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Temperature dependence of lifetimes of G@00J) surface states
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Scanning tunneling spectroscopy was applied to study the temperature dependence of lifetime broadening of
the Gd000) 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 photoelectronthe differential conductivitydl/dU are recorded as a func-
spectroscopy (PES,' ™3 scanning tunneling spectroscopy tion of sample bias at fixed STM-tip positidwith a sweep
(ST9,*® and two-photon photoelectron spectroscopyrate of<100 mV/9. Close to the Fermi energyeg) di/duU
(2PPES (Refs. 7 and 8for studying the electronic structure is to good approximation proportional to the local density of
of metals and metal surfaces has led to considerable progrestates of the sample at the enefgy Er=eU. We measure
in understanding the dynamics of excited holes and hot eledhe conductivity by modulating the bias voltagd (4
trons in these materiafs:> While 2PPES probes more or less ~300 Hz, AU"™S~1 mV) and detecting the amplitude of
directly the lifetime of electronic states, PES and STS meathe tunneling-current modulation with a lock-in amplifier
sure the inverse of it, i.e., the lifetime broadening of the(time constant 100 ms
binding energies. Advantages of STS over PES consist in a Gd(000J) films of various thicknesses were deposited at
higher energy resolution and in the ability to measure thaoom temperature on a clean (W0-crystal surface by
density of states on both sides of the Fermi level, i.e., thelectron-beam evaporation out of a Ta crucible. The film
density of occupied and unoccupied states. Major drawbackickness was controlled by a quartz microbalance with an
of STS, on the other hand, are related to the strong influencerror of =20%. After deposition, the films were annealed at
of the electronic structure and geometry of the probingtemperatures up to 1000 K controlled by a pyrometer. The
scanning-tunneling-microscog&TM) tip on the STS spec- quality and morphology of the films was checked by low-
tra which are generally not well known. In particular, if the energy electron diffractiodLEED) and STM. For cleaning
density of state$DOS) of the tip is not structureless within the W(110) surface and removing tungsten oxides, the crystal
the energy range of interest, all its features will appear in thevas annealed to a temperature above 2300 K. A detailed
STS spectra, convoluted with the electronic structure of thelescription of the sample preparation is given elsewltere.
sample. Moreover, STS probes only states within some not The tunneling spectra were taken on atomically flat ter-
well known fraction of the surface Brillouin zone, in general races of the G@001) films. The terraces were at least 10 nm
states around thE point! wide so that due to the large effective mass of the surface

Here we use STS at variable temperat(f@—100 K in state§ m*/m>5 (Ref. 12] the impact of lateral confinement
order to study the lifetime broadening of ®@01) surface on the surface states should be negligFﬁIWhiIe the thicker
states. Due to the high degree of three-dimensional localizims under investigation were flat and continuous, the thin-
tion of the Gd000Y) surface states, resulting in a rather smallner fiilms[average thickness3 monolayergML )] broke up
dispersion, the inherent restrictions of STS mentioned abovito islands upon annealing (diametet0 nm) with thick-
do not apply here: The high surface-state DOS leads to digiesses ranging from 3 to 5 ML.
tinct peaks in the tunneling spectra that can well be distin- Figures 1a)-1(d) show representative tunneling spectra
guished from tip induced features, and due to the almos@btained with a 35-ML-thick Gd/\110 film at two differ-
negligible surface-state dispersion the exact knowledge ofnttemperatures. Figure 1 shows typical STM images of this
the k-space fraction probed by the STM tip is not of crucial thick film with wide terracese) as well as of a 2.2-ML-thick
importance. By analyzing our STS data, special attentior5d/W(110) film that broke up to 3-, 4-, and 5-ML-thick is-
was given to the contribution from temperature-dependentands that are interconnected by a continuous Gd monolayer
electron-phonon scattering. It turns out that the lifetime(f). The two peaks in the spectra in Figsajl 1(b) and Xc),
broadening of the surface-state peaks can be described withlid) correspond to the &,.-like surface state, which is split
the Debye model with reasonable parameters for thelue to exchange interaction with thef Zelectrons to a
electron-phonon mass-enhancement factor and Debye freaajority-spin state beloviEg (peak atU=—180 mV) and a
guency. minority-spin state abov&g (peak atU=+470 mV). The

The experiments were performéa situ in an ultrahigh  peaks could be fitted by Lorentzian functions convoluted
vacuum system equipped with a low-temperature STM andvith the derivative of the Fermi-distribution function. The
sample-preparation facilities. The base pressure in the UH\Aatter has a width of about XET and defines the lower limit
system is typically 5 10” ! mbar. The STM consists of a of experimental resolution. In principle, as was shown
commercial STM hea©micron mounted into a home-built recently'? the peak shape is more complicated, exhibiting a
liguid helium bath cryostat that allows for temperaturesmall asymmetry due to a finite dispersion of the surface
control!? For STS measurements, the tunneling curtemtd ~ states. However, significant contributions to the peaks origi-
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Er) decreases with temperature. In Figéa)2and 2Zb) the
linewidths are plotted as a function of temperature for the
occupied and the unoccupied surface state, respectively. The
data points and estimated error bars result from averaging the
linewidths of only the best spectra with lowest noise out of
numerous sets of spectra recorded at different positions on
the samples.

The lifetime of an excited localized state is determined by
the electron-electrofe-e (Ref. 14 and electron-phonofe-
ph) scattering rate'®>!® and—in the case of magnetic
materials—by an additional electron-magnorie-m
interaction!’ As we shall discuss below, them scattering
contribution to the linewidth of a surface-state peak in the
tunneling spectra is assumed to be small and is neglected
here. Concerning the temperature dependence of the lifetime
broadening, it is mainly given by the temperature depen-
dence of thee-ph scattering ratésee next paragraphThe
e-e scattering rate, on the other hand, shows only a weak
temperature dependence with changds, . of less than 1
meV for T<100 K.2'21% An implicit temperature depen-
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fmmnnnne ™ e : . ' dence ofl"_. may arise from the rather strong energy depen-
400 300 200 -100 0 200 400 600 800 dence ofl'... as well as a temperature-dependent surface-
Sample bias (mV) state binding energy. However, far<100 K, the observed

energy shifts(resulting from a temperature dependence of
the exchange splitting of the surface sjadee less than 20
meV, which would lead tAAT" . .<4 meV for the occupied
surface statglbinding energyE=—180 meV) andAl .
<8 meV for the unoccupied surface stafe=t470 meV)?!?
These changes are within the error bars and can be neglected
in the present context.

Within the Debye model, the-ph scattering contribution
to the linewidthl'¢ , as a function of binding enerdy and
temperaturel is given by!°

2 hop

FIG. 1. Representative tunneling spectra recorded at two differ-  I'e.pn(E, T)=X\ rog)? J dE'E'’[1-f(E—E’)
ent temperatures, showing the exchange-spli{0G@d)-surface- (hop 0
state peaks below the Fermi eneigy, (c) and aboveb), (d). Solid +2n(E")+f(E+E")], 1)
lines: Least-squares fits to the experimental data composed of a
thermally broadened Lorentzian linglashedl a quadratic back- with wp being the Debye frequency, the electron-phonon
ground(dash-dotte] and a Gaussian lingotted that can be at- mass-enhancement factdiE) the Fermi distribution, and
tributed to tip stategRef. 12. STM images of a 35-ML-thicke) ~ n(E) the Bose-Einstein distribution. The total linewidthis
and a 2.2-ML-thick(f) Gd/W(110) film annealed for about 5 min at gjven by
1000 and 870 K, respectively. The islands seefffirhave thick-
nesses ranging from 3 to 5 ML. F(EaT):Fe—ph(EiT)+Fe—e(E)- 2)

nate from states within a binding-energy range of less thawe point out that Eq(1) is valid, although it is derived from
15 meV below the band maximum Bt!? Since the exact a three-dimensional Debye model, because for small ener-
degree of asymmetry depends apparently on the geometry @ies, the two-dimensional Debye model would approxi-
electronic structure of the STM tip, and since the error of themately lead to the same restiitAt high temperatured, ,
Lorentzian linewidths by neglecting the asymmetry effect isshows a linear temperature dependencH’e ,/dT
relatively small(<10 meV), the peaks in the spectra were =2m\kg (for kyT>Awp and |E—Eg|>fwp), i.e., inde-
fitted just with a single Lorentzian line. pendent ofwp . Recent PES measurements of the occupied
Between 10 and 100 K, the energy position of both theGd surface state for temperatures up to 160R€f. 3 and
majority and the minority surface-state peak shifts by les#00 K (Ref. 18 confirm a linear temperature dependence of
than AE=20 meV (the energy is given bf=eU). The I'¢ . From the temperature gradients, an electron-phonon
width of the peaks, on the other hand, increases with increashass-enhancement factor 1.0+ 0.2 is deduced. This value
ing temperature. Since the Lorentzian linewidihis related is compatible with the result of specific-heat
to the lifetimer of the excited state b =7/, it means that measurements, however, it is significantly larger than a cal-
the lifetime of excited holegbelow E) or electrongabove  culated value Xy,=0.4) .2
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factor of 2 with respect to the bulk valdt Surface-Debye
frequencies have been determined for the lanthanide metals
Tb, Yb, and Lu. In all casesp"=(0.6+0.1)w2".?? Be-
cause of the similar chemical and electronic properties of the
lanthanides, we assume that the surface Debye frequency of
Gd is reduced to 60% of its bulk value as well.

By fitting our data (Fig. 2) with AeX"™=8meV
(=0.61 02", we obtain for the occupied surface state
=1.3+=0.3 andl'g.=13+10 meV. For the unoccupied sur-
face state, we find =1.5+0.3 andl"..= 106+ 10 meV(see
curves in Fig. 2. Within the error bars, the values faragree
with the value found by PE®or the occupied Gd surface
state,>*® which clearly shows that the electron-phonon cou-
pling strength has been underestimated in previous
calculations? It should be noted that fits of the STS data for
larger (smallep surface Debye frequencies resulted in larger
(smalley values for\. For example, if we would ignore a
reduction of the Debye frequency at the surface, the values
for A were about 30% larger and no longer compatible with
the PES results.

For comparison of our data with results of the spin-
resolved PES study by Fedoret al3 we have plotted their
data in Fig. 2a). The data points correspond to the Lorentz-
ian linewidths of the majority-spin component of the occu-
pied surface-state peak in the photoemission spéttteae is
also a finite minority-spin component, which contributes
13% to the spin-integrated PES pdalCompared to the STS
data we see that at low temperatures the linewidths derived
from the PES data are by about 20 meV larger than those of

FIG. 2. Lifetime broadeningFWHM) of the occupieda) and thePSTS.dpzatlﬁt in both h . tal uti
the unoccupiedb) Gd-surface state as a function of temperature as rovide at in both cases the experimental resoiution

obtained from the present STS ddsolid symbolg and the PES and pOSS|bIe_ artifacts haye been _acc_ounted for n a proper
study by Fedorowt al. (Ref. 3 (open circles The STS data was W&y & plausible explanation for th!s discrepancy is that PE_S
obtained with a 35-ML-thick GAAL10) film (@) as well as with ~Measures the average over a relatively large surface area, i.e.,
4-ML- (A) and 5-ML- (V) thick Gd islands. In general, data re- lateral inhomogeneities of the surface-state binding energy
cording became less stable at elevated temperatmestly due to ~ Would lead to a broadening of the peaks. In fact, we have
temperature drift In particular, instabilities were observed for the Observed position-dependent variations of the binding energy
thin Gd/W(110) films, which might have caused some peak broad-on the same Gd film by more than10 meV.

ening in the tunneling spectra recorded on the Gd islands. The At this point, we want to comment on the suggestion that
curves(solid lineg in the two diagrams have been calculated usingelectron-magnon scattering gives a significant contribution to
Eq. (1) for zwp=8meV andA=1.3 (@) andA=1.5 (b), respec-  the lifetime broadening of the surface-state peaks in the pho-
tively. toemission spectra. For the majority-spin component of the

occupied surface state it was estimated to amourkid

We have recorded tunneling spectra only at low temperag, o\/3.17 However, thee-m scattering rate depends on the
tures (T<100K), where the temperature dependence Offace-state energy with respect to the maximum of the
Ie.pn deviates from a linear function. A quantitative descrip-gyrface-state band, and an inverse lifetime of 14 meV is only
tion based on Eqs(.lzurzfand (2) requires the knowledge of gyxpected for energies beyond 25 meV. For smaller energies,
three parameters, wp ", andl'e.c. There are not enough the e-mscattering rate is reduced, and it vanishes at the band
data points and sufficiently small error bars to allow for anmaximum. As mentioned above, the energy range below the
unambiguous determination of all three parameters by leasinaximum of the surface-state bands that contributes to the
squares fitting. Therefore, we sep""to a physically reason- peaks in the tunneling spectra is supposed to be narrower
able value and determined the other two parameters. Altethan 15 me\}? Therefore, we would expect a strongly re-
natively, we could have used the value af recently  duced contribution oé-mscattering to the surface-state life-
determined by PES and ua%“" as a fit parameter. However, times. The reason for this narrow energy range is a very high
since a much smaller value farwas found by theory} we  effective mass, i.e., a high degree of localization of the sur-
pursued the other approach to see whether the experimentalce states. The STS results indicate that the effective masses
or the theoretical result could be confirmed: The Debye freof the Gd0001) surface states are significantly larger than
quency for bulk Gd ish w2 (Gd)=14 meVZ® At the sur- the value obtained by Fedoraat al, m*/m=1.21>' For
face, the Debye frequency is likely to be reduced by up to dhe sp-like surface states in 11), Ag(111), and Auy111),

0 20 40 60 80 100
T (K)
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with well-known effective masses ah*/m(Cu,Ag)=0.4 these values differ slightly from those deduced in our previ-
and m*/m(Au)=0.31° almost steplike functions were mea- ous work, where we assumed a smaller theoretical value for
sured by STS:?% Since we find sharp peaks with very small X and used the bulk Debye frequeréy.
asymmetry, we can find a lower limit for the effective masses In summary, we have investigated the temperature depen-
of the Gd000J) surface states ah*/m(Gd)=5. By inspec- dence of the surface-state lifetime for the(@@D1) surface
tion of the data in Ref. 3, it is likely, however, that the ef- by STS. The observed increase of lifetime broadening of the
fective mass is a function of energy and decreases as thgirface-state peaks in tunneling spectra with increasing tem-
surface-state band approaches the edges of the band gapp@rature could be described within the Debye model for
the projected band structufe. electron-phonon scattering. By using a reduced surface De-
I_:inally, we want to comment on tmescatt_er_ing cont_ri— bye energyﬁw%‘”:S meV, good fits to the data could be
bution to thel4surfa9e-state linewidthe e . Within Fermi-  ohained with an electron-phonon mass-enhancement factor
liquid theory, " I'e. ¢ is approximately given by'ee=28(E ) _1 3+03 (\=1.5+0.3) for the occupiedunoccupied

~Ep)’.  With T o(—180 meV)=13+10meV  and surface-state peak, which is consistent with previous experi-
I'e.e(470 meV)=106+10 meV, the factor B—describing mental resultsp ’ P P
the strength of thee-e interaction—amounts tg@=(0.20 '

+0.15) eV ! and (0.24-0.03) eV ! for the occupied and This work was supported by the Sonderforschungsbereich

unoccupied surface state, respectively. We point out tha290, TPAO6 of the Deutsche Forschungsgemeinschatt.
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