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Electronic Band Structure of Gd: A Consistent Description
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The dispersion of the Gd �5d6s�-valence bands has been investigated by means of spin- and angle-
resolved photoemission. The spin analysis of various spectral features shows that their weak dispersion
and unusual broadening is due to the photoelectron lifetime rather than to correlation induced band
narrowing as previously proposed. These results resolve a long-standing discrepancy between theoretical
and experimental descriptions of the rare earth band structure.
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The unique electronic and magnetic properties of lan-
thanides result from the coexistence of both highly local-
ized and delocalized levels in the valence region. While the
4f electrons maintain an atomic character in these metals,
the (5d6s) states form the metallic bonding and mediate
the indirect exchange interaction among the 4f moments.

Photoemission spectroscopy gives direct access to the
excited- and ground-state configurations of the 4f shell
that are indeed well understood for the lanthanide met-
als [1]. On the contrary, no satisfactory picture of the
(5d6s) states exists so far. Even fundamental questions
such as the accuracy of the band structure methods for the
ground-state description or the influence of many-body ef-
fects on the excitation spectra have not yet found an an-
swer. In fact, band structure calculations based on the local
spin density approximations (LSDA) predict a large band-
width for the (5d6s) states in rare earths similar to that
of the preceding elements (alkali and alkaline earth met-
als) in the Periodic Table. These latter cases [2–5] exhibit
strongly dispersive photoemission features that are reason-
ably well interpreted within the paradigms based on effec-
tive single-particle approximations, although a quantitative
description requires detailed consideration of many-body
effects. In sharp contrast, angle-resolved photoemission
from lanthanides does not display the expected dispersive
behavior of the (5d6s)-bulk states. Various observations
[6–8] seem to indicate a failure of the effective single-
particle descriptions to the (5d6s) photoemission and sug-
gest the importance of correlation effects.

The situation is well illustrated by the case of Gd, which
is the most extensively studied lanthanide element for
its importance as a prototypical Heisenberg ferromagnet
(TC � 293 K). Photoemission studies report the energy
separations between the G42 2 G11 points [9] and G42 2

A1 points [8] to be by about a factor of 2 smaller than
that predicted by the state-of-the-art calculations [10,11]
[shown in Fig. 1(a) for the ferromagnetic ground state
[12] ]. Correspondingly, only a significantly weak energy
dispersion of the D2 band is observed by varying the pho-
ton energy [8,9]. While this latter observation, separately
taken, could possibly be explained by momentum broad-
0031-9007�01�86(13)�2846(4)$15.00
ening [2], the concomitant discrepancy between the ex-
perimental and theoretical bandwidth leads to attribute [8]
both the effects to strong electron-electron interactions.
Notably, such band narrowing in Gd appears to be much
larger than that in the strongly correlated 3d transition met-
als [13–15], an unusual fact that has not been understood
so far.

In order to clarify the inconsistency between the ex-
perimental and theoretical descriptions in rare earths, we
investigate the electronic band structure of Gd by means of
spin- and angle-resolved photoemission spectroscopy.
Spin-resolved spectra reveal an evolution of the spectral
line shape as a function of photon energy that cannot be
visualized in the spin-integrated measurements. Consid-
eration of the photoelectron lifetime convoluted to the
LSDA band structure results account well for the observed
spectral evolution. The present results thus resolve the
long-standing discrepancy between photoemission and
band theory of Gd and are supposedly of direct relevance
for the other rare earth metals and related (Sc, Y, La,
etc.) elements as well.

The experiments were carried out on the TGM5 wiggler-
undulator beam line at BESSY I, Berlin. The overall
experimental resolution was 160 meV with angular reso-
lution better than 60.5±. Gd(0001) films of 30 monolayer
(ML) thickness were epitaxially grown on a clean W(110)
surface at room temperature and subsequently annealed at
600 K. The crystalline structure of the films was con-
firmed by very sharp LEED patterns.

The spin-integrated normal emission spectra of the Gd
valence band at room temperature (paramagnetic state)
are shown in Fig. 1(b). The nondispersive sharp feature
close to the Fermi level (EF) is due to emission from
5dz2 surface states. The broader signal around 1.8 eV is
the signature of the (5d6s)-bulk band. This feature ex-
hibits the binding energy extrema corresponding to the G

point of the Brillouin zone at photon energies of about 34
and 67.5 eV. This is consistent with the expectation from
a free-electron-like model for the final states, with an in-
ner potential V0 assumed to be 28 eV. Thus, the other
extreme, A, should be reached at about 50 eV photon
© 2001 The American Physical Society
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FIG. 1. (a) Band dispersion in the ferromagnetic ground state
of Gd along GA [12]. The up-spin and down-spin bands are
represented by solid up triangles and open down triangles, re-
spectively. The inset shows the calculated ground state and the
free-electron final state band (FEFS) along GA used in the simu-
lation. The shaded region schematically represents the energy
uncertainty in the final state bands due to the photoelectron life-
time effects. (b) Spin-integrated normal emission valence band
spectra of 30 ML Gd(0001) at room temperature. The dashed
line represents the energy position of the feature at G.

energy. Consistent with previous work [8], the spectra
in Fig. 1(b) exhibit a small energy shift of the D2 emis-
sion peak for photon energy increasing from 34 to 50 eV,
which is less than half of the energy dispersion expected
for the magnetic ground state [see Fig. 1(a)]. It should
also be noted that the linewidth of the D2 spectral feature
increases substantially for photon energies beyond 40 eV.

In the spectra of the ferromagnetic state at 120 K [see
Fig. 2(a)], the D2 band emission at 34 eV photon energy
exhibits a pair of exchange-split features at about 2.3 and
1.4 eV. Their separation corresponds to an exchange split-
ting of about 0.9 eV in close agreement with the theoreti-
cal results [11]. At higher photon energies, the intensity of
the sharp down-spin feature appears to gradually shift as
is most evident in the spectra between 40 and 44 eV. In-
terestingly, the spectra at photon energies above 44 eV are,
however, again quite similar to those at 34 eV. In previous
photoemission studies [8], the bandwidth of the up-spin
and down-spin D2 bands was estimated to be about 0.5 eV
from the spectra virtually identical to the ones presented
here. We show in the following that the knowledge of the
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FIG. 2. (a) Spin-integrated and (b) spin-resolved normal emis-
sion valence band spectra of 30 ML Gd(0001) film at 120 K as
a function of photon energy. The dashed line represents the en-
ergy position of the spectral feature at G.

spin characters of the various features leads to very differ-
ent conclusions.

Spin-resolved spectra at some selected photon energies
are shown in Fig. 2(b). The surface feature is predomi-
nantly of up-spin character with small down-spin contribu-
tions, as already known from previous studies [16]. The D2
emission at 34 eV photon energy is resolved into an up-
and down-spin component at about 2.3 and 1.4 eV, re-
spectively. The up-spin component is broader than the
down-spin emissions and slowly loses its identity at higher
photon energies. This may be attributed primarily to the
spin and energy dependence of the lifetime broadening of
the photoholes. The down-spin component exhibits dis-
tinct changes with the photon energy on which we will
concentrate the following discussion.

For the sake of clarity we expand the down-spin com-
ponent in the figure. It is clear that the increase in photon
energy leads to an overall spectral weight transfer to higher
binding energies. The line shape can roughly be described
as resulting from a strongly dispersive feature along with
a nearly nondispersive component at about 1.4 eV. These
spectral modifications of the down-spin emission could not
2847
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be identified in the spin-integrated measurements [as in
Fig. 2(a)] due to the unresolved and overlapping emissions
from both the spin channels. Most significantly, for photon
energies sampling the k points closer to A (i.e., 45–50 eV),
the peak around 2.5 eV binding energy turns out to have
predominantly down-spin character. In the spin-integrated
study, this structure was assumed to be due to up-spin states
[8] and led thus to an incorrect estimate of the band disper-
sion. While the spectral shift of the high binding energy
component of the spectra resembles well the dispersion of
the LSDA bands, the presence of a nondispersive feature
does not have any correspondence in the theoretical results.
The degeneracy with the bulk bands and its insensitivity to
the surface contaminations rule out the possibility of sur-
face character of this feature.

It is notable here that photoemission is intrinsically
a many-body process. The shape, intensity, and energy
position of the spectral features are influenced by various
dynamical interactions in the solid that are not included
in effective single-particle models. The corrections due
to the many-body interactions are often referred to as
self-energy corrections to the retarded Green’s function,
G�k, E� � 1��E 2 ek 2 S�k, E�� where ek is the energy
eigenvalue from the effective single-particle calculations
and the complex function S�k, E� is the self-energy.
S�k, E� contains the contributions from the electron
correlations. The real and imaginary part of S�k, E�
determine the position and width of the spectral function
(imaginary part of the Green’s function), respectively. In
addition, the spectral width will be significantly influenced
by the lifetime of the photoholes and the photoelectrons.
The increase in available decay channels for the holes at
higher binding energies introduces an energy-dependent
lifetime broadening. The decay of the photoelectron wave
functions due to various inelastic scattering processes
while traveling through the solid introduces a momentum
broadening as indicated in the inset of Fig. 1(a) [2].
Thus, the spectral function will be a convolution of the
many-body spectral function S0�k0

�, eh� with the hole and
electron lifetime broadening functions and can be ex-
pressed as S�k�, E� ~

RR
deh dk0

� S0�k0
�, eh� �Gh���eh 2

E�2 1 G
2
h�� �Gk���k0

� 2 k��2 1 G
2
k�� where Gk is the

half width at half maximum (HWHM) of the Lorentzian
representing the momentum broadening which is the
inverse of the electron escape depth, l (Gk �

1
2l ). Gh is

HWHM of the Lorentzian for the holes and often being
found [17] to be of the form, Gh � G0 1 a 3 BE2;
BE � binding energy, suggesting a Fermi liquid behavior.
k� is the perpendicular component of the reciprocal lattice
vector; the parallel component kk is zero for normal
emission geometry.

In order to investigate the influence of the momen-
tum broadening, we simulate the down-spin spectral
functions using the calculated ground-state band and the
free-electron-like final states as shown in the inset of
Fig. 1(a). The symmetry conservation rules for the hcp
2848
lattice [18] are considered in the calculation. Thus, we
sample the D1 and D2 bands shown in the inset of Fig. 1(a)
for the calculation. The values of G0 and a are fixed to
be 0.15 eV and 0.075 eV21; these values are similar to
those observed in this [17] and other systems [19]. The
experimental resolution is accounted for via a Gaussian
convolution of the calculated spectral functions. Thus, the
only parameter Gk is varied to simulate the experimental
spectra at all the photon energies. It is necessary to shift
the calculated dispersions by about 0.2 eV towards EF

to compare with the experimental spectra. The calculated
results for Gk � 0.17 6 0.03 Å21 are shown in Fig. 3(a)
by solid lines along with the experimental down-spin
spectra at different photon energies. While there is a little
discrepancy in the relative intensity of the features, the
spectral weight transfer and the presence of a nondisper-
sive feature is clearly manifested in the simulated spectra
consistently with the experimental ones. From the band
structure calculations [11], it is known that the character
of the bands close to EF (BE # 1.5 eV) is dominated
by 5d states and the states at higher binding energies
are essentially of 6s character. Since the photoemission
cross section of the 5d states are larger than the 6s states
at these photon energies [20], the larger intensity of the
1.4 eV feature in the experiment may be attributed to the
neglect of matrix element effects in our calculations.

Thus, considering the limitations and the simplicity of
the model, the agreement with the experimental spectra
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FIG. 3. Experimental (a) low temperature down-spin spectra
and (b) room temperature spin-integrated spectra at different
photon energies represented by the open down triangles and solid
circles, respectively. The solid lines show the corresponding
simulated spectral functions from the LSDA results. The dashed
line represents the energy position of the spectral feature at G.
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is remarkable. The value of Gk corresponds to the escape
depth, l � 3 Å which is a reasonable estimate [21] at
these photon energies. Therefore, it appears that the weak
dispersion of the D2 band is essentially due to the pho-
toelectron lifetime effect rather than the strong electron
correlation as previously proposed. The contribution from
each k point close to G is about 10% of the one from k
points close to A, when the photon energy corresponds to
the A point. Considering relatively flat bands between G

and 1�2 3 �G 2 A�, it can be easily realized that they
give rise to a sizable spectral contribution (i.e., a nondis-
persive feature) at all photon energies. The same analysis
could also be carried out for the up-spin spectra. However,
the large spin and energy-dependent lifetime broadening
makes it difficult to visualize the changes. We have cal-
culated all the spectra at room temperature with the same
parameters as shown in Fig. 3(b) exhibiting a remarkable
agreement with the experimental spectra. Interestingly,
the unusual spectral broadening above 40 eV could be
simulated exactly. The band dispersion at room and low
temperatures as a function of kk could also be simulated
consistently with the experimental observations with
the same parameters. Such consistency with the spectra
probed at different experimental conditions provides
strong confidence to the estimated parameters.

The small shift of the calculated spectra with respect to
the experimental ones might be related to the many-body
effects, similar to alkali [3] and alkaline earths [5] as
well as transition metals [13–15]. It has been shown via
LSDA 1 U calculations [22] that the electron correlation
is important in determining the exchange splitting of the
highly localized 4f states which cannot be accounted by
the LSDA methods. However, the electron correlation
within the 5d electrons plays only a minor role in the dis-
persion of the valence states [23].

In summary, this study resolves the long-standing con-
flict between theory and experiment on the electronic band
structure of rare earth metal systems. Spin-resolved mea-
surements establish a clear correspondence between the
experimental band dispersion as it is probed by angle-
resolved photoemission and band structure calculations.
The results point out the importance of photoelectron life-
time in determining the experimental band dispersions and
significantly reassess the role of correlation effects on the
(5d6s) states in rare earths.
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