS. The ex-
terials having comparable density of states at the Fermfthange splitting is found to be proportional to thé-gpin
energy. moment with a slope of (1959) meV. The lifetimes are

It is interesting to note that for the noble metals, the life-relatively short and of the same order as those of bulk states
times of surface states are even significantly reduced conof 3d transition metals at same binding energy. For the
pared to those of bulk statésThis was quantitatively ex- electron-electron scattering contribution, tAdactor varied
plained by a strong contribution of two-dimensional from 0.25 to 0.52 eV? for the majority- and minority-spin
intraband transitions within the surface-state baidr lan-  states of Ho and Gd.
thanide surface states, on the other hand, such intraband tran-
sitions are unlikely to occur since, as mentioned, these states
are Iocalized not only i'n one dimensicﬁqs for thesplike ACKNOWLEDGMENT
state$ but in all three dimensions, with little overlap. For a
guantitative understanding, however, theoretical studies are This work was supported by the Sonderforschungsbereich
needed. 290, TPAOG6 of the Deutsche Forschungsgemeinschatt.
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