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A central key to understanding heavy-fermion systems involves revealing how itinerant low-energy excita-
tions emerge from local f moments. An effective way to understand the f-electron behavior is to compare the
electronic structure of f-electron compounds with a reference isostructural compound with no f electrons. Here
we present a systematic electronic structure study of LaColns, which is a non-f reference compound of the
heavy-fermion superconductor CeColns. Our angle-resolved photoemission spectroscopy study of the three di-
mensional Fermi surface and band structure of LaColns highlights rather three-dimensional electronic character
of this compound. The conduction bands of LaColns are almost identical to that of CeColns, though obvious
differences can be found in the low-energy electronic structure. Finally, we give a quantitative analysis of the
Fermi pocket change in LaColns and CeColns, which may be helpful for understanding the important ‘large’
and ‘small’ Fermi surface issue in heavy-fermion compounds.

PACS numbers: 71.20.Be, 71.15.Mb, 72.15.Gd, 79.60.Bm

INTRODUCTION

The discovery of superconductivity in heavy-fermion com-
pounds containing partially filled shell of f orbitals has stimu-
lated intensive research. The strong correlation of f electrons
in these materials gives rise to intriguing physical properties
such as quantum criticality, unconventional superconductiv-
ity, valence fluctuation and non-Fermi liquid behavior [1-3].
These various unusual properties arise from the subtle inter-
play between the f electrons and conduction electrons, which
is a central challenge in condensed matter physics. Key to un-
derstanding heavy-fermion systems is to reveal how the itiner-
ant low-energy excitations emerge from the local f moments.
At high temperature, the f electrons are free moments and the
Fermi surface contains only bands of conduction electrons,
which is normally called a ‘small’ Fermi surface. At low tem-
perature, the Kondo entanglement of f electrons with con-
duction electrons leads to the formation of composite heavy
quasiparticles, giving rise to a ‘large’ Fermi surface with f-
electron contribution [4-7]. Although the change from ‘large’
to ‘small’ Fermi surface upon weakening the f hybridization
has been observed by several groups [8—11], quantitative de-
termination of this size change is still challenging, due to the
small-energy scales in these systems.

Among the cerium-based heavy-fermion compounds, the
layered-structure heavy-fermion superconductor CeColns has
been the focus of intense research due to its unusual proper-
ties such as field-induced quantum criticality, unconventional
superconductivity, and potentially exotic pairing states such
as the Fulde-Ferrell-Larkin-Ovchinikov state [12]. De Haas-
van Alphen (dHvA) [13, 14], optical conductivity [15, 16],
angle-resolved photoemission spectroscopy (ARPES) [8, 11,
17] and scanning tunneling microscopy (STM) [18-20] mea-
surements, along with theoretical calculations [21], all suggest

the presence of the itinerant f electrons in this compound.
To understand better its physical properties and low-energy
excitation electronic structure, it is helpful to compare with
its reference compound LaColns, which has the same crystal
structure as CeColns but with no f electrons. Whereas there
has been extensive research on CeColns, there are only a few
cases in which LaColns has been studied. The Fermi surface
of LaColns has been examined by dHvA measurements, and
it is proposed that its Fermi surface exhibits some portions
that are two dimensional and some that are three dimensional
[22]. Raman scattering spectra have been reported for both
CeColns and LaColns, and a comparison has been made [23].
ARPES is a powerful tool to study the Fermi surface and elec-
tronic structure of solid materials. By comparing low-energy
electronic structure and topology, along with the relative sizes
of the Fermi surfaces between LaColns and CeColns, one
can clarify and better understand the f-electron behavior in
CeColns. To date, ARPES study on LaColns has been still
lacking.

In the present study, we provide a systematic electronic
structure study of LaColns. Three dimensional Fermi sur-
face and band structure are revealed and suggest rather three-
dimensional character of this compound, although its crys-
tal structure is two dimensional. The conduction bands of
LaColns are almost identical to that of CeColns, though
obvious difference can be found for the low-energy exci-
tations. We also give a quantitative analysis of the Fermi
pocket change in LaColns and CeColns, which shows that
the electron-like band enlarges in CeColns, while the hole-
like band shrinks. Our results may be helpful for understand-
ing the important ‘large’ and ‘small’ Fermi surface issue in
heavy-fermion compounds.
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FIG. 1: (a) Brillouin zone of LaColns. (b) Experimental setup for
ARPES measurements. (c) Photoemission intensity maps in the
I'ZAM plane. The momentum cuts taken with 112, 121 and 131 eV
photons in the present study have been marked with the orange solid
lines.
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FIG. 2: (a) Calculated three dimensional Fermi surfaces of LaColns.
(b) Calculated band structure of LaColns along the high-symmetry
directions.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of LaColns were grown by the indium self-
flux method. Room-temperature x-ray diffraction measure-
ments reveal that all the crystals are single-phase and crystal-
lize in the tetragonal HoCoGas structure. The samples were
cleaved along the c-axis before performing ARPES measure-
ments. Data in Figs. 1-4 were performed at the electron
microscopy (ESM) 21-ID-1 beamline of the National Syn-
chrotron Light Source II (NSLS II) equipped with a Scienta
DA30 electron analyser, with a base chamber pressure below
1 x 107" mbar and temperature of 11 K. Data of LaColns
and CeColns in Figs. 5 and 6 were obtained at the “Dream-

line” beamline at the Shanghai Synchrotron Radiation Facil-
ity (SSRF) at 17 K with a Scienta DA30 analyzer; the vacuum
was kept below 2 x 107!9 mbar. The overall energy resolution
is better than 20 meV, and the angular resolution is 0.1°.

The electronic structure calculations for bulk LaColns
within the density functional theory (DFT) framework were
performed with a plane-wave basis projected augmented wave
method, as implemented in the Vienna Ab-initio Software
Package (VASP) [24]. The spin-orbit coupling effect is con-
sidered using a second variational step. The Perdew-Burke-
Ernzerhof (PBE) flavor [25] of the generalized gradient ap-
proximation is adopted to describe the exchange-correlation
of the valence electrons. In all calculations, the experimen-
tal lattice constants of LaColns from Ref. [26] are adopted.
An energy cutoff of 400 eV and 21 X 21 x 13 k-mesh in the
Monkhorst-Pack scheme [27] are employed to converge the
static self-consistent calculation to better than 1 meV/atom.
Based on the charge density obtained from static calculation,
the three-dimensional band structure and Fermi surfaces are
obtained. The k-meshs for two dimensional and three dimen-
sion Fermi surface calculation are 60 x 60X 1 and 22 x22 x 14,
respectively.

RESULTS AND DISCUSSIONS

Figure 1(a) presents the three dimensional Brillouin zone of
LaColns with all the high symmetry plane and high symme-
try points indicated. The experimental setup for our ARPES
measurements is shown in Fig. 1(b). During ARPES measure-
ments, both linear vertical (LV) and linear horizontal (LH) po-
larized photons are used, in that case bands with different or-
bitals will be pronounced in different polarizations. For stan-
dard ARPES measurements, the in-plane momentum k; can be
determined by the momentum conservation of photoelectrons
[28], while the determination of the out-of-plane momentum
component (k) is less straightforward. However, it can still be
indirectly obtained by performing a set of ARPES measure-
ments under different photon energies [29, 30]. Based on the
nearly free-electron final state approximation with the inner
potential parameter V, ( describing the energy difference from
the bottom of the final state band to the vacuum level), we can
derive k, as [29-31]: k, = (1/h) \/Zm(Ekm cos? @ + V), where
6 is the emission angle of the photoelectron relative to the sur-
face normal, m is the effective mass of electrons in the final
bulk states and Ey;, is the kinetic energy of the emitted elec-
trons [31]. To determine V| of LaColns, we performed three
dimensional Fermi surface mapping using a broad range of
photon energies (from 90 eV to 144 eV), which covers a suffi-
cient range of more than one Brillouin zone along the &, direc-
tion.The photon energies used here nicely illustrate the three
dimensional band evolutions, indicating the ability to detect
the bulk states. Based on the three dimensional Fermi surface
map in Fig. 1(c), the inner potential value for LaColns here is
21 eV, to match the periodiocity of the bands.

From Fig. 1(c), three different bands can be resolved con-
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FIG. 3: (a) Photoemission intensity map of LaColns in the 'XM plane taken with 112 eV LV-polarized photons. (b-d) Photoemission intensity
distributions along the I'M direction (b), (c) cutl in (a), I'X direction (d) with LV-polarized light. (e) Schematic Fermi surface sheet of the
I’XM plane by tracking Fermi crossings of panel (a). (f-h) Photoemission intensity distributions along the I'M direction (f), (g) cutl in (a), I'X

direction (h) with LH-polarized light.

tributing to the Fermi surface of LaColns, named «, 8 and
v, respectively. Among them, the dispersion of the a band
can be clearly traced, which is a corrugated cylindrical sheet
along the k, direction with rather two-dimensional character.
For the § and y Fermi surfaces, the dispersions are hard to
trace, indicating a rather three dimensional nature of these
two bands. Our experimental results are consistent with the-
oretical calculations, as shown in Fig. 2(a). From Fig. 2(a),
the topologies of the three Fermi surfaces can be clearly ob-
served. Among them, the @ Fermi surface is the most two
dimensional with corrugated cylindrical sheets having a max-
imum and minimum. For the 8 Fermi surface, although part
of the Fermi surface is also cylindrical, it is more corrugated
than the o Fermi surface, showing rather three dimensional
character. For the y Fermi surface, it has been separated into
two parts with a small pocket in the ZAR plane and a large
cross-shaped pocket in the ['XM plane.

Figure 3(a) displays the photoemission intensity map in the
I'XM plane taken with 112 eV LV-polarized photons. The
Fermi surface for the 'XM plane is composed of three pock-
ets: a rounded « pocket, a flower-shaped g pocket, and a large
square-like y pocket. Fig. 3(e) summarizes the schematic
Fermi surface sheet of the I'XM plane by tracking Fermi
crossings in Fig. 3(a), which qualiatively agrees well with
theoretical calculations. Figs. 3(b-d) show the photoemission
intensity plots along several high-symmetry directions with

LV polarization. From Fig. 2(b), it is clear that three bands,
named «, B and 7y, cross the Fermi level, which contributes
the three pockets in Fig. 1(a). The a band is parabolic like,
with its bottom located at 0.48 eV binding energy. For the
I'X direction, we did not observe an obvious band crossing
the Fermi level. Photoemission intensity plots taken with LH
polarization are shown in Figs. 3(f-h), and the three bands can
all be observed with LH polarization. Additionally, a 6 band
locating at much higher binding energy can be observed.
Figure 4(a) displays the photoemission intensity map in the
ZAR plane taken with 131 eV LV-polarized photons. In the
ZAR plane, the flower-shaped S pocket in the XM plane
turns out to be rounded in the ZAR plane, while the rounded
a pocket turns out to be square-like. A dramatic change can
be found for the y pocket, in the ZAR plane it shrinks to
a small square-like pocket around the Brillouin zone center.
One might notice that due to the effect of k, broadening [33],
some features in the I'’XM plane can also be found in the ZAR
plane, although much weaker. For example, the flower-shaped
[ pocket also has some finite intensity in the ZAR plane. Figs.
4(b-d) and 4(f-h) show the band structure along several high-
symmetry directions with LV and LH polarized light, respec-
tively. The dispersion of the three bands can be more clearly
observed in the ZAR plane. There are three main features
that are different from what is observed in the [XM plane: 1)
the y band can be observed crossing the Fermi level in Fig.
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FIG. 4: (a) Photoemission intensity map of LaColns in the ZAR plane taken with 131 eV LV-polarized photons. (b-d) Photoemission intensity
distributions along the ZA direction (b), (c) cut2 in (a), ZR direction (d) with LV-polarized light. (e) Schematic Fermi surface sheet of the
ZAR plane by tracking Fermi crossings of panel (a). (f-h) Photoemission intensity distributions along the ZA direction (f), (g) cut2 in (a), ZR

direction (h) with LH-polarized light.

4(d), which contributes the small square-like pocket around
the zone center. 2) The size of the @ pocket shrinks in the
ZAR plane. This is in agreement with photoemission inten-
sity map along the k, direction in Fig. 1(c). From Fig. 1(c),
the @ pocket has a maximum cross section in the I'XM plane
and a minimum cross section in the ZAR plane. 3) an ‘M’-
shaped € band can be found with LH polarization in Fig. 4(f).

Although the crystal structure of LaColns is layered, from
our results the Fermi surface of LaColns is not two dimen-
sional. The a Fermi surface is the most two dimensional
one with corrugated cylindrical sheets, while both the 8 and y
Fermi surfaces are three dimensional with the y Fermi surface
being the most three dimensional one. Our ARPES results
of the shapes of the a and S pockets agree qualitatively with
previous dHvA measurements [14], which also observed the
corrugated cylindrical a sheet and a highly-corrugated 3 sheet.
Our results provide more information about the y Fermi sur-
face: the dHVA measurements do not provide the shape and
k, dependence of the y pocket due to the low frequency of this
branch.

The heavy fermion behaviour of strongly correlated 4f-
electron compounds has attracted tremendous interest in the
condensed matter physics field. Central to understanding
heavy-fermion systems is the interplay between the f elec-
trons and conduction electrons. To better understand the elec-
tronic structure of CeColns, especially the low-energy exci-

tations, it is helpful to compare the electronic structure of
CeColns and LaColns, which is a non-4 f analog of CeColns.
Fig. 5 shows the comparison of the electronic structure be-
tween CeColns and LaColns taken with 121 eV photons,
which is the resonant condition for CeColns at the Ce 4d-
4 f transition to enhance the f-electron photoemission inten-
sity. The band structure of LaColns away from the Fermi
level is almost identical to that of CeColns, as is also found
in Ref. [8], exhibiting obvious dispersions. The main differ-
ence between the two compounds is in the low-energy elec-
tronic structure. In CeColns, a nearly flat band displaying a
weak dispersion around the I" point can be found in the vicin-
ity of the Fermi level in Fig. 5(d), which is absent in LaColns.
This further demonstrates that the nearly flat band near the
Fermi level is intrinsic and mainly from the f electrons. Figs.
5(a) and 5(b) show the Fermi surface mapping of LaColns
and CeColns, respectively. The obvious difference between
the two compounds is that there is large intensity of spec-
tral weight around the Brillouin center, which originates from
the f states near the Fermi level. Fig. 5(e) shows the angle-
integrated energy distribution curves (EDCs) for LaColns and
CeColns. Two nearly flat bands can be observed in CeColns:
the one near the Fermi level is the tail of the Kondo resonance,
which can be attributed to the 4 fsl/2 state, while another one

located at 0.27 eV binding energy is its spin-orbit-split 4 f7‘/2
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FIG. 5: (a) Photoemission intensity map of LaColns taken with
121 eV LV-polarized photons. (b) Photoemission intensity map of
CeColns taken with 121 eV LV-polarized photons, which has been
reported in our previous study [8]. We plot it here again to give
a direct impression of the Fermi surface change in the two com-
pounds. (c) Photoemission intensity distributions of LaColns taken
along the I'-M direction with LV-polarized light. (d) Photoemission
intensity distributions of CeColns taken along the I'-M direction with
LV-polarized light. The low-energy band structure can also be found
in Ref. [8]. (e) Angle-integrated EDCs for data in panels (a) and (b)
for LaColns and CeColns. The f-band peak positions for CeColns
are highlighted.

component. In its sister compounds Celrlns and CeRhlIns, be-
sides the 4f, and 4f;,, components, the 4f° state can also
be observed, located at around 2.3 eV [31, 34]. While in
CeColns, we do not observe an obvious flat band at higher
binding energy. From Fig. 5(c), only a small hump located at
2.2 eV can be found, which mainly comes from the the 4 f0
state.

In heavy-fermion systems, at high temperature, the f elec-
trons behave as local moments, which do not ‘talk’ with the
conduction electrons, and the Fermi surface is normally called
a ‘small’ Fermi surface. As the temperature is lowered, the
entanglement between the f electrons and conduction elec-
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FIG. 6: (a) Zoom-in of the photoemission intensity distribution of
LaColns in Fig. 5(a). (b) Zoom-in of the photoemission intensity
distribution for the @ pocket of LaColns. (c) Corresponding MDC at
the Fermi level of panel (a). (d) Corresponding MDC at the Fermi
level of panel (b).

trons leads to the formation of heavy quasiparticles [9]. At
this stage, the f electrons participate in the formation of the
Fermi surface, resulting in a ‘large’ Fermi surface with f-
electron contribution. In our previous study of CeColns, we
have given a quantitative analysis of the Fermi surface change
between 145 K and 17 K, estimating that the radius of the «
electron pocket expands by 0.024 + 0.008A~! between 145 K
and 17 K, while the radius of the y hole pocket shrinks by
0.042 + 0.008A" in this temperature range. By comparing
the electronic structure of CeColns and LaColns, especially
the Fermi crossings of different bands, we can give a more di-
rect quantitative evaluation of the Fermi pocket change due to
the inclusion of f electrons. Figure 6(a) shows a zoom-in of
the ARPES data of Fig. 5(c), and its corresponding momen-
tum distribution curves (MDCs) are displayed in Fig. 6(c).
From Fig. 6(c), the Fermi energy crossings for the «, 5 and
v bands are found to be 0.65, 0.31, 0.16 A-lin LaColns, re-
spectively. To directly compare the size of the « pocket in
CeColns and LaColns, Figs. 6(b) and 6(d) show the ARPES
data for the left @ pocket and its corresponding MDC, from
which the radius for the « pocket is found to be 0.350 A1,
In CeColns, the Fermi momentum for the y band is found to
be 0.9 A~! at 17 K, compared to that of 0.132 A~! at 145 K.
For the a pocket, its radius is 0.37 A~!, while is 0.346 A~!
at 145 K. Based on the quantitative analysis, we estimate that
the radius of the @ electron pocket expands by 0.02+0.008 A~
between LaColns and CeColns at 17 K. The radius of the a
pocket in LaColns is almost the same as that of CeColns at
145 K, indicating that the entanglement between the f elec-
trons and this conduction band is almost absent at this tem-
perature. While for the y band, the radius of this hole pocket
shrinks by 0.07 + 0.008A! in LaColns and CeColns at 17 K.
It is noteworthy that, by comparing with the Fermi momen-



tum for the y band in LaColns, we find that the y band in
CeColns at 145 K also shinks 0.028 + 0.00SA“, indicating
that the entanglement between the conduction electrons and f
electrons may already start at 145 K in CeColns. Due to the
overlap of several bands after hybridization in CeColns, it is
hard to observe the exact Fermi momentum of the 8 band, thus
we can not compare the change for this band in the two com-
pounds. From our results, we find that the most two dimen-
sional @ band in CeColns shows the weakest hybridization
with f states, while the more three dimensional v band shows
stronger hybridization. Moreover, a size change of the y band
between LaColns and CeColns at 145 K is found, which in-
dicates that Kondo entanglement between the f electrons and
conduction electrons already starts at this temperature, much
higher than the coherent temperature of 50 K for CeColns.
This is consistent with our previous results of CeColns [8].

CONCLUSION

In summary, we present a comprehensive electronic struc-
ture study of the non f-electron compound LaColns, which
is a reference compound for the important heavy-fermion su-
perconductor CeColns. Our results find that although its
crystal structure is two-dimensional, the electronic structure
shows rather three-dimensional character. By comparing the
electronic structure, especially the low-energy excitations of
LaColns and CeColns, the contributions of f electrons in
CeColns can be clearly identified. Moreover, we find that
the electron-like band enlarges in CeColns, while the hole-
like band shrinks. We further give a quantitative analysis of
the change of these bands in LaColns and CeColns, which
provides an important clue for understanding the ‘large’ and
‘small’ Fermi surface issue in these materials.
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