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Topological properties and self-energy effects in elemental Yb
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Recent theoretical calculations predict the presence of Dirac nodal lines with π Berry phase and related
topological surface states in elemental alkaline-earth metals. Here we provide experimental and theoretical
evidence for the existence of similar nodal lines also in hexagonal close-packed Yb, an element of the lanthanide
series, in the limit of zero spin-orbit coupling. These topological properties emerge after taking into account
self-energy corrections, which permit one to correctly describe the experimental low-energy electronic structure
of Yb. By angle-resolved photoemission spectroscopy we demonstrate the occurrence of topological surface
states in Yb which are robust in the presence of the large spin-orbit coupling.
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I. INTRODUCTION

Dirac nodal lines (DNLs) are topological features in the
band structure which attracted great attention in recent years.
In a DNL material the crossing of conduction and valence
bands forms a closed path in the momentum space [1]. The
topological nature of the DNLs can give rise to several phe-
nomena, such as robust topological surface states (TSSs), a
nontrivial Berry phase, and the spin Hall effect [1–4]. Among
the elemental materials, the alkaline-earth metals Be and Mg,
with hexagonal close-packed (hcp) structure, and Ca and
Sr, with face-centered cubic structure (fcc), were predicted
to have DNLs with a π Berry phase near the Fermi level
in the limit of vanishing spin-orbit coupling (SOC) [2,5].
The existence of DNLs and TSSs was demonstrated to ex-
plain many exotic properties of alkaline-earth metals, such
as anomalously high electron-phonon coupling [6], giant
Friedel oscillations [7], and a semimetal-semiconductor tran-
sition [8,9]. An experimental verification of the theoretical
predictions was limited to the Be(0001) surface, where the
projection of the DNL as well as a circular contour, related
to a TSS, were experimentally observed by angle-resolved
photoemission spectroscopy (ARPES) [5,10].

Yb is a divalent lanthanide metal with a filled 4 f shell and
close-packed structure at ambient conditions, which shares
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a number of properties with alkaline-earth metals, includ-
ing a similar chemical behavior, semimetal-semiconductor
transition under pressure [9,11], and pressure-induced super-
conductivity [12]. Close to room temperature Yb was reported
to exist in both fcc and hcp structures [13–16]. Similarly to
alkaline-earth metals, fcc Yb was predicted to possess a DNL,
which becomes gapped due to the large SOC of Yb [2] and
may give origin to a large spin Hall conductivity [3,4]. The
existence of DNL in hcp Yb has not yet been addressed. So
far, many of the properties of Yb remain not fully understood
due to a discrepancy between the experimental and theoreti-
cal electronic band structures. Photoemission spectroscopy on
close-packed Yb surfaces presents a peaked density of states
close to the Fermi level [17–24]. Resistivity and Hall data on
bulk Yb [14,25] and scanning tunneling spectroscopy on thin
Yb films grown on W(110) [26,27] suggest the existence of
an electron pocket at the center of the surface Brillouin zone
(�). Instead, band structure calculations do not reproduce this
pocket and indicate a semimetallic behavior for both hcp and
fcc structures [11,24,25,28–32].

With the aim of clarifying the electronic structure of Yb
close to the Fermi level, we performed a joint density func-
tional theory (DFT) and ARPES investigation on Yb(0001)
thin films grown on Mo(110). ARPES reveals the existence of
an electron pocket at � in hcp Yb. We demonstrate that this
pocket can be reproduced in DFT by including self-energy
corrections via a Hubbard U correction on the empty d or-
bitals. The same correction induces a similar pocket also in
fcc Yb. Within this approach we show the formation of two
concentric DNLs with ±π Berry phase and related TSSs in
the electronic structure of hcp Yb. We furthermore provide
an ARPES evidence for these TSSs. Our revision of the
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low-energy electronic structure of Yb calls for a reinterpre-
tation of the electronic and transport properties and for the
exploration of novel phenomena in this material.

II. METHODS

The ARPES experiments were performed at the VUV-
Photoemission and BaDElPh [33] beamlines at the Elettra
synchrotron radiation facility in Trieste, Italy. Photoelectron
spectra were recorded at room temperature with a total instru-
mental energy resolution of 10 meV and an angular resolution
of 0.25◦ at different photon energies ranging from 6 eV up to
40 eV. The Mo(110) surface was cleaned by repeated high-
temperature flash-annealing cycles in oxygen atmosphere up
to 2000 K, until low-energy electron diffraction (LEED) and
x-ray photoelectron spectroscopy indicated a clean and or-
dered surface. Yb was deposited at room temperature by
electron-beam evaporation from a Ta crucible using a de-
position rate of about 5 Å/min. The base pressure of the
experimental station rose from 1 × 10−10 mbar to 1 × 10−9

mbar during Yb deposition. A quartz microbalance was used
to monitor the thickness of the deposited film. The evapora-
tion rate was cross-checked by monitoring the Yb 4 f core
level [34,35]. The deposition of Yb on Mo(110) at room
temperature in the investigated thickness range of 4–60 ML
(monolayer) leads to a well-ordered epitaxial film having a
hexagonal (1 × 1) LEED pattern.

We calculated the electronic structure of the different Yb
phases using the full-potential linearized augmented plane-
wave method as implemented in the FLEUR code [36], based
on density functional theory with the exchange-correlation
potential in the generalized gradient approximation [37]. The
5s and 5p orbitals of Yb were treated as local orbitals and
the DFT+U method in the fully localized limit was employed
for the 4 f states with Uf = 6.0 eV and Jf = 0.7 eV. Where
mentioned, also the 5d orbitals were treated with the DFT+U
method in the fully localized limit using Ud = 4.0 eV and
Jd = 0.7 eV, and spin-orbit coupling was included in a self-
consistent manner. A product of wave-function cutoff times
muffin-tin radius of 11.2 and optimized lattice parameters of
ahex = 3.852 Å and c/a = 1.633 with an 8 × 8 × 4 k-point set
for the hcp bulk phase (8 × 8 × 8 for fcc) were used. The films
were set up containing 24 closed-packed layers embedded in
vacuum [38] showing negligible relaxations of the surface
layers (<0.4%). For the calculation of the Berry curvatures
we constructed Wannier functions for the (s,p,d) orbitals and
used the WANNIERTOOLS code [39].

III. RESULTS AND DISCUSSION

Figure 1(a) reports ARPES data for thin Yb films on
Mo(110). We notice the presence of quantum well states
(QWSs) with paraboliclike dispersion centered around �,
whose number increases with the film thickness (1 ML = 3.1
Å [40]). These states arise from the spatial confinement of
the electron wave functions within the films and correspond
to the discretization of the electron momentum perpendicu-
lar to the surface of a bulk Yb band. The bottom edge of
this band at � can be easily determined as the position of
the deepest QWS for sufficiently thick films [Fig. 1(b)], as

FIG. 1. (a) ARPES maps taken with hν = 9 eV at room temper-
ature along K � K direction and around EF for different thicknesses
as indicated. The images are taken around the � point, normalized
to the Fermi function and in a form of second derivative. (b) Energy
position versus film thickness of the bands at the � point represented
by solid symbols (circles for the experiment obtained at hν = 34 eV
and triangles for experiments obtained at hν = 9 eV); the dashed
lines are a guide to the eye. (c) Theoretical bulk band dispersion
without SOC effects along the �L high-symmetry line of the fcc
structure. The inset shows the correspondence of the bulk and surface
fcc Brillouin zones. (d) Theoretical bulk band dispersion without
SOC effects along the �A high-symmetry line of hcp structure. The
inset shows the correspondence of the bulk and surface hcp Brillouin
zones.

discussed in Refs. [41,42]. In our case the deepest QWS
converges to the band edge that can be estimated to be at
130 meV binding energy, thus indicating that bulk-related
states form an electron pocket near �. The discontinuities
that QWSs present at about 0.2–0.3 Å−1 derive from the
interaction with bulk band edges of Mo(110) [43], as also ob-
served for other systems and comparable film thickness [44].
The origin of the band doubling close to the 0.55 Å−1 in
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the 32 and 42 ML films (white arrows) will be addressed
below.

Our experimental data near the Fermi energy can be com-
pared with the results of DFT calculations. In both fcc and
hcp structures the edges of bulk states that project onto � (i.e.,
states along �L for fcc and along �A for hcp) are above the
Fermi energy [black curves in Figs. 1(c) and 1(d)], in agree-
ment with previous calculations [24,25,28,30–32]. Strain and
SOC effects induce minor changes in the band structure at the
Fermi energy (see Refs. [24,25] and Supplemental Material,
Sec. I and Figs. S1 and S2 [45]). As proposed in an earlier
work on Yb [25], one can obtain a good agreement between
theory and experiment by tuning the position of the unoccu-
pied d bands. Indeed, the experimental band structure of Yb
is similar to those of fcc Ca(111) and hcp Mg(0001) [46,47],
which have higher d band and an electron pocket located at the
L and � bulk points, respectively [2,5]. We applied the Hub-
bard U correction to the d orbitals of Yb: Since the conduction
band consists mainly of d states, the effect of the Ud is similar
to the one induced by the self-energy correction, as already
demonstrated for other elements of the lanthanide group [48].
Figures 1(c) and 1(d) show DFT calculations with Ud = 4 eV
(red curves), with a p-like band crossing the Fermi level in
both fcc and hcp structures, which correctly reproduces the
electron pocket observed experimentally. These results are in
agreement with the previously demonstrated predominant p
character of the Yb states below the Fermi level [22].

Before discussing in detail the electronic structure of Yb,
we briefly address the crystallographic structure of the thin
films. Yb is known to undergo an hcp-fcc transition close
to room temperature with a high degree of hysteresis and
sensitivity to the strain and contamination [13–16]. Yb films
grown at room temperature and post-annealed at T = 465 K
on Mo(110) and W(110) were shown to have an fcc struc-
ture [17,40]. On the other hand, the ARPES data presented
here shows that the growth at room temperature and without
annealing occurs in the hcp structure, similarly to Yb films
grown on graphite [24]. This is proven by simple symmetry
considerations of the bulk hcp and fcc reciprocal zone and of
the way the bulk states are projected on the surface Brillouin
zone [Figs. 1(c) and 1(d)]. In the fcc structure the L point
is projected on the � and M points of the (111) surface
[Fig. 1(c)]. Hence, electronic states with the same binding
energy must be observed at � and at M (as can also be seen
in Supplemental Material, Sec. I and Fig. S3). This is in
contrast with the ARPES data for the Yb films, in which no
states are seen close to the Fermi level at M. As an example,
Fig. 2(a) shows ARPES spectra for a 29-ML Yb film along
the K � M K path. Instead, in the hcp structure the � and M
points of the (0001) surface are projections of different paths
of the bulk Brillouin zone, namely, �A and ML [Fig. 1(d)], in
agreement with the ARPES data.

Figures 2(b)–2(d) show DFT slab results for a 24-ML
freestanding hcp Yb film. As expected, without Ud correction
there is no electron pocket at � [see Fig. 2(b)]. The inclusion
of Ud moves the QWSs at � below the Fermi level and they
acquire nearly parabolic shapes [Fig. 2(c)], in agreement with
ARPES data [Fig. 2(a)]. Additionally, a hole pocket emerges
between � and M. The inclusion of SOC effects results in a
splitting of several states with surface character [Fig. 2(d)],

FIG. 2. (a) Photoemission intensity map along the K � M K of
a 29-ML Yb film for hν = 34 eV; (b),(c) Calculated surface band
structure of 24-ML Yb(0001) film; symbol size is proportional to the
s + p + d character in the top two layers. (b) Without Ud , no SOC;
(c) with Ud = 4 eV, no SOC; (d) with Ud = 4 eV, SOC. Black arrows
indicate the surface states A, A′, and B.

without significant energy shifts. A calculated band structure
with a different Ud value is shown in Supplemental Material,
Sec. II and Fig. S4. A similar effect of the Ud correction is
expected also for fcc thin films. Several surface states marked
A, A′, and B [Fig. 2(d)] can be identified, while no surface
state is observed at � (see also Supplemental Material, Sec. II
and Fig. S5). As will be shown below, the A and A′ states arise
from topological properties of the bulk band structure.

Figures 3(a) and 3(b) show the calculated bulk band struc-
ture of hcp Yb along K�MK high-symmetry lines in the limit
of zero SOC without and with Ud , respectively. We notice
that the band structure is strongly modified by the inclusion
of Ud , inducing band crossings along �M, which otherwise
are absent. As a result, there are two band crossings with s-p
band inversion along the �K and �M directions [black arrows
in Fig. 3(b) and red/blue circles in Figs. 3(c) and 3(d)] that
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FIG. 3. (a),(b) DFT bulk band structure of hcp Yb along K�MK
with orbital projections without SOC (a) without Ud and (b) with
Ud = 4 eV. (c),(d) Zooms on the band crossing without (black solid)
and with (gray dashed) SOC included. Red (blue) circles indicate
band crossings with an integral of the Berry curvature around the
nodal line corresponding to −π (+π ). (e) Surface Brillouin zone
with a shaded region indicating the k‖ distribution of the π Zak phase.
(f) DFT + Ud constant energy cut taken at Fermi level for a 24-ML
film with SOC included corresponding to the same slab with surface
band structure shown in Fig. 2(d). Thicker lines mark the surface
states A, A′, and B.

extend over the Brilloiun zone and give rise to two DNLs. The
Berry phase integrated around the loop in k space enclosing
the DNL marked by the red (blue) circle is −π (+π ). These
DNLs are different from those in hcp Be and Mg, where the
s-p band inversion occurs at � and only one DNL is present,
and more similar to that of fcc Ca [2,5]. Indeed, there are two
closely lying concentric DNLs. The DNL marked by the red
color lies very close to the Fermi energy, resulting in a nearly
flat contour, as in Ca(111). The projection of the two DNLs
onto the (0001) surface is schematically shown in Fig. 3(e)
by red and blue lines. The gray shaded region between them,
indicating a range of states where the band inversion occurs
and corresponding to a Zak phase = π [2], does not include
any time-reversal invariant momenta. Additionally, the SOC

opens up a sizable gap at the Fermi level, as can be seen
in Figs. 3(c) and 3(d). Therefore, no DNL can be directly
observed [2]. In contrast, for the Yb in the fcc structure the
inclusion of Ud induces almost no change in the topology of
the DNL with respect to the band structure calculated without
Ud (see Supplemental Material, Sec. I and Figs. S1 and S2).

In analogy to the Ca(111) surface, we can identify the
DNL-related TSSs in Yb(0001). Without SOC we can observe
a state A [Fig. 2(c)], which crosses the Fermi level once along
�K and twice along �M (see also Supplemental Material,
Sec. II and Fig. S5). Differently from the Ca(111) TSS, with-
out SOC this state is located inside the bulk projected states.
With the inclusion of SOC, A splits into two states A and
A′ [Fig. 2(d)], so along the �K direction the state A falls
inside the bulk band gap, while along �M both the states are
resonances. Figure 3(f) shows a calculated Fermi surface of
24-ML Yb(0001) film, corresponding to the band structure
reported in Fig. 2(d). Three concentric contours in the center
correspond to the electron pocket. We mark by thicker lines
the contours corresponding to A and A′ surface states: A′
coincides with the outer of the QWSs in the center and A
results in a nearly circular shape surrounding A′. Similar TSSs
were reported on the surfaces of Ca(111) and Be(0001) [2,5].
The states A and A′ acquire this circular shape only with
Ud inclusion, which induces hole and electron pockets along
the �M direction. The state B, which is an ordinary surface
state, not related to the DNL, forms oval shapes surrounding
the M points. Similarly to Ca(111), the states A and A′ are
not topologically protected (Supplemental Material, Sec. III
and Fig. S6) [2,5]. A flattening of the bands would lead to
disappearing of the DNL and therefore of the states A and A′.

Experimental evidence for all three surface states is pro-
vided in Fig. 4(a) showing the experimental Fermi surface. We
overlap it with the calculated Fermi surface in panel (b). We
notice a very good agreement between the theory and exper-
iment. The crosslike features close to K derive from the state
B. The broad intensity in the center is related to the QWSs
and the state A′. We can also observe a sharp and intense
circular contour whose position matches the state A. We notice
that the intensity of the contour is higher when it approaches
the �K direction, where according to the calculations the
state A is located inside a gap. Figure 4(c) shows a zoom
on the ARPES data close to the k‖ position of contour A for
several film thicknesses along �K . As one can see this state
remains at the same position for different film thicknesses in
accord with its surface origin. The state A′ can be observed
in Fig. 1(a) as a doubling of the QWSs at approximately 0.55
Å−1. The doubling is clear for 32-ML films, becoming smaller
in 42 ML and disappearing for thicker films. We can notice
the states A and A′ also along the �M direction, where for
relatively thin films there are two states just above the Fermi
level which remain at the same k‖ position (Supplemental
Material, Sec. IV and Fig. S7). The state B, in turn, can be
clearly seen in Fig. 2(a) as a bright feature along the MK
direction.

As a last point, our study revisits the low-energy electronic
structure of Yb and can help to reinterpret the electronic
and transport properties of this material, as well as sug-
gests novel ones. In particular, the self-energy correction
reveals new topological properties of the poorly explored
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FIG. 4. (a) Constant energy cuts on a 29-ML Yb film with 34 eV
photon energy taken at EF. (b) The same, overlapped with DFT
calculated Fermi surface from Fig. 3(f). (c) ARPES maps along
the � K direction for different thicknesses as indicated, with photon
energy 9 eV. The dashed lines are guides to the eye.

hcp Yb. The two DNLs have π Berry phase, are gapped
along all the momentum space due to large SOC, and are
located very close to the Fermi level. These band structure
properties are important for the spin Hall effect: as recently
reported, multiple DNLs together with gap opening due to
large SOC lead to large spin Hall conductivity [3,4]. The π

Zak phase, in turn, leads to surface polarization charge and
can result in substantial deformation of the lattice structure,
which needs be explored [2]. Finally, the existence of the
electron pocket in the band structure of fcc Yb was previ-
ously hypothesized in order to explain the resistivity and Hall

data and phase transitions in Yb [14,25]. Also, the recently
reported semimetal-semiconductor transition [11], pressure-
induced superconductivity [12], and the lifetimes of excited
electrons in Yb [31,32] were analyzed on the basis of rather
different bulk band structure with no electron pocket at L and
should be revisited. In general, our results indicate that in the
calculation of Yb compounds, self-energy effects are more
important than previously assumed.

IV. CONCLUSIONS

We have studied the electronic structure of hcp Yb by
ARPES and DFT. ARPES evidences an electron pocket at �

that can be reproduced by DFT calculations only by taking
into account self-energy corrections on the d states. We fur-
thermore discovered two Dirac nodal lines with a ±π Berry
phase near the Fermi level, which emerge when spin-orbit
interaction is neglected. The same approach predicts that
an electron pocket forms at � also in fcc Yb. Dirac nodal
line–related topological surface states predicted by theory
are experimentally confirmed by ARPES. These unraveled
topological properties open a pathway for exploring and un-
derstanding novel transport properties in this material.
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