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Most superconductors can be categorized into two classes – the
conventional Bardeen-Cooper-Schrieffer (BCS) superconductors [1]
and the unconventional superconductors including the strongly
correlated high-Tc superconductors [2]. For typical high-Tc super-
conductors, their parent compounds are Mott or charge transfer
insulators. Upon chemical substitutions, a superconducting dome
emerges close to the strongly insulating phase. The recent realiza-
tion of strongly insulating states and superconducting dome in the
twisted multi-layer graphene [3] and van der Waals materials [4]
suggests that certain features of unconventional superconductivity
may not be limited to 3d transition metal compounds such as Cu-
[2], Fe- [5], and Ni-based superconductors [6]. In this work, we pre-
sent a compelling case that seemingly unconventional supercon-
ducting and normal-state properties can result from conventional
mechanisms such as disorder and electron–phonon coupling.

The nature of superconductivity in transition metal nitrides has
not been settled since their discovery [7]. Although their supercon-
ducting properties, including superconducting gaps and upper crit-
ical fields, can be explained by the BCS physics, a few early works
also reported experimental observations that require theory
beyond the BCS picture, e.g., the density of states at the Fermi sur-
face [8] and electron–phonon coupling strength [9] are too low to
account for their relatively high Tc. Meanwhile, because of their
mechanical hardness and durability, superconducting transition
metal nitrides have attracted a lot of attention lately for their
unique advantages in technological applications.

ZrN has a NaCl structure with lattice constants of �4.60 Å,

which belongs to the Fm3
�
m space group and the Oh point group.

ZrNx studied previously often has multiple structure domains.
Here, we grew (00l) oriented ZrNx films on (00l) MgO substrate
with thicknesses of �150 nm using the pulsed laser deposition.
By employing fine controls of nitrogen partial pressure and the rel-
ative position between the substrate and target, ZrNx films with
x from 0:54 to 1.40 were obtained. The N concentration and crystal
lattice parameters were measured with the energy dispersive
X-ray spectroscopy (EDX, Fig. S1 online) and X-ray diffraction
(XRD, Fig. S2 online). All ZrNx thin films studied in this work have

the same ZrN Fm3
�
m structure (Table S1 online).

Fig. 1 illustrates the temperature-dependent resistivity of ZrNx

films. For x � 1:00, the onset superconducting transition tempera-
ture, Tonset

c , reaches a maximum value of 10 K, consistent with that
of the bulk ZrNx [7]. For the N-rich region (x > 1:00), Tonset

c gradu-
ally decreases towards zero and a strongly insulating phase devel-
ops. The resistivity rises by two orders of magnitude from 300 to
2 K (Fig. 1a), and a resistivity upturn appears (Fig. 1b). Notably,
the onset superconducting transition is clearly seen for insulating
ZrNx with 1:30 � x � 1:35. For the N-deficient region (x < 1:00), a
decrease of Tonset

c coincides with the presence of a weakly insulat-
ing phase, for which the resistivity upturn is much less obvious
(Fig. 1b). Representative temperature-dependent magnetic suscep-
tibility of ZrNx is delineated in Fig. 1c. The superconducting volume
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Fig. 1. (Color online) (a) Temperature-dependent resistivity of ZrNx with various x. (b) Resistivity upturns in the N-rich (left panel) and N-deficient (right panel) regions. SC, SI,
WI, and M correspond to the superconducting, strongly insulating, weak insulating, and metallic phases, respectively. (c) Representative magnetic susceptibility and
superconducting volume fraction. (d) Temperature dependence of superconducting gap, 2D, measured by Terahertz spectroscopy. (e) Phase diagram of ZrNx. The color shades
outside of the superconducting dome indicate the magnitude of electrical resistivity. The two dashed lines labeling the phase boundaries are determined by the temperature
derivative of the resistivity that equals zero.
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fraction is found to be close to 1, suggesting bulk rather than sur-
face superconductivity. We performed measurement of the super-
conducting energy gap, 2D, using Terahertz spectroscopy (see
Terahertz raw data in Fig. S3 online). As plotted in Fig. 1d, the tem-
perature dependence of 2D can be well explained by the BCS gap

function, 2D=kBTc � ð1� T
Tc
Þ1=2 [1]. In Fig. 1e, we construct a phase

diagram for ZrNx. Strikingly, the superconducting dome emerges in
the close vicinity of a strongly insulating (SI) phase and a metallic
(M) state exists above Tc near the optimal N concentration.

The electrical transport properties of normal state ZrNx have
been analyzed quantitatively (see Figs. S4 and S5 (online) for full
results). A normal state phase diagram has been summarized, as
in Fig. 2a. Interestingly, the longitudinal resistivity, qxx, can be
described by linear-in-temperature and quadratic-in-temperature
regimes above superconducting dome. This resistivity behavior,
qxx ¼ q0 þ A1T þ A2T

2, where A1 and A2 are resistivity prefactors
and q0 is the residual resistivity, imitates resistivity in the
normal-state of unconventional superconductors [10,11] Hall coef-
ficient RH is plotted in Fig. 2b, which is insensitive to the tempera-
ture, indicating a relatively simple Fermi surface. To further
investigate the underlying physics, In Fig. S6 (online), we carried
out the additional analyses of qxx, using Matthiessen rule with
electron–phonon scattering. This method describes our resistivity
data very well. In Fig. S7 (online), we calculated the band structure
and Fermi surface for ZrNx using density-functional theory (DFT),
employing the projector augmented wave method and the gener-
alized gradient approximation. We observe the existence of elec-
tron Fermi pockets, which are consistent with the negative sign
of the Hall resistivity. Raman spectroscopy has been carried out
to characterize the ZrNx phonon modes at room temperature. The-
oretically, due to the Oh point symmetry of the ZrN structure, the
first-order Raman scattering should be prohibited. However, the
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excess/absent N atoms and disorders can destroy the symmetry
protection, leading to the rise of acoustic and optical phonon
Raman intensities [12]. Fig. 2c illustrates the Raman spectra of ZrNx

with various x (detailed Raman data in Fig. S8 online). We convert
the Raman shift of acoustic phonon modes to the electron–phonon
coupling constant k / 1=x2 in Fig. 2d [12], which reveals a signif-
icant weakening of k in the N-deficient region. Because both Raman
intensities and residual resistivity q0 can reflect the amount of dis-
orders in ZrNx, we compare them in Fig. 2e, which display a large
enhancement in the SI phase.

To further investigate the disorder in the SI phase, we per-
formed scanning transmission electron microscopy (STEM) mea-
surements on ZrNx with x ¼ 1:00, 1.25, 1.35. STEM data at the
atomic scale for x ¼ 1:25 reveal additional N atoms located
between the Zr atoms (also see Fig. S7 online for STEM data with
other x). We summarize the evolution of the superconducting
dome in Fig. 2f. At x ¼ 1:00, ZrNx has an optimal Tc of 10 K. With
a lowering x, the electron–phonon coupling obtained from Raman
scattering decreases. Applying McMillan’s formula, we estimate
the upper bound of the superconducting transition temperature,
T�
c ¼ ðhD=1:45Þexp½� 1:04 1þkð Þ

k�l� 1þ0:62kð Þ�, where hD is the Debye tempera-

ture (�475 K from fit), l� is the Coulomb repulsion strength
(�0.1 from fit). In the N-deficient region, the calculated T�

c tracks
the experimentally obtained Tonset

c very well. However, for the N-
rich region, T�

c is almost a constant, and thus cannot explain the
lowering Tonset

c . Alternatively, assuming the presence of excess N
atoms (Fig. 2g) can induce localization of otherwise mobile elec-
trons due to bonding between negatively charged N and positively
charged Zr atoms, we estimate the number of mobile electrons per
Zr atoms, valence ne/Zr, as a function of x in Fig. 2f (dashed line).
The value of ne=Zr � 4� 3x for x < 1.33 reflects how many elec-
trons can contribute to the normal state and superconductivity,



Fig. 2. (Color online) (a) Normal state phase diagram of ZrNx based on electrical resistivity. (b) The Hall coefficient, RH, as a function of N concentration and temperature. (c)
Raman spectra of ZrNx with various x. (d) Inverse square of the acoustic mode Raman shift, 1=x2, for acoustic and optical modes, which is proportional to the electron–phonon
coupling. (e) Comparison between Raman scattering intensities and the residual resistivity, q0. (f) Analysis for superconducting dome. Valence ne=Zr and DFT ne=Zr are
number of estimated mobile electrons per Zr for N-rich and N-deficient regions, respectively. Hall effect ne=Zr are the experimental data. Upper bound of the superconducting
transition temperature, T�

c , is calculated from 1=x2 based on the McMillan’s formula. Dashed grey shade for x > 1:33 signifies an upper boundary for superconductivity. (g)
STEM image of ZrNx for x ¼ 1:25. Additional N atoms (blue in the illustration) are revealed to locate between the Zr atoms (Green).
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and it is found to be consistent with that extracted from Hall mea-
surement for x > 1:00. We note that Zr3N4 was previously calcu-
lated to be a band insulator [13]. Our simple estimation here
only based on the electron valency of Zr and N, with no require-
ment of using the Zr3N4 structure (all our ZrNx films are character-

ized to be the ZrN Fm3
�
m structure). In the N-deficient region,

because the N to Zr ratio is less than one, our estimation based
on excess N atoms no longer works. We performed DFT calculation
with virtual crystal approximation. The DFT ne/Zr is calculated by
integrating density of states for Zr bands up to the energy where
the integral of all bands equals to the number of carriers in the
676
material. We compare the DFT calculated ne/Zr to that extracted
from Hall measurement and obtain a good correspondence for
x < 1:00.

Our work thoroughly established the appearance of a supercon-
ducting dome near a strongly insulating phase in transition metal
pnictides. This resemblance inevitably raises questions about the
underlying physics of the superconducting dome in unconven-
tional and seemingly conventional materials. For high-Tc supercon-
ductors, large onsite Coulomb repulsion results in Mott or charge
transfer insulators that coexists with the long-range antiferromag-
netism [3]. In the case of ZrNx, our magnetic susceptibility mea-
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surements observe no magnetic orderings inside and outside of the
SI phase. STEM results (Fig. S9 online) demonstrate the appearance
of interstitial N atoms when ZrNx enters the SI phase, while no
ordering of the interstitial N atoms has been observed. The drastic
increase of resistivity and decrease in the number of carriers can
thus be attributed to charge localization associated with additional
N atoms. In principle, the reduction of mobile electrons would limit
the number of Cooper pairs and lead to a lower Tc. In fact, based on
the valency of Zr and N atoms, we estimate the upper supercon-
ducting dome boundary at x ¼ 1:33, where ne=Zr � 4� 3x ¼ 0.
This estimation is consistent with experimental observed values
in the N-rich region (Fig. 2f). The vanishing number of carriers in
the normal state can result in a decreasing superfluid density in
the superconducting state, similar to what happens in high-Tc
superconductors, but its origin in conventional superconductors
is yet to be explained. For the N-deficient region, Tonset

c is found
to follow T�

c, suggesting that the electron–phonon coupling domi-
nates the evolution of the superconducting dome. This behavior
differs from the case of high-Tc superconductors, where the super-
fluid density decreases in the over-doped regime while the number
of carriers in the normal state increases [2].

Next, we compare the nature of the metallic normal state for
ZrNx to that in the other superconductor families. Although no con-
sensual conclusion has been made on the underlying physics of the
normal state for high-Tc superconductors, relevant main signatures
include linear-in-temperature resistivity that goes above the Mott-
Ioffe-Regel limit and a temperature-dependent Hall coefficient [2].
The scaling relation of resistivity prefactors was also linked to pos-
sible existence of quantum criticality and the emergence of super-
conductivity [14]. For ZrNx, we only observe qxx � T resistivity
near 250 K, almost half of the Debye temperature, while the resis-
tivity magnitude is well below the Mott-Ioffe-Regel limit (Table S2
online). The qxx � T resistivity is thus more likely to associate with
electron phonon scattering. The N concentration dependence of A1,
and A2 also show no obvious scaling relation respective to x (Fig. 2a
and Fig. S6 online), and they are closely related to q0, that is sug-
gestive of overall enhancement of resistivity instead of non-
Fermi-liquid features. The nearly temperature-independent Hall
coefficient, in addition, provides clear evidence for the persistence
of a full Fermi surface, in contrast to that for high-Tc superconduc-
tors. Recently, the linear-in-temperature resistivity in high-Tc
superconductors was found to be associated with the Planckian
scattering rate, �h=s � akBT, where a is close to 1 [15]. We estimate
that the temperature range at which qxx �/ A1T appears for ZrNx is
also much lower than the Planckian limit (Table S2 online). Thus,
the resistivity of ZrNx likely originates from an electron–phonon
scattering of a Fermi-liquid normal state that relevant to excess
and vacant N atoms.

ZrNx presents a remarkable material system to study the emer-
gence of a superconducting dome, for which an interplay between
two distinct mechanisms can realize its evolution. Instead of
requiring a temperature difference between electron pairing and
phase coherence, tunable charge localization and pairing strength
control the dome shape of superconductivity in ZrNx. As an increas-
ing number of studies observing superconducting domes in high-Tc
superconductors [2,5,6] and two-dimensional materials, our dis-
covery points to a new route in understanding the superconduct-
ing dome in these complex materials.
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