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In low dimensions, the combined effects of interactions and quantum fluctuations can lead to dramatically new
physics distinct from that existing in higher dimensions. Here, we investigate the electronic and optical properties
of Celr;B,, a quasione-dimensional (1D) Kondo lattice system, using ab initio calculations. The Ce atoms in the
hexagonal crystal structure form 1D chains along the ¢ axis, with extremely short Ce-Ce distances. The quasi-1D
nature of the crystal structure is well reflected in its electronic structure. Extremely flat bands emerge within the
ab plane of the Brillouin zone, yielding sharp optical transitions in the corresponding optical conductivity. Our
calculations indicate that these prominent peaks in the optical conductivity provide a clear signature of quasi-1D

heavy fermion systems.
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I. INTRODUCTION

Heavy-fermion systems often exhibit a rich phase dia-
gram, including magnetism, non-Fermi liquid physics, and
unconventional superconductivity. The ground state of these
materials is mainly governed by two major competing energy
scales, the Ruderman-Kittel-Kasuya-Yoshida (RKKY) inter-
action and the Kondo interaction. A quantum phase transition
occurs when the long-range RKKY interaction and the onsite
Kondo interaction cancel each other, as one tunes external
parameters such as pressure or magnetic field. If the quantum
fluctuation driven transition is continuous, a quantum critical
point (QCP) can be realized. In the vicinity of a QCP, exotic
phenomena can be observed such as non-Fermi liquid behav-
ior and superconductivity.

Low dimensionality enriches the anomalous behaviors of
heavy-fermion systems and often modifies the critical behav-
ior near the QCP. Near the pressure-induced quantum phase
transition in three-dimensional (3D) bulk Celns, the resis-
tivity follows p = pp + AT*, where o ~ 1.6 deviates from
Fermi liquid behavior (¢ = 2) [1,2]. On the other hand, T-
linear resistivity behavior is observed near the quantum phase
transition induced by dimensionality tuning in Celns/Lalns
superlattices [3]. In addition to the dimensionality control in
superlattices, there have been efforts to find low-dimensional
heavy fermion materials. Quasitwo-dimensional (2D) heavy-
fermion systems have been intensively studied, such as
YbRh;,Si,, Cel22 (e.g., CeCu,Siy), Cell5 (e.g., CeColns),
and Ce218 (e.g., Ce,Colng). The resistivity behavior of
CeColns [4] and YbRh,Si, [5,6] near the QCP is consis-
tent with scattering from 2D antiferromagnetic fluctuations
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[7]. Also the exotic quantum criticality in CeCug_,Au, is
related to strong magnetic two-dimensional quantum fluctua-
tions [8—10]. 1T/1H-TaSe, heterostructures, tri-layer twisted
graphene, and transition metal dichalcogenide (TMD) moiré
materials have been suggested as artificial heavy-fermion sys-
tems without f electrons [11-15]. Recently, CeSil has been
proposed to be an intrinsic vdW 2D heavy-fermion material
[16].

There are also a few reports of quasi-1D heavy-fermion
systems, such as YbNi4sP, [17,18], CeCo,Gag [19], and
CeM3A; (M = Co, Rh, Ir/A = B, Si) [20-26]. Among them,
CeM;B, has received attention due to its abnormal properties.
In this material, Ce atoms form 1D chains along the ¢ axis
as shown in Fig. 1. The Ce-Ce distance along the chain is
much shorter than the Hill limit (~3.5 A) and that of a-Ce
(3.41 A), which shows Pauli-like susceptibility [27]. In addi-
tion, CeRh3B, and Celr;B, exhibit ferromagnetic ordering,
while most Ce-based heavy-fermion materials order antifer-
romagnetically. CeRh3B, has the highest magnetic ordering
temperature among Ce-based materials (T = 115 K) and is
followed by Celr;B, (Tc = 41 K) [24,26].

In this study, we elucidate the electronic and optical prop-
erties of the quasi-1D heavy-fermion material, Celr3;B, using
ab initio calculations. Due to the quasi- 1D nature of the crystal
structure, extremely flat band features occur in the xy plane.
The resulting optical transitions between these flat bands yield
notable peak structures in the optical conductivity, which are
not observed in other heavy fermion materials with higher
dimensionality.

II. COMPUTATIONAL METHOD

Density functional theory (DFT) calculations were per-
formed using the WIEN2k code, which uses a full

©2023 American Physical Society
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FIG. 1. Crystal structure of Celr;B, is shown in (a) a top view
and (b) a side view. Green, gray, and blue indicate Ce, Ir, and B
atoms, respectively. (c¢) The Brillouin zone of Celr;B,. A k path on
the k, = 0.875m /¢ plane (red) is used for the band structure in Fig. 3.

potential linearized augmented plane-wave-+local orbitals
(L/APW+l1o) method [28]. The Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE-GGA) was em-
ployed for the exchange-correlation potential [29]. Spin-orbit
coupling (SOC) was considered to describe the relativistic
effect of heavy Ce and Ir atoms. A 10 x 10 x 16 k-point mesh
was used for self-consistent calculation.

To study the correlation effect of Ce 4f electrons, we
employed fully charge self-consistent dynamical mean-field
theory calculations combined with DFT (DFT 4 DMFT) as
implemented in DFT+Embedded DMFT (eDMFT) func-
tional code [30]. A hybridization window from —10 eV to
10 eV with respect to the Fermi level (Er) was used, along
with the Hubbard parameters U = 4 eV, 5 eV, and 6 eV, and
J = 0.7 eV. The rotational invariant Slater form of Coulomb
interaction was used in the calculation. The impurity model
was solved using a continuous time quantum Monte Carlo
(CTQMC) solver [31]. The nominal double counting method
was used, where the nominal occupancy of the Ce atom was
set to one. More detailed information on DFT + DMFT cal-
culation can be found in the Supplemental Material [32].

III. RESULTS

Figure 1 shows the crystal structure of Celr;B; in the high
temperature hexagonal p6/mmm phase. Below 395 K, the
hexagonal crystal lattice slightly distorts, precipitating a struc-
tural phase transition to a monoclinic phase [24]. However, the
difference between two structures is negligible so the hexago-
nal structure is used throughout this study for simplicity. In the
pristine crystal, Ce atoms form quasi-1D chains along the ¢
axis with a Ce-Ce intrachain distance of 3.07 A and interchain
distance of 5.52 A. Ir atoms are located in the interstitial
between the Ce chains facilitating weak interchain hopping
within the ab plane. Furthermore, Ir-Ir distances along the ¢
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FIG. 2. (a) Electronic structure of Celr;B, obtained from DFT
calculations. The size of green, orange, and purple dots are propor-
tional to the Ce dp2, Ce d,2_p&d,y, and Ce d,,&d,, contribution,
respectively. Red, yellow, and blue in right panel indicate Ce 4f,
Ce 5d, and Ir 5d partial densities of states (PDOS), respectively.
Here, the Ce 4f PDOS is divided by 10 for better comparison.
(b) Calculated Fermi surfaces of Celr;B,. (c) Directional optical
conductivity of Celr;B,obtained from DFT.

axis (3.07 A) and in the ab plane (2.76 A) are comparable such
that the Ir atoms form an effective 3D network, in contrast
to the Ce atoms. Figure 2(a) shows the DFT electronic band
structure. Bands along k, (See I'-A and H-K paths) are more
dispersive as compared to those in the plane as a result of the
quasi-1D nature of the crystal structure. Concomitantly, the
flat band dispersions of Ce 5d orbitals (mainly d,) within
the xy plane induce a sharp peak near the Fermi level (Er)
in the partial density of states (PDOS). On the other hand,
the Ir 5d PDOS does not display any peak structure due to
the comparable bonding distances along the ¢ and in-plane
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FIG. 3. Spectral function of Celr;B, on the k, = 0.8757 /c plane obtained from (a) DFT and (b)—(d) DFT + DMFT (T'=58 K). The k
path used in the calculation is shown in Fig. 1(c). The possible optical transitions are shown with orange arrows in Fig. 3(a). As the U value
increases, the hybridization gap around the M’ and K’ point becomes smaller.

directions. Moreover, due to the crystal structure geometry,
Ce 4f orbitals are found to strongly hybridize with Ce 5d
orbitals along the ¢ axis, whereas Ce 4 f states couple to Ir 5d
orbitals within the ab plane. Although the Ce d,. orbital has
a substantial contribution near the Fermi level on the I plane
(xy plane with k, = 0) and is coupled to Ce 4f |5/2, £1/2)
state (See Fig. 1 in the Supplemental Material [32]), its con-
tribution becomes smaller and the Ir d orbital contribution
becomes important within the xy plane with finite k, as shown
in Fig. 3(a).

The calculated Fermi surfaces also demonstrate the quasi-
1D nature of Celr;B,. Although the Fermi surface sheet
originating from Ir 5d orbitals follows a dispersing cone-
shaped surface, other Fermi surfaces clearly exhibit 1D
characteristics, with flattening occurring along the xy direc-
tion. When the correlation effect of Ce 4 f orbitals is treated
properly in DFT + DMFT calculations, this quasi-1D nature
is enhanced. In particular, the cylinder-shaped 2D-like Fermi
surface near I point disappears in DFT + DMFT calcula-
tions.

Figure 2(c) presents the associated optical conductivity
obtained from the DFT bands. While the in-plane optical con-
ductivity (oy,) monotonically increases with energy, a notable
peak structure is observed along the z axis (o;;). Specifically,
a strong sharp peak is observed around 0.15 eV, as indicated
by the black arrow. The energy scale of this optical transition
is quite small, suggesting the Ce 4f orbitals participate in
the optical transition. This kind of prominent peak is not
observed in the quasi-2D heavy fermion materials at low-
energy scales [33,34] (see also Fig. 3 in the Supplemental
Material [32]).

To understand the origin of this optical transition, we an-
alyzed the momentum resolved optical matrix elements (See
Fig. 4 in the Supplemental Material [32]). When optical transi-
tions are restricted to a small energy window of from 120 meV
to 180 meV, the nonzero matrix elements are centered on the
(3,1, k) and (0,5, 0.5, k;) momentum points in the Brillouin
zone, where k, spans —0.5 to 0.5. Furthermore, by scanning
through the various values of k,, the electronic bands respon-
sible for the 150 meV optical transition are found to lie within
the k, = 0.8751 /c plane.

Figure 3 shows the band structure along the high-symmetry
path in the k, = 0.8757 /c plane [shown in red in Fig. 1(c)].
The size of blue and red dots are proportional to the Ir
5d and Ce 4f orbital weight, respectively. The contribution
from Ce 5d orbitals was found to be negligible along this k
path. Extremely flat band features now clearly dominate the
low-energy spectrum near the Fermi level, thus revealing the
underlying quasi-1D nature of Celr;B,. The possible optical
transitions are shown with orange arrows in Fig. 3(a). Near
M’, a hybridization gap of ~150 meV is observed, consistent
with the sharp peak in o,,. Due to the mixture of orbital
character at M’, both Ir 5d and Ce 4f states are found to be
involved in the optical transition. Furthermore, the weak peak
at ~0.35 eV in o, can be attributed to the transition occurring
between K’ and I'’. Overall, we find the strong sharp peaks in
the optical conductivity can be regarded as a clear signature
of a quasi-1D heavy-fermion system.

Next, we performed DFT + DMFT calculations with vary-
ing Coulomb interaction U values to investigate the effect
of electronic correlations on the Ce 4f orbitals [Figs. 3(b)—
3(d)]. Because of the strong renormalization in DFT + DMFT
calculations, a small energy window is used for a better
comparison to the DFT calculation in Fig. 3(a). The mass
enhancement (m*/m) estimated from the self-energy varies
from 2 to 4.6 depending on the U value (m*/m=1—
dImX(iw)/dw|,—0+). The relatively small mass enhancement
compared to other typical heavy-fermion systems suggests the
presence of strong f — ¢ hybridization and the high Kondo
temperature scale of Celr;B,. Not only the bandwidth of Ce
4f bands, but the hybridization gap also becomes smaller as
U value increases. The hybridization gap near the M’ point in
the U = 6 eV calculation is ~75 meV, which is almost half
the size of DFT calculations.

Figure 4(a) shows the DFT + DMFT (U =6 eV) total opti-
cal conductivity, including the Drude contribution, for varying
temperature values (T = 58 K, 116 K, and 290 K). The Drude
peak is quite prominent in o, but is very weak in o,,. These
features clearly reveal the quasi-1D nature of Celr;B,. The
anisotropic behavior of the optical conductivity is related to
the anisotropic properties of effective band mass or group
velocity in this system.
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FIG. 4. Frequency-dependent optical conductivity (a) with and
(b) without the Drude peak calculated within DFT + DMFT (U =
6 eV) for varying temperature values (7' = 58 K, 116 K, and 290 K).

As the temperature increases, the Drude peak decreases
in intensity. Despite this, a clear sharp Drude peak persists
even up to 290 K, indicating a high Kondo temperature
scale in Celrs;B, [24,26]. For comparison, the resistivity of
CeColns gradually increases below ~200 K, which can be
defined experimentally as the onset temperature of the Kondo
effect [35,36]. Although it is difficult to define the Kondo
energy scale of Celr;B, from resistivity data due to the struc-
tural transition, the resistivity of Celr;B, already starts to
increase immediately below the structural phase transition
temperature of 395 K. However, the short Ce-Ce distance
along the c axis is robust against the structural phase transi-
tion. This indicates that the extremely short Ce-Ce distance
along the chain is responsible for the high Kondo tempera-
ture of this material. The tensile strain along the ¢ direction
would be interesting to understand its high Kondo temperature
scale.

Figure 4(b) shows the optical conductivity without the
Drude part (only interband transitions). Because of the hy-
bridization gap renormalization discussed in Fig. 3, the sharp
peak observed in the DFT optical calculations has shifted to
~75 meV. Another notable peak is observed at ~0.13 eV,
which corresponds to the optical transition occurring between
K’ and I'” [see orange arrows in Fig. 3(a)]. Flat bands originat-
ing from the quasi-1D nature become even more flattened due
to the strong mass renormalization, resulting in the enhanced
optical transitions (See Fig. 5 in the Supplemental Material
[32]). Although the Drude part from the intraband transitions
is quite strong, due to the short Ce-Ce distance along the ¢ di-
rection, these notable peaks arising from interband transitions
are still noticeable in the total optical conductivity.

There is a subtle difference between the temperature de-
pendence of the two notable peaks. As the temperature
increases, the peak at 75 meV diminishes more rapidly
compared to the peak at 0.13 eV. The flat valence band near
M’ moves upward and becomes incoherent, making the optical
transition ill-defined (See Fig. 6 in the Supplemental Material
[32]). However, the hybridization gap between K’ and I is
clearly defined even at 290 K. As a result, the optical transition
originating from the hybridization gap between K’ and I
yields the most prominent peak at 290 K.

One remark is in order, since the DFT + DMFT conductiv-
ity is calculated within a single-site DMFT framework, which
is a good approximation for typical 3D systems, the vertex
correction is not included in the present work. Nevertheless,
we do not anticipate that the inclusion of vertex corrections
will completely change our observation, though it can modify
the energy scale or the intensity. First, although the system
has quasi-1D structure when we only focus on Ce atoms, the
local environment of Ce atoms remains 3D-like, surrounded
by Ir and B atoms. Second, the effect of the vertex correction
is usually small in many materials [37]. In addition, the study
on 2D Hubbard models on a square lattice has demonstrated
that vertex corrections mainly contribute to the optical con-
ductivity at the scale of the Coulomb repulsion U and are
less important at low frequency [38]. A recent study shows a
similar result, that the position of high frequency peak at ~U
is affected by the inclusion of the vertex correction [39]. The
same study has also observed that the Drude peak becomes
more coherent (a larger weight and a narrower width) in the
presence of the vertex correction. The similar behavior has
also been obtained in a triangular lattice Hubbard model but
the effect is less significant than on the 2D square lattice
[40]. Therefore, the prominent peak in the optical conduc-
tivity would be robust even in the presence of the vertex
correction.

IV. SUMMARY

In summary, we have observed a prominent optical transi-
tion peak at low-energy scales in the quasi-1D heavy-fermion
system CelrsB,. This kind of strong sharp peak cannot be
found in heavy-fermion materials with higher dimensionality.
The transitions between the extremely flat bands originating
from the quasi-1D Ce chains result in sharp peaks in the opti-
cal conductivity. This notable peak is robust in DFT + DMFT
calculations, albeit shifted to a lower energy scale due to
the strong mass renormalization. Therefore, this prominent
peak feature can be regarded as a clear signature of quasi-1D
heavy-fermion systems.
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