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Charge density wave (CDW) states in solids bear an intimate connection to underlying fermiology. Thus,
modification of the latter by suitable perturbations provides an attractive handle to unearth CDW states. Here, we
combine extensive magnetotransport experiments and first-principles correlated electronic structure calculations
on nonmagnetic tritelluride LaTe; to uncover phenomena rare in CDW systems: (i) a humplike feature in
temperature dependence of resistivity at low temperatures under application of magnetic-field (B), which moves
to higher temperatures with increasing B, (ii) highly anisotropic large transverse magnetoresistance (MR) upon
rotation of B about the current parallel to the crystallographic ¢ axis, (iii) anomalously large positive MR with
spikelike peaks at characteristic angles when the angle between current and field is varied on the bc plane,
(iv) extreme sensitivity of the angular variation of MR on field and temperature. These observations find a
comprehensive explication in theoretical picture that captures field-induced electronic structure modification in

LaTe;.

DOLI: 10.1103/PhysRevB.104.155147

I. INTRODUCTION

Formation of charge density wave (CDW) order in solids
spontaneously breaks the discrete translational symmetry of
the lattice. As a direct consequence, the “normal-state” Fermi
surface (FS) is destabilized due to CDW gap opening: In the
simplest picture, the Fermi surface is completely obliterated
by the opening of a full gap, whereas a partial gapping of the
FS in a multiband system suppresses charge scattering, lead-
ing to enhanced Landau-quasiparticle-like coherence in the
CDW state (notable examples are transition-metal dichalco-
genides [1]). This implies lower resistivity and high carrier
mobility. Quasi-two-dimensional rare-earth (R) tritellurides
RTe;, where R =Y, La-Sm, and Gd-Tm, have attracted sig-
nificant interest due to the existence of CDW order [2-18] in
a metal without the complications arising from a proximity to
correlation-driven Mott transition and strong attendant mag-
netic fluctuations. These materials crystallize into a weakly
orthorhombic (pseudotetragonal) structure consisting of dou-
ble layers of square-planar Te sheets separated by corrugated
RTe slabs [3,12—14,16]. The long b axis is perpendicular to
the Te planes. In addition, the two neighboring Te square-
net sheets exhibit van der Waals (vdW) gap between them,
which allows exfoliation of bulk crystals into thin flakes. It
has been established that this family of materials is a fer-
tile ground for intriguing physics by tuning the CDW state
through perturbations, such as chemical or external pressure
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[10,11,14,16,17]. Ru and co-workers reported a systematic
variation of CDW transition temperature in RTes; (where R =
Sm, Gd, Tb, Dy, Ho, Er, and Tm) with an increasing lattice
parameter [10,11]. A systematic study of CDW stability as
a function of the lattice parameter was also reported [4,19].
The CDW state in these materials rapidly suppresses, and
superconductivity appears with the increase in applied pres-
sure [14,17]. Also, a second CDW transition appears at a
much lower temperature for the heavier members of the se-
ries, R = Dy, Ho, Er, and Tm [10,11,16,17]. However, no
such phenomenon has been reported for LaTe; and other
nonmagnetic members. LaTes is the lightest member of this
family of compounds where the CDW transition temperature
(Tepw) is presumed to be higher than 400 K [13]. LaTes; has
been characterized by transmission electron microscopy [4],
nuclear magnetic resonance [9], angle-resolved photoemis-
sion spectroscopy (ARPES) [12], band-structure calculation,
de Haas—van Alphen oscillations [13], preliminary electronic
transport [8,18], and thermodynamic property measurements
[8]. Hitherto, these studies have sought mainly to under-
stand the CDW-induced lattice modulation and accompanying
Fermi-surface reconstruction.

In the absence of CDW order, the unmodulated Fermi
surface comprises bands formed from the p, and p, orbitals
of Te atoms in the square-planar layers: two diamond-shaped
sheets made up of warped inner and outer layers on the ac
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FIG. 1. Configuration of electrical contacts, x-ray diffraction on the single-crystal sample, and crystal structure of LaTes. (a) Four-probe
electrical contacts on freshly cleaved single-crystal sample. (b) X-ray diffraction from the largest flat surface of the crystal. Black circles are
experimental data (I,s), and blue vertical lines show the position of Bragg’s peaks. (c) Crystal structure image of LaTe;, generated by VESTA

software using lattice parameters as input.

plane due to bilayer splitting [13]. The dispersion is identical
along the a and ¢ axes but minimal along the b axis. The
CDW instability opens up large gaps on the parts of Fermi
surface showing most favorable propensity for nesting [12].
Notwithstanding much work recently, tuning of CDW order
via modification of fermiology under appropriate perturba-
tions remains a largely unaddressed issue. Such an endeavor
can help to illuminate the effect of a CDW-reconstructed
Fermi surface on the transport properties, and ultimately to
help constrain theoretical models for the CDW state itself.
Furthermore, the possibility of modifying or unearthing quan-
tum orders by inducing changes in the underlying electronic
structure with an appropriate perturbation is an issue of con-
siderable and broad general interest in quantum matter. LaTes
presents the opportunity to avoid the complications due to
magnetism, and we address these issues through extensive
magnetotransport experiments and density-functional theory
(DFT) plus dynamical mean-field theory (DMFT) calculations
in this nonmagnetic candidate material.

II. MATERIAL AND METHODS
A. Single-crystal growth

Single crystals of LaTe; were grown via a tellurium flux
technique, similar to a previous report [12]. At first, high-
purity La (Alfa Aesar 99.9%) and Te (Alfa Aesar 99.99%)
were taken in an alumina crucible with a molar ratio of
Lag 025Teg.075. Next, the crucible was sealed in a quartz tube
under vacuum (10~ Torr). The tube was put in a box furnace
vertically and heated to 900 °C at 60 °C/h. It was then kept
for 12 h and slowly cooled over a period of 4 days to end tem-
perature 600 °C. Finally, we separated the excess tellurium by
a high-temperature centrifuge. The flux-grown single crystals
of LaTe; are platelike in shape and gold colored. The crystals
were freshly cleaved before characterizations and measure-
ments. Phase purity and the structural analysis of the samples
were performed using the high-resolution x-ray diffraction
(XRD) in Rigaku, TTRAX III, using Cu K« radiation. The
resistivity measurements of LaTe; single crystals were per-

formed using the standard four-probe technique. Electrical
contacts were made using conductive silver paste and thin
gold wire. The transport measurements were carried out in a
9 T physical property measurement system (Quantum De-
sign). At first, the freshly cleaved single crystal of vdW-
layered material LaTes; was cut into rectangular bar shapes.
Then we placed voltage and current terminals across the sam-
ple and applied the silver paint in such a way that it ensures
the homogeneous distribution of current density both across
width (w) and thickness (¢) directions. The schematic of the
electrical contact configuration has been shown in Fig. 1(a).
We have performed several independent magnetotransport
measurements on same and different single crystals, and the
results are reproducible within experimental error.

B. Details of first-principles and transport calculations

We combine DFT and DMFT in order to examine the
electronic structure and resulting properties of LaTe;. Cal-
culations are based on the experimentally determined Cmcm
structure and lattice parameters, as described in the present
and earlier studies [12,13]. DFT calculations for LaTe; have
been performed using the WIEN2K full-potential linearized
augmented plane wave ab initio package [20,21]. For the
calculations, 1000 k-points (10 x 10 x 10 mesh), cutoff pa-
rameter Rk, = 7.5 (R is the smallest muffin-tin radius and
kmax 18 the cutoff wave vector of the plane-wave basis set),
and the generalized gradient approximation Perdew-Burke-
Ernzerhof exchange-correlation potential were chosen. The
muffin-tin radius (R) (a.u.) was set to 2.5. These parameters
are converged such that energy convergences are accurate to
0.0001 eV in the irreducible Brillouin zone. Calculations are
carried out in both without and with a magnetic field with
inclusion of spin-orbit coupling (SOC). To include the effect
of local correlations DMFT + iterated perturbation theory
(IPT) calculations were carried out with input band structure
from WIEN2K. The energy range for the calculations were
taken from —10 to 10 eV to capture the higher-energy contri-
bution of the Te5p orbitals to the density of states arising from
the hybridization between p, and p, orbitals. Te p, and p,
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FIG. 2. Powder x-ray diffraction on crashed single crystals. The
black open circles are experimental data (Ys), the red line is the
calculated pattern (Y.a), the blue line is the difference between ex-
perimental and calculated intensities (Yops-Yca), and the green lines
show the Bragg positions.

orbitals, therefore, constitute a 2 x 2 Hamiltonian, which ef-
fectively results into two bands. The DMFT impurity problem
was solved using the iterated perturbation theory approach.
The multiorbital (MO) MO-IPT is used as an impurity solver
in DMFT: Although not exact, it is a computationally fast
and effective solver and has been proven to work very well
in real multiband systems throughout all temperature range
[22-24]. Correlation is induced via DMFT, which changes
the noninteracting electronic structure significantly. Using the
multiorbital DMFT (IPT) approach we have calculated the
transport properties. To check the angular dependence of MR
we have applied magnetic field in different directions from
the b to the a axis which can be easily performed within
the WIEN2K code. Two-dimensional cuts through the FS were
extracted from WIEN2K on 200 x 200 k-point grids for the
local density approximation calculations.

C. Sample characterizations

X-ray diffraction was performed on the single-crystal sam-
ple. As shown in Fig. 1(b), the presence of very sharp (0
k 0) peaks in the diffraction pattern confirms that the flat
plane of the crystal is perpendicular to the crystallographic
b axis. Figure 2 shows the high-resolution x-ray diffraction
pattern of the powdered sample of LaTe; crystals at room
temperature. Within the resolution of XRD, we did not see any
peak due to the impurity phase. Using the Rietveld profile re-
finement, all the peaks in the diffraction pattern can be indexed
with an orthorhombic unit cell (space-group Cmcm) having
a = 4.392(2), b=126.245(6), and ¢ = 4.417(3) A. The ob-
tained values of lattice parameters are consistent with earlier
reports [3,12,13]. Low-energy electron diffraction has been
performed on a single crystal of LaTe; at 300 K, which has
been illustrated and explained in Fig. 3. Two faint spots on
both sides of the central diffraction spot as shown in the top
right of Fig. 3 clearly indicates superlattice periodicity asso-
ciated with the high-temperature CDW state (Icpw presumed
to be higher than 400 K) in LaTes.
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FIG. 3. Low-energy electron-diffraction image of the LaTe; sin-
gle crystal at room temperature. The left panel shows low-energy
electron-diffraction pattern. The top-right figure is the zoomed-in
image of the diffraction spots. Two faint spots on both sides of the
central spot represent superlattice structure. The superlattice period-
icity in reciprocal space is Q = 2/7c¢*, which is elaborated in the
bottom-left panel. This superlattice periodicity is associated with
the high-temperature CDW state in LaTe; with the CDW transition
temperature (7cpw) presumed to be higher than 400 K. The figure
at the bottom is the schematic of the supercell structure along the ¢
axis.

III. EXPERIMENTAL RESULTS

A. Resistivity and transverse magnetoresistance

The zero-field resistivity (p,,) is metallic over the whole
temperature range as shown in Fig. 4(a). p,, shows strong
linear-in-T" dependence at high temperatures followed by a
smooth crossover to oy (T) ~ po + AT? at low temperatures
as evident from the p,, vs T2 plot in the inset of Fig. 4(a). The
coefficient A (= 1.8 x 107% uQm/K?) is found to be small.
This suggests that the electronic correlation in LaTes is weak.
The small value of p,, at 2 K (~0.45 u2cm) and the large
residual resistivity ratio (RRR), p,(300 K)/p,.(2 K) ~ 270,
testify the high quality of the LaTes crystal. Similar metallic
behavior of p,, has also been reported with a RRR (~120)
[8,13]. The reason behind the metallic behavior of p,, below
Tepw is the partial gap opening in the multisheeted Fermi sur-
face due to imperfect nesting. The temperature dependence of
Pxx becomes more exciting under the application of the mag-
netic field in B || b and I || ¢ configuration, which has been
shown in Fig. 4(b). A humplike feature gradually develops
which shifts toward higher temperature with increasing field
strength. The derivative of p,,(T) in Fig. 4(c) clearly demon-
strates that the position and sharpness of the anomaly depend
strongly on the strength of the magnetic field. In several mag-
netic RTe; compounds, similar humplike features in p,,(T)
have been observed in the absence of external magnetic fields,
which have been established as a characteristic signature of
second CDW transition [10,11,16,17]. Figure 5(a) shows the
field dependence of the transverse magnetoresistance (TMR)
on the same B || b and I || ¢ configurations where MR is
defined as 12=C12pu@l 5 100%. At 2 K and 9 T, the value

of TMR is as larxée as ~700%, and it diminishes rapidly with
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FIG. 4. Temperature dependence of resistivity. (a) Temperature
dependence of resistivity (p,,) from 2 to 300 K in the absence of
magnetic-field (B). The inset shows p,,(T')-po at low temperatures,
plotted as a function of 72. The red solid line is the linear fit to
the experimental data. The temperature dependence of p,, starts to
deviate from 7 behavior above ~15 K and smoothly crosses over to
linear in 7' dependence above 20 K. (b) p,,(T') up to 60 K at different
external magnetic-field strengths. (c) The first-order derivative of
P (T) to clearly locate the position of the hump in p, (7).

increasing temperature. Interestingly, TMR increases mono-
tonically with increasing B without any sign of saturation
up to 9 T. TMR exhibits two distinct regimes: a low-field
quadratic B dependence and a high-field linear B dependence,
connected by a smooth crossover. With increasing 7', the
crossover shifts towards higher B. The crossover in TMR is
more clearly visible in the % vs B plot as shown in

Fig. 5(b). Although the “01% s linear in B at the low field,
indicated by the green solid lines, it saturates at the high field.
With increasing temperature, the low-field quadratic region in

MR(B) increases, and as a consequence, the crossover from
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FIG. 5. Magnetic-field dependence of resistivity in transverse
configuration. (a) TMR as a function of B at some representative
temperatures in B || band [ || ¢ configurations. (b) First-order deriva-
tive of MR as a function of B at representative temperatures 2, 10,
20, and 35 K. The green straight line is a guide to eye, showing the

. . . d(MR)
linear-in-B region of <=.

quadratic to linear MR shifts to the higher field. A nonsat-
urating MR along with the linear-in-B dependence is very
interesting. This observation raises the enticing question about
the nature of the hitherto uninvestigated electronic state of
LaTe; at the high magnetic field.

Armed with the knowledge that the Fermi surface of LaTes
is diamond shaped on the ac plane with minimal b-axis disper-
sion, we have measured TMR by rotating the field from the b
to the a axis within the ab plane. The schematic of the experi-
mental setup is shown in Fig. 6(a). Figures 6(b)—6(d) show the
angular variation of TMR at different fields at temperatures
2, 20, and 50 K, respectively. It is clear from these figures
that TMR(6) shows twofold rotational symmetry. At 2 K and
0.5 T, TMR exhibits a minimum for B || a (8 = 90°) and a
maximum for the B || b (6 = 0°) direction and % ~
1.35 . With increasing B, initially this ratio increases and
reaches ~2.3 at 1 T and then decreases monotonically to
a value of ~0.88 at 9 T [Fig. 6(e)]. Thus, the low-field
anisotropy in TMR reverses at high fields, a very unexpected
characteristic that should ultimately have links to drastic mod-
ification of the electronic structure with B. One can argue
from the figures that only the cos(6)-like dependence in TMR,
which has been observed at 2 K and low fields, survives for
all the field strengths (up to 9 T) at high temperatures above
20 K. The polar plots of TMR for different applied fields are
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FIG. 6. Crystallographic direction dependence of TMR. (a) A schematic of the experimental configuration. The direction of the magnetic
field has been varied from the b to the a axis, making an angle 6. (b)—(d) are the 6 dependence of TMR for different constant magnetic-field
strengths at 2, 20, and 50 K, respectively. (e) The field dependence of TMR(0°)/TMR(90°) at 2 and 20 K.

shown in Fig. 12 of the Appendix. It is rewarding to make
an analogy between the B dependence of TMR in Fig. 5(a)
and the TMR(#) at different field strengths in Figs. 6(b)-6(d)
at a particular temperature. In the low-field region where the
TMR is quadratic in B, TMR(@) shows cosinelike angular
variation. On the other hand, at high fields where TMR is
linear in B, TMR(#) exhibits sinelike dependence. This re-
veals strong causal connections between the quadratic-in-B
MR and the cosinelike TMR(6), and between the linear MR
and the sinelike TMR(6). Thus, a tantalizing question arises:
Is there a field-induced Fermi-surface reconstruction with the
high-B state exhibiting anomalies famously associated with
semimetallic behavior?

B. Longitudinal magnetoresistance

Temperature dependence of resistivity under application
of magnetic field has also been measured in the longitudinal
setup with the B || I || ¢ configuration and shown in Fig. 7(a).
At 9 T, the humplike feature can be observed in p,,(7T) at
around 28 K. Although the anomaly is weaker compared to
that observed in Fig. 4(b) (transverse case), it is clearly visible
in the j—g vs T plot in the inset of Fig. 7(a). Also, the hump ap-
pears at slightly lower temperature compared to that observed
in transverse configuration. The much sharper increase in p
with B for the longitudinal configuration weakens the anomaly
and shifts its position toward lower temperature. As shown
in Fig. 7(b) at 2 K and 9 T, the LMR is ~10°%. The LMR
sharply rises with increasing B, undergoes a crossover from
an approximate linear over a narrow range of field to sublinear
B dependence at high fields and remains nonsaturating up
to 9 T. Our theoretical calculations, to be discussed in the
latter section, also support the appearance of a hump in the

P (T) curve for both transverse and longitudinal configura-
tions. Figures 7(d)-7(f) show the angle dependence of MR
at some representative field strengths for the experimental
configuration shown in Fig. 7(c) and at temperatures 2, 20,
and 50 K, respectively. The direction of the magnetic field has
been varied from the b to the ¢ axis, making an angle (90°-¢)
with the current direction, on the bc plane. We uncover a
peculiar ¢ and B dependence of MR. As shown in Fig. 7(d)
at 9 T and 2 K, the maximum value of MR occurs for ¢ =
90° (LMR). MR(¢) shows that two weaker spikelike peaks
appear symmetrically around the strongest peak at ¢ = 90°.
The weakest (MR ~ 590%) and intermediate (MR ~ 770 %)
peaks in MR are ~17° and ~28° away from the strongest one,
respectively. With decreasing B, the height of the prominent
peak at ¢ = 90° reduces drastically, whereas the other peaks
show higher immunity to the field. As a result, MR(¢) exhibits
a minimum at ¢ = 90° for B < 3 T. Figures 7(d)-7(f) show
that the peak at ¢ = 90° also becomes very weak with in-
creasing 7. At high temperatures, the nature of MR(¢) curve
is to some extent similar to that observed at 2 K for low-field
strengths.

C. Hall resistivity measurements and analysis

To determine the nature and density of the charge carriers,
the Hall resistivity (p,,) as a function of B has been measured
in the temperature range of 2-300 K and shown in Fig. 8(a).
At 300 K, p,, is found to be negative and almost linear in
B, indicating electron-dominated transport near room tem-
perature. Upon reducing T, p,c(B) becomes nonlinear and
changes sign at high fields. This implies the presence of both
the electron- and the hole-type charge carriers, and their con-
tributions to electronic transport are comparable to each other.
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We have performed simultaneous fitting (i.e., global fitting) of

Hall conductivity (o,, = p%pﬁ) and electrical conductivity
(o = ﬁ) data with the expressions derived from the
yx xx

semiclassical two-band model [25]. Figure 8(b) shows the
theoretical fit to oy, and o,, with the expressions,

n, (ny) and w, (up) are electron (hole) density and electron
(hole) mobility, respectively. The obtained values of n, and
ny, are ~6.8 x 10! and 7.0 x 10%° cm~3, respectively. On
the other hand, 1, (~3.3 x 10* cm?> V~'s~! at 2 K) is found
to be significantly higher than p;, (~0.5 x 10* cm?> V~!s71).
Such large values of carrier mobility have not been reported
earlier in any rare-earth tritellurides and are rare in CDW and

2 2
0 (B) = |: My Ly - Neld, . i| B, (D vdW compounds. Interestingly, the value of carrier mobility is
14 (unB) 14 (ue.B) comparable to that recently observed in topological semimet-
als [26-29]. The density of charge carriers has also been
d y g
an estimated from the band-structure theory calculation. These
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FIG. 8. Hall resistivity measurements and multiband analysis. (a) Field dependence of the Hall resistivity (o) at different temperatures.
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(b) Global two-band fitting of the Hall conductivity (o, =

) and electrical conductivity (o, =

Pxx

—22 ) at a representative temperature
PyxtPsx

2 K. (c) Theoretically estimated electron mobility from transport calculation and its temperature dependence.
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from transport calculations. (a) Electronic band structure of LaTe; in
the range of —1.3 to 0.4 eV about the Fermi level. The Fermi-level
crossing band is from the Te p orbital. (b) TMR as a function of an
external magnetic field up to 6 T at some representative temperatures
and in the / || c-axis and the B || b-axis configurations.

Hall conductivities. Not only the carrier density, the electron
mobility has also been estimated from transport calculations
and shown in Fig. 8(c). The calculated mobility is close to that
obtained from two-band fitting.

Transverse magnetoresistance in a nonmagnetic compound
is typically orbital in nature, and it scales with the mobility
(w) of charge carriers on the plane perpendicular to the ap-
plied magnetic field [30,31]. So materials having high carrier
mobility generally show large MR. Famously, compensation
or near compensation of electrons and holes also results in
large and nonsaturating transverse MR: Instances would be
elemental bismuth [32] and possibly some recently discovered
topological semimetals [26,33]. From the Hall measurements
and analysis, band-structure theory, and transport calculations,
it is evident that the mobility of charge carriers in LaTes is
very large and the contribution of electrons and holes to trans-
port is comparable. This might be the possible explanation for
the large and nonsaturating MR in LaTes.

IV. DISCUSSIONS BASED ON BAND-STRUCTURE,
FERMI-SURFACE, AND TRANSPORT CALCULATIONS

We combine DFT and DMFT in order to examine the
electronic structure and resulting properties of LaTe;. Cal-
culations are based on the experimentally determined Cmcm
structure and lattice parameters, as described in the present
and earlier studies [12,13]. From DFT + DMFT and trans-
port (involving the full DFT 4+ DMFT propagators without

3T

Out-of-plane

irreducible vertex corrections) calculations, we obtain the
electronic band structure [Fig. 9(a)] as well as the field
dependence of MR for the I || c-axis and the B || b-axis
configurations [Fig. 9(b)]. Figure 9(a) shows that one band
crosses the Fermi level and forms electronlike Fermi-surface
sheets around the X point. In accord with previous work, the
p band originating from planar Te atoms generates the Fermi
surface [13]. Remarkably, the theoretically obtained field de-
pendence of MR is very similar to that shown in Fig. 5(a) in all
major respects. Moreover, the computed value of MR is also
comparable to that observed in experiment. Several interesting
features, germane to the magnetotransport findings, stand out
from our DFT + DMFT studies and have been discussed in
the following paragraphs.

(1) At zero field, the DFT Fermi surface [Fig. 10(a)] agrees
with earlier band-structure calculations and ARPES measure-
ments [12,13]. The FS in the parent state consists of inner
and outer diamond sheets which are formed from the Te p,
and p, orbitals. With zero magnetic-field the FS is symmetric
along the k, and k, directions, but the symmetry is destroyed
once the magnetic field is switched on. Furthermore, the
Fermi surface for finite B [both in- and out-of-plane con-
figurations as shown in Figs. 10(b) and 10(c), respectively]
exhibits a reduction of in-plane curvature, suggesting gradual
evolution toward more efficient nesting. This is very clear in
Fig. 10(c), (in an in-plane field B = 3.0 T) where the recon-
struction is particularly drastic: The Fermi surface now has
large flat portions, almost perfectly nested with each other.
Interestingly, the nesting tendency even between different
Fermi sheets emerges at B = 3.0 T. Furthermore, since the
inner closed Fermi-surface sheet arises predominantly from
the Te p, and p, orbitals, the field-induced “flattening” of
this sheet in an in-plane field B = 3.0 T actually suggests
emergence of two quasi-one-dimensional (1D) bands, weakly
hybridized with each other. Although this effect is weaker for
out-of-plane fields, the reduction of in-plane Fermi-surface
curvature is clearly visible in that case as well. Enhancement
of flat regions in the Fermi surface immediately implies en-
hancement of scattering due to electron-electron and electron-
phonon interactions, providing a direct insight into large and
positive MRs.

(i) Both electronic correlations and electron-lattice cou-
pling renormalize the band dispersions and the DFT Fermi
surface(s). Within local dynamical mean-field theory, a k-
independent but energy (w)-dependent self-energy generically

’ | 3T
QU ’ In-plane

FIG. 10. Theoretically simulated Fermi surface in the presence and absence of an external magnetic field. Fermi surface of LaTe; (a) at

zero field, (b) at 3 T out-of-plane, and (c) at 3 T in-plane magnetic field.
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reduces the DFT band widths but leaves the shape and size
of the Fermi surface nearly unaffected. However, in multi-
band systems, interactions can also lead to band-dependent
renormalization of electronic states. We have carried out DFT
+ DMFT calculations by varying the intraorbital (U) and
interorbital (U’) interaction in the range of 0.0 < U < 2.0
and U’ = 0.3U.For U = 1.0 eV, self-energies for both p, and
p. carriers exhibit a Landau-Fermi liquid form up to rather
high 7, ie., In ¥, , () >~ —aw’ at low energy. Interest-
ingly, for U = 2.0 eV, we uncover a coherence-incoherence
(C-IC) crossover as a function of 7:Im X, , (@) = —d' o?
for T < Teon ~ 50 K smoothly crosses over to ~—A — a"w?
for T > T.o,. Correspondingly, the dc resistivity crosses over
from a quasilinear-in-7 to a T2 dependence at low tem-
peratures, in nice qualitative accord with experiment. Even
more interestingly, in a magnetic-field B=1T and for U =
2.0eV, Im X, (w) exhibits a (negative) polelike structure.
This directly implies a rapid enhancement of the scattering
rate in a magnetic field and can be rationalized in terms
of a reduction of the DFT bandwidth (W) for B > 0, lead-
ing to stronger inelastic scattering and providing a possible
explanation of positive MR. Remarkably, we find that the
dc resistivity as well as the sign and magnitude of the MR
agree quite well with experimental data, providing good sup-
port to this interpretation. It is interesting to note that the
magnetic field-induced humplike feature in the o(7") curve
appears close to the coherence-incoherence transition tem-
perature. The value of coefficient A has also been calculated
theoretically which is about 1.2 x 10~ /LQmK’Z, close to
the experimental value of A.

(iii) The emergence of a renormalized electronic struc-
ture comprising two “crossed” quasi-one-dimensional bands
is quite interesting. Even a slight interaction on the carriers
in two 1D, p, and p, derived, bands may have strong effects.
It is interesting that intermediate-energy power-law frequency
dependence of the optical conductivity in RTe; systems has
been observed [14], although the electronic origin of quasi-1D
bands necessary for this picture has hitherto remained unclear
here. An interchain p, — p, hybridization favors Landau-
Fermi-liquid coherence, and the interband electron-electron
(electron-phonon) interactions, in turn, could be susceptible
to instability to an unusual CDW state.

(iv) Our theoretical approach also gives very good agree-
ment with details of both longitudinal and transverse MR
as functions of in-plane and out-of-plane magnetic fields.
The good accord with the T-dependent resistivity as well as
the sign, magnitude, and nonsaturating nature of MR at the
high field (at least, up to 9 T), permits a consistent inter-
pretation of B, T, and angle-dependent MR in terms of a
field-dependent Fermi-surface reconstruction (a field-induced
Lifshitz transition) inside the CDW phase. We are unaware
of such behavior viz., a field-induced Lifshitz transition and
the coherence-incoherence crossover in resistivity occurring
well below Tepw in transition-metal and rare-earth trichalco-
genides.

In nonmagnetic materials, the LMR is usually found to be
negligible. Although one could conceive of several alternative
scenarios, they fall short of providing a unified rationalization
of the above observations. A more plausible scenario could
be the following. In a few ultraclean metals, the LMR can

be large and positive and tends to saturate at high fields
[34,35]. It has been ascribed to the multiply connected na-
ture of the Fermi surface through Brillouin-zone boundaries.
When the cross-sectional area of the Fermi surface is large
in the neck regions, the conductivity experiences strong sup-
pression in an external magnetic field. The calculated Fermi
surfaces, shown in Figs. 10(a)-10(c) and in Figs. 13(a)-13(c)
in the Appendix, are indeed multiply connected across the
Brillouin-zone boundaries. Although one could ascribe large
and positive LMR to this aspect, the lack of saturation up to
9 T magnetic field fall short to explain the above behavior of
the LMR.

The sizable field-induced FS reconstruction we find affords
an explanation of the TMR data. We notice that similarities
between the observed TMR of LaTe; and those of other ma-
terials with spin- and charge-density-wave states [36] suggest
that the crossover from Ap ~ B? to Ap ~ |B| with increasing
B may be intrinsic to field-driven changes in FS as fol-
lows: The FS undergoes a clear “topological” change from
a smoothly curved at small B to: (i) pockets with very flat
parallel sheets, and more importantly, to (ii) several small
pockets with sharp corners. Carrier motion around these sharp
corners of FS will dominate the MR (over contributions from
flat parts of the FS) because large enhancement of the cy-
clotron frequency w, at the corners will sizably enhance w,.t
[37]. Pippard showed that a square FS with infinitely sharp
corners gives Ap ~ |B|, a behavior persisting as long as the
mean free path [; of the charge carrier is much larger than
1, the cyclotron radius at the sharp corner [37]. A perusal of
theoretically simulated FS clearly shows that the large linear
MR is intimately correlated with the emergence of such a
field-reconstructed Fermi surface.

Thus, the crossover from B> to a |B| variation of the MR
is intricately tied to the drastic modification of FS topology
in modest magnetic fields. Within our modeling, this can be
understood as a manifestation of the interplay between the
k-dependent interband hybridization [V (k)] and the SOC (A).
Although the former is of the order of 200 meV, sizably
larger than the latter, about 20 meV at the bare level, even
small local Coulomb interactions could change this picture: V
is renormalized downward t0 Vien(K) = z,, V(K) = 50 meV,
(zp = 0.25 is the quasiparticle weight of the p -band) and the
SOC, being a local quantity, is expected to be mildly enhanced
by local correlations. Thus, when A /Vie, (K) is not small (about
0.4), the considerable k-space rearrangement of electronic
states occurs due to interplay between the Zeeman energy
(gupB), A, and Vien(K): The coherent interband hybridization
is sizably suppressed as a result, directly leading to destruction
of FS warping features and the emergence of flat parallel
portions with sharp edges in Figs. 10(b) and 10(c). This is the
underlying mechanism for the striking sensitivity of the FS to
a modest magnetic field we find in DFT + DMFT.

Moreover, the anomalous behavior of MR(¢) wherein
spikelike peaks at the intermediate angles appear when the di-
rection of magnetic field is changed from the B || b to the B ||
c || I configuration, testifies to a geometrical effect due to the
quasi-two-dimensional nature of the Fermi surface(s) [34,38—
40]. In high-purity layered metallic systems, at some charac-
teristic angles, known as Yamaji angles, the cyclotron orbits
on the corrugated Fermi surface acquire equal cross-sectional
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FIG. 11. Calculated transport properties and theoretically obtained susceptibility plots. Resistivity as a function of temperature both in the
absence and the presence of B in the: (a) I || c-axis and B || b-axis configuration as in Fig. 4(b) and (b) the B || I || c-axis configuration as in
Fig. 7(a). The susceptibility plot, obtained at representative field strength 3 T for the transverse field configuration has been shown in the inset
of (a). The x plot which has been obtained at 30 K indicates the possible low-temperature CDW with Q = 1/3ax*. (c) MR as a function of
angle between current and magnetic field on the bc plane of the crystal. (d) Crystallographic direction dependence of TMR which has been
observed by rotating the direction of the magnetic field about current parallel to the ¢ axis.

areas. As a consequence, the Landau orbits become nondis-
persive and the group velocity of electrons perpendicular to
the layers vanishes, leading to a peak in the resistivity. In the
present material, MR (¢) shows strong Yamaji peaks at ~73°
and ~62°. This clearly shows the significant contribution
of the CDW-reconstructed Fermi surfaces to the geometrical
effect in MR(¢). The suppression of Yamaji peaks with in-
creasing temperature may result from: (i) thermal broadening
of Landau orbital states in a pure one-electron band-structure
view or (ii) in a correlated view, the C-IC crossover in LaTe;
occurs at Teon 2~ 50 K for B = 0, which results in a loss of the
Landau quasiparticles themselves. Since the Fermi surfaces
show marked propensity towards development of flatter sec-
tions for B > 0, one expects a reduction of the one-electron
bandwidth and, hence, of the C-IC crossover scale with B,
leading to damping out of the Fermi surfaces themselves
above Tion(B).

As mentioned earlier, in the absence of a magnetic field,
the magnetic rare-earth tritellurides exhibit a second CDW
transition (Tcpwz) at a much lower temperature in a perpen-
dicular direction to the higher-temperature one, around the
wave-vector Q = 1/3ax. Temperature dependence of resis-
tivity shows a weak anomaly at Tcpwz. The nonmagnetic
tritellurides, however, do not show this low-temperature CDW
transition [4,10-12,16,17]. In LaTes, the appearance of a

humpike feature in the p(7) curve with an applied field and
the systematic enhancement of its sharpness with increasing
field strength appear to suggest a connection of this anomaly
to a field-induced CDW transition. To probe this connection,
we have performed a charge-susceptibility calculation at 30 K
in the presence of the 3 T external magnetic field. The sus-
ceptibility plot in the inset of Fig. 11(a) (at the transverse field
configuration as representative), shows a peak at Q = 1/3ax.
This suggests that the magnetic field is likely to induce an
additional low-temperature CDW state in the nonmagnetic
LaTes at the same value of Q as observed in magnetic RTes
compounds in the absence of a magnetic field. Similar results
have also been obtained for the longitudinal configuration
in our susceptibility calculation. Considering the propensity
of the field-reconstructed Fermi surface towards enhanced
nesting, the low-temperature hump in resistivity-temperature
curves [Figs. 4(b), 4(c) and 7(a)] has been successfully repro-
duced from theoretical calculations and shown in Figs. 11(a)
and 11(b) for the transverse and longitudinal configurations,
respectively. The position of the hump, its variation with field
strength, and its intensity over background resistivity are in
good agreement with experimental findings.

The theoretically computed MR(¢) [Fig. 11(c)] shows
fairly good agreement with experimental results [Fig. 7(d)].
Both the number of MR peaks and their positions are
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FIG. 12. Polar plot of TMR (0). (a) The experimental configuration for the angular variation of TMR. (b)—(d) are the polar plots of TMR

(0) at 2, 20, and 50 K, respectively.

successfully reproduced by theory. Furthermore, the magni-
tudes of the MR in both cases at a given angle are also
comparable to experimental values of MR. Similar to MR (¢),
the experimental MR () as shown in Fig. 6(c) is also well
reproduced in transport calculations [Fig. 11(d)]. Not only the
angle dependence and the value of MR, but also the extreme
sensitivity of the angular variation of MR(¢) and MR () on
the field is reproduced by theory as evident in Figs. 11(c) and
11(d). This testifies to the intimate link of these features with
the field-induced modification of the Fermi surface as shown
in Figs. 10(a)-10(c). Taken together, these findings support a
field-induced Lifshitz transition of the zero-field FS.

V. CONCLUSION

In conclusion, the present research demonstrates a hith-
erto uninvestigated through electronic transport experiments
on a candidate of rare-earth tritellurides LaTe;. We observe
several intriguing phenomena in the magnetotransport proper-
ties, rarely seen in any CDW system. Manifestations of the
interplay between CDW order and field-induced electronic
structure modification in a nonmagnetic material has been
exposed. The study holds promising potential to establish
route to tune CDW states. In addition, Hall measurements
supported by our transport calculation reveals an unexpected
high mobility of charge carriers, which has remained elusive

for these CDW and vdW materials. The unique coexistence of
weak interlayer van der Waals coupling, CDW state, interplay
of CDW with external perturbation like magnetic field, and
the huge mobility of charge carriers, may have a promising
impact on technological applications and device fabrication.
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APPENDIX
1. Polar plot for TMR(9)

The angle dependence of transverse magnetoresistance,
which has been discussed in the main text [Figs. 6(b) and
6(c)], is also represented in a polar plot and shown in Fig. 12.

2. Theoretically simulated Fermi surface under 1 T
magnetic field

In Figs. 13(b) and 13(c), we have shown the Fermi surface
at 1 T both in-plane and out-of-plane configurations of a
magnetic field.
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FIG. 13. Reconstruction of the Fermi surface under 1 T out-of-plane and 1 T in-plane magnetic field. Fermi surface (a) at zero field, (b) at

1 T out-of-plane, and (c) at 1 T in-plane external magnetic fields.
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