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The newly designed AMnBi; (A = alkaline as well as rare earth atom) materials based on
quasi-two-dimensional bismuth layers provide a suitable playground to address the physics of Dirac
fermions, in connection with magnetism and structural changes. Here, we perform an optical inves-
tigation as a function of temperature of Ca;_,Na,MnBiz2, which reveals a vestigial linear frequency
dependent behaviour of the optical conductivity in the mid-infrared, ascribed to electronic interband
transitions involving Dirac bands. Furthermore, we uncover optical signatures for a partial gapping
of the Fermi surface, for energy scales up to 0.2 eV, at the onset of the spin reorientation transi-
tion which also manifests as an anomaly in the dc transport data. This may reveal the inclination
towards a Fermi surface instability in topological materials, possibly related to a density-wave order.

PACS numbers: 71.20.Gj,78.20.-e

Novel quantum phenomena emerge from the peculiar
electronic properties of topological materials and attract
much attention both theoretically and experimentally®.
Their electronic structure is broadly characterised by
the presence of Dirac states with the hallmark of a
linear dispersion at the Dirac nodes, unlike the com-
monly observed quadratic one in conventional metals.
Other important types of (mostly elusive) elementary
quasiparticles in topological materials are Majorana and
Weyl fermions, which are highly sought after in several
novel superconductors, graphene, pyrochlore iridates,
quasicrystals and transition metal monopnictides 7.

The quasi-two-dimensional bismuth layer-like AMnBi,
(A = alkaline as well as rare earth atom) lately advanced
as an arena for the investigation of low-energy quasipar-
ticle excitations in topological materials!. The A = Sr
or Ca compositions have attracted special attention be-
cause anisotropic Dirac cones may be realised®®. This
latter property can be exploited for making new elec-
tronic devices with electrons propagating differently from
one direction to the other. AMnBis (A = Sr or Ca)
also shares several similarities with the crystal structure
of iron-based superconductors and are considered to be
bad-metals with a long-range antiferromagnetic order at
temperatures Ty ranging between 270 and 290 K. More-
over, the dc resistivity (p(T)) in CaMnBiy displays an
additional anomaly at T ~ 50 K, the origin of which is
highly debated but seems to coincide with the onset of
a spin reorientation, as a consequence of spin canting or
weak ferromagnetic order®%°. In a broad context, low-
dimensional magnetism and its putative relationship to
the electronic properties are a central topic in condensed
matter and call for a thorough approach from different
experimental perspectives and materials.

In addition to angle-resolved photoemission spec-
troscopy (ARPES), optical investigations of the complete
excitation spectrum prove to be a powerful experimental

tool to address the consequences and peculiarities of the
electronic dispersion in topological materials, as amply
shown in Refs. 10-18. A generic and widely established
feature in their optical response is the linear energy de-
pendence at selected spectral ranges of the real part of the
optical conductivity, which underlines the linear disper-
sion of the Dirac cones'®2° or is a fingerprint of dispersive

Dirac nodal lines?!.

Complementary to our previous work pointing out
YbMnBi, as a Weyl semimetal and EuMnBis as its more
conventional semimetal counterpart', we provide here a
thorough optical investigation of Ca;_,Na,MnBis (x =
0, 0.03 and 0.05). We reveal the electronic interband
transitions involving states associated with the Dirac
cones. Another aim of this work is to address the impact
on the electronic properties of the transition in p(7') at
Ts. At T < T, we discover a depletion of spectral weight
in the optical conductivity at mid-infrared (MIR) ener-
gies, which seems to affect the electronic structure at the
Dirac cones and also correlates with the extent of the
anomaly in the dc transport properties. This may ad-
vance the proneness of topological materials towards a
gapping of their Fermi surface (FS), as consequence of a
density-wave order.

Our Na-doped CaMnBis high quality single and well-
characterised crystals were grown from high-temperature
bismuth flux after the procedure described in Ref. 4.
Prior data collections in high-vacuum cryostats, we
freshly cleaved our specimens, thus achieving shiny sur-
faces of approximate size 2x2 mm?. Electrical contacts
for the p(T) measurements were made using the silver
paste to attach the Pt wires in a standard four-probe
configuration?. We measure the T dependence of the
optical reflectivity R(w) at nearly normal incidence?®?
with a Fourier-transform interferometer (Bruker Vertex
80v), working in the spectral range from the far-infrared

(FIR) up to the near-infrared (NIR), i.e. between 30 and
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FIG. 1: (color online) Optical reflectivity R(w) of selected
Cai1—;Naz;MnBiz compositions at 300 K, T and 10 K, em-
phasising its 7" dependence in the MIR range and highlight-
ing the R(w) plasma edge (vertical arrows at the plasma edge
onset). The R(w) curves for each doping are shifted vertically
for clarity, and their axis covers the same interval everywhere.
The inset shows p(7') normalised at 300 K for the measured
compositions. The thin dotted lines mark 7T (see text).

12000 cm~'. This set of data is complemented at room
temperature with those obtained by the PerkinElmer
Lambda 950 from NIR up to the ultra-violet (UV) range,
i.e. 4000-48000 cm~'. This is the prerequisite for re-
liable Kramers-Kronig transformation, giving access to
the optical conductivity. To this end, standard and
well-established extrapolation procedures of R(w) are ap-
plied at low as well as high frequencies. In the dc limit
(i.e., w —0) we use the Hagen-Rubens (HR) extrapola-

tion of R(w) (R(w) =1 —2,/2=) with dc conductivity

(04.) in agreement with the transport values®. Above
the upper-frequency limit, we consider the extrapolation
R(w) ~w™% (with s = 2 up to twice the measured spec-
tral range and s = 4 above, in order to simulate the
electronic continuum)?2.

The inset in Fig. 1 displays the T" dependence of p(T)
for all investigated Na doping, which is in broad agree-
ment for x = 0 with previous data*. We remark the
slightly concave T' dependence of p(T') prior to its bump-
like anomaly with onset at Ts ~ 50 K (x = 0), ~ 60 K
(x = 0.03) and ~ 90 K (x = 0.05), which gets stronger
upon increasing the Na content. While not invariably
detected, as in some transport investigations and Raman
study of the title pristine compound?324, and totally ab-
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FIG. 2: (color online) Temperature dependence of the real

part o1(w) of the optical conductivity of Cai—NazMnBis,
highlighting the excitation spectrum at FIR and MIR frequen-
cies. The inset in panel (a) displays Ao (w) at Ts, which un-
derscores the o1(w) ~ w behaviour after removing its metallic
intraband contribution (thin dashed line in the main panel for
x = 0), obtained by adding two Drude terms. The o1(w) ~ w
trend is emphasised in panels (b) and (c¢) for data at Ts (dot-
ted lines), as well. The inset in panel (c) displays o1(w) at
300 K for all investigated Na doping above 3000 and up to
2.5x10% cm™". The blue dashed lines across the (b) and (c)
panels emphasise the split into two peaks of the MIR absorp-
tion at 10 K (i.e, < T) upon increasing x.

sent in p(T) of StMnBiy below 300 K2°, there are by now
several reports, establishing this anomaly in p(T') as a ro-
bust experimental fact in Ca;_,Na,MnBis*?26. Its most
natural implication is a partial gapping of F'S. By assum-
ing that the T" dependence of the scattering rate is not
altered by the transition at Ty as well as that the effec-
tive mass remains constant, we can already anticipate?”
that the p(T)-anomaly at its peak foresees a FS gapping
of 12% (x = 0), 26% (« = 0.03) and 23% (x =0.05) (hor-
izontal thick grey dashed line in Fig. 3), upon which we
will return later.



The main panel of Fig. 1 reviews the metallic-like R(w)
of the investigated Ca;_,Na,MnBis at 300 K, Ts and 10
K. The T dependence of R(w) mainly develops at MIR
frequencies for all compositions. R(w) displays indeed a
plasma edge at about 6000 cm~! (black arrows in Fig.
1), which gets sharper at low T, and a rather broad MIR
shoulder, prior approaching total reflection for w — 0 in
the FIR range. At MIR frequencies, R(w) gets overall
enhanced upon lowering T" and then shows a depletion
at frequencies varying between 1000 and 4000 cm ™~ for
T < Ts. Before going any further, it is worth pointing
out that the R(w) spectra of Ca;_,Na, MnBi, share some
common features with recent data on StMnBi»28, at least
at high MIR frequencies. Nonetheless, R(w) of SrMnBi5
displays a depletion at w < 2000 cm ™!, which arises al-
ready below 300 K and is accompanied by the progressive
development of a sharp plasma edge with onset at 1000
ecm ™! upon lowering T. Such a behaviour was accounted
for within a multiband electronic structure, so that the
T dependence of the optical response is due to quasipar-
ticles thermally redistributed into two conduction bands,

therefore neglecting Dirac physics®.

In Fig. 2, we compare the real part o1(w) of the op-
tical conductivity below 5000 cm ™! for all compositions
as a function of T. We appreciate two features, upon
which we will focus our attention for the rest of the
paper. First, the zero-energy mode gets narrower with
decreasing T' and states explicitly the metallic contribu-
tion to the excitation spectrum?2. The second feature is
the MIR peak, displaying a remarkable T dependence.
At T > Ts, this MIR absorption strengthens with in-
creasing doping and even remarkably sharpens with de-
creasing T for x = 0.03. Upon lowering T, it shifts to
higher energies with a broad low frequency tail for x =
0 and clearly splits into two distinct peaks at T" < Tj
for the Na-doped compositions. The low frequency edge
of the MIR absorption moves towards lower frequencies
and displays a more pronounced linear behaviour (i.e.,
o1(w) ~ w) upon Na doping?’, yet always with a finite
intercept with the frequency axis (dotted lines for data
at Ty in Figs. 2(b) and (c)). We note that the optical
response of CaMnBiy share similar absorption features
with the structurally similar Weyl semimetal YbMnBi,
and its gapped semimetal counterpart EuMnBiy 617,

With the support of the electronic band structure cal-
culations and its confirmation by ARPES®30, as well as
driven by the characteristic o1 (w) ~ w signature, we pro-
pose to identify the MIR absorption with the interband
transitions involving the Dirac bands located along the
I'— M line of the Brillouin zone (BZ). It is intriguing that
its linear frequency dependence in o1 (w) does not head
to the origin, for all T > T and z, as it would be ex-
pected for Dirac fermions'®. Such a linear extrapolation
at finite frequencies signals the gapping of the original
massless Dirac cones. In fact, the presence of spin-orbit
coupling (SOC) first moves the Fermi level into the lower
Dirac cone and simultaneously splits the related bands
so that a gap of about 50 meV (for = 0) opens at the

Dirac points®3°. The obvious shift to lower energies of

the leading MIR edge upon Na doping for T > T (Figs.
2(b) and (c)) may suggest that Na doping leads to a de-
crease of the necessary excitation energy for transitions
across the gapped Dirac cones?’. This could originate
from the suppression of SOC because of the smaller mass
of Na with respect to Ca. The T dependence of the MIR
absorption for T" > T, mainly reflect the effect due to
Pauli blocking (i.e., forbidden optical transitions when
the final states are filled). Reducing the thermal broad-
ening with decreasing 7" induces a sharpening of the MIR
optical excitation (Fig. 1 and specifically 2(b)).

Several other electronic interband transitions, from
states located deep into the electronic structure (i.e.,
away from the Fermi level), certainly merge into the joint-
density of states, as measured by o1 (w), and therefore are
supposed to affect the absorption spectrum beyond the
MIR energy interval. In fact, additional absorptions are
observed in oy (w) at the near-infrared (NIR) frequencies
between 6000 and 15000 cm ™! (inset Fig. 2(c)) and are
common to all doping.

It is a common procedure to extract an estimate for
the Fermi velocity (vr) from the slope of o (w) ~ w!0 17,
Here, we limit our attention to x = 0, for which a com-
parison with the literature is feasible. We first subtract
the metallic contribution to o(w) (dashed line in Fig.
2(a)), by modelling it within a multi-Drude approach??,
This results in the quantity Acq(w), shown in the inset of
Fig. 2(a), from where we achieve a value of vp ~ 2.1x10%
m/s at T3, which agrees fairly well with the ARPES
results®, keeping in mind that optics averages over the
whole reciprocal space'®. A comprehensive phenomeno-
logical analysis with the aim to determine vg for all Na
doping is left for a future publication.

We now elaborate on the anomaly in p(T) (inset Fig.
1) and its impact on o1(w) and thus on the electronic
properties. In this context, it is of interest to elucidate,
how the spectral weight (SW) redistributes in the ex-
citation spectrum as a function of 7. The so-called in-
tegrated SW of the measured oy (w) up to well-defined
cut-off energies (w,) is given by:

120

SW(we; T) = /Owc o1(w; T)dw (1)

™

This model-independent quantity is related to the num-
ber of the effective carriers (normalized by their effec-
tive mass) contributing to the optical processes up to we.
Therefore, in the w. — oo limit, it is expected to merge to
a constant value at all T, satisfying the f-sum rule??. The
full recovery of SW on our data is achieved at energies of
about 1 eV (insets Fig. 3). For the purpose of our discus-
sion, we will consider the ratio SW(we; T)/SW (we; Ts)
which emphasises the relevant energy scale of SW trans-
fer at T' < T,. If there is a transfer of SW from high
to low energies, the SW ratio will exceed 1 at low ener-
gies and then smoothly approach 1 upon increasing w,
until the full energy scale of the low-energy resonance is
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FIG. 3: (color online) The integrated spectral weight (SW)
after Eq. 1, normalised by the same quantity at 7%, is shown
at T' < Ts and as a function of the cut-off frequency w.. The
insets show SW(we;T') at 300 K, T and 10 K. The horizontal
thick grey dashed line in each panel represents the estimated
FS gapping from the p(7) data (see text)?".

reached. For instance, SW may move into the low en-
ergy metallic (Drude) mode. If there is a transfer of SW
from low to high energies though (as it would occur by
the opening of a gap), the SW ratio will fall below 1 un-
til the total energy scale of SW transfer is reached. The
SW ratio will then display a depletion, so that its mini-
mum corresponds to the energy scale of the single-particle

(partial) gap excitation within the electronic structure?2.

Figure 3 displays SW(we; T)/SW (we; Ts) at selected
T < Ts and as a function of w.. The resulting redistribu-
tion of SW in oy (w) mainly occurs from the FIR range
up to the onset of the MIR peak and its high frequency
tail. A substantial removal of SW from low to high en-
ergies of the order of 0.2 eV is indeed observed at T' < T
for increasing Na doping. Therefore, in parallel to the en-
hancement of the anomaly in p(T") upon Na doping (inset
Fig. 1), a partial gapping of F'S clearly emerges from the

excitation spectra, as well. The SW reshuffling across
T, amounts to about 10 to 25% (i.e., the resulting deple-
tion of the SW ratio) from = = 0 to 0.05, which agrees
with the estimation of the FS gapping from the bump-
like anomaly in p(T") (horizontal thick grey dashed line
in Fig. 3), as pointed out above. As it will be elaborated
elsewhere, the reshuffling of SW across T and for all x
(Fig. 3) agrees with the partial removal of the Drude
weight towards high energy excitations, within the phe-
nomenological Lorentz-Drude fit of o1 (w).

The observed splitting of the MIR feature particu-
larly resolved for Na-doped CaMnBiy at T < T, (Figs.
2(b) and (c)) might then be the signature of gapped
excitations because of an incipient folding of the BZ
complemented by additional lifting of the degeneracy at
the Dirac cones upon symmetry breaking due to some
kind of spin- or charge-density-wave order (SDW or
CDW, respectively), like in iron-pnictides®?32, or spin-
canting itself'”. In general, the conventional Peierls in-
stability driven by the FS nesting, typical for quasi-
one-dimensional materials®*, or the momentum depen-
dence of the electron-phonon coupling matrix elements,
as lately advanced for 2H-NbSe,3%3¢, may lead to a CDW
order. The formation of such an order in a Dirac fermion
system, though, was recently addressed within the nat-
ural mechanism of electron-phonon coupling in layered-
like honeycomb lattice3"38, paving the way for realistic
description of broken symmetry states in topological ma-
terials.

There is also an obvious accumulation of SW into the
FIR frequency range of oj(w) upon lowering T below
T, (Fig. 3), associated with the un-gapped portion of
FS (Fig. 2). Its narrowing with decreasing T agrees
with the overall metallic trend of p(T") (inset Fig. 1) and
particularly for T' < T is a signature of the switching-off
of scattering channels in connection with the proposed
FS gapping.

The putative F'S gapping with apparent impact at the
Dirac cones may also lead to a new interpretation of the
similar MIR absorption seen in SrMnBiy at T° < 300
K?8. One might speculate that, instead of a mecha-
nism based on the thermally-assisted indirect transitions
within a multiband electronic structure?®, a FS instabil-
ity with onset already above 300 K occurs in the latter
compound. Consequently, chasing the related anomaly
in p(T) at T > 300 K may clarify this issue and confirm
this scenario.

Finally, it is worth commenting, that a peak in p(T)
could also be caused by a T-driven topological quantum
phase transition (TPT), involving an inversion of the va-
lence and conduction bands®. However, the optical re-
sponse in our Na-doped CaMnBis shares little similarities
with the expected signatures for TPT, as recently shown
in the case of the intermediate Dirac semimetal ZrTes40.

In conclusion, we reveal the optical fingerprints
of the electronic properties in the Dirac material
Ca;_,Na,MnBi,. We provide optical evidence for an
incipient F'S gapping at T' < T, which turns out to pair



with the anomaly in p(T') at Ts and to strengthen with
Na doping. We conjecture that the spin-reorientation
occurring below T could be driven by a density-wave
order directly affecting the electronic structure at the
Dirac cones. Our findings may generally underline
the proneness towards FS instabilities in topological
materials.
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