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ABSTRACT

7, Dong Qiand,

1.2,14,15,16,* and

The Mott-Ioffe-Regel limit sets the lower bound of the carrier mean free path for coherent quasiparticle

transport. Metallicity beyond this limit is of great interest because it is often closely related to quantum
criticality and unconventional superconductivity. Progress along this direction mainly focuses on the
strange-metal behaviors originating from the evolution of the quasiparticle scattering rate, such as

linear-in-temperature resistivity, while the quasiparticle coherence phenomena in this regime are much less

explored due to the short mean free path at the diffusive bound. Here we report the observation of quantum

oscillations from Landau quantization near the Mott-Ioffe-Regel limit in CaAs;. Despite the insulator-like
temperature dependence of resistivity, CaAs; presents giant magnetoresistance and prominent
Shubnikov—de Haas oscillations from Fermi surfaces, indicating highly coherent band transport. In contrast,

quantum oscillation is absent in the magnetic torque. The quasiparticle effective mass increases

systematically with magnetic fields, manifesting a much larger value than what is expected based on

magneto-infrared spectroscopy. This suggests a strong many-body renormalization effect near the Fermi
surface. We find that these unconventional behaviors may be explained by the interplay between the
mobility edge and the van Hove singularity, which results in the formation of coherent cyclotron orbits

emerging at the diffusive bound. Our results call for further study on the electron correlation eftect of the

van Hove singularity.

Keywords: Mott-Ioffe-Regel limit, quantum oscillations, van Hove singularity, mobility edge

INTRODUCTION

As described by the Boltzmann theory, diffusive elec-
tron transport is based on the long-lived quasipar-
ticles, which treat carriers as electron gases mov-
ing semiclassically between positively charged ionic
cores. The interaction effects with Bloch lattice po-
tential, as well as other quasiparticles, are enclosed
in the renormalized effective mass. The long-lived
quasiparticle picture is only valid when the mean
free path | exceeds the Fermi wavelength [1,2].

It sets the Mott-Ioffe-Regel (MIR) limit (kg! > 1
with kg the Fermi wave vector) for metals, below
which the quasiparticle is no longer well-defined and
a metal-to-insulator transition occurs due to elec-
tron localization [3,4]. In recent years, observation
of metallicity beyond the MIR limit, especially the
strange-metal behavior in strongly correlated mate-
rials, challenges such a transitional point of view [S—
13]. Owing to its intimate connection with quantum
criticality and unconventional superconductivity,
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metallicity beyond the MIR limit has been inten-
sively investigated but remains mysterious.

Apart from the temperature dependence of re-
sistivity, the presence of a Fermi surface formed by
mobile electrons is another important characteristic
of metals. When subjected to an external magnetic
field, electrons experience Landau quantization and
form cyclotron orbits along the contour of a closed
Fermi surface. This leads to a series of magnetic
quantum oscillations in conductivity, magnetization
and thermoelectricity, which have been established
as powerful tools for characterizing Fermi surface
properties [14].In order to generate Landau quanti-
zation, electrons should remain phase coherent dur-
ing the cyclotron period. Consequently, quantum
oscillations are typically observed in clean metallic
systems with high carrier mobility and long mean
free path, including, but not limited to, 2D electron
gases [15] and topological materials [16,17]. With
the reduction of the mean free path, electrons grad-
ually lose coherence upon scattering within the cy-
cle of an orbit, which eventually eliminates the quan-
tum oscillations at finite temperatures. Beyond the
MIR limit, electrons generally become incoherent
and are not expected to present quantum oscillations
[1,2,18].

Here we report the observation of quantum os-
cillations and quasiparticle mass enhancement in the
vicinity of the MIR limit in CaAs;. CaAs; belongs to
the CaP; family of materials, which were predicted to
be topological nodal-line semimetals in theory with-
out involving spin-orbit coupling [19,20]. The in-
clusion of spin-orbit coupling opens a small gap in
the nodal-loop. No sign of topological surface states
was found in previous photoemission experiments
[21]. We performed magneto-transport experiments
on CaAsj bulk crystals in variable temperature in-
serts with a superconducting magnet (9 T), a water-
cooled resistive magnet (38 T) and a hybrid magnet
(45.22T). The crystal surface of the as-grown CaAs;
samples is determined to be the (010) plane using
X-ray diffraction, as shown in Fig. Sla. The current
was applied in the (010) plane with the magnetic
field B perpendicular to the plane.

RESULTS

Figure 1la shows the temperature T dependence of
the longitudinal resistivity oy, in Sample C1 at zero
magnetic field. As T changes from 360 K to 2 K,
Dxx increases exponentially by about three orders
of magnitude, showing an insulator-like T depen-
dence similar to previous reports [21]. We employ

—AJkg

the Arrhenius equation p = poe T to quantify

the thermal activation behavior of p,,. Here, A and
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kg are activation energy and the Boltzmann constant,
respectively. As illustrated in Fig. 1b, two regimes
with distinct activation energies (A;= 147 meV for
220-360 K, A,= 5.89 meV for 20-60 K) can be
observed in the Arrhenius plot (In p,, vs. 1/T). Be-
low 20 K, 0, gradually deviates from the activation
behavior and becomes saturated towards the low-
temperature limit (refer to Fig. S1b for the py,-T
curve of Sample C2 down to 50 mK). According to
the heat capacity data shown in Fig. Slc, no sign of
any phase transition is detected in the range of 10-
150 K. To help us understand the thermal activation
of p,x, we measured the bulk electronic structure
and band filling of CaAsj; crystals by angle-resolved
photoemission spectroscopy (ARPES). The disper-
sion along the I' — X direction at 10 K is shown in
Fig. 1c. No significant variation in the band disper-
sion is found as the temperature increases to 45 K
and 70 K (Fig. S2). The Fermi level is located at
roughly 42 meV above the conduction band edge
along with a gap of 158 meV, which is also consis-
tent with previous ARPES results obtained in CaAs;
[21]. It suggests that the thermal activation from the
valence band to the conduction band accounts for
Ay in the range 0of 220-360 K.

We then present Hall resistivity oy, as a func-
tion of B in Fig. 1d. p,, is linear in B at all temper-
atures, suggesting that one kind of carrier dominates
the transport. Surprisingly, a sign reversal of the Hall
slope is observed at around 210 K. By performinglin-
ear fitting to the p,,-B curves, we extract the Hall co-
efficient Ry as shown in Fig. le, indicating the car-
rier changing from n- to p-type as T decreases. As
shown in Fig. S3, Ry also shows similar activation
behavior with p,,, which indicates that the activation
of resistivity comes from thermally activated carriers.
We further measured the Seebeck coefficient (the in-
set of Fig. 1e), which is consistent with the Hall ef-
fect and shows similar sign reversal at around 220 K.
Note that the p-type carriers given by the Hall and
Seebeck effects at low temperatures contradict the
position of Fermi level that intersects the conduc-
tion band as observed in ARPES, which will be dis-
cussed later. Figure 1f shows the carrier density ny
and mobility @ calculated from the Hall effect from
2.5 K to 180 K. In this p-type regime, ny decreases
monotonously from 3.3 x 10”7 cm™3 at 180 K down
to 4.8 x 10 cm™3 at 2.5 K, while y shows a dip
at 20 K and then increases to 263 cm?/Vs at 2.5 K.
The carrier density of CaAs; is comparable to in-
trinsic narrow-gap semiconductors such as InSb [22]
and Hg; ,Cd, Te [23] but its mobility value is much
lower. The increase of mobility at low temperatures
in Fig. 1f may result from the suppression of phonon
scattering as well as electron-electron scattering due
to the reduced carrier density.
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Figure 1. Transport results and ARPES data of CaAs; crystals. (a) Longitudinal resistivity p,, of CaAs; plotted as a function of temperature (measured
in the a-c plane). (b) Arrhenius plot of p,, with two activation regimes (dashed lines) and the corresponding activation energies. (c) Band dispersion at
10 K measured by ARPES with a photon energy of 98 eV. (d) Hall resistivity curves from 360 K to 2.5 K with the magnetic field perpendicular to the a-c
plane. The inset is an enlarged view of Hall resistivity curves in the vicinity of the sign reversal. (e) Hall coefficient R, (derived from the linear fitting of
Hall resistivity from —9 T to 9 T) plotted as a function of temperature. The inset is the comparison of the Hall coefficient Ay (circle) and the Seebeck
coefficient S, (triangle), showing similar sign-reversal temperature. (f) The temperature dependence of carrier density (hexagon) and mobility (triangle)
below the sign reversal temperature of Ry.

Despite the relatively low mobility, prominent
Shubnikov-de Haas (SdH) oscillations and a giant
magnetoresistivity (MR) are observed at high mag-
netic fields up to 38 T. As shown in Fig. 2a, 0
starts to oscillate around 7 T and increases by over
two orders of magnitude in the range of 20-33 T
at 0.3 K. Figure 2b and c display the temperature
dependence of the p,-B curves in Samples C1 and
C3. The insets of Fig. 2b and c are the extracted
SdH oscillations at different temperatures. SdH os-
cillations decay as temperature rises and gradually
smear out above 4 K. We determine the oscillation
frequency F = 234 T and Landau level index # us-
ing the Landau fan diagram in Fig. S4b. According to
the Onsager relation F = %A, the oscillation fre-
quency F is proportional to the cross-sectional area
A of the Fermi surface along the direction of B. Here
h is the reduced Planck constant and e is the ele-
mentary charge. When rotating the magnetic field
away from the z direction, SdH oscillations persist as
shown in Fig. S6, with characteristics of a 3D Fermi
surface. We resolve the Fermi surface anisotropy as
a function of 6 and ¢ in Fig. 2d by tracking the os-
cillation frequency in both the z—y and z-« planes.
It corresponds to an ellipsoid-like shape with large
out-of-plane anisotropy (k,~Sk, ) and weak in-plane
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anisotropy (k,~k,), as a result of two Fermi spheres
merging together (Fig. $15). It generally agrees with
the theoretical curve (the yellow dashed line in
Fig. 2d) obtained from the Fermi surface anisotropy
given by density functional theory (DFT) calcula-
tions. We calculate the in-plane Fermi wave vector
as kp = 0.0267 A~!. Importantly, in stark contrast
to the large quantum oscillations and giant MR ra-
tio observed in resistivity, the field dependence of
the magnetic torque T shows neither of these fea-
tures. In Fig. 2¢, we show that de Haas—van Alphen
(dHvA) oscillation is also absent as the field rotates.
This is contradictory to the general belief that dHvA
oscillations are more sensitive to Landau levels than
SdH oscillations. In Supplementary Note S3, we ex-
clude the crystal inhomogeneity as the possible ori-
gin of the absence of dHVA oscillations. These un-
usual Landau quantization behaviors in CaAs; will
be discussed in detail later.
SdH oscillations can be quantitatively analyzed
using the Lifshitz-Kosevich (LK) formula [14],
Bhs o RrRpeos[27 (£ + ¢)]. Note that Ry =

Prx(B=0)
272 (kT /hw) —27% (kg Tp / hew)

sinh (27 2kg T/ hw)
mal and Dingle damping factors with the cyclotron

and Rp = e are ther-

frequency w = eB/m* and Dingle temperature
Tp = h/2mwkpt,. Here m*, 7, and @ are the effective
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Figure 2. Quantum oscillations observed in high magnetic fields. (a) The magnetic field dependence of p,, and p,, at 0.3 K with prominent SdH
oscillations (Sample C1). The magnetic field is applied perpendicular to the a-c plane. (b and ¢) MR curves of Samples C1 and C3 at different temperatures
from 0.3 K to 4.8 K. The inset is the extracted oscillatory component normalized by p gy at different temperatures. (d) The angle dependence of
SdH oscillation frequencies of Sample C3. Pentagon dots and the dashed line represent measured data and fitting curve based on the Fermi surface
anisotropy given by DFT calculations, respectively. (e) Torque measurement of Sample C3 at different angles at 1.4 K. 0° (90°) represents the magnetic
field perpendicular (parallel) to the a-c plane. (f) The fitting of the relative resistance change by the temperature factor f; of the LK formula of Samples
C1 and C3 at different fields. Note that it is a stacked view with dashed lines representing the offset values. The effective mass fitting parameter is
shown near each curve. (g) The extracted effective mass values of Samples C1 and C3 at different magnetic fields. The inset is the ratio of the mobility
values g/ q) in magnetic fields calculated from the Hall angle, where p5 and ., are the mobility values at a magnetic field of B and zero field,
respectively.

mass, quantum lifetime and the phase offset, re- T (Fig. 2g). To exclude possible influence from
spectively. In Fig. 2f and Fig. S4d, we employ the MR background subtraction, the increase of m*
LK formula to fit the temperature and magnetic ~ with magnetic fields is further verified by the sec-
field dependence of SdH oscillations. The oscil-  ond derivative method and the integral method
lation amplitude is obtained by subtracting the (refer to Supplementary Note S5). Quasiparticle
MR background, and normalized by ppxg. The  effective mass is generally determined by the band
normalization process is to exclude the influence of  dispersion as well as interactions with other quasi-
large MR background following a recent work [24].  particles, which cannot be modulated easily by ex-
The comparison of different normalization methods  ternal magnetic fields. Therefore, the enhancement
is shown in Fig. S5, which only weakly impacts  of quasiparticle effective mass is highly non-trivial
the m™ value. After that, the effective mass m* at  and has only been observed in a handful of limited
different magnetic fields and Dingle temperature  cases such as high-T. superconductors near the
Tp are calculated. Interestingly, m™ systematically  quantum critical point and nodal-loop semimetals
increases from 0.74m, at 8.73 T to 2.19m, at 3125  upon magnetic breakdown [25-27].
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Figure 3. Magneto-infrared spectroscopy of CaAs;. (a) Relative magneto-reflectivity spectra Rz/ Ry measured in a supercon-
ducting magnet up to 17 T. All curves are vertically stacked for clarification with a series of interband-Landau-level transitions.
The apparent peak features are denoted by green dots. (b) False-color plot of relative magneto-reflectivity spectra in the whole
field regime. The spectra for the higher magnetic field are measured in a resistivity magnet. (c) False-color plot of the first-order
derivative of relative magneto-reflectivity spectra d(fz/Ry)/dw, where the minima are associated with the optical excitation
energy. The white dashed curves are the fitting results based on the massive Dirac model. (d) The schematic Landau-level
spectrum of CaAss. The arrows denote the interband-Landau-level transitions with opposite circular polarization. (e) Fermi
velocity (panel i) and effective mass (panel ii) fitted from the separate interband-Landau-level transitions. Dashed lines show
the Fermi velocity and effective mass obtained from the fitting to a single-particle model. (f) A comparison between effective
mass extracted from the quantum oscillations (blue square) and interband-Landau-level transition Ty (red square). The values
of effective mass obtained from the optical transitions T; (dark green square), T, (dark gray square) and T3 (light gray square)
are less than those from Ty.

By taking the field-dependent value of m*, the
fitting to Dingle damping yields a Dingle temper-
ature of Tp = 3.9 K, corresponding to a quantum

lifetime of 7, = 3.1 x 10713 5. Then the quantum

. hkgt,
mean free path is expressed as |, = vpT, = mi 1,

which evolves from 12.9 nm at 8.73 T to 7.1 nm at
18.35 T (Fig. S4). The inset of Fig. 2g shows the ratio
of the in-field mobility to its zero-field value, where
the in-field value is extracted from the Hall angle
tanf = uB. The ratio dramatically decreases with

the increase in B, being consistent with the evolution
of I;. For comparison, we also extract the mean free
path from Hall mobility as [, = hkppu/e = 4.6 nm,
which is roughly of the same order as I,, respec-
tively. In Fig. S9, we present the transport results
of other CaAs; samples (C4, CS and C6), which
show consistent transport behaviors of Hall coefh-
cient anomaly and quantum oscillations.
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To compare the Landau quantization of CaAs; in
a larger energy range that is less influenced by the
many-body interaction, we carried out a magneto-
infrared spectroscopy study [28,29]. The relative re-
flectivity Rp/Ry is measured on the (010) plane in
the Faraday geometry (with B perpendicular to the
plane), where Rp and R, denote the reflectivity with
and without the applied magnetic field, respectively.
The spectra measured in a 17.5 T superconduct-
ing magnet are presented in Fig. 3a. A larger field
range, up to ~30T, is achieved in a resistive coil,
and the collected data are shown in a false-color plot
(Fig. 3b). A series of prominent peak-to-dip features
(peaks are denoted by dark green dots in Fig. 3a)
from interband-Landau-level excitations emerge and
evolve with B. The observed optical transitions agree
with the presence of SdH oscillations in transport
and contrast with the unusual absence of quantum
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oscillation in magnetic torque. In our data analysis,
we associated the minima of % [30] with the
energies of excitations, as shown in Fig. 3c. All ob-
served interband-Landau-level transitions extrapo-
late to the same energy in the limit of a vanishing
magnetic field. The energy difference between adja-
cent transitions decreases as a function of the photon
energy, thus indicating an unequally spaced Landau
levels spectrum. These are typical features of mas-
sive Dirac fermions. The corresponding Landaulevel

reads:

E 2
Ey, = i\/zeh|n|Bv}, + (f) , (1)

where 7 is the integer Landau index. The band struc-
ture is characterized by the velocity parameter vr and
energy gap E,. The plus and minus signs denote the

Landau levels in the conduction and valence bands,
respectively. The selection rule follows A|n| = 1
as shown in Fig. 3d, where T, denotes the —n —
n+ 1and —(n + 1) — n transitions with the cor-
responding excitation energy given by:

E

.(B) = \/26h(|n| +1) B+ (f)z

+\/Zeﬁ|n| Bvi + <?g> . (2)

The white dashed curves shown in Fig. 3c are the
best fitting results according to Equation (2) with
all transition indices assigned. Due to the absence of

try

splitting for each interband-Landau-level transition,
the band structure is expected to be particle-hole
symmetric. The overall Fermi velocity is extracted
as vp = 2.69 x 10° m/s. The fitted band gap
reaches E, ~ 165. 5 meV, which is consistent with
the gap value extracted from the ARPES as well
as the activation energy A; from the temperature-
dependent resistivity. The energy dispersion can be

estimated by Ey(k) = Ey £/ (%)2 + (hvgk)?,

where E; defines the zero energy of the low-energy
model. The reproduced band dispersion given by
magneto-infrared spectroscopy agrees well with the
ARPES result (comparison shown in Fig. S7). It
further proves that the Landau quantization comes
from the gapped bulk band. As shown in Fig. 3e,
the Fermi velocity for each set of optical transitions
can be separately fitted. The high-index transitions,
e.g. vgz, Ug3 , are close to the single-particle picture
(orange lines in Fig. 3e). In contrast, for the low-
index transitions, the extracted vgo, v:‘ aswell as m*
deviate away from orange lines. This corresponds to
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a Fermi velocity renormalization from a many-body
interaction [31-33] for low-energy excitations. Dif-
ferent from the transport measurement where the
many-body effect profoundly renormalizes the ef-
fective mass near the Fermi energy, the extracted m*
from magneto-infrared spectroscopy by m* = i—f%
(especially for the high-index transition) is less in-
fluenced and presents a much smaller value, which is
nearly independent of B (Fig. 3f). This is because m*
from magneto-infrared spectroscopy is mainly de-
termined by the Fermi velocity and energy gap of
the band. It corresponds to the electronic state
property of the entire band due to the much larger
detecting energy range compared to transport. Thus,
the extracted mass in the infrared spectrum (also
known as Dirac mass in the model) corresponds
to the single particle mass of the system (refer to
Supplementary Note S1 iii). In contrast, the quasi-
particle mass from quantum oscillations is sensitive
to band structure and interaction effect near Fermi
energy. Therefore, the discrepancy between m™ val-
ues from magneto-infrared and magneto-transport
experiments suggests that the Fermi surface elec-
trons are influenced by a strong renormalization ef-
fect, which is also likely to be responsible for the ob-
served mass enhancement in magnetic fields (refer to
Supplementary Note S1 for more discussion).
Having obtained the quasiparticle properties of
CaAss, we in turn compare it, in the scaling plot of
Fig. 4, with other bulk systems with quantum oscil-
lations from electronic Fermi surfaces. The product
of the Fermi wave vector and mean free path, kg,
has been widely used to determine the metallicity
of a material. The MIR limit of kz! = 1 defines the
mobility edge, below which the electrons become
localized [1]. According to the Drude model, the
conductivity is expressed as o = nje = 3;—22hkf‘,l,
which results in the ratio of o /kp scaling linearly
with the metallicity parameter kzl. Here the ratio
of o /kg is plotted logarithmically against k! over a
wide range of 3D bulk materials from high-mobility
topological semimetals such as Cd;As, to narrow-
gap semiconductors such as InSb [34-55]. Here the
mean free path [ is extracted from the Hall mobil-
ity. The red dashed line is the theoretical curve given
by the Drude model. Note that we mainly focus on
materials with simple Fermi surface geometries to
avoid complications in kgl calculation, and materi-
als showing quantum oscillations without bulk elec-
tronic Fermi surfaces such as SmB4 and YbB,, are
also not included [56,57]. Despite the large varia-
tion in the carrier density and mobility, the values
of 0 /kr and kgl in these materials converge closely
around the red dashed line in Fig. 4, and most materi-
alsarelocated in the deep metallic side with kgl > 1.
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Figure 4. The scaling plot of o /k¢ against the metallicity parameter kg /. The red
dashed line is the theoretical curve given by the Drude model. The yellow-white-blue
gradient background corresponds to the region with k¢ / >>1, ke /~1and ke/ «1. The
black dashed line marks the Mott-loffe-Regel limit ke/ = 1. The Fermi wave vector
ke was derived from quantum oscillation by the Onsager relation, and the mean free
path / was derived from the Fermi wave vector k¢ and the Hall mobility « through
| = hk,r/j,/e.

In contrast, the transport behavior of CaAs; signif-
icantly deviates from the Drude model as temper-
ature decreases and shows a crossover of the MIR
limit. At low temperatures where quantum oscilla-
tions emerge, the conductivity of CaAs; is over two
orders of magnitude smaller than the value given by
the Drude model. It is also worth mentioning that
CaAs; has the smallest kgl value (~1.2 at 2.5 K)
among these materials at temperatures where quan-
tum oscillations persist.

Now we summarize the major observations in the
transport results of CaAs;: (i) the Hall and Seebeck
effects indicate p-type carriers, while the Fermi level
crosses the conduction band edge; (i) strong 3D
SdH oscillations with large resistivity appear near the
MIR limit, while no dHvA oscillations are observed;
(iii) the quasiparticle effective mass given by quan-
tum oscillations increases systematically with mag-
netic fields and is much larger than that extracted
from magneto-infrared spectroscopy. These exper-
imental behaviors violate the standard Fermi lig-
uid picture in the Boltzmann theory and are dis-
tinct from conventional narrow-gap semiconductors
or band insulators. On the other hand, the coherent
transport with Landau quantization and SdH oscilla-
tions also differs from typical non-Fermi-liquid sys-
tems, in which electrons often become incoherent.
The metallicity parameter kg close to the MIR limit
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suggests that transport in CaAs; is near the diffusive

bound.

DISCUSSION

To explain the aforementioned behaviors, we pro-
pose a phenomenological model, as shown in Fig. S.
Figure Sa is a sketch of the bands and density of
states (DOS) in CaAs;. The yellow and light-blue re-
gions separated by the mobility edge represent the
extended and localized states, respectively, and the
orange region corresponds to conducting carriers of
the extended states near the Fermi energy Ef. Since
the metallicity parameter barely crosses the MIR
limit, only electrons in a small range around Ef are
mobile. In contrast, electrons at lower energies of the
conduction band are located in the mobility gap and
therefore become localized at low temperatures. The
carrier localization is supported by the comparison
between the Fermi surface size and the Hall den-
sity. The carrier density filling the Fermi sphere can

Gk — 3.8 x 10" cm ™,
almost three orders of magnitude larger than the
Hall density at 2.5 K (4.8 x 10'5 cm™3). Note that
here ngg only represents the volume of Fermi sphere

rather than the number of mobile electrons partic-

be estimated as ngg =

ipating in SdH oscillations. The dramatic discrep-
ancy between ny and npg suggests that the major-
ity of electrons in the Fermi sphere are not counted
in the Hall effect, as shown in Fig. 5b, which ac-
counts for the deviation from the Drude model of
CaAs; in Fig. 4. Only electrons beyond the mobil-
ity edge (orange region in Fig. Sb) contribute to ny
while the rest of them (blue region) are localized
at 2.5 K. It could also fit with the absence of quan-
tum oscillation in torque magnetometry. In con-
trast to electric transport, which directly probes the
mobile electrons, the magnetization measurement
contains an incoherent contribution from localized
electrons, which overwhelms the dHvA oscillations
(refer to Supplementary Note S6 for further discus-
sion and simulation). Meanwhile, Landau quantiza-
tion in magneto-infrared spectroscopy appears at a
much larger energy scale, hence not affected by the
mobility edge. The carrier localization may be re-
sponsible for the activation regime characterized by
A,, which corresponds to the thermal excitation of
electrons from the localized state below the mobility
edge to the extended state above the mobility edge
[58].

Due to the opposite dispersion along Y-I" and
Y-X [20], CaAs; presents a van Hove singularity at
the saddle point Y. Similar to its counterpart in 2D
systems, the van Hove singularity in 3D leads to a
local maximum in the DOS but with a finite value
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Figure 5. Schematic plots of the electronic structure and carrier transport dynamics of CaAsj. (a) Sketch of the band dispersion
(left) and DOS (right) in CaAss. The yellow and light blue regions separated by the mobility edge represent the extended and
localized states, respectively, and the orange region corresponds to conducting carriers of the extended states near the Fermi
energy E. (b) Sketch of the Fermi sphere. (c) The transport dynamics of the extended (ke / > 1) and localized (ke / < 1) states,
respectively. The dashed line corresponds to the mobility edge. The red dashed arrows in (a) and (c) represent the excitation
from the localized state to the extended state characterized by A,.

rather than a logarithmically diverging one, as in 2D
[59]. For a narrow energy window above the saddle
point, the DOS decreases with the increase in en-
ergy. We verify the DOS peak near the Lifshitz tran-
sition at the saddle point in CaAs; by the DFT calcu-
lation (refer to Methods and Fig. S8). As illustrated
in Fig. Sa, the Fermi level of CaAs; lies slightly above
the DOS peak as well as the mobility edge. Due to
the low Fermi energy, a small amount of disorder
can introduce the mobility edge and lead to a metal-
to-insulator transition [58]. Since the Fermi surface
electrons are located in a region where the DOS de-
creases with E, the carriers show hole-like transport
in thermoelectric measurement, resulting in the pos-
itive Seebeck coeflicient at low temperatures [60].
As T increases, Ep may go beyond this narrow en-
ergy window due to the thermally excited electrons
from the valence band, and the Seebeck coefficient
switches back to negative. Similarly, the sign of the
Hall effect is determined by the sign of Fermi veloc-
ity [60], which typically changes sign together with
the slope of local DOS at the saddle point [61,62], as
hasbeen recently observed in various moiré superlat-
tices [63,64]. However, due to the momentum and
energy resolution, we do not directly resolve the Lif-
shitz transition by ARPES in our experiment. Other
approaches such as scanning tunneling microscopy
and laser-based ARPES may be utilized to study the
energy dependence of the Fermi contour in this sys-
tem.

Figure Sc depicts the transport dynamics of the
extended (kpl > 1) and localized (kpl < 1) states,
respectively. In the extended states, electrons move
freely in the lattice with a mean free path larger than
their de Broglie wavelength. This enables a quan-
tum mechanical treatment of the electron wave func-
tion during the transport process, giving rise to vari-
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ous electron-coherence phenomena such as Landau
quantization and the Aharonov-Bohm effect. Elec-
trons in the localized states are spatially confined due
to the small mean free path. At low temperatures,
they do not contribute to transport properties such
as resistivity, Hall effect, Seebeck effect and SdH os-
cillations. Upon thermal activation, these localized
electrons may become mobile by hopping among
different sites. Unlike band transport, hopping trans-
port does not show characteristics of the Fermi sur-
face. In Fig. S11, we show that neither the Mott nor
Efros-Shklovskii version of the variable range hop-
ping formula can fully describe the resistivity in the
low-T region. The mobility edge picture also ex-
plains the large variation of resistivity among differ-
ent samples despite similar Fermi surface size (refer
to Fig. $10), since the resistivity is now mainly de-
termined by the number of mobile carriers in the
extended states (orange region in Fig. 5). Despite
the absence of metallicity in the temperature depen-
dence of resistivity down to our lowest experimen-
tal temperature of SO mK (Fig. S1b), well-defined
quantum oscillations are observed in almost every
CaAs; sample we measured with similar frequencies.
As a direct consequence of Landau quantization, the
presence of quantum oscillations is the hallmark of
mobile electrons from the Fermi surface. These in-
trinsic mobile electrons at ground states then lead to
the saturation of resistivity towards zero temperature
in Fig. S11.

Perhaps the most striking finding in our study
is the highly coherent electrons, which are robust
enough to form cyclotron orbits, residing in the
vicinity of the MIR limit. We note that other ma-
terials with small metallicity parameters such as
CdTe and HgTe shown in Fig. 4 are mainly narrow-
gap semiconductors with low Fermi energy and a
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small kg value. The resultant small Fermi pocket size
reduces the requirement of phase-coherence length
to complete the cyclotron orbit. However, distinct
from these materials, CaAs; strongly deviates from
the red dashed line in Fig. 4 given by the Drude
model with resistivity being nearly two orders of
magnitude larger. It means that the Fermi energy may
lie close to the mobility gap, leaving the mobile elec-
trons forming coherent cyclotron orbits just above
the edge of Anderson localization. This peculiar be-
havior is reminiscent of Landau levels at finite tem-
peratures in quantum Hall physics. Landau levels of
quantum Hall systems are non-dispersive flat bands
so that quantum coherence forms close to the de-
localization transition. Therefore, we anticipate that
the flat band around the saddle point contributes to
the observed electron coherence near the mobility
edge in CaAs;. Although possible deviation of LK
formula may occur near the quantum limit [65,66],
the thermal damping factor we used to extract effec-
tive mass isless influenced by the oscillation of Fermi
energy. We note that such systematic mass enhance-
ment has not been observed in other systems such as
Bi, ZrTes and Cd;As,, when approaching low Lan-
daulevels [67-70]. The quasiparticle mass enhance-
ment observed in Fig. 2 may result from the strongly
suppressed mobility in magnetic fields, which fur-
ther shifts the system towards the insulating side of
the MIR limit.

While not excluding other possibilities, we find
that the phenomenological model proposed here
could account for three unconventional observa-
tions in CaAs; mentioned earlier. Further tuning of
the Fermi energy may be carried out to verify the
connection between the carrier sign anomaly and the
van Hove singularity. It is worth noting that the pro-
posed scenario of exotic metallic states near the mo-
bility edge is not limited to CaAs; and is expected
to appear in other low-carrier-density systems with
the van Hove singularity and mobility edge near the
Fermi energy as well.

CONCLUSION

To conclude, we performed a systematic quantum
transport and magneto-infrared spectroscopy study
of CaAs; bulk crystals. CaAs; exhibits an insulator-
like temperature dependence of resistivity with a
metallicity parameter close to the MIR limit. The
saddle point in the band structure results in a sign
reversal of Hall and Seebeck coefficients. Robust 3D
SdH oscillations are observed in magnetic fields ac-
companied by quasiparticle mass enhancement, sug-
gesting highly coherent band transport near the MIR
limit. Distinct from the widely studied temperature
dependence of resistivity, mobile electrons near the
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MIR limit observed here manifest the metallic char-
acteristic from the aspect of quasiparticle coherence.
These unconventional transport properties go be-
yond the traditional picture of hopping conduction
in the critical regime and call for further study on the
electron correlation effect of the van Hove singular-

ity at the diffusive bound.

METHODS

Crystal growth and characterization

Similar to the growth method of SrAs; in the pre-
vious study [52], CaAs; single crystals were grown
by melting a stoichiometric mixture of Ca and As at
850°C. The melt was held at 850°C for 10 hours be-
fore cooling to 700°C at arate of 2°C per hour. CaAs;
bulk crystals with the a-c plane as the cleavage plane
were then obtained after naturally cooling to room
temperature. The composition and crystal structure
of the as-grown crystals were checked by energy-
dispersive X-ray spectroscopy and X-ray diffraction
(XRD), respectively. ARPES experiments were car-
ried out at Beamline 4.0.3 in Advanced Light Source
with an energy resolution better than 15 meV. CaAs;
crystals were cleaved in situ with a base pressure bet-
ter than 1 x 107" Torrat 10 K.

Transport measurement

The magneto-transport measurements were per-
formed in commercial variable temperature inserts
with superconducting magnets for the low field
range (0-9 T) and in resistive magnets in the Chi-
nese High Magnetic Field Laboratory (CHMFL,
China) and the National High Magnetic Field Lab-
oratory (NHMFL, USA). The temperature depen-
dence of the resistivity down to 50 mK was mea-
sured using a dilution refrigerator. Contact between
the CaAs; crystals and the chip carrier was created
using silver paints and gold wires. The typical chan-
nel size of the measured devices in transport experi-
mentsis 1.5 (length) x 1.5 (width) x 0.3 (thickness)
mm? (Sample C1). The resistivity was measured us-
ing either the ac lock-in technique or the dc method
with a current in the range of 1-100 nA applied to
the sample while monitoring the voltage in the four-
terminal configuration.

The thermoelectric coeflicient was measured by
a physical property measurement system (Quantum
Design) with a home-built device. Contact between
the CaAs; crystals and the chip carrier was created
using silver paints and gold wires. A type-E thermo-
couple (Omega) was used to measure the tempera-
ture gradient and Nanovoltmeter 2182A (Keithley)
was used to measure the thermoelectricity voltage.
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Magnetic torque measurement

The magnetic torque was measured by capacitive
cantilever in resistive magnets in CHMFL. In order
to deduct the background signal from the cable and
the cantilever, an empty cantilever was calibrated on
the same experimental condition. Note, 0° (or 90°)
in Fig. 2e is not high-symmetry crystalline axes of tri-
clinic CaAs;.

Magneto-infrared measurement

The magneto-infrared spectrum was measured in
the mid-infrared range in the Faraday geometry. The
spectra up to 17.5 T were measured with a super-
conducting magnet at NHMFL. The spectra up to
30 T were measured with a resistive magnet at Labo-
ratoire National des Champs Magnétiques Intenses
(LNCMI), Grenoble. The infrared beam from the
Fourier-transform infrared spectrometer propagates
in a vacuum and is shed on the sample at a near-
incident angle. The reflected beam was detected by
a 4.2 K composite silicon bolometer.

Density functional theory calculations

DFT calculations were performed using the Quan-
tum Espresso package [71]. The Perdew-Burke-
Ernzerhof form of the exchange-correlation func-
tional was used [72] and spin-orbit coupling was
included. An experimentally reported structure for
CaAs; was used. The Brillouin zone was sampled us-
ingan 8 x 8 X 8 Monkhorst-Pack k-point grid [73].
A plane wave cut-off of 40 Ry was employed. A dense
grid of 16 x 16 x 16 k-points was chosen for DOS
computations.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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