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Quantum oscillations probe the Fermi surface topology of the nodal-line semimetal CaAgAs
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Nodal semimetals are a unique platform to explore topological signatures of the unusual band structure that can
manifest by accumulating a nontrivial phase in quantum oscillations. Here we report a study of the de Haas–van
Alphen oscillations of the candidate topological nodal line semimetal CaAgAs using torque measurements in
magnetic fields up to 45 T. Our results are compared with calculations for a toroidal Fermi surface originating
from the nodal ring. We find evidence of a nontrivial π phase shift only in one of the oscillatory frequencies. We
interpret this as a Berry phase arising from the semiclassical electronic Landau orbit which links with the nodal
ring when the magnetic field lies in the mirror (ab) plane. Furthermore, additional Berry phase accumulates
while rotating the magnetic field for the second orbit in the same orientation which does not link with the nodal
ring. These effects are expected in CaAgAs due to the lack of inversion symmetry. Our study experimentally
demonstrates that CaAgAs is an ideal platform for exploring the physics of nodal line semimetals and our
approach can be extended to other materials in which trivial and nontrivial oscillations are present.

DOI: 10.1103/PhysRevResearch.2.012055

Introduction. The theoretical and experimental study of
topological materials has been one of the most active fields
in condensed matter physics over the last decade. Topological
nodal-line semimetals (TNLSMs) [1–4] are recent additions
to the roster of topologically nontrivial systems. The band
structure of these materials is characterized by the degeneracy
of conduction and valence bands along a one-dimensional
line in the three-dimensional (3D) Brillouin zone. Unlike
the point degeneracies in Weyl semimetals that are robust
to generic perturbations, the stability of nodal lines requires
additional symmetries, such as inversion and time-reversal (as
in Cu3PdN [5,6]), reflection (e.g., PbTaSe2 [7]), or nonsym-
morphic symmetries (as in ZrSiS [8,9]). TNLSMs can host
nearly flat drumhead surface states [10,11], and are predicted
to exhibit an array of unconventional electromagnetic proper-
ties [12] and correlation effects [13]. Although in principle the
stability of TNLSMs with spin-orbit coupling (SOC) against
forming topological insulators/semimetals is a matter of de-
tail that depends on the protecting symmetries, in practice
the nodal-line description remains a good approximation for
small SOC.

Recent first-principles calculations and theoretical anal-
ysis suggest that the noncentrosymmetric pnictides CaAgX
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(X = As, P) are potential TNLSMs [14]. An unusual feature of
these compounds is that at the intrinsic Fermi energy, no other
structures apart from the nodal ring are predicted to be present.
This allows experiments to directly examine properties of the
nodal line without contamination from trivial Fermi pockets,
in contrast to other proposed candidates. Hence, CaAgX has
been dubbed the “hydrogen atom” of TNLSM phenomenol-
ogy [15,16]. Transport studies indicate that the Fermi energy
of CaAgAs is sufficiently close to the nodal line that the
dispersion is within the linear regime, whereas its phosphide
counterpart exhibits significant band curvature [17]. There-
fore, experimental effort so far [angle-resolved photoemission
spectroscopy (ARPES) [15,18,19] and transport [16–18]] has
focused on CaAgAs, which has a toroidal Fermi surface due
to intrinsic hole doping caused by Ag deficiencies [16].

In this Rapid Communication, we report a quantum oscil-
lation study of single crystals of CaAgAs observed via torque
measurements in magnetic fields up to 45 T. By mapping the
orientation dependence of de Haas–van Alphen oscillations,
we provide evidence of a small toroidal Fermi surface with
light cyclotron effective masses. We use a circular torus model
and band structure calculations to discuss the origin of differ-
ent extremal orbits and their expected oscillations. Building
on this, we perform a phase analysis and find evidence of
a nontrivial Berry phase arising from semiclassical electron
orbits which link with the nodal ring. Our results provide ex-
perimental and computational evidence of nontrivial quantum
oscillations spectra in an ideal TNLSM candidate.

Fermi surface topology of CaAgAs. CaAgAs crystallizes in
the hexagonal space group P6̄2m, and the corresponding point
symmetry group is D3h [20], which contains a mirror plane
perpendicular to the c axis but no inversion. Without SOC,
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FIG. 1. Fermi surface topology of CaAgAs. (a) Torus Fermi surface showing the relative orientation (θ ) of the magnetic field axis B̂ with
respect to the crystalline c axis. α and β are the semiclassical extremal orbits for B̂ ‖ ĉ (θ = 0◦), and δ and γ for B̂ ⊥ ĉ (θ = 90◦). Only δ

links with the nodal ring and is expected to have a nontrivial Berry phase. (b) Band structure calculation of the Fermi surface of CaAgAs for
different values of hole doping below the theoretical Fermi energy, plotted in the first Brillouin zone. (c) Band structure calculations for the
quantum oscillation frequencies as a function of θ with EF shifted by ∼0.13 eV due to hole doping. Red asterisks are experimental data points.
(d) Predicted quantum oscillation frequencies as a function of hole doping for θ = 90◦. At perfect stoichiometry E = ESO there is no FS. EQOs

is the Fermi energy based on experimental quantum oscillations. The torus closes at ET , and a new band occurs inside at EN .

the mirror symmetry pins the nodal ring to the kz = 0 plane
and protects it from gapping out since the crossing bands
have opposite mirror eigenvalues. In the presence of SOC,
an energy gap of ∼0.07 eV opens and CaAgAs becomes a
strong 3D topological insulator [14]. However, if the doping
is greater than the SOC gap, many of the features of the
underlying nodal-ring physics, such as the Fermi surface
topology, remain relevant.

Quantum oscillations in TNLSMs have been predicted to
exhibit a peculiar behavior [21–23] and can accumulate a
topological Berry phase. A qualitative understanding of the
quantum oscillations of CaAgAs can be gained by considering
the limit of a circular torus Fermi surface (FS) [Fig. 1(a)],
which is expected to capture the bulk behavior of the nodal
ring at small doping. The fundamental frequency F = h̄

2πe Ak

of quantum oscillations is determined by orbits on the FS
that enclose locally extremal momentum-space area Ak [24].
Complex Fermi surfaces can have multiple extremal orbits,
and the experimental response will be a superposition of these
oscillations.

Band structure calculations show the evolution of the Fermi
surface with hole doping in Fig. 1(b). The nodal ring of
CaAgAs is centered at the Brillouin zone center, �, and
disperses linearly [15,18,19]. The toroidal FS increases in
size with hole doping, and eventually closes at an energy ET .
Further hole doping above 0.5 eV leads to the appearance of
an additional band at EN inside the large Fermi pocket.

We find that both band structure calculations and the torus
model [see Supplemental Material (SM) for details [25]]

predict two distinct oscillation frequencies for all magnetic
field directions, as shown in Fig. 1(c) (see also Figs. S3 and
S5 in the SM [25]). There is a critical angle, θc, that separates
two different angular regimes. Firstly, at low angles (θ < θc)
close to B̂ ‖ ĉ (θ = 0◦), the extremal orbits are α and β shown
in Fig. 1(a). Neither of them link with the nodal ring. With
increasing angle θ , the larger orbit α monotonically decreases
in frequency, while the smaller orbit β increases monotoni-
cally [Fig. 1(c)]. Secondly, for high angles (θc < θ � 90◦),
the handle orbit δ of the torus is topological since it links with
the nodal ring [Fig. 1(a)]. There is also an orbit γ located away
from the center of the torus, which does not link with the nodal
ring. Both δ and γ monotonically increase in frequency as θ is
reduced from 90◦ [Fig. 1(c)]. In the vicinity of θc, we expect
magnetic breakdown [24] because different orbits approach
each other closely in k space. This is expected to manifest
itself in breakdown orbits with a quasirandom spectrum and a
suppression of the oscillation amplitude [26].

Experimental details. Single crystals of CaAgAs were
grown by the flux method [17] and form hexagonal rods
along the c axis. Torque measurements were performed on
a small single crystal of <100 μm at National High Mag-
netic Field Laboratory in Tallahassee up to 45 T and High
Magnetic Field Laboratory in Nijmegen up to 38 T using
a piezocantilever, a single-axis rotator (error less than 3◦),
and a variable-temperature cryostat. This crystal was veri-
fied by x-ray studies to be a single-phase crystal (Fig. S7).
Band structure calculations were performed using WIEN2K

with SOC and generalized gradient approximation on a
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FIG. 2. Quantum oscillation experiments in CaAgAs. (a) Total
torque for a fixed field orientation (θ ∼ 74◦) at different constant
temperatures. (b) Fast Fourier transform frequency spectrum of
(a) after subtraction of a polynomial background. Inset shows the
temperature dependence of different FFT amplitudes fitted to the
damping factor RT to extract the effective masses. (c) Torque data
for different orientations in magnetic field at 0.5 K. (d) Overall
amplitude of torque in 35 T fitted by a sin 2θ dependence indicates
the symmetry axes where torque vanishes. (e) Oscillatory torque,
τosc(B), obtained by subtracting a background from (c). (f) Waterfall
plot showing the evolution of the frequency spectrum as a function
of θ . The angle is indicated by the vertical axis and the color
bar in (e).

mesh containing 30×30×44 k points. Lattice parameters are
a = b = 7.2040(6) Å and c = 4.2700(4) Å.

Quantum oscillation experiments in CaAgAs. Figure 2
shows evidence of quantum oscillations in CaAgAs from
torque measurements as a function of magnetic field for
different orientations. In order to isolate the oscillatory sig-
nal, a quadratic polynomial is subtracted from the raw data,
since the total torque is given by τ = M×B. The amplitude
of quantum oscillations can be described by the standard
Lifshitz-Kosevich (LK) formula [24], as detailed in the SM
[25]. The oscillatory part of torque is given by the sum
of the contributions from all extremal orbits on the Fermi
surface for a particular orientation in magnetic field: τosc(B) ∼∑

i AiB3/2RT RDRS sin (2πFi/B + φi ), where RT accounts for

finite temperature effects, RD for impurity scattering, and RS

for spin-splitting effects.
Figure 2(a) shows torque measurements up to 45 T mea-

sured for different constant temperatures up to 60 K. The fast
Fourier transform (FFT) spectra indicate several frequencies
with a dominant frequency close to 260 T, a small shoulder
around 210 T, and a low-frequency peak close to 50 T, as
shown in Fig. 2(b). By fitting the RT damping term to the tem-
perature dependence of the quantum oscillation amplitude, we
extract very light masses of 0.12(1)me for the 50 and 260 T
frequencies and 0.092(5)me for the 210 T frequency, as shown
in the inset of Fig. 2(b). Similarly, fitting the RD term leads to
a Dingle temperature of 65 K, a scattering time of 0.019 ps,
and a mean free path of 420 Å [see Fig. S2(c)]. The proximity
of the two largest frequencies may indicate that they arise
from Zeeman splitting of a single orbit. This scenario leads
to a g factor of g � 7 for θ = 74◦ (see SM [25] for additional
discussion on spin-splitting effects [27]).

In order to understand the origin of the observed fre-
quencies, we performed a series of measurements at various
orientations θ , as shown in Fig. 2(c) [see also Fig. S7(a)]. The
angle-dependent Fourier spectra are summarized in Fig. 2(f).
When the magnetic field is nearly perpendicular to the c axis,
there are two distinct oscillations at 50 and 260 T, which we
identify as δ and γ , respectively. The position of θ = 90◦
(B̂ ⊥ ĉ) was deduced based on the suppression of the torque
at this high-symmetry orientation, as shown in Fig. 2(d).
As B̂ rotates from the a-b plane to the c axis, the δ and
γ oscillations increase in frequency as expected from band
structure calculations in Fig. 1(c). The oscillations persist
down to θ = 50◦, suggesting that the critical angle θc is below
this value. At low angles close to B ‖ c, we also observe an
FFT peak around 260 T which is consistent with the β orbit.

Comparing the experimental frequencies with those pre-
dicted by band structure calculations shown in Fig. 1(d)
(additional simulations in Figs. S3, S4, and S5 in the SM [25]),
we estimate that our system is hole doped with an energy shift
of �E � 0.1316 eV. This doping level generates frequencies
of 67.5 T for δ and 245 T for γ , in good agreement with
the experimental data in Fig. 2. This energy shift predicts a
critical angle θc � 21◦ and frequencies of ∼1200 T for α and
∼300 T for β, as shown in Fig. S3. Based on these parameters,
we estimate the carrier density to be 5.2×1019 cm−3, close to
the experimental value 7.5×1019 cm−3 obtained via transport
measurements [17]. ARPES measurements on CaAgAs have
reported a wide range of hole-doping levels with energy shifts
from 0.05 eV [19] to 0.5 eV [15,18].

Phase analysis of quantum oscillations. The Berry phase,
φB, is a signature of nontrivial band topology, and in TNLSMs
with combined inversion and time-reversal symmetry T̂ Î, the
Berry phase along any closed contour in momentum space is
either 0 or π . Only contours that link nontrivially with the
nodal ring pick up a π Berry phase—this is precisely the Z2

invariant describing TNSLMs protected by T̂ Î . On the other
hand, CaAgAs is a noncentrosymmetric compound whose
nodal ring (in the absence of SOC) is protected instead by
mirror symmetry, giving rise to a Z mirror invariant. However,
the Berry phases remain quantized but only for those orbits
defined at high-symmetry directions, as shown in Table I and
derived in the SM [25].
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TABLE I. The various phases for the four types of extremal
orbits of CaAgAs. The phase values listed in the last two columns
are strictly valid only for the magnetic field orientation shown in
brackets.

Orbit sgn
(

dF
dθ

)
φ3D φB φi

α (θ = 0◦) − π/4 0 5π/4
β (θ = 0◦) + −π/4 0 3π/4
γ (θ = 90◦) − π/4 0 5π/4
δ (θ = 90◦) − −π/4 π −π/4

The phase factor of quantum oscillations for each or-
bit φi = −π + φB + φ3D depends on φB. For hole carriers,
φ3D = ±π/4 depends on whether the extremal orbit has
locally minimum or maximum area, respectively [24]. The
phase shifts, in the absence SOC, can be predicted for each

FIG. 3. Phase analysis of quantum oscillations. (a) Berry phases
extracted using a two-component LK formula. The stars represent
theoretical predictions in the absence of SOC. (b) Landau fan di-
agram for γ [see Fig. S6(c)]. (c) One-component LK fit to γ for
a field sweep at θ = 81◦. Lower panel shows residuals. (d) Two-
component LK fit including both γ and δ. (e) Same as (d) except with
the individual contributions from γ and δ shown separately (dotted
lines). Note that δ has φB � π (topo.). (f) Same as (e) except that φB

has been set to 0 (trivial). The best fit is achieved in (e) indicating the
topological nature of CaAgAs.

frequency branch [21], and are summarized in Table I. To
address the topological character of δ, we directly fit the os-
cillatory torque signal in the high-angle regime [over the field
range 18–35 T as shown in Fig. 2(e) to minimize the spin-
splitting effect] with a simplified two-component LK for-
mula. This approach is preferred over a Landau fan analysis
[Fig. 3(b)] because of the multiple frequencies involved (see
SM [25] for details of the fitting procedure). Using nonlinear
least squares, we used the torque fitting formula τosc(B) to
directly extract the phases of the two orbits close to θ = 90◦,
as shown in Fig. 3(a). Torque is a signed quantity, but in
our measurements we are only certain of the magnitude of
the signal. Assuming that the sign of torque is negative (i.e.,
CaAgAs is diamagnetic), we find from direct fitting that the
oscillatory torque data close to θ = 90◦ is best described when
the Berry phase of γ is φB = 0 and that of δ is φB = π ,
as shown in Figs. 3(c)–3(f). This finding provides strong
evidence for nontrivial band topology in CaAgAs. Further-
more, as the angle is reduced from θ = 90◦, γ accumulates
additional Berry phase [Fig. 3(a)]. This is consistent with the
lack of inversion symmetry of CaAgAs, which allows Berry
phases to vary away from high-symmetry directions.

Conclusions. In this work, we have used torque magnetom-
etry to investigate the geometry and topology of the Fermi
surface of the proposed TNLSM CaAgAs. We analyze the
experimentally observed quantum oscillations using theoret-
ical input from both ab initio simulations and semiclassical
analysis of a simplified model. This allows us to link the
observed oscillation frequencies to the coexistence of multiple
cyclotron orbits with both nontopological and topological
Berry phases. This provides strong evidence that the Fermi
surface of hole-doped CaAgAs originates from an underly-
ing topological line node at perfect stoichiometry (possibly
weakly gapped by small SOC). We find no sign of any other
bands near the Fermi energy, making CaAgAs an ideal setting
to study TNLSMs and proximate insulating and semimetallic
phases. Similar studies of samples with different doping levels
may be able to reveal finer details of the nontrivial Fermi
surface, and probe other fascinating phenomena enabled by
the interplay of symmetry and band topology in CaAgAs and
related materials.

Note added in proofs. Another torque study of CaAgAs up
to 18 T Ref. [28] suggests that spin-splitting effects would also
affect the phase of quantum oscillations. This study identifies
a similar Fermi surface of CaAgAs to that reported here.

In accordance with the EPSRC policy framework on re-
search data, access to the data will be made available [29].
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