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Importance of Coulomb correlation and spin-orbit coupling in a 5d pyrochlore: Pr,Ir,0,
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Employing state-of-the-art ab initio electronic band-structure calculations, we investigate the electronic
structure of an interesting pyrochlore, Pr,Ir,O; exhibiting varied electronic and magnetic properties. The
calculated results indicate that the derivation of the bulk properties requires consideration of spin-orbit cou-
pling and finite on-site Coulomb interaction strength despite the fact that Ir 5d electronic states are expected to
be highly extended. Ir 5d moment is found to be finite and couples ferromagnetically with the Pr 4f moments.
The magnetic moment and the density of states at the Fermi level depend on the direction of magnetization
considered in the calculations suggesting the highly anisotropic magnetic and electronic-transport behavior for
this compound consistent with the experimental observations.
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I. INTRODUCTION

Pyrochlores with general formula unit A,B,0; (A and B
are metals, O represents oxygen) have attracted a great deal
of attention due to the discovery of many interesting proper-

ties in these systems. In this structure (space group Fd3m), A
and B atoms form a cubic fcc lattice with an additional or-
dering along (110) direction as shown in Fig. 1. In the pyro-
chlore structure, all the tetrahedral sites occupied by the oxy-
gen atoms are not equivalent: 48f sites have two A and two B
neighbors, 8b sites have four B neighbors and 8a sites are
vacant. Thus, A atoms have eight oxygen neighbors and B
atoms form BOg octahedra, which are connected by corner
sharing. Clearly, this structure is susceptible to geometrical
frustration that may lead to many interesting electronic and
magnetic properties in this class of systems.'> However,
most of the oxide pyrochlores studied show magnetic
ordering’ with some exceptions such as Dy, Ti,O; exhibiting
spin ice behavior.* The magnetically ordered compounds are
usually found to be ferromagnetic (FM) metals.>

Most of the pyrochlores studied are formed with rare-
earth (RE) elements at A sites and 4d/5d transition metals
(TMs) at B sites. The electronic and magnetic properties of
these compounds are essentially determined by the localized
RE 4f electrons forming local moments and itinerant TM
4d/5d electrons. It is already observed that electron-electron
Coulomb repulsion (electron correlation) strength becomes
weaker with the increase in the radial extension of the d
orbitals.!®!! Thus, the electron correlation strength among
TM 5d electrons are expected to be weak.!2 However, some
compounds exhibit signature of strong electron correlations,
such as Sm,Mo,05 in its optical conductivity data.’ Y,Ir,0
exhibits insulating behavior and their electronic-structure
study show signature of strong electron correlation.>!> The
magnetic ordering has also been observed to be produced by
Ir 5d electrons in A,Ir,0; (A=Nd, Sm, and Eu).’ Clearly the
behavior of 5d electrons is quite complex.

The compound, Pr,Ir,0; is even more complex exhibiting
plethora of interesting properties. It shows metallic behavior,
does not show long-range magnetic order down to 120 mK
unlike other Ir pyrochlores and exhibits a partial spin freez-
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ing at about 120 mK.'#~!7 Magnetic-susceptibility data in the
paramagnetic region indicates effective antiferromagnetic in-
teraction between magnetic ions.'® However, the magnetic
susceptibility below 1.7 K shows In(7) dependence and con-
sidered as a signature of ferromagnetic coupling responsible
for the observed spin-liquid behavior.!” Resistivity data be-
low 50 K also revealed the In(7) dependence that was inter-
preted in terms of Kondo effect.'® The residual resistivity is
found to be large (360 w{) cm). The low-temperature Hall-
effect measurements exhibit low-charge-carrier density at the
Fermi level that may be one possible reason for the large
residual resistivity.'®

The magnetization measurements along [100], [110], and
[111] at 70 mK have shown different values of
magnetization.'® Magnetic field dependent conductivity mea-
surements have also indicated highly anisotropic electronic
transport.!” Hall resistivity data show anomalous Hall effect
and interpreted in terms of spin chirality mechanism. Clearly,
Pr,Ir,05 is an unusual compound possessing many interest-
ing properties rarely found in other systems and naturally
attracted significant attention.

In this paper, we present our results on the electronic band
structure of Pr,Ir,O; obtained by ab initio electronic-
structure calculations that helps to explore the origin of var-

FIG. 1. (Color online) Crystal structure of Pr,Ir,O;. The en-
closed units are IrOg octahedra and OPr, tetrahedra.
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ied interesting properties discussed above. These results in-
dicate that the on-site Coulomb interaction and the spin-orbit
coupling (SOC) are important to derive the electronic prop-
erties of this compound. Ir 5d moments couple ferromagneti-
cally with the Pr 4f moments. Calculations for different mag-
netization directions reveal anisotropy in the density of states
at the Fermi level that can directly be correlated with the
experimentally observed anisotropy in the transport and
magnetic properties.

II. COMPUTATIONAL DETAILS

The spin-unpolarized (nonmagnetic) and spin-polarized
(magnetic) generalized gradient approximation (GGA) and
GGA+U (U=on-site Coulomb interaction strength) elec-
tronic  band-structure calculations were carried out
employing  state-of-the  art  full-potential linearized
augmented plane-wave method using WIEN2K software. '8
The structural parameters used for the calculations are,
a=b=c¢=10.3995 A." The crystal structure of Pr,Ir,O7 is
shown in Fig. 1, where Pr, Ir, and O atoms are denoted by
spheres of decreasing size, respectively. In this structure, the
oxygen atoms occupying 48f tetrahedral sites are denoted by
Ol and the ones occupying 8b sites are denoted by O2. Pr
and Ir atoms occupy 16¢ and 16d sites, respectively.!” There-
fore, Ir atoms are surrounded by six Ol atoms making an
IrO1g4 octahedron and O2 is surrounded by four Pr atoms
forming a tetrahedron. The muffin-tin sphere radii were cho-
sen to be 1.95 a.u., 2.1 a.u., and 1.7 a.u. for Pr, Ir, and O
atoms, respectively.

For the exchange-correlation functional, we adopted the
GGA form of Perdew et al.** and the on-site Coulomb inter-
action was considered within the formulation of Anisimov
et al.?' The evolution of the electronic density of states was
investigated by varying the on-site Coulomb interaction
strength among Pr 4f electrons, Uy and that among Ir 5d
electrons, U,,. The spin-orbit couplings for Pr and Ir atoms
were also considered in the calculations. In order to capture
anisotropy, calculations were carried out for different mag-
netization directions. The convergence was achieved by con-
sidering 512 k points within the first Brillouin zone. The
error bar for the energy convergence was set to be smaller
than 2.5X 107 Ry/f.u. (f.u.=formula units) and the charge
convergence was achieved to be less than 107 electronic
charge in every case.

III. RESULTS AND DISCUSSIONS
A. Nonmagnetic and ferromagnetic solutions

The calculated partial density of states (PDOS) corre-
sponding to the nonmagnetic GGA calculations are shown in
Fig. 2. Pr4f PDOS shown in Fig. 2(a) are mainly lying in
the narrow energy range of —0.2 to 0.8 eV indicating highly
localized nature of the 4f states. The energy bands represent-
ing O2 2p PDOS appear primarily between —6.5 and
—3.3 eV. In addition, O2 2p PDOS contributions are also
found in the energy range of —0.2 to 0.8 eV, where Pr 4f
bands appear exhibiting similar symmetry of these two states
due to finite hybridization as expected from the structure.
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FIG. 2. (Color online) PDOS of (a) Pr 4f (thin line), (b) Ir 5d 2
(¢) Ir (5d,;,5d,), (d) Ir (5d2_,2,5d,,), and (e) Ol 2p and O2 2p
characters obtained from nonmagnetic GGA calculation. The thick
solid line in (a) is the Pr 4f PDOS rescaled by 150 times and shifted
along y axis.

This can be viewed clearly in the rescaled data shown in Fig.
2(a) (Pr4f PDOS is multiplied by 150 and shifted along y
axis in the figure). The relatively small contribution of O2 2p
states in the region of Pr 4f states and vice versa, presumably
due to the large Pr-O2 bond distance (2.25 A), is an indica-
tion of small overlap of these states that makes 4f states
highly localized.

On the other hand, Ir 5d and O1 2p states are spread over
a relatively larger energy range showing extended nature of
these states. From Figs. 2(b) and 2(c), it is clear that the
shape and energy distribution of Ir 54 and O1 2p PDOS are
very similar indicating significant covalency®” between them.
The occupied Ir 5d PDOS can be divided into three regions.
Region between —8.3 and —4.2 eV has highly mixed Ir 5d
and O1 2p character and is due to the bonding states. Region
between —4.2 and —2.8 eV has dominating O1 2p character,
which corresponds to the nonbonding O1 2p states. The en-
ergy region above —1.8 eV has dominating Ir 5d character
with small contribution from O1 2p states and is identified as
antibonding bands.

In the coordinate system shown in Fig. 1, crystal field
leads to a splitting of the fivefold-degenerate Ir 5d level into
three levels consisting of d2, (d,..d,,), and (d,2_y2,d,,) or-
bitals. Such crystal-field splitting of Ir 54 bands can be seen
clearly in Figs. 2(b)-2(d). It is to note here that Pr 4f PDOS
also have finite contributions in these energy regions. This
indicates finite hybridization between Ir 54 and Pr 4f elec-
tronic states. At the Fermi level, €, the contribution from
Pr4f states are largest (~64 states/eV) with negligibly
small contributions from Ir5d (~0.8 states/eV) and
O 2p(~0.2 states/eV) states. Among the Ir 5d states, the
contribution from d2 at € is almost negligible.

Being identified the character of various energy bands in
the electronic structure and the crystal-field splitting, we now
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FIG. 3. (Color online) Partial density of states of (a) Pr 4f, (b)
Ir 5d having d. (thin solid lines), (d,..d,,) (thick lines) and
(dy2_y2.,d,,) (dashed lines), and (c) Ol 2p and O2 2p characters
obtained from ferromagnetic GGA calculations.

investigate the magnetic states of the Pr and Ir atoms in this
compound. We have carried out the spin-polarized calcula-
tions for the FM arrangement of the magnetic moments. The
total energy per formula unit for the FM solution is found to
be about 1.222 eV less than that for nonmagnetic solution
indicating that the ground state of Pr,Ir,O; should be mag-
netic within this local density-functional approach. The total
magnetic moment per formula unit obtained from the calcu-
lation is about 4.38u; with contributions from Pr and Ir at-
oms are about 1.78up and 0.2y, respectively.

The PDOS of Pr4f, Ir 5d, and O 2p characters corre-
sponding to the FM solution are shown in Fig. 3. The Pr 4f
states in the up-spin channel mainly lie between —0.4 and 1.2
eV and that in down-spin channel between 1.2 and 2.1 eV.
The Pr 4f bands are fully spin polarized indicating the strong
Hunds coupling between Pr 4f electrons. The exchange split-
ting of 4f level is found to be ~1.3 eV. In the occupied part
of the electronic structure, the energy spread of Ir 54 and
O 2p states are almost similar as observed in the nonmag-
netic case. In the up-spin channel, there are large 4f PDOS
(~22 states/eV) at € whereas the contribution from the 5d
states is negligibly small (~0.15 states/eV). In the down-
spin channel only Ir 5d(~0.65 states/eV) and O 2p states
contribute at €. Thus, the magnetic interactions reduce the
Pr4f PDOS at € by about three times leaving the Ir 5d
PDOS unchanged.

The presence of finite DOS at € indicates the metallic
ground state, which is in accordance with the experimental
observation.!® It is to note here that the GGA calculations do
not capture the highly correlated Pr 4f states well and hence,
the observation of large contribution of Pr 4f PDOS at e
needs careful considerations.?> However, such density-
functional calculations provide valuable information about
the crystal-field energy and exchange energy of different
orbitals.”* In order to know the crystal-field splitting of the
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FIG. 4. (Color online) Schematic energy-level diagram of d.2,
(dy;,d,;), and (dy2_y2,d,,) levels of Ir obtained from nonmagnetic
and FM solutions.

Ir 5d orbitals, we have estimated the center of gravity of d2,
(d\;.d,,), and (d2_2,d,,) bands obtained from nonmagnetic
calculations [see Fig. 2(b)]. The corresponding exchange
splitting can be estimated from the center of gravity of the
respective bands in up- and down-spin channels obtained
from FM solution.

The energy-level diagrams exhibiting the crystal-field and
exchange splitting are shown in Fig. 4. d states possess
lowest energy and (d,,,d,;) bands have highest energy. The
separation between d2 and (d,2_,2,d,,) levels is about 0.61
eV and that between (d,2_,2,d,,) and ('dxz,dyz) levels is about
0.45 eV. The exchange splitting of d2, (dy2_2,.d,,), and
(dy,.d,,) bands are ~0.08 eV, 0.18 eV, and 0.11 eV, respec-
tively; which are much smaller than that observed for 3d
electronic states in 3d transition-metal oxides as expected
due to the larger radial extension of the 5d orbitals compared
to the 3d orbitals.?’

B. Influence of spin-orbit interaction

Pr,Ir,O; contains heavier atoms such as Pr and Ir. There-
fore, SOC strength is expected to be large and likely to play
an important role in deciding the ground state of this com-
pound. We have calculated the FM ground state, considering
SOC for Pr and Ir electrons. The magnetization direction for
the calculation is considered along [001]. The spin part of
magnetic moment of Pr atom remains almost insensitive to
the SOC, however, that of Ir atom reduces by ~0.16up. To-
tal spin magnetic moment per formula unit is ~3.75ug. The
orbital magnetic moment for Pr atom is found to be about
—1.15up and that for Ir atom is 0.006u5. The negative sign
of the orbital magnetic moment for Pr atom indicates that the
direction of the orbital moment is opposite to the spin mo-
ment consistent with the Hund’s rule for less than half-filled
cases. The total magnetic moment (spin plus orbital part) per
formula unit is 1.45ug.

In Fig. 5, we show the calculated PDOS, when spin-orbit
coupling is considered. Due to the inclusion of SOC, Pr 4f
PDOS become broader and their contribution at €, reduces
by about four times. Comparison of Figs. 3 and 5 indicates
that the SOC influences the energy distribution of Ir 5d elec-
tronic states too. In Fig. 3(b), the d.2 orbital contributes pri-
marily in the energy region of —1 to —0.5 eV. Around €, the
contribution from (d,2_,2,d,,) orbitals is most significant
among all the Ir 5d states. The SOC reduces the spectral
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FIG. 5. (Color online) Partial density of states of (a) Pr 4f and
(b) Ir 5d 2 (c) Ir(5d,;,5d,,), and (d) Tr(5d,>_2,5d,,) characters ob-
tained from ferromagnetic GGA+SOC calculatlon The up- and
down-spin contributions are shown by positive and inverse y axis,
respectively.

weight of (d,2_,2,d,,) bands at € by transferring the spectral
weight to the energy region of —1.5 to —0.6 eV (see Fig. 5).
Interestingly, SOC populates the Ir 5d states at the € in the
up-spin channel. However, Ir 5d contributions still remain
smaller than Pr 4f contributions at € indicating major role
of Pr 4f states in the electronic properties.

C. Role of electron correlation

In order to investigate the role of electron-electron Cou-
lomb repulsion in the electronic structure, we employed
GGA+ U method.?® We calculated the FM ground states con-
sidering Uy, (electron correlation strength among Pr 4f elec-
trons) =4 and 5 eV. Uy=4 eV corresponds to an increment
of the value of Pr magnetic moment by 0.11up. Further in-
crease in Uy does not have significant effect on Pr magnetic
moment. Interestingly, finite Uy leads to a reduction in Ir
magnetic moment by about 0.19up making it almost non-
magnetic. The total magnetic moments per formula unit
comes out to be ~4up.

In Fig. 6, we show the calculated PDOS corresponding to
Ug=5 eV. Pr4f up-spin bands split into two sets of bands;
may be termed as lower and upper Hubbard bands separated
by an energy gap of about 3.8 eV. The down-spin levels are
completely unoccupied. The increase in Uy enhances this
gap keeping overall features of the PDOS very similar.
Therefore, in the rest of the discussion, we have presented
the results for Uy,=5 eV.

The effect of Uy on Ir 5d and O 2p states far away from
€r is not significant. The Ir 5d states in the vicinity of € is,
however, modified due to the finite Uy as shown in Fig. 6(b).
The finite exchange splitting seen by relative energy shift of
the spin-up and spin-down Ir 5d PDOS in Fig. 3(b) is almost
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FIG. 6. (Color online) Partial density of states of (a) Pr 4f, (b)
Ir 5d having d2 (thin solid lines), (d,;,d,;) (thick lines) and
(de_y2.d,,) (dashed lines) characters, and (c) Ol 2p and O2 2p
obtaihed from ferromagnetic GGA+U (Uy=5 eV) calculation.

vanished in GGA+ U results making Ir atom nonmagnetic as
also reflected in the magnetic moment discussed above. In-
terestingly, the Ir 54 and O 2p PDOS between 0.3 and 1.6
eV seen in the up-spin channel in GGA calculation are absent
in GGA+ U calculations. In this energy range one can see the
absence of Pr4f states too. Appreciable Ir5d and
02 2p PDOS appear in the energy range between —1.9 and
—1.6 eV, where Pr 4f states also contribute due to electron-
correlation-induced energy shift. Evidently, such Ir 54 PDOS
redistribution is linked to the change in Pr 4f PDOS indicat-
ing finite Ir 5d-Pr 4f coupling as also manifested in Fig. 2.
Parallel alignment of the Ir and Pr spin moments indicates
ferromagnetic interaction between Pr 4f and Ir 5d spins. To
check this result, we performed a calculation by considering
the antiferromagnetic alignment of Pr 4f and Ir 5d spins as a
starting point. The final self-consistent calculation converges
to a ferromagnetic solution; Ir and Pr magnetic moments are
aligned in the same direction.

The inclusion of Uy, in the calculation provides valuable
insight about the nature of interaction between Pr4f and
Ir 5d electrons keeping the experimentally observed metallic
ground state unchanged. The contribution of Pr 4f states at
€ is negligibly small (~0.006 states/eV) as shown in
zoomed scale in Fig. 6(a). Presence of large Ir 5d PDOS
(~0.5 states/eV and 0.8 states/eV in up- and down-spin
channels, respectively) suggests that the electronic transport
in this compound is essentially determined by the Ir 5d elec-
trons. The value of Ir 5d PDOS close to € is comparable
with that of the normal metals suggesting large charge-
carrier density in Pr,Ir,0,. However, the Hall measurements
have shown that the carrier density of this compound is
about 100 times smaller than that of normal metals.'® It is
important to note that the inclusion of SOC alone does not
improve the situation significantly suggesting involvement of
other parameters.
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FIG. 7. (Color online) (a) TDOS and Ir 54 PDOS obtained from
GGA+U+SOC calculations for different values of U, when
Uy=5eV. (b) Ir5d and Ol 2p PDOS obtained from
GGA+U+SOC (Uy=5 and Uy,=3 eV) calculation.

D. Importance of both electron correlation and spin-orbit
coupling

The contribution of the Ir 5d PDOS near € can be influ-
enced by the on-site Coulomb correlation among Ir 5d elec-
trons, U,,, which is underestimated in the calculations pre-
sented so far. While the electron correlation among Ir 5d
electros, Uy, is expected to be less important due to large
radial extension, a recent photoemission study on Y,Ir,O;
and subsequent band-structure calculations have shown evi-
dence of strong electron correlation among the Ir5d
electrons.>!3 Thus, we calculated PDOS by varying U, from
2 to 4 eV in Pr,Ir,05. The total DOS and Ir 54 PDOS at the
er for varying U, (Us=5 eV) is shown in Fig. 7(a). It is
evident from the figure that DOS at the € decrease slowly
with increase in Uy, up to 3 eV. For higher U, (=4 eV),
DOS at € become zero leading to opening of a hard band
gap of ~0.26 eV that suggests a metal to insulator transi-
tion. Thus, on-site Coulomb interaction among Ir 5d elec-
trons seems to have significant role in deriving the electronic
properties of this compound and presumably responsible for
the experimentally observed low carrier density in Pr,Ir,O.

Ir 5d and O1 2p states have been seen to be affected most
by finite U ;. We have shown the PDOS of Ir 5d and O1 2p
states obtained from GGA+U+SOC (U =5 and
U,.=3 €V) calculation in Fig. 7(b). Interestingly, PDOS ap-
pear to be almost half metalliclike, as the DOS above e is
negligibly small in the up-spin channel in comparison to
down-spin channel. The gap between the bands in the anti-
bonding and nonbonding regions seen in Fig. 6(b) closes as
U, transfers spectral weight of the antibonding Ir 5d bands
toward higher binding energies and nonbonding O1 2p band
shifts ~0.5 eV closer toward €. The PDOS near the €5 has
dominating (d,,.d,,) character.
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FIG. 8. (Color online) TDOS obtained from GGA+U+SOC
(Ug=5 and Uyy=3 eV) calculations keeping magnetization direc-
tion along [001] and [111]. Inset shows Ir(5d,2_2,d,,) PDOS.

The total occupancy of Ir 5d states is found to be 5.33,
which is 0.33 more than the nominal occupancy of 5 for Ir in
4+ ionic state. This indicates the transfer of 0.33 electron
from O1 2p orbital to Ir 5d orbital due to the hybridization.
The total occupancy of Pr 4f orbital is 1.95, which is closer
to the nominal occupancy of 2 for Pr’* ion. The spin part of
magnetic moments for Pr and Ir atoms are found to be
~1.9up and 0.5up, respectively. Thus, the U,;=3 eV in-
duces a magnetic moment of ~0.5up at Ir site without
changing the magnetic moment of Pr atom. The orbital part
of magnetic moments for Pr and Ir atoms obtained from the
calculation are ~—1.19up and 0.21up, respectively. If we
compare the values of magnetic moments obtained from
GGA+SOC calculation as mentioned earlier, we find that the
orbital moment for Pr is not much influenced by U,. How-
ever, orbital moment for Ir is seen to be very much sensitive
to U,y it increases with the increase in U, The total mag-
netic moment (orbital plus spin part) per formula unit ob-
tained for Uy=35 and Uyy=3 eV is ~3.74up.

Above results clearly establish the importance of Cou-
lomb correlation and spin-orbit coupling in deriving the elec-
tronic and magnetic properties of this system. Presence of
large orbital moment for Pr can lead to magnetic anisotropy.
Moreover, the presence of correlation-induced orbital mo-
ment can also give rise to anisotropic electronic transport. To
explore such possibility, we have calculated the ground-state
energy and DOS by considering magnetization direction
along [001] and [111]. The spin moment remains almost the
same in both the cases. However, the orbital moments for Pr
atoms are found to be very different. For example, the orbital
moment for Pr atom situated at (0.5, 0.5, 0.5) position in the
unit cell is found to be about —2.8 up and rest of the Pr atoms
has the magnetic moment of about —0.9u. The energy for
[111] direction is found to be ~538 meV/fu less than that
for [001] direction suggesting an easy axis of the magnetic
moment to be along [111] direction. These results clearly
indicate that the strong SOC of Pr 4f electrons is the primary
cause for the experimentally observed magnetic anisotropy.

Total density of states (TDOS) in the vicinity of the Fermi
level obtained for [001] and [111] directions are shown in
Fig. 8. Inset shows the Ir(5d,2_,2,5d,,) PDOS. It is evident
from the figure that the density of states are very much sen-
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sitive to the direction of the magnetization axis suggesting
the anisotropic electronic transport as seen experimentally by
Hall measurements.!” At lower energies, TDOS correspond-
ing to [001] is larger than that for [111] and crossover occurs
at about —15 meV. Interestingly, TDOS within 25 meV of
the Fermi level show quite different behavior. For the mag-
netization direction along [001] axis, TDOS decrease mono-
tonically whereas that along [111] axis results to a nonmono-
tonic and almost symmetric DOS about the Fermi level,
seems like a pseudogap. Present study suggests that at lower
temperatures, the resistivity should decrease with the in-
crease in temperature as carrier density increases with in-
crease in temperature. This behavior is consistent with the
experimental observation.!”
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IV. CONCLUSIONS

In conclusion, we studied the electronic structure of
Pr,Ir,O; using ab initio electronic band-structure calcula-
tions within GGA and GGA+U formulations of density-
functional theory. The results reveal that the spin-orbit cou-
pling and the Coulomb correlation play important role in
deriving the electronic structure of this compound. Ir 5d mo-
ment is found to be finite and couples ferromagnetically with
the Pr 4f moment. The electronic states in the vicinity of the
Fermi level and the Pr magnetic moment depend on the di-
rection of magnetization considered in GGA+U+SOC cal-
culations. These results explain the anisotropy observed in
the electronic and magnetic properties.
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