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Superconductivity induced by doping holes in the nodal-line semimetal NaAlGe
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The nodal-line semimetals NaAlSi and NaAlGe have significantly different ground states despite having
similar electronic structures: NaAlSi exhibits superconductivity <7 K, while NaAlGe exhibits semiconductive
electrical conductivity at low temperatures, indicating the formation of a pseudogap at ∼100 K. The origin of the
pseudogap in NaAlGe is unknown but may be associated with excitonic instability. We investigated hole-doping
effects on the ground state in the solid solution Na(Al1–xZnx )Ge and discovered that the pseudogap is suppressed
continuously with increasing Zn content, followed by the appearance of a superconducting dome with the highest
transition temperature of 2.8 K. This superconductivity most likely results from excitonic fluctuations.
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I. INTRODUCTION

Topological semimetals with Dirac points close to the
Fermi level have garnered significant attention because of
their unique transport properties [1–3]. When multiple Dirac
points form a line in momentum space, the system is referred
to as a nodal-line semimetal, which has been focused on the-
oretically [4,5] and studied in materials such as CaAgP [6,7],
β−ReO2 [8,9], and PbTaSe2 [10–12]. Recently, researchers
have focused on electronic instabilities caused by perturba-
tions such as electron correlations in topological semimetals
[13–17]. In nodal-line semimetals, it is expected that electron
correlations will induce various types of instability leading to
charge-density-wave, antiferromagnetic, excitonic, or super-
conducting phases [18–23]. In this paper, we highlight the
fascinating physical properties of the nodal-line semimetal
NaAlGe.

Both NaAlGe and the related compound NaAlSi crystallize
into anti-PbFCl-type layered structures (space group P4/nmm)
[24]. In the structures, Al-centered Ge (Si) tetrahedra are
connected by edge sharing to form conducting layers that al-
ternate along the c axis with block layers composed of double
Na sheets [25]. First-principles electronic state calculations
indicate that both compounds have similar electronic struc-
tures, characterized by the highly dispersive electronlike Al-3s
band and the less dispersive holelike Ge-4p (Si-3p) band,
which cross each other to form a nodal line near the Fermi
energy EF [26–29]. In the presence of spin-orbit interaction
(SOI), however, the band crossing points are eliminated, and
small gaps of 30 and 10 K on average open for NaAlGe and
NaAlSi, respectively.

Despite their similar crystal and electronic structures, the
ground states of NaAlGe and NaAlSi are distinct. NaAlSi
exhibits metallic behavior over a broad temperature range
and superconductivity at the critical temperature Tc ∼ 7 K
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[30,31]. This is conventional s-wave superconductivity medi-
ated by electron-phonon interactions [28,31–33]. NaAlGe, in
contrast, exhibits a semiconducting increase in electrical re-
sistivity and a decrease in magnetic susceptibility and carrier
density <100 K [34]. These findings unequivocally indicate
a decrease in the density of states (DOS), suggesting the for-
mation of a pseudogap. The origin of the pseudogap has been
proposed as an excitonic instability, which may be related to
correlation effects in the nodal-line band [18,19]. Why the
two compounds have such different ground states despite their
apparent similarities is an intriguing question.

NaAlSi and NaAlGe are both chemically unstable in the
atmosphere. The latter reacts with atmospheric moisture and
degrades rapidly [34]. Chen et al. [35] recently reported that
NaAlGe exhibited superconductivity at temperatures <3 K
during degradation prior to complete decomposition. It was
argued that the appearance of superconductivity was the result
of hole doping caused by the degradation-induced loss of Na
in a portion of the crystal. However, detailed characterization
of superconducting properties was challenging because the
sample obtained was heterogeneous and changed as degrada-
tion progressed.

To investigate the possibility of superconductivity in
NaAlGe, we have systematically examined hole-doping ef-
fects by substituting Zn for Al in a series of polycrystalline
samples of Na(Al1−xZnx )Ge. Electrical resistivity, magnetic
susceptibility, and heat capacity measurements reveal that
bulk superconductivity appears at 1.5–4.5% substitution, with
the highest Tc of 2.8 K occurring at ∼3% substitution, result-
ing in a superconducting Tc dome. Moreover, the pseudogap
is suppressed by hole doping and tends to disappear near the
apex of the dome. The superconductivity of Na(Al1−xZnx )Ge
is likely attributable to fluctuations associated with the pseu-
dogap formation, such as excitonic fluctuations.

II. EXPERIMENTAL

A. Sample preparation

We synthesized polycrystalline samples of
Na(Al1−xZnx )Ge using as starting materials Na lump
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(Nippon Soda, 99.95%), Al rod (5 mm diameter; Nilaco,
99.9999%), Ge lump (Kojundo Chemical Laboratory,
99.9999%), and Zn shot (Strem Chemicals, Inc., 99.99%).
Na : Al : Zn : Ge = 1 : 1 − xn : xn : 1 (0 < xn < 0.15) were
weighed (total weight was ∼400 mg) and placed in a BN
crucible sealed in a stainless-steel container. All operations
were performed in a glovebox filled with Ar gas to prevent
deterioration caused by reaction with moisture in the air. The
container was heated at 1123 K for 4 h in an electric furnace.
The obtained product was crushed, mixed, and pressed into
a 3 × 3 × 14 mm3 pellet before being reheated at 998 K for
40 h in a BN crucible and placed in a stainless-steel container.
The final product was obtained after heating at 998 K for 100
h in the same manner.

The chemical composition of the samples was determined
using wavelength-dispersive x-ray (WDX) spectroscopy in
an electron probe microanalyzer system (JEOL XA-8200).
No notable inhomogeneous distribution of composition was
detected. The average chemical composition of the xn = 0
sample was Na1.09Al1.00Ge0.91, indicating that the Ge site was
replaced by ∼10% more Na; similar results were reported
for single crystals prepared using the Na-Ga flux method,
such as Na1.13Al0.97Ga0.01Ge0.89 [34]. How this exchange of
Na and Ge affects the Fermi level is not trivial. Our sample
exhibited a semiconductorlike conductivity comparable with
that observed in earlier single crystals [34]; thus, the mod-
ification may not be crucial for the issue of interest. This
type of compositional deviation was always observed in Zn-
substituted samples, regardless of xn. The actual Zn content
x determined by WDX measurements was smaller than the
nominal composition xn. As shown in Fig. 1(a), xn and x have
a linear relationship with a slope of 0.35(1). Consequently,
approximately one-third of the nominal Zn content remains in
the sample. From now on, we will use x instead of xn.

Powder x-ray diffraction (XRD) measurements using a
diffractometer (Bruker, D2 PHASER, Cu-Kα) under an Ar at-
mosphere were used to characterize the obtained samples. The
powder XRD patterns of Fig. 1(b) show that all the samples
are nearly monophasic. The lattice parameters were calculated
by the Le Bail method using TOPAS (Bruker) software. The
x = 0 sample has lattice constants of a = 4.1680(2) Å and
c = 7.4121(3)Å, which are close to the previously reported
values of a = 4.1634(2)Å and c = 7.4146(4)Å for a NaAlGe
single crystal [34]. The composition dependences are shown
in Fig. 1(c). As x increases, a decreases and c increases lin-
early, in accordance with Vegard’s law. As a result, samples
with systematic Zn substitution in the range of 0–5.2% were
successfully obtained.

B. Characterizations

A physical property measurement system (PPMS, Quan-
tum Design) was used to measure electrical resistivity and
heat capacity. Electrical resistivity was measured using a
four-terminal method with indium terminals crimped onto the
crystal surface; silver paste terminals could not be used due to
their high contact resistance. Before transferring the sample
with electrodes from the glovebox to the sample chamber of
the PPMS, it was necessary to cover the sample with liquid
paraffin to prevent degradation by moisture in the air. As

FIG. 1. (a) Relationship between the actual amount of Zn sub-
stitution x as determined by wavelength-dispersive x-ray (WDX)
measurements and the nominal substitution xn in preparations. The
slope of the solid line is 0.35(1). (b) Powder x-ray diffraction (XRD)
patterns of Na(Al1−xZnx )Ge. (c) Composition dependences of the
lattice constants. The solid lines are linear fits to the data points:
a = −0.25(2)x + 4.166(1) and c = 0.56(3)x + 7.413(1).

shown in Fig. 2, the measured electrical resistivity of the
x = 0 sample exhibited a semiconductive temperature de-
pendence comparable with the previous data from single
crystals. In contrast, when the electrical resistivity was mea-
sured without a liquid paraffin cover, the absolute value was
reduced by one order of magnitude, and the increase <100 K
became weaker, indicating the introduction of additional car-
riers. Moreover, a slight decrease in resistivity occurred ∼2 K,
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FIG. 2. Temperature dependence of electrical resistivity for two
samples of NaAlGe. The black filled circles represent data for a
sample covered with liquid paraffin (left axis), whereas the red open
triangles represent data for a sample without liquid paraffin (right
axis). The inset shows a magnified view of the low-temperature
region, where a slight decrease due to partial superconductivity is
likely observed only for the sample without paraffin coating.

which may be the result of degradation-induced partial super-
conductivity, as previously reported [35].

Heat capacity measurements were carried out in a PPMS
via the relaxation method. Magnetic susceptibility was mea-
sured in a magnetic property measurement system (MPMS,
Quantum Design). To minimize degradation, a sample pellet
was coated with grease in a glovebox and inserted into the
sample chamber filled with He gas.

III. RESULTS

A. Superconductivity

Figure 3(a) depicts the temperature dependences of electri-
cal resistivity <3.5 K for samples substituted with 0.5–5.2%
Zn. The electrical resistivity data of the 0.5 and 1.0% sam-
ples are almost independent of temperature down to 1.8 K,
while the resistivity of the 1.5% sample drops from 2.5 K to
zero <2.0 K. The superconducting transition temperature Tc is
2.3 K, as defined by the temperature at which the linear ex-
trapolation of the drop crosses zero. As doping increases, the
transition temperature rises, with a maximum Tc of 2.8 K for
the 2.8% sample. Subsequently, Tc decreases to 2.5 K (3.7%),
2.2 K (4.0%), and 2.0 K (4.6%), and in the 5.2% substituted
sample, the transition begins at ∼1.8 K; Tc < 1.8 K.

The magnetic susceptibility and heat capacity data shown
in Figs. 3(b) and 3(c) indicate that the bulk nature of the
superconductivity, as opposed to a partial character associated
with impurities or inhomogeneities [35], is evident. For the
2.8% sample, the magnetic shielding and Meissner volume
fractions reached 65 and 10% at 1.8 K, respectively, which
are large enough to insist bulk superconductivity; the former
is <100% due to magnetic field penetration in the polycrys-
talline sample, while the latter is smaller due to magnetic flux
pinning effects. The 0, 0.5, and 1.0% samples do not exhibit

FIG. 3. (a) Evolution of the temperature-dependent electrical re-
sistivity ρ, normalized to T = 3.5 K, as a function of the Zn content.
(b) Temperature dependences of magnetic susceptibility χ . Most
data curves depicted by filled circles were recorded in a magnetic
field of H = 5 Oe after cooling to 1.8 K in zero magnetic field,
while the red open circles depicted field-cooled data for the 2.8%
sample in the same field. The inset magnifies the datasets <2.5 K.
(c) Temperature dependence of Ce/γ T for the 1.5, 2.8, and 3.7%
substituted samples, where Ce and γ are, respectively, the electronic
part of the heat capacity and the Sommerfeld coefficient. The broken
line shows the approximate, ideal variation expected for the 2.8%
curve, considering transition broadening and entropy balance.

diamagnetic response >1.8 K, whereas the 1.5% sample does
<2.4 K. As x increases, Tc, which is the onset temperature of
diamagnetic response, reaches a maximum of 2.8 K for the
2.8% sample, then decreases to 2.6 K (3.7%), 2.4 K (4.0%),
2.0 K (4.6%), and finally <1.8 K for the 5.2% sample, which
does not exhibit a diamagnetic response above this tempera-
ture. Thus, the variations of Tc in magnetic susceptibility are
in excellent agreement with variations in electrical resistivity.

Figure 3(c) illustrates the temperature dependences of
Ce/γ T for 1.5, 2.8, and 3.7% samples, for which the elec-
tronic heat capacity Ce and the Sommerfeld coefficient γ

were estimated from the C/T vs T 2 plot (Fig. 4). For each
composition, a characteristically large peak in heat capacity is
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FIG. 4. C/T vs T 2 plots for 0% (black circles), 1.5% (magenta
squares), 3.7% (blue triangles), 5.2% (green pentagons) polycrys-
talline samples, and 0% single crystal (filled black circles) [34]. The
straight lines are fits to the equation C(T ) = γ T + βT 3.

observed, which is indicative of a second-order phase transi-
tion. The transitions are broadened relative to the ideal BCS
curve, such as the broken curve for the 2.8% sample, which
is depicted approximately assuming the entropy balance. The
cause of the broadening must be sample inhomogeneity and
randomness effects, which are unavoidable for such solid
solution systems. Here, Tc’s are defined as 2.1 K (1.5%),
2.6 K (2.8%), and 2.3 K (3.7%) at the midpoint of the jump.
For the 2.8% sample, the magnitude of the increase across
the transition �Ce/γ T is 1.6 for the experimental curve and
>2 for the curve-considered entropy balance. These values
are significantly >1.43, which is expected for weak-coupling
BCS superconductivity, indicating the realization of strong-
coupling superconductivity.

All measurements of electrical resistivity, magnetic sus-
ceptibility, and heat capacity indicate that hole doping with
the Zn-for-Al substitution transforms NaAlGe into a super-
conductor. The Tc values measured by the three experimental
probes are consistent with one another. Figure 5 provides a
summary of the Tc doping dependences: Tc could be lower
than our experimental limit of 1.8 K at 0.5 and 1.0%, rises
to 2.2–2.3 K at 1.5%, reaches a maximum of 2.8 K at 2.8%,
decreases to 2.0 K at 4.6%, and falls <1.8 K at 5.2%. Through
systematic hole doping with Zn substitution, a dome-shaped
superconducting phase appears. The observation by Chen
et al. [35] of superconductivity with Tc of 3 K in degraded
NaAlGe may correspond to our optimal doping concentration
of 2.8%.

B. Normal-state properties

Here, the doping effects on the normal-state properties of
NaAlGe are described. Figure 6(a) illustrates the dependence
of electrical resistivity on doping <300 K. The electrical re-
sistivity of the pure sample exhibits the same temperature
dependence as the previous single crystal: metallic behavior
at room temperature, followed by an increase below ∼100 K
[34]. However, the increase is saturated at low temperatures,
indicating that NaAlGe is not a simple insulator but a metal

FIG. 5. Hole-doping dependence of Tc derived from electrical
resistivity (blue circles), magnetic susceptibility (magenta triangles),
and heat capacity (green diamonds) measurements (Fig. 3). The
samples for which superconductivity was not observed >1.8 K are
represented by open symbols with arrows pointing downward. The
solid lines serve as visual aids.

FIG. 6. (a) Temperature dependence of electrical resistivity for
all composition samples from 2 to 300 K. (b) Temperature depen-
dence of Eρ , defined as kBT 2(∂lnρ/∂T ), for 0–2.8% substituted
samples. The temperatures depicted by the arrows correspond to the
pseudogap temperature T ∗(ρ ). In both (a) and (b), only the data from
the pure sample are plotted along the right vertical axis.
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FIG. 7. (a) Temperature dependence of magnetic susceptibility
measured at B = 7 T after the subtraction of nuclear diamagnetic
contributions for samples of various compositions. (b) Temperature
derivative of magnetic susceptibility dχ /dT for 0–2.8% substituted
samples. Offsets were added for clarification. The maximum temper-
ature indicated by the arrow is the pseudogap temperature T ∗(χ ).

with a pseudogap. Doping diminishes the increase in resis-
tivity and shifts it to lower temperatures, reaching ∼50 and
20 K for 1.0 and 1.5% dopings, respectively. Above 2.8%,
the resistivity decreases monotonically and exhibits typical
metallic behavior. Thus, the pseudogap is suppressed by hole
doping.

The pseudogap temperature T ∗(ρ) can be approximated as
the temperature at which the effective activation energy Eρ ,
defined as kBT 2(∂lnρ/∂T ), reaches its maximum [36–38].
As shown in Fig. 6(b), the Eρ of the pure sample exhibits a
clear peak at T ∗(ρ) = 91 K. T ∗(ρ) decreases systematically
with increasing doping: 58 K (0.5%), 39 K (1.0%), and 29 K
(1.5%). Then there is no peak >2.8%.

The temperature dependence of magnetic susceptibility
is depicted in Fig. 7(a). The magnetic susceptibility of the
pure sample decreases significantly <100 K, as observed for
the previous single crystal, and this decrease is associated
with the formation of a pseudogap [34]. With doping, the
decrease becomes less pronounced, shifts to lower tempera-
tures, and is no longer observed for substitution rates >2.8%.
The pseudogap temperature T ∗(χ ) is defined as the maximum
temperature of the temperature derivative dχ /dT [Fig. 7(b)].

FIG. 8. T-x phase diagram of Na(Al1−xZnx )Ge. T ∗ and Tc

(multiplied by a factor of 5) from electrical resistivity (circles),
magnetic susceptibility (triangles), and heat capacity measurements
(diamonds) are plotted as a function of x. The pseudogap and super-
conducting phases are denoted by PG and SC, respectively.

Here, T ∗(χ ) decreases as doping increases: 98 K (0%), 44 K
(0.5%), 32 K (1.0%), and 24 K (1.5%).

The magnetic susceptibility of the NaAlGe sample at 2 K is
6.1 × 10−5 cm3 mol−1, which is nearly identical to that of the
previous single crystal 6.2 × 10−5 cm3 mol−1 [34]. The mag-
nitude decreases dramatically with doping, falling by less than
half to 2.8 × 10−5 cm3 mol−1 at 5.2%, which approaches the
calculated value χband = 1.9 × 10−5 cm3 mol−1. This anoma-
lous decrease may be crucial to comprehending the change in
the electronic state, and it will be discussed later.

C. Phase diagram

The superconducting transition temperature Tc and pseu-
dogap formation temperature T ∗ are summarized in the T-x
phase diagram of Fig. 8. These temperatures obtained by
measuring electrical resistivity, magnetic susceptibility, and
heat capacity measurements are almost identical. Here, T ∗
decreases rapidly upon doping, with the pseudogap phase
disappearing at ∼2%. The superconducting phase appears
between 1.5 and 4.6% > 1.8 K, with the highest Tc ∼ 2.8 K
occurring at 2.8%. The results indicate that a dome-shaped
superconducting phase appears in Na(Al1−xZnx )Ge following
the suppression of the pseudogap phase.

D. Doping dependence of the electronic state

Figure 4 depicts the low-temperature heat capacity of
the 0, 1.5, 3.7, and 5.2% polycrystalline samples as well
as that of the 0% single crystal sample reported in the
literature [34]. The typical relationship C(T ) = γ T + βT 3

holds <4 K, and the Sommerfeld coefficient γ is derived
from the C/T vs T 2 intercept. The experimental values of
γexp are 0.45(2) and 0.45(1) mJ K−2 mol−1 for the single
crystal and polycrystalline 0% samples, respectively, which
are comparable values. It gradually increases with doping
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FIG. 9. (a) Doping dependences of the magnetic susceptibility
at T = 2 K after subtraction of the nuclear diamagnetic contribution
χcore and the Sommerfeld coefficient γexp on the left vertical and right
vertical axes, respectively. The χband and γband obtained from the band
calculations are shown by the red and blue dotted lines, respectively.
(b) Doping dependence of the Wilson ratio RW.

to 1.55(3) mJ K−2 mol−1 for the 5.2% sample (Fig. 9). On
the other hand, doping increases the slope β. The De-
bye temperature 	D calculated using the formula 	D =
[(12π4NR)/5β]1/3 (N is the number of atoms per formula
unit, and R is the gas constant) are 235 (0% single crystal),
213 (0%), 206 (1.5%), 182 (3.7%), and 192 K (5.2%); the dif-
ference between the polycrystalline and single-crystal values
for the 0% sample may reflect the polycrystalline nature. As a
result, the lattice tends to soften as Zn substitution increases.

Figure 9 illustrates the Zn-substitution dependences of the
magnetic susceptibility at 2 K, the Sommerfeld coefficient,
and the Wilson ratio RW. The γexp of the parent phase is much
smaller than the calculated γband of 1.4 mJ K−2 mol−1, which
is attributed to the reduction of DOS due to the formation
of pseudogap [34]; in NaAlSi, γexp and γband are 2.15 and
1.7 mJ K−2 mol−1, respectively, and there is rather a 30%
enhancement in the experimental value [31], which may be
due to an electron-phonon interaction. Doping causes γexp to
increase and saturate close to the γband, indicating suppression
of the pseudogap.

In stark contrast to the dependence of the Sommerfeld
coefficient on doping, the magnetic susceptibility decreases
gradually at first, then rapidly ∼4%, and reaches approxi-
mately half at 5.2%. In comparison with the calculated value
of 1.9 × 10−5 cm3 mol−1 [34], the values at 0 and 5.2% are

3.2 and 1.5 times larger, respectively, and the enhancement
decreases with increasing doping. The behavior observed in
Fig. 9(a) is atypical given that both γ and χ are proportional
to DOS in typical Pauli paramagnetic metals, where the ratio
of the two, the Wilson ratio RW = (π2/3)(kB/μ0)2(χ/γ ), is 1
for free electron systems and 2 for strongly correlated electron
systems [39]. The doping dependence of RW, as depicted in
Fig. 9(b), reveals that the anomalously large RW = 10(0%)
decreases to 5.8 (0.5%), 3.3 (1.5%), 2.4 (3.7%), and 1.3
(5.2%), thus asymptotically approaching the free electron
model value. Interestingly, RW of NaAlSi is 2.3, which is
significantly lower than that of NaAlGe but still greater than
the value predicted by the free electron model [31]. Note that
typical electron-phonon interactions increase γ while main-
taining χ .

Consequently, NaAlGe has an anomalous electronic state
with a large enhancement in magnetic susceptibility and a
large reduction in the Sommerfeld coefficient, both of which
are eliminated by hole doping. Given that NaAlGe is an
sp-electron system, conventional electronic correlations must
be small, and magnetic instability has not been observed.
In addition, there are no Fermi surface instabilities such as
nesting, and there may be no structural instability. Therefore,
there must be a unique component causing the unusual elec-
tronic state. On the other hand, the moderate enhancement of
magnetic susceptibility in NaAlSi may have a common origin.
It is likely that their common nodal lines are responsible
for the enhanced magnetic susceptibility, which is especially
pronounced in NaAlGe.

IV. DISCUSSION

The superconducting dome observed in Na(Al1−xZnx )Ge
is typical for carrier-doped superconductors such as the cop-
per, iron, and f electron-based superconductors [40–42]. It is
commonly believed that the mechanism of superconductivity
is related to fluctuations caused by the suppression of a certain
order in the parent phase by doping; in many compounds, this
order is magnetic or structural. In contrast, doping suppresses
the pseudogap phase in Na(Al1−xZnx )Ge, and the supercon-
ducting dome appears. If the origin of the pseudogap in
NaAlGe is due to excitonic instability, the superconductivity
in Na(Al1−xZnx )Ge could be induced by excitonic fluctua-
tions. In the case of the other nodal-line semimetal ZrSiS, the
formation of a pseudogap due to excitonic instability has been
postulated, and it has been pointed out that doping strongly
suppresses the pseudogap by breaking the electron-hole sym-
metry, leading to d-wave superconductivity [19,43].

A few excitonic insulator candidates claim to exhibit su-
perconductivity. In Ta2NiSe5, for instance, it was reported
that superconductivity emerged under high pressure [44].
However, it is unclear whether the superconductivity is as-
sociated with excitonic fluctuations, as it occurs in a crystal
structure distinct from the excitonic insulator phase at low
pressures. In ZrSiS [18], on the other hand, tip-induced super-
conductivity was observed, but its superconductivity was not
well understood [45]. Accordingly, bulk excitonic fluctuation-
induced superconductivity has not been demonstrated in any
materials. It would be quite interesting if Na(Al1−xZnx )Ge
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were the first excitonic fluctuation-induced superconductor.
Future experiments will require angle-resolved photoemission
spectroscopy or tunneling electron spectroscopy to investi-
gate the superconducting gap structure using single-crystal
Na(Al1−xZnx )Ge.

Considering that NaAlSi is a superconductor due to
electron-phonon interaction [28,31], a simple electron-
phonon interaction is a potential alternative superconducting
mechanism. The pseudogap and superconducting states in
the phase diagram may be in competition with one another,
as opposed to cooperating as expected in the previously de-
scribed excitonic scenario. Doping may suppress the excitonic
instability in NaAlGe and replace it with electron-phonon
instability, resulting in electron-phonon superconductivity;
the excitonic instability, which destroys superconductivity,
has been removed by doping. The Zn substitution may en-
hance electron-phonon interactions by decreasing the Debye
temperature. In previous experiments on NaAl(Si1−xGex ),
Tc decreased with increasing Ge substitution, and bulk
superconductivity disappeared >45% [46], indicating that
electron-phonon interactions were weakened on the Ge-rich
side. Thus, an electron-phonon scenario cannot be ruled
out in Na(Al1−xZnx )Ge, as the Si and Zn substitutions re-
store the weakened electron-phonon interaction in NaAlGe.
Note, however, that the hole-doping-induced superconduc-
tivity lies in the strong-coupling regime, as evidenced by
the large �Ce/γ T > 2 (Fig. 3), whereas the superconductiv-
ity of NaAlSi lies in the weak-coupling regime despite its
higher Tc [31]. This comparison of superconductivity prop-
erties suggests the existence of distinct mechanisms. In any

case, the anomalous pseudogap state with large RW of NaAlGe
is remarkable, and the resulting superconductivity must be
fascinating. We believe that interesting physics related to the
electronic instability of the nodal-line semimetal have yet to
be discovered.

V. SUMMARY

The nodal-line semimetal NaAlGe has an unusual elec-
tronic structure characterized by the formation of a pseudogap
and an anomalously large Wilson ratio, which may be in-
dicative of excitonic instability. We carried out hole doping
by Zn-for-Al substitution and discovered a dome-shaped su-
perconducting phase with the highest Tc of 2.8 K in the
1.5–4.6% substituted samples. Furthermore, the pseudogap
phase is continuously suppressed and replaced by the super-
conducting phase as hole doping increases. It is likely that
excitonic fluctuations are responsible for the superconductiv-
ity of Na(Al1−xZnx )Ge.

ACKNOWLEDGMENTS

The authors are grateful to Yoshihiko Okamoto for insight-
ful discussion. This work was supported by Japan Society
for the Promotion of Science (JSPS) KAKENHI Grants
No. JP20H02820, No. JP20H01858, No. JP22H04462, and
No. JP22H05147 and the Cooperative Research Program of
“Network Joint Research Center for Materials and Devices
(MEXT) No. 20225008 and No. 20235012.” The authors
would like to thank Chikako Nagahama for her help in the
sample preparation.

[1] G. Zheng, J. Lu, X. Zhu, W. Ning, Y. Han, H. Zhang, J. Zhang,
C. Xi, J. Yang, H. Du et al., Transport evidence for the three-
dimensional Dirac semimetal phase in ZrTe5, Phys. Rev. B 93,
115414 (2016).

[2] T. Yamada, N. Matsuo, M. Enoki, and H. Yamane, A novel
ternary bismuthide, NaMgBi: Crystal and electronic struc-
ture and electrical properties, Z. Naturforsch. B 76, 789
(2021).

[3] B. Monserrat, J. W. Bennett, K. M. Rabe, and D. Vanderbilt,
Antiferroelectric topological insulators in orthorhombic AMgBi
compounds (A = Li, Na, K), Phys. Rev. Lett. 119, 036802
(2017).

[4] A. A. Burkov, M. D. Hook, and L. Balents, Topological nodal
semimetals, Phys. Rev. B 84, 235126 (2011).

[5] S.-Y. Yang, H. Yang, E. Derunova, S. S. P. Parkin, B. Yan,
and M. N. Ali, Symmetry demanded topological nodal-line
materials, Adv. Phys.: X 3, 1414631 (2018).

[6] A. Yamakage, Y. Yamakawa, Y. Tanaka, and Y. Okamoto,
Line-node Dirac semimetal and topological insulating phase in
noncentrosymmetric pnictides CaAgX (X = P, As), J. Phys. Soc.
Jpn. 85, 013708 (2016).

[7] Y. Okamoto, T. Inohara, A. Yamakage, Y. Yamakawa, and K.
Takenaka, Low carrier density metal realized in candidate line-
node Dirac semimetals CaAgP and CaAgAs, J. Phys. Soc. Jpn.
85, 123701 (2016).

[8] D. Hirai, T. Anbai, S. Uji, T. Oguchi, and Z. Hiroi, Extremely
large magnetoresistance in the hourglass Dirac loop chain metal
β-ReO2, J. Phys. Soc. Jpn. 90, 094708 (2021).

[9] S. S. Wang, Y. Liu, Z. M. Yu, X. L. Sheng, and S. A. Yang,
Hourglass Dirac chain metal in rhenium dioxide, Nat. Commun.
8, 1844 (2017).

[10] M. N. Ali, Q. D. Gibson, T. Klimczuk, and R. J. Cava, Non-
centrosymmetric superconductor with a bulk three-dimensional
Dirac cone gapped by strong spin-orbit coupling, Phys. Rev. B
89, 020505(R) (2014).

[11] G. Bian, T.-R. Chang, R. Sankar, S.-Y. Xu, H. Zheng, T.
Neupert, C.-K. Chiu, S.-M. Huang, G. Chang, I. Belopolski
et al., Topological nodal-line fermions in spin-orbit metal
PbTaSe2, Nat. Commun. 7, 10556 (2016).

[12] S.-Y. Guan, P.-J. Chen, M.-W. Chu, R. Sankar, F. Chou,
H.-T. Jeng, C.-S. Chang, and T.-M. Chuang, Superconducting
topological surface states in the noncentrosymmetric bulk su-
perconductor PbTaSe2, Sci. Adv. 2, e1600894 (2016).

[13] B. Roy and J. D. Sau, Magnetic catalysis and axionic charge
density wave in Weyl semimetals, Phys. Rev. B 92, 125141
(2015).

[14] X. Li, B. Roy, and S. D. Sarma, Weyl fermions with arbi-
trary monopoles in magnetic fields: Landau levels, longitudinal
magnetotransport, and density-wave ordering, Phys. Rev. B 94,
195144 (2016).

104801-7

https://doi.org/10.1103/PhysRevB.93.115414
https://doi.org/10.1515/znb-2021-0130
https://doi.org/10.1103/PhysRevLett.119.036802
https://doi.org/10.1103/PhysRevB.84.235126
https://doi.org/10.1080/23746149.2017.1414631
https://doi.org/10.7566/JPSJ.85.013708
https://doi.org/10.7566/JPSJ.85.123701
https://doi.org/10.7566/JPSJ.90.094708
https://doi.org/10.1038/s41467-017-01986-3
https://doi.org/10.1103/PhysRevB.89.020505
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1126/sciadv.1600894
https://doi.org/10.1103/PhysRevB.92.125141
https://doi.org/10.1103/PhysRevB.94.195144


IKENOBE, YAMADA, HIRAI, YAMANE, AND HIROI PHYSICAL REVIEW MATERIALS 7, 104801 (2023)

[15] Z. Pan and R. Shindou, Ground-state atlas of a three-
dimensional semimetal in the quantum limit, Phys. Rev. B 100,
165124 (2019).

[16] J. Fujioka, T. Okawa, A. Yamamoto, and Y. Tokura, Correlated
Dirac semimetallic state with unusual positive magnetore-
sistance in strain-free perovskite SrIrO3, Phys. Rev. B 95,
121102(R) (2017).

[17] J. M. Ok, N. Mohanta, J. Zhang, S. Yoon, S. Okamoto, E. S.
Choi, H. Zhou, M. Briggeman, P. Irvin, A. R. Lupini et al.,
Correlated oxide Dirac semimetal in the extreme quantum limit,
Sci. Adv. 7, eabf9631 (2021).

[18] A. N. Rudenko, E. A. Stepanov, A. I. Lichtenstein, and M.
I. Katsnelson, Excitonic instability and pseudogap formation
in nodal line semimetal ZrSiS, Phys. Rev. Lett. 120, 216401
(2018).

[19] M. M. Scherer, C. Honerkamp, A. N. Rudenko, E. A. Stepanov,
A. I. Lichtenstein, and M. I. Katsnelson, Excitonic instability
and unconventional pairing in the nodal-line materials ZrSiS
and ZrSiSe, Phys. Rev. B 98, 241112(R) (2018).

[20] R. Yamada, J. Fujioka, M. Kawamura, S. Sakai, M. Hirayama,
R. Arita, T. Okawa, D. Hashizume, T. Sato, F. Kagawa et al.,
Field-induced multiple metal-insulator crossovers of correlated
Dirac electrons of perovskite CaIrO3, Npj Quantum Mater. 7,
13 (2022).

[21] A. Laha, S. Malick, R. Singha, P. Mandal, P. Rambabu, V.
Kanchana, and Z. Hossain, Magnetotransport properties of the
correlated topological nodal-line semimetal YbCdGe, Phys.
Rev. B 99, 241102(R) (2019).

[22] Y. Shao, A. N. Rudenko, J. Hu, Z. Sun, Y. Zhu, S. Moon,
A. J. Millis, S. Yuan, A. I. Lichtenstein, D. Smirnov et al.,
Electronic correlations in nodal-line semimetals, Nat. Phys. 16,
636 (2020).

[23] C. J. Butler, Y. Kohsaka, Y. Yamakawa, M. S. Bahramy, S.
Onari, H. Kontani, T. Hanaguri, and S. Shamoto, Correlation-
driven electronic nematicity in the Dirac semimetal BaNiS2,
Proc. Natl. Acad. Sci. USA 119, e2212730119 (2022).

[24] W. Westerhaus and H.-U. Schuster, Darstellung und Struktur
von NaAlSi und NaAlGe/preparation and structure of NaAlSi
and NaAlGe, Z. Naturforsch. B 34, 352 (1979).

[25] H. B. Rhee, S. Banerjee, E. R. Ylvisaker, and W. E.
Pickett, NaAlSi: Self-doped semimetallic superconductor with
free electrons and covalent holes, Phys. Rev. B 81, 245114
(2010).

[26] X. Wang, G. Ding, Z. Cheng, G. Surucu, X.-L. Wang, and
T. Yang, Rich topological nodal line bulk states together with
drum-head-like surface states in NaAlGe with anti-PbFCl type
structure, J. Adv. Res. 23, 95 (2020).

[27] L. Jin, X. Zhang, T. He, W. Meng, X. Dai, and G. Liu, Topo-
logical nodal line state in superconducting NaAlSi compound,
J. Mater. Chem. C 7, 10694 (2019).

[28] L. Muechler, Z. Guguchia, J.-C. Orain, J. Nuss, L. M. Schoop,
R. Thomale, and F. O. von Rohr, Superconducting order param-
eter of the nodal-line semimetal NaAlSi, APL Mater. 7, 121103
(2019).

[29] X. Yi, W. Q. Li, Z. H. Li, P. Zhou, Z. S. Ma, and L. Z. Sun,
Topological dual double node-line semimetals NaAlSi(Ge) and
their potential as cathode material for sodium ion batteries,
J. Mater. Chem. C 7, 15375 (2019).

[30] S. Kuroiwa, H. Kawashima, H. Kinoshita, H. Okabe, and J.
Akimitsu, Superconductivity in ternary silicide NaAlSi with
layered diamond-like structure, Physica C 466, 11 (2007).

[31] T. Yamada, D. Hirai, H. Yamane, and Z. Hiroi, Superconduc-
tivity in the topological nodal-line semimetal NaAlSi, J. Phys.
Soc. Jpn. 90, 034710 (2021).

[32] D. Hirai, T. Ikenobe, T. Yamada, H. Yamane, and Z. Hiroi,
Unusual resistive transitions in the nodal-line semimetallic su-
perconductor NaAlSi, J. Phys. Soc. Jpn. 91, 024702 (2022).

[33] S. Uji, T. Konoike, Y. Hattori, T. Terashima, T. Oguchi, T.
Yamada, D. Hirai, T. Ikenobe, and Z. Hiroi, Anomalous dia-
magnetic torque signals in topological nodal-line semimetal
NaAlSi, J. Phys. Soc. Jpn. 92, 074703 (2023).

[34] T. Yamada, D. Hirai, T. Oguchi, H. Yamane, and Z. Hiroi,
Pseudogap formation in the nodal-line semimetal NaAlGe,
J. Phys. Soc. Jpn. 91, 074801 (2022).

[35] Z. Chen, Y. Yang, J. Deng, S. Du, T. Ying, J. Guo, and X. Chen,
Delicate superconductivity in nodal-line NaAlGe single crystal,
J. Phys.: Condens. Matter 34, 495702 (2022).

[36] D. Jérome, T. M. Rice, and W. Kohn, Excitonic insulator, Phys.
Rev. 158, 462 (1967).

[37] J. Zittartz, Transport properties of the “excitonic insulator”:
Electrical conductivity, Phys. Rev. 165, 605 (1968).

[38] Y. F. Lu, H. Kono, T. I. Larkin, A. W. Rost, T. Takayama, A.
V. Boris, B. Keimer, and H. Takagi, Zero-gap semiconductor to
excitonic insulator transition in Ta2NiSe5, Nat. Comm. 8, 14408
(2017).

[39] P. A. Lee, T. M. Rice, J. W. Serene, L. J. Sham, and J.
W. Wilkins, Theories of heavy-electron systems, Comments
Condens. Matter Phys. 12, 99 (1986).

[40] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and J.
Zaanen, From quantum matter to high-temperature supercon-
ductivity in copper oxides, Nature (London) 518, 179 (2015).

[41] S. Kasahara, H. J. Shi, K. Hashimoto, S. Tonegawa, Y.
Mizukami, T. Shibauchi, K. Sugimoto, T. Fukuda, T. Terashima,
A. H. Nevidomskyy et al., Electronic nematicity above the
structural and superconducting transition in BaFe2(As1−xPx )2,
Nature (London) 486, 382 (2012).

[42] S. S. Saxena, P. Agarwal, K. Ahilan, F. M. Grosche, R. K. W.
Haselwimmer, M. J. Steiner, E. Pugh, I. R. Walker, S. R. Julian,
P. Monthoux et al., Superconductivity on the border of itinerant-
electron ferromagnetism in UGe2, Nature (London) 406, 587
(2000).

[43] P. A. Volkov and S. Moroz, Coulomb-induced instabilities of
nodal surfaces, Phys. Rev. B 98, 241107(R) (2018).

[44] K. Matsubayashi, H. Okamura, T. Mizokawa, N. Katayama, A.
Nakano, H. Sawa, T. Kaneko, T. Toriyama, T. Konishi, Y. Ohta
et al., Hybridization-gap formation and superconductivity in the
pressure-induced semimetallic phase of the excitonic insulator
Ta2NiSe5, J. Phys. Soc. Jpn. 90, 074706 (2021).

[45] L. Aggarwal, C. K Singh, M. Aslam, R. Singha, A. Pariari, S.
Gayen, M. Kabir, P. Mandal, and G. Sheet, Tip-induced super-
conductivity coexisting with preserved topological properties
in line-nodal semimetal ZrSiS, J. Phys.: Condens. Matter 31,
485707 (2019).

[46] T. Yamada, D. Hirai, T. Ikenobe, H. Yamane, and Z. Hiroi,
Crystal structure and superconductivity of NaAlSi1−xGex single
crystals, J. Phys.: Conf. Ser. 2323, 012004 (2022).

104801-8

https://doi.org/10.1103/PhysRevB.100.165124
https://doi.org/10.1103/PhysRevB.95.121102
https://doi.org/10.1126/sciadv.abf9631
https://doi.org/10.1103/PhysRevLett.120.216401
https://doi.org/10.1103/PhysRevB.98.241112
https://doi.org/10.1038/s41535-021-00418-2
https://doi.org/10.1103/PhysRevB.99.241102
https://doi.org/10.1038/s41567-020-0859-z
https://doi.org/10.1073/pnas.2212730119
https://doi.org/10.1515/znb-1979-0242
https://doi.org/10.1103/PhysRevB.81.245114
https://doi.org/10.1016/j.jare.2020.01.017
https://doi.org/10.1039/C9TC03464A
https://doi.org/10.1063/1.5124242
https://doi.org/10.1039/C9TC04096J
https://doi.org/10.1016/j.physc.2007.04.232
https://doi.org/10.7566/JPSJ.90.034710
https://doi.org/10.7566/JPSJ.91.024702
https://doi.org/10.7566/JPSJ.92.074703
https://doi.org/10.7566/JPSJ.91.074801
https://doi.org/10.1088/1361-648X/ac9adf
https://doi.org/10.1103/PhysRev.158.462
https://doi.org/10.1103/PhysRev.165.605
https://doi.org/10.1038/ncomms14408
https://doi.org/10.1038/nature14165
https://doi.org/10.1038/nature11178
https://doi.org/10.1038/35020500
https://doi.org/10.1103/PhysRevB.98.241107
https://doi.org/10.7566/JPSJ.90.074706
https://doi.org/10.1088/1361-648X/ab3b61
https://doi.org/10.1088/1742-6596/2323/1/012004

