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Topological semimetals are characterized by protected crossings between conduction and valence
bands. These materials have recently attracted significant interest because of the deep connections
to high-energy physics, the novel topological surface states, and the unusual transport phenomena.
While Dirac and Weyl semimetals have been extensively studied, the nodal-line semimetal remains
largely unexplored due to the lack of an ideal material platform. In this paper, we report the mag-
netotransport properties of the two nodal-line semimetal candidates CaAgAs and CaCdGe. First,
the transport properties of our single crystalline CaAgAs agree with those of CaAgAs polycrystals.
They can be explained by the single-band model, consistent with the theoretical proposal that only
non-trivial Fermi pockets linked by the topological nodal-line are present at the Fermi level. Second,
our CaCdGe sample provides an ideal platform to perform comparative studies because the theoret-
ical calculation shows that it features the same topological nodal line but has a more complicated
Fermiology with irrelevant Fermi pockets. As a result, the magnetoresistance of our CaCdGe sam-
ple is more than 100 times larger than that of CaAgAs. Through our systematic magnetotransport
and first-principles band structure calculations, we show that our CaTX compounds can be used to
study, isolate, and control the novel topological nodal-line physics in real materials.

I. INTRODUCTION

Understanding the nontrivial topological properties in
electronic band structures has become one of the central
themes in condensed matter physics and materials sci-
ence. Following the discovery of the 2D quantum Hall
effect, the quantum spin Hall effect and 3D topological
insulators1–4, interest has recently shifted toward realiz-
ing topological physics in gapless systems, i.e., topologi-
cal semimetals. Topological semimetals are characterized
by robust bulk band crossing points and the associated
topological boundary states. They can be classified by
the dimension of the band crossing in momentum space.
Two prominent examples of topological semimetals with
0D band crossing points are the Dirac and Weyl semimet-
als. Their realizations in Na3Bi

5,6, Cd3As2
7,8, TaAs9,10

and related materials have attracted enormous interest
worldwide.

The other type of topological semimetal is the nodal-
line semimetal whose conduction and valence bands cross
to form a 1D closed loop in momentum space. The nodal-
line semimetal differs from the Weyl semimetal in three
aspects : (1) the bulk Fermi surface is 1D in nodal-
line and 0D in Dirac/Weyl semimetals ; (2) the den-
sity of states near the nodal touchings is proportional to
|E−EF|

2 in nodal-line and |E−EF| in Weyl semimetals
; (3) on the surface, the nodal-lines are “stitched” to-
gether by a “drumhead” surface state, while Weyl nodes
are connected by Fermi arc surface states. These unique
properties of nodal-line semimetals make new physics ac-
cessible. For example, the weak dispersion of the drum-
head surface states leads to a large density of states near

the Fermi level. Therefore, possible interaction-induced
instabilities on the surface of nodal-line semimetals have
been widely discussed in theory11–13.

Despite intense theoretical interest14–21, there haven’t
been many experimental studies on nodal-line semimet-
als. A major reason is the lack of ideal nodal-line
semimetal materials, where only the nodal lines are
present at the Fermi level with minimal irrelevant Fermi
pockets. Such a “hydrogen atom” nodal-line semimetal
is crucial for isolating the spectroscopic and transport
signals of the nontrivial nodal lines from those of trivial
states. For example, even before the discovery of TaAs,
Fe, an elemental ferromagnetic metal, was known to have
hundreds of Weyl nodes in its band structure22 . How-
ever, Fe is not an ideal platform to study Weyl physics
because its complicated Fermi surface is dominated by
irrelevant (non-Weyl) trivial pockets. In fact, because
Weyl nodes are symmetry allowed when time-reversal
or inversion symmetry are broken, they are likely to ex-
ist in the band structure of most ferromagnetic or non-
centrosymmetric compounds. In this sense, the key is to
identify a material where the topological band crossings
(Dirac nodes, Weyl nodes, or nodal lines) are the domi-
nant features at the Fermi level. Since such a platform is
accessible in Dirac and Weyl semimetals (Cd3As2, Na3Bi
and TaAs), these topological materials have been stud-
ied extensively and novel physics has been discovered. By
contrast, in nodal line semimetals, experimental work has
been focused on PbTaSe2 and ZrSiX (X=S, Se, Te)23,24.
However, it is well-understood that both compounds have
a quite complex band structure where multiple irrelevant
pockets coexist with the nodal lines at the Fermi level.
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FIG. 1. (a) Crystal structure of CaAgAs and CaCdGe. TX4 octahedra are shown in blue. Ca atoms are shown in green.
(b)-(c): Mirror symmetry protected nodal-lines in CaAgAs and CaCdGe: (b) Schematic of a band structure diagram for the
nodal-line feature in CaAgAs and CaCdGe. The conduction and valence bands are made up of the Ag(Cd) 4d and As(Ge)
4p orbitals respectively. The band crossings near the Γ point are protected because these two bands have opposite mirror
eigenvalues. (c,d) First-principles calculated band structures of CaAgAs near the Γ point without SOC (c) and with SOC (e)
Wilson loop calculation of the SOC band structure on the kz = 0 and kz = π/2 planes.

The noncentrosymmetric CaAgX (X=As, P) com-
pound crystalizing in the P-62m space group25 was re-
cently proposed to be a “hydrogen atom” nodal-line
semimetal where two non-trivial bulk bands touch along
a line and no trivial bands exist at the FL26. The crystal
structure is shown in Fig. 1(a). It consists of a 3D-
network of edge and corner sharing AgAs4 tetrahedra.
A recent study on polycrystalline CaAgX (X=As, P) re-
vealed that it is a low carrier density metal and that
CaAgAs is a more promising candidate than CaAgP for
the purpose of studying the nodal lines27. Compared
to polycrystals, single crystals are superior for transport
studies and surface sensitive measurements. Until now
however, no studies of single crystalline CaAgAs have
been reported. In this paper, we report the magneto-
transport properties of CaAgAs and its sister compound
CaCdGe. CaCdGe also crystalizes in the P-62m space
group28, featuring the same topological nodal line but
with a much more complicated Fermiology, providing an
ideal platform to perform comparative studies. We show
that such a comparative study sheds light on a novel
transport phenomenon prominently observed in many
topological semimetals, the giant magnetoresistance.

II. EXPERIMENTAL METHODS

CaAgAs crystals were grown with AgAs flux while
CaCdGe crystals were grown using Cd flux. Ca gran-
ules and AgAs powder were mixed at a molar ratio of
Ca:AgAs=1:4; Ca, Ge and Cd granules were mixed at a
ratio of Ca:Ge:Cd=1:1:47. The materials were loaded
into alumina crucibles and then sealed inside quartz
tubes under 1/3 ATM of Ar. For CaAgAs, the ampoule
was heated to 1100◦C, kept at that temperature for 3
hours, and cooled to 750◦C at a rate of 3◦C/hour. For
CaCdGe, the ampoule was heated to 800◦C or 1000◦C
for 3 hours and cooled to 400◦C at a rate of 3◦C/hour.
For CaCdGe, to compensate for the vaporized Cd in the
growths which went up to 1000◦C, 25% extra Cd was
added. These growths yielded much larger single crys-
tals while the growths going up to 800◦C yielded smaller
needle-like single crystals with higher residual resistiv-
ity ratio (RRR). In both cases, the single crystals were
separated from the flux by centrifuging.

X-ray diffraction measurements were performed using
a PANalytical Empyrean (Cu Kα radiation) diffractome-
ter. Magnetotransport measurements were performed us-
ing a Quantum Design Physical Property Measurement
System (QD PPMS Dynacool). The excitation current
I was set to 1-2 mA and along the c axis, and magnetic
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FIG. 2. (a) The powder x-ray diffraction patterns of CaCdGe
and CaAgAs. The ticks below each pattern indicate the Bragg
peak positions determined by the respective crystal structure.
The impurity peak marked with an asterisk in the CaCdGe
pattern is from Cd while the one in CaAgAs is from CaAs.
Inset: CaCdGe single crystal on a mm scale. The crystalline
directions are shown. (b) Temperature dependence of the
electrical resistivity ρxx for CaCdGe and CaAgAs at B = 0
T with I//c. (c) MR of CaCdGe and CaAgAs single crystals
at T= 2 K with I//c and B ⊥ ac.

fields up to 9 T were applied. We used the standard
four- and six- probe techniques to measure the electri-
cal resistivity ρxx and Hall resistivity ρyx with ρxx(B) =
ρxx(B)+ρxx(−B)

2 and ρyx =
ρyx(B)−ρyx(−B)

2 respectively.
The electronic structure of CaCdGe was studied using
first principles calculations based on density functional
theory and the full-potential linear augmented plane
wave method as implemented in the Wien2k package29,30.
Spin orbit coupling (SOC) was taken into account in
the calculation. The local density approximation (LDA)
and the Tran-Blaha modified Becke-Johnson (MBJ)31 ex-
change potential were used in our calculations.

III. EXPERIMENTAL RESULTS AND

DISCUSSION

The valence analysis (Ca2+, Ag1+, As3− for CaA-
gAs and Ca2+, Cd2+, Ge4− for CaCdGe) suggests a
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FIG. 3. CaAgAs single crystal with I//c and B ⊥ ac: (a)
Hall resistivity ρyx. (b) Field dependent transverse MR. (c)
Temperature dependent carrier density and mobility.

semimetal/semiconductor ground state for both com-
pounds, which is confirmed by our band structure cal-
culations. As shown in Fig. 1(c), the conduction and
valence bands cross in the absence of SOC. The energy
dispersion around EF is nearly linear. The band crossing
forms a 1D loop (a nodal-line) that encloses the Γ point.

We now move on to explain the existence of the nodal
line near the Fermi level (Fig. 1(b)). Our calculation
shows that near the Γ point, the lowest conduction and
valence bands are made up of the Ag(Cd) 4d and As(Ge)
4p orbitals, respectively. At the Γ point, a band inver-
sion takes place as the top of the valence (As 4p) band
moves above the bottom of the conduction (Ag 4d) band.
Furthermore, because the z = 0 plane of the crystal is
a mirror plane, the electron states on the kz = 0 plane
must be eigenstates of the mirror operation Mz, which
takes z to −z. Interestingly, the Ag 4d conduction band
and the As 4p valence band have opposite mirror eigen-
values. This fact prevents them from hybridizing, lead-
ing to a nodal-line on the kz = 0 plane enclosing the Γ
point. Upon the inclusion of SOC, a gap of less than
20 meV opens (Fig. 1(d)), which is much smaller than
the band width ( 1 eV). This gap is topologically non-
trivial. This can be clearly seen in the Wilson loop cal-
culation of the SOC band structure on the Kz = 0 and
Kz = Π/2 planes shown in Fig. 1(e). Therefore, both
CaAgAs and CaCdGe compounds can be regarded as
nodal-line semimetals if the Fermi level is located away
from the gap. We noticed that the same issue (SOC open-
ing a gap) applies to almost all other ”Dirac” line-node
semimetals including graphene networks, Ca3P2, LaN,
Cu3(Pd,Zn)N, and ZrSiX.

Figure 2(a) shows the powder x-ray diffraction pat-
terns of CaCdGe and CaAgAs. The impurity peak
marked with ∗ in the CaCdGe pattern is from Cd while
the one in CaAgAs is from CaAs. Based on the Rietveld
refinement of the powder x-ray diffraction data, the lat-
tice parameters are a = b = 7.3056(1)Å, c = 4.4785(1)Å
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for CaCdGe, and a = b = 7.2041(1)Å, c = 4.2699(1)Å
for CaAgAs. As a representative, the inset of Fig. 2(a)
shows the sample orientation of a CaCdGe single crys-
tal with the as-grown rectangular surface as the ac plane
and the hexagonal as-grown cross section as the ab plane.
CaCdGe and CaAgAs both demonstrate metallic behav-
ior, as can be seen in Fig. 2(b). The RRR is 3 with a
residual resistivity ρ0 of 25 µΩ cm for CaAgAs and 12
with a ρ0 of 9 µΩ cm for CaCdGe. Figure 2(c) shows the
transverse magnetoresistance (MR) of four CaCdGe sam-
ples, and one representative CaAgAs sample. CaCdGe
exhibits large, quadratic-like MR without a sign of sat-
uration up to 9 T. S1 in particular, has an MR around
3200% at 2 K under 9 T. This behavior is reminiscent
of the extremely large MR recently observed in materials
such as the Weyl semimetals TaAs and NbP, the type II-
Weyl semimetal WTe2, the Dirac semimetal Cd3As2 and
the weak topological insulator NbAs2

32–39. In sharp con-
trast to the giant quadratic MR of CaCdGe, the MR of
CaAgAs only goes up to about 18% and most notably has
a non-quadratic character, which agrees with the recent
work on polycrystalline CaAgAs27.

Figure 3(a) shows the Hall resistivity ρyx for CaAgAs,
which appears to be positive. It is linear with applied
field up to 9 T and shows almost no temperature de-
pendence, indicating that hole carriers overwhelmingly
dominate the electrical transport. This is indeed consis-
tent with the theoretical prediction that only one Fermi
pocket exists at the FL26. Figure 3(b) shows the MR
of CaAgAs for some representative temperatures. While
quadratic at small magnetic fields, it develops a linear
behavior at high fields. Linear MR has also been ob-
served in the topological semimetals Na3Bi

40, WTe2
39

and Cd3As2
34,38,41 that have linear energy-momentum

dispersions, as well as materials with parabolic disper-
sions such as Ag2−δSe

43 or the GaAs quantum well44,
and recently in the candidate topological superconductor
Au2Pb

42 . Despite being a subject of study for decades,
its origin is still under debate44,45. Using n = B/eρyx
and µ = RHσxx, the temperature dependent carrier den-
sity n and mobility µ were estimated and are shown in
Fig. 3(c). n is temperature independent and is of the
order of 1.7× 1026 m−3 while µ shows a strong temper-
ature dependence ranging from 0.3 m2V−1s−1 at 2 K, to
0.025 m2V−1s−1 at 300 K.

As presented in Fig. 2(c), CaAgAs and CaCdGe show
quite different behavior under magnetic field. In order
to understand the origin of the large non-saturating MR
observed in CaCdGe, we performed temperature depen-
dent magnetotransport measurements. As a representa-
tive, the data measured on S3 with I // c and B ⊥ ac are
shown in Fig. 4. The transverse magnetoresistivity has a
quadratic dependence on magnetic field (Fig. 4(a)). The
pattern of the Hall resistivity ρyx evolves with tempera-
ture and deviates from linear behavior at temperatures
below 100 K (Fig. 4(b)). This suggests that transport
in this compound is governed by both electron and hole
carriers. To get a quantitative estimation of the carrier
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FIG. 4. CaCdGe single crystal s3 with I//c and B ⊥ ac: (a)
Transverse magneto-resistivity ρxx. (b) Hall resistivity ρyx.
The symbols correspond to experimental data, while the lines
are the curves obtained from the two band model fitting. (c)
Temperature dependent carrier densities. (d) Temperature
dependent mobilities.

densities and mobilities in CaCdGe, we used the semi-
classical two band model to analyze the data36,46. The
field dependencies of ρxx and ρyx are given by

ρxx = Ex/Jx =
neµe + nhµh + (neµh + nhµe)µeµhB

2

e(neµe + nhµh)2 + e(nh − ne)2µ2
eµ

2
hB

2

(1)
and

ρyx = Ey/Jx =
B(nhµ

2
h − neµ

2
e) + (nh − ne)µ

2
eµ

2
hB

3

e(neµe + nhµh)2 + e(nh − ne)2µ2
eµ

2
hB

2

(2)
where ne, nh, µe and µh are the fitting parameters, rep-
resenting the carrier densities and mobilities of electrons
and holes respectively. Simultaneously fitting our data
with Eq. (1) and (2) allows us to determine the tem-
perature dependencies of ne, nh, µe and µh. The fitting
curves are presented as lines in Fig. 4 (a) and (b) and
agree well with the experimental data. Figures 4 (c) and
(d) show the temperature dependent ne, nh, µe and µh

inferred from the fits. Both values of ne and np are very
similar to each other, being around n ∼ 5× 1025/m3 and
showing almost no temperature dependence. This sug-
gests that the large non-saturating MR comes from the
electron-hole compensation effect. Both µe and µh (Fig.
4(d)) increase with decreasing temperatures, being con-
sistent with the weaker scattering at lower temperatures.
At 2 K, µe is 0.7 m2/V/S while µh is 0.3 m2/V/S.
In CaCdGe, Shubnikov-de Haas (SdH) oscillations

were observed above 6 T in ρxx, as shown in Fig. 2(c).
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(d) 1/B dependence of the quantity ln(δρxx/4ρ0RT ), where

RT = αTm∗/B
sinh(αTm∗/B)

, used to extract the Dingle temperature.

These oscillations are a result of the singularity in the
density of states at the FL that occurs every time a Lan-
dau level crosses the FL. We analyzed the SdH data by
first subtracting a polynomial background and then plot-
ting δρxx = ρxx − ρbkg as a function of 1/B. Figure 5(a)
shows δρxx for S1 as a function of 1/B at a few rep-
resentative temperatures with I // c and B⊥ ac. The
oscillations are periodic in 1/B. Their frequency F is re-
lated to the extremal cross sectional area S of the Fermi
surface perpendicular to the magnetic field through the
Onsager relation F = ~S/2πe46. The Fast Fourier Trans-
form (FFT) spectrum of the oscillations reveals only one
frequency around 204 T, which is labelled as FSdH

a and
shown in Fig. 5 (b). The amplitude of the oscillations,
taking finite temperature and impurity scattering effects
into account, is described by the Lifshitz-Kosevich for-
mula

δρxx
4ρ0

= exp(−αTDm∗/Bme)
αTm∗/Bme

sinh(αTm∗/Bme)
(3)

where TD = ~/(2πkBτq) is the Dingle temperature, re-
lated to the quantum lifetime τq = ~/2πkBTD, α =
2π2kBme/~ = 14.69 T/K, m∗ is the effective mass and
me the electron mass46.

Using this formalism, we extracted an effective mass
m∗ of 0.23me (Fig. 5(c)). It is worth noting that
for CaCdGe at 2 K and 9 T, ~ωc = ~eB/m∗ = 4.52
meV, which is much larger than kBT = 0.17 meV.
Therefore the condition ~ωc ≫ kBT is satisfied and QO
was observed. However for CaAgAs, within the single-
band model, ωτ = |ρyx|/ρxx=1.2, which put it at the
intermediate-field region and thus QO was not observed
at our experiment condition47. Based on the Onsager re-
lation, we estimated the Fermi wavevector kF =

√

2eF/~

to be 0.079Å−1 and the Fermi velocity vF = ~kF /m
∗ as

4.0 × 105 m/s. Assuming the oscillations arise from an
isotropic Fermi pocket, the carrier density n = k3F /(3π

2)
was estimated as 1.7×1025 m−3. This value is 2- 3 times
smaller than the ones inferred from Hall and MR data
(Fig. 4(c)), suggesting that the associated Fermi sur-
face is not of spherical shape. Our fit also resulted in a
TD(2K) = 8.9 K (Fig. 5(d)) and thus a quantum lifetime
τq(2K) = 1.4 × 10−13 s. Since τq arises from all scat-
tering channels which broaden the Landau levels, while
the transport lifetime τtr = m∗µ/e mainly arises from
backscattering, to investigate if there is a strong sup-
pression of backscattering as is the case for Cd3As2

34,
we compared τq and τtr. Our estimation of τtr is quite
rough due to the existence of two types of charge carri-
ers and multiple Fermi pockets. Using the m∗ and the
average of µe and µh, the estimated τtr is around 6.5
×10−13 s and the ratio of τtr/τq is around 4.6. This ratio
is significantly smaller than 104 in Cd3As2

34.

To map out the electronic structure of CaCdGe exper-
imentally, we studied the angle-dependent SdH oscilla-
tions. Figures 6 (a) and (b) present the angular depen-
dence of FSdH

a , with the measurement geometries shown
in the insets. FSdH

a shows a 6-fold rotational symmetry
with the ratio between the maxima and minima being
1.028 (Fig. 6 (b)). This is consistent with its hexagonal
crystal structure and indicates small in-plane anisotropy
of the associated Fermi pocket.

Figures 6(c) and (d) present the calculated band struc-
tures of CaCdGe using the LDA/GGA and MBJ poten-
tials respectively. Regardless of the choice of potential,
an extra trivial band (red), besides the nontrivial band
carrying the nodal-line feature as proposed in CaAgAs
(black), also crosses the FL in CaCdGe . Therefore, both
calculations support the electron-hole compensation ef-
fect suggested in Fig. 4(c) and (d). However, although
Fig. 6(c) and (d) are quite similar in general, they dif-
fer in the details, which results in significant differences
in the size and topology of the Fermi pockets. We were
unable to relate FSdH

a with any Fermi pockets arising
from the LDA/GGA band structure shown in Fig. 6(c)
since all pockets are very large. On the other hand, the
size of FSdH

a matches well with the ovoid-like β Fermi
pocket in Fig. 6(e), which originates from the trivial
red band when the MBJ potential is used. The com-
parison between the FSdH

a (yellow lines) and the oscilla-
tion frequency associated with the β pocket, FSdH

β (black

lines) is shown in Fig. 6(a) and (b). We notice that al-



6

0 30 60 900

100

200

300 0 60 120 180

0

100

200

300

(d)               CaCdGe      MBJ

M

L H

K

B  ac

B  ac

(a)

(c)             CaCdGe   LDA/GGA

CaCdGe

(e)                                  CaCdGe

CaCdGe

B c

Fa
S

dH, F
M

B
J (T)

Fa
S

dH
, F

M
B

J  (T
)

 (degrees)

  

 

 (degrees)

A

 

(b)

 

 

FIG. 6. (a, b) Angular dependence of the experimental FSdH
a (yellow lines; see text) and the calculated FSdH

β (black lines; see
text) with the measurement geometries in the insets. (c, d) The electronic band structure of CaCdGe with SOC: (c) Using the
LDA/GGA potential. (d) Using the MBJ potential. (e) The Fermi pockets associated with (d).

though the magnitudes of both frequencies match quite
well, FSdH

β shows stronger anisotropy in the ac plane but
weaker anisotropy in the ab plane. Nevertheless, our ob-
servation suggests that the MBJ potential gives a better
description of the band structure of CaCdGe. This may
also be true for CaAgAs. However, the band structure of
CaAgAs is much less sensitive to the choice of potentials.
The one calculated using the MBJ potential is qualita-
tively the same as the one obtained using the LDA/GGA
potential48. Unfortunately, up to 9 T, we did not observe
frequencies associated with the donut-like α Fermi pocket
which originates from the band featuring the nodal-line.
Higher magnetic field may be needed to fully unravel the
Fermiology of CaCdGe and CaAgAs.

IV. CONCLUSION

In conclusion, we have grown and characterized the
single crystalline Dirac nodal-line semimetal candidates
CaAgAs and CaCdGe. Magnetoresistance, Hall mea-
surements and first-principles calculations indicate that
CaAgAs is a single band material with one donut-like
hole Fermi pocket, consistent with the proposal of being
the first ”hydrogen atom” nodal-line semimetal. First-
principles calculations with the MBJ potential show that
CaCdGe has one donut-like hole Fermi pocket originat-
ing from the band with the nodal-line feature and one

trivial ovoid-like electron Fermi pocket. As a result, their
magnetotransport properties behave quite differently. At
2 K and 9 T, linear transverse magnetoresistance (MR)
up to 18% is observed in CaAgAs while extremely large
non-saturating quadratic MR up to 3200% appears in
CaCdGe, suggesting that the electron-hole compensa-
tion effect is responsible for the extremely large MR ob-
served in CaCdGe. Angle-dependent SdH oscillations
in CaCdGe resolve a Fermi pocket with oscillation fre-
quency of 204 T and effective mass of 0.23 me, which
agrees well with the ovoid-like electron Fermi pocket re-
vealed by the first-principles calculations with the MBJ
potential.
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