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Observation of metal to nonmagnetic insulator transition in polycrystalline
RuP by photoemission spectroscopy
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We investigate the metal to nonmagnetic insulator (MI) transition of MnP-type Ru pnictide RuP using hard x-
ray and ultraviolet photoemission spectroscopies. The spectral weight at Ef is suppressed below the MI transition
temperature Ty, while there is no appreciable change across the pseudogap temperature 7pg. The estimated
energy scale of the gap is ~110 meV, which is in good correspondence to the spin gap opening observed in the
previous NMR study. According to the band structure calculation, the density of states at Er mainly originates
from narrow bands of the Ru 4d,, orbitals. Our results suggest that the fourfold-degenerate Ru 4d,, orbitals are
deeply related to the MI transition. Based on the photoemission results and the band structure calculation, we
argue the possible origin of the MI transition for polycrystalline RuP.
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I. INTRODUCTION

Molecular-like clusters appear spontaneously in the tran-
sition from a metal to nonmagnetic insulator (MI) with the
structural change in various transition-metal (TM) compounds
including rutile-type VO, [1], spinel-type MgTi,O4 [2,3],
LiRh,0Oy4 [4], Culr,S4 [5,6], and pyrochlore-type Tl,Ru,07
[7,8]. The origin of the MI transition has been discussed in
terms of the electronic instability, such as the Peierls transition
driven by the Fermi surface instability or Mott transition by
the Coulomb repulsion. On the other hand, the formation of
molecular-like clusters brings the MI transition, which has
been proposed by Magnéli and Goodenough [9-11]. Recently,
Hirai et al. reported that the MnP-type compounds RuP and
RuAs exhibit the MI transition accompanied by the structural
phase transition [12]. This has opened up a new opportunity to
study the mechanism of the MI transition with the suppression
of the magnetic susceptibility in binary TM monopnictides.

MnP-type compounds have a distorted NiAs-type
structure and exhibit interesting physical properties such
as the itinerant-electron helimagnet of MnP and the
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pressure-induced superconductivity of CrAs and MnP
[13—15]. Ru pnictides RuPn (Pn = P, As, and Sb) have the
MnP-type structure, in which the RuP¢ octahedra share their
edges and faces to form the three-dimensional structure as
illustrated in Fig. 1. Polycrystalline RuP exhibits the MI
transition at Tyy = 270 K and the pseudogap (PG) transition
at Tpg = 330 K with the structural change. RuAs indicates
similar transitions at Tyy = 200 K and the PG transition at
Trg = 270 K, whereas RuSb shows the metallic behavior
without anomalies like RuP and RuAs [12]. The electrical
resistivity of polycrystalline RuP takes a minimum at Tpg
with a drastic increase due to the MI transition around 7yg.
The magnetic susceptibility of RuP shows Pauli paramagnetic
behavior above Tpg and an almost discontinuous drop around
Tvi to a negative value, which is comparable to the expected
core diamagnetism [12]. When the PG behavior is suppressed
by Rh substitution for Ru, RuP becomes a superconductor
[12]. Density-functional-theory-based electronic structure
calculations suggest that the fourfold-degenerate flat bands
just above Er are derived from Ru 4d,, orbitals and their
splitting induces the MI transition [16]. Recently, Li et al.
have proposed that 3'P NMR measurement of polycrystalline
RuP shows a PG behavior of nuclear lattice relaxation
rate 1/7; below Tpg and the spin gap behavior in the
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FIG. 1. Crystal structure of RuP. The RuPg octahedra share their
edges and faces to form the three-dimensional structure. The zigzag
chains formed by the shorter Ru-Ru bonds (P-P bonds) are indicated
by the blue (red) solid lines. The crystal structure of RuP is visualized
using the software package VESTA [24].

nonmagnetic ground state below Tyy [17]. Single-crystal RuP
shows the two distinct metal to metal transitions occurring
around 7 =320 and 270 K [18]. Thus, there is a large
difference in the electrical resistivity between single-crystal
and polycrystalline RuP. Actually, we have also synthesized
the single crystal and confirmed that the electrical resistivity is
quantitatively consistent with the previous report for the single
crystal [18]. However, the SEM-EDX measurement shows the
off-stoichiometry of single-crystal and the stoichiometry of
polycrystalline RuP [19]. Therefore, we can consider that the
incompatibility between single-crystal and the polycrystalline
RuP is caused by the difference of the chemical composition.
On the other hand, Kotegawa er al. have proposed that
single-crystal RuAs was synthesized successfully and shows
MI transitions at 7' = 255 and 195 K without the discordance
between the polycrystalline sample and single crystal. The
x-ray diffraction study shows the superlattice 3 x 3 x 3 in
the ground state of RuAs, while the simple dimerization and
trimerization of Ru ions cannot be seen [20].

In this work, we focus on polycrystalline RuP and report its
electronic structure examined by photoemission spectroscopy
and band structure calculations to clarify the origin of the
MI transition. We successfully observe the suppression of the
spectral weight at Er across the MI transition, although there
is no spectral difference between the metallic phase and the
PG phase. The estimated energy scale of the gap is ~110 meV,
which is consistent with the previous NMR study. Our results
suggest that the instability of the degenerate Ru 4d,, orbitals
causes the MI transition.

II. EXPERIMENT

Polycrystalline RuP was prepared by the solid-state reac-
tion as reported in Ref. [12]. Hard x-ray photoemission (HAX-
PES) measurements were carried out at BL47XU at SPring-8

with a Scienta R4000 analyzer. The total energy resolution
was 230 meV for linearly polarized light zv = 7940 eV. The
base pressure of the chamber was 3.0 x 10~® Pa. Vacuum-
ultraviolet photoemission (VUVPES) measurements were
performed at BL-9A at Hiroshima Synchrotron Radiation
Center (HiSOR) with a Scienta R4000 analyzer. The total en-
ergy resolution was 7 meV for circularly polarized light hv =
10 eV. The base pressure of the chamber was 2.0 x 10~ Pa.
To obtain clean surfaces for the photoemission measurements,
the samples were fractured in situ at 300 K for HAXPES
measurement and at 350 K for VUVPES measurement. The
binding energy was calibrated by using the Fermi edge of
the gold reference. The electronic structure was calculated
using the code WIEN2K [22] based on the full-potential lin-
earized augmented plane-wave method. The calculated results
were obtained in the generalized gradient approximation for
electron correlations, where we used the exchange-correlation
potential of Ref. [23]. We use the crystal structure at room
temperature as reported in Refs. [25,26] and set the muffin-tin
radii Ryt of 2.50 (Ru) and 1.95 (P) bohrs and the plane-wave
cutoff of Kinax = 7.0/Rwmr.

III. RESULTS AND DISCUSSION

Figure 2 (a) shows the valence-band photoemission spectra
of RuP taken at hv = 7940 eV. The HAXPES spectra near
Er change with decreasing temperature. In order to eliminate
the Fermi-Dirac distribution function and identify the gap
structure, we have symmetrized the spectra of RuP with
respect to Ep as shown in Fig. 2(b). The spectral weight
at Er was suppressed in going from 7 = 300 K to 150 K.
The large probing depth of HAXPES measurement enables
us to probe the signal from bulk. Therefore, the observed
spectral weight suppression reflects the change of the bulk
electronic structure across Ty. The observed gap structure is
roughly consistent with the increase of the electrical resistivity
below Ty for RuP [12]. The high-resolution VUVPES spectra
taken at hv = 10 eV are displayed in Figs. 2(c) and 2(d). The
spectral weight suppression is also observed with decreasing
temperature, which has the same tendency in the HAXPES
spectra as shown in Figs. 2(a) and 2(b). Figures 2(e) and
2(f) show the valence-band photoemission spectrum of RuP
for hv = 7940 eV compared with the calculated density of
states (DOS). The observed photoemission spectrum is basi-
cally consistent with the calculated DOS. The DOS near Ep
is mainly derived from the Ru 4d orbital, while the broad
structures ranging from Er to —8 eV come from the Ru 4d
orbitals hybridized with the P 3p orbitals. In comparison with
the band structure calculation, the spectral weight near Ep
consists of the Ru 44 orbitals.

To gain insight into the nature of the MI transition with
the structural phase transition, we focus on the temperature
dependence of the core-level electronic structure, which re-
flects the chemical environment of RuP. The temperature
dependencies of the Ru 3d and P 2p core-level spectra of
RuP measured with hv = 7940 eV are displayed in Fig. 3.
The P 2p3,, binding energy of ~129.9 eV at T = 300 K for
RuP is slightly lower than that for the pure P (~130.0 eV)
[28]. This suggests that the actual valence of P is smaller
than that of the formal valence, indicating the P 3p orbitals
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FIG. 2. Temperature-dependent near-Er photoemission spectra
of RuP taken at (a) hv = 7940 eV and (c) hv = 10 eV. The spectra
are symmetrized with respect to Er to clarify the DOS for (b) hv =
7940 eV and (d) hv = 10 eV. (e) The valence-band photoemission
spectrum of RuP at hv = 7940 eV compared with the calculated
DOS and (f) its enlarged plot. The background has been subtracted
from the spectra in (e) and (f) using the integral background method.

are not fully occupied (P>~ — PG~®)=; 3p0 — 3p0~%) The
unoccupied P 3p orbital corresponds to the bond formation of
the P-P zigzag chains. On the other hand, the Ru 3ds/, binding
energy of ~280.0 eV for RuP is comparable to that for pure
Ru (280.0 eV) and obviously lower than that for Ru*t0, or
Sr,Ru*t 0, (281.0 eV) [27]. The lower binding energies of
TM and P core levels such as RuP are also observed in the
typical MnP-type compounds and imply the metallic TM-TM
and P-P zigzag bonds [28]. Actually, RuP has the P-P zigzag
chains along the b axis (2.750 A) as well as the two short
Ru-Ru zigzag chains along the a axis (2.814 A) and along the
b axis (2.970 A) as depicted in Fig. 1.

Across Ty, the P 2p core levels at T = 150 K are located
at higher binding energy than that at 7 = 300 K, suggesting
the increase of P 3p holes. On the other hand, the binding
energy of Ru 3ds;; at T = 150 K is larger than that at T =
300 K. The Ru 3d core level in the metallic phase is affected
by the strong screening effect, since the DOS at Er consists
of Ru 4d electrons. In going from the metallic phase to the
insulating phase, the screening effect is suppressed by the
gap opening. Thus, the binding energy of Ru 3d decreases
with increasing temperature. The change of the screening
effect also can be seen in the line shape of core levels, since
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FIG. 3. (a) Ru 3d core-level photoemission spectra of RuP and
(b) its enlarged plot. (c) P 2p core-level photoemission spectra of RuP
and (d) its enlarged plot. The photoemission spectra were measured
with hv = 7940 eV.

the asymmetry of the line shape is commonly due to the
screening effect of the conduction electrons. To evaluate the
asymmetric line shape, we fitted the Ru 3ds, core levels using

the Mahan function ﬁ%@(&; — Ey) convoluted
with the Voigt function [21]. The asymmetric parameter o
of Ru 3ds/, decreases from 0.175 to 0.150 with decreasing
temperature. These results are in good agreement with the
gap opening as we mentioned in the near-Ef photoemission
spectra.

Figures 4(a) and 4(b) show the temperature dependence of
near-Ex photoemission spectra of RuP taken at ~iv = 10 eV.
We divided the spectra by the Fermi-Dirac distribution func-
tion convoluted with the energy resolution in order to identify
the spectral-weight change near Er as shown in Fig. 4(c). The
spectral weight near Ey is gradually suppressed with decreas-
ing temperature. This is in strong contrast to the temperature
difference of the gold reference as indicated in the insets of
Figs. 4(a) and 4(b). In Fig. 4(c), the gap starts to open between
T =300 and 230 K and increases with temperature, while
there is no spectral difference between the metallic phase at
T = 350 K and the PG phase at 7 = 300 K. We estimated the
gap size of ~110 meV from the spectrum at 7 = 40 K. The
estimated gap size is comparable to that in the NMR study on
the polycrystalline sample [17].

The MnP-type structure should split #,, (eg) orbitals into
the xz/yz and xy (x>-y*> and 3z%-r?) orbitals (Fig. 5). Since
the TM-TM separation of the MnP-type structure along the
b axis is larger than that in the a-c plane, the bandwidth of
the xy orbital directed along the b axis becomes narrow as
compared with the yz/zx orbitals [29]. In the case of TM
3d compounds such as MnP, the 3d,, narrow band near Eg
induces a spontaneous magnetization [29]. We calculated the
orbital-decomposed partial DOS for RuP in the metallic phase
as shown in Fig. 4(d). The peak structure at Er derives from
the flat bands of Ru 4d,, orbitals on account of the longer
Ru-Ru distance along the b axis (3.168 A) compared with
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FIG. 4. (a) Temperature dependence of near-Er photoemission
spectra of RuP. (b) The temperature dependence of photoemission
spectra divided by Fermi-Dirac distribution functions for each tem-
perature convoluted with the energy resolution. The inset indicates
the temperature dependence of photoemission spectra for Au. (c) The
same spectra as (b) plotted with an offset. The data were measured
with hv = 10 eV. The arrows indicate the gap energies in the spectra.
(d) Orbital-decomposed partial DOS calculated for RuP.

the a-c plane (2.814 A) and the b-c plane (2.974 A). This
suggests that the MI transition is accompanied by the gap
opening of Ru 4d,, orbitals as indicated by the photoemission
spectral weight near Eg. It should be noted that the residual
DOS at Ef in the insulating phase was observed in spite of the
high-energy resolution VUVPES in Fig. 2. The residual DOS
at Er in the insulating phase may suggest the existence of the
metallic surface state. Moreover, there is the difference of the
temperature dependence between the photoemission spectral
weight at Ep and the relaxation rate on the NMR study [17];
that is, the spectral weight at Er decreases from 7 = 120 K
to 40 K. The photoemission spectral weight indicates the
DOS multiplied by the renormalization factor z. Therefore,
the observed reduction might be related to the decrease of
z. These will be verified by the low-energy angle-resolved
photoemission spectroscopy using single-crystal RuP in the
future.

We discuss the origin of the MI transition of polycrys-
talline RuP. The electrical resistivity of RuP increases across
Twvi [12], indicating that a large part of the Fermi surface
disappears. Actually, the relaxation rate of the NMR study

FIG. 5. Ru 4d,, orbitals on the Ru-Ru zigzag chain and a pro-
posed model for the formation of molecular-like orbitals with the
nonmagnetic insulator transition are shown schematically.

shows the absence of DOS at Ef at the low-temperature phase
[17]. From the band structure calculation using the lattice
parameter at the high-temperature phase, RuP and RuAs have
the cylindrical Fermi surface centered at the I" point and the
platelike Fermi surfaces at the Brillouin zone boundary. Both
Fermi surfaces consist of the dispersive band and the flat
bands, respectively [16]. The transition was suggested to be a
kind of charge density wave (CDW) [18]. Indeed, it has been
pointed out that the stripe-type CDW can lift the degeneracy
by nonsymmorphic symmetry and play an important role in
the MI transition of RuAs [20]. However, the simple CDW
model is not applicable because there is no clear nesting on
the Fermi surfaces from the band structure calculation [16,26].
The fourfold-degenerate flat bands may induce the anomalies
of the response function due to the van Hove singularity [30].
It is also conceivable that the orbital order drives the Peierls
transition [31] by using the pseudo-like Jahn-Teller effect
[32]. This is because the orbital degeneracy has been lifted by
the lower symmetry of the MnP-type structure of RuP. For the
suppression of the magnetic susceptibility, the nonmagnetic
state can be realized, considering the contribution of the spin
configuration to the CDW state [33].

Another possible scenario for the MI transition is the
formation of the molecular-like orbital. In the metallic phase,
RuP has an instability of the electronic state due to the peak
of the DOS near Er derived from the fourfold-degenerate
Ru 4d,, orbitals. From the metallic phase to the insulating
phase, the Ru 4d,, orbitals create the molecular-like orbitals
spontaneously, which are formed by the occupied Ru 4d,,
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bonding states and the unoccupied Ru 4d,, antibonding states
as depicted in Fig. 5. In this orbital configuration, the neigh-
boring Ru 4d,, electrons tend to form the dimers, polymers,
or molecular chains along the b axis. Streltsov and Khomskii
have suggested that the nonuniform hopping integrals for
different orbitals and the small Hund coupling bring about the
orbital-selective dimerization [34]. This situation can occur
and cause the strong reduction of the magnetic moment be-
cause of the large hopping integral and the relatively small
Hund coupling for 4d and 5d compounds [35].

However, the detail of the crystal structure for poly-
crystalline RuP at the low-temperature phase has not been
characterized in contrast to single-crystal RuAs showing the
linear-like chains [20]. Therefore, at the present stage, it is dif-
ficult to clarify the origin of the MI transition. To further verify
the origin of the MI transition, future work should identify the
low-temperature structure of the stoichiometric single-crystal
RuP, and perform the angle-resolved photoemission study.

IV. CONCLUSION

In conclusion, we have studied the electronic structure
of RuP using the hard x-ray and the vacuum-ultraviolet

photoemission spectroscopies combined with the band struc-
ture calculation. The photoemission spectral weight near Ep
decreases across the MI transition, while it does not show the
difference between the metallic phase and the PG phase. The
energy scale of the spectral weight suppression is ~110 meV,
which agrees with the spin gap opening observed in the previ-
ous NMR study. The spectral weight at Er mainly consists
of the fourfold-degenerate Ru 4d,, orbitals. The fourfold-
degenerate Ru 4d,, orbitals could be deeply related to the
origin of the MI transition of this system.
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