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Two-dimensional (2D) massless Dirac fermions (MDF), which represent a type of quasiparticles with linear
energy-momentum dispersions only in 2D momentum space, provide a fertile ground for realizing novel quantum
phenomena. However, 2D MDF were seldom observed in the superconducting bulk states of 3D materials.
Furthermore, as a cornerstone for accurately tuning the quantum phenomena based on 2D MDF, a quantitative
relationship between 2D MDF and a structural parameter has rarely been revealed so far. Here, we report magne-
toinfrared spectroscopy studies of the iron-arsenide-superconductor systems NaFeAs and AFe2As2 (A = Ca, Ba)
at temperature T ∼ 4.2 K and at magnetic fields (B) up to 17.5 T. Our results demonstrate the existence of 2D
MDF in the superconducting bulk state of NaFeAs. Moreover, the 2D-MDF Fermi velocities in NaFeAs and
AFe2As2 (A = Ca, Ba), which are extracted from the slopes of the linear

√
B dependences of the Landau-level

transition energies, scale linearly with the Fe-As bond lengths. The linear scaling between the 2D-MDF Fermi
velocities and the Fe-As bond lengths is supported by (i) the linear relationship between the square root of the
effective mass of the dxy electrons and the Fe-As bond length and (ii) the linear dependence of the square root of
the calculated tight-binding hopping energy on the Fe-As bond length. Our results open up avenues for exploring
and tuning quantum phenomena based on 2D MDF in the superconducting bulk states of 3D materials.

DOI: 10.1103/143s-hq6d

Two-dimensional (2D) massless Dirac fermions (MDF) in
condensed matter have attracted enormous interest due to their
crucial roles in achieving various exotic quantum phenomena,
which include novel quantum Hall effect [1–3], Klein tunnel-
ing [4], and giant linear magnetoresistance [5]. Noteworthily,
a large part of quantum phenomena based on 2D MDF can be
largely influenced by the 2D-MDF Fermi velocity [6,7]. Thus
a scaling relation concerning 2D-MDF Fermi velocity can
serve as an important basis for accurately tuning the related
quantum phenomena. Previously, 2D-MDF Fermi velocity
was mostly revealed to have the quantitative relationships with
the physical quantities depicting electron-electron interactions
[6,7]. However, the scaling between 2D-MDF Fermi velocity
and a quantity concerning the other degree of freedom remains
elusive. Furthermore, most of the 2D MDF were observed on
the surfaces of 3D topological insulators and in 2D materials,
e.g., graphene [8–12]. Few 3D materials host 2D MDF in their
bulk.

Previous investigations indicated that, in the antiferromag-
netic (AFM) bulk states of 3D iron-arsenide-superconductor
systems [see Fig. 1(a)] [13,14], the paramagnetic-Brillouin-
zone folding results in the crossing points of the linearly
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dispersing bands, which are topologically protected by
the AFM order, inversion symmetry and a combination
of time-reversal and spin-reversal symmetry, emerges near
Fermi energy (EF ) [see Fig. 1(b)] [15–31]. In addition,
angle-resolved photoemission spectroscopy (ARPES) stud-
ies showed that linear band dispersions within the kx − ky

plane are present below EF in the low-temperature AFM bulk
state of iron-arsenide-superconductor systems [17,23,27,28].
Therefore, MDF with linear energy-momentum dispersions
and topologically protected band-crossing points are present
in the AFM bulk states of iron-arsenide-superconductor sys-
tems [15–22,24–26]. However, to date, only “122”-type iron
arsenides have been identified both experimentally and theo-
retically to possess topologically nontrivial 2D MDF in their
AFM bulk [29]. 2D MDF have yet been observed in the su-
perconducting bulk states of 3D iron-arsenide-superconductor
systems. A natural question to ask is whether a broader sys-
tem of iron-arsenide superconductors can be found to have
topologically nontrivial 2D MDF in the bulk state. Moreover,
a scaling relationship about the 2D-MDF Fermi velocity in
iron-arsenide-superconductor systems, which is expected to
be significant for tuning exotic quantum phenomena based on
their 2D MDF, is still lacking.

Topologically nontrivial 2D MDF have been discovered
on the surfaces of iron-based superconductors [32–34]. More
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FIG. 1. Antiferromagnetic (AFM) order, Fermi surfaces, and
magneto-optical response of NaFeAs. (a) Left: orthorhombic unit
cell of NaFeAs in the AFM state, containing two FeAs layers.
Right: collinear AFM order in two FeAs layers. The dashed and
solid gray lines display the paramagnetic (PM) unit cell within the
FeAs layer at high temperatures and the unit cell after the AFM
phase transition, respectively. (b) Schematic of the Fermi surfaces
of NaFeAs in the PM state. Four node (i.e., Dirac) points (gray
dots) and Dirac cones emerge after the folding of the PM BZ along
the AFM wave vector (the black arrows). (c) Relative reflectance
spectra R(B)/R(B0 = 0 T) of NaFeAs at different magnetic fields.
The solid curves with noise and the partially transparent curves in
(c) represent the measured R(B)/R(B0 = 0 T) spectra of NaFeAs
and the magneto-optical fits to the measured spectra, respectively.
(d) Relative real part of the optical conductivity of NaFeAs. The
R(B)/R(B0 = 0 T) spectra in (c) and the T1 peak and the T2 peak
in (d) are displaced from one another by 0.009, 1400 (�−1cm−1),
and 200 (�−1cm−1) for clarity, respectively

importantly, owing to the proximity effect from the super-
conducting bulk, a superconducting gap would be opened in
the topologically nontrivial 2D MDF state, which can induce
topological superconductivity on the surfaces of iron-based
superconductors [35–38]. As a key feature of topological
superconductivity, Majorana zero modes have been reported
to emerge inside the vortex cores of the superconducting
surfaces of iron-based superconductors, which offers a po-
tential platform for realizing topological quantum computing
[39–43]. It is worth noticing that, at ambient pressure, 3D
iron-arsenide superconductor NaFeAs with the superconduct-
ing transition temperature Tc ∼ 23 K exhibits an AFM order
below 39 K, which (i) means that an AFM order and supercon-
ductivity coexist in the bulk ground state of NaFeAs and (ii)
implies that 2D MDF may be present in its superconducting
bulk state. More importantly, searching for topologically non-
trivial 2D MDF in the superconducting bulk state of NaFeAs
is expected to provide a crucial clue to exploring quantum
phenomena including topological superconductivity [44–48].
Nonetheless, whether 2D MDF exist in the superconducting
bulk state of NaFeAs is still unclear.

Magnetoinfrared spectroscopy is a bulk-sensitive exper-
imental technique for investigating 2D MDF [49,50] in
materials as it can probe the Landau level (LL) transitions
of 2D MDF. Here, we performed the magnetoinfrared spec-
troscopy measurements of the single crystals of NaFeAs
and CaFe2As2 at T ∼4.2 K with the applied magnetic field
parallel to the wave vector of the incident light and the crys-
talline c axis (see the details about the single-crystal growth
and magnetoinfrared measurements in Sec. S1 of the Sup-
plemental Material [51]). Figure 1(c) displays the relative
reflectance spectra R(B)/R(B0 = 0 T) of NaFeAs measured
at different magnetic fields. Peaklike features are present
in the R(B)/R(B0 = 0 T) and systematically move towards
higher energies as the magnetic field is enhanced. To iden-
tify the nature of the peaklike features in the R(B)/R(B0 =
0 T), we obtained the real part of the diagonal optical con-
ductivity Re[σxx(B, ω)] by fitting the absolute reflectance
spectra R(B) based on the magneto-optical model (see the
details about the fitting based on the magneto-optical model
in Sec. S2 of the Supplemental Material [51] and see also
Refs. [52,53] therein). In Fig. 1(d), the peaklike features
can be observed in the relative optical conductivity spectra
Re[σxx(B, ω)] − Re[σ (B = 0 T, ω)] of NaFeAs. Considering
that (i) the highest magnetic field (Bmax = 17.5 T) applied
along the crystalline c axis here is much lower than that
(B > 500 T) for dramatically destroying the AFM order
in iron-arsenide-superconductor systems at low temperatures
[54] and (ii) the energy region (∼30 meV) where the peak-
like features are present in Fig. 1(d) is narrower than the
energy region (∼100 meV) where the spectral weight is trans-
ferred due to the AFM phase transition in NaFeAs [55],
the observed peaklike features in the R(B)/R(B0 = 0 T) and
the Re[σxx(B, ω)] − Re[σ (B = 0 T, ω)] here are irrelevant
with the magnetic-field-induced change in the AFM order
of NaFeAs. Furthermore, the direction of the magnetic field
here is perpendicular to that (orthorhombic a or b axis) of
the magnetic field used for partially detwinning the single
crystals of iron-arsenide superconductor systems [56–58], so
the peaklike features in Figs. 1(c) and 1(d) are unlikely to arise
from the detwinning.

To further study the origin of the observed peaklike fea-
tures in the superconducting and AFM state of NaFeAs,
we plotted the energies of the peaklike features in the
Re[σxx(B, ω)] − Re[σ (B = 0 T, ω)] spectra as a function of√

B in Fig. 2(a), which shows that the energies (i.e., ET1

and ET2) of the two peaklike features T1 and T2 not only
exhibit a linear dependence on

√
B and the zero intercepts at

B = 0 T under linear extrapolations but also have the ratio
ET2/ET1 ≈ 2.4. Therein, the

√
B dependences of the T1 and

T2 energies provide a signature of the fermions with linear
energy-momentum dispersions. Moreover, the zero intercepts
at B = 0 T under the linear extrapolations of the T1 and T2

energies indicate that the energy gap between the linearly
dispersing valence and conduction bands is zero (i.e., the pres-
ence of band-degeneracy points) and that the corresponding
fermions have zero mass. Thus the

√
B dependence of the

peak energy positions transition energies and the zero-energy
intercepts at B = 0 T manifest the existence of massless
fermions with linear dispersions and band-degeneracy points
in the superconducting and AFM bulk state of NaFeAs.
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FIG. 2. Landau level transitions and band dispersions of NaFeAs
in the AFM state. (a) Observed two LL transitions, T1 and T2, in an
E − √

B plot. The inset shows energy ratio of the two LL transitions
as a function of B. The purple and green dashed lines show the
theoretical energy ratios which are based on massless Dirac and
Kane models, respectively. (b)–(d) Calculated band dispersions of
NaFeAs along kx , ky, and kz near EF . The flat band in (d) represents
the energy-momentum dispersion of MDF along kz in NaFeAs. (e)
Schematic of the LL transitions of 2D MDF in NaFeAs. The mag-
netic field dependence of the assumed Fermi level is shown by the
orange lines. The two green arrows indicate the assumed T1 and T2

in case (i).

In condensed matter, there are mainly three kinds of mass-
less fermions with linear dispersions and band-degeneracy
points, which include MDF, Kane fermions, and Weyl
fermions [1–3,59–64]. For Kane fermions, the maximal en-
ergy ratio among their adjacent LLs is

√
3/2 :

√
1/2 ≈ 1.732,

which is distinctly smaller than that between the observed
T2 and T1 [see the inset of Fig. 2(a)]. Additionally, previ-
ous theoretical studies showed that the flat band of Kane
fermions is absent around the band-degeneracy point of
the linearly dispersing bands of iron-arsenide-superconductor
systems [15,16]. Thus the observed peaklike features in
the R(B)/R(B0 = 0 T) and the Re[σxx(B, ω)] − Re[σ (B =
0 T, ω)] spectra of NaFeAs are very unlikely to be con-
tributed by the optical transitions between the LLs of Kane
fermions (see the discussion in Sec. S3 of the Supplemental
Material [51] and see also references [59,60] therein). For
Weyl fermions, their lowest-energy peaklike feature arising
from the zeroth-LL-related inter-LL transition LL−1 → LL±0

(or LL±0 → LL+1) in the Re[σxx(B)] − Re[σ (0 T)] spectra
should be weaker than the second lowest-energy peaklike
feature induced by the inter-LL transition LL−1 → LL+2 or
(LL−2 → LL+1) [65,66] (see the discussion in Sec. S3 of
the Supplemental Material [51]), which is on the contrary
to the case of NaFeAs shown in Fig. 1(d). Besides, previous
theoretical studies showed that the degenerate nodal points in
iron-arsenide-superconductor systems have the same chirality
[15,16], which is in contrast to the opposite chirality of a

pair of Weyl nodes [61–64]. Therefore, the observed peaklike
features in Figs. 1(c) and 1(d) should be irrelevant with the
optical transitions between the LLs of Weyl fermions. Based
on the above discussion, we assign the peaklike features in
the magneto-optical spectra of NaFeAs to the LL transitions
of MDF.

For 2D MDF, the lowest energy peak feature of the zeroth-
LL-related inter-LL transition LL−1 → LL±0 (or LL±0 →
LL+1) in Re[σxx(B)] − Re[σ (0 T)] is stronger than the second
lowest-energy peak feature of the inter-LL transition LL−1 →
LL+2 (or LL−2 → LL+1) because of a singularity of the den-
sity of state (DOS) of the zeroth LLs of 2D Dirac fermions
[29,65,66], which is consistent with the relative intensity be-
tween the peaklike features T1 and T2 in Fig. 1(d), while,
for 3D MDF, the lowest-energy peak feature of the zeroth-LL
related inter-LL transition LL−1 → LL±0 (or LL±0 → LL+1)
in Re[σxx(B)] − Re[σ (0 T)] is weaker than the second lowest-
energy peak feature of the inter-LL transition LL−1 → LL+2

or (LL−2 → LL+1) due to the absence of a DOS singularity
of the zeroth LLs of 3D MDF [65], which is similar to the
case for Weyl fermions. Thus the dominance of the peaklike
feature T1 in the Re[σxx(B)] − Re[σ (0 T)] indicates that MDF
in the superconducting and AFM bulk state of NaFeAs should
be 2D. Besides, in Figs. 2(b)–2(d), our DFT + DMFT cal-
culations show that, in the superconducting and AFM state
of NaFeAs, the bands near EF disperse linearly along the
kx and ky directions, but disperse quite weakly along the kz

direction (see the details about the calculations in Sec. S1 of
the Supplemental Material [51] and see also Refs. [67–70]
therein), which further supports 2D MDF in this iron-arsenide
superconductor.

The LL spectrum of 2D MDF without considering Zeeman
effects can be given by [29,49,50]

E2D
n = sgn(n) vD

F

√
2eh̄|n|B, (1)

where vD
F is the 2D-MDF Fermi velocity, the integer n is

LL index, sgn(n) is the sign function, e is the elementary
charge, and h̄ is Planck’s constant divided by 2π . Given the
selection rule for the allowed optical transitions from LLn to
LLn′ [29,49,50]

�n = |n| − |n′| = ±1, (2)

the energies E2D
n→n′ of the allowed optical transitions from LLn

to LLn′ have the form

E2D
n→n′ = vD

F

√
B[sgn(n′)

√
2eh̄|n′| − sgn(n)

√
2eh̄|n|]. (3)

According to Eqs. (1) and (3), two groups of LL transitions
of 2D MDF have the energy ratios which are close to that
(∼2.4) between T2 and T1: (i) the energy ratio 1 : (

√
2 −

1) ≈ 2.414 between the LL transitions, LL−1 → LL0 and
LL−2 → LL−1 (or LL0 → LL+1 and LL+1 → LL+2) and (ii)
the energy ratio (1 + √

2) : 1 ≈ 2.414 between the LL tran-
sitions, LL−1 → LL+2 and LL−1 → LL0(or LL−2 → LL+1

and LL0 → LL+1). To extract the 2D-MDF Fermi velocity
in NaFeAs, it is essential to determine which group of LL
transitions of 2D MDF leads to the two peaklike features
T1 and T2. If we assumed that the peaklike features T1 and
T2 separately arise from the LL transitions LL−2 → LL−1

and LL−1 → LL0 (or LL+1 → LL+2 and LL0 → LL+1) [see
the two green arrows in Fig. 2(e)], the EF should be still
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pinned on LL+1 or LL−1 at B = 17.5 T due to the presence
of the intra-LL transition LL−2 → LL−1 (or LL+1 → LL+2).
Considering (i) the 2D-MDF Fermi velocity obtained based
on Eq. (3), vD

F ≈ 1.30 × 105 m/s, and (ii) the LL+1 (or LL−1)
energy calculated at B = 17.5 T based on Eq. (1), the cor-
responding EF in NaFeAs is about 81 meV, which is much
higher than the experimental EF of ∼2 meV measured by
ARPES and the theoretical EF of ∼3 meV gotten by our
DFT + DMFT calculations. Moreover, as the magnetic field
increases, electrons in LL+1 (or holes in LL−1) would be
depopulated, which would lead to the decrease in the spec-
tral weight of the lowest-energy absorption feature resulting
from the assumed LL transition LL−2 → LL−1 (or LL+1 →
LL+2). In contrast, the lowest-energy peaklike feature T1 in
the Re[σxx(B, ω)] − Re[σ (B = 0 T, ω)] of NaFeAs becomes
more dominant with increasing the magnetic field. Thus the
measured peaklike features T1 and T2 should not arise from
the LL transitions in case (i): LL−1 → LL0 and LL−2 →
LL−1 (or LL0 → LL+1 and LL+1 → LL+2). For case (ii), the
observation of the peaklike feature T1 which is assumed to
come from the LL transition LL−1 → LL0 (or LL0 → LL+1)
at B � 9 T suggests that NaFeAs enters the quantum limit
at low magnetic fields [71,72], which is in agreement with
the low EF measured by ARPES [24]. Moreover, in case
(ii), based on Eq. (3), the obtained 2D-MDF Fermi velocity
vD

F ≈ 5.4 × 104 m/s, which is comparable to the values de-
duced from the ARPES results. Thus the peaklike features T1

and T2 in the Re[σxx(B, ω)] − Re[σ (B = 0 T, ω)] of NaFeAs
should be assigned to the LL transitions, LL−1 → LL+2 and
LL−1 → LL0 (or LL−2 → LL+1 and LL0 → LL+1), respec-
tively, which corresponds to the vD

F ≈ 5.4 × 104 m/s.
To check whether 2D MDF exist in the bulk state of

iron arsenide CaFe2As2, we performed the DFT + DMFT
calculations on its electronic bands (see the details about the
calculations in Sec. S1 of the Supplemental Material [51] and
see also Refs. [67–70] therein). In Figs. 3(a)–3(c), our DFT +
DMFT calculations exhibit the linear band dispersions along
kx and ky directions and the very weak dispersions along kz di-
rection, which indicates that CaFe2As2 possesses 2D MDF as
well. To obtain the 2D-MDF Fermi velocity in CaFe2As2, we
measured its relative reflectance spectra R(B)/R(B0 = 0 T)
at different magnetic fields [see the clear peaklike feature
in each R(B)/R(B0 = 0 T) spectrum in Fig. 3(d) and each
R(B)/R(B0 = 0 T) spectrum down to 6 meV in Fig. S4] and
got its Re[σxx(B, ω)] − Re[σ (B = 0 T, ω)] spectra via fitting
the R(B) [see Fig. 3(e) and the fitting parameters in Tables S1–
S14 of the Supplemental Material [51]]. The energy region
(∼45 meV) where the peaklike features are present in the
relative optical conductivity spectra of CaFe2As2 in Fig. 3(e)
is narrower than not only the energy region (up to at least
207 meV) where the spectral weight is transferred due to its
AFM phase transition but also the energy (∼82 meV) of its
small spin-density-wave gap [73], which indicates that the
observed peaklike features in the relative reflectance spectra
and the relative optical conductivity spectra of CaFe2As2 are
unlikely to be relevant with the magnetic-field-induced change
in its AFM order. Moreover, the energy position of the peak-
like feature in Fig. 4(a) shows a linear dependence on

√
B

and has the zero-energy intercept at B = 0 T under the linear
extrapolation as well, which suggests that the peaklike feature

FIG. 3. Magneto-optical response and band dispersions of
CaFe2As2 in the AFM state. (a)–(c) Calculated energy-momentum
dispersions of MDF in CaFe2As2 along kx , ky, and kz. The flat band
in (c) represents the energy-momentum dispersion of MDF along kz

in CaFe2As2. (d) Relative reflectance spectra R(B)/R(B0 = 0 T) of
CaFe2As2. The solid curves with noise and the partially transparent
curves in (d) represent the measured R(B)/R(B0 = 0 T) spectra of
CaFe2As2 and the magneto-optical fits to the measured spectra, re-
spectively. (e) Relative optical conductivity spectra of CaFe2As2. The
spectra in (d) and (e) are separately displaced from one another by
0.006 and 50 (�−1cm−1) for clarity.

arises from the LL transition of 2D MDF. Given that (i) the
EF obtained by our DFT + DMFT calculations is low and
(ii) the spectral weight of the peaklike feature is enhanced
with the growth of the magnetic field, the peaklike feature
in Fig. 3(d) can be ascribed to the lowest-energy LL transi-
tion LL−1 → LL0 (or LL0 → LL+1) of 2D MDF. Then, we
fitted the linear

√
B dependence of the peak energy position

based on Eq. (3) and obtained the derived 2D-MDF Fermi
velocity vD

F ≈ 2.16 × 105 m/s. The 2D-MDF Fermi velocity
in CaFe2As2 is larger than those in NaFeAs and BaFe2As2

(vD
F ≈ 1.18 × 104 m/s) [29], which is consistent with the fact

that the peaklike feature in the relative optical conductivity
spectra of CaFe2As2 at B = 17.5 T is located at the highest
energy position among those of NaFeAs and AFe2As2 (A =
Ba, Ca) here.

The increase in the 2D-MDF Fermi velocity from NaFeAs
to AFe2As2 (A = Ba, Ca) inspires us to search for the re-
lation between the 2D-MDF Fermi velocities and lattice
parameters. Thus we plotted the Fe-As-distance and As-
Fe-As-angle dependences of the 2D-MDF Fermi velocities
of NaFeAs, BaFe2As2, and CaFe2As2, respectively [see
Fig. 4(b), Fig. S2, and the Fe-As distance and the As-Fe-As
angle in Fig. 2(a) of Ref. [48]]. The quantitative relation be-
tween the 2D-MDF Fermi velocities and the As-Fe-As angles
seems to be elusive (see Fig. S2). However, interestingly, the
2D-MDF Fermi velocities in NaFeAs, BaFe2As2, and
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FIG. 4. Relationship between the 2D-MDF Fermi velocities and
the Fe-As bond lengths in NaFeAs, BaFe2As2, and CaFe2As2.
(a)

√
B dependences of the T1 energies of NaFeAs, BaFe2As2, and

CaFe2As2. (b) Linear scaling between the 2D-MDF Fermi veloc-
ities and the Fe-As bond lengths. (c) Linear relationship between√

t1(xy, xy) + t2(xy, xy) and the Fe-As bond lengths [48]. (d) Linear
scaling between

√
m∗/mband and the Fe-As bond lengths [48]. mband

is the band mass.

CaFe2As2 scale linearly with the Fe-As bond lengths which
are the quantities about lattice degree of freedom [see
Fig. 4(b)]. Previous DFT + DMFT calculations showed that
the Dirac cones of iron-arsenide-superconductor systems near
EF are mainly composed of iron dxy orbital [74]. For iron-
arsenide-superconductor systems, the shorter Fe-As distance
suggests more overlap between the Fe-3d and As-4p orbitals,
which means an easier hopping of the dxy electrons occu-
pying the Dirac cone and thus implies a larger bandwidth
(W ). For 2D MDF with linear dispersions in iron-arsenide-
superconductor systems, the larger bandwidth within the same
momentum range (�k) corresponds to the higher 2D-MDF
Fermi velocity due to the relationship vD

F = W/�k.
To check the linear scaling between the 2D-MDF Fermi

velocities and the Fe-As bond lengths in NaFeAs, BaFe2As2,
and CaFe2As2, we further studied the kinetic energy (Ek)
and the effective mass (m∗) of the dxy electrons because
the Dirac cones near EF are dominated by iron dxy orbital.
In a low-energy effective tight-binding model, the hopping
parameters (t) can be approximately regarded to be propor-
tional to the kinetic energy Ek , so we plotted the square root
of the sum of the DFT + DMFT-calculation-derived tight-
binding hopping parameters [t1(xy, xy) and t2(xy, xy)] for
the electrons on the iron dxy orbital hopping to the orbital
dxy of their nearest neighbor and next nearest neighbor iron
atoms, i.e.,

√
t1(xy, xy) + t2(xy, xy) for NaFeAs, BaFe2As2,

and CaFe2As2 with different Fe-As bond lengths in Fig. 4(c)
[see the t1(xy, xy) and t2(xy, xy) in Fig. S5 of the Supplemental
Material of Ref. [48]]. The

√
t1(xy, xy) + t2(xy, xy) shows a

linear relationship with the Fe-As bond length. The square
root of the effective mass m∗ of the dxy electrons in Fig. 1(b)
of Ref. [48] exhibits a linear dependence on the Fe-As bond
length as well [see Fig. 4(d)]. Considering the linear rela-
tionship for “relativistic” fermions in solids vD

F = √
(Ek/m∗),

the 2D-MDF Fermi velocities in NaFeAs, BaFe2As2, and
CaFe2As2 should scale linearly with the Fe-As bond lengths.

In summary, our observation of the
√

B dependence of the
LL transition energies, the zero-energy intercept at B = 0 T
under linear extrapolations of the transition energies, the en-
ergy ratio (∼2.4) between the two LL transitions, and the
dominant absorption features of the zeroth-LL-related tran-
sitions, together with the DFT + DMFT-calculation-derived
linear band dispersions in 2D momentum space, demonstrate
that 2D MDF exist in the superconducting bulk state of
NaFeAs. In addition, the LL transition energy of CaFe2As2

displays the linear
√

B dependence and the zero-energy in-
tercept at B = 0 T. Moreover, the 2D-MDF Fermi velocities
in NaFeAs, BaFe2As2, and CaFe2As2, which are extracted
from the slopes of the linear

√
B dependences of the LL

transition energies, increase linearly with the Fe-As bond
lengths–quantities about lattice degree of freedom. The linear
scaling between the 2D-MDF Fermi velocities and the Fe-As
bond lengths is supported by (i) the linear dependence of
the

√
m∗ of the dxy electrons on the Fe-As bond length and

(ii) the linear scaling between the
√

t1(xy, xy) + t2(xy, xy) and
the Fe-As bond length. Our work offers a material platform
hosting both 2D MDF and superconductivity in the 3D bulk
for discovering and tuning exotic quantum phenomena.
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