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Ruthenium-based pyrochlore oxides exemplify a unique material system in which the competition of Mottness
(U), Hundness (Jy), and effective p — d hybridization brings exotic physical characteristics. To understand
and manipulate these interactions, we have investigated the structural, magnetic, and electrical properties of
the pyrochlore ruthenate Y,Ru,0; and its doped variants (Y;_,Ca,),Ru,0;. The results of our magnetic
measurements reveal a systematic suppression of antiferromagnetic (AFM) ordering and increased frustration
with the progressive substitution of Ca at the Y site leading to a nonequilibrium glassy magnetic state at low
temperature above the doping level of 10%. Moreover, the screening of the net effective moment of Ru in the
doped samples, as derived from the experimental results, is attributed to the induced itinerant character of Ru’*.
Such an effect is also reflected in the substantially reduced electrical resistivity, possibly due to enhanced d — p
hybridization. Consistent with the experimental results, density functional theory calculations confirm the bulk
AFM ordering and a drop in the band gap of the doped samples. We further claim the low-temperature magnetic
state of Y,Ru,05 to possess a noncollinear all-out-type spin configuration, which transforms into a randomized

glassy phase upon hole doping.

DOLI: 10.1103/PhysRevB.109.184423

I. INTRODUCTION

Since the last few decades, strongly correlated transition
metal (TM) oxides have been drawing tremendous research
interest as a model platform to realize various exotic quantum
phenomena including high-temperature superconductivity [1],
heavy fermions [2], colossal magnetoresistance [3-5], and
charge density waves [6]. The base material system that
hosts these fascinating properties is referred to as a Mott
insulator (MI) [7]. In a single-band picture, Mls represent
a typical prototype example of correlated systems, in which
the stronger on-site Coulomb interaction (U), being larger
than the electronic bandwidth (W), causes splitting of the
partially filled d band (valence band) into a fully filled lower
Hubbard band (LHB) and an empty upper Hubbard band
(UHB). In the absence of any other competing interactions,
such a splitting of the valence band leads to carrier local-
ization. However, in real materials, the complex interplay of
multiple degrees of freedom involving charge, spin, orbital,
and lattice [8—11] softens these electronic states. As a result,
any external perturbation such as chemical pressure, temper-
ature, strain, or magnetic field triggers an insulator-to-metal
transition (also known as Mott transition). Since cation sub-
stitution effectively tunes either the bandwidth or causes band
filling, metal-insulator transitions (MITs) have been demon-
strated in several correlated oxides such as Y;_,Ca,TiO5 [12]

and R;_,Sr,MnOj; [13]. However, the electronic interactions
and in turn the charge transport characteristics become even
more puzzling for systems with heavier TM ions (4d/5d TM
ions) because the large spatial extent of the corresponding
d orbitals enhances the effective d — d hopping (¢), which
competes with U. There are also additional competing inter-
actions involving the intra-atomic Hund’s coupling (Jy) and
spin-orbit coupling (SOC; A) [14,15]. Furthermore, the inter-
twining of spin-charge-orbital degrees brings about various
unusual noncollinear magnetic structures. The 4d-electron-
based ruthenates offer an appealing platform to comprehend
the connection between MIT and localized magnetism. Based
on the structural motifs and corresponding crystal field envi-
ronments, ruthenates with either Ru*t or Ru’* ions exhibit a
large variation in their conducting behavior and effective mag-
netic moment. While the perovskite ruthenates with Ru** ions
in an octahedral environment are conducting, the pyrochlore
ruthenates (A,Ru,O7, where A is a rare earth ion or Y) with a
similar crystal field are insulating which is primarily attributed
to the ratio U/W (where W is one electron bandwidth) [16]. On
the other hand, the Ru*-based ruthenates with half-filled tag
orbitals possess both localized and itinerant character owing
to the A site and Ru (p — d) hybridization resulting in a bad
metal phase, e.g., CayRu,O7 [17], and temperature-induced
MIT, e.g., Hg;Ru,O; [18]. While the electronic dichotomy
and its related MIT have been explained based on the effective
U/W, t/Jy, and relative (p — d or d — d) hybridization, there
is still a lack of a comprehensive understanding of the local
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pyrocholre (Pr;_,Ca,),Ru,O7. The metallic state is shown
to be accompanied with a noncollinear ferromagnetic (FM)
state. Furthermore, the observation of a large topological Hall
effect implies the emergence of a scalar spin chirality which
has been proposed to arise due to the interaction of the Ising
Pr 4f moments with that of Ru 4d spins. However, the FM
metallic state with spin chirality was only detected at lower Pr
concentrations (x < 0.5). Since it is trivial to anticipate that
the 4f — 4d coupling will be stronger in the case of Pr-rich
samples, the proposed mechanism based on these findings
appears to be ambiguous.

The most perplexing fact in the metallic, bad metal phases
of the pyrochlore is the net/effective magnetic moment (fefr)
associated with the Ru ions, which is found to be screened.
For example, the experimentally observed p.g in the para-
magnetic state of Ca;Ru,07 is only 0.36 pg/Ru which is
one order less than that expected for the 4d> configuration
of the Ru ions [17]. However, such an aspect in the parent
and doped samples has largely been ignored. Tuning to the
insulating counterpart without 4 f moments, Y,Ru,07 (YRO)
shows a highly frustrated antiferromagnetic (AFM) ground
state with an apparent gap in the spin-excitation spectrum as
substantiated by the inelastic neutron diffraction experiments
[20]. However, the exact Ru spin configuration in YRO and
the estimation of this gap in an insulating state have not yet
been explored.

Therefore, in this paper, we consider it worthwhile to
investigate the prototypical system (Y;_,Ca,),Ru,07 and ex-
amine the interplay of U + Jy, ¢, and d — p hybridization
in it to understand the enhanced conducting behavior with
suppressed net magnetic moment of Ru. Very few studies
on (Y;_,Ca,),Ru,07 exist, and most of them have reported
on the overall increase in the conductivity and a reduction
of Ty. However, a detailed analysis and the correlation be-
tween the electronic-transport properties and magnetism is
still lacking. Our experimental and density functional theory
(DFT) calculations results together point out that the increase
in itinerant character of the d electrons induces randomness in
magnetism as reflected by the increased frustration parameter
and conductivity along reduced 7y. Moreover, the electronic
and magnetic structure analysis carried out from DFT revealed
the magnetic structure of Y,Ru,07 to be a noncollinear type
with an all-out spin configuration giving rise to an AFM
order, which gets randomized to a glassy magnetic state by
Ca doping.

II. EXPERIMENTAL METHODS

Polycrystalline samples of (Y;_,Ca,),Ruy0; (0 < x <
0.6) were synthesized by the standard solid-state reaction
method. Highly pure metal oxides (Y,Os, and RuO;) and
carbonates (CaCO3) were mixed in stoichiometric ratios, and
the mixtures were homogenized by planetary ball milling for 1
h at 300 rpm. These mixed powders were transferred into alu-
mina crucibles and subsequently calcined at 800 °C for 12 h
in air. The precursor powders were again ground, pressed into
pellets, and sintered at 1150 °C for 48 h in air. The grinding
and sintering cycle was repeated several times until we ob-
tained single-phase samples. The phase purity and structural
characterization of the synthesized specimens were performed
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FIG. 1. Room-temperature x-ray diffraction (XRD) pattern along
with Rietveld analysis for (Y,_,Ca,),Ru,0;7 series.

by collecting powder x-ray diffraction (XRD) spectra using
a Bruker D8 Advance diffractometer (40 kV, 40 mA) with
Ni-filtered Cu Ko radiation with wavelength A = 1.54184 A
at room temperature. The stoichiometry of the samples was
determined using an energy dispersive x-ray spectrometer
with the help of a field emission scanning electron micro-
scope (FE-SEM; Merlin Compact with GEMINI-I column,
Zeiss Pvt. Ltd, Germany). Magnetization measurements were
performed in a vibrating sample magnetometer attached to
the Quantum Design Physical Property Measurement System.
The conventional four-probe technique was used to measure
the electrical transport properties.

III. RESULTS AND DISCUSSIONS
A. Structural characterization

Figure 1 shows the room-temperature powder XRD pat-
terns for the (Y;_,Ca,),RuyO7; (YCRO) series of samples
with x = 0 — 0.6. The diffraction peaks in the XRD spectra of
the parent compound, which crystalizes in a face-centered cu-
bic unit cell with Fd3m space group symmetry, are consistent
with the studies reported earlier [21]. With the substitution
of Ca™? for Y*3, there is no significant modification in the
crystal structure. However, an expanded view of the XRD
pattern around the main diffraction peak at 30.6° [corre-
sponding to the crystal plane (222)] illustrates a gradual shift
toward a lower angle (20), indicating an expansion of the
unit cell with doping. The lattice parameters and other struc-
tural features of the doped samples were obtained by the
Rietveld refined program using the FULLPROF software pack-
age. Analysis of XRD spectra indicates that all the samples
with x < 0.3 are phase pure (without any trace of impuri-
ties) and retain the pyrochlore structure. A further increase
in the Ca doping concentration resulted in the appearance of
a few minor diffraction lines presumably from the unreacted
Y,03 phase. It is worthwhile to mention that the fully Ca-
substituted member Ca;Ru,0; has been synthesized under
high-pressure conditions [17]. Similarly, the Ca-rich members
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FIG. 2. (a) Lattice parameter a, (b) positional parameter x of
Ol atom, (c) Ru-O bond length, and (d) Ru-O-Ru bond angle as a
function of Ca substitution for (Y;_,Ca,),Ru,0; series.

of the series (Pr;_,Ca,),Ru,O; were stabilized only under
the high-pressure synthesis method. Further, since Y,03 is
nonmagnetic, the magnetic properties of the Ca-rich sam-
ples (x = 0.5 and 0.6) will not be affected. All the Rietveld
fits of XRD profiles are shown in Table SI in the Supple-
mental Material [22]. The results of x = 0.4 are shown in
Appendix A in the Supplemental Material [22]. It may be
observed that there is an enhancement of the lattice constant
parameter with the increase in the Ca?* doping concentration
as depicted in Fig. 2(a). The lattice parameter is expected
to increase owing to the replacement of a smaller Y>* ion
(104 pm) by a larger Ca>* (114 pm) ion. However, a nearly
saturated behavior of the lattice parameters was observed
for x > 0.3, possibly indicating the substitution limitation
of YRO in ambient conditions. It should be noted that the
variation of the lattice parameter does not follow Vegard’s
law, which is often maintained when the bonding character
is comparable. The variation in Vegard’s law in this series
is attributed to the distinct bonding character between Y-O
and Ca-O. The bonding character between Y and O is co-
valent, whereas Ca-O is mostly acquired ionic bonding. The
partial substitution of Ca in place of Y induces the steric
effect and leads to a contraction in bond length. A simi-
lar observation of nonlinear lattice expansion has also been
reported in Ca-doped Cd;Ru,07 [23]. The FE-SEM micro-
graphs (shown in Fig. S1 in the Supplemental Material [22])
of all the synthesized samples show well-distributed granular
submicron-sized particles. Additionally, the energy dispersive
x-ray spectroscopy mapping of the YCRO elements clearly
indicates the presence of all these elements in the desired
stoichiometry.

A schematic view of the cubic pyrochlore structure of YRO
is shown in Fig. 3. Each unit cell of this structure has 8 f.u.,

FIG. 3. (a) Unit cell of Y,Ru,05, (b) arrangement of Y tetrahe-
dral and coordinations with O1 and O2 anions, and (c) arrangement
of Ru tetrahedral and coordinations with O1 anions.

which is often represented as Y,Ru,(01)g(02). In this struc-
ture, the Y>* and Ru** ions occupy the 164 (%, %, %) and 16¢
(0, 0, 0) sites respectively. For the oxygen anions, O1 occupies
the 481 (p, § 3) site, while O2 occupies the 8b (3, 3, 3) site.
Among these four nonequivalent atomic positions, p is the
only adjustable parameter, and the coordination polyhedra of
the cations change according to the value of this p parameter.
Therefore, the Ol p parameter is critical in determining the
coordination environment of Y/Ru site ions. When p takes
the value 0.315, a perfect octahedron is expected about the
16¢ (Ru) site, while a perfect cube is expected about the 164
(Y) site for p = 0.375. Otherwise, an axially compressed or
extended scalenohedron is formed about the Y/Ru site when
x < 0.375 and x > 0.375, respectively. From the analysis of
our XRD data, we obtained a p value of 0.335, suggesting
compressed and distorted octahedra about the Ru site (RuOg).

The distinct crystallographic features of this pyrochlore
structure include the interplay of two interpenetrating but
independent networks of Ru-centered (B,O1¢) octahedra and
A,02 zigzag chains. The O2 anions are tetrahedrally coor-
dinated with Y31 ions, forming the O2Y4 moiety, while the
Ol anions are also tetrahedrally coordinated but with both
Y3+ and Ru** ions forming the O1Y,Ru, moiety. Interest-
ingly, the structural organization of both 16¢ (Ru**) and
16d (Y3*) sites constitutes a three-dimensional (3D) array
of corner-sharing tetrahedra. The tetrahedral coordination of
the magnetic Ru** ions develops into a highly frustrated ge-
ometric lattice. Moreover, due to the presence of Y>* ions at
the interstitial positions of B,O1¢ octahedra, it is essentially
distorted reducing the Ru**-O1-Ru** bond angle much lower
than 180 (~ 130°). It is also expected that the lattice geome-
tries would further be modified by doping at the A site. Since
the magnetic exchange interaction and the conducting proper-
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ties of the pyrochlores are influenced by the Ru**-O1-Ru**
bond/angle and Ru** coordination environment, we analyzed
the doping-dependent modification of the positional param-
eter of O1 (value of the x parameter) and Ru*"-O1-Ru**
bond length/angle, shown in Figs. 2(b)-2(d). One may notice
a systematic increase of the x parameter and bond length and
a decrease of the bond angle with the doping concentration
x. However, beyond the doping level of x = 0.3, these pa-
rameters essentially saturate possibly due to the substitution
limitations. It is interesting to note that the decrease in bond
angle, i.e., being further <130°, suggests a possible weaken-
ing of the strength of the Ru-Ru AFM interaction. The A-O1
and Ru-O1 bond length depends on both positional parameters
and lattice constants, while the shorter A-O2 depends only
on the lattice constant. An increased value of x implies the
distortion of the RuOg octahedra to be higher than that of the
parent sample, which may further enhance the crystal field and
the frustration.

B. Magnetic properties

The temperature dependence of the magnetic susceptibil-
ities x (= M/H), measured in an applied field of 5000 Oe
under zero-field-cooled (ZFC) and field-cooled (FC) protocols
of all the specimens, are shown in Fig. 4. For the parent YRO
compound, one may notice an apparent divergence of ZFC
and FC susceptibilities <80 K (Ti;) [as shown in the inset
of Fig. 4(a)]. At this temperature, a cusp is observed in the
xzrc curve, while ypc exhibits sudden enhancement, imply-
ing the onset of magnetic ordering. This result is consistent
with the neutron diffraction and SR studies and agrees well
with the previous reports [24]. We also note that Ti;, and Ty
coincide for the pristine sample. Extending our study to the
Ca-doped samples, we observed that the divergence of xzpc
and xpc curves and the cusp in yzpc appear at two sepa-
rate temperatures. While 7j;, decreases marginally for low Ca
doping concentration and then sharply for higher Ca doping
concentration, the cusp temperature (7y) falls gradually and
essentially linearly with x [see Figs. 5(a) and 5(b)]. For some
of the intermediate compositions (e.g., x = 0.3), xzrc exhibits
two cusp features as if there is a competition/coexistence of
two magnetically distinct phases. Due to the substitution of Ca
at the Y site, which is a bit of a random substitution (instead
of statistical distribution), a fraction of Ru ions may get dis-
connected from the original all-out arrangements. These Ru
moments, which do not take part in the all-out AFM ordering
like the parent compound, get frozen at a lower temperature,
resulting in a spin-glass phase. With a further increase in
doping concentration (e.g., for x = 0.6), the ZFC and FC
susceptibility behavior was found to resemble that of a spin
glass. The ZFC curve displays a sharp fall at low temperatures
trailing a peak of ~14 K, whereas the FC curve shows a
monotonous increase without any signature of saturation as
if the spin states and the associated magnetic frustration get
disrupted by the Ca doping.

To understand the doping-induced modification of the Ru
spin states, we analyzed the high-temperature paramagnetic
susceptibility of all the samples. The x ' (7) shows linear
behavior (see Fig. S2 in the Supplemental Material [22]) in
the high-temperature range (7 > 150 K), and therefore, the
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FIG. 4. (a)—(f) Magnetic susceptibility as a function of tempera-
ture in both zero-field-cooled (ZFC) and field-cooled (FC) conditions
with an externally applied field of 5 kOe for (Y,_,Ca,),Ru,0; series
(x =0.05, 0.1, 0.2, 0.3, 0.5, and 0.6). The inset of (a) represents
the ZFC and FC data of the parent sample (x = 0.0). The dashed
line acts as the reference (a guide to the eye) against which one
can observe the variation of the irreversible temperature in doped
samples relative to that of the pristine.

data were fitted with the Curie-Weiss (CW) law:

C

_ 1
T—QCW ()

X =
where C and Ocw are the Curie constant and CW temperature,
respectively. The values of Ocw and peg (deduced from the
Curie constant) for the parent sample agree with the previ-
ously reported results [25]. Like the parent compound, Ocw
is found to be negative for all the doped samples, suggesting
the dominance of AFM correlation. However, the magnitude
of Ocw gradually decreases with the doping concentration x
as may be seen in Fig. 5(b), which suggests a weakening
of the AFM coupling. We further tried to estimate the frus-
tration parameter [ f = 6cw/Ty] as a function of doping.
As depicted in Fig. 5(c), the frustration parameter increases
with x, implying that the primary magnetic structure of the
pristine might have been disrupted by this doping and leads
toward a more frustrating system. In Fig. 5(d), we have
shown the variation of the calculated effective paramagnetic
moment e [26] for all the doped samples. The obtained
value of pe(=3.2 ug/Ru) for the parent YRO compound is
marginally higher than the theoretically expected spin-only
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(f = 16cw|/Ty), and (d) effective magnetic moment (fer) Of
(Y-xCa,),Ru,07 as a function of Ca doping concentration (x).

value of (g4/S(S + 1) up) = 2.82 uz/Ru. However, the results
obtained through neutron and ;SR studies yield 1.36 ©g/Ru in
the long-range ordered state. This reduction of the Ruthenium
moment in the ordered state has been described in detail by
Kmie¢ et al. [24], considering all the aspects including axial
crystal-field splitting and SOC, which was finally attributed
to the additional splitting of energy levels due to SOC. This
value also suggests that Ru** (4d*) is in a low-spin state,
where all the d electrons occupy the 4d — t,, orbital; Ru*+
(@d* 15,1 1,1 ey te)|) with S = 1. As evident from
Fig. 5(d), perr decreases monotonously with increasing Ca
concentration in the YRO lattice. The previous x-ray photo-
electron spectroscopy studies on divalent (Ca>*, Zn?*, Ba**)
ion-doped YRO samples have claimed the presence of mixed-
valence states of Ru (Rut* and Rut?) [27-29]. Therefore, it
is trivial to assume that our Ca-doped samples contain mixed
valence states of Ru. However, it could be expected that, due
to the presence of Ru™> (considering the localized state) in
the system, the moment should increase as it is present in the
S = % state (4d°; t23g 0 tgg s eg 0 eg J). At this juncture, it
is worthwhile to recall that the experimentally observed ptes
value of Ca;Ru,07 [17], in which all the Ru ions are in the 5+
state, 1S ~ % times smaller than that expected for a free Rut.
One of the possible causes of the reduced moment could be
due to the additional splitting of 7, levels owing to the impact
of strong L-S coupling. Nonetheless, the reported theoretical
band structure calculations have ruled out such a possibility.
Alternatively, itinerancy of the d orbitals or its hybridization
with the Ca/O p orbital states may be affecting the overall

T 17 T 1T 7 L L L
£ [ 1T 181 (¥ ¢a RUO |
- i / 1-x ~“%x/2" Y27
oo~ | Y ¢« T=5K -
| 20.02|e0** - 4
=
—_ 003_ 0'00-| 4 | T —
i L 00 02 04 0.6 -
“m Ca (x)
= 0.00
2 T ! T ;_I
-0.031 c00| &1 n
B —  005| =°} .
jast /**/*—*
-0.06- ol e
030 00 02 04 06
B ' Ca (x) ]
I M N Gl IR IR
-60 -40 -20 0 20 40 60
H (kOe)

FIG. 6. Magnetic isotherms measured at the temperature 5 K.
The upper inset shows the saturation magnetization (Ms) and re-
manent magnetization (Mg ). The lower inset represents the coercive
field (Hc) as a function of Ca doping concentration (x).

effective moment. Such a deviation in the effective moment
has also been reported for another itinerant character-based
ruthenium pyrochlore Hg,Ru, 07, which shows strong p — d
hybridization [30,31].

To get more insight into the magnetic characteristics of the
doped samples, we measured magnetization as a function of
magnetic field (H) for all the samples at selected temperatures.
Figure 6 presents the M (H) behavior of the doped samples at
5 K with respect to that of the pristine. As seen in the figure,
there is a systematic increase in the net magnetization with
the doping level. Additionally, a noticeable hysteresis loop is
observed for the sample with x = 0.5. Though M-H curves
of the doped compounds do not show saturations up to 5 T
magnetic field, there is an inducement of a FM/ferrimagnetic
component possibly due to a spin canting caused by the Ca
doping in the YRO Iattice. In the inset of Fig. 6, we have
shown the variation of the maximum M value (Mg) for an
applied field of 5 T and the remanent magnetization (M) as
a function of the doping concentration. The increasing trends
of both My and M5 indicate the enhancement of magnetocrys-
talline anisotropy along with a small FM correlation.

To understand the nature of the magnetic state in further
detail, we have analyzed magnetization data from the Arrott
plots (M? vs H/M; see Fig. S3 in the Supplemental Material
[22]). The detailed significance of the Arrott plot is discussed
elsewhere [24,32]. One may notice from these plots that the
intercept of a straight-line fitting to the M? values turns out to
be negative for all the compounds, indicating that none of the
low-temperature magnetic states in Y,Ru,O; are FM in na-
ture. Additionally, it signifies that adding Ca in Y,Ru,0O7 does
not promote FM in this material. The previous neutron and
1SR measurements on the parent compound specify complex
AFM ordering with strong magnetic frustration [24]. As illus-
trated, this ordering gets disrupted with Ca doping. Moreover,
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FIG. 7. The normalized isothermal remanent magnetization as a
function of time at 5 K for (Y,_,Ca,),Ru,07 with x = 0.2, 0.3, and
0.5. The solid line through the data points represents the fit with the
stretched exponential model as described in the text.

we have also shown an increase in the frustration parameter
with an enhancement of the coercivity. This suggests a possi-
bility of the development of a glassy magnetic phase.

To understand the nonequilibrium characteristics related
to the presence of the glassy magnetic state in the doped
specimens, we have recorded the time evolution of magnetic
moments for Ca-substituted samples via isothermal remanent
magnetization (Mry) measurements. Since the glassy mag-
netic systems have various metamagnetic states, the moment
in this case evolves with time even while the magnetic field
and temperature remain constant. We measured the relaxation
of the moment following a protocol where the sample is
cooled from room temperature to the desired temperature in
zero field. After stabilizing the temperature, a magnetic field
of 5000 Oe is applied for 600 s. Subsequently, the Mgy data
were measured as a function of time (¢) in zero field, which are
presented in Fig. 7. At low temperature (say, 5 K), the normal-
ized Mrym of the compounds with x = 0.20, 0.30, and 0.50
exhibit slow time decay, as expected for spin-glass systems
[33]. It is worthwhile to mention that the Mgy data for com-
pounds with x = 0.00, 0.10 quickly set to a negligible value
and did not exhibit slow decay of moment with time (please
see Fig. S4 in the Supplemental Material [22]). This signifies
that the glassy magnetic character has been developed in the
doped specimens above a certain level of Ca doping.

To understand the mechanism that drives the system back
to the equilibrium state, we tried to fit the relaxation behavior
to the functional forms describing different spin dynamics
[34-41]. The parent compound is observed to exhibit long-
range AFM ordering. However, the glassy state in the doped
sample would arise due to the coexistence and competition
of AFM and FM interactions. The glassy behavior is initially
fitted with power law function as given in Eq. (2). Monte
Carlo simulations of 3D Ising spin glass has validated the

applicability of this model to spin-glass systems as well [42]:
M(t) = Mor™", ()

where M, and y are the fitting parameters. The exponent y
is the function of temperature and applied field. However,
our observed data deviate largely from this model, as demon-
strated in Fig. S5 in the Supplemental Material [22]. The
second type of functional form used for modeling the relax-
ation curve is the logarithmic dependence on time [38—41],
which describes systems having energy barriers uniformly
distributed from zero to a certain maximum value, as shown
in the following:

M(t) = My — Cln(t). A3)

Here, M, is the initial magnetization at time zero, and C
represents the magnetic viscosity which is a constant for a
specific temperature, field, and material. The Néel theory
of superparamagnetism has been used to interpret this log-
arithmic dependence of remanent magnetization. Numerous
spin-glass systems have shown agreement with this model.
As depicted in Fig. S5 in the Supplemental Material [22], this
model also fails to explain the time decay of magnetization for
the doped YRO system, which may be due to the presence of a
distribution of relaxation times. In this scenario, the stretched
exponential decay function [43—48] is the most frequently
used function for simulating the remnant magnetization data,
which is expressed as follows:

M(t) = Moexp(—t/t)", “

where n and M are the fitting parameters linked to the glassy
component of magnetization. Here, M is the initial magne-
tization at time zero, whereas t represents the characteristic
relaxation time. The energy barriers involved in the relaxing
process affect the value of n. While n = 1 reveals that the
system relaxes with a single time constant, n = 0 implies
the absence of any relaxation. For spin glasses, n takes a
value between 0 and 1. Our observed data show very good
agreement with the stretched exponential function over the
whole time scale, as depicted in Fig. 7. For comparison, we
have also presented the power law and logarithmic functions
(please see Fig. S5 in the Supplemental Material [22]), which
do not mimic the initial part of the relaxation behavior. The
parameters My and 7 obtained from the best are summa-
rized in Table SII in the Supplemental Material [22]. It is
apparent from the fitting data that Ca doping tries to shorten
the relaxing time, which reduces from t ~ 2.46 x 108 (for
x=02)totr ~ 1.65 x 107 (for x = 0.5). On the other hand,
the stretching exponential (n) increases as we increase the
Ca concentration in the lattice. The obtained relaxation time
T and n (~ 0.17817) for (Y;_xCa,),Ru,O; (x = 0.5) are in
good agreement with the corresponding values for classical
spin-glass systems such as Ag : Mn [49]. However, in compar-
ison with molybdenum-based pyrochlore systems (R,Mo0,07:
R =Y, Sm, Ho), the experimental relaxation rate (r ~ 10° —
10° s) carries two orders of magnitude lower [50]. When com-
paring with the Cr- and Ru-doped Y,Ir,0; (z ~ 10% — 10%),
it falls within the range of our experimental findings [51,52].
For such a reduction in t and simultaneously enhanced value
of n through the series, though indicative of higher frustration
and relaxation behavior, the small n value (< %) suggests the
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FIG. 8. Temperature  dependence  of
(Y1-xCa,),Ru,07 in semilog plot.

resistivity  for

presence of a disruptive or clustered AFM state along with the
glassy phaselike phase separation.

C. Electrical resistivity

To investigate the effect of Ca substitution on the charge
transport characteristics of YRO, electrical resistivity (p)
measurements were carried out as a function of tempera-
ture, which is demonstrated in Fig. 8. The parent sample is
known to exhibit insulating behavior in the entire temperature
range <300 K [29]. As shown in the plot in Fig. 8, the low-
temperature resistivity at ~100 K increases by three orders
of magnitude in comparison with that at room temperature.
With Ca doping, a systematic decrease of resistivity was ob-
served at all temperature ranges. Moreover, this resulted in
a weak temperature dependence of p(T) for samples with
higher Ca doping up to x = 0.5. On the other hand, a further
enhancement of the doping (x = 0.6) causes a higher value of
p(T) (see Fig. S6 in the Supplemental Material [22]), presum-
ably due to the enhancement of impurity-induced scatterers,
as this sample was detected with the presence of unreacted
Y,03 as a secondary phase. Therefore, the rest of our dis-
cussion on transport properties is limited to the doping level
up tox = 0.5.

The significant enhancement of the conductivity with Ca
doping can be understood on the framework of hole dop-
ing. An established mechanism involved with Ca doping in
YRO is to convert a part of Ru** ions into Ru’* yielding
a mixed valent state of Ru. Previous reports on the x-ray
photoelectron spectroscopy studies of (Y;_,Ca,),Ru,07 have
also confirmed the presence of Ru’t ions [53]. Ru*t has a
well-defined spin state (S = 1) with all localized electrons,
while there is not enough clarity on the electronic config-
uration of Ru’* and its effective J value. Though the SOC
strength of Ru* ions is neglected in most of the calculations,
the estimated spin state of Ru’* (§ = %) never agrees with
the effective moment value obtained from the CW behavior.

Furthermore, if we consider the localized S = % state of

10
R=

In p

1/91'4 1/40' 2 1/4041/4
T (K) T (K)

FIG. 9. (a) Resistivity data of x = 0.0 and 0.5 samples as a
function of inverse temperature. The solid red line in the undoped
sample is fitted by an Arrhenius-type law. (b)—(f) The logarithm
of p(t) with T~/* for x = 0.05, 0.10, 0.20, 0.30, and 0.50. The
solid red line is the least square fit to the three-dimensional Mott
variable-range-hopping model.

Ru’*, the metal-like conductivity and the magnetic state of
CayRu,07 cannot be explained.

To understand the charge transport mechanism in the doped
samples, we have fitted the models proposed for MIs such as
Arrhenius behavior (thermally activated model), and Mott’s
variable range model as shown below [Egs. (5) and (6), re-
spectively]:

E,
p(T)= poexp<k T) o)

where E, represents the activation energy, and kg is the Boltz-
mann constant, and

o(T) = po exp(To/T)"*, (6)

where T is the characteristic temperature, related to the den-
sity of localized states at the Fermi level N(Ey) and the
localization length of the carriers & (= a~ "), as follows:

A’

Tp= —o
"7 kN(E)

@)

where A is a dimensionless constant (~18) related to the
hopping probability, and « is the spatial extension of the wave
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TABLE I. Variation of Mott’s characteristic temperature 7y, Mott’s hopping range R, and energy parameter for temperature range 50-250 K.

Sample R (m) W (meV)
(Y,_,Ca,),Ru,0; Ty (K) 300 K 50K 300 K 50K
0.05 2.31 x 107 6.32 x 107 9.90 x 10™° 107.0 28.1
0.10 9.21 x 10° 2.83 x 107 4.43 x 107° 48.0 12.5
0.20 6.32 x 10° 2.57 x 107 4.03 x 107° 43.8 11.43
0.30 2.68 x 10* 1.17 x 107° 1.83 x 107~ 19.87 5.18
0.50 1.71 x 10* 1.04 x 107° 1.63 x 107° 17.7 4.61

function e(~*® associated with the localized states. Here, Tj
also represents the degree of disorder.

As depicted in Fig. 9(a), the p(T) data of the pristine can
be nicely fitted by the Arrhenius-type behavior. A linear fit
of In p with 1000/T yields activation energy related to the
hopping conduction of the localized carriers as E, ~ 0.1 eV.
This is consistent with the Mott-Hubbard insulating behavior
reported previously for Y,Ru,O7 [54]. In the same graph, we
also show the p(7) behavior of the compound with x = 0.05,
which is apparently nonlinear in the entire temperature range,
suggesting that the conduction behavior is not Arrhenius type
for the doped samples. Nonetheless, a good agreement of the
p(T) data with the Mott’s variable-range hopping (VRH) type
conduction behavior was obtained for all the doped samples,
as evident in Figs. 9(b)-9(f). According to Mott’s formalism,
we have considered the localization length & as equal to the
lattice parameter. Based on this model, the hopping distance
R;, and hopping energy W), can be derived using the following
expression [55-57];

3 [T\ 1
Ry = g <?"> and W), = ZKBT3/4T01/4. ®)

The resistivity data fit well with Mott’s 3D-VRH model,
suggesting that the transport is governed by the disorder-
induced localization of charge carriers. The fitted 7y value
is listed in Table I. We have estimated the values of R;, and
W, at 300 and 50 K by using Mott characteristic tempera-
ture. The results are also summarized in Table I. A careful
analysis of the data in Table I indicates that the value of
Ty decreases with increasing the Ca concentration. As Tj is
inversely proportional to the localization length (§) and the
density of states (DOS) [ N(Ey)], there is an apparent increase
in these parameters leading to higher conductivity. Moreover,

all-in-all-out

(a) all-out (b)

it may also be noticed that R, increases, while the value of
W, decreases with decreasing temperature. Therefore, one can
infer that the electrons experience less scattering at higher
temperatures, leading to reduced resistivity, whereas disorder-
induced scattering is more at low temperatures, leading to
higher resistivity. Furthermore, by enhancing the substitution
limit of Ca ions at Y sites, the hopping distance and hopping
energy decrease at 300 as well as 50 K. These variations of
R;, and W, signify the system to approach MIT in this series.
Furthermore, we find the ratio of % derived from the fitting
parameters as >1 in the whole temperature region satisfying
the criterion for Mott’s VRH.

IV. ELECTRONIC AND MAGNETIC STRUCTURE
FROM DFT CALCULATIONS

DFT is the most realistic theory available to examine the
electronic and magnetic structure of solids and to substantiate
and complement the experimental observations. Therefore, we
have carried out DFT calculations to study the electronic and
magnetic structure of (Y;_,Ca,),Ru,0O;. Here, we have only
considered the cases of x = 0 and 0.50, as these represent the
two end members of the experimental study. To identify the
magnetic ground state, the calculations were carried out on
four symmetry-allowed noncollinear magnetic configurations,
namely, all-out, all-in-all-out, 3-in-1-out, and 2-in-2-out (see
Fig. 10). For the bulk YRO, we have considered experimen-
tally obtained crystal structure, whereas for the doped case,
the atomic positions and cell volume were relaxed while keep-
ing the cubic symmetry intact.

The DFT calculations were performed using the projector
augmented-wave (PAW) [58] method as implemented in VASP
[59]. The generalized gradient approximation was chosen for
the exchange-correlation function. The effect of strong corre-

(c) 3-in-1-out (d) 2-in-2-out

FIG. 10. The depiction of four considered symmetry-allowed magnetic arrangements, namely, all-out, all-in-all-out, 3-in-1-out, and 2-in-
2-out, respectively. These antiferromagnetic spin arrangements are designed in such a way that the spins on the Ru atoms either point inward

or outward to the Ru tetrahedra.
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TABLE II. The relative energy differences E,. in meV/f.u. for the most stable magnetic configuration (all-out), corresponding bulk band

gap, and local spin magnetic moment at Ru sites as a function of Ueg.

Uegr (V) All-out All-in-all-out 3-in-1-out 2-in-2-out Band gap (eV) Spin moment (14 3)
2 0 11 11 41.25 0.17 1.48
3 0 12.41 26.50 35.46 0.91 1.58
4 0 13.34 29.50 31.06 1.42 1.66

lation was incorporated via the effective interaction parameter
Uer = U — J through the rotationally invariant Dudarev’s ap-
proach [60]. The Brillouin zone integration was carried out
using 8 x 8 x 8 and 10 x 10 x 10 k meshes to achieve self-
consistency and to obtain the DOSs, respectively. The kinetic
energy cutoff for the plane-wave basis set was chosen to be
400 eV. The PAW basis functions include 2s and 2p orbitals
for O; 4s, 4p, 5s, and 4d orbitals for Y; 4s orbital for Ca; and
4d and 5s orbitals for Ru.

Though the pyrochlore iridates are extensively studied
experimentally and theoretically, to date, the theoretical anal-
ysis on pyrochlore ruthenates is missing in the literature.
Therefore, it is prudent to first analyze the electronic and
magnetic structure of the parent YRO. To do so, we have
designed various magnetic configurations, which are shown
in Fig. 10. In these configurations various noncollinear AFM
arrangements have been considered, such as all-out (all spins
pointing outward to the tetrahedra formed by Ru atoms), all-
in-all-out (all spins pointing inward in one tetrahedron and
outward in adjacent tetrahedra), 2-in-2-out (two spins point-
ing inward/outward to the tetrahedra), and 3-in-1-out (three
spins pointing inward and one outward to the tetrahedra).
Table II lists the relative energy differences, band gap, and
local spin moment at the Ru site as a function of on-site
correlation strength Ueg. As inferred from Table II, the all-out
magnetic configuration forms the ground state of YRO and is
robust against Ug. The all-out magnetic ground state obtained
from the DFT + U + SOC calculations agrees with the re-
cent neutron diffraction measurements [24]. The experimental
band gap of 1.5 eV for the pristine compound [28,61,62] is
realized for Uy = 4 eV. The origin of the band gap forma-
tion can be explained by examining the atom-resolved DOS
as a function of U for the ground state all-out magnetic
configuration, which is shown in Figs. 11(a)-11(c). Due to
the RuOg octahedral crystal field, the fivefold degenerate d
states split into a threefold degenerate and low-energy-lying
f, and twofold degenerate and higher-energy-lying e, states.
As evident from the DOS, while the e, states are unoccupied
and lie far above the Fermi level in the conduction band (in
the range of 3-5 eV with regard to Er), the 1, states split into
LHB and UHB with a gap in between. The local magnetic
moment at the Ru site is calculated to be 1.66 ug, which is
close to the S = 1 state, which agrees with our experimental
observation. This further implies the electronic configuration
for each Ru to be 4d*; 13, 1 15, | €). Moreover, the Y d
states are unoccupied due to the 34 charge state; they have
a4d° 5s° valence configuration. With increasing Us, the sep-
aration between LHB and UHB increases, and hence, the gap
increases.

Having understood the ground-state electronic and mag-
netic structure of the parent YRO, now we analyze the effect

of Ca doping on the electronic and magnetic properties.
For this purpose, we have chosen the 50% doping case and
designed five different doping configurations (see Fig. 12).
These configurations were designed by altering the Ca-Ca and
Y-Y bond lengths in this layered structure. Upon structure
relaxation, we found the minimum energy configuration [see
Fig. 12(a)] to be one wherein the chain configuration in all
the layers is of the form Ca-Ca-Y-Y, i.e., the doped Ca atoms
are close to each other. Taking this minimal energy-doped
configuration, we examine the energetics of different mag-
netic structures, and the obtained relative energy differences
are listed in Table II for Uy = 4 eV. As inferred through
Table III, the 3-in-1-out and 2-in-1-out states remain highly

c
]

N
D
<

DOS (states/(eVf.u.))

6 T
VW : ‘ Doped U=4eV
3 Ru1 :
@ & ReA
0_ - . -

Energy (eV) Energy (eV)

FIG. 11. (a)—(c) The atom and orbital resolved density of states
(DOS) of the most stable all-out magnetic configuration as a function
of Uesr. The band gap increases from 0.17 eV at Uge = 2 eV to 1.44
eV at Ugr = 4 eV due to the increasing split in the lower Hubbard
band (LHB) and upper Hubbard band (UHB) with increasing on-site
correlation strength.
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FIG. 12. The various doping arrangements considered for (Y;_,Ca,),Ru,07, x = 0.5, and their relative energy differences concerning the
most stable doping arrangement. In this minimal energy-doped configuration, the Ca atoms are close to each other due to Ca-Ca-Y-Y chain

formation. The Ru and O atoms are not shown to bring more clarity.

unstable, as in the case of bulk; however, the all-out and all-
in-all-out states are energetically very close to each other. The
competition between these two states is suggestive of spin-
glass behavior, as the energy difference (~ 5K) is comparable.
This is in fact smaller than the energy scale of the spin-glass
transition temperature ~ 14K as observed experimentally. A
similar observation and inference have been made by Shi-
naoka et al. [63] while pursuing the spin-glass behavior of
pyrochlore Y,Mo0,07 [63]. This spin-glass behavior is con-
sistent with the experimentally observed spin-glass transition
with Ca doping. For the all-out state, the DOS is shown in
Fig. 11(d). The band gap reduces to 0.43 eV (~ 69% reduction
from bulk band gap). The reduction in band gap with Ca
doping is indicative of decreasing resistivity in this system
which is also observed from the resistivity measurements for
the doped sample. The doping of Ca makes the Ru atoms
geometrically inequivalent, leading to two inequivalent Ru
atoms per formula unit, which we define as Rul and Ru2.
While the former is tentatively in 44 charge state with d*
electronic configuration (as in the pristine system), the latter is
tentatively in 54 charge state with d> electronic configuration.
A crystal structure identifying Rul and Ru?2 is provided in the
Fig. S7 in the Supplemental Material [22]. The formation of
these mixed valence states with doping can be understood by
analyzing the DOS. The Ca doping further splits the occupied
1, DOS. A part of the #,, subband is now unoccupied. This
unoccupied subband lies below the bulk LHB to reduce the
band gap, which implies the distribution of d* and d* states.
The corresponding magnetic moments for these two states are
Rul =1.63 pz and Ru2 = 2.10 g, respectively. If we compare
the DOS of the pristine [Fig. 11(c)] and doped [Fig. 11(d)]
systems, we observe that, in the case of the latter, there is
an increase in the width of Ru d dominated bands and an

TABLE 1II. The relative energy differences E.; in meV/f.u.
for the most stable magnetic configuration (all-out) for
(Yl_xCaX)zRuZO% x=0.5.

Configurations E (meV/fu.)
All-out 0
All-in-all-out 0.38
3-in-1-out 31.70
2-in-2-out 24

increase in the overlap of O p DOS with that of the Ru d DOS.
Taken together, these features imply the reduction in the lo-
calization of the Ru d states through p — d hybridization, and
consequently, the doped system exhibits the experimentally
observed enhanced conductivity.

V. SUMMARY AND CONCLUSION

Summing up the experimental findings of this paper, we
observe Ca doping in YRO leads to (1) a gradual decrease in
the Ru-O1-Ru bond angle, (2) an increase in the frustration
parameter, (3) reduction of the Néel order temperature and
simultaneous development of glassy magnetic phase, and (4)
a significant enhancement of the conducting behavior even
though the temperature coefficient of resistivity is negative
for all the doped samples. There is a clear indication of the
itinerant character of Ru>* which replaced the localized Ru**
ions by Ca doping. From our total energy calculations for a
variety of magnetic configurations, we see comparable energy
for the all-out and all-in-all-out configurations, and it leads
to the formation of the glassy state. Getting insight from
electronic structure calculations, it may be seen that the DOS
of YRO is composed of Ru #,, and O p orbitals near the Fermi
level, while there is negligible hybridization between Y and
Ru d/O p bands. With Ca doping, the DOS reflects increased
bandwidth of the Ru d orbital presumably due to enhanced Ru
d/O p hybridization. The screening of the magnetic moment
can seemingly be attributed to this increased covalence. It may
also be recalled that, in the metallic pyrochlore Bi,Ru,07,
the Bi p states are situated near the Fermi energy level and
mixed with antibonding states of Ru f,, and O1 p orbitals,
whereas the s bands are situated far below the Fermi energy
level. Due to this itinerancy, Bi;Ru,O; exhibits a Pauli para-
magnetic state with a complete screening of the localized Ru
moments. Next, turning to the role of the f electron in in-
ducing the topological FM state in the electron-doped regime
of (Pr;_,Ca,),Ru,07, this aspect remained unresolved, as the
sample synthesis of the electron-doped regime at ambient
condition was not conceivable. However, it is worth noting
that, in the hole-doped regime of (Pr;_,Ca,),Ru,07, the sam-
ples exhibiting metallic conductivity are associated with a
paramagnetic state. Additionally, ©-spin rotation experiments
also revealed that the randomness in magnetism increases with
increasing the itinerancy of d electrons [64]. Therefore, the
suppression of the effective magnetic moment and develop-
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ment of a glassy magnetic phase instead of AFM order is
linked to the itinerancy of Ru>* d electrons.

To conclude, we have investigated the electronic and mag-
netic properties of the pyrochlore (Y;_,Ca,),Ru,O7, where
the substitution of Ca*? at the Y7 site is aimed at producing
a mixed valance state of Ru and an insulator-metal transition.
No structural transformation is observed with Ca doping up
to the substitutional limit of 30%, but lattice parameters are
observed to evolve with doping. Magnetic irreversibility and
the associated AFM state of the pristine get disrupted with in-
creasing Ca concentration in the lattice. At the higher doping
levels, the observation of a hysteric isothermal magnetization
curve with a small coercive field indicates a cluster-glasslike
transition. The semiconducting behavior of the parent YRO
progressively switches over to a bad metallic behavior with
Ca doping though the temperature coefficient of resistivity re-

mained negative over all the temperature regimes. The nature
of conductivity is found to be Arrhenius type for the parent
sample, and it turns out to be 3D-VRH type for the doped sam-
ples. The electronic structure calculations for Y,Ru, 07 reveal
the magnetic structure having an all-out spin arrangement
while a spin-glasslike state settles for (Y;_,Ca,),Ru,07, with
x = 0.5. The DFT results also corroborate the experimental
findings on the electronic transport and magnetic properties.
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