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Surface electronic structures of La(0001) and Lu(0001)
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Most spectroscopic methods for studying the electronic structure of metal surfaces have the disadvantage
that either only occupied or only unoccupied states can be probed, and the signal is cut at the Fermi edge. This
leads to significant uncertainties, when states are very close to the Fermi level. By performing low-temperature
scanning tunneling spectroscopy and ab initio calculations, we study the surface electronic structures of
La(0001) and Lu(0001), and demonstrate that in this way detailed information on the surface electronic
structure very close to the Fermi energy can be derived with high accuracy.
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I. INTRODUCTION

After the first theoretical prediction of a Tamm-like sur-
face state on Gd(0001),' surface states with d,» symmetry
around the center of the surface Brillouin zone (BZ) have
been found on all trivalent lanthanide metals by photoemis-
sion (PE) and inverse photoemission (IPE).>”7 In all cases,
the surface state was found to be located very close to the
Fermi energy Ep, where the accuracy of these experimental
methods deteriorates due to the signal cutoff at Ep. This
weakness is manifested in the case of Gd(0001): First, a
combined PE and IPE study concluded that the exchange
splitting of the surface state decreases with increasing tem-
perature and vanishes within experimental accuracy above
the Curie temperature (T,);? later, a scanning tunneling spec-
troscopy (STS) study showed that in fact a constant residual
splitting persists above T¢.” This was the first striking dem-
onstration that STS is a very sensitive technique when states
are located very close to Ef, because both occupied and un-
occupied states can be probed within a single measurement,
without any influence on the spectroscopic signal when
crossing E. Consequently, recent systematic studies of mag-
netic lanthanide metals across the whole series of lanthanide
metals demonstrated that STS at low temperatures can probe
these surface states with unprecedented accuracy.'%-1?

Here, we focus on the nonmagnetic 4f metals La and Lu.
In both cases, PE and IPE could not clarify whether the

binding energy at the center of the BZ, I, is below or above
Ep.. While for Lu(0001) only PE data exist,””'*> a combined
PE and IPE study of La(0001) concluded that the surface
state is partially occupied.’ However, due to the total system
resolution in these experiments, the reliability of this latter
statement must be considered to be questionable. Further-
more, theoretical band structures are not available for
La(0001) and Lu(0001) up to now. We therefore performed
low-temperature STS studies and band-structure calculations
for these two lanthanide surfaces. In the present work, we
compare the theoretical and experimental results, and we
show that—with the help of the calculated surface band
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structure—the STS data can be described accurately by
simple models which yield not only surface-state binding
energies but also lifetime widths and the dispersion of the
surface bands.

II. EXPERIMENTAL DETAILS

The experiments were performed in an ultrahigh-vacuum
(UHV) chamber equipped with a low-temperature scanning
tunneling microscope (STM) operated at 10 K.'° The
samples were prepared in situ by vacuum deposition of
electron-beam-evaporated La or Lu metal (=30 monolayers),
respectively, on a clean W(110) single-crystal substrate fol-
lowed by annealing at 800 K in the case of La and 1000 K in
the case of Lu. STM images were taken in constant-current
mode, and the STS spectra were recorded with fixed tip po-
sition, i.e., open feedback loop. The tunneling current / and
the differential conductivity dI/dV were recorded as a func-
tion of sample bias voltage V, by modulating V and record-
ing the induced modulation of / via the lock-in technique. A
modulation amplitude of 1 mV (rms) at a frequency of
~360 Hz was used, with the time constant of the lock-in
amplifier set between 10 and 100 ms, at a sweep rate of
~2 mV/s. The spectra were taken in both directions, from
lower to higher and from higher to lower sample bias, in
order to verify that energy shifts (due to the finite time con-
stant) are below 1 meV. Since both the STM tip and the
sample were cooled to 10 K, the energy resolution was
~3 meV, corresponding to 3.5kzT.

III. THEORETICAL DETAILS

The calculations were performed using density functional
theory (DFT) in the generalized gradient approximation
(GGA) as given by Perdew and Wang.!'* We use the full-
potential linearized augmented plane-wave method in film
geometry'>1® as implemented in the FLEUR code.!” Spin-orbit
coupling is induced self-consistently as described in Ref. 18.
For a proper description of the 4f electrons, we apply the
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FIG. 1. (a) Tunneling spectrum of La(0001) at 7=10 K (rotated)
and calculated band structure of a relaxed 11-layer La(0001) film.
Surface states are marked by filled circles, bulk states by open
circles. The most pronounced peak in the STS data at around 0.1 eV
is attributed to the narrow surface-state band around the T point of
the surface Brillouin zone. (b) Tunneling spectrum of Lu(0001) at
T=10 K and corresponding band structure of a relaxed 12-layer
Lu(0001) film. The surface state appears as a sharp peak at Ej in
STS.

LDA+U method!® in an implementation similar to that of
Shick et al.?® For La, we used values of U=8.1 eV and J
=0.6 eV, for Lu of U=4.8 eV and J=0.95 eV. These param-
eters were chosen to simulate the experimentally observed
positions of the 4f bands.?' The La(0001) surface was simu-
lated by an 1l1-layer film embedded in semi-infinite vacua;
for the Lu(0001) surface a 12-layer film was used. The
vacuum region was chosen to start 3.2 and 2.9 a.u., respec-
tively, above the surface atoms of La and Lu. The muffin-tin
spheres had a radius of 3.0 a.u. in the case of La and 2.8 a.u.
in the case of Lu. A plane-wave cutoff of K, =3.4a.u.”!
was used, and the irreducible part of the two-dimensional BZ
was sampled with 21 special k; points.

IV. RESULTS AND DISCUSSION
A. Overview

In Fig. 1(a), the STS spectrum of La(0001) is shown (ro-
tated by 90°), together with the calculated band structure.
The “overview” spectrum is dominated by a narrow peak at
V=0.1 V which is the signature of the d,2-like surface state.

As STS probes mainly states around the I' point of the pro-
jected surface BZ, the interpretation of the peak as a surface
state is clearly confirmed by the band-structure calculation,
where a narrow downward-dispersing surface-state band is
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clearly visible in the local gap around I' at about 0.2 eV
above Ep. Fig. 1(b) displays the STS data and corresponding
calculated band structure of Lu(0001). Again, the only fea-
ture in STS is a sharp peak located close to V=0 (i.e., E
=E). It can be identified as the surface state by comparison
with the band structure, which shows a surface state at
90 meV.

A comparison of the band structures of La(0001) and
Lu(0001) with those of other lanthanide metals shows that

their electronic structures around I" are very similar, i.e., only
small systematic changes occur across the lanthanide series.
A clear trend in the band dispersion is visible. While for La,
the effective mass is negative (i.e., the dispersion is down-
ward toward lower energies E—Ey), Lu first shows a weak

upward dispersion at I', which changes to downward with a
band maximum at =1/4 way toward the BZ boundary. The
dispersion of Gd is in between with a very flat surface-state
band.?> Calculations for Ce and Tm confirm this trend.®>
This systematic change further leads to a decrease of the
surface-state bandwidth and higher effective masses across
the lanthanide series. From Fig. 1, |m"/m|>2 for La and
|m*/m|>5 for Lu can be estimated. Experimentally, in an-
other STS study of Gd, Ho, and Lu we estimated |m"/m|
>5;10 a recent PE study of Ce concludes that |m"/m|~7.4.23
These large effective masses are the result of the high degree
of lateral localization of the Tamme-like lanthanide surface
states. Consequently, they appear as peaks in STS rather than
as steplike functions [as would be expected for delocalized
Shockley-like surface states, e.g., on the (111) surfaces of the
noble metals].

For a quantitative analysis of the spectral shape of the
surface states in STS, we have applied a fit analysis that is
based on planar tunneling theory.?* The fit model was al-
ready introduced in Ref. 10. Therefore, we shall only briefly
summarize it here. Assuming that the density of states (DOS)
of the tip is constant (within the energy range of interest) and
that the transmission coefficient for tunneling, T(E), is bias
independent (for small V), the differential conductivity is
given by

a7 ,
v Lc n(E)T(E)f' (E - eV)dE, (1)

where n; is the DOS of the sample, and f” is the derivative of
the Fermi distribution function; the latter takes into account
the thermal broadening of the spectra due to the finite tem-
perature in the experiment. For a surface band with quadratic
dispersion E(k)=E+(h*/2m")k; and negative effective
mass (m"<0), the DOS is a step function: n,x 8(E,—E).
Furthermore, assuming |m‘|>m and E | =E—E; < ¢, T can
be approximated as

2m
T(E) = exp(— 274/ ﬁ(d)eff_ EL))
2m 2
=expl| -2z ﬁ(d’eﬂ'_ E) +kj

=« exp[-p(Ey - E)], (2)
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where ¢ is the effective barrier height, z is the tip-sample
distance, and E is the perpendicular energy component. p;
is a constant parameter, with p,=z\2m/h>¢(—m"/m).10
Thus, the important term in Eq. (1), n,T, is simply an expo-
nential function that is cut at the band maximum E, by the
step function.

To account for finite lifetimes, each contributing state of
the surface band is broadened by a Lorentzian function. This
is realized by writing n,T as an integral over Lorentzians
weighted with T:

I'(e)
nT(E) f E-2)+(T(e)2)?
X O(Ey — e)exp[— p,(Ey — &) lde. (3)

I" is the full width at half maximum of the Lorentzian, which
is related to the lifetime 7 by I'=#/7. T" is written as a func-
tion of energy in order to account for possible energy depen-
dences of the lifetime due to electron-electron (e-e) and
electron-phonon (e-ph) scattering.>>-23

In summary, this model reflects the influence of band dis-
persion which leads to slightly asymmetric peaks with broad
leading and narrow trailing edges. Although the above ap-
proximations are not valid for a strongly dispersing band,
this model can be qualitatively conveyed into the model of
Li et al., who analyzed the width of the Ag(111) surface-state
spectrum.?’ While a large p, factor (due to a high effective
mass) leads to narrow peaks in STS, a small m” (as for the
sp-like surface states of the noble metals) would result in a
small p;. So the exponential decrease of the STS signal be-
comes negligible, and a step function remains which is
broadened by Lorentzians (corresponding to an arctan func-
tion, as in Ref. 29). Indeed, on a larger energy scale also in
tunneling spectra of the surface states on the (111) faces of
noble metals a deviation from a step function can be ob-
served in the form of a weak decrease of dI/dV toward
higher energies.3*3!

B. La(0001)

In Fig. 2, a highly resolved tunneling spectrum is plotted
together with the results of the fit analysis. As can be seen
from the residual, the fit describes the experimental curve
very well. This confirms that—as for Gd, Tb, Dy, Ho, and Er
(Refs. 10 and 12)—the applied model works convincingly
for a monotonically downward-dispersing surface state with
high effective mass. According to the fit result, the band
maximum is located at E,=130+5 meV, and the lifetime
width at the band maximum is I'(E;)=49+10 meV, which
corresponds to a lifetime of ®Ey)=13+3 fs. Thus, the band

is clearly unoccupied at I' and crosses the Fermi level at
about 1/4 way toward the BZ boundary. The experimental
value for the band maximum is about 70 meV below the
theoretical one. As can be seen in the comparison with
Ce(0001),2 Gd(0001),%2 and Lu(0001) (see below), DFT cal-
culations of the unoccupied lanthanide surface states always
yield slightly higher energies for the band maximum.

In the following discussion, we compare the results with
the literature. A combined PE and IPE study of La(0001)
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FIG. 2. Highly resolved tunneling spectrum of La(0001) at T
=10 K and least-squares fit (gray line) composed of a surface-state
line according to Eqgs. (1)—(3) (dashed) and a quadratic background
(dash-dotted line) to account for tunneling into bulk states. The
residual of the fit is shown as a thin dotted line.

showed that the surface state is partially occupied at T' at
room temperature.>*? As this is clearly not the case in the
present STS study at 10 K, the former observation can only
be explained as a temperature effect in two ways. (i) The
surface-state band may shift down with increasing tempera-
ture. However, we have also applied STS on La(0001) at T
~60 K and did not see any shift of the band maximum.
Therefore, we exclude this possibility. (ii) The linewidth in-
creases with increasing temperature, and thereby the surface
state protrudes over the Fermi edge and becomes partially
occupied. Our analysis of the spectrum at 60 K shows an
increase of the linewidth by =20 meV. In first approxima-
tion, the linewidth increases linearly with temperature due to
enhanced electron-phonon scattering.>>?’ By extrapolation,
the linewidth at room temperature is estimated to be at least
0.2 eV, i.e., mechanism (ii) explains the different results of
this study and of Ref. 5 as a temperature effect. Furthermore,
taking into account the IPE energy resolution of =0.2 eV, it
is clear that no statement on the exact position of the band
maximum could have been made in Ref. 5. The comparison
with our results points out the advantage of STS, which si-
multaneously probes both occupied and unoccupied states
around Ep.

C. Lu(0001)

Figure 3 shows a highly resolved tunneling spectrum of
Lu(0001) plotted together with the least-squares fit results. In
this case, the residual illustrates that the fit model does not
sufficiently well describe the experimental data. As pointed
out recently,'” the fit model works satisfactorily for Lu(0001)
only if an additional Gaussian function is added to describe
both the broad tails and the sharp peak in the spectrum. At
present there is, however, no clear physical explanation for
such an additional feature; thus this procedure is question-
able. The model curves in Fig. 3 show the fit result without
such a Gaussian function to emphasize the deviations.

An inspection of the results of the band-structure calcula-
tion [Fig. 1(b)] explains why the above model, which as-
sumes a monotonic downward dispersion of the surface
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FIG. 3. Highly resolved tunneling spectrum of Lu(0001) at T
=10 K and least-squares fit (gray line) composed of a surface-state
line according to Egs. (1)—(3) (dashed line) and a quadratic back-
ground (dash-dotted line) to account for tunneling into bulk states.
The residual of the fit is shown as a thin dotted line.

band, could not be successful, because the Lu surface band
follows a more complicated dispersion. The band maximum
at k; # 0 leads to a singularity in the DOS that must be taken
into account, and also the energy dependence of the tunnel-
ing probability is different for such an M-shaped surface
band. Therefore, we introduce a more sophisticated model to
describe the line shape of the STS data.

The simplest extension of the former model is to assume a
parabolic dispersion of fourth order, E(kj)= E0+akH +ka,
with a>0 and b<0; with this ansatz, E(k;=0)=E is the
local band minimum at T'. The band maximum is located at
Kkax=\—a/2b and has the energy E,=E,+AE, where AE
=—a’/4b. Thus, a and b can be replaced by the more descrip-
tive parameters k., and AE:

E(k)) = Eg + 2AE(ky/kpay)* = AE(ky/kpay)* (4)
For |k;| = kpay, this results in
12
E,—-E
|kH(E)| = kmax<1 + I+ OA—E> s (5)

and the DOS of the surface band can be calculated as

max . (6)
E,-E

AE

‘ diy| K2
4AE

As the dispersion in this model is not simply quadratic,
the approximation for the transmission coefficient in Eq. (2)
is not valid any more, and the general formula must be used.

For E)<E<E,, two solutions exist, i.e., for the same
energy there are two contributions to the tunneling current
with different momenta kl(‘“)<kmax and k‘(‘b)>kmax, respec-
tively. This can be included by a sum of two transmission
coefficients 7, and T},. For E<E,, T, is set to zero.
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Finally, as for the above model, the broadening of each
state due to the finite lifetime is included by an integral over
Lorentzian functions:

2t S
=2 | | G orsmrenp™?
T,(E) + Ty(E)]f'(E - eV)ds dE. %

In summary, the fit routine possesses the free parameters E,
AE, kpao Uy ¢erp, and z. At a first glance, this number seems
to be too large for a reasonable fit. However, due to the
knowledge of the band dispersion from Fig. 1(b), AE and
knax can be restricted to a region that is compatible with the
calculated band structure. Also the last two parameters can
be limited because the barrier height should not differ much
from the work function of Lu (=3.3eV), and the typical
tip-sample distance is between 5 and 15 A.

For I', we take into account the energy dependence due to
e-ph scattering (I, ) according to the Debye model,>3%3*
and the quadratic energy dependence due to e-e scattering
T, ,=2B[(mksT)*+(E-Ef)?]} as described by Fermi-liquid
theory.?03% T, . is determined by the e-ph mass enhance-
ment parameter A and the Debye energy fiwp. I',., is de-
scribed by the parameter 28.!" Further, an offset I'; is used
as an additional parameter in order to include the possibility
that I'(Er) > 0. Thus, the lifetime width is considered to be
only energy dependent in this model but not k; dependent.
We point out that also a momentum dependence is to be
expected, caused, e.g., by interband e-e scattering with bulk
bands, which is more probable when the excited state is fur-
ther away from the center of the BZ. However, including
these effects requires a much more complicated model?3-3¢
and is beyond the scope of this study.

Figure 4(a) displays the result of a fit analysis of the same
Lu(0001) tunneling spectrum as shown in Fig. 3, but now
with the new fit model. As can be seen from the residual, the
model curve fits the experimental data perfectly. The results
for the fit parameters are listed in Table I. In order to test the
reliability of the model, several STS spectra were fitted, and
the reasonability of the parameters was checked. Although
these parameters were treated as free parameters in the fit
procedure, they were found to vary only slightly. Some val-
ues that deviate from the expected values of the calculation
will be discussed in the following. However, the qualitative
agreement is good enough to specify the dispersion of the
surface band [cf. Fig. 4(b)].

Comparison with the calculated band structure in Fig.
1(b) gives good compliance in AE, while the energy position
of the band—as discussed above—is again too high in the
DFT calculation in the GGA. The difference in k,,, is large.
While theory puts it to one-fourth, the band maximum in the
fit is at about one-half of the surface BZ, where the band
structure is already dominated by bulk bands. Probably, the
k, dependence of the fit is quantitatively incorrect, which is
not unexpected since the model is based on planar tunneling
theory. The DOS of the M-shaped surface band [Fig. 4(b)],
however, shows that—due to the singularity at E,,,—states

away from I" have a dominant influence on the line shape of
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FIG. 4. (a) Same tunneling spectrum of Lu(0001) as in Fig. 3.
The gray line represents a least-squares fit composed of a surface-
state line according to the present model [Eq. (7)] (dashed) and a
quadratic background (dash-dotted) to account for tunneling into
bulk states. The residual of the fit is shown as a thin dotted line. (b)
Dispersion and density of states of the Lu surface band, and (c)
energy-dependent lifetime width resulting from the fit analysis. The
gray-shaded area marks the uncertainty region for the estimation of
I" (for details, see text).

the tunneling spectrum. Thus, the Lu(0001) surface band is
occupied at the center of the surface BZ, but it has much
more unoccupied DOS slightly above Ey. Due to its unique
dispersion, the surface band crosses the Fermi edge twice.
The parameters ¢, and z barely vary. A tip-sample distance
of 11 A is realistic. The effective work function may be
slightly too small but is still in a reasonable regime.

For an estimation of the energy dependence of I', all rel-
evant parameters have been set free in the fit procedure. The

TABLE 1. Parameters resulting from the fit analysis of the
Lu(0001) STS data according to the present model. For comparison,
the “starting” values expected from calculations are also listed.

Parameter Fit result Starting value
Ey (meV) —17+2 90
AE (meV) 20.3x0.3 34
kax (A7) 0.64+0.09 0.27
besr (€V) 2.11+0.05 33
z (A) 10.9%0.5 5-15
I'y (meV) 2+1 0
A 1.4+0.9 0.59
fhwp (meV) 12+4 15.8
28 (eVh 0-100 <1
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small offset I'y=I'(Er)=2+1 meV can be explained either
by a small contribution of defect scattering or by a poorer
experimental resolution (maybe due to electronic noise). At
the band maximum, the lifetime width is ['(E,+AE)
=8+2 meV. The parameters for e-ph scattering are again
acceptable: A=1.4+0.9 is higher than the calculated value of
Skriver et al.,’” but also other experiments find larger
electron-phonon mass enhancement factors up to 2.1.3 The
Debye energy, according to the fit result, is fAwp
=12+4 meV, which is between the bulk value of 15.8 meV
and the recently determined value for the surface Debye en-
ergy of 10.4 meV.’

In contrast, the values describing e-e scattering are rather
imprecise, particularly for Er—E>10 meV. The 2 param-
eter varies between 0 and (unphysical) 100 eV~ for different
tunneling spectra. For a clearer validation, the mean value of
I' is plotted versus the energy [Fig. 4(c)]; the gray-shaded
area marks the uncertainty region. In the relevant region
+10 meV around Ej, where the surface-state peak occurs in
STS, the variation of I'(E) is relatively small. Only for lower
energies Er—E>10 meV, where the contribution of the sur-
face state to the STS signal decreases rapidly, does the de-
termination of the linewidth become untrustworthy, and the
error bars get accordingly very large. In the spectroscopically
crucial region, however, the error bars are smaller than
10 meV. To further test the model, the 23 factor was fixed to
realistic values (between 0 and 1 eV~!), and the fit procedure
was applied only within the relevant region of the STS spec-
tra. The resulting parameters do not deviate significantly
from those in Table I, which emphasizes that the line shape is
predominantly caused by the unusual DOS of the M-shaped
surface band.

We point out again that the difficulties in deriving precise
values for the linewidth may be due to the fact that the model
does not contain a k; dependence of I'. For instance, the

e-e scattering rate for an excited hole at the r point, i.e.,
deep within the local band gap, is predominantly determined
by intraband relaxation processes, while for an excited hole
with the same energy E at the decreasing part of the surface
band, additional interband transitions into nearby bulk bands
are possible. The interplay between intra- and interband scat-
tering can be complicated, even for relatively simple systems
as the noble metals.283% Also, in case of the far more com-
plex surface state of Lu(0001), only elaborate calculations
will allow for a quantitative understanding of surface-state
dynamics. Given the current state of the art, our expanded
model can be rated as a useful description for the STS data of
Lu(0001).

V. CONCLUSIONS

In summary, we have presented low-temperature scanning
tunneling spectroscopy data and density-functional calcula-
tions for the (0001) surfaces of La and Lu. Fit analyses of the
spectra yield quantitative information about the surface band
dispersions and the electronic lifetimes of the surface states.
The surface state at the BZ center of La(0001) is clearly
unoccupied, but crosses Ep due to a downward dispersion
toward the BZ boundary. The surface band of Lu exhibits an
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M-shaped dispersion, with an occupied local minimum at T’
and an off-centered band maximum slightly above Ej. We
demonstrated that STS results for Lu(0001) can be described
well by an extended—but still rather simple—model. We
conclude that STS in combination with ab initio calculations
enables one to obtain detailed information with high accu-
racy on the surface electronic structure of metals near the
Fermi energy.
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