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Temperature dependence of lifetimes of Gd„0001… surface states
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Scanning tunneling spectroscopy was applied to study the temperature dependence of lifetime broadening of
the Gd~0001! surface state. The observed increase of the linewidth with temperature is attributed to enhanced
electron-phonon scattering, which can be described within the Debye model.
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Recently, the application of high-resolution photoelectr
spectroscopy~PES!,1–3 scanning tunneling spectroscop
~STS!,4–6 and two-photon photoelectron spectrosco
~2PPES! ~Refs. 7 and 8! for studying the electronic structur
of metals and metal surfaces has led to considerable prog
in understanding the dynamics of excited holes and hot e
trons in these materials.9,10While 2PPES probes more or les
directly the lifetime of electronic states, PES and STS m
sure the inverse of it, i.e., the lifetime broadening of t
binding energies. Advantages of STS over PES consist
higher energy resolution and in the ability to measure
density of states on both sides of the Fermi level, i.e.,
density of occupied and unoccupied states. Major drawba
of STS, on the other hand, are related to the strong influe
of the electronic structure and geometry of the prob
scanning-tunneling-microscope~STM! tip on the STS spec
tra which are generally not well known. In particular, if th
density of states~DOS! of the tip is not structureless within
the energy range of interest, all its features will appear in
STS spectra, convoluted with the electronic structure of
sample. Moreover, STS probes only states within some
well known fraction of the surface Brillouin zone, in gener
states around theḠ point.11

Here we use STS at variable temperature~10–100 K! in
order to study the lifetime broadening of Gd~0001! surface
states. Due to the high degree of three-dimensional loca
tion of the Gd~0001! surface states, resulting in a rather sm
dispersion, the inherent restrictions of STS mentioned ab
do not apply here: The high surface-state DOS leads to
tinct peaks in the tunneling spectra that can well be dis
guished from tip induced features, and due to the alm
negligible surface-state dispersion the exact knowledge
the k-space fraction probed by the STM tip is not of cruc
importance. By analyzing our STS data, special atten
was given to the contribution from temperature-depend
electron-phonon scattering. It turns out that the lifetim
broadening of the surface-state peaks can be described w
the Debye model with reasonable parameters for
electron-phonon mass-enhancement factor and Debye
quency.

The experiments were performedin situ in an ultrahigh
vacuum system equipped with a low-temperature STM
sample-preparation facilities. The base pressure in the U
system is typically 5310211 mbar. The STM consists of a
commercial STM head~Omicron! mounted into a home-buil
liquid helium bath cryostat that allows for temperatu
control.12 For STS measurements, the tunneling currentI and
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the differential conductivitydI/dU are recorded as a func
tion of sample bias at fixed STM-tip position~with a sweep
rate of<100 mV/s!. Close to the Fermi energy (EF) dI/dU
is to good approximation proportional to the local density
states of the sample at the energyE2EF5eU. We measure
the conductivity by modulating the bias voltage (f mod
'300 Hz, DU r.m.s.'1 mV) and detecting the amplitude o
the tunneling-current modulation with a lock-in amplifie
~time constant 100 ms!.

Gd~0001! films of various thicknesses were deposited
room temperature on a clean W~110!-crystal surface by
electron-beam evaporation out of a Ta crucible. The fi
thickness was controlled by a quartz microbalance with
error of 620%. After deposition, the films were annealed
temperatures up to 1000 K controlled by a pyrometer. T
quality and morphology of the films was checked by lo
energy electron diffraction~LEED! and STM. For cleaning
the W~110! surface and removing tungsten oxides, the crys
was annealed to a temperature above 2300 K. A deta
description of the sample preparation is given elsewhere12

The tunneling spectra were taken on atomically flat t
races of the Gd~0001! films. The terraces were at least 10 n
wide so that due to the large effective mass of the surf
states@m* /m.5 ~Ref. 12!# the impact of lateral confinemen
on the surface states should be negligible.13 While the thicker
films under investigation were flat and continuous, the th
ner films@average thickness,3 monolayers~ML !# broke up
into islands upon annealing (diameter.10 nm) with thick-
nesses ranging from 3 to 5 ML.

Figures 1~a!–1~d! show representative tunneling spect
obtained with a 35-ML-thick Gd/W~110! film at two differ-
ent temperatures. Figure 1 shows typical STM images of
thick film with wide terraces~e! as well as of a 2.2-ML-thick
Gd/W~110! film that broke up to 3-, 4-, and 5-ML-thick is
lands that are interconnected by a continuous Gd monola
~f!. The two peaks in the spectra in Figs. 1~a!, 1~b! and 1~c!,
1~d! correspond to the 5dz2-like surface state, which is spli
due to exchange interaction with the 4f electrons to a
majority-spin state belowEF ~peak atU>2180 mV) and a
minority-spin state aboveEF ~peak atU>1470 mV). The
peaks could be fitted by Lorentzian functions convolut
with the derivative of the Fermi-distribution function. Th
latter has a width of about 3.5kBT and defines the lower limit
of experimental resolution. In principle, as was show
recently,12 the peak shape is more complicated, exhibiting
small asymmetry due to a finite dispersion of the surfa
states. However, significant contributions to the peaks or
©2003 The American Physical Society03-1
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nate from states within a binding-energy range of less t
15 meV below the band maximum atḠ.12 Since the exact
degree of asymmetry depends apparently on the geomet
electronic structure of the STM tip, and since the error of
Lorentzian linewidths by neglecting the asymmetry effec
relatively small~,10 meV!, the peaks in the spectra we
fitted just with a single Lorentzian line.

Between 10 and 100 K, the energy position of both
majority and the minority surface-state peak shifts by l
than DE520 meV ~the energy is given byE5eU). The
width of the peaks, on the other hand, increases with incr
ing temperature. Since the Lorentzian linewidthG is related
to the lifetimet of the excited state byG5\/t, it means that
the lifetime of excited holes~below EF) or electrons~above

FIG. 1. Representative tunneling spectra recorded at two di
ent temperatures, showing the exchange-split Gd~0001!-surface-
state peaks below the Fermi energy~a!, ~c! and above~b!, ~d!. Solid
lines: Least-squares fits to the experimental data composed
thermally broadened Lorentzian line~dashed!, a quadratic back-
ground ~dash-dotted!, and a Gaussian line~dotted! that can be at-
tributed to tip states~Ref. 12!. STM images of a 35-ML-thick~e!
and a 2.2-ML-thick~f! Gd/W~110! film annealed for about 5 min a
1000 and 870 K, respectively. The islands seen in~f! have thick-
nesses ranging from 3 to 5 ML.
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EF) decreases with temperature. In Figs. 2~a! and 2~b! the
linewidths are plotted as a function of temperature for
occupied and the unoccupied surface state, respectively.
data points and estimated error bars result from averaging
linewidths of only the best spectra with lowest noise out
numerous sets of spectra recorded at different positions
the samples.

The lifetime of an excited localized state is determined
the electron-electron~e-e! ~Ref. 14! and electron-phonon~e-
ph! scattering rate2,15,16 and—in the case of magneti
materials—by an additional electron-magnon~e-m!
interaction.17 As we shall discuss below, thee-m scattering
contribution to the linewidth of a surface-state peak in t
tunneling spectra is assumed to be small and is negle
here. Concerning the temperature dependence of the life
broadening, it is mainly given by the temperature dep
dence of thee-ph scattering rate~see next paragraph!. The
e-e scattering rate, on the other hand, shows only a w
temperature dependence with changesDGe-e of less than 1
meV for T,100 K.2,12,14 An implicit temperature depen
dence ofGe-e may arise from the rather strong energy depe
dence ofGe-e as well as a temperature-dependent surfa
state binding energy. However, forT,100 K, the observed
energy shifts~resulting from a temperature dependence
the exchange splitting of the surface state! are less than 20
meV, which would lead toDGe-e,4 meV for the occupied
surface state~binding energyE>2180 meV) andDGe-e
,8 meV for the unoccupied surface state (E>470 meV).12

These changes are within the error bars and can be negle
in the present context.

Within the Debye model, thee-ph scattering contribution
to the linewidthGe-ph as a function of binding energyE and
temperatureT is given by2,15

Ge-ph~E,T!5l
2p

~\vD!2 E
0

\vD
dE8E82@12 f ~E2E8!

12n~E8!1 f ~E1E8!#, ~1!

with vD being the Debye frequency,l the electron-phonon
mass-enhancement factor,f (E) the Fermi distribution, and
n(E) the Bose-Einstein distribution. The total linewidthG is
given by

G~E,T!5Ge-ph~E,T!1Ge-e~E!. ~2!

We point out that Eq.~1! is valid, although it is derived from
a three-dimensional Debye model, because for small e
gies, the two-dimensional Debye model would appro
mately lead to the same result.16 At high temperatures,Ge-ph
shows a linear temperature dependencedGe-ph/dT
>2plkB ~for kBT.\vD and uE2EFu.\vD), i.e., inde-
pendent ofvD . Recent PES measurements of the occup
Gd surface state for temperatures up to 160 K~Ref. 3! and
400 K ~Ref. 18! confirm a linear temperature dependence
Ge-ph. From the temperature gradients, an electron-pho
mass-enhancement factorl51.060.2 is deduced. This value
is compatible with the result of specific-he
measurements,19 however, it is significantly larger than a ca
culated value (l th50.4).19
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We have recorded tunneling spectra only at low tempe
tures (T,100 K), where the temperature dependence
Ge-ph deviates from a linear function. A quantitative descr
tion based on Eqs.~1! and ~2! requires the knowledge o
three parametersl, vD

surf, and Ge-e . There are not enough
data points and sufficiently small error bars to allow for
unambiguous determination of all three parameters by le
squares fitting. Therefore, we setvD

surf to a physically reason
able value and determined the other two parameters. A
natively, we could have used the value ofl recently
determined by PES and usevD

surf as a fit parameter. Howeve
since a much smaller value forl was found by theory,19 we
pursued the other approach to see whether the experim
or the theoretical result could be confirmed: The Debye
quency for bulk Gd is\vD

bulk (Gd)514 meV.20 At the sur-
face, the Debye frequency is likely to be reduced by up t

FIG. 2. Lifetime broadening~FWHM! of the occupied~a! and
the unoccupied~b! Gd-surface state as a function of temperature
obtained from the present STS data~solid symbols! and the PES
study by Fedorovet al. ~Ref. 3! ~open circles!. The STS data was
obtained with a 35-ML-thick Gd/W~110! film ~d! as well as with
4-ML- ~m! and 5-ML- ~.! thick Gd islands. In general, data re
cording became less stable at elevated temperatures~mostly due to
temperature drift!. In particular, instabilities were observed for th
thin Gd/W~110! films, which might have caused some peak broa
ening in the tunneling spectra recorded on the Gd islands.
curves~solid lines! in the two diagrams have been calculated us
Eq. ~1! for \vD58 meV andl51.3 ~a! and l51.5 ~b!, respec-
tively.
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factor of 2 with respect to the bulk value.21 Surface-Debye
frequencies have been determined for the lanthanide me
Tb, Yb, and Lu. In all cases,vD

surf5(0.660.1)vD
bulk .22 Be-

cause of the similar chemical and electronic properties of
lanthanides, we assume that the surface Debye frequenc
Gd is reduced to 60% of its bulk value as well.

By fitting our data ~Fig. 2! with \vD
surf58 meV

(>0.6\vD
bulk), we obtain for the occupied surface statel

51.360.3 andGe-e513610 meV. For the unoccupied sur
face state, we findl51.560.3 andGe-e5106610 meV~see
curves in Fig. 2!. Within the error bars, the values forl agree
with the value found by PES~for the occupied Gd surface
state!,3,18 which clearly shows that the electron-phonon co
pling strength has been underestimated in previ
calculations.19 It should be noted that fits of the STS data f
larger ~smaller! surface Debye frequencies resulted in larg
~smaller! values forl. For example, if we would ignore a
reduction of the Debye frequency at the surface, the val
for l were about 30% larger and no longer compatible w
the PES results.

For comparison of our data with results of the sp
resolved PES study by Fedorovet al.3 we have plotted their
data in Fig. 2~a!. The data points correspond to the Loren
ian linewidths of the majority-spin component of the occ
pied surface-state peak in the photoemission spectra~there is
also a finite minority-spin component, which contribut
13% to the spin-integrated PES peak3!. Compared to the STS
data we see that at low temperatures the linewidths der
from the PES data are by about 20 meV larger than thos
the STS peaks.

Provided that in both cases the experimental resolu
and possible artifacts have been accounted for in a pro
way, a plausible explanation for this discrepancy is that P
measures the average over a relatively large surface area
lateral inhomogeneities of the surface-state binding ene
would lead to a broadening of the peaks. In fact, we ha
observed position-dependent variations of the binding ene
on the same Gd film by more than610 meV.

At this point, we want to comment on the suggestion th
electron-magnon scattering gives a significant contribution
the lifetime broadening of the surface-state peaks in the p
toemission spectra. For the majority-spin component of
occupied surface state it was estimated to amount to>14
meV.3,17 However, thee-m scattering rate depends on th
surface-state energy with respect to the maximum of
surface-state band, and an inverse lifetime of 14 meV is o
expected for energies beyond 25 meV. For smaller energ
thee-mscattering rate is reduced, and it vanishes at the b
maximum. As mentioned above, the energy range below
maximum of the surface-state bands that contributes to
peaks in the tunneling spectra is supposed to be narro
than 15 meV.12 Therefore, we would expect a strongly re
duced contribution ofe-mscattering to the surface-state life
times. The reason for this narrow energy range is a very h
effective mass, i.e., a high degree of localization of the s
face states. The STS results indicate that the effective ma
of the Gd~0001! surface states are significantly larger th
the value obtained by Fedorovet al., m* /m51.21:3,17 For
the sp-like surface states in Cu~111!, Ag~111!, and Au~111!,
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with well-known effective masses ofm* /m(Cu,Ag)>0.4
andm* /m(Au)>0.3,10 almost steplike functions were mea
sured by STS.4,23 Since we find sharp peaks with very sma
asymmetry, we can find a lower limit for the effective mass
of the Gd~0001! surface states ofm* /m(Gd)>5. By inspec-
tion of the data in Ref. 3, it is likely, however, that the e
fective mass is a function of energy and decreases as
surface-state band approaches the edges of the band g
the projected band structure.24

Finally, we want to comment on thee-escattering contri-
bution to the surface-state linewidths,Ge-e . Within Fermi-
liquid theory,14 Ge-e is approximately given byGe-e>2b(E
2EF)2. With Ge-e(2180 meV)513610 meV and
Ge-e(470 meV)5106610 meV, the factorb—describing
the strength of thee-e interaction—amounts tob5(0.20
60.15) eV21 and (0.2460.03) eV21 for the occupied and
unoccupied surface state, respectively. We point out
e
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these values differ slightly from those deduced in our pre
ous work, where we assumed a smaller theoretical value
l and used the bulk Debye frequency.12

In summary, we have investigated the temperature dep
dence of the surface-state lifetime for the Gd~0001! surface
by STS. The observed increase of lifetime broadening of
surface-state peaks in tunneling spectra with increasing t
perature could be described within the Debye model
electron-phonon scattering. By using a reduced surface
bye energy,\vD

surf58 meV, good fits to the data could b
obtained with an electron-phonon mass-enhancement fa
l51.360.3 (l51.560.3) for the occupied~unoccupied!
surface-state peak, which is consistent with previous exp
mental results.
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