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Bulk and surface electronic states of MnPSe; have been investigated by means of x-ray photoemission
spectroscopy (XPS), x-ray absorption spectroscopy (XAS), and theoretical calculations. In Mn 2p XPS, the main
peak is accompanied by a charge-transfer satellite which is commonly observed in various Mn chalcogenides.
The intensity of the charge-transfer satellite is considerably reduced by oxidization of the surface. The multiplet
structure of Mn 2p XAS indicates the high spin Mn?>" configuration. The cluster model analyses of the XPS
and XAS spectra indicate that the Se 4p-to-Mn 3d charge-transfer energy A is negative providing the strong
p-d hybridization. The magnetic interaction between the third nearest neighboring Mn spins is enhanced by the
smallness of A and the unique molecular orbitals of the P,Se¢ cluster.

DOLI: 10.1103/PhysRevB.106.035118

I. INTRODUCTION

In transition-metal oxides with integer number of d elec-
trons per site, the d electrons tend to be localized at each
site due to the strong on-site Coulomb interaction U between
them [1,2]. At each site, the d electrons follow the Hund rule
and form a localized spin. The localized spins at the transition-
metal sites tend to be antiferromagnetically ordered at low
temperatures due to the superexchange interaction between
them [1,2]. The d electrons in transition-metal chalcogenides
are less localized than those in oxides partly due to the reduced
magnitude of U. However, there are several antiferromagnetic
and insulating transition-metal chalcogenides with localized d
electrons.

MnPSe; is known as one of the antiferromagnetic and
insulating transition-metal chalcogenides. As shown in Fig. 1,
MnPSe; has a layered crystal structure (space group No. 148,
R3) in which the Mn sites form a honeycomb lattice [3,4].
MnPSe; shows an antiferromagnetic order below 74 K [3,4]
and has an optical energy gap about 2.3 eV [6,7]. Recently,
MnPSes has been attracting revived interest due to the emerg-
ing physical properties of exfoliated nanosheet [§—12]. More
recently, the magnetic interaction between the Mn spins
has been investigated by means of inelastic neutron scat-
tering [13]. In spite of the extensive studies of optical and
magnetic properties, the electronic structure of MnPSe; has
not been scrutinized yet. In the x-ray photoemission spec-
troscopy (XPS) study by Gusmao et al. [10], the Mn 2p XPS
spectrum has two components, one of which is assigned to
the surface contamination of MnO,. However, it is also known
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that the Mn 2p peak of Mn chalcogenides can be accompanied
by a strong charge-transfer satellite [14,15].

In order to scrutinize the electronic structure of MnPSes,
we have performed XPS, x-ray absorption spectroscopy
(XAS), and generalized gradient approximation (GGA)+U
calculations on it. The present analysis shows that MnPSe;
belongs to the negative charge-transfer energy regime in
the Zaanen-Sawatzky-Allen scheme [16-21]. The negative
charge-transfer energy provides exotic electronic states with
ligand holes [22-26]. In addition, the third neighbor magnetic
interaction in the honeycomb lattice can be enhanced due to
the negative charge-transfer energy [27,28].

II. METHODS

Single crystals of MnPSe; were grown by chemical vapor
transport method using I, as a transport agent. An elemental
powder mixture of Mn (99.99%; Alfa Aesar), P (99.999%;
Sigma-Aldrich), and Se (99.999%; Alfa Aesar) in a molar
ratio of 1 : 1 : 3 was placed and sealed in an evacuated quartz
tube purged with Ar. About 8 mg/cc concentration of I, was
added as a transport agent in the 20-cm-long tube and heated
in a two-zone muffle furnace. Initially, the charge side and
cold side temperature was kept inverted for 2 days to reduce
the nucleation at the cold side and finally the charge side
was maintained at 750 °C and the cold side at 650 °C for 21
days for the growth. The furnace was cooled down to room
temperature in 10 h. Thin flakes (typically 5 mm-5 mm in size)
were obtained in the cold zone.
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The single crystals were fractured under vacuum of the
10~ Pa range for the XPS measurements. The photoelectrons
excited by Mg Ka x ray were collected by a JEOL JPS9200
analyzer. The XAS measurements were performed at BL17SU
of SPring-8 [29,30] by extracting the photon energy depen-
dence of photoemission electron microscope image intensities
around the Mn L, 3 edge [31]. The single crystals were cleaved
at 300 K under a vacuum of 10~> Pa. The linearly polarized
soft x ray is monochromatized by varied line spacing plane
gratings with resolving power larger than 10*. A typical spot
size on the sample position is approximately 30 x 30 pm?.

The GGA4U calculations with U = 4.0 eV and
J = 08 eV were performed by QUANTUM ESPRESSO
5.30 [32,33] with pseudopotentials of Mn.pbesol-spn-
kjpaw_psl.0.3.1.UPF, P.pbesol-n-kjpaw_psl.1.0.0.UPF, and
Se.pbe-dn-kjpaw_psl.1.0.0.UPF. The atomic positions in the
tetragonal conventional unit cell were taken from the litera-
ture [3]. The cutoff energy was set to 30 Ry. We employed
the £ mesh of 20 x 20 x 20 in the Brillouin zone for the
conventional unit cell.

The XPS and XAS spectra can be analyzed by configura-
tion interaction calculations on the MnSeg¢ cluster model [34].
As for Mn 2p XPS, the initial and final states are given by
linear combinations of d"L"~> configurations and by those
of ¢d"L"~3 configurations (n = 5-10), respectively. Here, L
represents a hole in the Se 4p orbitals and ¢ represents a Mn 2p
core hole. The transfer integrals between the Mn 3d orbitals
and the Se 4p orbitals are parametrized by the Slater-Koster
parameters (pdo) and (pdm) with (pdw)/(pdo) = —0.45.
Although this scaling of the transfer integrals is widely used,
its validity would be affected by the P,Seq cluster. However,
Kim et al. [28] showed that the Ni 2p XPS spectrum of NiPS3
is similar to that of NiGa,;S4 in which the scaling works
well [27]. Since the scaling is valid for NiPS3 with the P,Sq
cluster, it is expected to be valid for MnPSe;. The adjustable
parameters are the multiplet averaged charge-transfer energy
A and the Se 4p-Mn 3d transfer integral (pdo’). The multiplet
averaged 3d-3d Coulomb interaction U and 2p-3d Coulomb
interaction Q are fixed to 4.0 and 5.5 eV, respectively. These
are the typical values for Mn?* selenides [14,15,35]. Since the
energy of cdL is by Q — A lower than that of cd”, the cd’L?
configuration should be included in Mn 2p XPS. Instead, the
multiplet splitting due to the core hole is neglected, and the
Hund coupling in the d” configurations is approximated by us-
ing Kanamori parameters u, v, and j withu — u/ = 2 [35]. In
the present model, U = u — 20j/9 and j = 5B/2 4+ C where
B and C are Racah parameters. Please note that the effective
charge-transfer energy A is by ~7C larger than A due to the
Hund stability of the high spin d° configuration [36].

In the calculations for Mn 2p XAS, the initial (final) states
are given by linear combinations of d° and d®L (cd® and
cd’L). Since the energy difference between cd® and cd’L is
|A +U — Q] and is much smaller than |A — Q|, cd’L? can
be neglected in Mn 2p XAS. Instead, the multiplet splitting
should be fully included. The off-diagonal Coulomb interac-
tion terms between the 3d electrons are given by the Slater
integrals F2(3d, 3d) and F*(3d, 3d) which can be translated
into Racah parameters B and C. In the present analysis, B
and C are set to 0.125 and 0.500 eV, respectively [35,37].
The off-diagonal Coulomb interaction terms between the 2p

core hole and the 3d electron are expressed by the Slater
integrals F2(2p, 3d), G'(2p, 3d), and G*(2p, 3d) which are
respectively fixed to 6.13, 4.62, and 2.63 eV (80% of the
atomic values) [38]. In the present analysis, the ligand field
splitting is derived from the difference of the p-d hybridiza-
tion strength between the e, and #,, levels. Also the extra
ligand field splitting due to nonorthogonality between the
transition-metal 3d and Se 4p orbitals is considered [14,34].
A and (pdo) are the adjustable parameters while U and Q are
fixed to 4.0 and 5.5 eV, respectively. Both for the XPS and
the XAS calculations, the transfer integrals are multiplied by
0.8 in the final states considering the contraction of 3d wave
functions due to the core hole potential [34,39].

III. RESULTS AND DISCUSSION

Figure 2 shows the Mn 2p XPS spectra of the clean surface
and of the oxidized surface for MnPSe;. The single crystal
of MnPSe; was cleaved under the ultrahigh vacuum in the
XPS chamber and the XPS data on the clean surface were
collected. After the measurement, the crystal was taken out
of the XPS chamber and exposed to the air. Then the crystal
was transferred to the XPS chamber again and the XPS data
on the oxidized surface were collected. In the Mn 2p spectrum
of the clean surface, the 2p3/, main peak is accompanied by
the charge-transfer satellite as commonly observed in various
Mn chalcogenides [14]. When the surface was oxidized, the
binding energy of the main peak became higher than that
of the clean surface. In addition, the intensity of the charge-
transfer satellite was suppressed. It is known that the intensity
of the charge-transfer satellite is much smaller in Mn oxides
such as MnO and MnO, than that in Mn chalcogenides [15].
The Mn 2pj3,, peak of the oxidized surface is located around
641.5 eV. Since the binding energy of the Mn 2p;,, peak is
about 641 eV in MnO and about 642 eV in MnO, [40], it is
difficult to identify species of the Mn oxides.

In Fig. 2, the Mn 2p XPS spectrum is compared with the
results of MnSeg cluster model calculations. The energy sep-
aration between the main and satellite peaks is sensitive to the
A and (pdo) values. The (pdo) value can be uniquely deter-
mined for each A in order to reproduce the energy separation
between the main and satellite peaks. Among the trials with
various A values, the best fit is obtained for A = —2.0 eV
and (pdo) = —1.2 eV. The intensity of the charge-transfer
satellite relative to the main peak is larger in MnPSes than
those in other Mn selenides such as Zn;_,Mn,Se. In order
to reproduce the intensity ratio between the charge-transfer
satellite and the main peak, the charge-transfer energy A
should be as small as —2.0 eV. Please note that the effective
charge-transfer energy A.g is still positive (about 1.5 eV)
due to the Hund stability of the high-spin d° configuration.
In the Zaanen-Sawatzky-Allen scheme [16-18], MnPSe; is
located near the boundary between the charge-transfer regime
(A < U) and the negative A regime. Insulating transition-
metal compounds with negative A would be rare and exotic.
However, transition-metal oxides with high valence have been
found to have negative A [19-23]. In addition, Ni chalco-
genides such as NiGa,S4 [27] and NiPS; [28] belong to the
negative A regime.
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FIG. 1. Crystal structure of MnPSe; created by VESTA [5]. The left and right panels are views along the a axis and the ¢ axis, respectively.

The box drawn by dotted lines indicates the P,Ses cluster.

Figure 3 shows P 2p and Se 3d XPS of the clean surface
and the oxidized surface of MnPSes;. The P 2p and Se 3d
peaks have asymmetric line shapes due to the small spin-orbit
energy splitting. As for the P 2p XPS spectrum of the oxidized
surface, a new peak appears on the higher binding energy
side which can be assigned to the oxidized P species. On
the other hand, such oxidized species are not detected in the
Se 3d XPS spectrum. These observations indicate that Mn
and P are mainly oxidized during the exposure to the air.
The Se 3d binding energy of the oxidized surface is lowered
relative to that of the clean surface. Here, we speculate that
the downward band bending at the clean surface of p-type

Mn 2p XPS A=-1eV
— A=-2¢eV

2p3/,

—— :clean
------ : oxidized

Intensity

660 655 650 645 640 635
Binding Energy (eV)

FIG. 2. Mn 2p XPS spectra of the clean surface (solid lines)
and the oxidized surface (dotted lines). The observed spectra are
compared with the results of cluster model calculations.

MnPSe; is suppressed by the oxidation causing the lowering
of the Se 3d binding energy.

Figure 4 shows valence band XPS of the clean surface
and the oxidized surface of MnPSes. In the clean surface, the
valence band top reaches the Fermi level. This is consistent
with the p-type behavior of semiconducting MnPSes;. The
valence band from the Fermi level to 8 eV is derived from

(a) L B L

P 2p XPS

—— :clean
........ - oxidized

Intensity

140 135 130
Binding Energy (eV)

(b)

Se 3d XPS

—— :clean
........ : oxidized

Intensity

60 58 56 54 52 50
Binding Energy (eV)

FIG. 3. (a) P 2p and (b) Se 3d XPS spectra for the clean surface
(solid lines) and the oxidized surface (dotted lines).
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FIG. 4. Valence band XPS spectra for the clean surface (solid
lines) and the oxidized surface (dotted lines).

the Mn 3d, Se 4p, and P 3p bands. The shallow core level
at 15 eV may correspond to the Se 4s and/or P 3s levels.
The photoionization cross section of P 35 (0.22 x 1072 Mb) is
smaller than that of Se 45 (0.30 x 1072 Mb) [41]. Considering
the composition of P : Se = 1 : 3, the area of the P 3s peak
is expected to be about 15% of that of the Se 4s peak. In
the experimental result, the peak at 15 eV can be assigned
to Se 4s. The P 3s peak would be located around 10 eV,
which is not clearly observed. This assignment is consistent
with the molecular orbital calculation for the P,Sg cluster by
Glukhov et al. [42]. In the calculation, the S 3s and P 3s
orbitals are mixed with the S 3p and P 3p orbitals and the
bonding molecular orbitals with S 3s and P 3s characters are
located around 12 and 15 eV below the reference energy level,
respectively [42]. The Se 4p orbitals with a relatively large
photoionization cross section (0.38 x 102 Mb) is mixed into
the P 3s level while the P 3p orbitals with a relatively small
photoionization cross section (0.88 x 10~ Mb) is mixed with
the Se 4s level [41]. In the oxidized surface, the O 2p peak
evolves around 6 eV. The O 2p peak is comparable to the Mn
3d spectral weight. The Se 4p and 4s intensities are reduced
by the oxidization. This is consistent with the decrease of the
Se 3d intensity by the oxidization.

In Fig. 5(a), the valence band XPS spectrum is com-
pared with the total density of states calculated by GGA+U
(U=4.0 eV). Figure 5(b) shows partial density of states ob-
tained by the GGA+-U calculation. The electronic states from
the Fermi level to —4 eV are dominated by Se 4p while
those around —6 eV correspond to the occupied part of the
Mn 3d orbitals (the lower Hubbard band). Including the Se
4s band around —15 eV, the calculated density of states is
consistent with the experimental result. Interestingly, The P
3p orbitals are strongly hybridized with Mn 3d although the
Mn site is octahedrally coordinated by the six Se ions and the
Mn-P distance is rather large. This result indicates the strong
P-Se hybridization through which the P 3p component can be
mixed into the Mn 3d levels. Using the U value of 4.0 eV,
the energy position of the occupied Mn 3d band agrees with
the experimental result. This U value is close to that obtained
by the cluster model analysis of Cd;_,Mn,Te [14]. Here, it
should be noted that U values for GGA+U calculations tend

(a)

—— : :
— : XPS
— : GGA+U
2 Seds
% Mn3d
£ P3s Sedp
A A—‘—/ y LYy, o, Yy e ST
15 10 5 0
Binding Energy (eV)
— : I T T T T I T T T T I T T T T I T T :
% o total DOS EF ]
o 100F : -
= o ' E
c r \ b
=) o i N
s | Al
% 0 C A , }M i
% r  Mn3dPDOS ' b
\"é 50 ' ]
» - i /M
2 ofF ]
3 r —:Se4p PDOS 1 .
n O —— : Se 45 PDOS ! ]
% 50 ' ]
2 ok - MM o
2 E : P 3p PDOS ! B
o 30p P 3s PDOS | ]
a C : _
U I R S R
-15 -10 -5 0

Energy to the Fermi level (eV)

FIG. 5. (a) Comparison between the calculated density of states
and the valence band XPS spectrum for the clean surface. (b) Total
and partial density of states obtained by GGA+U calculations.

to be smaller than those for cluster model analyses in various
transition-metal compounds.

Figure 6 shows Mn 2p XAS for the clean surface of
MnPS;3. The observed multiplet structure of MnPSejs is sim-
ilar to the reported one for MnPS; [43]. The Mn 2p XAS
spectrum is compared with the results of the configuration
interaction calculations on a MnSeg cluster. Here, the 3d-3d
Coulomb interaction U and the 2p-3d Coulomb interaction Q
are fixed to 4.0 and 5.5 eV, respectively. The XAS spectrum is
calculated for several values of the charge-transfer energy A
and the transfer integral (pdo’). Since the multiplet structure
is sensitive to the ligand field splitting which is determined
by A and (pdo), the Mn 2p XAS enables us to examine the
values of A and (pdo) determined from the Mn 2p XPS.
As indicated by the vertical lines at structures A and B in
Fig. 6, the energy splitting between A and B is too large with
(pdo) = —1.5 eV while it is comparable with the experimen-
tal result with (pdo) = —1.2 eV. The intensity of structure A
is too small with (pdo) = —0.9 eV and the energy splitting
between A and B is not well defined. The agreement with
the experimental result is satisfactory with (pdo) = —1.2 eV
which is obtained from the Mn 2p XPS results. As for the A
value, when (pdo) is fixed to —1.2 eV, the energy position
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FIG. 6. Mn 2p XAS spectrum of MnPSe;. The spectrum
is compared with the cluster model calculations for (pdo) =
—1.5,—-1.2, and —0.9eV and A = —-2.0, —1.0, and 0.0 eV. The
two vertical lines at the 2p3,, peak indicate the energy positions of
structures A and B.

of structure C around 641.5 eV is well reproduced with A =
—2.0 eV. On the other hand, the energy position of structure
D around 644 eV and the spectral shapes of E and F around
651 and 653 eV are better reproduced with A = —1.0 eV. As
shown in Fig. 2, with A = —1.0 eV, the Mn 2p XPS spectrum
can be reproduced reasonably well although A = —2.0 eV is
certainly better. With the cluster-model analyses on the XPS
and XAS results, we can safely conclude that A is around
—1.5+£1.0 eV in MnPSe;. These A values are much smaller
than those reported for various Mn chalcogenides (ranging
from 2.0 to 3.0 eV) [14,15]. In the ground state, the high-spin
d> and d°L configurations are heavily hybridized due to the
negative A or the positive and small Ag.

The Mn-Se hybridization is affected by the unique molec-
ular orbitals of the P,S¢ cluster which is not considered in the
MnSeg cluster model. Although the second and third nearest
neighboring Mn-Mn distances are much larger than the near-
est neighboring Mn-Mn distance, the strong hybridization of
Mn 3d with the Se and P s/p molecular orbitals provides the
magnetic interactions between the second and/or third nearest
neighboring Mn spins. Indeed, the neutron scattering studies

by Wildes et al. and Calder et al. revealed that the third nearest
neighboring exchange interaction (J3 = 0.18 or 0.19 meV) is
larger than the second nearest one (J, = 0.07 or 0.03 meV)
and is not negligible compared to the nearest one (J; =
0.77 or 0.45 meV) [13,44,45]. All the exchange terms are
antiferromagnetic. As for the nearest neighboring bond, the
direct Mn-Mn (f2,-15,) transfer provides the antiferromagnetic
interaction between the edge-sharing MnSe¢ clusters. On the
other hand, the third nearest neighboring exchange interaction
is derived from the Mn-P-Mn and Mn-Se-Se-Mn pathways.
Takubo et al. showed that the magnitude of J, is comparable
to that of J5 in FeGa, S, since both of them are derived from
the Fe-S-S-Fe superexchange pathways [46]. In the case of
MnPSejs, the Mn-P-Mn superexchange pathway (via the P 3s
orbital) can enhance the magnitude of J3.

The recent spectroscopic study on NiPS; showed that the
magnetic interaction between the third neighboring Ni spins
can be enhanced due to the chalcogen p hole since the d"*'L
configuration dominates the ground state of NiPS3 with the
negative A [28]. Such a mechanism was originally proposed
for the triangular lattice in NiGa,S, which also has the neg-
ative A [27]. The present work suggests that A is negative
and A is small and positive in MnPSes. The second and
third neighboring magnetic interactions can be enhanced in
MnPSe; similar to NiGa,;S, and NiPS3. In addition, the P,Seq
cluster would enhance the third neighboring magnetic in-
teraction. The magnetic interactions in MPQj3 systems (M,
transition metal; Q, chalcogen) should be reexamined in a
systematic manner considering the molecular orbitals on the
P, Q¢ cluster.

IV. CONCLUSION

In conclusion, we have investigated the bulk and surface
electronic states of MnPSe; by means of XPS, XAS, and
GGA+U calculations. In Mn 2p XPS, the main peak is ac-
companied by a charge-transfer satellite whose intensity is
reduced by oxidization of the surface. The multiplet structure
of Mn 2p XAS indicates the high-spin Mn?>* configuration.
The cluster model analysis indicates that the hybridization
between the Mn 3d and Se 4p orbitals is substantial due to
the negative A or the positive and small A.g. The strong p-d
hybridization is also supported by the valence band spectra
and the GGA+-U calculations. In addition to the negative A,
the unique molecular orbitals of the P,Se¢ cluster can provide
the relatively strong magnetic interactions between the third
nearest neighboring Mn spins.
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