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Magnetotransport properties of the correlated topological nodal-line semimetal YbCdGe
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Realization of strong correlation effect in topological materials is very rare due to lack of ideal systems. In
this Rapid Communication, we present the magnetotransport properties of a correlated nodal-line semimetal
YbCdGe. A valence fluctuating state has been observed through magnetic susceptibility and specific heat data.
This compound shows an extremely large, nonsaturating transverse magnetoresistance (1.14 × 103% at 3 K and
12 T). The cusplike magnetoconductivity at low magnetic field indicates the presence of weak antilocalization.
The origin of this phenomenon is further supported from the direction dependent transport measurements.
Magnetic field-induced metal-semiconductor-like crossover and a plateau in resistivity are observed at low
temperature which are common features of topological semimetals. Hall measurement and electronic band-
structure calculation suggest that YbCdGe is a topological nodal-line semimetal with higher carrier (hole) density
than a typical Dirac/Weyl semimetal.
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While symmetry protected nontrivial topological state is
one of the vastly studied fields of condensed matter physics
in recent times, the effect of strong electronic correlation in
such a state remains largely unexplored. There are only a
few topological materials, which exhibit strongly correlated
phenomenon such as valence fluctuation, heavy fermion be-
havior, etc. [1–3]. Discovery of the topological Kondo in-
sulating state in intermediate valence compound SmB6 [4]
opens up a new area of interest for topological phases in the
presence of strong correlation. Subsequently, a topological
insulator (TI) state has been observed in Yb-based mixed
valence borides such as YbB6 and YbB12 [5,6]. Moreover,
the Weyl fermionic state has been probed in canonical heavy
fermion semimetals YbPtBi [3] and CeRu4Sn6 [7]. Recently,
strong electron-electron correlation effect is also predicted
theoretically for the topological nodal-line semimetal ZrSiS
[8]. Furthermore, magnetic field induced unconventional mass
enhancement of charge carriers around the Dirac nodal loop
is observed experimentally in this material [9], which is remi-
niscent of quasiparticle mass enhancement at magnetic field
tuned quantum critical point in correlated systems such as
YbRh2Si2 [10] and CeCoIn5 [11]. Therefore, it is worthwhile
to investigate the interplay between topological states and
strongly correlated phenomenon, which may lead to novel
quantum phases of matter.

CaCdGe is a noncorrelated compound with multiple Fermi
pockets near the Fermi level and hosts topological nodal-
line state in its electronic band structure [12]. Replacing
calcium with ytterbium keeps the crystal structure unaltered
but introduces strong electronic correlation in the system.
In the present work, we have studied the magnetotransport
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properties of single crystalline YbCdGe along with its elec-
tronic band structure. A valence fluctuating state is observed,
which is a signature of strongly correlated electrons. Similar
to several topological semimetals (TSMs), this material also
shows a large and nonsaturating magnetoresistance (MR)
as well as magnetic field induced metal-semiconductor-like
crossover and resistivity plateau. We have also observed
weak antilocalization effect (WAL) in the magnetotransport
properties. Furthermore, low carrier density is found from
Hall measurements. Band-structure calculations shows that
YbCdGe is a topological nodal-line semimetal.

Single crystals of YbCdGe were grown using cadmium
flux. Yb ingot (99.99%, Alfa Aesar), Cd shot (99.99%, Alfa
Aesar) and Ge pieces (99.999%, Alfa Aesar) were taken in
1:47:1 ratio in an alumina crucible, which was then sealed
with argon inside a quartz ampoule. The ampoule was heated
to 1000 ◦C and kept for three hours to get homogeneous solu-
tion. Next, the sample was cooled at a rate of 3 ◦C/h to 500 ◦C
followed by centrifugation to separate the crystals from flux
[12]. Needlelike single crystals were successfully extracted.
The phase purity and crystal structure of the as-grown single
crystals were determined by powder x-ray diffraction (XRD)
technique using Cu-Kα radiation in a PANalytical X′Pert PRO
diffractometer. Energy dispersive x-ray spectroscopy (EDS)
measurement was performed in a JEOL JSM-6010LA scan-
ning electron microscope to confirm the composition and the
homogeneity of the single crystals. Transport measurements
were done in a physical property measurement system (PPMS,
Quantum Design) via standard four-probe method. Magneti-
zation and heat capacity measurements were also performed
in PPMS using the vibrating sample magnetometer and relax-
ation method, respectively. The band structure computations
have been performed based on density functional theory using
the projector augmented wave (PAW) method as implemented
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FIG. 1. The crystal structure and Brillouin zone of YbCdGe.

in Vienna ab initio simulation package (VASP) [13–21]. The
details are provided in the Supplemental Material [23]. As
shown in Fig. 1, YbCdGe crystallizes in a hexagonal structure
with space group P-62m (189). Here, three Yb, three Cd,
two Ge1, and one Ge2 atoms are located at 3g (x, 0, 1/2),
3 f (x, 0, 0), 2c (1/3, 2/3, 0), and lb (0, 0, 1/2) positions,
respectively. The XRD data of the crushed single crystals
have been analyzed by Rietveld structural refinement using
the FULLPROF software package [22] as shown in Fig. S1(a)
(see Supplemental Material [23]). Within our experimental
resolution, we have not observed any impurity phase. The
refined lattice parameters are a = b = 7.2816(6) Å and c =
4.4415(3) Å. Single crystal XRD measurements have been
performed to determine crystal axes as shown in Fig. S1(b)
(see Supplemental Material [23]). The EDS results (Fig. S2
in Supplemental Material [23]) confirm almost perfect stoi-
chiometry of the grown crystals. The temperature dependent
zero-field-cooled (ZFC) magnetic susceptibility of YbCdGe is
shown in Fig. 2(a). The calculated value of effective magnetic
moment of Yb from Curie-Weiss fitting is μeff = 3.69 μB,
which is less than that of Yb3+(4.54μB) state but higher
than that of Yb2+(0 μB) state. This indicates an intermediate
valency of Yb in the compound. The valence fluctuating
nature has also been revealed by two-level ionic intercon-

FIG. 2. (a) The experimental data have been fitted with a two-
level ionic interconfiguration fluctuations (ICF) model. The Curie-
Weiss fitting is shown in the inset. (b) Temperature dependence of
the specific heat.

(a) (b)

(c) (d)

FIG. 3. (a) Temperature dependent resistivity for 0 � B � 12 T,
(b) First derivative of resistivity as a function of temperature. (c) Tm

and Ti as a function of magnetic field. (d) Magnetoresistance as a
function of magnetic field from 3 K to 300 K (B ⊥ I and I ‖ c axis).

figuration fluctuations (ICF) model fitting of the magnetic
susceptibility, which has been discussed in the Supplemental
Material [23–31]. In Fig. 2(b), we have plotted the specific
heat divided by temperature (CP/T ) of YbCdGe as a function
of T in the range 2–30 K. The measured value of CP/T at 2 K
is 41 mJ mol−1 K−2, which is smaller than that observed for
heavy fermion systems but higher than that of noncorrelated
electron systems. Such moderate γ value has been found in
several intermediate valence compounds like YbAl3 (γ =
58 mJ mol−1 K−2), YbFe2Al10 (γ = 35 mJ mol−1 K−2), and
YbFe4Sb12 (γ = 140 mJ mol−1 K−2) due to the presence of
significant electron correlation [32–34]. In rare-earth based
valence fluctuating compounds, the interaction between 4- f
electrons and conduction electrons enhance the effective mass
which leads to increase the γ value of these compounds. As
shown in Fig. 3(a), the electrical resistivity (ρ) of YbCdGe
decreases almost linearly as temperature decreases from 300
to 70 K. However, below 25 K, ρ ∝ T 3 behavior is found
down to 10 K and then resistivity saturates with a residual
resistivity of 21 μ�-cm [inset of Fig. 3(a)]. A deviation from
pure electron-electron (n = 2) and electron-phonon (n = 5)
interaction is also observed in other TSMs such as ZrSiS (n =
3) [35], MoAs2 (n = 3) [36], LaBi (n = 3) [37], and LaSb
(n = 4) [38]. Under the application of magnetic field, we have
observed metal-semiconductor-like crossover and resistivity
plateau at low temperature, which are generic features of
TSMs [35,38–45]. These phenomena can be explained by
considering thermally activated energy gap opening model
[38] or Kohler’s scaling analysis [45]. In Fig. 3(b), the first
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derivative of resistivity (dρ/dT ) is shown as a function of
temperature. From this figure, two different characteristic
temperatures can be clearly identified, Tm and Ti. Tm is the
metal-semiconductor-like crossover temperature, where the
dρ/dT curve changes sign. On the other hand, the minimum
in dρ/dT represents Ti, which is the point of inflection in re-
sistivity. The resistivity plateau starts to appear slightly below
Ti. Tm increases with increasing magnetic field and follows
the relation Tm ∝ (B − B0)1/3 as shown in Fig. 3(c), whereas
Ti is almost independent of magnetic field. In Fig. 3(d), the
MR of YbCdGe is plotted as a function of magnetic field
at different temperatures. The compound exhibits extremely
large, nonsaturating MR of 1.14×103% at 3 K and 12 T, which
is about the same order of its sister compound CaCdGe [12]
and comparable to several other TSMs [36,46–49]. We have
observed that the MR varies over a wide range, depending on
the quality of the crystals. Here, we have presented the results
for a high quality crystal as a representative and the data are
reproduced by other high quality crystals. The MR decreases
with increasing temperature and becomes ∼10% at 300 K
and 12 T. Interestingly, the MR shows linear magnetic field
dependence in the low temperature region (3 K� T �15 K)
and almost quadratic field dependence at room temperature.
To determine how the nature of the MR curves change,
we have fitted the experimental data with the expression
MR = qBm. The temperature dependence of the exponent
m is shown in the inset of Fig. 3(d). According to Kohler’s
rule MR = α(B/ρ0)m, the MR data is plotted as a function
of B/ρ0 as shown in Fig. S3 (Supplemental Material [23])
but the MR data at different temperatures do not merge to
a single curve which indicates the MR data violate Kohler’s
scaling. Violation of Kohler’s scaling has been also observed
in several noncompensated topological semimetal [35,50–52].
Another prominent feature of the MR is the cusp in the low
field region (from −1.5 T to 1.5 T) at 3 K. With increasing
temperature, this behavior becomes very weak above 10 K.
Such magnetic field dependence of MR is reminiscent of
WAL effect and is commonly observed in TIs due to the
nontrivial conducting surface states [53,54]. Moreover, WAL
effect has also been observed in half-Heusler TSMs such as
LuPdBi and LuPtSb single crystals [55,56] and thin films of
Dirac semimetal Cd3As2 [57]. To have further insight, we
have analyzed the behavior of resistivity in low-field region,
as shown in Fig. 4(a). The field dependent normalized mag-
netoconductivity [σ (normalized)= σ (B)/σ (0)] is calculated
in the temperature range 3–10 K, where σ (B) and σ (0) are
the conductivity in the presence and absence of magnetic
field, respectively. WAL is described by the Hikami-Larkin-
Nagaoka (HLN) formula [58],

σ = αe2

2π2h̄

[
�

(
1

2
+ h̄

4el2
φB

)
− ln

(
h̄

4el2
φB

)]
, (1)

where � is the digamma function, lφ is the phase coherence
length, and α = −1/2 per conduction channel. Thus, the
number of conducting channels can be estimated from the
value of α. We have fitted the magnetoconductivity data with
HLN formula at different temperatures. In Fig. 4(b), one such
fitting at 3 K in the magnetic field range ±1.5 T is shown
as a representative. We have observed that the experimental

FIG. 4. (a) Magnetoconductivity as a function of magnetic field.
(b) HLN fit from −1.5 T to 1.5 T for 3 K data. (c) Phase coherence
length fitting using Eq. (2). (B ⊥ I and I ‖ c axis).

results are in excellent agreement with the HLN formula
within this temperature range (3–10 K). From the fitting, the
value of α is estimated to be on the order of −105, which
is five orders larger than that for two-dimensional systems.
Such large α value is also observed in three-dimensional
topological materials due to the dominance of conducting
bulk channels [55,56,59]. The value of α remains constant
for all temperatures up to 10 K, which indicates that the
number of conducting channel is independent of temperature.
In Fig. 4(c), the temperature dependence of lφ is shown, which
follows the relation

1

l2
φ (T )

= 1

l2
φ (0)

+ AeeT + AepT 2. (2)

Here, lφ (0) is the zero-temperature phase coherence length,
and AeeT and AepT 2 represent the electron-electron and
electron-phonon interaction, respectively. To further clarify
the origin of the WAL, MR measurements are performed
by varying the magnetic field direction with respect to the
current [Fig. 5(a)]. In Fig. 5(b), the variation of magneto-
conductivity, obtained at 3 K, is shown as a function of the
normal component of the applied magnetic field, i.e., B sin θ ,
where θ is the angle between magnetic field and current. If
WAL is originated only from topological surface states then
the magnetoconductivity curves for different B sin θ should
scale to a universal curve as has been observed in low carrier
density topological systems [54,59]. In YbCdGe, however, the
magnetoconductivity curves at different angles neither merge
with magnetic field nor with normal component of magnetic
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FIG. 5. Magnetoconductivity as a function of (a) B and
(b) B sin θ at 3 K from −1.5 T to 1.5 T. (I ‖ c axis and θ is the
angle between I and B).

field, indicating the presence and superposition of both 3D
bulk and 2D surface states [59].

Hall resistivity (ρxy) data is taken under both positive and
negative magnetic field and we have subtracted the MR
contribution by using the expression ρxy = [ρxy(B) −
ρxy(−B)]/2. Figure 6 shows that ρxy is positive at 2 K,
which suggests that hole-type carriers dominate charge
conduction. ρxy is linear in the low-field region up to 5 T,
above which an upward curvature starts to appear. Similar
concave-upward curvature in the magnetic field dependence
of ρxy has also been reported in an isostructural compound
CaAgAs due to the existence of thermally excited electrons
occupying the conduction band above the spin-orbit gap
[60]. From the linear fit, the hole carrier concentration (n)
and the Hall mobility (μ) have been calculated by using
the relation n = 1/(eRH) and μ = RH/ρ(B=0), where RH

is the slope of the ρxy(B) curve. The estimated values of
n and μ are ∼3.37 × 1020 cm−3 and ∼253 cm2 V−1 s−1,
respectively. This carrier mobility is less than those reported
for noncorrelated TSMs but comparable to strongly correlated
topological material such as SmB6 (∼133 cm2 V−1 s−1) [61].
The band structures of YbCdGe are shown in Figs. 7(a),
7(b) and 7(c), which have been calculated in the absence and
presence of spin-orbit coupling (SOC). Three bands, marked
in pink, blue, and red, cross the Fermi level (EF ) [Fig. 7(a)].

FIG. 6. Hall resistivity as a function of magnetic field at 2 K,
where B ⊥ I and I ‖ c axis.

FIG. 7. (a) The band structure of YbCdGe without SOC.
(b) Band structure along M-�-K path without SOC (left panel)
and with SOC (right panel). (c) Projected bands along M-�-K path
without SOC (left panel) and with SOC (right panel). (d) The Fermi
surface in side view (left panel), top view (middle panel), and the
schematic nodal-line associated with it (right panel).

The band structure of YbCdGe resembles the band structure
of nodal-line semimetal CaCdGe [12]. Hence, it is expected
that YbCdGe is also a possible nodal-line semimetal. The
noncentrosymmetric compounds CaAgX (X = As, P), which
crystallize in the P-62m space group are recently proposed
to be nodal-line semimetals [62]. In these semimetals, two
nontrivial bulk bands touch along a line, while no trivial bands
exist at the EF . Only nontrivial Fermi pockets, linked by the
topological nodal line, are present at the Fermi level in CaAgX
[62]. Recently, Emmanouilidou et al. [12] have studied the
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nodal-line behavior of CaCdGe and concluded that in
addition to the nontrivial band carrying the nodal-line feature
as proposed in CaAgX , an extra trivial band also crosses the
Fermi energy in CaCdGe. Due to this trivial band in CaCdGe,
it has a more complicated fermiology with irrelevant Fermi
pockets. Coming to YbCdGe, the contribution to these three
bands, which cross the EF , comes mainly from Ge-p and Cd-s
orbitals and partly from the Yb-d orbital. We can observe
few highly linearly dispersed Dirac points along �-M and
�-K paths within the range of 0.1–0.14 eV together with
linear dispersions along L-M, L-H, and H-A in high energy
ranges. The same bands are found to split upon the inclusion
of SOC which is shown in Fig. 7(b). As we mentioned earlier,
two Dirac-like points along �-K and �-M, which are lying
almost in the same energy level, indicate the presence of
nodal line in this compound. The band structure of YbCdGe
along M-�-K without and with SOC is shown in Fig. 7(b).
To check the nontrivial nature of the bands, we have plotted
projected bands of YbCdGe along the M-�-K path as shown
in Fig. 7(c). The constituent bands, which form the Dirac-like
points, are derived from two different band characters near
the � point, the Cd-s character lying below Ge-p character
with band inversion similar to that of CaAgAs [12]. The plot
clearly shows the band crossings between Cd-s and Ge-p
orbitals along �-M and �-K paths and confirms the nontrivial
nature of these bands. Without SOC, the two nontrivial bands
touch along �-M and �-K, which lead to a constant energy
loop above EF forming a nodal line similar to CaCdGe as
shown in Fig. 7(b). When SOC is included, the gap opens
up at two touching points and the corresponding complicated
Fermi surface is shown in Fig. 7(d) with side, top views, and
the schematic of the nodal loop associated with it.

We note that the carrier density in topological nodal-line
semimetals is generally higher than those for Dirac/Weyl
semimetals because of Dirac band crossing along a line or
loop [63]. From Hall measurements, the estimated carrier
density for YbCdGe is ∼1020 cm−3, which is about two
orders of magnitude higher than that reported for Dirac/Weyl
semimetals [46,64–67] but comparable to isostructural nodal-
line semimetals CaCdGe and CaAgAs (∼1020 cm−3) [12]
and another family of nodal-line semimetals ZrSiX (X =
S,Se,Te) [63,68]. In this way, we notice a connection between
YbCdGe and other nodal-line semimetals through carrier
density.

In conclusion, ternary rare-earth based compound YbCdGe
shows strongly correlated phenomenon (valence fluctuation)
as revealed by magnetic susceptibility and heat capacity mea-
surements. Magnetotransport data indicate that this compound
behaves like a topological semimetal. Metal-semiconductor-
like crossover and resistivity plateau are observed under the
application of magnetic field. At 3 K and 12 T, YbCdGe shows
an extremely large, nonsaturating MR ∼1.14 × 103%. A cus-
plike magnetoconductivity at low magnetic field suggests the
presence of weak antilocalization effect in this system, which
originates from the superposition of topologically nontrivial
surface state and 3D bulk states. Positive Hall resistance
indicates that holes are the dominant charge carriers. Band
structure calculations reveal that YbCdGe is a nodal-line
semimetal with complicated Fermi surface and warrant further
confirmation from angle resolved photoemission spectroscopy
measurement.
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