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Abstract. We present resistivity, magnetization, and zero field muon spin relaxation (uSR)
data for the pyrochlore iridate materials Nd2—5CagzIr2O7 (z = 0,0.06, and 0.10) and SmaIr,O7.
While NdaIr,O7 (Nd227) is weakly conducting, SmolroO7 (Sm227) has a slowly diverging
resistivity at low temperature. Nd227 and Sm227 exhibit magnetic anomalies at Ty = 105K
and 137K, respectively. However, zero-field pSR measurements show that long-range magnetic
order of the Ir*™ sublattice sets in at much lower temperatures (Trro ~ 8K for Nd227 and
70K for Sm227); both materials show heavily damped muon precession with a characteristic
frequency near 9 MHz. The magnetic anomaly at Ths in Nd227 is not significantly affected by
the introduction of hole carriers by Ca-substitution in the conducting Nds_,Ca,IraO7 samples,
but the muon precession is fully suppressed for both.

1. Introduction

Strongly correlated transition metal oxides exhibit a wide-range of important and interesting
phenomena, including high temperature superconductivity and colossal magnetoresistance.
While iridium oxides have a much reduced Ir-Ir correlation energy due to their extended 5d
orbitals, the strong spin orbit interaction (SOI) energy makes possible a SOI-assisted Mott-like
insulating state with J.rs = 1/2, as observed in SroIrOy4 [1]. The pyrochlore iridates AsIraO7
(A = lanthanide or Y), or A227, consist of interpenetrating corner-sharing tetragonal structures
for the A%+ and Ir*t ions, suggesting that frustration may also play a role in determining the
magnetic ground state. For all members of the family (apart from A = Pr), a transition in the DC
magnetic susceptibility associated with the Ir sublattice is observed at a temperature T}, which
ranges from near 200 K (A =Y) to near 30 K (A = Nd). The deviation of field-cooled (FC) from
zero-field-cooled (ZFC) data below T}, bears a resemblance to a spin-glass transition, or possibly
very weak ferromagnetism. For small A-ion radii R4 an insulating low temperature ground state
is observed, and for several of species of A a concomitant metal-insulator transition has been
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reported at temperature Ths; ~ Ty [2]. Zero field muon spin rotation (pSR) measurements
confirm long-range magnetic ordering of the Ir sublattice at temperatures Trro = 130K, 150K
and 120K for the insulators Yb227, Y227 [3], and Eu227 [4], respectively. The muon precession
frequencies are near 14 MHz, corresponding to an Ir** moment pz,. ~ 0.3up [5], and are lightly
damped. The moments order in an all-in/all-out (AIAO) magnetic structure, where the Ir**
moments are pointing either all in towards or away from the center of a given tetrahedron, as
indicated by pSR measurements [3,5] and resonant inelastic x-ray scattering measurements [6].

In contrast, Pr227, with a large R4, has a conducting ground state with no magnetic
transition down to 7' = 25mK [7]. This system is proposed to be a chiral spin liquid at
low temperatures [8]. Factors that may play a role in the crossover from magnetically ordered
insulator to a conductor lacking long-range order include the A-ion radius and magnetic moment,
the carrier density, geometric frustration effects, and structural and stoichiometric disorder. This
crossover region, i.e., near A = Nd and Sm, is of particular interest. Theoretical work predicts
topologically non-trivial ground states in this region that may require the presence of magnetic
order to break time-reversal symmetry [9]. The Nd227 ground state is very sensitive to the details
in preparation, as expected in a crossover region: samples of comparable purity and quality can
be either insulating or weakly conducting. The weakly conducting samples have a relatively
high Ty = 105K [10] compared to the insulating samples with Ty ~ Ty = 33K [2]. However,
regardless of whether the low temperature state is insulating or conducting, long range magnetic
order in the Ir** sublattice is observed in Nd227 with a muon precession frequency of roughly
9 MHz and with very strong damping [10,11]. For the insulating samples Trro ~ Th = 33K,
while for the weakly conducting samples Trro ~ 8K < Ty, suggesting an extended region
of a magnetic phase with no long-range order that appears to be correlated with the presence
of additional charge carriers. The magnetic state of the Nd3* ions remains an open question:
neutron scattering measurements indicate the Nd-sublattice also orders in an ATAQO structure
[12], but pSR [10], Hall, and magnetization measurements [13] suggest a spin-ice like state.

In this work we present preliminary results on the effects of carrier density on the the magnetic
transitions at temperatures Tj; and Tpro in Nd227 by introducing hole carriers through Ca-
substitution. Additionally, we present the first SR measurements on Sm227.

2. Samples

Polycrystalline samples of Nd227 (Sm227) were synthesized by reacting stoichiometric amounts
of 99.99% purity Nd2Os (SmaO3) and IrOy (99.9%) in air to minimize variations in the oxygen
stoichiometry. Powders were pelletized using an isostatic cold press and reacted between 900 C
to 1125 C over six days with several intermediate grindings. The samples were determined to be
phase-pure with the exception of two minor impurity phases of IrOg and Nd2O3 (Sm2O3) each
comprising less than 1% of the total volume fraction. Powder x-ray diffraction measurements
yielded narrow lineshapes comparable to the best previously reported data on Nd227 and
Sm227, demonstrating the high homogeneity of the sample stoichiometry. Nds_,Ca,lroO7
polycrystalline samples with £ = 0.06 and 0.10 were prepared by reacting stoichiometric amounts
of Nd2Og3, CaCog and IrO, in air as described above. Several EDS measurements taken on the
nominal x = 0.10 sample over areas of 100 ym? show that the average Ca concentration was
x = 0.08. X-ray refinement yields a slight decrease in the lattice parameter from ayg = 10.375
to 10.351A for the nominal z = 0.10 sample.

3. Resistivity

The temperature dependent resistivity was measured in the range 0.3 < T < 300K via a four-
terminal AC resistance bridge. The samples were pressed sintered pellets, with an error in the
resistivity of approximately 20% based on uncertainties in the sample dimensions. Excitation
level dependence studies at the lowest temperatures showed there was no self heating of the
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samples; we note that Sm227 has a very long thermal equibration time. In Figure 1, we show
the temperature dependent resistivity for Sm227 and Nd227, along with previously published
data for Yb227 [3]. Yb227 is insulating and exhibits a temperature dependence consistent with
variable range hopping at low temperatures. Nd227 exhibits a Kondo-like behavior, with a
logarithmic upturn below 10 K and saturation at very low temperatures. Sm227 exhibits a
behavior intermediate between Yb227 and Nd227, and is qualitatively similar to earlier results
[2], with a crossover from high temperature conducting behavior to an insulating behavior at
low temperatures. The crossover from conductor to insulator occurs at T' ~ 70K < Ty (see
next section), with a resistivity that is slowly divergent down to 0.3 K. This does not follow the
expected variable range hopping law, but rather an inverse power law T~? with g = 0.52(2).

Also shown in Figure 1 are data for Ndj 94Cag gglroO7 and Nd; 9gCag 1IroO7. Assuming one
hole carrier per Ca ion, the expected hole carrier density in the x = 0.06 sample should be
approximately twice the estimated upper limit for the undoped Nd227 carrier density from Hall
effect measurements [13]; Hall measurements are now underway to confirm the actual carrier
densities. We observe a reduction in both the overall value of the resistivity and in the low
temperature upturn relative to the room temperature resistivity, with the unexpected result
that the room temperature resistivity of x = 0.06 being lower than that of the = 0.10 sample.
The unusual behavior is illustrated in the inset to Figure 1, where the fractional change of
resistance (relative to room temperature) versus temperature is shown. At present it is not
clear if this is due to intrinsic effects, such as enhanced scattering by Ca impurities, or extrinsic
effects (e.g. subtle differences in pressure or temperature while pressing the powders).
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Figure 1. The temperature dependent Figure 2. The temperature dependent

resistivity for several pyrochlore iridates; data
for Yb227 is taken from Ref. 3. The solid line
is a fit to the Sm227 data at low temperatures
(see text).

magnetization in fields of 1000 Oe for several
pyrochlore iridates (open circles: zero field
cooled; filled circles: field cooled); solid line
is a fit to the Sm227 data (see text).

4. Magnetization

Data were taken in Quantum Design MPMS SQUID magnetometers located in Cardiff, Didcot,
and Chestnut Hill. In Figure 2 we show the temperature-dependent DC magnetization for
the Nd-based samples and Sm227 (taken in fields of 1000 Oe). It is immediately evident that
Th = 105K is not significantly modifed by the Ca-substitution. The hysteresis between the FC
and ZFC curves for the Nd-based samples decreases at low temperatures; this may reflect an
interplay between the Nd®* and Ir** sublattices, and is the subject of an ongoing study. For
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Sm227, Ty = 137K, higher than the value 118 K observed in Ref. 2. The Sm3* contribution to
the observed magnetization is significantly smaller than that of Nd®*. Assuming that the ordered
Ir*T moments give a nearly temperature independent contribution to the DC susceptibility at low
temperature in addition to the paramagnetic Sm>* contribution, we fit the zero-field cooled data
below 20 K to a Curie-Weiss form including an additive constant. This yields an (upper bound)
effective moment of pg, = 0.23(1)up and a Curie-Weiss temperature of Tow = —0.6(1)K,
indicative of very weak Sm3*t antiferromagnetic correlations. This value of jug,, is well below
the free ion value 0.8up, but not unusual [14, 15].

5. Zero-field uSR

Data were taken at PSI using the GPS and LTF spectrometers and at ISIS on the EMU
spectrometer. In Figure 3 we show zero-field muon depolarization curves at T' = 25mK for
the Nd-based and Sm227 samples. Also shown for comparison is the depolarization of insulating
Yb227 [3]; the large moment (uyy, = 3.3up) moderately damps the muon precession at low
temperatures. Three points are immediately obvious: (1) the depolarization in the Nd227 and
Sm227 are nearly identical; (2) these are both at significantly lower frequency and are more
strongly damped than oscillations observed in insulating A227 materials (e.g., Yb227), and (3)
there are no signs of muon precession in the Ca-substituted samples.
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time at T' = 25mK. From top to bottom:
Yb227, Sm227, Nd227, Nd1,94Ca0.06Ir207,
and Ndj ¢Cag1IroO7. Curves are offset by
constant amounts except for the Yb227 curve.
Solid lines are fits as described in the text.

the stretched exponential depolarization rate
for Nd227 [10], Nd1.94Ca0_061r207, and
Nd; 9Cag1Irs0O7. Inset: temperature depen-
dence of the exponent.

The strikingly different depolarization of Sm227 and Nd227 compared to that of the insulating
A227 materials is not yet understood, and may be due to reduced Ir** moment [15], a different
magnetic ordering structure, a different muon stopping site, or the presence of magnetic A-ions.
The last possibility is unlikely, given that the Yb3* has a larger moment than both the Nd3+
(ung = 2.8pp) or the Sm3+. The muon stopping site is also unlikely to be different: preliminary
computer calculations [5, 10] have been made for the electrostatic potential in Sm227, and yield
nearly identical results as for Y227. A reduction in the Ir moment is an appealing scenario,
but is hard to reconcile with the very small change in lattice parameters concomitant with the
dramatic change in magnetic behavior between Eu227 and Sm227. Recent reanalysis of the
Nd227 pSR results shows that a Bessel depolarization function yields a superior fit than the
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phenomenological function used in Ref. 10, consistent with an incommensurate, rather than
AIAO, ordering of the Ir*t sublattice for both Nd227 and Sm227. This leads us to believe
that the delicately balanced magnetic interactions shift between Eu227 and Sm227, producing a
different (and possibly incommensurate) ordering structure. A detailed analysis will be presented
in a future publication. The change in magnetic structure is not solely determined by the
presence of charge carriers, since both weakly conducting [10] and insulating [11] samples of
Nd227 have similar muon precession frequencies and very strong damping.

From the Ca-substituted data we infer that adding hole carriers strongly suppresses the onset
of magnetic ordering simultaneous to destabilizing the spin-orbit Mott phase. This is consistent
with the earlier observation that while insulating Nd227 shows spontaneous muon precession
near 33 K, for weakly conducting Nd227 the onset temperature is roughly 8 K. In contrast, the
addition of hole carriers has little effect on the magnetic transition at Ths, as shown in Figure 2.
The depolarization of the Ca-substituted samples has been fit to a stretched exponential function
A(t) = Agexp(—(At)P) (solid lines in Figure 3), and the temperature dependences of A and 3 are
shown in Figure 4. Also shown is the stretched exponential fit for Nd227 for T > 10K > Trro,
taken from Ref. 10. In the Ca-substituted samples the Ir*" moments freeze near 100 K, but
do not order to low temperatures, so we associate the increase in A below 10 K with Nd3*t
fluctuation rate slowing down into the muon time window. Preliminary measurements on the
x = 0.10 sample at 2K show that fast relaxation persists in longitudinal fields up to 0.5 T,
strongly suggesting that the low temperature depolarization is dynamical.
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Tracking the temperature dependence of the Sm227 ZF-uSR depolarization shows that an
oscillatory-like time dependence sets in below T' = 80K, as shown in Figure 5. Based solely
on this data we cannot determine if this is connected to true long-range magnetic ordering in
the Ir sublattice, or simply due to Ir-moment spin freezing. However, taken in context of the
Nd227 measurements for which the oscillatory behavior is more clearly distinguished from Kubo-
Gauss depolarization [10], we assume that it is indeed due to the onset of long-range magnetic
order, i.e. Trro ~ 70K for Sm227. This is well below Th; = 137K, and is consistent with our
trend reported earlier: as the A-ion radius is increased a short range ordered magnetic phase
is stabilized such that Trro < Ty- In Figure 6 we have plotted the fractional suppression
1 — Trro/Ty versus A-ion radius, as extracted from our data for Yb227, Y227, Sm227, and
Nd227; also included is the fractional difference in the two magnetic transition temperatures
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reported for Bi227 [16], although the exact nature of those two transitions is not clear. The
correlation is evident, though the underlying mechanism remains unclear.

6. Summary and Conclusions

Addition of carriers to Nd227 via Ca substitution has little effect on the magnetization anomaly
observed at T)s, but completely suppresses the onset of long-range magnetic order; it would
be of interest to study the effects of Ca-substitution on T, for insulating samples of Nd227
and other insulating pyrochlore iridates [17]. Additionally, Sm227 has magnetic properties that
are very similar to Nd227: Trro < Ty and heavily damped muon precession near 9 MHz.
The underlying mechanisms causing the stabilization of a magnetic phase lacking long-range
order and the abrupt change in magnetic ordering between Eu227 and Sm227 remain unknown.
Detailed studies of the changes in stoichiometry [18,19] and possible distortions of the local
A-ion environment with A-ion radius are necessary to fully understand these behaviors.
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