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We carry out a comparative study of the electronic structure of two pyrochlore ruthenate compounds, Tl2Ru2O7

and Hg2Ru2O7, in terms of first principles calculations. Our study reveals the Ru d electrons in Hg2Ru2O7 to
be much more delocalized compared to that in Tl2Ru2O7. The subtle change in the Ru-d bandwidths in the two
compounds, triggered by the differences in Hg 5d–Ru 4d hybridization compared to that of Tl 5d–Ru 4d , bring
in the observed differences in behavior. Our study further shows that the development of long range noncollinear
antiferromagnetic structure at low temperature is sufficient to produce the insulating solution in Hg2Ru2O7, in
line with the prediction from recent nuclear magnetic resonance study.

I. INTRODUCTION

The extent of localized versus itinerant character of transi-
tion metal d electrons in transition metal oxides (TMO) have
been an issue of discussion, specially for TM ions belonging
to 4d or 5d series, due to the relatively wider d-p hybridized
bandwidth of 4d or 5d TMO compound to that of commonly
studied 3d TMO. An interesting series of compounds in this
context is ruthenates in pyrochlore structure1 of general for-
mula A2B2O6O′, e.g., Tl2Ru2O7, Bi2Ru2O7, or Y2Ru2O7.2–4

Ru ion in the above mentioned compounds is in Ru4+ oxidation
state. There are other ruthenate pyrochlores like Cd2Ru2O7,
Ca2Ru2O7

5,6 and recently synthesized Hg2Ru2O7,7 in which
Ru is in the less common8 highly oxidized state of Ru5+.
Tl2Ru2O7 (TRO) is reported9 to exhibit a metal-insulator
transition (MIT) at 120 K. The low temperature insulating
phase of TRO has been interpreted10 as an orbital ordering
driven formation of one dimensional Haldane chain opening
a spin gap. The recently synthesized Hg2Ru2O7 (HRO) has
been also reported11,12 to exhibit a first order MIT at 107 K,
similar to TRO. The apparent similarity in behavior of TRO
and HRO is puzzling. While Ru4+ in TRO in low spin d4

occupation of octahedral crystal field d states has orbital
degrees of freedom left justifying the formation of orbital
order driven formation of Haldane chain,10 Ru5+ in HRO in
low spin d3 occupation has three t2g electrons and should give
rise to an S = 3/2 spin moment without any orbital degrees
of freedom in the ionic limit. Local density approximation
coupled with dynamical mean field theory (LDA + DMFT)
calculation,13 carried out assuming a two channel model of
HRO and ignoring the hybridization effect between Ru-O and
Hg-O′, showed signature of non-Fermi liquid behavior. The
recent nuclear magnetic resonance (NMR) experiment14 on
HRO, on the other hand, reports observation of Ru-NMR
signals at zero field at low temperature, providing evidence
for an antiferromagnetic (AFM) order in the insulating phase,
instead of the initial suggestion of formation of spin singlet
states.11 The NMR data adds onto further puzzle in the sense
that the ordered moments are estimated to be about 1μB per
Ru, significantly smaller compared to the expected value of
3μB for Ru5+ (S = 3/2). This leads to the question whether

the observed behavior in HRO is driven by the same cause as
in TRO, which relies on the strongly correlated picture,15 and
therefore assumes the localized character of Ru-d electrons.
The situation is rather curious since it is the same Ru electrons
in a similar structural environment that play the central role
in both compounds.16 In this paper, we investigate this issue
employing first principles density functional theory (DFT)
based calculations.

II. METHODOLOGY

The calculations have been carried out in two choices of
basis sets: (a) muffin tin orbital (MTO) based linear muffin tin
orbital (LMTO)17 and N th order MTO (NMTO) method18 and
(b) plane-wave-based pseudopotential method within Vienna
Ab initio Simulation Package (VASP).19 For the plane wave
calculation, we have used projected augmented wave (PAW)
potentials20 and the kinetic energy cutoff for expansion of
wave functions used was 500 eV. Reciprocal space integrations
have been carried out with a k space mesh of 8 × 8 × 8.
The applied exchange-correlation functional was chosen to
be the generalized gradient approximation in the Perdew and
Wang (PW91) parametrization.21 In order to take into account
the improved treatment of the missing correlation beyond
GGA, we have also carried out GGA + U calculations.22

The valence electron configurations for the compounds were
chosen as Hg/Tl 6s6p5d, Ru 5s5p4d, and O 2s2p. While the
self-consistent field (SCF) calculations and the calculations of
basic electronic structure within GGA as well as GGA + U
have been carried out in both LMTO and plane wave basis, the
plane-wave-based VASP code has been used in particular for the
total energy calculations of different magnetic configurations
and the NMTO calculations have been used to construct the
Ru t2g Wannier functions. NMTO calculations, which are yet
to be made SCF, rely on potential parameters borrowed from
LMTO. The reliability of the calculations in MTO and plane
wave basis sets has been cross checked.

III. CRYSTAL STRUCTURE

In our study, we focused primarily on the high temperature
phase, since it is the nature of the electronic behavior at high
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FIG. 1. Spin-polarized GGA DOS for HRO (left) and TRO
(right). The dominant contributions of various degrees of freedoms
have been marked. The zero of the energy is set at EF .

temperature that dictates the nature of the low temperature
phase transitions. The high temperature phase of both TRO
and HRO form in a cubic pyrochlore structure with the space
group of Fd3m.7,10 The slightly larger ionic radius of Hg2+
compared to Tl3+ makes the lattice constant of HRO a bit
larger (10.20 Å) compared to that of TRO (10.18 Å). The free
parameter associated with x coordinate of O atoms is 0.317
(0.326) for HRO (TRO). The RuO6 octahedra show trigonal
distortion resulting in O-Ru-O deviating from 90◦ by δ. The
value of δ is 1.8◦ (5.2◦) for HRO (TRO). The RuO6 octahedra
corner share with each other to give rise to a cagelike structure
through which the Tl/Hg-O′ chain passes.

IV. BASIC ELECTRONIC STRUCTURE IN TRO AND HRO

In order to understand the comparison of basic electronic
structure, the spin splitting, and the hybridization of different
orbital degrees of freedom we carried out spin-polarized DFT
calculations within GGA. The spin-polarized GGA density of
states (DOS) is shown in Fig. 1. The Ru d-O/O′ p hybridized
band structure extends from an energy range 8 eV below Fermi
energy (EF ) to about 6 eV above EF . The states close to EF are
of predominant Ru-d character, while the states below −2 eV
or so are dominantly of O and O′-p character. In accordance
with low spin configuration of Ru, the octahedral crystal field
split Ru-t2g states form the low energy sates spanning the
energy window from about −1 eV to 1 eV, Ru-eg (eσ

g ) states
being empty and situated at an energy position about 4 eV
above EF . Comparing the density of states of HRO and TRO,
we find that the spin splitting of Ru-t2g dominated states
crossing EF is much larger for TRO compared to that of HRO,
although by simple counting of electrons, one would have
expected the opposite. This is also reflected in the computed
magnetic moment of 1.45μB /Ru for TRO and a small moment
of 0.13μB /Ru for HRO. The moment at Ru site is found to
be 1.03μB for TRO and 0.11μB for HRO with the rest of the
moments sitting at the O site due to the covalency effect. Note
that the rather small moment of Ru for HRO and an appreciable
one for TRO happens irrespective of the chosen alignment
of neighboring Ru spins. Considering the antiferromagnetic
(AFM) arrangement with two of the Ru spins pointing up and
two down, out of four Ru ions in the unit cell, one arrives at
the same conclusion (cf. Table I).

In order to check the influence of the missing correlation
in GGA, calculations were carried within GGA + U, with
a choice of modest U values in conformity with the wide

TABLE I. Total and magnetic moments (in μB ) at Ru, O, and O′

sites as obtained in GGA and GGA + U calculations, considering the
FM as well as AFM alignment of Ru spins.

HRO TRO

FM GGA GGA + U GGA GGA + U

Total moment/Ru 0.13 1.79 1.45 2.00
Ru 0.11 1.23 1.03 1.49
O 0.02 0.19 0.10 0.12
O′ 0.01 0.06 0.13 0.15
AFM GGA GGA + U GGA GGA + U

Total moment/Ru 0.01 0.00 0.00 0.00
Ru 0.14 1.57 1.09 1.40
O 0.00 0.12 0.06 0.05
O′ 0.00 0.00 0.00 0.00

bandwidth of Ru-O hybridized bands. Calculations have been
carried out varying U value between 1 and 3 eV and choices of
both LMTO and plane wave basis. As discussed in Ref. 23, Udd

is expected to change by ∼1 eV per d electron change for the
same element. The U value is expected not to be very different
between Ru4+ and Ru5+, since the charge occupancies for
these two formal valence states do not differ by one electron.
Considering the DFT calculated Ru d occupancies of HRO
(Ru5+) and TRO (Ru4+), we find the change in U value
is as small as 0.2 eV. Repeating the calculation taking into
account this change produces negligible effect. In order to
keep the comparison between the two compounds direct, we
kept the U value the same between TRO and HRO for a
given set of calculations. The basic conclusions were found
to remain unchanged irrespective of the choice of basis set
and U values. The GGA + U density of states is shown in
Fig. 2 for a choice of U = 2 eV and JH 0.8 eV. The inclusion
of U increases the spin-splitting for both TRO and HRO,
giving rise to a magnetic moment of 2.0μB /Ru for TRO and
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FIG. 2. (Color online) Top panels: GGA + U DOS for HRO (left)
and TRO (right). Bottom panels: Ru-t2g DOS for HRO (left) and TRO
(right) projected onto a1g (shaded area) and eπ

g (dashed lines). The
zero of the energy is set at EF .



FIG. 3. (Color online) Schematic DOS corresponding to a1g

(shaded region) and eπ
g (unshaded region) states for HRO (top panel)

and TRO (bottom panel).

1.79μB/Ru for HRO, with 1.49μB and 1.23μB of moments
at Ru sites, respectively. Note that although the sizes of
magnetic moments at Ru sites, 1.49μB (TRO) and 1.23μB

(HRO), may sound comparable, they are ∼75% and ∼ 40%
of the fully polarized moments of 2μB and 3μB , respectively.
Considering the calculated moments for AFM also, we find
50%–60% reduction of magnetic moment at Ru site compared
to the fully localized ionic limit, for the Hg compound, in
comparison to only 25%–30% reduction of magnetic moment
at Ru site compared to the fully localized ionic limit, for the
Tl compound.

In order to understand the significantly reduced magnetic
moment compared to the ionic value in HRO as against TRO,
we plot the Ru-t2g density of states for HRO and TRO in
the bottom panels of Fig. 2. The trigonal distortion present
in RuO6 octahedra for both HRO and TRO, in addition to
octahedral crystal field splitting, further splits t2g states into a
singly degenerate a1g state and doubly degenerate eπ

g states.
We, therefore, project the Ru-t2g density of states onto a1g and
eπ
g states. As is evident from the plots, eπ

g projected bandwidth
is systematically larger than that of a1g projected states by
0.3–0.4 eV, which comes from the specific shape of the wave
function associated with eπ

g compared to a1g that allows for
the increased hybridization with O′-p for eπ

g . The individual
a1g and eπ

g bandwidths for HRO are larger than that of TRO by
0.3–0.4 eV. To gain an understanding on this issue, we replot in
Fig. 3 the schematic a1g and eπ

g partial DOS for HRO and TRO
as rectangular density of states, omitting the detail structure of
the DOS and the small tailing, which makes the comparison of
HRO and TRO more evident. Focusing on TRO, we find a1g

bandwidth (Wa1g
) ∼ 1 eV and eπ

g bandwidth (Weπ
g
) ∼ 1.4 eV.

The spin splitting between the band centers is such that it
makes a1g band edges in majority and minority spin channels
fall short of overlap, while the eπ

g majority and minority bands
overlap over an energy window of only ≈0.5 eV. Moving to
HRO, the increase of 0.3–0.4 eV bandwidth of a1g and eπ

g ’s
makes both a1g and eπ

g bands in majority and minority spin
channel overlap, the overlap being substantial for eπ

g bands.
Once the overlap between majority and minority spin channel
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FIG. 4. (Color online) Non-spin-polarized DOS projected onto
Hg/Tl-d (solid line), Hg/Tl-s (shaded region), and O′-p (dashed line)
for HRO (upper panel) and TRO (lower panel). Insets: projection of
Hg/Tl-d character (marked by fatness) in Ru-t2g bands.

bands happens, the electron flows from one spin channel
to other, making the effective spin splitting further reduced.
The above analysis is found to be true, considering Ru-t2g

projected partial DOS for other spin arrangements as well.24

The analysis of the non-spin-polarized partial DOS shows a
similar (0.3–0.4 eV) bandwidth expansion in HRO compared
to TRO, indicating this to be driven by the change in the nature
of the hybridization.

V. A-d–B-d HYBRIDIZATION

Since the lattice constant and Ru-O bond lengths and bond
angles are rather similar between HRO and TRO compounds,
one may expect the chemical effect of Hg versus that of Tl to
play a role in the bandwidth expansion. In Fig. 4, we plot the
Hg/Tl d- and s-projected DOS in comparison to that of O′-p.
We find a large shift (≈5 eV) in energy level position of Hg-5d

in comparison to Tl-5d, which causes larger hybridization
between Hg-5d and O′-2p compared to that between Tl-5d

and O′-2p, which in turn hybridizes stronger with Ru-t2g-O-p
derived states. This is demonstrated nicely in the so-called fat
band plots shown in insets of Fig. 4, where we projected out
the Tl and Hg-d characters onto the manifold of Ru-t2g bands,
the fatness associated with each band being proportional to Tl
or Hg-d characters. As is clearly seen, the weight, shown as
fatness associated with the bands, is far more significant for
Hg-d compared to Tl-d. While normally attention is focused
onto empty s states of Hg or Tl,25 the above analysis shows
that it is the mixing with d characters of Hg or Tl that plays the



crucial role to decide the Ru-t2g bandwidth difference between
HRO and TRO.

In order to quantify the above discussed hybridization
effect, we define the hybridization index, Hdd . We use two
alternative approaches to define Hdd . In the first approach,26

HI
dd is defined as

∑
i w

A
i,dw

Ru
i,d , where wA

i,d and wRu
i,d are the

projections of ith Kohn-Sham orbital at � point onto d spher-
ical harmonic centered at Hg/Tl and Ru atoms, respectively,
integrated over a sphere of specific radius. The summation in i

runs over the energy range of the Ru-t2g manifold. In the second
approach, a k integrated estimate was obtained by defining
HII

dd = ∫
ρA

d (ε)ρRu
d (ε)dε, where ρA

d (ρRu
d ) is the projected d

DOS on Hg/Tl (Ru) site and the energy integration is carried
out over the energy range of Ru-t2g manifold. Computations of
Hdd have been carried out for both non-spin-polarized as well
as spin-polarized calculations within GGA + U. The estimates
for HRO and TRO were found as HI

dd |nonspin = 0.02 (TRO)
and 0.10 (HRO), HI

dd |GGA+U = 0.01 (TRO) and 0.30 (HRO),
HII

dd |nonspin = 0.03 (TRO) and 0.18 (HRO), and HII
dd |GGA+U =

0.03 (TRO) and 0.25 (HRO). Irrespective of the definition, and
spin-polarized or non-spin-polarized calculations, HRO shows
A-d–Ru-d hybridization which is about an order of magnitude
larger compared to that of TRO. This change in the extent of
A-Ru hybridization causes the 0.3–0.4 eV increase in Ru-t2g

bandwidth for HRO compared to TRO, which is of the order
of inherent spin splitting of Ru.

VI. WANNIER FUNCTIONS AND LOCALIZATION
PROPERTIES

In order to probe the localization properties of electrons,
attempts have been based constraint total energy calculations
in the context of f -electron systems, as in Ref. 27 and in the
context of d-electron systems, as in Ref. 28. Since the Ru-d
electrons are expected to be on the borderline of localized and
itinerant character, here we followed an alternative approach.
We carried out NMTO-downfolding18 calculation to construct
effective Ru-a1g and eπ

g Wannier functions. In the NMTO-
downfolding calculation, starting from a non-spin-polarized
self-consistent GGA calculation, all the degrees of freedom
other than Ru-t2g’s have been integrated out to construct a Ru-
t2g only low-energy Hamiltonian. This leads to construction of
Wannier functions, which span only the Ru-t2g projected bands
and nothing else. The constructed Wannier functions have a
central part that is shaped according to a1g or eπ

g symmetries,
while the tails are shaped according to integrated out degrees
of freedom, namely O-p, O′-p, and Hg/Tl degrees of freedom
as shown in Fig. 5, for eπ,2

g . We find that while the constructed
Wannier functions have a central part that is shaped according
to eπ

g symmetry and the predominant tails are of p character
sitting at O sites, there are finite weights at O′ and Hg/Tl
sites of the Hg/Tl-O′ chains surrounding the RuO6 central
octahedra. This indicates finite mixing between A-O′ and Ru-
O degrees of freedom, a fact which has been stressed also
in literature29 and has been neglected in the LDA + DMFT
treatment of HRO.13 We further find the weight sitting at Hg
or Tl site is of Hg/Tl d character mixed with s character and
the weight at Hg is much stronger compared to that at Tl
(cf. encircled region in the Wannier function plots in Fig. 5).
To underline the different extent of spatial extents of the two

FIG. 5. (Color online) Effective Ru-eπ,2
g Wannier functions for

HRO (top panel), TRO (middle panel), and their difference (bottom
panel) obtained from the NMTO-downfolding calculation. The lobes
of opposite signs are colored as blue (dark gray) and yellow (light
gray). The weights sitting at A sites have been encircled.

wave functions, we also plot the difference between the two
eπ,2
g Wannier functions of HRO and TRO in the bottom panel.

While the differences are seen for weights sitting at Ru and O
sites, the difference weight sitting at the A site is appreciable,
which dictates the range of the Wannier function.

To put the above observations in quantitative footing, we
calculated the spreads of the Ru-t2g Wannier functions for HRO
and TRO, defined as30 〈r2〉n − 〈r〉2

n, where 〈r〉n = 〈0n|r|0n〉
and 〈r2〉n = 〈0n|r2|0n〉, with |Rn〉 being the Wannier function
in cell R for nth (a1g , eπ,1

g , and eπ,2
g ) orbital. The spread

provides the measure of the localization properties of a
given wave function. The calculated spreads for a1g , eπ,1

g ,
and eπ,2

g , for HRO, were obtained as 3.52 Å2, 3.61 Å2, and
3.65 Å2, respectively, which were about 30%–35% larger
than the spreads obtained from TRO (2.45 Å2, 2.34 Å2, and
2.38 Å2, respectively). This, in turn, establishes the relatively
delocalized character of Ru-d states in HRO, compared to



TABLE II. Total energies for different magnetic configurations
of Ru spins in HRO. Total energies (�E) are measured with respect
to the ferromagnetic (FM) configuration. The other configurations
considered are AFM, ferrimagnetic (FIM), and two noncollinear
configurations [Conf.b and Conf.c suggested in Figs. 7(b) and 7(c) of
Ref. 14, respectively].

1 2 3 4 �E (meV/Ru)

HRO TRO
FM + + + + 0 0
AFM − + + − −90 −50
FIM − + − − −70 −37
Conf.b −66 −40
Conf.c −100 −45

that of TRO, and validates the observation of significant
reduction of Ru moment for HRO compound compared to
TRO. The magnetism is associated with the localized character
and is maximum at isolated atomic limit. The above analysis,
therefore, leads to the conclusion that the Ru-d electrons in Hg
compound are relatively more delocalized in nature, thereby
unfavoring magnetism, compared to that in Tl compound,
thereby favoring magnetism.

VII. TOTAL ENERGY CALCULATIONS AND LOW
TEMPERATURE MAGNETIC ORDERING

As is seen from Figs. 1 and 2, the spin-polarized DFT
calculation gives rise to a metallic solution for HRO in
both GGA as well as GGA + U calculation. The relatively
delocalized nature of Ru-d orbitals in HRO makes the scenario
of formation of spin singlets, as in case of TRO,10 less
plausible. The behavior of magnetic susceptibility below TMIT,
alternatively, can be interpreted as development of AFM long
range order,7 as proposed in Ref. 14. AFM interaction defined
on Ru sublattice being frustrated, one may imagine this to give
rise to noncollinearity. The NMR study14 predicted possible
noncollinear magnetic structures which are compatible with
the NMR data. We have calculated total energies within
GGA + U considering the collinear FM, AFM, and FIM
arrangement of Ru spins within a Ru4 tetrahedra, together with
possible noncollinear magnetic structures suggested based on
NMR data in Ref. 14. The results are summarized in Table II.

As is evident from the total energies listed in Table II, the
noncollinear configuration (referred to as Conf.c), shown in
the inset of Fig. 6, turned out to be the lowest energy magnetic
structure. The GGA + U density of states corresponding to
the lowest energy magnetic structure is plotted in Fig. 6.
The obtained magnetic moments are found to be 1.51μB ,
0.07μB , and 0.0μB at Ru, O, and O′ sites, respectively, in
good agreement with the values obtained for collinear spin
arrangements (cf. Table I). The realization of the lowest energy
magnetic structure opens up a gap of 0.1 eV. The precise
magnitude of gap, of course, depends on the applied U value.
The development of long range magnetic order is, therefore,
capable of driving the insulating solution. The lowering of
crystal symmetry has been indicated in experimental results,14

which may even help increase the gap value. However, in
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FIG. 6. (Color online) GGA + U density of states, corresponding
to Conf.c (see text for details). The inset shows the arrangements of
Ru spins corresponding to Conf.c, shown in the kagome layer of the
Ru pyrochlore lattice.

absence of the knowledge of the nature of the low symmetry
structure, it is rather difficult to address this point from an ab
initio point of view.31 We carried out structural optimizations
considering the cubic phase, and the orthorhombic phase,
which is the low temperature crystallographic phase of TRO.
The cubic phase was found to be energetically stabler com-
pared to the orthorhombic phase for HRO. In contrast, similar
calculations for TRO brought out the orthorhombic phase to
be stabler, in agreement with the experimental observation.10

Total energy calculations for different magnetic configurations
considering the cubic symmetry, as for HRO, were carried
out also for TRO. These results are also listed in Table II.
We find, contrary to HRO, the collinear AFM to be stabler
compared to noncollinear magnetic structure, resulting in half
metallic DOS. In agreement with the suggestion of Ref. 10
the insulating transition in TRO then should be induced by the
formation of orbitally order driven singlet states, in the low
temperature orthorhombic structure.

VIII. CONCLUSION

In conclusion, we have carried out a first principles study
to investigate the electronic structure of pyrochlore ruthenate
HRO in comparison to that of TRO. Our study shows that
Ru-d orbitals are much more delocalized for HRO compared
to TRO. This indicates that the strongly correlated electron
picture may not be an appropriate one for HRO. The long
range antiferromagnetic order is found to be sufficient to drive
the insulating state for HRO, as opposed to formation of a
singlet ground state in TRO.10 This interesting evolution in
moving from TRO to HRO happens as Ru-4d states lie at the
verge of localized to itinerant character. A modest increase
of bandwidth in the case of HRO due to enhanced covalency
between Ru-4d and Hg-5d compared to that between Ru-4d

and Tl-5d causes Ru-4d electrons in HRO to attend much
more itinerant character compared to that in TRO. Our findings
justify the results of the NMR experiment14 carried out on
HRO.
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