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Observation of multilayer quantum Hall effect in the charge density wave material CaCu4As2
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Low-dimensional layered materials manifest an inherent tendency towards the formation of symmetry reduced
charge density wave (CDW) states with exotic properties. Here, we elucidate the anisotropic transport prop-
erties of CaCu4As2, which crystallizes in a rhombohedral lattice. Temperature-dependent single-crystal x-ray
diffraction in conjunction with thermodynamic and transport measurements reveal that CaCu4As2 undergoes a
structural or CDW transition below 51 K. For I ‖ [12̄10], angular-dependent Shubnikov–de Haas oscillations
reveal a two-dimensional nature of the charge carriers contributing to the bulk transport in accord with our
calculated Fermi surface. In the inverse Hall resistance versus 1/B plot, quantized Hall plateaus are observed.
CaCu4As2 thus provides a new platform to understand the coexistence of both the CDW and quantum Hall effect
in materials.
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The quantum Hall effect (QHE) [1,2] and charge density
wave (CDW) [3–5] are exotic physical properties that are gen-
erally observed in low-dimensional systems. The underlying
mechanism of CDW lies in the one-dimensional (1D) chains
[6–8] or two-dimensional (2D) layers [9–11] present in the
crystal structure. In 2D materials, high magnetic fields at low
temperatures lead to dissipationless edge states, producing the
QHE. There have been ongoing efforts to realize quantized
Hall resistance and CDW effects in three-dimensional (3D)
solids. The charge carriers in a 3D solid are free to move
in all three spatial directions which makes the quantization
of Hall resistance difficult. Over the last few years, the ob-
vious extension of 2D QHE to bulk materials has led to the
discovery of QHE in bulk systems such as η-Mo4O11 [12],
n-doped Bi2Se3 [13], EuMnBi2 [14], and BaMnSb2 [15]. But
the CDW state has not been reported in these materials. It was
found that the QHE in Bechgaard salt is due to a spin density
wave [16,17]. In ZrTe5, it was thought that the QHE is due to
the CDW, although recent thermodynamic studies disregarded
that mechanism [18,19]. Similarly, QHE in HfTe5 is due to
strong electron interaction effects [20]. Here, we show that
CaCu4As2 is a new material that shows both the CDW and
QHE.
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CaCu4As2 adopts a rhombohedral lattice with space group
R3̄m at room temperature. It possesses a layered crystal
structure similar to SrAg4As2 [21], EuAg4As2 [22,23], and
SrCu4As2 [24]. Below 51 K, a CDW/structural transition
is observed in our single-crystal x-ray diffraction (SXRD)
measurements that are well corroborated with the electrical
transport and heat capacity studies. In the field range of
10–14 T, for I ‖ [12̄10] and B ‖ [0001], the Shubnikov–
de Haas (SdH) oscillation provides an insight into the
Fermi surface. The angular-dependent SdH oscillations im-
ply a quasi-2D Fermi surface. In the inverse Hall resistance
(1/RxyZ ) versus 1/B plot, constant step-size Hall plateaus are
observed, indicating QHE in the system. Here, Z is the aver-
age number of 2D channels. Our experimental results reveal
the presence of a large number of 2D conduction channels and
a structural distortion as the source for the observed quantized
Hall plateaus.

The unit cell of CaCu4As2 with lattice parameters a =
4.1460(4) Å and c = 22.4517(6) Å is shown in Fig. 1(a). It is
composed of three formula units of CaCu4As2 with repeated
septuple layer (SL) blocks [Cu1-Cu2-As-Ca-As-Cu2-Cu1].
The calculated bulk band structure of CaCu4As2 along the
high-symmetry directions in the bulk Brillouin zone (BZ)
is shown in Fig. 1(b). It exhibits a metallic character such
that both the hole and electron bands cross the Fermi level.
Importantly, the hole bands form corrugated cylindrical Fermi
pockets, whereas the electron bands constitute open sheet
Fermi pockets centered at the F points [see the Fermi surface
Fig. 1(c)]. The calculated Fermi surface of CaCu4As2 thus
reveals its 2D-like nature, consistent with the SdH oscillation
measurements presented below.

Single crystals of CaCu4As2 are grown by the flux method
(see Supplemental Materials (SMs) Sec. S1 for details [25]).
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FIG. 1. (a) Crystal structure of CaCu4As2. (b) Calculated elec-
tronic structure of bulk CaCu4As2 with spin-orbit coupling (SOC).
(c) The associated Fermi surface with three open Fermi pockets.
(d,e) As-grown single crystal and its Laue diffraction pattern. (f) Heat
capacity as a function of temperature. Inset shows the closeup region
around the phase transition 52 K.

The grown crystals are platelet-like with the flat plane corre-
sponding to the (0001)-plane as shown in Fig. 1(d). The Laue
diffraction pattern is shown in Fig. 1(e). The six-fold sym-
metry and well-defined spots confirm the good quality of the
crystal. Figure 1(f) shows the heat capacity in the temperature
range from 2–300 K. The overall behavior of the heat capacity
is similar to a typical nonmagnetic compound. At 52 K, a
broad peak is observed while cooling, and a sharp peak with
a jump of about 15 J/K · mol is observed while warming. The
heat capacity measurements in the presence of the magnetic
field up to 14 T do not have a significant effect on the observed
anomaly. To confirm the CDW/structural distortion, we per-
form SXRD experiments. Details regarding crystal structure
refinements in the periodic phase are given in Secs. S2 and S3
of the SMs [25]. Using CRYSALISPRO [26], the reciprocal layer
of the (hk0) plane is reconstructed as shown in Figs. 2(a) and
2(b) at 80 K and 45 K. Between the main Bragg reflections
indicated by the indices, there are weak superlattice reflec-
tions at positions q1 = [−0.0386(5), 0.0867(7), 0.2500(19)]
and q2 = [0.0830(4),−0.0421(5), 0.2501(19)] in Fig. 2(b).
Our analysis indicates that there are satellite reflections up to
m = 8, indicating its complexity (Sec. S3 of SMs [25]). More-
over, the structure is possibly twinned, suggesting a lowering
of symmetry to either monoclinic or triclinic. Such a distortion
of the lattice resulting in a change from high to low symmetry
accompanied by superlattice reflections is not uncommon in
CDW compounds and has occurred in recently investigated
CDW compounds like CuV2S4 [27] and R2Ir3Si5 (R = Er, Lu)
[28,29].

The temperature variation of the electrical resistivity in
the ab-plane (ρxx) and along the c-axis (ρzz) are shown in
Figs. 2(c) to 2(f). The resistivity shows a metallic behavior and
shows a huge anisotropy, thus signaling a quasi-2D character.
At 51 K, a sharp drop in the resistivity is observed in ρxx and
then it gradually decreases down to 2 K. The sharp drop in the
resistivity is first-order-like, as confirmed from the observed
hysteresis [inset of Fig. 2(c)]. This drop in resistivity occurs
due to a structural/CDW transition. Interestingly, such a drop
in resistivity was observed in transition metal dichalcogenides
(TMDCs) where the strong electron coupling in the electronic
structure drives CDW and opens the partial gap in the Fermi
surface [30–32]. On the other hand, ρzz shows a small hump-
like feature at 51 K [Fig. 2(d)] and then decreases as the

FIG. 2. SXRD data measured at (a) 80 K and (b) 45 K. Super-
lattice reflections are observed at 45 K indicating the CDW. Black
bands are unreactive gaps between modules of the Pilates 1M CdTe
detector. Panel (a) is slightly zoomed in as compared to panel (b) as
the crystal-to-detector distance is greater in panel (b) to resolve the
satellite reflections and possible twinning. (c)–(f) Electrical resis-
tivity for different current and field directions. For I ‖[12̄10] and
B ‖ [0001], a sharp drop in resistivity at 51 K is observed. Inset
in panel (c) shows a hysteresis during the heating and cooling cycle
at 51 K. (d) For I ‖ [0001] and B ‖ [12̄10], in the presence of an
applied magnetic field, below 51 K, the figure shows a slight increase
in resistivity with decreasing temperatures, as is typically observed
in CDW systems. (e) For I ‖ B ‖[12̄10], the resistivity behavior is
almost similar to (c). (f) For I ‖ B ‖[0001] shows a very subtle
anomaly at 51 K although the system is metallic.

temperature is lowered down to 2 K. The small hump-like
feature in the resistivity indicates structural distortion at the
same temperature 51 K. The applied transverse magnetic field
(B ‖ [0001]) does not have any major effects for I ‖ [12̄10],
and the overall behavior of the electrical resistivity remains
the same. On the other hand with transverse magnetic field
along [12̄10] the ρzz reveals a drastic change and shows an
upturn as temperature decreases [indicated by the ( ) color],
and it almost saturates below 15 K [indicated by the ( )
color]. The charge carriers, below the transition temperature,
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FIG. 3. (a) Background-subtracted resistance (�Rxx) at various
temperature as a function of 1/B. (b) FFT spectrum at various tem-
perature. Inset shows mass plot. (c) From the slope of linear fit of
ln[D] versus 1/B the TD is estimated. (d) Field-dependent longitudi-
nal resistance (Rxx) plotted at various angle (0◦ � θ � 90◦). At high
angles the oscillations vanish. (e) �Rxx is plotted as a function of
1/B⊥. The dashed line shows that the maxima position in �Rxx is
almost same for different angles. Inset shows that FFT frequency
follows the cosine behavior, which is shown with the solid line.

are more confined in ab plane and a larger scattering occurs
along the c-direction in the presence of magnetic field so that
the estimated anisotropy (ρzz/ρxx) is 117 at 2 K and 14 T.
This field-induced effect suggests the c-direction is poorly
conducting in comparison to the ab-plane. Figures 2(e) and
2(f) show the longitudinal magnetoresistance where the cur-
rent and magnetic field are parallel to each other. For I ‖
B ‖ [12̄10], the magnetic field does not have any effect on
the overall electrical resistivity. While for I ‖ B ‖ [0001],
the field-induced metal-insulator-like behavior is absent and
the resistivity displaysed a metallic behavior. The resistivity
ρxx and ρzz in transverse and longitudinal field configurations
are shown in Fig. S9 [25].

For I ‖ [12̄10] and B ‖ [0001] the magnetoresistance
shows SdH oscillation in the field range of 10–14 T.
Figure 3(a) illustrates the background-subtracted SdH oscil-
lations (�Rxx), for I ‖ [12̄10] and B ‖ [0001], measured
at different temperatures in the field range of 10–14 T. The
temperature dependence of the fast Fourier transformation
(FFT) of the SdH oscillation is shown in Fig. 3(b). The
same FFT frequency has been observed in another sample
(Fig. S11 in SMs [25]). Notably, to observe oscillation from
other pockets, a much lower temperature and higher field
is necessary. The SdH oscillation can be described by the
Lifshitz-Kosevich (LK) expression [33]. Figure 3(b) shows
the temperature dependence of the FFT amplitude. Accord-
ing to the LK expression, the temperature dependence of

the oscillation amplitude follows the thermal damping factor
λ/ sinh(λ), where λ = 2π2(kBT m∗/h̄eB). Here T is temper-
ature, kB is the Boltzmann constant, and m∗ is the effective
mass. From the temperature dependence of the oscillation
amplitude, we find the effective mass m∗ as 0.28 ± 0.02 me

[Inset of Fig. 3(b)]. The Dingle temperature (TD) is ob-
tained from the slope of linear fit of ln [D] versus 1/B.
Here, D is defined as (ABsinh[λ(T, B)]) where A is the
oscillation amplitude. At 2 K, from the linear slope, we
find TD to be around 2.5 ± 0.2 K [Fig. 3(c)]. In high pure
crystalline samples, the less impurity scattering collision
broadening of the electronic state at the Fermi level may
cause such a low TD. From the SdH oscillation, consider-
ing the spin-degeneracy 2, we estimated 2D carrier density
n2D

SdH = (2eBF )/h ∼ 12.4 × 1016 m−2, Fermi velocity vF =
(h̄kF /m∗) ∼ 3.64 × 105 m/sec, and the quantum mobility
μSdH = (h e)/(4π2KBTDm∗) ∼ 0.31 m2 V−1 s−1, where BF is
the oscillation frequency (255 T), h is the Planck’s constant,
and e is the electron charge. The obtained value of vF is in
close agreement with the estimated values in the ab-plane of
KCu4As2 and SrCu4As2, where a similar type of corrugated
cylindrical Fermi pockets reveal the 2D character [24].

The angular dependence of the SdH oscillation is shown in
Fig. 3(d). The oscillation amplitude decreases with increasing
angle between magnetic field and normal to the surface (θ )
and it starts vanishing at an angle θ � 30◦. In Fig. 3(e), the
plot of �Rxx measured at various angles as a function of
1/B⊥ = 1/Bcosθ shows all maxima and minima falling on
the same position of 1/B⊥. FFT frequencies for all angles
plotted in the inset of Fig. 3(e) follows the 1/B⊥ or 1/Bcosθ
behavior, suggesting the SdH oscillation originated from the
2D character of the charge carriers. The disappearance of the
SdH oscillation at lower angles gives additional support to
the quasi-2D nature of the Fermi surface. Based on our band
structure, we calculate the angular dependence of quantum
oscillations of various Fermi pockets (see Fig. S12 of SMs
[25]). We find that the experimentally observed frequency cor-
responds to the central cylindrical hole pocket located along
the �–Z line, indicating the 2D nature of observed Fermi
surface. This open cylindrical Fermi pocket is different from
Refs. [34–36], where the quasi-2D charge transport originated
from the elongated ellipsoidal 3D Fermi pockets. A Landau
level fan diagram is shown in Fig. S13.

Figure 4(a) shows the antisymmetrized Hall resistivity plot
ρxy ([ρraw

xy (+B) − ρraw
xy (−B)]/2) measured at various tempera-

tures for I ‖ [12̄10] and B ‖ [0001]. From the linear slope,
the Hall carrier density (nHall) and the Hall mobility (μHall)
are estimated as 4.8 × 1026 m−3 and 0.5 m2 V−1s−1, respec-
tively. The inset of Fig. 4(a) shows a change in the carrier
density at 51 K since the formation of the structural transition
affects the linear slope and hence the carrier density. �Rxx and
1/(RxyZ ) are plotted as a function of 1/B [Fig. 4(b)], which
shows that the Hall plateau arises when minima occurs in
longitudinal resistance. Notably, QHE is generally observed
in 2D systems. In 2D electron gas, the carrier localization is
due to impurities or defects. With the increase in magnetic
field the Landau orbital size of the charge carriers become
smaller, and thus leading to carrier localization in these im-
purities or defects. Here, the observation of the plateaus in
Hall resistivity can be thought of as a multilayer QHE in
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1.76

FIG. 4. (a) Hall resistivity (ρxy) measured at different tempera-
tures; inset: a significant change in carrier concentration is observed
at CDW transition 51 K. (b) Minima position of �Rxx is found
when 1/(RxyZ ) plateau arises [indicated by ( ) color] which suggests
approximately 90◦ phase difference between background-subtracted
longitudinal resistance and Hall. Landau quantized plateaus are indi-
cated as n.

CaCu4As2. Furthermore, the conditions such as ωcτ should be
greater than 1 and h̄ωc � kBT has to be satisfied to observe
QHE. From our estimated quantum parameters, we find that
ωcτ = ( eB

m∗ )( h̄
2πkBTD

) � 4.3 and h̄ωc = h̄( eB
m∗ ) = 5.7 meV, for

a magnetic field of 14 T and kBT = 0.17 meV for T = 2 K,
showing that both the conditions are satisfied. This suggests
that the observed plateaus in the Hall resistivity are indeed
the signatures of QHE in CaCu4As2. Additionally, charge car-
rier separation (1/

√
nSdH ∼ 4 nm) is comparable to magnetic

length scale (
√

h̄/eB ∼ 6.8 nm), implying we are close to the
quantum limit.

For the multilayer quantum Hall effect, the Hall resistance
can be expressed as Rxy = 1

nZ (h/2e2), where n (=BF /B) is
the Landau filling factor and Z is the average number of 2D
spin-degenerate channels contributing to the conduction. Z
can be estimated from the step size of the two successive Hall
plateaus �( 1

Rxy
) = ( 1

n − 1
n+1 ) 1

Rxy
= 137 �−1. Since �( 1

Rxy
) =

Z 2e2

h , from the obtained values �( 1
Rxy

) we estimate the aver-

age number of conduction channel Z values as 1.76 × 106.
Using the obtained Z value, we plot ( 1

RxyZ )( 2e2

h ) versus 1
B

in Fig. 4(b) and obtain a step size of about 0.92, which is
close to 1. This indicates that each 2D conduction channel
contributes about 2e2/h which infers that there are Z parallel
2D conduction channels in the system. The sample thickness
(t) is 410 μm, and thus the number of 2D conduction chan-
nels per unit thickness Z/t is 4.3 × 109 m−1. The calculated
bulk carrier density is nBulk = n2D

SdH × Z/t = 5.3 × 1026 m−3.
Also, the carrier density obtained from Hall slope nHall is
4.8 × 1026 m−3. Two independently calculated quantity nBulk

and nHall are nearly equal, suggesting 2D conduction channels
are the reason for such plateaus in the Hall data. Again, the
μSdH and μHall are also almost the same. Similar quantized
Hall plateaus are observed in Hall conductivity (Fig. S14

[25]) and another sample (Fig. S15 [25]). This observed 2D
nature of the carriers is consistent with our calculated Fermi
surface, which is also found to be 2D. The complex structure
of CaCu4As2 helps to develop the metal bonding in the form
of extensive network of [Cu4As2]- slabs (see the discussion in
SMs Sec. S1 [25]). The [Cu4As2] slab width is approximately
3.4 Å. Although, it is not confirmed how the conduction
channels are distributed, the experimental result shows the
conduction channel width (t/Z) is approximately 2.3 Å, which
is nearly equal to the [Cu4As2] slab width. The isostructural
SrAg4As2 has also metal-metal bonding in the form of the
2D network [Ag4As2] slab and the Sr states are mostly empty
above the Fermi level [37].

The formation of the CDW, in general, can be attributed
to the Fermi surface nesting that opens a partial gap in the
Fermi surface. Such a gap opening decreases the number of
charge carriers at the Fermi level and thus increases the elec-
trical resistivity. When the current is passed in the basal plane
(ab), the resistivity drops sharply. On the other hand, when
the current is carried along the c-axis, there is a minuscule
hump followed by a decrease. This anomalous behavior in the
electrical resistivity gives evidence for the CDW formation in
a way similar to the 2H phase of TMDCs where the sudden
drop in the electrical resistivity is seen and attributed to the
CDW formation [30]. Rice and Scott [38] showed theoret-
ically that the unusual behavior of the electrical resistivity
occurs due to the partial gap opening in the Fermi surface
owing to the presence of saddle-points at the Fermi energy.
In contrast, Shen et al. [31,32], presented another explanation
of the CDW using the notion of the Fermi patch from careful
angle-resolved photoelectron spectroscopy (ARPES) studies.
The systems with CDW ordering have more states across the
Fermi patches than the ones without CDW order. Across the
transition, the CDW gap opens over the Fermi patches but
not at the Fermi surfaces, thus resulting in a metallic state.
CaCu4As2 has a band structure with saddle-points as well as
substantial dispersionless bands along �-Z direction close to
the Fermi level. Thus, both the aforementioned mechanisms
may play a role in the formation of CDW. ARPES along with
a comprehensive analysis of the crystal structure below 51 K
is necessary to understand its mechanism.

Considering the observed Hall resistivity plateaus, the
CDW causes a periodic carrier modulation, which, in turn,
generates disorder in the system and results in the localized
states. These localized states that appear between the Landau
levels pin the chemical potential over large magnetic fields,
leading to the plateaus in Hall resistance. The presence of
quantized Hall steps in a 3D system might be ascribed to the
system’s large number of 2D conduction channels. From the
analysis of the Hall resistivity data, we find that each conduc-
tion channel contributes about (2e2/h) to the Hall resistivity.
It was reported in Bi2Se3 that each two quintuple layer (QL)
contributes ∼(2e2/h) to the Hall resistivity [13]. Similarly, a
recent study showed that in MnBi2Te4, which adopts weakly
coupled SLs, these SLs contributes to the quantized Hall re-
sistivity [39,40]. For CaCu4As2, [Cu4As2] slabs play a crucial
role in 2D conduction.

In conclusion, the angular-dependent SdH oscillation
studies demonstrate that the Fermi surface is quasi-2D con-
sistent with our first-principles calculations. We observe a
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structural/CDW transition at 51 K and QHE in this bulk
material. Based on the Hall data analysis, we find the quan-
tized step size, revealing an integer QHE in CaCu4As2. The
observation of the CDW and QHE in bulk CaCu4As2 will
open new research avenues in experimental and theoretical
physics.
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