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Electronic states of the metallic electric-toroidal-quadrupole order in Cd;Re;O7
determined by combining quantum oscillations and electronic structure calculations
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Pyrochlore oxide Cd2Re2O7 exhibits successive structural transitions upon cooling that break its
inversion symmetry. The low-temperature noncentrosymmetric metallic phases are believed to be
some odd-parity multipole ordered states that are associated with a Fermi-liquid instability due
to the strong spin-orbit interaction (SOI) and electronic correlation. However, their microscopic
ordering pictures and the driving force of the phase transitions are still unclear. We determined
the electronic structure of the lowest temperature phase of Cd2Re2O7 by combining quantum oscil-
lation measurements with electronic structure calculations. The observed Fermi surfaces were well
reproduced based on the optimized crystal structure, and we demonstrated the strong influence of
the antisymmetric SOI. From the mass enhancement factor, we elucidated the strongly correlated
nature of the electronic states. In addition, we visualized the microscopic picture of the 3z% —r2-type
metallic electric-toroidal-quadrupole (ETQ) order characterized by the Re—O bond order. These re-
sults corroborate that the metallic ETQ order is driven by a Fermi-liquid instability associated with
the strong SOI and electronic correlation, as has been theoretically proposed. Our results provide

the basis for exploring unconventional phenomena expected in the metallic ETQ order.

I. INTRODUCTION

Fermi-liquid instability associated with the strong
spin-orbit interaction and electronic correlation has
attracted considerable interest in condensed matter
physices[1, 2]. It is theoretically expected that the insta-
bility induces an inversion symmetry breaking order, such
as an odd-parity multipole order in the metallic state[3].
In such a system, a multipole moment associated with
Fermi surface (FS) splitting in the momentum space in-
duces various off-diagonal responses such as the magneto-
current effect [4-6]; in other words, the momentum-
dependent spin polarizations on spin-split FSs respond
to external fields as if there were multipole moments.
Furthermore, it is also expected that the fluctuation of
the inversion symmetry breaking order can lead to un-
conventional superconductivities[7—11]. The pyrochlore
oxide superconductor CdyResO7 is a promising candi-
date compound[12].
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CdyResO7 shows successive structural transitions with
decreasing temperature. Above Ty; ~ 200 K, CdaRexOr
crystallizes in a centrosymmetric cubic structure (phase
I: Fd3m) where the Re atom is coordinated by six O(1y)
atoms and makes the pyrochlore network that is interpen-
etrated by the CdO(2;) zincblende network [see Fig. 1(a);
the subscript “I” of the oxygen site numbers indicates
the notation for phase I|[13]. At Ty, a second-order
structural transition to a noncentrosymmetric tetrago-
nal structure (phase II: T4m2) occurs[14]. Despite the
minimal lattice distortion[14, 15], the results of resistiv-
ity, magnetic susceptibility, Hall coefficient, and NMR
measurements corroborate a drastic change of electronic
states at Tg; [16-20]. Thus, the transition is thought to
be an electronic origin, similar to the band Jahn-Teller
transition[21] or the electronic nematic transition[22]
[23]. At Ty ~ 115K, a first-order structural transi-
tion to another noncentrosymmetric tetragonal structure
(phase II1: 14122) occurs[14, 24]. Considering both I4m2
and 14,22 are subgroups of F'd3m and the transition be-
tween phases IT and III is of the first order, they are likely
competing[25]. Recently, a next second-order structural
transition to a noncentrosymmetric orthorhombic struc-
ture (phase IV: F222) at Ty3 ~ 80K was observed in
Raman spectra[26]. Because this transition has not been
discernible in other experiments[12] and the symmetry of
phase IV is inconsistent with other experiments[14, 27—
29], the symmetry reduction to F'222 in low temperatures
is still controversial. Finally, CdoResO7 exhibits super-
conducting transition at T, = 0.97 K[12, 30, 31].
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FIG. 1.

(Color online) (a) Crystal structure of CdzRe2O7
in a conventional unit cell in phase I, which is drawn using
VESTA[32]. (b) The notation for 6 in a cubic conventional
unit cell in phase I. (c) Tetragonal conventional unit cells
(azure part) in phase III for the X, Y, and Z domains displayed
in a cubic conventional unit cell (black line) in phase I.

s Based on the lattice symmetries, Ref. 6 theoretically
proposed that phases I and III are described by electric
(axial) toroidal quadrupoles (ETQs) with 2% — y? and
ot 322 — r? components, respectively, which are illustrated
in Fig. 2. For ease of understanding, we also show their
corresponding spherical harmonic representations. ETQs
are multipoles comprising electric toroidal moments, and
each electric toroidal moment is described by the toroidal
(circular) charge arrangement. Because space inversion
reverses the signs of these ETQs, they are types of odd-
parity multipoles (note that the spherical harmonic rep-
resentations do not reverse the sign). Experimentally,
73 magnetic torque (7) measurement have proposed a co-
existence between the ETQ and electric quadrupole or-
ders in phases II and III[29, 33]. By contrast, second
7 harmonic generation studies suggest the possibilities of
7 magnetic multipoles and ETQ orders in phase I1[34-36].
Therefore, the nature of multipole orders is still under
debate, and an identification of these orders is strongly
demanded.
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s The determination of the electronic states in the or-
dered phases is thus a crucial issue in CdsResO7. Though
the electronic states probably play a key role in the phase
transitions, those in the ordered states have not yet been
clarified. Consequently, the microscopic picture of the
orders that arise in the metallic state remains unclear.
Corresponding to the spin splitting of FSs in the mo-
mentum space, a certain order should exist in the real
space that is coupled to the crystal structure. Because
these changes in momentum and real spaces are in cor-
respondence, it is important to identify them simultane-
ously. These results will provide indirect evidence of the
multipole order. In addition, insights into the electronic
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FIG. 2. (Color online) Electric toroidal quatrupoles of x> —
y? and 322 — r? types are shown together with the spherical
harmonic representations. The small green arrows represent
the electric dipoles, whereas the large blue arrows represent
the electric toroidal dipoles.
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states are indispensable to discuss the source of the en-
ergy stabilization in the ordered phases. Furthermore,
the quantitative estimation of the predicted phenomena,
such as the magneto-current effect, requires information
of the FSs because they are sensitive to the electronic
states at the Fermi level (Er).

Our previous quantum oscillation measurements on
CdsRe2O7 using 7 showed complex frequency branches
and large cyclotron effective masses up to 9me, (m, is a
free electron mass)[37]. The angular dependence of the
frequencies was interpreted as part of the six spin-split
FSs, calculated based on the reported structural param-
eters taken at 90K][38]. However, 7 is sensitive only to
the anisotropy of the FS, which limits the observation of
quantum oscillations from the nearly isotropic part of the
FSs. In addition, a large discrepancy exists between the
experimental results and the calculation. There are two
main reasons for this: One is that the crystal structure
parameters change with temperature, and the reported
structure may not match the one at the lowest tempera-
ture at which we measured the quantum oscillations. The
other reason is that the F'Ss are sensitive to the strength
of the electronic correlations considered in the calcula-
tion, and the strength is still controversial[12, 17, 19, 38].

In the present study, we performed a complementary
measurement of quantum oscillations on the AC mag-
netic susceptibility (xac) and electrical conductivity (o).
As shown later, quantum oscillations in different physi-
cal quantities exhibit different amplitudes, allowing us to
identify new frequencies and trace individual branches.
In addition, we succeeded in reproducing the quantum
125 oscillation spectra much more accurately than in Ref. 37
126 by refining the conditions we used to calculate the elec-
127 tronic states; more specifically, we employed a structural
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optimization while tuning the strength of the electronic
correlation. This enables a discussion based on the elec-
tronic structure.

II. METHODS

A. Experiments

Single crystals of CdaResO7 were grown by the chemi-
cal vapor transport method, as described in Ref. 20. The
quantum oscillations on the xac were measured using a
standard field modulation method[39]. The modulation
field Bmoq of 0.01 T and 67.1 Hz was applied on a 1 mm?
size single crystal placed in a pickup coil with the [111].
axis (subscript “c” denotes the notation in the cubic unit
cell) parallel to the coil axis. The second harmonic sig-
nal of the coil voltage (v), which roughly corresponds
to dxac/dB, was obtained using standard lock-in acqui-
sition. The measurement was performed in a dilution
refrigerator equipped with a 20 T superconducting mag-
net. The quantum oscillations on the o were measured by
employing a standard four-probe method, which was con-
ducted in a 3He refrigerator with a 32 T resistive magnet
at NHMFL. These data were analyzed together with the
previous 7 data [37]. In all measurements, the samples
were rotated around the [110]. direction in the magnetic
field, and the field angle 6 was measured from the [110].
direction, as illustrated in Fig. 1(b). The measurement
temperatures for the v, o, and 7 are 40 mK, 0.5 K, and
30mK, respectively, except for the temperature depen-
dence measurements.

We analyzed the quantum oscillations based on the
14,22 space group symmetry (phase III) because the
symmetry reduction from 74,22 to F'222 is “almost” im-
perceptible in our data. In phase III, three types of
tetragonal domains, X, Y, and Z domains, are formed,
whose ¢; axes (subscript “t” denotes the notation in the
tetragonal unit cell) lie along the [100]., [010]., and [001].
directions, respectively, as shown in Fig. 1(c¢). The ob-
served quantum oscillations include all signals from the
three domains. Because B is confined within the (110)
plane, signals from the X and Y domains are equivalent.
In addition, when B || [111], the signals from all do-
mains are equivalent. Note that in F'222, the X, Y, and
7 domains are further split into two different domains for
each, although that was imperceptible in the polarizing
microscopy experiment|[28].

Based on the Lifshitz—Kosevich formula, a quantum
oscillation measured on a physical quantity ¢ (v, o, and
T) is expressed as follows:

™

q —1/2 . F 1
L _ ¢, 18"72 Ry sin {zw (B - 2) . 4} ()

lq|

where C' is a constant, and S” 82S/akﬁ3 is the cur-
vature factor [39]. The higher harmonics, Zeeman ef-

fect, and Berry’s phase are neglected. The + sign is
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positive (negative) for the minimum (maximum) cross-
sectional area S of the FS perpendicular to B, which
is related to frequency F, as F = hS/2me. The
temperature and Dingle reduction factors are given by
Rt = ¢/sinh¢ and Rp = exp(—£p), respectively, where
&oy = 2n°kgT(pym*/ehB, Tp is the Dingle temper-
ature, m* is the cyclotron effective mass, and kg is
the Boltzmann constant. The factor f; is different
for each physical quantity and is expressed as f,

LIF in qb) Jo(A\)FBY2/m* for the field mod-

F 9¢
ulation technique with the second-harmonic detection,
f» = BY?m* for electrical conductivity, assuming a uni-
form scattering rate on FSs, and f, = (OF/d60)B3/?/m*
for magnetic torque. Here, J, is a second-order Bessel
function, A = 27 F Byyoa/B?, and ¢ is the angle between
B and the pickup coil axis. Because of f;, the relative
amplitude of each frequency depends on the measure-
ment method.

cos ¢

B. Calculations

The fully relativistic electronic structure was calcu-
lated based on the rotationally invariant DF'T+U method
using the screened Coulomb and exchange parameters[40]
as implemented in the QUANTUM ESPRESSO package
[41]. Fully relativistic optimized norm-conserving Van-
derbilt pseudopotentials generated using the code ON-
CVPSP [42-45] were used with the Perdew, Burke, and
Ernzerhof (PBE) type exchange potential [46] and a
plane-wave cutoff energy of 100Ry. A 103 k-point mesh
was used for the self-consistent field procedure, whereas
a 162 k-point mesh was used to calculate the density
of states (DOS). The atomic positions were optimized
until the change in the total energy became less than
107%eV. The FSs were calculated using the 24-orbital
tight-binding model based on maximally localized Wan-
nier functions constructed with the WANNIERQO program
[47]. The quantum oscillation frequencies were simulated
using the algorithm described in Ref. 48.

It is not appropriate to entirely rely on experimental
crystal structures because they may depend on tempera-
ture, as noted later. In addition, the optimal screened
Coulomb parameter U depends on the materials and
pseudopotentials[49]; therefore, it is not known a pri-
ori. Thus, we employed a round-robin method to obtain
electronic states that were as close as possible to those
experimentally observed by quantum oscillations; we op-
timized all the independent internal atomic coordinates
in phase III with various values of U and the screened
exchange parameter J at the Re site. We found that the
result with U = 4.5eV gives the simulated quantum os-
cillation frequencies closest to the experiment, whereas
the dependence on J is minimal; thus, we used a typical
value of J = 0.3eV (see Appendix A for details).

In the calculations, we fixed the lattice constants to
those of phase I (a. = 10.2382 A), which was optimized
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together with an internal coordinate using the above U
and J values. This was done for three reasons: First, the
reported lattice distortion ratios in phase I1T (0.044%[50]
and 0.016%]38]) are smaller than the calculation error
of optimizing the lattice constants (~1%). Second, the
fixed lattice constant facilitates the comparison of the
charge density between phases I and III. Finally, the lat-
tice distortion is so small that the effect of the lattice
distortion is imperceptible in the calculated FSs and the
simulated quantum oscillation spectra. This indicates
that the lattice distortion itself is not essential for the
electronic states and may appear as a side effect of the
atomic displacements. Thus, we ignored the lattice dis-
tortion and focused on the atomic displacements.
During the structural optimization of phase III, we
constrained the symmetry to 14;22. However, even if
we attempted the structural optimization of phase IV
(F222) using the same U and J values and starting from
the optimized phase III structure, the symmetry reduc-
tion from [4:22 to F222 was negligible; the violation
of the 14122 symmetry in terms of the displacement of
atomic coordinates was less than 0.00005. Thus, we ig-
nored the symmetry reduction to F'222 in our calculation.

III. RESULTS

A. Quantum oscillations
1. Fourier-transformed spectra for major axes

Figure 3 shows the Fourier-transformed spectra of
the quantum oscillations for the fields along the (001),
(111)., and (110). directions measured on the AC mag-
netic susceptibility, electrical conductivity, and magnetic
torque. Clearly, the relative amplitudes of the quantum
oscillation frequencies differ among the physical quanti-
ties. We observed several new peaks that were not ob-
served in the previous study[37], and labeled all peaks
according to their origins (described later). Note that
we revised the branch names used in Ref. 37 because
the number of Greek letters is short of naming all ob-
served branches. The masses of the major peaks were
obtained by fitting the temperature dependence of their
amplitudes with the Rt function. All major peaks are
summarized in Table I along with their corresponding
frequency and mass.

2. Angular dependence of frequencies

The Fourier-transformed spectra as a function of field
direction are plotted as color images in Figs. 4(a), 4(b),
and 4(c) for the AC magnetic susceptibility, electrical
conductivity, and magnetic torque, respectively. The AC
magnetic susceptibility with the field modulation tech-
nique is effective in visualizing numerous branches, in-
cluding those with small angular dependence, whereas it
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FIG. 3. (Color online) (a) Fourier-transformed spectra mea-
sured on three different quantities (v, o, and 7) for the mag-
netic fields along the (001), (b) (111)c, and (c) (110). di-
rections. The field ranges for the Fourier transformation are
6.4-17.6'T, 17-32T, and 10-17.5T for AC magnetic suscep-
tibility, electrical conductivity, and magnetic torque [37], re-
spectively.

has a disadvantage in detecting small frequencies owing
to the Jy(A\)F factor in f,. In the electrical conductivity,
the branches with heavy effective masses tend to show
relatively large amplitudes compared to the case of other
physical quantities owing to the m* factor in f,. This en-
abled us to observe the w7, d1, w11, Y9, and w4 branches
that cannot be clearly observed with the other methods.
Magnetic torque has its strength (weakness) in observ-
ing highly (weakly) anisotropic branches because of the
OF /00 factor in f;. The fundamental frequencies ob-
served for the three methods are shown in Fig. 4(d). We
connected all frequencies belonging to the same branch
with the aid of intensity variation.

3. Assignment of branches to orbits on the Fermi surfaces

To assign the observed branches to the orbits on FSs,
we simulated the quantum oscillation frequencies based
on the calculated electronic states of phase III. The sim-
ulated angular dependence of the Fourier-transformed
spectra using a typical f, = B1/2/m* is shown in
Figs. 4(e) and 4(f) as colored images. Here, the deeper
color corresponds to the larger amplitude, as indicated in
the color scales shown at the bottom, and we used differ-
ent colors for branches derived from each FS. The more
specific simulations using f,, f,, and f; are provided in
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FIG. 4. (Color online) (a) Angular dependence of Fourier-transformed spectra measured on the AC magnetic susceptibility, (b)
electrical conductivity, and (c) magnetic torque [37]. The color scales shown at the bottom indicate the relationship between

the color and amplitude A. (d) Angular dependence of the
connecting markers are guides for the eye that are speculate

observed frequencies. Higher harmonics are omitted. The lines
d from the angular variation of frequencies and amplitudes. (e)

Angular dependence of Fourier-transformed spectra simulated based on the calculated electronic states of phase II1. Eq. 1 with

fo= Bl/2/m*, Tp = 0.1K, and T = 50 mK was used in the si

mulation, and the field range of 5-17.5T was used for the Fourier

transformation. Higher harmonics are neglected. Colors indicate the corresponding F'Ss for each branch, and the deeper color
corresponds to a larger A, as shown in the color scales at the bottom. The branches corresponding to the experimentally

observed branches are labeled. In addition, the d2, (1, and (3
0<F<100T.

w6 the Appendix B. The simulated spectra are are largely
sor different compared to the previously reported [37].

s The calculated F'Ss and corresponding orbits are repre-
a0 sented in Fig. 5 for the two orientations corresponding to
a0 the Z and X domains. The calculated FSs consist of six
su FSs: two hole FSs (FS7 and FS8) and four electron FSs
a2 (FS9, FS10, FS11, and FS12). We named these FSs after
s1i3 the index of the bands in the Re 5d t2; manifold. The FSs
s are strongly different from the previously reported [37].
315 F'S7 consists of a small double-conical-shaped pocket at
316 the Z point and even smaller spherical pockets at the X
a7 point. The FS8 comprises a large pocket at the Z point
sis and a bumpy cylinder extending along the ¢; axis. The

branches are labeled for explanation. (f) Enlarged view of (e) for

310 F'S9 to FS12 are located around the I' point; the FS10 to
a0 FS12 are roughly spherical, while the FS9 has an extra
s part similar to crowns developing up and down.

22 Supported by the simulation, we assigned the ob-
a3 served branches to the orbits on the FSs as follows
2 [see Figs. 4(d)]: The oy and ao branches coincide at
»s B || [111]¢, and thus, they are from the cross-sections
26 of the same part of an FS in different domains. Because
s2r they nearly diverge as F' o< 1/ cosf or F' o< 1/ cos(90°—6),
28 they correspond to the minimum orbit on the double-
a9 conical-shaped pocket of FS7 surrounding the Z point.
a0 Similarly, the nearly flat §; and [y branches originate
s from cross-sections of the spherical FS12.



Z domain

X domain

FIG. 5. (Color online) FSs of Cd2Re207 calculated for phase III. Extremal orbits corresponding to the observed branches and
some major non-observed branches are indicated for the Z (left) and X (right) domains. Purple and yellow surfaces enclose
holes and electrons, respectively. The Brillouin zone in phase III is indicated for each domain.

The angular dependence of the frequencies and the in-
tensities of the ;13 branches are almost consistent with
the simulation for FS8. Particularly, the v1, 72, V47,
11, and 12 branches corresponding to the large pocket
around the Z point were quantitatively well reproduced
in the simulation. These branches were not reproduced
in Ref. 37 because they are sensitive to the value of U
and only appear when U is close to 4.5eV, as shown in
Appendix A. Note that the pair of branches {vs3, 715}
sa arises from cross-sections of the same part of the FS8 in
sz the different domains because they coincide at B || [111]¢;

ss similarly, {v4, 5}, {76, 77} {711, 12}, {7113, 714}, and
s {717, 718} branches are pairs.

us  The §; branch observed for 8 = 44-72.5° is ascribed
us to FS11. The simulation for FS11 shows that the am-
a7 plitude of the oscillations increases significantly around
us = 44-72.5° (the more specific simulations in Ap-
a0 pendix B show this feature more clearly), which is be-
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cause of S” being as small as —0.3.

The angular dependence of the frequencies and the
intensities of the ¢y g are close to the simulation for
the F'S9. Notably, multiple branches 3 7 observed near
0 = 90° diverge rapidly as 6 decreases; such splitting and
divergence of the branches reflect that the FS9 has the
additional part that is developing outwards. These fea-
tures do not emerge from the nearly spherical shape of
the FS9 calculated in Ref. 37.

The satisfactory agreement between the experimental
and simulated branches described above guarantees that
our calculation reproduces most of the real shapes of FSs
more closely than those of Ref. 37.
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4. Unidentified branches

Nonetheless, there are still some other branches, wy_14,
whose origins remain uncertain. We can speculate their
origins to some extent. The w;4 and wy_17 branches may
originate from the crown-like part of the FS9 because we
were unable to observe any of the simulated branches
arising from the crown-like part that are expected be-
low 800 T [compare Figs. 4(d) and 4(e)]. Perhaps, the
crown-like part has a slightly different shape. As seen
in its complex shape, the crown-like part comprises an
intersection of several bands, which is sensitive to small
perturbations; therefore, reproducing the shape, includ-
ing the fine details, is difficult.

For the ws and wg branches, we observed three
branches between them, which are significantly reminis-
cent of the magnetic breakdown[39, 51, 52]. The cen-
tral angle of this five-fold split structure is approximately
60°, which is close to the direction in which the crown-
like part develops. Thus, we speculate that the ws and
wg branches arise from the magnetic breakdown between
FS9 and FS8 or between FS9 and FS10.

The wyo branch might be ascribed to a splitting of v11
caused by the misalignment of the crystal, which lifts
the degeneracy of the branches arising from the X and Y
domains. Similarly, the w4 branch may be ascribed to
the splitting of v15 caused by misalignment of the crystal.

However, the wy3 branch cannot be explained by a sim-
ilar splitting of the 15 branch because more splitting of
up to four branches (just above and below wi3) was ob-
served around the ;5 branch in the modulation method
[see Figs. 4(a) and 4(d)]. Recalling that the orthorhom-
bic distortion to F'222 splits the X and Y domains into
two different domains for each, the four-fold splitting of
the 715 branch is possibly a hallmark of the symmetry
reduction to F222 (see Appendix. C for a discussion of
the symmetry at the lowest temperature).

5. Nom-observed branches

We briefly mention the simulated branches, {; and (s,
expected from FS10 that were not experimentally ob-
served. We did not observe any frequency from FS10,
which is in contrast with the fact that we observed al-
most all branches expected from FS8. The absence of
FS10 is unlikely in the viewpoint of the carrier compen-
sation between the electrons and holes. The m* and S”
values simulated for the {; and (3 branches were small;
particularly, m* and S” calculated for the ¢; branch in
B || (001) were 0.780 and 0.446, respectively, both of
which are smaller than those of any branches belonging
to FS8 (see Table I). Therefore, the absence of frequen-
cies from FS10 might indicate that the effective masses
of the orbits on FS10 are more enhanced than those on
FS8. Appendix D describes the m*/my, distribution on
each FS orbit, where my, is the bare band mass.
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B. Electronic states
1. Optimized crystal structure

The agreement between the experimental and simu-
lated results of the quantum oscillations guarantees the
validity of our calculation and enables us to discuss the
relationship between the crystal structure and the elec-
tronic states of CdyRe;O7. First, we compare the opti-
mized structure of phase I with the experimental data.
There are two variable parameters in the structure of
phase I: the lattice constant a and the atomic coordi-
nate x of the O(2;) site (x, 1/8, 1/8) [see Fig. 1(a)] [53].
The optimized a is 10.2382 A, which is slightly larger
than the reported values 10.225-10.226 A taken at room
temperature[14, 38, 54, 55|, and almost consistent with
10.2358 A taken at 250 K[55]. Thus, the calculated lat-
tice constant reproduces the experimental values within
a typical error of the order of 1%. The optimized x is
0.3172, which agrees well with the experimental values
in the range of 0.315-0.319[14, 38, 54, 55]. Therefore,
our optimized structure of phase I is consistent with the
experiments; thus, that of phase III may also be reliable.

Next, we examine the optimized structure of phase III.
Figure 6(a) shows the optimized structure of the ReOg
units of phase ITI. The azure arrows indicate the direction
and relative magnitude of the atomic displacements with
respect to phase I. The O(1;) site surrounding a Re atom
splits into three different sites: O(1), O(2), and O(3) (the
absence of the “I” subscript of site numbers of oxygen
indicates the notation for phase III). Table II lists the
atomic coordinates of the optimized structure of phase
III, together with the experimental results obtained at
4K using neutron diffraction[50] and at 90 K using X-ray
diffraction[38]. For reference, the displacements from the
nondistorted coordinates in phase I are also listed. The
atomic displacements in the optimized structure except
for Re are larger than the measured displacements. The
difference of the Re displacement between the calculation
and experimental results may not be important because
the displacement is quite small. The direction of the O(2)
displacement in the calculation and experiments are op-
posite. This may be explained by the electrostatic repul-
sion between O(2) and O(1); in the calculation, O(2) is
repelled from O(1) because the displacement of O(1) is
larger than that in the experiments.

The structural parameters may have temperature de-
pendences because the displacements at 4 K are larger
than those at 90 K. This is plausible because the or-
der parameters are coupled with the structure and be-
come smaller at higher temperatures. Indeed, physi-
cal properties show temperature dependences in phase
III[19, 20, 24, 56]. As a continuous and drastic change
in magnetic torque is observed below 20 K[33], the elec-
tronic states and the structural parameters may drasti-
cally change at lower temperatures; this is in stark con-
trast to ordinary structural transition, in which signif-
icant structural change occurs only near the transition



TABLE I. Experimental and calculated parameters of the F'Ss in phase III.

Experiment Calculation

Field direction =~ Branch  F(T) m*/me Domain FS F(T) mp/Me S" m*/mp
(001) ar® 51 0.99(3) 7z FS7 17 0.259 +0.765 3.8(1)

wi®P 287 2.4(1)

wp?P 313 2.7(1)

B1 342 2.6(1) X, Y FS12 251 0.462 —3.958 5.6(3)

~m?* 369 3.4(3) Z FS8 204 0.855 +46.338 4.0(3)

B2 446 3.1(2) / FS12 404 0.729 —8.345 4.2(3)

02 X, Y FS11 455 1.019 —3.424

Y2 523 4.6(2) Z FS8 486 1.492 —19.380 3.1(1)

73 731 5.4(2) 7z FS8 1037 1.088 +8.507 4.9(1)

01 Z FS11 885 0.950 —25.468

G / FS10 1287 0.780 +0.446

€3 1740 6.3(4) Z FS9 2258 2.771 +24.902 2.3(1)

G2 X, Y FS10 1793 1.043 —6.004

Y10 1824 5.6(1) 7z FS8 2072 2.163 —24.702 2.58(5)

(/\)12aL 1875 11.0(25)

Y11 1921 X, Y FS8 1839 3.513 —18.331

€4 2072 Z FS9 2323 6.038 +97.817

€5 2113 5.41(3) X, Y FS9 2332 1.986 —1.660 2.72(2)

€6 2134 V/ FS9 2360 1.653 +3.243

€7 2280 6.2(1) Z FS9 2406 1.914 —11.383 3.26(5)
(111). o1, o® 106 1.77(3) X,Y,Z FS7 34 0.540 +6.708 3.28(5)

wa® 285 2.4(2) X,Y,Z

B1, B2 373 3.0(2) X,Y,7Z FS12 291 0.586 —4.606 5.1(4)

1, b2 X,Y,Z FS11 528 0.948 —7.911

Wy, ws" 570 4.57(5) X,Y,7Z

wr 745 6.6(3) X,Y,Z

w11 1100 7.5(2) X,Y,7Z

Y4, V5 1361 X,Y,Z FS8 1284 2.616 —4.247

Yo, Y7 1489 X,Y,Z FS8 1427 3.490 —19.915

G1, G2 X,Y,7Z FS10 1642 1.103 —3.115

Y13, V14 2070 X,Y,Z FS8 2387 2.863 +15.523

w13 2180 7.5(1) X,Y,7Z

~3¢ 2220 7.6(1) Z FS8 2414 3.030 —8.864 2.50(4)

~15° 2250 7.94(8) X, Y FS8 2414 3.030 —8.864 2.62(3)
(110). a® 74 X, Y FS7 26 0.395 +2.460

B2 342 2.5(2) / FS12 248 0.489 —2.545 5.2(3)

81 379 3.3(3) X, Y FS12 319 0.638 —6.242 5.1(5)

w4 453 3.31(7)

01 Z FS11 499 0.955 —7.785

02 X, Y FS11 526 0.966 —4.475

ws 835 4.5(2)

wo 902 6.4(5)

w10 1029 4.4(7)

Yo 1355 X, Y FS8 1255 3.673 +1.499

Yo 1440 X, Y FS8 1815 2.371 —14.004

Ca2 X, Y FS10 1831 2.471 —34.839

Y12 1875 Z FS8 1827 3.089 —10.890

w13 1992

G Z FS10 1929 2.238 —26.553

Y15 2032 6.3(4) X, Y FS8 2343 2.699 —11.123 2.3(2)

w14 2140

Y16 2217 6.2(3) X, Y FS8 2506 2.295 +0.609 2.7(2)

a Experimental data for these branches were obtained using magnetic torque data, whereas the others were obtained from the AC
magnetic susceptibility data except for wia, which is from the electrical conductivity data.

b These two branches coincide at B || [001]c. Because the effective masses of the torque data were measured slightly away from [001]c,
they split into two peaks.

¢ These two branches are expected to coincide at B || [111]c. They split into two peaks probably because of the to misalignment of the

sample.



TABLE II. Comparison of the optimized atomic coordinates of phase III with the reported experimental results at 4 K[50]
and 90K][38]. The upper half shows the atomic coordinates z, y, and z. The lower half shows the displacements from the
nondistorted coordinates (the optimized structure of phase I), dz, dy, and Jz.

Optimized® 4KP 90 K

x Y z x y z x Y z
Cd 8f 051311 1/4 /3 051036 1/4 i3 0.5041(6)  1/4 1/8
Re 8f 0.99838 1/4 1/8 0.99911 1/4 1/8 0.9967(3) 1/4 1/8
O(1) 84  0.17407  0.17407 0 0.18517  0.18517 0 0.1880(20)  0.1880(20) 0O
0(2) 8¢ 0 0 0.19412 0 0 0.18747 0 0 0.1896(14)
0(3) 8e 0.20635 0.79365 0 0.20572 0.79428 0 0.1970(20) 0.8030(20) 0
O4) 4 0 0 1/2 0 0 1/2 0 0 1/2

ox oy 0z ox oy 0z ox oy 0z
Cd 8f +0.01311 0 0 +0.01036 0 0 +0.0041(6) 0 0
Re 8f —0.00162 0 0 —0.00089 0 0 —0.0033(3) 0 0
O(1) 8 —0.01809 —0.01809 0 —0.00699 —0.00699 0 —0.0042(20) —0.0042(20) 0
0(2) 8 0 0 +0.00196 0 0 ~0.00469 0 0 —0.0026(14)
0O(3) 8e +0.01419 —0.01419 0 +0.01356 —0.01356 0 +0.0048(20) —0.0048(20) 0
O(4) 4b 0 0 0 0 0 0 0 0 0

2 Cell parameters are fixed to a = ac/\/i, ¢ = ac, where ac is the

optimized lattice constant in phase I (10.23824).

b Data were measured using neutron diffraction. The cell parameters are a = 7.239 A, ¢ = 10.242 A. As the reported coordinates are in
the opposite chirality relative to ours, we reversed the chirality of their data.
¢ Data were measured using X-ray diffraction. The cell parameters are a = 7.2313(4) A, ¢ = 10.2282(6) A.

temperature and ceases at low temperatures. Note that
our calculation corresponds to the limit of absolute zero
temperature. Although the optimized structural parame-
ters do not always agree with the experiments, the differ-
ence between the optimized structure and the measured
one obtained at 4 K may reflect the evolution of the elec-
tronic states even below 4 K.

47

N

47

@

47

N

47!

a

471

o

47

J

47,

=)

479 2. Changes in the band structures

w0 The calculated band structures for phases I and III
s are shown in Figs. 7(a) and 7(b), respectively. Because
a2 phases I and III have the same sizes of the Brillouin zone,
a3 for clarity, we used the high-symmetry k-point notation
sss of phase III for phase I, as indicated in Fig. 5. We also
a5 used the same vacuum levels in the calculations for phases
w6 1 and III; therefore, the small difference in FF is essential.
w7 We define the zero of energy as the Ep in phase III. The
w8 band structure of phase I is almost consistent with those
a9 of previous reports [57, 58]: The Er lies on the Re tog
a0 bands. The spherical hole pocket lies around the S point,
w1 whereas two electron pockets are nested around the T’
492 point.

w03 In the band structure for phase III, the number of band
s0s lines is doubled because of the SOI-induced spin splitting
a5 associated with inversion symmetry breaking. Besides,
a6 the band width becomes broader, and Ef is increased by
a7 89 meV. The calculated carrier number of electrons or
s holes in phase III is 8.7 x 102° cm 3, which almost agrees
w0 with 8.0 x 10%2° cm ™3 determined by the Hall effect[19].

3. Density-of-states broadening

500

s The difference of the electronic states between phases
s I and IIT is more apparent in the calculated DOS
shown in Fig. 7(c). In phase I, Er lies on a shoul-
der of peak. The DOS at Ep is 14.60stateseV ™" and
per formula unit (f.u.) (spin degeneracy is included),
which is dominated by heavy hole bands possessing
twelvefold degeneracy due to the six I'-Z(X) lines. In
phase III, the peak is broadened due to structural dis-
tortion. Therefore, the Fr increases, and the DOS
at Ep decreases to 7.68stateseV ™1 fu.”!, which corre-
sponds to the bare band specific heat coefficient ~, =
9.05mJ mol 'K~2. Compared with the measured value
of v = 30.15mJ mol *K~?[12], we obtain a total mass
enhancement factor of (m*/my) = v/v, = 3.33 at the
lowest temperature. The decrease in the DOS at Ep
from phases I to III is approximately 50%, which agrees
well with the experimental estimation[17, 19].
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sis  Notably, the DOS broadening results in an increase in

the DOS in the lower energy region (—0.6 to —1.0eV),
which significantly contributes to the stabilization of
phase III relative to phase I. The corresponding changes
in the Re-O bonding state can be seen in the opti-
mized crystal structure [see Fig. 6(b)]. The bond an-
gles and lengths in the optimized structures are sum-
marized in Table ITI. The Re-O(1)-Re angle rises from
138.39° in phase I to 148.59° in phase III. Generally,
the increase in the B-O(1;)-B angle in pyrochlore oxide
AsB50(11)60O(21) enhances the overlap between the B
tag and O(1) 2p orbitals[59, 60]; thus, the orbital over-
lap of the Re—O(1) bond is enhanced in phase III. In
su contrast, the Re-O(3)-Re angle decreases to 130.87° in
s phase III, which diminishes the orbital overlap. In terms
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FIG. 6. (Color online) (a) Atomic displacements (azure arrows) around a Re atom and (b) Re4 tetrahedral unit in the optimized
crystal structure for phase III. Note that the atomic displacements of Re atoms are antiparallel to the electric dipoles (green
arrows), but they are too small to display. (c) Electric dipoles and electric toroidal dipoles (blue arrows) associated with the
potential gradient around the Re atom are depicted on a Re pyrochlore lattice. (d) Coordination environment around the
CdOs dodecahedron. (e) Electric dipoles and electric toroidal dipoles associated with the Cd displacements are depicted on a
Cd-0(4) zincblende network interpenetrating a Re pyrochlore lattice. Note that the electric dipoles are antiparallel to the Cd

displacements.

of bond length, the Re-O(1) becomes shorter, whereas
the Re-O(3) becomes longer in phase III, both of which
are consistent with the enhancement and reduction of the
s3 orbital overlap, respectively. As the enhancement (re-
s duction) of the orbital overlap generally results in (de-
s )stabilization, the changes in the Re-O bonding states
s broaden the DOS.

However, DOS broadening has another aspect. To see
s the details of DOS broadening, we calculated the pro-
s22 jected DOS (PDOS) of the Re 5d, O(1) 2p, O(2) 2p, and
si3 O(3) 2p states in phase IIT and the corresponding states
s« in phase I, as shown in Fig. 7(d). The states near Er are
ses primarily composed of Re 5d states and a small amount
s of O(1-3) 2p states, as expected, whereas the contribu-
se7 tions from the other states, such as Cd 4d, are negligibly
sss small (not shown). In phase III, the contributions of the
s0 O(1), O(2), and O(3) states vary in energy: Among the
ss0 O 2p states, the O(3) 2p states are dominant in the oc-
ss. cupied low-energy states, whereas the O(1) 2p states are
ss2 dominant in the unoccupied high-energy states. This in-
ss3 dicates that the O(3) 2p states are stabilized, whereas the
ss¢ O(1) 2p states are destabilized in phase III. This appears
sss to be inconsistent with the changes in the Re—O bonds
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in the crystal structure.

This counterintuitive consequence stems from the elec-
trostatic potential associated with the Cd ion. As shown
in Figs. 6(a) and 6(d), the O(3) displacement is in the
direction approaching the Cd, whereas the O(1) displace-
ment is in the direction away from the Cd. In addition,
the Cd itself is displaced toward the O(3). Because the
Cd ion is positively charged, the closer to the Cd, the
lower the energy of the negatively charged O ions and
vice versa. Thus, the changes in the O(1) 2p and O(3)
2p states in PDOS reflect the changes in the atomic lev-
els. It seems that the changes in both the Re-O bonding
states and the atomic levels of O 2p states are involved
in DOS broadening.

556

557

558

559

560

561

56

)

563

564

56!

&

56

>

567

56

o

569

570 4. FEssential atomic displacements on energy gain

To analyze the factors that contribute to the energy
stabilization in phase III, we examined the contribution
of the atomic displacement of each site. We calculated
s the evolution of energy starting from phase I along with
s displacements of the selected crystallographic sites. Fig-
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FIG. 7. (Color online) (a) Calculated band dispersions for phase I and (b) phase III. The Eg’s are indicated as horizontal
dashed lines. For phase I, the same k-point notations with phase III are used. (c) Total DOS for phases I and III. (d) PDOS of
the Re 5d, O(1) 2p, O(2) 2p, and O(3) 2p states in phase III (right), and the corresponding states in phase I (left). Note that
the PDOS corresponding to the O(1) 2p, O(2) 2p, and O(3) 2p states in phase I are equivalent to the O(11) 2p states.

TABLE III. Bond angles and lengths in the optimized crystal
structures of phases I and III

Angle Length(A)?
Phase 1
Z/Re-0O(11)-ReP 138.39° Re-O(1;)® 1.9361
Phase 111
/Re-O(1)-Re  148.59° Re-O(1) 1.8867
Z/Re-O(2)-Re  137.29° Re-0(2) 1.9433
/Re-O(3)-Re  130.87° Re-0(3) 1.9836

& Cell parameters in phase III are fixed to a = ac/\/ﬁ, c = ac,
where ac is the optimized lattice constant in phase I
(10.2382 A).

b O(1), O(2), and O(3) sites in phase ITT are equivalent to O(1y)
site in phase I.

ure 8 shows the energy difference (AFE) as a function of
the normalized displacement magnitude [d(X)]. Here, X
is a subset of crystallographic sites in phase III, {Cd,
Re, O(1), O(2), O(3)}. In a structure corresponding to
d(X), only the selected sites X are displaced with a mag-
nitude multiplied by d(X) which is relative to those in
the optimized structure of phase III, with the displace-
ments of other sites fixed to zero; i.e., d(X) = 0 corre-
sponds to the structure of phase I and d(X) = 0.4 with
X = {0(1), O(3)} corresponds to a structure in which
only O(1) and O(3) are displaced by a factor of 0.4.

First, the contributions of Re and O(2) to the energy
change are small because their magnitudes of displace-
ment are tiny. Next, the displacement of any single crys-
tallographic site does not achieve any energetic benefit.
This can be interpreted as follows: Even if only the O(3)
approaches the Cd and gains electrostatic stabilization,
destabilization caused by the elongated Re-O(3) bond
may be even larger.

Subsequently, considering the combination of displace-
ments, we find that the subset X = {O(1), O(3)} pro-
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FIG. 8. (Color online) Total energy change AFE as a func-
tion of the normalized atomic displacement magnitude d(X)
for the selected crystallographic sites X. Here, X is a sub-
set of the crystallographic sites in phase III: {Cd, Re, O(1),
0(2), O(3)}. In a structure corresponding to d(X), only the
selected sites X are displaced, from the optimized structure
of phase I. The magnitude of displacements is multiplied by
d(X) relative to those in the optimized structure of phase III.
The displacements in the other sites are fixed to zero.

duces an energy gain, whereas X {Cd, O(1)} and
X = {Cd, O(3)} do not. This indicates that the com-
bination of the O(1) and O(3) displacements plays an
essential role in the stability of phase III. These displace-
ments result in shortened Re-O(1) and elongated Re-
O(3) bonds, which is the bond-ordered state correspond-
ing to the 322 — r2-type ETQ order proposed in Ref. 6.

Finally, adding Cd displacement here provides an en-
ergy stabilization to the same extent as when all sites
are displaced. Notably, the additional Cd displacement
significantly enhances the energetic benefit and increases
the magnitude of displacements at the minimum energy



FIG. 9. (Color online) (a) Charge density difference between
structures of phases I and III through the plane containing
the O(1) and O(3) sites with d(X) = 0, surrounding a Re.
[For d(X) # 0, they are not exactly on the same plane.] Note
that the charge density drops around the core owing to the
use of pseudopotentials. (b) Total potential map calculated
for the optimized crystal structure for phase III in the same
plane as in (a). The interval of contour levels is 25eV.

s00 compared with the case of X = {O(1), O(3)}. It seems
w0 that the Cd displacement enhances the Re—O bond order
su by electrostatically attracting O(3), reducing the elec-
s12 trostatic repulsion between O(3) and O(1), and then al-
a3 lowing the even shorter Re-O(1) bond. In this sense,
es the Cd displacement can be interpreted as an assistive
615 process of the bond-ordered state to produce additional
s16 stabilization.

617

5. ETQ order in the crystal structure

ss It is instructive to visualize the ETQ moments in
619 the optimized crystal structure appearing because of the
e20 bond-ordered state. For this purpose, we depicted the
e charge density difference between phases I and IIT within
e the plane containing the Re, O(1), and O(3) sites in
o3 Fig. 9(a) [see the three-dimensional coordination envi-
s ronment around the Re site shown in Fig. 6(a)]. The
s O(3) and Cd displacements cause a relative increase in
o6 the charge density within the region surrounded by the
sr Cd and O(3) sites. In addition, at the opposite location
«2s of the Re, the O(1) and Cd displacements cause a relative
o0 decrease in charge density. Therefore, there is a charge
e density gradient around the Re site.

Although CdsResO7 is metal, this local “electric

631

12

632 dipole” is not screened by conduction electrons. This is
613 because the scale of the Thomas—Fermi screening is the
order of an inverse of the Fermi wavenumber ~kg '[61],
which is comparable to several angstroms [62]. Hence,
a local potential gradient exists around Re, as shown in
Fig. 9(b). Thus, Re 5d electrons experience a large an-
tisymmetric SOI (ASOI), as demonstrated by the giant
spin splitting in the hole FSs.

The directions of the electric dipoles at the Re sites are
represented in Fig. 6. The electric dipoles in a Re, tetra-
hedral unit form two opposing uniaxial electric toroidal
dipole moments, which is equivalent to a 322 — r2-type
ETQ moment in total [see Fig. 2 and the notation in
Fig. 6(c)]. In the entire Re pyrochlore network, the ETQ
moments align in the same orientation on each Rey tetra-
hedral unit. Note that in the opposite chirarity domain,
the direction of the ETQ moment is the opposite. Be-
cause this ETQ order occurs in the metallic state, we will
call this the metallic ETQ order.

It is worth pointing out that we can find another ETQ
moment in the Cd-O(4) zincblende network by consider-
ing the displacement of the Cd as an electric dipole, as
depicted in Fig. 6(e). This is because Re and Cd are lo-
cated at the same Wyckoff position 8. Interestingly, the
sign of the ETQ moment is the same as the former one in
the Re4 tetrahedra. However, the former is more essen-
tial than the latter because the Re 5d electrons dominate
the electronic states near the Fg.

We would like to emphasize that the metallic ETQ
order found in the optimized crystal structure (in real
space) and spin-split FSs shown in Fig. 5 (in momen-
tum space) correspond to each other through our calcu-
lation. Thus, the agreement of the FSs between the ex-
periments and the calculation provides indirect evidence
of the metallic ETQ order. Therefore, our results provide
a microscopic picture of the order in the real and momen-
tum spaces of CdaResO7 at the lowest temperature.
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IV. DISCUSSION

669

A. Electronphonon and electronelectron
interactions

670
671

The mass enhancement, compared with the elec-
tronic structure calculation using the conventional DFT
method, is caused by the many-body interactions not in-
cluded in the calculation. It is empirically known that
even the DFT + U calculation hardly includes the mass
enhancement[63]. Thus, we can approximately evaluate
the mass enhancement factor by comparing the experi-
mentally obtained m* with my, calculated by DFT + U
method. The (m*/my) represents the FS-averaged en-
hancement factor, which can be expressed as

<m*/mb> =(1+ )‘ep)(l + Aee),
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where the Ao, and Ae. are the electron—phonon and
electron—electron coupling parameters, respectively.
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The strengths of the electron—phonon and electron—
electron interactions in CdaRe;O7 have been controver-
sial. The low-temperature coefficient of the T2 term (A)
in electrical resistivity is one of the indicators of the
electron—electron interaction as it reflects the electron—
electron scattering. The value of A was evaluated as
9(4) x 1073 uQ cm K ~2[12] after subtracting the Koshino—
Taylor contribution due to the nonmagnetic impurity
scattering[64, 65]. The Kadowaki-Woods ratio Rxw =
A/~? using A is 10(5) u€ cmmol® K? J=2, which is com-
parable to the universal value ~ 10 € cm mol® K* J~2[66]
for the heavy Fermion system, even though (m*/my,) of
CdyResO7 is considerably smaller than those observed in
heavy Fermion materials (100-1000). Thus, the electron—
electron interaction in CdyResO7 is presumably strong.

For the electron—phonon coupling, all experiments on
the superconducting properties provide evidences of the
weak-coupling nature: The superconducting gap A(0)
and the magnitude of the specific heat jump AC, at T,
were evaluated as A(0)/kpgT. = 1.84-2.5 [17, 31, 67, 68]
and AC,/~T 1.15-1.29 [30, 31], respectively, both
of which are comparable to the weak-coupling Bardeen-
Cooper-Schrieffer (BCS) values (1.76 and 1.43, respec-
tively). Therefore, the electron—phonon coupling should
be small.

In contrast, the small spin magnetic susceptibility xy
1.38 x 107% cm3 mol ! and large ~ yield an anomalously
small Wilson ratio Ry = 0.34[17, 19], which is generally
unity for free electrons and two for strongly correlated
electrons[69]. Such a small value of Ry typically indicate
that the electron—electron coupling is small and/or the
strong electron—phonon coupling mostly enhances ~, but
not xs.

To overcome these discrepancies, we evaluated the A¢p
and A to facilitate the quantitative discussion. With the
assumption of a phonon-mediated BCS superconductiv-
ity in CdaRe2O7, the McMillan equation[70] yields the
Aep aS

w*In (1.45T./©p) — 1.04
(1 — 0.62") In (1451, /Op) + 1.04

Aep = (3)
for p* < Aep < 1.5, where Op is the Debye temperature
measured as 458 K[31], and p* is the Coulomb pseudopo-
tential parameter. Using the Benneman and Garland
empirical formula[71], u* can be estimated as

= (1).26N(EF)’ @)
+ N(Er)
where N(Ep) is the DOS at Ep in units of
stateseV ™' atom~!. Because N(Er) = 0.698 from our
calculation, p* is calculated as 0.107, which is slightly
lower than the standard value of 0.13. Therefore, Aqp
is obtained from Eq. 3 as 0.380. This value is consis-
tent with the weak-coupling scenario. Subsequently, us-
ing (m*/my,) and Aep values, we obtain Aee = 1.41; this
indicates that m* is mainly enhanced by the electron—
electron interaction, as expected from the Rkw. The
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large Aee is in line with the fact that we need U = 4.5eV
to reproduce the observed FSs in our calculation.

By comparing the Aep, Ace, and Rw values with re-
lated compounds, it is clear that a small Ryw value does
not necessarily indicate a small electron—electron inter-
action and/or a large electron-phonon interaction and
that there is a hidden factor making Rw small (see Ap-
pendix E).

B. Driving force of the metallic ETQ order

In the early study, the mechanism of the phase tran-
sition from phase I to the noncentrosymmetric phases
was speculated as being similar to a band Jahn—Teller
effect[19], where the energy of the occupied (unoccupied)
band decreases (increases) owing to symmetry reduction.
Indeed, according to our study, half of the spin-split hole
FS (FS7) almost disappears, and the other part of the
spin-split hole FS (FS8) becomes significantly large in
phase III (see Fig. 5); this situation is similar to the
spin-split version of the band Jahn—Teller effect associ-
ated with an inversion-symmetry breaking. In addition,
in terms of the DOS, the band Jahn—Teller effect is char-
acterized by large DOS in a high symmetry phase [21],
which is also the case with CdyResO7 where Ef lies on
the shoulder of the DOS peak in phase I [see Fig. 7(c)].
However, our calculation revealed that this is only par-
tially true and is not likely the total picture of the phase
transition. This is because Ey rises from phase I to III
owing to DOS broadening; therefore, the energy gain by
spin splitting near Fg is limited.

Another mechanism recently theoretically proposed in
Ref. 3 is the odd-parity electronic nematic state driven by
Pomeranchuk-type Fermi-liquid instability in the p-wave
spin interaction channel. This instability arises when
metals with inversion symmetry have both a strong SOI
and electron—electron interaction. Indeed, we confirmed
the large spin splitting of the F'Ss owing to the strong SOI
and obtained a A of 1.41, which highlights the strong
electron—electron interaction. The theory predicts the
formation of the odd-parity multipolar order as a conse-
quence of a Fermi-liquid instability, which is consistent
with the metallic ETQ order in our optimized crystal
structure. Importantly, the bond order of Re-O(1) and
Re-0(3) associated with the metallic ETQ order plays an
essential role in the energy stabilization in phase III. In
this respect, it is plausible that the metallic ETQ order
in phase III is driven by a Fermi-liquid instability.

V. CONCLUSION

We studied the electronic states of CdaResO7 at the
lowest temperature by combining quantum oscillations
and electronic structure calculations. Based on the opti-
mized crystal structure obtained by the DFT + U calcu-
lation with the symmetry constrained to the 74122 space
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group, we successfully obtained the electronic states that
satisfactorily reproduced complex spectra of the observed
quantum oscillations. The determined FSs highlight the
giant spin splitting in the hole FSs, demonstrating the
strong influence of the ASOI. In addition, we confirmed
the strong electronic correlation by evaluating the e
as 1.41. In the optimized crystal structure, we visualized
the 322 —r2-type metallic ETQ order characterized by the
potential gradient around the Re sites owing to the Re—
O bond order. Our results demonstrate the microscopic
picture of the metallic ETQ order in real and momentum
spaces, which is presumably driven by a Fermi-liquid in-
stability associated with the strong SOI and electronic
correlation.

As future prospects, we expect the quantitative predic-
tion of the various properties anticipated in the metallic
ETQ state in phase III based on the electronic states
obtained in this study. In addition, to observe the off-
diagonal responses in experiments, it is inevitable to align
not only the tetragonal domains[20] but also the chirality
domains observed in Ref. 35. Thus, a method to produce
an energy difference between the opposite chirality do-
mains is required. If one can quantitatively estimate the
possible ways to achieve this based on the calculated elec-
tronic states, it will significantly promote the realization
of experiments. In addition, we expect that the param-
eters and techniques used in this study will be applied
to elucidate the electronic states of phase IT and high-
pressure phases. Furthermore, in our study, we were un-
able to clarify how the strengths of the electronic corre-
lation and SOI are involved in determining the ordering
manner. Thus, it would be interesting to investigate the
hypothetical stable structures by varying these parame-
ters using the technique demonstrated in Ref. 72.

Appendix A: U and J dependences of the optimized
structure and their electronic states

Figure 10(a) shows the U dependence of the atomic dis-
placements in the optimized structure of phase III with J
fixed to 0.3eV. Displacements dx or 6z of Cd, Re, O(1),
0(2), and O(3) are measured from the phase I struc-
ture optimized with U = 4.5eV and J = 0.3eV and are
plotted against U. The vertical axes are oriented such
that the upper part of the graph corresponds to larger
displacements. At U = 0eV, the magnitudes of all dis-
placements are considerably larger than the experimental
values obtained at 4 K (see Table. II). As U increases, the
relatively large displacements of Cd, O(1), and O(3) de-
crease at accelerated rates and approach the experimen-
tal values. For atoms with relatively small displacements,
the Re displacement exhibits a monotonic increase with
increasing U, whereas the O(2) displacement has a mini-
mum at approximately U = 4 eV and increases for higher
U values.

Corresponding to the optimized structures with vari-
ous U values, the carrier number of electrons (n,) or holes
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(ny) varies with U. Figure 10(b) shows the n, (= ny) as
a function of U. At U = 0eV, n, = 6.0 x 102 cm ™3,
which is slightly smaller than the experimental value
8.0x 1029 cm=3[19]. As U increases, n, increases and ap-
proaches the experimental value at approximately U =
4.0-4.5eV.

Figures 11(b), 11(c), 11(d), and 11(e) show the simu-
lated Fourier-transformed spectra as a function of field
direction based on the crystal structures optimized with
U = 0, 4.0, 4.5, and 5.0eV, respectively. A typical
fqo = B2 /m* is used in the simulation. As indicated
by the same color scales as those shown in Fig. 4(e),
shown at the bottom, the deeper color corresponds to
a larger amplitude, and we used different colors for the
branches derived from each FS. Figure 11(a) is the angu-
lar dependency of the observed fundamental frequencies
shown for the ease of comparison. At U = 0eV, the
spectra are completely different from those of the exper-
iments; the sizes of FS11 and FS12 are too small, and
the e3 7 branches of FS9 are absent. At U = 4.0eV,
the spectra are similar to the experimental results, but
still have insufficient parts; the v1, 72, V47, 711, and
~12 branches derived from the large hole pocket of FS8
around point Z are completely absent. At U = 4.5eV,
we obtained the simulation closest to the experimental re-
sults as described in the main text. This U value agrees
with the range in which the carrier number coincides with
the experiment. At U = 5.0eV, the spectra become dif-
ferent from the experimental results; the €g, 75, and 12
branches become larger than those at U = 4.5eV. There-
fore, we conclude that the calculated electronic structure
with U = 4.5eV best describes the real electronic struc-
ture.

This U value is slightly larger than U = 3.0eV used in
a previous study[38]. However, the value used in the pre-
vious study was calculated for impurity states in Rb[73].
In general, U is not transferable from one material to an-
other. For reference, we obtained U = 4.2eV from the
calculation based on the phase I structure of CdaResO7
and using the linear-response method as implemented
in QUANTUM ESPRESSO[74]. This value is consistent
with U = 4.5eV determined by the quantum oscillation
spectra. Therefore, our conclusion of U = 4.5V is rea-
sonable from a computational viewpoint.

Next, we present the dependence of the optimized
structural parameters and their corresponding electronic
states on J with U fixed at 4.5eV. Figure 10(c) shows the
dependence on J of the atomic displacements in the opti-
mized structure of phase III. It is apparent that the vari-
ation in the structural parameter is minimal in the range
of J = 0.1-0.5eV. Figure 12 compares the simulated
Fourier-transformed spectra corresponding to the calcu-
lation conditions and the structural parameters given in
Fig. 10(c). The differences in the quantum oscillation
spectra are almost negligible. Therefore, it is difficult to
determine a reasonable value of J by comparing the sim-
ulated and observed spectra, and thus the use of a typical
value of J = 0.3eV does not affect on our results.
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FIG. 10. (Color online) (a) Atomic displacement coordinates dz or dz for Cd, Re, O(1), O(2), and O(3) in the optimized
structure of phase III as a function of the screened Coulomb parameter U used in the optimization procedure. Five left axes
represent the vertical axis ranges for each plot. Note that the displacement is larger in the upper part of the graph. The
screened exchange parameter J is fixed to 0.3eV. All displacement coordinates are measured from the optimized phase I
structure obtained using U = 4.5eV and J = 0.3eV. (b) Carrier number of electrons (n.) or holes (ny) as a function of U.
The carrier numbers correspond to the optimized crystal structures in (a). (c) Atomic displacement coordinates dz or §z for
Cd, Re, O(1), O(2), and O(3) in the optimized structure of phase III as a function of J used in the optimization procedure.
The value of U is fixed to 4.5eV. The configuration of the vertical axes and the definition of the displacement coordinates are

the same as in (a).

900 Appendix B: Simulated Fourier-transformed spectra

w1 Figures 13(a), 13(b), and 13(c) show the color image of
o2 the Fourier transformed spectra as a function of the field
o3 direction calculated using f,, f,, and f,, respectively.

904 Appendix C: Low temperature symmetry

os  Most of the observed quantum oscillations can be re-
os produced well using electronic states calculated based on
o7 the 14122 space group. Therefore, the symmetry of the
ss crystal at the lowest temperature seems to be “almost”
oo 14122. However, a four-fold split structure was observed
o0 around the 15 branches, suggesting the possibility that
on the X and Y domains of the 14,22 phase may split into
o2 four types because of the tiny orthorhombic distortion.
a3 Actually, there are two other possibilities: Twinning in
aie the crystal and the magnetic breakdown between adja-
a5 cent orbits. The former is unlikely because similar splits
ais have not been observed in other branches originating
ai7 from the X and Y domains. The latter is also unlikely
a1s because the four-fold split structure is visible over a wide
o0 angular range of +6 = 0-30°. Hence, we focus on the

o0 possibility of the tiny orthorhombic distortion.

The energies of phases II (I4m2) and III (14,22) are
suspected to be very close[56]. In addition, a linear com-
bination of distortions in the 74m2 and 14,22 phases re-
sults in the orthorhombic phase of the F'222 space group.
Therefore, if a quantum fluctuation occurred from the
14,22 phase to the I4m2 phase, it would possibly appear
as a small distortion to the orthorhombic F'222 phase.
Reference 56 pointed out that the 77, soft phonon mode
corresponding to the distortion in the I4m2 phase may
be related to the emergence of superconductivity if the
symmetry of the low-temperature phase is 14,22. It is
possible that the fluctuation of the T, soft phonon mode
freezes and appears as a tiny distortion to the F222 sym-
metry. As far as we infer from the size of the splitting of
the 15 branch, this distortion to the orthorhombic struc-
ture is so small that it may be difficult to observe, even
using methods such as X-ray diffraction. The presence of
this small distortion to the F'222 phase should be verified
using high-precision measurements such as NMR.

We also need to supplement our results on struc-
oa tural optimization with the symmetry constrained to the
sz F'222 space group, which is mentioned in the main text.
a3 Because the symmetry breaking to the F'222 phase, if
aa present, would be expected to be very small, a calcula-
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FIG. 11. (Color online) (a) Angular dependence of the observed frequencies without higher harmonics. This is the same as
Fig. 4(d). (b) Angular dependence of the Fourier-transformed spectra simulated based on calculated electronic states optimized
with U = 0.0eV, (¢) U = 4.0eV, (d) U = 4.5eV, and (e) U = 5.0eV. J is fixed to 0.3eV. In all calculations, Eq. 1 with
fo= B/? /m*, Tp = 0.1K, and T' = 50 mK were used for the simulations of quantum oscillations, and a field range of 5-17.5T
was used for the Fourier transformation. Higher harmonics are neglected. The colors indicate the corresponding FSs for each
branch, and a deeper color corresponds to a larger amplitude (A), as shown in the color scales at the bottom. (d) is the same
as Fig. 4(e).

as tion with insufficient accuracy may easily diminish the oo
as stability of the F'222 phase. Thus, a calculation method e
a7 superior to the one we have used would, possibly enable o
ws the F222 structure to be stabilized in the calculation.
a0 This point would have to be verified in future studies.
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Here, we focus on the m*/my, for each orbit of FSs. e

Figure 14 shows the m*/my, of each orbit as a function
of F. The observed m*/my’s are distributed near the
s (m*/my,). A closer look shows that the small F’s vary
relatively widely around (m*/my,). This is generally be-
cause the smaller the F', which is proportional to the
cross-section of the FS, the more susceptible to effective
mass distribution on FSs. In contrast, large F' values
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are concentrated at approximately 2.5, which is smaller
than (m*/my); this is slightly different from the cases
of KOs204[75] and CsOs20g[76], where the m* /my,’s are
uniformly distributed above and below (m*/my). Recall-
ing that we anticipate a large m*/my, in FS10, where no
oscillation was observed despite the large simulated am-
plitude, we might suspect that only m*/my, in FSI0 is
exceptionally large among the FSs [77]. This was com-
pletely unexpected because the FSs of CdsRezO7 consist
of intricately hybridized and spin-split bands; thus, there
may be no reason for the mass enhancement to be large
only at a particular F'S [78]. This remains a mystery and
should be revisited in future studies.
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FIG. 12. (Color online) (a) Angular dependence of the Fourier-transformed spectra simulated on the basis of the calculated
electronic states optimized with J = 0.1eV, (b) J =0.3eV, and (¢) J = 0.5eV. U is fixed to 4.5eV. In all calculations, Eq. 1
with f, = Bl/2/1n*7 Tp = 0.1K, and T' = 50 mK were used for the simulations of quantum oscillations, and a field range of
5-17.5T was used for the Fourier transformation. Higher harmonics are neglected. The colors indicate the corresponding F'Ss
for each branch, and a deeper color corresponds to a larger amplitude (A), as shown in the color scales at the bottom. (b) is
the same as in Fig. 4(e).

TABLE IV. Comparison of the Tc, (m*/my), Aep, Aee, Rkw, and Rw values with related compounds.

Compound T. (K) (m*/my) Aep Ace Rrw (1€ cm mol? K? J~2) Rw
Cd2Re207 0.97 3.33 0.380 1.41 ~10 0.34[17, 19]
KOs206[79] 9.6 7.3 1.8 1.3 29 0.14
RbOs206[79] 6.28 4.38 1.33* 0.65% 16 0.36
Cs08206[79] 3.25 3.76 0.78" 1.11° 43 0.48
Th7Cos[80] 1.80 1.33 0.56 —0.15° 3.1 0.3
#-(BEDT-TTF),Cu(NCS)2[81]  10.4 3.9 0.33¢ 2.0 d 0.97°

@ The Aep value is evaluated using the McMillan formula refined by Allen and Dynes[82] with strong-coupling correction[83]. The Ace
value is evaluated as the residual enhancement of ~.

b Probably, Aep is slightly overestimated.
¢ The Aee value is evaluated using the cyclotron resonance spectra, where only the electron—phonon interaction affects electrons.

d The value is 1.8 x 107 uQ cm mol? K2 J—2, which is not appropriate for comparison with the others because dimensionality has a

significant effect [84].
¢ Evaluated from xs and v from Refs. 85 and 86, respectively.
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using the modulation method, (b) electrical conductivity, and (¢) magnetic torque. A field range of 5-17.5 T, Tp = 0.1 K, and
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Appendix E: Comparison of \¢p and Ace

It is instructive to compare the obtained values
with the related compounds; the T,, (m*/my), Aep,
Xee, Rxw, and Rw values are compared in Ta-
ble IV with AOSQO6 (A = I(7 Rb, CS)7 Th7003,
and k-(BEDT-TTF);Cu(NCS);.  The S-pyrochlores,
AQOs30g, show rattling-induced superconductivity[79]
and share a similarity with CdsRe2O7 in terms of the
5d pyrochlore metallic system. The Aee and Rgw val-
ues of CdaResO7 and AOs3Og are comparable. Thus,
the strong electron—electron coupling may have an in-
trinsic origin in the pyrochlore lattice of the 5d system.
In contrast, Aep of CdaReyO7 is smaller than any of the
AOs306. This is because AOs3;0g exhibits enhanced
electron—phonon interaction due to the rattling, whereas
CdyResO7 does not. In AOssOg, the electron—phonon
coupling enhanced by the rattling increases in the order
of A = Cs, Rb, and K, as evidenced in A¢p. Hence, the
small Ry values are understood because of the enhanced
electron—phonon coupling because the Ry decreases in
that order[79]. However, the Ry values of RbOs3Og and
Cs0s20¢ are smaller than unity, although they are rela-
tively close to the weak-coupling superconductors. In ad-
dition, in Th7Cogs, a weak-coupling noncentrosymmetric
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CdsRe207 has been observed[80]. Even in organic super-
conductors, in which electronic structures are relatively
simple, x-(BEDT-TTF);Cu(NCS);, has the Ry close to
unity[85, 86] despite having Aep and Aee comparable to
and greater than those of CdaReO7, respectively[81].
Therefore, from these examples, we can reasonably con-
clude that a small value of Ry does not necessarily indi-
cate a small electron—electron interaction and/or a large
106 electron—phonon interaction; another factor that makes
w07 Ry small is hidden.
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