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We conduct a comprehensive ab initio investigation of electron-electron interactions within the pyrochlore
structures of R,Ru,07, R,Ir, 07, CaRu,07, and Cd,Ru, 07, where R denotes a rare-earth element. Utilizing a
multiorbital Hubbard model, we systematically explore the effects of various rare-earth elements and applied
high pressure on the correlation strength in these compounds. Our calculations on the Coulomb interaction
parameter U and the bandwidth W reveal that the chemical pressure for R,Ru,07 and R,Ir,O7 leads to an unusual
increase in U/W ratio, hence, an increase in correlation strength. Contrary to conventional understanding of
bandwidth control, our study identifies that the Hubbard U is more influential than the bandwidth W behind
the metal-insulator landscape of R,Ru,0; and R,Ir,0;, leading to an interaction-controlled metal-insulator
transition. We also find unexpected behavior in physical pressure. Whereas physical pressure leads to a decrease
in the correlation strength U/W as usual in R,Ru,05, the effect is notably small in Ca,Ru,0; and Cd,Ru,07,
which provides an important clue to understanding the unusual pressure-induced metal-insulator transition

observed experimentally.
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I. INTRODUCTION

The metal-insulator transition (MIT) has been the sub-
ject of extensive research on the strongly correlated d-
electron systems, typically divided into three categories
[1]: filling-controlled [2-5], bandwidth-controlled [6-8],
and dimensionality-controlled [9—11] transitions. Pyrochlore
structures provide a great platform for studying 4d and 5d
electron systems, whose electron-electron interactions remain
a central focus in condensed matter physics [12]. These
interactions lead to the emergence of various phases and
transitions, including the Mott-insulating state, bad-metal
behavior, spin-ice-like configurations, and other forms of
noncollinear magnetism, all of which can be influenced by
external factors like doping [13,14] and pressure [15].

Figure 1 presents the phase map for A,B,0O; materials,
clearly delineating regions of metallic behavior, insulating
states, and transition zones, unveiling the rich and complex
strongly correlated phenomena inherent in these materi-
als. RpRu,0; exhibits antiferromagnetic ordering at low
temperatures and remains electrically insulating across all
temperatures [16,17]. These compounds display transitions
between different states [18-24], including shifts between
metallic and insulating phases, with more complex phases also
being proposed [18,25]. In R,Ir,O7, at the temperature above
the magnetic transition, metallic behavior is observed in com-
pounds with larger R3* ions, such as Eu, Sm, and Nd [26-29],
while those with smaller ionic radii tend to be insulating,

“Contact author: yusuke.nomura@tohoku.ac.jp
fContact author: denghaojian @hit.edu.cn

2469-9950/2024/110(24)/245147(11)

245147-1

such as Yb and Ho [28-30]. The correlation strength in these
materials can be adjusted by substituting R ions (chemical
pressure) or applying physical pressure, which is a particularly
intriguing aspect of pyrochlore compounds.

Substitution of trivalent R** cations with divalent cations
R** is also of interest. For instance, in the study of
filling-controlled (Ca;_,Pr,);Ru,0O7, MIT is observed [14].
Pr,Ru,O; behaves as a Mott insulator, while Ca;Ru,0O5 is
metallic. Moreover, Cd,Ru, 07 undergoes a metal-to-insulator
transition under increasing pressure [15,31], contrasting with
the related monoclinic compound Hg,Ru,07, which transi-
tions from a bad metal to a good metal under pressure [32].

These experiments under varying conditions often show
unexpected behaviors, adding to the complexity of pyrochlore
compounds. Here, we employ first-principles calculations to
explore the underlying mechanisms driving these unusual
tendencies. The analysis of electron-electron interactions in
pyrochlore structures can be broadly categorized into two
regimes based on the ratio of U/W, where U represents the
on-site Coulomb interaction parameter and W represents the
electronic bandwidth. In the weak-to-intermediate correlation
regime, where U/W < 1, electrons remain sufficiently de-
localized, allowing band topology to play a significant role
in determining the material’s electronic behavior [33-36]. In
contrast, the strong Mott limit, where U /W > 1, is dominated
by electron localization, leading to insulating behavior driven
by strong correlations [37-40].

We find two counterintuitive trends. First, for R,Ru,05
and R,Ir,O, U increases as the ionic radius of R decreases,
despite an archlike behavior in the bandwidth caused by the
interplay between lattice constant variations and bond angle
adjustments. This highlights the dominant role of U over
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the bandwidth W in determining the U/W ratio, revealing a
novel aspect of interaction-controlled metal-insulator transi-
tion. Second, in the case of physical pressure for Ca;Ru,0;
and Cd,;Ru,07, the U/W ratio remains nearly constant, chal-
lenging the conventional expectation that pressure decreases
U/w.

The rest of this paper is outlined as follows. Section II
details the derivation of electronic low-energy models using
maximally localized Wannier orbitals (MLWOs) and the con-
strained random phase approximation (cRPA). These models,
including extended multiorbital Hubbard models, are based
on density functional theory (DFT) calculations, allowing
precise determination of transfer integrals and effective inter-
actions. In Sec. III, we obtain parameter results of R,Ru,0;
and R,Ir,O7 for the Coulomb interaction and analyze their
trends with varying ions, especially showcasing the pressure
dependence of Pr,Ru;0; and Yb,Ru,0O; and analyzing the
differences between chemical pressure and physical pressure.
In Sec. IV, we present the study details and obtained param-
eter results of Ca,Ru,O; and Cd,Ru,0; for the Coulomb
interaction and analyze their trends with varying pressure. In
Sec. V, we discuss the origin of a nontrivial behavior of U/W
in pyrochlore compounds and its relevance to experimental
results.

II. METHODS

Here, we describe a method to derive a realistic extended
multiorbital Hubbard model from first principles. We first
perform band calculations based on DFT and choose “tar-
get bands” of the effective model. In the case of pyrochlore
compounds, we chose Ru/Ir 7, bands as target bands. By
constructing MLWOs for the target bands, we calculate trans-
fer integrals and effective interactions. In the calculation of
the effective interaction, the screening by electrons besides
target-band electrons is considered within the cRPA. The
resulting Hamiltonian consists of the transfer part H;, the
Coulomb-repulsion part Hy, and the exchange interactions
and pair-hopping part H, defined as

H=H +Hv+H,, (@))
where
M=) tw(Rij)a} a5, )
o ij nm

Hy = % >0 UmRipagdfaf,af,  (3)

op ij nm

HJ = % ZZZJnm(Rij)

op ij nm

X (agfap @’ a’ +a

ot pt p o
jm“in® jm a, a Cl») (4)

in “in 7 jm™~" jm

with a;’; (aj,) being a creation (annihilation) operator of an
electron with spin ¢ in the nth MLWO localized at the cell
located at R; and R;; = R; — R;. The parameters #,,(R;;)
represent on-site energy and hopping integrals:

tnm(R) = <¢nR|HKS|¢m0>’ (5)

where  |p,r,) =a;(n|0) and Hgs is the Kohn-Sham
Hamiltonian.

We evaluate the partially screened Coulomb interaction
WP(r,r’) to determine the effective interaction parameters
U,n(R) and J,,,(R) in the low-frequency limit. This process
begins by calculating the noninteracting polarization function
X, excluding contributions from the target bands. It is im-
portant to account for the screening effects from the target
electrons when solving the effective models, thereby avoiding
double counting during the derivation. Using the calculated
X, the partially screened interaction W7 is obtained as W?” =
(1 —vx) v, where v represents the bare Coulomb interac-
tion, given by v(r, r’) = Tl

Once the partially screened Coulomb interaction W”(r, r’)
is calculated, the matrix elements of W7 are obtained as

Ym = // drdr'|$uo (X)W, 1) duo (X))

4 )
=15 2 2 P+ GG 6 @0, @+ G (©)
q GG

and

Jom = / / drdr' ¢y (D)o (OWP (1, )0 (X )0 (r')

4 )
= 15 2 2 (@ + GG (@p, @+ G, (D)
q GG’

respectively, where 2 is the volume of the unit cell, and
oum(q + G) is given, with the Wannier-gauge Bloch functions

Yo by

1 .
Pum(q + G) = v Z( ;Eiq|el(q+G)~r|wr(nuli)>_ ®)
k

To facilitate a comparative analysis with the cRPA re-
sults, we compute interaction parameters using the unscreened
case, representing the Wannier matrix elements of the bare
Coulomb interaction. In order to differentiate it from the cRPA
results, we refer to this as the “bare” interaction.

In the present study, because of the symmetry of Wannier
orbitals, there is no orbital dependence in the on-site intraor-
bital interaction U,,, the on-site interorbital interaction U,,,,,
and the Hund’s coupling J,,,. Hereafter, they are denoted as
U, U’, and J, respectively. Because there are four Ru/Ir sites
in the unit cell, the off-site Coulomb interaction can also be
computed from Eq. (6), when nth and mth Wannier orbitals
belong to neighboring sites. V is the average of the off-site
Coulomb interactions between neighboring sites.

III. RESULTS FOR R;Ru,0; AND R,Ir,0,

A. Calculation details and lattice structures

To derive the realistic extended Hubbard models for the
Ru/Ir-ty, manifold in R,Ru,07/R,Ir,07, we utilize a com-
bination of MLWOs [41,42] and cRPA method [43], as
described in Sec. II. The construction of Wannier func-
tions and the cRPA calculations are executed using the
open-source package RESPACK [44], which employs a band
disentanglement scheme as described in Ref. [45]. Initially,
DFT band-structure calculations are performed using QUAN-
TUM ESPRESSO [46]. Optimized norm-preserving Vanderbilt
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FIG. 1. A metal-insulator phase map for A,B,0; materials. The
B-site elements include Ru, Mo, Zr, and Ti, while the A-site elements
consist of various rare-earth elements and Y. The map categorizes
phases into insulator, semiconductor, semimetallic, and metal. Ad-
ditionally, shadowed regions indicate more complex phases, such
as Mott insulator, ferromagnetic metallic, spin-glass, spin-liquid,
and spin-ice. Filled symbols correspond to materials for which
the U/W ratio was estimated and discussed in this study, whereas
empty symbols denote the experimental findings without calculated
ratio. Compounds that demonstrate these phase variations include
RzRUzO7 [14,16,17], R21r207 [28,30,47], YzRUzO7 [48], YzII‘207
[49], R2M0207 and Y2M0207 [50—53], EU2Ti207 [52], szTi207
[54], Y, Ti,O7 [55], and Yb,Ti,O; [56].

pseudopotentials [57], in conjunction with the PBE exchange-
correlation functional [58], are sourced from PseudoDojo [59]
and employed in the DFT calculations. Lanthanide pseudopo-
tentials freeze the f electrons in the core to address their
localized nature, with the number of frozen f electrons equal
to the total valence electrons minus the formal valency. A
9 x 9 x 9 k-point mesh is used, with an energy cutoff set to
100 Ry for the wave functions and 400 Ry for the electron-
charge density. The DFT calculations were conducted for the
following materials: R;Ru,07 and RyIr,O7 (where R3* rep-
resents Pr’t, Nd**, Sm**, Ev**, Gd*F, Tb**, Dy**, Ho*",
Er’*, Tm?*, and Yb*"). The atomic and ionic radii of lan-
thanide elements gradually decrease with increasing atomic
number. For RyRu,O7, the Ru-7,, bands are isolated from
other bands, and the Wannier functions are derived from an
energy range of [—1.5, 1.5] eV. Using these Wannier orbitals,
effective interaction parameters are computed via the cRPA
method. The polarization function is calculated using 200
bands with an energy cutoff of 10 Ry. The Brillouin-zone
integral on the wave vector was evaluated by the generalized-
tetrahedron method.

Before presenting the computational results, we summarize
the fundamental properties of the pyrochlore structures. By
taking experimental crystal structure as a starting point [60],
we optimize the lattice constant and internal atomic coordi-
nates. Figure 2(a) presents the theoretical lattice constants
for RyRu,07 and R,Ir, 07, respectively. The theoretical and
experimental lattice constants agree within 1.1%. The lat-
tice constant a can be controlled by chemical and external
pressures. The samples are arranged in order of decreas-
ing lattice constants. Figure 2(b) presents the bond angles
6 of Ru-O-Ru and Ir-O-Ir. Both the lattice constant a
and the bond angles 6 decrease together with ion radius
decreasing.

10.481 A, = R;Ru,07(optimized) '._' = RyRu,07(optimized)
" “a R2Ru207(experimental) 132.0 ‘i‘_ 4+ Rolr;07(optimized)
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FIG. 2. Experimental [60,61] and theoretically optimized values
of R,Ru,0; and R,Ir,0O; of (a) lattice constant and (b) bond angles
of Ru-O-Ru and Ir-O-Ir. The rare-earth ions (R*1) included are Pr’*,
Nd**, Pm’*, Sm’*, Eu**, Gd**, Tb**, Dy’*, Ho’*, Er’*, Tm**, and
Yb>*. Inset: The diagrammatic sketch of the bond angles.

B. Band structures

The calculated bands, depicted as red lines in Figs. 3(a)
and 3(b), are based on structures for R,Ru,07 and R,Ir, O
[62,63]. RyRuyO; and R,Ir,O; exhibit highly similar band
structures. MLWOs [41,42] are constructed by projecting the
Ru/Ir-t,, orbitals. The resultant bands, illustrated as dashed
blue lines in Figs. 3(a) and 3(b), are aligned around the
Fermi energy, set at 0 eV. The dominant crystal field split-
ting comes from the oxygen octahedra surrounding each
Ru** /Ir** cation, which splits the levels into a higher-energy

Energy (eV)

0.28
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O 2.159 L] R,Ru,07 > m RyRu,07
g 5104 & R3Ir; 04 < 0.20 & RzIr;07
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FIG. 3. Calculated ab initio electronic band structure of (a)
Pr,Ru,0; and (b) PryIr,0;. The horizontal axis denotes special
points in the Brillouin zone: W (0.25, 0.5, 0.75), L (0.5, 0.5, 0.5),
I' (0,0, 0), X (0.5, 0, 0.5), and K (0.375, 0.375, 0.75), in units of
(a*, b*, c*). The interpolated band dispersion, derived from the Wan-
nier tight-binding Hamiltonian, is depicted by blue dashed lines. We
present the band structure of Pr,Ru,0; and Pr,Ir,0O; as a representa-
tive example, given that the band structures across all compounds
exhibit similar characteristics. We show the rare-earth-ion depen-
dence for R,Ru,07 and R,Ir,O7 of (c) the bandwidth W of the Ru-t,,
band and (d) the crystal field splitting A between the ¢, and ai,
orbitals within the f,, manifold.
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FIG. 4. Isosurface of MLWO of R,Ru, 05 of d,, orbital, as the xy,
vz, and zx orbitals are indeed symmetry-related, drawn by VESTA
[64]. The yellow and blue surfaces indicate positive and negative iso-
surfaces, respectively. Orange spheres mark the positions of oxygen
atoms with 7; site symmetry, while the red, gray, and violet spheres
correspond to oxygen atoms with C,, site symmetry, ruthenium
atoms, and rare-earth atoms, respectively.

eq-orbital doublet and a lower f,c-orbital triplet, spanned by
orbitals with xy, yz, and zx symmetry. These are separated by
an ~2 eV gap, and as such we can neglect the higher-energy
e, levels. We define the bandwidth as the difference between
the maximum and minimum values of the #,, band. In the case
of iridates, if we further include the spin-orbit coupling, the
energy levels of #,, orbitals are split into jegr = 3/2 quartet
and jegr = 1/2 doublet. When this splitting is large enough,
one should rather consider the bandwidth of j.r = 1/2 bands.
However, since the energy scale of the trigonal crystal fields is
comparable to the spin-orbit coupling, a notable mixing exists
between the jor = 1/2 and jer = 3/2 states [65,66]. This
indicates that the properties of the full 7, manifold are shaped
by multiple interdependent factors, indicating that a focus
solely on the j. = 1/2 band would not capture the system’s
complexity, so we here consider the entire #,, subspace.
Figure 3(c) shows nontrivial archlike bandwidth behavior.
In R,Ru,07 and R,Ir, 07, this variation in R has been identi-
fied as a key factor influencing the bandwidth. Intuitively, one
might expect a smaller R** radius, and hence a smaller lattice
constant, to result in a larger bandwidth. However, as the ionic
radius of R** decreases, the decline of bond angles contributes
to the bandwidth W decreasing [Fig. 2(b)]. Consequently,
simultaneous changes in the lattice constant and Ru-O-Ru and
Ir-O-Ir bond angles counteract each effect. We find that due
to a compensating effect between the lattice constant change
and the bond angle adjustments, the bandwidth exhibits an
archlike behavior and remains almost unchanged overall. This
bandwidth behavior can also be preliminarily explained by
noting that larger R** ions reduce the trigonal compression of
the octahedra, increase the overlap of Ru-O and Ir-O orbitals,
and thereby promote the transition of Ru and Ir electrons [67].

C. MLWOs and transfer integrals

We constructed 12 Wannier orbitals corresponding to the
Ru/Ir 54 (Fig. 4). This set includes 3 1, orbitals for each of
the 4 Ru/Ir atoms, serving as the basis for the Kohn-Sham
Hamiltonian matrix elements. The transfer integrals 7,,,(R)
are represented as 12 x 12 matrices. Each #,, orbital, indexed
as 1, 2, and 3, corresponds to dyy-, dy.-, and d,-like orbitals,

TABLE I. Hopping parameters for R,Ru,07 in Eq. (9). Units are
given in eV.

Parameters F 23 F; F,

PryRu,0; 0.0151 —0.1025 0.0059 0.1543
Nd,Ru,0, 0.0157 —0.1059 0.0034 0.1501
Sm,Ru,0- 0.0165 —0.1117 —0.0012 0.1418
Eu,Ru,07 0.0167 —0.1140 —0.0032 0.1376
TbyRu,0; 0.0170 —-0.1177 —0.0068 0.1296
Dy,Ru,07 0.0170 —0.1195 —0.0085 0.1255
HoRu, 07 0.0171 —0.1211 —0.0102 0.1212
Er,Ru,04 0.0171 —0.1225 —0.0119 0.1170
Tm,Ru, 0, 0.0172 —0.1240 —0.0135 0.1127
Yb,Ru, 07 0.0170 —0.1247 —0.0145 0.1091

respectively, where x, y, and z axes are defined locally for each
Ru/Ir atom.

Figure 4 presents a contour plot of one of the MLWOs
associated with the #,, bands of R,Ru,O7. The results for
RyIr;O; exhibit a high degree of similarity. The resulting
Wannier orbital is the d,,-like orbital and the d,.-like and d.,-
like orbitals are related by symmetry operations. We also note
that the 1, orbitals of a Ru/Ir atom overlap with surrounding
O-2p orbitals.

Transfer integrals to a particular site can be mapped to
equivalent sites using appropriate symmetry operations. In the
R = (R,,R,,R;) = (0,0,0), there are four Ru or Ir atoms.
Given the fcc structure, we consider the hopping between the
first Ru or Ir atom located at (0, 0,0) and the second one
located at (0, 1/4, 1/4) as the nearest-neighbor site hopping,
where the coordinate is based on the conventional cell. The
transfer matrices to these sites are

F F R
FE B Fl. 9
E F B

Tables I and II present the values of F; to F; for R,Ru, 04
and R,Ir, 07, respectively. For R,Ru,;O7 and R;Ir,O7, as the
ionic radius of R decreases (from Pr to Yb), the absolute val-
ues of F} and F, demonstrate a gradual increase in magnitude,
while F3 and F; show a decline trend, including sign changes
for F5.

TABLE II. Hopping parameters for R,Ir,O7 in Eq. (9). Units are
given in eV.

Parameters F F F; F,

PryIr, O, 0.0099 —0.1148 0.0007 0.1631
Nd,Ir, O, 0.0104 —0.1176 —0.0019 0.1595
Sm,Ir, O, 0.0112 —0.1224 —0.0063 0.1515
EuwIr,04 0.0114 —0.1244 —0.0083 0.1473
Tb,yIr, 04 0.0118 —0.1275 —0.0117 0.1390
Dy,Ir,0; 0.0119 —0.1290 —0.0133 0.1346
Ho,Ir, O, 0.0120 —0.1304 —0.0149 0.1301
Er,Ir, O, 0.0121 —0.1317 —0.0163 0.1255
Tm,Ir, O, 0.0122 —0.1329 —0.0178 0.1208
Yb,Ir, 04 0.0121 —0.1336 —0.0188 0.1169
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TABLE III. U, U’, and J with different screening levels [unscreened (bare) and constrained RPA (cRPA)] for R,Ru,0;, where R**
represents Pr**, Nd*t, Sm**, Eu**, Gd**, Tb**, Dy**, Ho*", Er**, Tm*", and Yb**. Units are given in eV. At the bottom of the table,

cRPA

we present our calculated cRPA-macroscopic-dielectric constant €;;

in Eq. (10).

Materials Pl‘zRUQO7 NdzRUzO7 szRU207 Equu207 GdzRU207 szRl,l207 DyzRU207 HOQRU207 ErzRU.zO7 TmzRU207 szRl,l207

Ubare 11.492 11.549 11.636 11.670 11.695 11.721 11.742 11.760 11.774 11.786 11.794

Ul pe 10.545 10.598 10.679 10.709 10.733 10.757 10.777 10.793 10.806 10.818 10.825

Ucrpa 2.393 2.426 2.480 2.502 2.519 2.538 2.553 2.566 2.578 2.590 2.599

Ulgen 1.637 1.664 1.710 1.728 1.743 1.759 1.772 1.782 1.793 1.803 1.811

Joare 0.410 0.413 0.418 0.420 0.421 0.423 0.424 0.424 0.425 0.426 0.426

JerPA 0.341 0.344 0.349 0.351 0.352 0.353 0.355 0.355 0.356 0.357 0.357

esRen 7.23 7.15 7.03 6.99 6.95 6.91 6.89 6.88 6.86 6.85 6.83
Using these transfer parameters, we constructed the trans- defined as

fer term H; in Eq. (2) of the effective model. The band

dispersion for the pyrochlore compounds, calculated from this . X}PA - lim 1 ’ (10)

H,, is shown as blue dashed lines in Figs. 3(a) and 3(b). This
demonstrates that the original band dispersion is satisfactorily
reproduced.

D. Effective interaction parameters

Then we analyze the effective Coulomb interaction param-
eters for RyRu,07 and R,Ir,O7. U is the intraorbital Coulomb
interaction, U’ is the interorbital interaction, and J is the
exchange interactions. Tables III and IV show our calculated
interaction parameters U, U’, and J with two screening levels
(bare and cRPA) for R;Ru,0; and R,Ir,O7, respectively. It
can be observed that the values of effective interaction param-
eters decrease due to the screening process. In the RyRu,07
compounds, the bare Coulomb repulsion is around 11.6 eV,
but considering the cRPA screening effects, this value de-
creases to around 2.5 eV. It should be noted here that the
material dependence of bare values in Ru*" and Ir** are big,
for example, 11.5 eV for Pr,Ru,07 and 10.3 eV for Pr,Ir, 0.
The difference is beyond 11%. On the other hand, the differ-
ence in the cRPA values is around 3%: 2.4 eV for Pr,Ru,0;
and 2.3 eV for PryIr,O07. Notably, the bare values for the fcc
pyrochlore structures exhibit minimal rare-earth-ion depen-
dence, with values of 11.5 eV for Pr,Ru,07 and 11.8 eV for
Yb,Ru,07, a difference of nearly 2.5%. In contrast, the cRPA
values show the dependence exceeding 8%, with 2.4 eV for
Pr,Ru,O7 and 2.6 eV for Yb,Ru,O5. Indeed, this difference
originates from the difference in screening, whose strength
can be inferred from the macroscopic dielectric constant

Q—0,0—0 68831\71 (q’ w)

where o is the frequency, and Q = q + G, with q being the
wave vector in the first Brillouin zone and G being the recip-
rocal lattice vector. We list the values at the bottom of tables.
We see that the material dependence of €SRP is appreciable as
7.2 for PryRu,07 and 6.9 for Pr,Ir, 05, clearly indicating the
importance of the screening effect.

Figure 5 presents the results of the cRPA calculations,
highlighting key parameters such as the on-site Coulomb
repulsion U, the off-site interaction V averaged over the
nearest-neighbor sites, the on-site exchange interaction J, and
the ratio U /W, which indicates the correlation strength within
the system. A decrease in the ionic radius of R** leads to
a reduction in the lattice constant of RyRu,O; and R,Ir,O5
[Fig. 2(a)]. Interestingly U increases and this behavior can be
explained by corresponding increase in bare U and decrease in
the dielectric constant (see Tables IIT and IV). As the dielectric
constant declines, the screening effect is weakened, resulting
in electrons experiencing stronger direct interactions with one
another. This leads to an increase in on-site Coulomb repul-
sion, where electrons occupying the same or nearby atomic
sites encounter a more pronounced repulsive force. Kaneko
et al. [68] demonstrated experimentally that the magnitude of
the charge gap of R,Ru,;O; measured at 10 K increases and
the peak of the Hubbard band shifts upward as R ionic radius
decreases from Pr to Lu. These observations align with the
increasing trend of theoretical U.

TABLEIV. U, U’, and J with different screening levels [unscreened (bare) and constrained RPA (cRPA)] for R,Ir,07, where R*>* represents
Pr’t, Nd**, Sm**, Eu*t, Gd**, Tb*t, Dy**, Ho®*, Er**, Tm**, and Yb**. Units are given in eV. At the bottom of the table, we present our

calculated cRPA-macroscopic-dielectric constant €;k™ in Eq. (10).

Materials PI'211'207 NdzII'z 07 Sl’IlzII'z 07 EU2II'207 GdzII’z 07 Tb21r207 Dy21r207 H0211'207 EI‘zII'207 Tm21r207 Yb21r207
Ubare 10.335 10.396 10.493 10.531 10.561 10.591 10.615 10.636 10.654 10.669 10.679
Ul pe 9.451 9.509 9.598 9.633 9.661 9.689 9.711 9.731 9.747 9.761 9.77
Ucrpa 2.317 2.357 2421 2.447 2.468 249 2.509 2.526 2.541 2.554 2.564
Ulgpa 1.637 1.671 1.725 1.747 1.764 1.783 1.799 1.813 1.826 1.837 1.845
Joare 0.361 0.364 0.37 0.372 0.373 0.375 0.376 0.377 0.378 0.379 0.379
JerPA 0.29 0.294 0.299 0.301 0.303 0.304 0.306 0.307 0.308 0.309 0.309
€5RPA 6.91 6.84 6.71 6.66 6.62 6.58 6.54 6.51 6.48 6.45 6.44
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FIG. 5. The dependence of various electronic parameters on
trivalent rare-earth ions for R,Ru,O; and R,Ir,O7: (a) the on-site
effective Coulomb repulsion U, (b) the on-site effective exchange
interaction J, (c) the off-site effective Coulomb repulsion between
neighboring sites V, and (d) the correlation strength U/W, which are
derived within the cRPA method. The data points in each panel cor-
respond to the following rare-earth ions: Pr**, Nd**, Pm**, Sm3*,
Eu’t, Gd**, Tb**, Dy**, Ho’*, Er’*, Tm**, and Yb**.

The metal-insulator transition in correlated systems is of-
ten analyzed through the U/W ratio [69]. In a system with
approximately one electron per lattice site, a Mott-insulating
state emerges when the Coulomb repulsion U exceeds the
one-particle bandwidth W. Conversely, a metallic state is
expected when U/W « 1. When U/W > 1, the signifi-
cant energy cost associated with double occupancy at a site
restricts the mobility of electrons, leading to electron local-
ization. Thus, a metal-insulator transition occurs at a critical
U /W ratio close to 1.

Figure 5(d) illustrates the variation of the U /W ratio across
different rare-earth ions. As the ionic radius of the rare-earth
element decreases, the U/W value increases. This trend is
driven by the increase in on-site Coulomb interaction U,
which outweighs the corresponding change in the bandwidth
W. The primary role of U in determining U /W is of great in-
terest since usually we expect that W plays a crucial role in the
material dependence. However, in the case of R,Ru,0; and
R,Ir, 07, the parameter U primarily determines whether the
material exhibits metallic or insulating behavior. Specifically,
in RIr,O7, the U/W ratio increases as the ionic radius of the
rare-earth element decreases, consistent with the observed in-
sulating behavior in compounds containing smaller R** ions,
such as Yb and Ho [28,30]. R,Ir,O; is metallic for large R3*
ionic radii with a low U/W ratio (U/W < 1.1) [27,69]. In
contrast, RyRu,0; consistently exhibits a higher U/W ratio,
resulting in stronger electronic correlations and insulating be-
havior. For instance, Pr,Ru, 07, characterized by a high U/W
ratio (U/W > 1.1), exhibits Mott-insulating behavior [14].
The analysis above highlights that in these compounds, the
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FIG. 6. The pressure dependence of various physical proper-
ties of Pr,Ru,0; and Yb,Ru,0;. The properties analyzed include
(a) the lattice parameter a, (b) bond angle €, (c) cRPA-macroscopic-
dielectric constant €;R**, (d) on-site Coulomb interaction U, ()
bandwidth W, and (f) the ratio of the correlation strength U/W. The

x axis in each plot represents the applied pressure in GPa.

U parameter has a greater influence on the U /W ratio than W,
which challenges the conventional belief that changes in W
are of primary importance.

E. Pressure dependence for Pr,Ru,0; and Yb,Ru,0,

Figure 6 offers a detailed examination of how pressure af-
fects both the structural and electronic properties of Pr,Ru, O
and Yb,Ru,O7. As anticipated, the Ru-O-Ru bond angles
show minimal variation with increasing pressure, while the
lattice constant a decreases and the bandwidth W expands.
Notably, there is a significant increase in the on-site Coulomb
interaction U as pressure increases. This rise in U under
pressure can be attributed to the same mechanism respon-
sible for the increase in U with decreasing ion radius, as
discussed earlier. Both phenomena are driven by a reduction in
the macroscopic dielectric constant, which enhances electron-
electron repulsion by reducing screening effects, as well as an
increase in the bare U value. In the case of physical pressure,
the bandwidth W monotonically increases, in contrast with
chemical pressure. This difference arises because physical
pressure causes a smaller change in Ru-O-Ru bond angles,
reducing the counteracting effects. For a similar change in
lattice constant, the reduction in bond angles due to physi-
cal pressure is much smaller than that caused by chemical
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FIG. 7. The pressure dependence of basic properties for
Ca,Ru,0; and Cd,Ru,07: (a) the lattice constant a, (b) the bond
angles 6 of Ru-O-Ru.

pressure. As a result, the decrease in bandwidth from bond
angle reduction is insufficient to offset the increase in band-
width from lattice constant compression. Since the increase in
W outpaces that of U, there is a resulting decrease in the ratio
U/W. Experimentally, Pr,Ru,07 remains an insulator under
applied pressures below 20 GPa [68]. However, from a theo-
retical standpoint, the reduction in U/W at higher pressures
(> 20 GPa) suggests a trend toward more metallic behavior.

IV. RESULTS FOR Ca;Ru,07; AND Cd,Ru,07
A. Calculation details and the band structures

The majority of the calculation conditions for Ca;Ru,05
and Cd;Ru;0; in DFT are identical to those used for
R>Ru,0;. From the experimental crystal structure for
CayRu,07 and CdyRu,07 [15,62], we optimize lattice con-
stants and internal coordinates. These calculated values
closely match the experimental values for Cd,Ru,O; at
various pressures, with a difference of less than 1% [15].
Figure 7(a) presents the theoretical lattice constants for
CayRu;07 and Cd;Ru,07, respectively. The lattice constant
a can be controlled by chemical and external pressures.
Figure 7(b) presents the bond angles 6 of Ru-O-Ru. Both the
lattice constant a and the bond angles 6 decrease together with
pressure increasing.

The Ru-1,, bands of Ca;Ru,O; overlap with the O-2p
bands as depicted in Fig. 8(a). Therefore, we employ both
outer and inner windows with energy ranges of [—1.45, 1.5]
eV and [—0.18, 1.5] eV, respectively.

The calculated bands, depicted as red lines in Figs. 8(a) and
8(b), are based on structures for Ca,Ru,07 and Cd,Ru,0O;.
The parameter W typically increases with applied pressure
due to the reduction in interatomic distances, which enhances
orbital overlap and broadens electronic bands. Figure 8(c)
illustrates this increase in W, which generally leads to a transi-
tion toward more weakly correlated behavior under pressure.
Conversely, Fig. 3(d) shows the pressure-induced increase in
trigonal distortion A, which is associated with a transition
toward more insulating behavior.

B. Comparison between Ca,Ru,0; and Pr,Ru,0,

In this section, we analyze the differences between trivalent
and divalent pyrochlores, focusing on the critical influence
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FIG. 8. Calculated ab initio electronic band structure of (a)
Ca;Ru,07 and (b) Cd;Ru,0;. The horizontal axis denotes special
points in the Brillouin zone: W (0.25, 0.5, 0.75), L (0.5, 0.5, 0.5), '
(0,0,0),X (0.5,0,0.5), and K (0.375, 0.375, 0.75). The interpolated
band dispersion, derived from the tight-binding Hamiltonian, is de-
picted by blue dashed lines. The pressure dependence for Ca,Ru,0;
and Cd,Ru, 0y of (c) the bandwidth W of the Ru-7,, band and (d) the
crystal field splitting A between the e, and a;, orbitals within the 75,
manifold.

of electronic correlations on the properties of Ca;Ru,0; and
R;Ru,0; compounds. Experimental investigations highlight
the significant role of electronic correlations in determining
the distinct behaviors observed in these materials. No-
tably, Ca,Ru,; 07 exhibits metallic resistivity, while Pr,Ru,05
demonstrates insulating characteristics [14,68]. A significant
distinction between Ca;Ru;05 and Pr,Ru,05 is the electron
occupancy within the Ru-f;, bands; Ca;Ru;O7 possesses 3
electrons, while Pr,Ru,05 contains 4 electrons. Experimental
evidence indicates that the Ru-#,, bands in ProRu,O; exhibit
stronger correlations relative to the half-filled configuration
in CayRu,07, an observation that is atypical for correlated,
multiorbital systems [70]. The subsequent sections will delve
into the underlying mechanisms driving this counterintuitive
behavior.

The derived Hubbard interaction parameters, as detailed in
Table V, reveal significant variations in the U parameters be-
tween Ca;Ru,07 and ProRu,O5. In Pr,Ru,O5, the on-site U
value is comparable to the bandwidth, whereas in Ca;Ru,07,
the U value is considerably smaller. One should also take

TABLE V. Values of U and J under different screening condi-
tions [unscreened (bare) and constrained RPA (cRPA)], bandwidth
W, and correlation strength U.rpa /W for Pr,Ru,0O7, Ca;Ru,07, and
Cd,Ru,04. All values except for U.rpa /W are given in eV.

Ubwe  Urea  Jbare  JerPa w Ucrpa /W
Pr,Ru,0, 11.492 2393 0.410 0.341 2.000 1.196
Ca,Ru,04 9917 1.242 0304 0.244 2.341 0.531
Cd,Ru,0 9488 1.638 0.289 0.239 2.310 0.709
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into account the effect of Hund’s coupling when discussing
the correlation strength. In particular, for the Ru’* case,
the #,, orbital becomes half filled and the Hund’s coupling
contributes significantly to enhance the correlation strength.
However, the calculations based on the dynamical mean-field
theory that incorporate Hund’s physics reproduce insulating
behavior for the Ru** compound Pr,Ru,07 and metallic be-
havior for the Ru>t compound Ca;Ru, 07 [71]. This indicates
that the significant decrease in U has a more pronounced
effect than the increase in correlation strength due to Hund’s
coupling.

The factors contributing to the pronounced difference in
U values are the spatial extent of the Wannier orbitals and the
electronic screening effect. In both Ca,Ru,0; and Cd;Ru, 07,
the nominal valence of the Ru cations is 5+, resulting in a
lower energy for the Ru-#,, orbitals compared to the Pr com-
pound, which has Ru*t cations, due to the stronger nuclear
attractive potential. This causes the energy levels of the Ru-f,
and O-2p orbitals to be drawn closer together, enhancing the
hybridization between these orbitals and leading to more delo-
calized Wannier functions. The spatial spread of the Wannier
orbitals is reflected in the bare U value listed in Table V: the U
values for Ca;Ru,07 and Cd;Ru,07 are indeed much smaller
than those for Pr,Ru,0.

Furthermore, the disparity in electronic screening further
amplifies the difference in U values beyond the spatial ex-
tent of the Wannier orbitals. As indicated in Table V, the
disparity in electronic screening effects further amplifies the
difference in U values. The Upye value for Ca,Ru,O7 is
larger than that for Cd;Ru, 05, but after screening, the U.rpa
value for Ca,Ru,07 is smaller than that for Cd,Ru,07. This
pronounced screening effect arises because, in CayRu,07,
the O-2p bands overlap with the Ru-,, manifold and lie
very close to the Fermi level [Figs. 8(a) and 8(b)], which
substantially contributes to the screening. This effect is due
to the reduced energy appearing in the denominator of the
polarization function expression, leading to a lower U value
for CagRu207.

C. Pressure dependence for Ca;Ru,0; and Cd;Ru,0,

Figure 9 summarizes the results of the cRPA calculations,
including the on-site effective Coulomb repulsion U, the
on-site effective exchange interaction J, and the correlation
strength U/W. Due to the overlap of O-2p bands with the
Ru-#;, manifold in Ca;Ru,07, as mentioned earlier, the U
value of CayRu,05 is always smaller than that of Cd;Ru,0.
The material dependence of (XA [Fig. 9(d)] contributes to a
corresponding variation in U, with the U values for Cd;Ru, 07
and Ca,;Ru,05 consistently following a similar trend.

We observe that the Hubbard U is increasing with pressure
[Fig. 9(a)] and the values of U/W are almost unchanged as
opposed to a naive expectation [Fig. 9(c)]. W usually increases
with pressure due to the reduction in interatomic distances,
which enhances the overlap between atomic orbitals and
broadens the electronic bands. This increase in W traditionally
leads to a decrease in the U/W ratio, suggesting a transi-
tion toward more metallic behavior as pressure is applied.
However, Fig. 9 reveals that while W increases with pressure
as expected, U also increases at a comparable rate with a
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FIG. 9. The dependence of pressure for Ca,Ru,0; and
Cd;Ru,05: (a) the on-site effective Coulomb repulsion U, (b) the
on-site effective exchange interaction J, (c) the correlation strength
U/W, which are derived within the cRPA method, and (d) cRPA-

macroscopic-dielectric constant €;RPA,

decrease in lattice constant [Fig. 7(a)]. One of the reasons for
this unusual behavior would be attributed to the presence of O
orbital bands near the Fermi level, which significantly alter the
electronic screening effects. The proximity of these O orbital
bands enhances the screening of the Coulomb interaction, re-
sulting in more sensitive change in U as a function of applied
pressure. Consequently, the U/W ratio remains stable over a
range of pressures.

These observed stable trends give a crucial hint in under-
standing the metal-to-insulator transition in Cd;Ru,O7 [15].
The metallic-like state in Cd,Ru,O5 is sensitive to external
perturbations. It can be suppressed by applying approximately
1 GPa of hydrostatic pressure or by replacing 5%—10% of
Cd with Ca. This suggests that the electronic states are unsta-
ble and can transition from metallic to insulating with slight
changes in external conditions. The transition into insulating
behavior is unexpected since we usually believe that pressure
puts materials into the weakly correlated side. However, in
this material, pressure has little effect on U/W, giving room
for other mechanisms to work for the pressure-induced metal-
insulator transition.

V. DISCUSSION AND CONCLUSION

We conducted a comprehensive ab initio study to calculate
all interactions in a multiorbital Hubbard model from first
principles, relying solely on atomic positions. Our focus was
on the electronic properties of RyRu,07, RIr,07, Ca;Ru, 07,
and Cd,Ru,07, where R3+ represents a rare-earth ion. This
investigation examines how different rare-earth elements in-
fluence the electronic behavior, with particular attention to
the complex interplay between lattice constants, electronic
interactions, and atomic positions that collectively define the
material’s properties.

Our findings show that U for R,Ru,07 and R,Ir,O7 actu-
ally increases as the ionic radius of R decreases. Kaneko et al.
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[68] demonstrated that the charge gap of R;Ru,07 increases
and the peak of the Hubbard band shifts upward as R changes
from Pr to Lu. These observations are consistent with our
findings on the increasing trend of U. In these compounds,
U, rather than the bandwidth W, plays a more decisive role in
determining the U /W ratio (interaction control), challenging
the conventional belief that changes in W are of primary
importance (bandwidth control). An intriguing point here is
that the control of the interaction is achieved differently from
the environment-mediated control discussed for 2D materials
[72-75].

Furthermore, the roles of Ru*t and Ir*t ions are critical
in defining the electronic properties of these compounds. Our
results indicate that R;Ru,O; consistently exhibits a higher
U /W ratio than R;Ir;O7. In RyIr,O7, the U /W ratio increases
as the ionic radius of the rare-earth element decreases. This
trend aligns with the observed metallic behavior in com-
pounds with larger R3* ions, where the U/W ratio is low
(U/W < 1.1), such as Eu, Sm, and Nd [26-29]. In contrast,
compounds with smaller ionic radii, like Yb and Ho, tend to be
insulating [28-30]. Applying external pressure and chemical
pressure can effectively alter the lattice constant, leading to
changes in the on-site effective Coulomb repulsion U due to
the change in spatial extension of the orbitals and in screening
strength. Interestingly, physical pressure and chemical pres-
sure have opposing effects on U/W. When both decrease
the lattice constant, physical pressure leads to a decrease in
U/W, while chemical pressure causes an increase in U/W.
This difference arises because the reduction in bond angles
due to physical pressure is much smaller than that caused by
chemical pressure for a similar change in lattice constant. In
the case of applying physical pressure, when the decrease in
bandwidth from bond angle reduction is insufficient to offset
the increase in bandwidth from lattice constant compression,
the increase in W outpaces that of U, resulting in a decrease in
the U/W ratio. Conversely, in the case of applying chemical
pressure, when the change in Ru-O-Ru bond angles is enough
to counteract the effects of lattice constant compression, the

U/W ratio will rise. These approaches allow for the fine-
tuning of material properties to achieve a desired level of
electron-electron interaction.

For Ca;Ru,07 and Cd;Ru; 07, the pressure dependence of
U/W is atypical compared to R,Ru;O7 and R,Ir,O;. While
U also changes with pressure, the U/W ratio remains nearly
unchanged, contrary to the common assumption that applying
pressure decreases U/W. Our analysis, supported by both
calculations and experimental results, suggests that MIT in
Cd,Ru,07 induced by pressure is not primarily driven by
changes in U/W, but rather by the intricate interplay of var-
ious effects, including spin-orbit coupling, Hund’s coupling,
and trigonal distortion. It is of great interest to study further
this complex interplay to reveal a mechanism of the unusual
pressure-induced metal-to-insulator transition.

In conclusion, our ab initio studies highlight the complex-
ity of interactions in pyrochlore compounds and emphasize
the need to consider multiple factors to fully understand the
mechanisms driving metal-insulator transitions in these mate-
rials. Our work lays the groundwork for further experimental
and theoretical investigations into the electronic phases of
pyrochlore oxides.
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