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Direct observation of the electronic structure of the layered phosphide superconductor ZrP2−xSex
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A layered phosphide superconductor, AP2−xXx (A = Zr and Hf; X = Se and S), is expected to be a foothold
for the quest of new superconductors. Here, we report direct experimental observation of the electronic structure
of ZrP2−xSex (x = 0.55, 0.60, 0.75, and 0.85), using high-resolution bulk-sensitive hard x-ray photoemission
spectroscopy. Core-level spectra of P show two distinct components separated by an energy of 1.2 eV. These
reveal that the P atoms at two crystallographic sites have different valence charges, −1 and −3, playing
different chemical roles, and furthermore that the occupation ratio between them varies monotonically with x. We
observed valence-band features at −6.5, −4.0, and −1.4 eV together with a clear Fermi edge. The consistency
with first-principles calculation indicates that the electronic states at Fermi level are mainly ascribed to the Zr
4d band. Notably, a hump feature near the Fermi level shows an upward energy shift by 0.49 eV with decreasing
x from 0.85 to 0.55. The energy shifts of spectral features substantiate that replacing Se2− with P3− serves as
hole doping, shedding light on the tunability of ZrP2−xSex . These findings on the electronic structure establish
an essential basis for understanding the superconductivity in the AP2−xXx system.

DOI: 10.1103/PhysRevB.105.195111

I. INTRODUCTION

Over recent decades, diversity of superconducting ma-
terials has been expanding. The discovery of cuprate su-
perconductors was a breakthrough from alloy to oxide
superconductors [1]. The next impact was made by iron-
based superconductors [2], which further increased diversity
in the base element, anion series, electron filling of d orbitals,
and even the phase diagram. In view of the various kinds
of the superconductors, it is suggested that the ingredients,
which are likely favorable for the superconducting materials,
are as follows: (i) two-dimensional layered crystal structure,
(ii) tunability of carrier concentration with methods, such as
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elemental substitution, and (iii) combination of a transition-
metal cation and relatively light anions.

In 2014, a new family of superconductors had been un-
veiled by Kitô and co-workers [3,4]. The chemical formula
is expressed as AP2−xXx, where A stands for Zr or Hf, and
X stands for a chalcogen, Se, or S. Whereas the supercon-
ducting critical temperature Tc was reported to be 6.3 K
for ZrP1.25Se0.75, some implicative features have attracted
researchers’ interest. First, the crystal structure is the same
PbFCl type [3,4] as that of an iron-based superconductor
LiFeAs [5–7]. The structure of ZrP2−xSex, for instance, is
an alternate stack of a two-dimensional phosphorus plane
and a zirconium selenide buckled double layer. Second, op-
timization for the superconductivity is made by elemental
substitution [3,4,8]. Whereas a stoichiometric compound of
ZrPSe is rather difficult to synthesize, replacing 25% of Se
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with additional P leads to an increase in Tc, and, in a phase
diagram, Tc draws a domelike curve as a function of x in
analogy with copper- and iron-based superconductors. Further
optimization was achieved in 2018 by nonmagnetic rare-earth
substitution for Zr, and, as a result, Tc = 7.6 K was recorded
for Zr0.75Sc0.25P1.25Se0.75 [9,10]. Third, the combination of
Zr and P allows for the interplay of strong electron correla-
tion and a conventional phononic effect. For these reasons,
ZrP2−xSex has been considered as a foothold for the quest of
new superconductors.

However, little is known about the electronic structure
of the nonstoichiometric ZrP2−xSex superconductors. Al-
though the first-principles calculation has been reported
in Refs. [4,11], the effect of P substitution for Se has
been inferred from the electronic structure calculated for
Zr(As1−xSex)P within a simple virtual-crystal approxima-
tion. From the empirical point of view, even the valence
charges of P and Zr atoms remain unclear. The polyvalency
of these elements may provide major uncertainties in con-
structing an effective model for the low-energy electronic
states. In particular, in order to clarify the role of the elemen-
tal substitution in the superconductivity, we definitely need
direct observation of the electronic structure as well as the
calculation.

In this paper, we report a systematic photoemission study
of the layered zirconium-phosphide-chalcogenide supercon-
ductors, ZrP2−xSex (x = 0.55, 0.60, 0.75, and 0.85). We
performed hard x-ray photoemission spectroscopy (HAX-
PES) [12,13], which is suitable for the first investigation of
the electronic structure because of its bulk sensitivity, high
throughput, and wide energy scope covering from deep core
levels up to the Fermi level, EF. Whereas core-level spectra
shed light on the distinction between the phosphori at two
inequivalent sites, valence-band spectra substantiate the fun-
damental picture of low-energy electronic structure. In light
of the findings from continuous spectral evolution with x, we
discuss the effect of the P substitution for Se in the nonstoi-
chiometric ZrP2−xSex superconductor.

II. EXPERIMENT

Well-sintered high-density samples of ZrP2−xSex (x =
0.55, 0.60, 0.75, and 0.85) were obtained by a high-pressure
synthesis technique using a cubic-anvil-type apparatus. The
maximum Tc of 6.3 K was observed for x = 0.75. Details
of the sample preparation and the x dependence of Tc have
already been reported in Refs. [3,4].

The HAXPES experiments were performed at the undula-
tor beamline BL15XU of SPring-8 using excitation photons
of energy of hν = 5.95 keV [12]. The electron inelastic mean
free path (IMFP) for 6 keV, which is relevant to valence-band
and shallow-core photoemission spectra, is typically 90 Å
[14,15]. According to the established form of energy depen-
dence, the IMFP for 4 keV, which is relevant to deep-core
P 1s spectra, is reduced to 70% of that for 6 keV [14,15].
The spectra were collected with a hemispherical electron an-
alyzer (VG-Scienta R4000 HKE), and the energy resolution
was set to ∼230 and ∼150 meV for core-level and valence-
band spectra, respectively. The experimental geometry of the
beamline and the end station was described in Ref. [12]. The

analyzer-lens axis was set in a direction, which is perpendicu-
lar to the photon beam and parallel to the electrical field vector
of the linearly polarized photons. The incidence and emission
angles from the sample normal were typically ∼80◦ and ∼10◦,
respectively. Right before the measurement, the sample sur-
face was scraped off with a diamond file in the preparation
chamber and then transferred into the main chamber with the
base pressure of ∼2 × 10−8 Pa. The sample temperature was
cooled down and kept at 20 K during the measurement. The
energy was calibrated with the Fermi edge of evaporated gold
film and is expressed here as that relative to EF. Cleanness of
the samples was confirmed by the absence of the O 1s and C
1s core-level peaks.

First-principles calculation of the electronic structure was
performed for stoichiometric material of ZrPSe (x = 1). The
calculation is based on the full-potential linearized augmented
plane wave method and the local-density approximation.
These were implemented by computer codes KANSAI-94 and
TSPACE [16]. Details of the calculation are described in
Ref. [4].

III. RESULTS

A. Core levels

The valence of the phosphorus atom may vary from −3
to +5, depending on the circumstances. Thus, we investigate
the HAXPES spectra of phosphorus core levels of ZrP2−xSex.
Figure 1(a) reveals that two distinct peaks of a deep 1s core
level have been observed, even though spin-orbit splitting
never occurs for the s orbital. The color gradation from blue
to red denotes the decrease in x from 0.85 to 0.55 in Fig. 1.
An additional peak is found at 1.3 eV above the main peak
at −2143.0 eV, and its intensity increases with substituting
P for Se. These findings are reproduced by sharper spectra
of the P 2p core level as shown in Fig. 1(b). In principle, the
spectral peak of p orbital splits into an intensity ratio of 2:1 by
spin-orbit interaction. The main peaks observed at −129.3 and
−130.2 eV are assigned to p3/2 and p1/2 states, respectively.
A well-resolved additional peak is observed at 1.2 eV above
each of the main peaks, and shows a systematic increase in
intensity with substituting P for Se. As x decreases from 0.85
to 0.55, no significant shift was identified for the main peak
of P 2p3/2, whereas a small upward shift of about ∼0.1 eV
was detected for the additional peak of P 2p3/2. We also
observed the P 2s spectra and found that the relative energy
and intensity of an additional component are similar to those
of the P 1s and 2p spectra.

In order to quantify the intensity ratio, we performed a
fitting analysis of the core-level spectra. As typical results,
the extracted peak components for x = 0.55 are shown by
color filled and hatched areas at the bottom of each panel in
Fig. 1. Focusing on the P core-level spectra, the intensity ratio
of the additional to main component has been determined for
each x as shown in Fig. 2(a). The results from the 1s and
2p3/2 peaks are identical to each other within a statistical
error, suggesting that this intensity ratio is independent of
surface or bulk because the photoelectron kinetic energy and
escape depth are different between the shallow-core 2p3/2 and
deep-core 1s levels.
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FIG. 1. Core-level spectra of ZrP2−xSex . (a) P 1s level. (b) P 2p
level. (c) Zr 3d level. (d) Se 3d level. Color filled and hatched areas at
each bottom show the peak components extracted by fitting analysis
for x = 0.55.

Furthermore, Fig. 2(a) clearly shows a linear relationship
between the intensity ratio and x, providing evidence that two
spectral components arise from two crystallographic sites for
P. In fact, previous x-ray diffraction studies have reported
that P atoms are located at two sites, which are named 2a
and 2c after the Wyckoff positions [3,4]. The former site is
on the two-dimensional P plane, and the latter site is shared
with the Se atom as shown in Fig. 2(b). Assuming that the
in-plane 2a sites are fully occupied by P atoms and that all
the rest of P and Se atoms occupy the 2c sites as a mixture of
(1 − x) P + x Se, we expect that the ratio of P(2c) to P(2a) is
1 − x as drawn with a black dashed line in Fig. 2(a). Notably,
the x dependence of the intensity ratios IP(2c)/IP(2a) is basically
reproduced by this model function 1 − x. A small deviation
from 1 − x is likely due to the defects of the P atom at the
in-plane 2a sites because such defects have been reported to
occur by about 10% for the 2a sites of the similar isostruc-
tural mixed-anion materials, ZrAs1.4Se0.5 and HfAs1.7Se0.2

[17,18]. The linear-fit extrapolation of the experimental data

gives IP(2c)/IP(2a) = 0.14 at x = 1, implying that, even in a
stoichiometric sample of ZrPSe, about 12% of P atoms would
drop out of the 2a site and enter in the 2c site.

The energy difference of eV order for the same core or-
bital suggests that the phosphori at the 2a and 2c sites are
distinguished by valence charge QP. In practice, the database
of core-level energies has served as a simple measure of va-
lence charge [19]. Concerning the energy of the P 2p level, a
series of first-row transition-metal monophosphide alloys has
systematically been studied by photoemission spectroscopy
[20,21]. Following the work by Grosvenor et al. [20], we
adopted an empirical linear relation between the energy of P
2p3/2 and the valence charge QP as shown in Fig. 2(c). The
data of TiP and ScP [21] were plotted together with the formal
P valence of −3. In this paper, the peaks of P 2p3/2 were
observed at −129.3 and −128.1 eV, which lead to QP = −1
and −3 for P(2a) and P(2c), respectively.

This result can be explained in terms of electronegativity,
which is better defined than the valence charge. Considering
that the Allred-Rochow electronegativity [22] of P, χ (P) =
2.06, is sufficiently higher than that of Zr, χ (Zr) = 1.22, the
Zr-P bond has an ionic character in contrast to the covalent
in-plane P-P bond, and, thus, the P(2c) atom surrounded by
Zr should capture more negative charge than the in-plane
P(2a) atom. Empirically, it has been established that the
core-level energy shift due to interatomic bonding is directly
related to the electronegativity difference between two bonded
atoms [20]. Given that χ (Zr) = 1.22 is intermediate between
χ (Sc) = 1.20 and χ (Ti) = 1.32, the P 2p3/2 energy of ZrP
would also be intermediate between those of ScP and TiP.
Hence, the result in Fig. 2(c) suggests that the P(2c) atom
in ZrP2−xSex has nearly the same valence charge as that in
ZrP. Therefore, it is reasonable to assume the formal valence
of P(2c) to be −3. In light of the formal valences, we can
express ZrP2−xSex as the combination of two-dimensional
covalent P− planes and somewhat ionic Zr3+Se2− layers and,
furthermore, expect that replacing Se2− with P3− at the 2c site
serves as hole doping for the low-energy electronic states.

For comparison, core-level spectra representative of the
other atoms Zr and Se are shown in Figs. 1(c) and 1(d),
respectively. The Zr 3d spectra in Fig. 1(c) show only two
sharp peaks d5/2 and d3/2, which were identified as the re-
sult of standard spin-orbit splitting because all the spectra
are excellently fitted with two Voigt peaks without assuming
additional components. The Se 3d spectra in Fig. 1(d) show
that two main peaks d5/2 and d3/2 are sharp enough, whereas
a small additional component is recognized at 0.5 eV above
the main component. In contrast to the P 1s and 2p spectra,
no systematic x dependence of the intensity of the additional
component has been identified for the Se 3d spectra despite
our careful x-dependent experiments. Therefore, it is rather
difficult to interpret this additional component in the Se 3d
spectra in terms of the substitution of P for Se. Instead,
we currently consider that the small additional component
in the Se 3d spectra is ascribed to the emission from the
surface Se atoms because we observed that this component
is apparently enhanced in our preliminary experiment using
vacuum ultraviolet as excitation photons. Note that the Se
atoms are most likely to be exposed at surface because of
the Coulomb repulsion between two negatively charged Se2−
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layers as seen from Fig. 2(b). It has been reported for ZrSiS,
which is isostructural with ZrPSe, that the cleavage plane is
between two adjacent chalcogen layers [23]. Regarding the
energy shift of the main peaks, we found that the 3d core
levels of Zr and Se shift upward by about 0.15 and 0.1 eV,
respectively, with decreasing x from 0.85 to 0.55.

B. Valence band

Next, we move on to a valence-band region. The HAXPES
spectra in Fig. 3 show the valence-band bottom at −7.7 eV,
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transport properties of ZrP2−xSex [4,24]. The overview of
these valence-band features is consistent throughout the range
of 0.55 � x � 0.85. Considering that the valence electrons
originate from the outermost atomic orbitals, the main part of
the valence band is ascribed to Se 4p, P 3p, and Zr 4d bands.
Slightly below the valence-band bottom, a broad feature at
−10.5 eV increases in intensity with P substitution and, thus,
is attributed to the P 3s band.

A consistent quality of the sample preparation and the
HAXPES measurement have enabled us to identify rather
small but appreciable changes with x. Overlaid spectra at
the bottom of Fig. 3 demonstrate that the difference between
both ends of x is substantial. As x decreases, the peak top at
−4.0 eV is rounded and decreases in intensity, indicating a
predominance of a character of the Se 4p orbital. We found
that the peak at −4.0 eV and the cusp at −6.5 eV shift upward
by about 0.1 and 0.15 eV, respectively, with decreasing x from
0.85 to 0.55. Strikingly, the humplike shoulder at −1.4 eV
shifts more rapidly than the other spectral features. Figure 4
shows an enlarged view of this hump. As x decreases, the
yellow-colored hump feature gradually and steadily moves
toward EF, and the amount of energy shift from x = 0.85 to
0.55 is as large as 0.49 eV. Another presentation is given by
the overlaid spectra at the bottom of Fig. 4. In going from
−3 eV toward EF, the spectral difference switches from neg-
ative (blue) to positive (red) at −1.4 eV. This is a typical sign
that the hump feature shifts in energy. In addition, whereas a
flat region of spectral intensity is seen between −0.6 eV and
the Fermi edge for x = 0.85, it has been covered by a leading
slope for x = 0.55, again supporting that the shift of hump
is of the order of a half electronvolt. Regarding the spectral
intensity at EF, no obvious x dependence was identified for the
present HAXPES experiment as shown in the inset of Fig. 4.

Comparison of experiment and calculation would pro-
vide insights into the nature and reality of ZrP2−xSex. Thus,
we have simulated the valence-band HAXPES spectrum of
ZrP1.15Se0.85 from the first-principles calculation for ZrPSe by
a standard method. First, a rigid-band shift by 0.14 eV is ap-
plied to the calculated density of states (DOS) so that the holes
doped by replacing 15% of Se2− with P3− are accommodated.
The total and partial DOSs at this step are shown in the middle
row of Fig. 5. Second, the calculated partial DOS is weighted
by the orbital-specific photoemission cross-section given for
hν = 5.95 keV with consideration of the angular distribution
[25], and then the summation is taken over all the valence
orbitals, i.e., Zr 5s, Zr 4p, Zr 4d , P 3s, P 3p, Se 4s, and Se
4p. Finally, the calculated spectrum is multiplied by a Fermi-
Dirac distribution function and broadened with a convolution
of Gaussian and Lorentzian. Specifically, the Gaussian width
is set as a constant to represent energy-independent exper-
imental broadening, and the Lorentzian full width at half
maximum is given by a form of 0.1|E | proportional to energy
so that the effect of lifetime broadening is approximated in a
simple conventional way [13,26–30]. The simulated spectrum
is compared with the experimental one at the top of Fig. 5.
The energies and intensities of the valence-band bottom, the
cusp, the peak, the hump, and the clear Fermi edge are essen-
tially reproduced by our simulation, although some parts of
the experimental spectrum are unexpectedly broader than the
simulated one. The broadness of the experimental valence-
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band spectra may arise from the lattice disorder, which is
inevitably introduced by the fractional substitution of P for
Se. Another possible origin of this discrepancy concerns the
approximation in the simulation. Specifically, as indicated
by recent HAXPES studies, applying the atomic values of
cross sections to the first-principles partial DOS of solid-state
materials tends to underestimate the spectral intensity of the
s-orbital components in comparison with the results of the
experiments and the one-step calculation [13,31]. Focusing
on the low-energy region, the simulated spectrum in Fig. 5
implies that the change in the Fermi-edge intensity is hardly
observed for the rigid-band shift by ∼0.5 eV in agreement
with the result shown in Fig. 4. The essential consistency
between the experiment and the calculation supports their
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FIG. 6. (a) Schematic energy diagram for ZrPSe. (b) Simplified
model of DOS based on the present study of ZrP2−xSex .

validity and allows us to further discuss the orbital character
of the valence band.

The energy dependence of the bonding and antibonding
characters is evaluated in terms of the cation and anion DOSs.
For this purpose, we adopt the Zr 4d states as the cation DOS,
Dc(E ) = DZr4d (E ), the Se 4p and P 3pz states as the anion
DOS, Da(E ) = DSe4p(E ) + DP3pz(E ), and define the cation-
anion polarity, P(E ) by a form of

P(E ) = Dc(E ) − Da(E )

Dc(E ) + Da(E )
.

As shown in the bottom of Fig. 5, the sign of P(E ) changes at
−1.2 eV. This indicates that the energy region below −1.2 eV
is dominated by anion characters (magenta) of Se 4p and
P 3pz as a bonding band and that the energy region above
−1.2 eV including EF is dominated by a cation character
(green) of Zr 4d as an antibonding band.

IV. DISCUSSION

Now, let us draw some pictures of the fundamental elec-
tronic structure of ZrP2−xSex. Figure 6(a) schematizes the
hybridization between the cation and the anion orbitals in the
stoichiometric ZrPSe. The bonding band mainly derives from
the Se 4p and P 3pz orbitals, whereas the antibonding band is
dominated by a character of the Zr 4d orbital. The P 3px and
3py orbitals are confined within the two-dimensional P plane
and, thus, omitted in Fig. 6(a). In this light, a simplified model
of the DOS is deduced from the calculation in Fig. 5. As
illustrated in Fig. 6(b), the concentrated high DOS is formed
by the bonding and antibonding bands, whereas the under-
lying widespread low DOS represents a two-dimensional
free-electron-like band of the P 3px and 3py orbitals. The
tails of the bonding and antibonding energy bands overlap
each other without an energy gap. Their crossover point is
predicted at −1.2 eV by the calculation and indeed observed
as a flat region of the spectral intensity near the Fermi edge for
x = 0.85. Therefore, the electronic states at EF relevant to the
superconductivity is predominantly ascribed to the Zr 4d band
for ZrP2−xSex. We speculate that relatively high DOS of the Zr
4d band and high-frequency phonons of covalent phosphorous
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FIG. 7. Energy shifts against x for ZrP2−xSex . Energy is relative
to the value of x = 0.85. Core-level shifts determined from the peaks
of P(2a) 2p3/2, P(2c) 2p3/2, Se 3d5/2, and Zr 3d5/2 are denoted by red
circles, red diamonds, blue circles, and green circles, respectively.
Concerning the valence band, energy shifts of a cusplike shoulder at
−6.5 eV and a humplike broad shoulder at −1.4 eV are plotted with
black open triangles and squares, respectively.

plane are favorable for the superconductivity. As expected
from the basic formulas of the phonon-mediated supercon-
ductivity [32], the highly peaked DOS at EF plays a definitive
role in the A15-type superconductors, such as Nb3Sn [33,34],
and the high-frequency phonons are responsible for high-Tc

superconductivity in hydrogen sulfides [35].
In order to put the substitution effects into perspective, we

plotted together various energy shifts against x in Fig. 7. It is
worth noting that all the energy shifts are in the same direction
except for the core level of in-plane P(2a). This result makes
a contrast with the usual case of elemental substitution where
the core-level shifts are in the opposite directions between
the anions and the cations [36,37]. As discussed in previous
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studies, two major origins of the core-level shift �E in a
solid is a change in the atomic valence charge �Q and a
chemical-potential shift �μ so that we have an approximate
formula of �E � K �Q + �μ, where K is a linear coefficient
[36,37]. Upon elemental substitution, intersite charge transfer
leads to the core-level shifts in the opposite directions between
two atomic sites. Therefore, the component common to all
the core-level shifts is ascribed to �μ and, thus, supports
that the downward chemical-potential shift is indeed caused
by substitution of P3− for Se2−. Quantitatively, the shift rate
of the chemical potential is deduced to be �μ/�x � 0.3 eV
from the average among the experimental core-level shifts
of P(2a) 2p, P(2c) 2p, Se 3d , and Zr 3d , whereas it is ex-
pected to be �μ/�x = 1.3 eV from the DOS obtained by the
first-principles calculation, suggesting that doping efficiency
is lower than expected from the rigid-band model. Compared
with the averaged shift, the shift of the Zr 3d level is rapid, and
that of P(2a) 2p level is indiscernible. These divergent core-
level shifts are attributed to the change in the atomic valence
�Q, implying that a small amount of electrons is transferred
from the in-plane P(2a) to Zr sites as x decreases [36].

On the other hand, the shift of the valence-band hump
stands out among the other shifts, as shown in Fig. 7. Even
within the valence band, the difference between the hump and
the cusp energies indicates that the valence-band width in-
creases as x decreases. It follows that the substitution effect on
the valence band deviates from the rigid-band model to some
extent. When considering the impact on the superconductiv-
ity, the shift of low-energy electronic structure is of primary
importance. Hence, the energy shift, �E/�x � −1.6 eV, de-
termined from the valence-band hump is most relevant to the
electronic states responsible for the superconductivity. This
energy shift is large enough to play an essential role in the

mechanism for the x-dependent optimization for the supercon-
ductivity in ZrP2−xSex.

V. CONCLUSION

In conclusion, we have determined the fundamental
electronic structure of the layered zirconium-phosphide-
chalcogenide superconductors ZrP2−xSex from the HAXPES
experiments. The fitting analysis of the core-level spectra has
revealed that the valence charges of P(2a) and P(2c) are −1
and −3, respectively, and determined the x dependence of the
phosphorus occupation ratio between the 2a and the 2c sites.
Key features in the valence-band spectra are consistent with
the first-principles calculation, indicating that the electronic
states at EF is mainly ascribed to the Zr 4d band. It is de-
duced from the energy shifts of the spectral features that the
downward chemical-potential shift is realized by substitution
of P3− for Se2− at the 2c site, shedding light on the tunability
of ZrP2−xSex. In particular, the rapid energy shift �E/�x �
−1.6 eV of the low-energy electronic structure is most likely
relevant to the substitution effect on the superconductivity.
These findings on the electronic structure of ZrP2−xSex serve
as the first and substantial step for the understanding of a large
family of AP2−xXx superconductors.
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