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We have performed magnetic susceptibility, heat capacity, neutron powder diffraction, and muon spin re-
laxation experiments to investigate the magnetic ground states of the 5d> double perovskites Sro YReOg and
SroInReOg. We find that SroYReOg is a spin glass, while SroInReOg hosts a non-magnetic singlet state. By
making detailed comparisons with other 5d* double perovskites, we argue that a delicate interplay between
spin-orbit coupling, non-cubic crystal fields, and exchange interactions plays a key role in the great variation of
magnetic ground states observed for this family of materials.

PACS numbers: 75.25.-j, 75.30.Cr, 75.40.Cx, 75.50.Lk, 75.70.Tj, 76.75.+i

I. INTRODUCTION

Transition metal compounds containing heavy 5d atoms are
often governed by spin-orbit coupling (SOC), electronic cor-
relations, and crystal field effects of comparable strength [1].
The relativistic entanglement of correlated orbital and spin de-
grees of freedom in such materials can drive exotic quantum
states of matter, such as effective .J = 1/2 Mott insulators [2],
topological superconductors and insulators [3—6], and quan-
tum spin liquids [7]. The research community has placed a
great deal of emphasis on 5d° systems due to the extreme
quantum nature of the novel effective J = 1/2 state associ-
ated with that particular d-electron configuration. On the other
hand, far less work has focused on 5d'-5d* materials even
though strong SOC may play a key role in determining their
magnetic properties.

Double perovskites (DPs) of the form A;BB’Og, with
magnetic 4d or 5d B’ ions, provide an outstanding oppor-
tunity to investigate the interplay of SOC, structural dis-
tortions, and d-electron configuration on the magnetism of
the geometrically-frustrated face-centered-cubic (fcc) lattice
[8]. Hundreds of DPs have now been synthesized in poly-
crystalline form, and subsequent characterization work re-
vealed a diverse array of magnetic properties. The 5d° DPs
that have been studied in detail, including LasMglIrOg and
LayZnlrOg, are effective J = 1/2 candidates [9] that exhibit
antiferromagnetic ground states and interesting magnetic ex-
citations [10, 11]. Materials composed of magnetic ions with
4d3/5d> electron configurations generally host ordered mag-
netic ground states also [12—17], aside from a few known ex-
ceptions [18, 19]. Historically, it has been argued that the
spin arrangements in these systems are well-accounted for by
mean field theory, with ground state selection arising from the
signs and magnitudes of the nearest neighbor and next near-
est neighbor exchange interactions [20], although this simple
hypothesis has been challenged recently [21]. On the other

hand, the magnetic order of 4d>/5d> and 5d° systems often
gives way to exotic magnetic states in 4d'/5d" quantum spin
DPs. For example, Bas YMoOg has been described as a va-
lence bond glass with a collective spin-singlet ground state
[22, 23] and Sro BReOg (B = Mg, Ca) are best character-
ized as unconventional spin glasses, since no obvious source
of disorder has been found [24-26].

The magnetism of heavy metal d> DPs serves as an interest-
ing intermediate case between the d' and d*/d° analogues, and
recent theoretical work has established a phase diagram for the
cubic limit [27]. While there are currently no experimental ex-
amples of 4d? DPs, previous work on 5d? systems has found
evidence for both long-range ordered and alternative ground
states. For example, a low-moment, long-range antiferromag-
netic ground state has been reported for Ba;CaOsOg [28], spin
freezing without signs of long-range magnetic order has been
found for CaaMgOsOg [29] and Bas YReOg [30], and a non-
magnetic singlet ground state was proposed for SrLaMgReOg
[31]. There are also many other 5d? DPs that have not been
characterized in detail. For example, there is no work on the
magnetism of SroYReOg, and only one report on SroInReOg
that presents extremely limited information about its magnetic
properties [32].

There is currently no consensus on the factors that con-
tribute to ground state selection or their order of importance
for 5d> DPs. In this work, we make progress towards ad-
dressing this issue. We first revisit the crystal structures of
the largely unexplored, 5d> monoclinic DPs SroYReOg and
Sr2InReOg¢ with neutron powder diffraction and find that both
systems crystallize in the P2;/n space group with no de-
tectable B/ B’ site mixing. We then determine the magnetic
ground states of these systems with a combination of mag-
netic susceptibility, heat capacity, neutron powder diffraction,
and muon spin relaxation. Our combined measurements sug-
gest that SroYReOg is a spin glass; more specifically, the
Re®" moments freeze into a metastable configuration lack-



ing long-range magnetic order. On the other hand, the Re®*
ions in SraInReOg host a J = 0 non-magnetic singlet ground
state. By making extensive comparisons between Sr YReOg,
SrpInReQg, other 5d% DPs, and Ni?*T S = 1 DPs, we propose
that the diverse magnetic ground states of the 5d? family arise
from the combined effects of enhanced SOC, exchange inter-
actions, and the great sensitivity of this particular d electron
configuration to even modest structural distortions.

II. EXPERIMENTAL DETAILS

Polycrystalline Sro BReOg (B = Y and In) samples were
synthesized by a solid state reaction method. The starting ma-
terials of SrO, Y203 (or InoO3), Re and Re; O powders were
weighed in an appropriate ratio and mixed thoroughly inside
of a dry He glovebox. The homogeneous mixture was pel-
letized and transfered to a 5 ml Al,O3 crucible, which was
then sealed in a vacuum quartz tube backfilled with 1/3 atmo-
sphere of high-purity Ar. The ampoule was fired in a box fur-
nace at 900°C for 48 hours. The fired pellets were reground,
repelletized and then fired in a sealed quartz tube for another
100 hours. Room temperature x-ray powder diffraction was
performed on a PANalytical X’Pert Pro MPD powder x-ray
diffractometer using Cu K,,; radiation and confirmed that the
samples were of single phase. The DC magnetic susceptibili-
ties were measured between 2-350 K using a Quantum Design
(QD) magnetic property measurement system. The tempera-
ture dependence of the specific heat was measured between
2-200 K using a QD physical property measurement system.

Neutron powder diffraction (NPD) experiments were per-
formed with 10 g of Sro YReOg and 10 g of SroInReOg at Oak
Ridge National Laboratory using the HB-2A powder diffrac-
tometer of the High Flux Isotope Reactor. Data was collected
with neutron wavelengths of A = 1.54 A with collimation 12’-
21°-12’ and A = 2.41 A with collimation 12’-open-12’. The
shorter wavelength provides greater intensity and higher )
coverage that was used to investigate the crystal structures,
while the longer wavelength provides the lower ) coverage
required for magnetic diffraction.

The ©SR experiments were performed at the ISIS Pulsed
Neutron and Muon Source, UK. We used the EMU and
MuSR spectrometers in longitudinal geometry for investigat-
ing SraInReOg (closed cycle refrigerator, base 7' = 7.5 K)
and SroYReOg (He-flow cryostat, base 7' = 1.4 K) respec-
tively. In a typical uSR experiment spin-polarized muons are
implanted into the sample, and they Larmor-precess around
the local magnetic field at the muon stopping site [33]. Muons
have a relatively short lifetime of 2.2 us and decay into a posi-
tion plus two neutrinos. The time-evolution of the muon spin
polarization can be measured via a pair of opposing positron
counters. This quantity is generally plotted as the asymme-
try function, A(t) = [Ny (¢)-aNa()1/[N1(t)+aNa(t)], where
N2 are the number of positron counts for the two detectors
and « is a calibration parameter to correct for size and effi-
ciency differences between the two detectors.

III. RESULTS
A. Crystal Structures

Figure 1 shows NPD data collected using A = 1.54 A for
SraYReOg and SrpInReOg. Rietveld refinements were per-
formed using FullProf [34]. Table I shows lattice constants
and atomic fractional coordinates extracted from the NPD
data, while Table II presents selected bond distances and an-
gles. There is very little difference in any of the structural
parameters between 7" = 295 and 4 K. Therefore, only the
low temperature values are shown in most cases.

TABLE I: Lattice constants and atomic fractional coordinates for
SraYReOg and SraInReOg extracted from the refinements of the
X = 1.54 A neutron powder diffraction data.

(a) SraYReOg

Space group P21/n
Lattice parameters and refinement quality
T 4K 295 K
a |5.7779(1) A 5.7892(1) A
b [5.8193(1) A 5.8123(1) A
c [8.1698(1) A 8.1970(1) A
B | 90.342(1)° 90.214(1)°
Rup| 4.74 % 5.30 %

Atom positions at T =4 K

Atom |Site X y 4
Sr | 4e [0.5075(4)|0.5328(2)[0.2493(3)
Y |2 0 0.5 0
Re |2d 0.5 0 0

O1 | 4e |0.3021(4)]0.7277(4)|0.9594(3)
Oz | 4e |0.4272(4)]0.9826(3)|0.2329(3)
O3z | 4e |0.2318(4)]0.1986(4)|0.9619(3)

(b) Sr2InReO¢

Space group P2:/n
Lattice parameters and refinement quality
T 4K 295 K
a |5.6894(1) A 5.7043(1) A
b |5.7131(1) A 5.7063(1) A
c [8.0352(1) A 8.0629(1) A
B | 89.808(1)° 89.921(1)°
Rup| 6.88 % 6.04 %

Atom positions at T =4 K

Atom | Site X y z
Sr | 4e [0.4940(7)|0.5281(3)[0.2503(6)
In | 2c 0 0.5 0
Re |2d 0.5 0 0

01 | 4e |0.2968(6)0.2835(6)|0.0385(5)
0, | 4e |0.2304(6)|0.7872(1)|0.0307(5)
0; | 4e |0.5701(5)|0.9871(4)|0.2366(4)




TABLE II: Selected bond distances (A) and angles (deg) for
SraYReOg and Sr2InReOg at T' = 4 K extracted from the refine-
ments of the A = 1.54 A neutron powder diffraction data.

Sr2YReOg | Sr2InReOg

Re-O; | 1.981(2) | 2.013(3)
Re-O> | 1.954(2) | 1.972(3)
Re-O; | 1.957(2) | 1.945(3)

Re-O:-B| 155.07(9) [154.92(13)
Re-02-B{155.98(10)|161.04(10)
Re-03-B| 156.67(9) |157.11(13)

A previous x-ray powder diffraction report from 1969 [35]
proposed that SroYReOg crystallizes at room temperature in
the cubic space group Fm3m, but there are extra reflections in
the NPD data that cannot be described by such a high crystal
symmetry. Some of these additional Bragg peaks also rule out
intermediate crystal symmetries (e.g. tetragonal) and mono-
clinic space groups with cell-centering (e.g. I/2m and C2/c).
We instead find that the data refines best in the P2;/n space
group, which is one of the most common structures for DPs.
SroInReQg was originally characterized as a Fm3m system
[36] at room temperature also. However, recent work revisited
the crystal structure and revised the room temperature space
group to P2,/n [32], which is in good agreement with the cur-
rent results. We find no evidence for a structural phase transi-
tion between 295 and 4 K in either material, as the data at 4 K
also refines best in the P21/n space group. We show diffrac-
tion data at both temperatures over a limited 26 range in the
insets of Fig. 1; there are small differences that arise from the
enhanced monoclinic distortions with decreasing 7.

The tolerance factor ¢ is often used to characterize struc-
tural distortions in DPs, and it is defined as ¢ = (ra +
ro)(V2(r<p.p> +10)) [8], where r4 and o are the ionic
radii of A and O respectively, and r-p g/~ is the average
ionic radius of B and B’. DPs with ¢ = 1 or slightly greater are
generally cubic, while the crystal symmetry decreases with
decreasing ¢t. Using values of ionic radii from Ref. [37], we
find that SroYReOg and SroInReOg have tolerance factors of
0.94 and 0.97 respectively; these values are consistent with
their monoclinic crystal symmetries. Finally, the Rietveld re-
finements confirm that there is essentially no site mixing be-
tween the Y/In and Re atomic positions for SroYReOg and
SroInReOg. These results are consistent with the large ionic
radii differences between Y (0.9 A) or In (0.8 A) and Re
(0.58 A) [37]. We have also used NPD to confirm that there
are no significant oxygen non-stoichiometries in these sam-
ples, consistent with expectations for synthesis in high-purity
Ar gas, although we cannot rule out oxygen deficiency on the
level of a few percent.
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FIG. 1: Neutron powder diffraction measurements with a wave-
length of 1.54 A at T = 295 K for both (a) Sr2YReOg and (b)
Sr2InReOg. The corresponding structrual refinements are superim-
posed on the data. The insets show a comparison between the NPD
data at 7" =295 K and 4 K over a limited 26 range.

B. Sr2YReOg: Magnetic Properties

Figure 2(a) and (b) depict the DC magnetic susceptibil-
ity measured in an applied field of poH = 0.1 T, with
X = M/uoH (magnetization/applied field). The high tem-
perature data is well-described by a Curie-Weiss law plus a
constant, with a fit between 100 and 350 K yielding fcw = -
382 K and an effective moment fi.rr = 1.92 up. The large,
negative Curie-Weiss temperature is indicative of strong,
dominant antiferromagnetic interactions. The magnitude of
Hefy is reduced from the S = 1 spin-only value of 2.83 up,
but consistent with reported values for other Re®* DPs [30].
There are deviations from the Curie-Weiss law at low 77; the
zero-field-cooled (ZFC) and field-cooled (FC) datasets begin
to diverge at 50 K, and the former also has a broad maxi-
mum at 12 K. A ZFC/FC divergence in x with decreasing T'
is one common signature of a spin glass. In fact, the overall
T-dependence of x is reminiscent of previous results on the
spin glass SroCaReOg [24]. For that system, the temperature
corresponding to the broad maximum in the ZFC x data was
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FIG. 2: (a) DC magnetic susceptibility x of SraYReOs measured in an applied field o = 0.1 T. Data collected under zero-field-cooled
(ZFC) and field-cooled (FC) conditions diverges below 50 K. (b) The x data fits well to a Curie-Weiss law plus a constant for 100 < 7" < 350 K,
with an effective moment p. ¢y = 1.92 g and a Curie-Weiss temperature of -382 K. (c) The heat capacity C}, of Sr2YReOg for both o H =0
and 10 T. A weak, broad feature is visible in the data around 40 K, which likely has a magnetic origin as explained in the text. The inset shows
the low-T" C}, data in zero field, with the fit described in the text illustrated by a solid curve. (d) The magnetic contribution Cinag to Cp, over
the T-range 30-60 K. The entropy Si.qg released over this entropy range is also indicated.

defined as the freezing temperature T'r; therefore we assume
that 7'r = 12 K in the present case. This assigned freezing
temperature is supported by our uSR results presented later.

The heat capacity C,, of SroYReOg is shown in Fig. 2(c) in
fields of both 0 and 10 T. There is no clear A anomaly indica-
tive of long-range magnetic ordering and essentially no field
dependence. The low temperature data (7' < 20 K) fits well to
the function C), = 4T + BT with v = 15.0(1) mJ/K?-mol Re
and 8 = 0.774(5) mJ/K*-mol Re. A non-zero v is unexpected
in insulators that exhibit magnetic order at low 7', and this
feature has been interpreted as a signature of spin glass be-
havior in insulating SroMgReOg [25] and Liy;MgReOg [38].
Therefore, we assume that the linear component represents
the magnetic contribution Cy,q4. Integrating Cp,qq/T" up to
the freezing temperature 7y = 12 K yields an entropy of
0.18 J/K-mol Re. Although this value represents only 2%
of the expected entropy release for an S = 1 spin glass, the
drastically-reduced value is consistent with reports of spin
glassiness in SroMgReOg (3% entropy release at T'y) [25],
Li4;MgReOg (14% entropy release below 1) [38] and the
jarosite (H3O0)Fe3(SO4)2(OH)g (6% entropy release at 1)
[39]. Furthermore, it is well-known that many spin glasses
lose significant entropy above Ty [40].

An extremely weak and broad feature is visible in the
higher temperature C, data around 40 K, as shown in
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FIG. 3: Neutron powder diffraction measurements with a wavelength
of 241 A at T = 4 and 100 K for Sr2 YReOg.

Fig. 2(c). This anomaly was assumed to have a magnetic
origin for two reasons: (i) there is no change in the space
group detected at temperatures below this feature in the NPD
measurements and (ii) it corresponds well to the onset of the
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ZFC/FC divergence in x. We isolated this component by fit-
ting the data between 30 and 60 K to a polynomial function
and then subtracting off the fit as background. The result, plot-
ted as Chqg/T, is shown in Fig. 2(d). There is a significant
Cmag contribution over the 7' range 35-50 K. This feature,
combined with the onset of the ZFC/FC divergence in y at
a similar temperature, are likely indicative of the presence of
short-range magnetic correlations at temperatures higher than
T'y. We note that the entropy released through the broad heat
capacity anomaly is 0.22 J/K-mol Re, which is only an addi-
tional 2.5% of the total entropy release expected for an S = 1
spin glass. It is possible that additional entropy is released
over a greater ' range, but no other broad features are appar-
ent in the raw C), data.

Neutron powder diffraction data measured with a wave-
length of 2.41 A for SryYReOg is depicted in Fig. 3 with
T =4 and 100 K. The two diffraction patterns are nearly iden-
tical, and therefore there is no evidence for long-range mag-
netic order in this data. This result is in sharp contrast to NPD
results on S = 1 Ni2T DPs, which always find evidence for
a long-range ordered magnetic ground state with an ordered
moment between 1.5-2.2 15/Ni%t [41-44]. The null diffrac-
tion result for Sro YReOg implies that the ordered Re moment
is drastically-reduced as compared to its Ni counterparts or
long-range order is absent down to 4 K. The former is pos-
sible due to increased covalency or enhanced spin-orbit cou-
pling, and has been experimentally proven for Ba;CaOsOg

[28], where an ordered moment of ~ 0.2up was estimated
from muon spin relaxation (£SR) measurements.

The SR technique [33] allows additional constraints to be
placed on the possible magnetic ground state for Sro YReOg.
1SR is an extremely sensitive probe of magnetism and can
readily differentiate between ordered, glassy, and dynamic
ground states; ordered moments as small as 0.01 pp can be
easily detected. Figure 4 summarizes uSR results collected
with the MuSR spectrometer at ISIS. Figure 4(a) shows asym-
metry spectra at selected temperatures measured in zero ap-
plied field (ZF). In the case of long-range magnetic order, an
oscillatory signal with a frequency proportional to the local
field at the muon site is the general expectation. However,
if the local field from the ordered state is too large to be re-
solved at ISIS (B, > 80 mT), then one should observe a
significant loss in initial asymmetry instead. Neither of these
features are visible in the spectra for SroYReOg and there-
fore any scenario involving long-range magnetic order can be
ruled out. Instead, we note that the data features two relaxing
components comparable to those observed in the spin glass
candidate Ba; YReOg [30], and therefore the spectra were fit
to a similar phenomenological function:

A(t) = Agem D 4 A et (1)
where the first and second terms represent the slow and fast-
relaxing components of the spectra respectively. Note that
the slow-relaxing term consists of contributions from both the
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sample and the sample holder. At the highest temperatures
measured, only the first term was required in the fitting. Fur-
thermore, 3 was found to decrease from ~ 1.5 at 7' = 80 K
to 1 at T = 30 K, and therefore was subsequently fixed to
1 for T < 30 K. The decrease in 3 at lower temperatures is
consistent with the slowing down of electron spins into the
1SR time window; Gaussian relaxation due to static nuclear
moments dominates at high temperature.

The fast component of the signal begins to develop just be-
low 20 K as shown in Fig. 4(d); the relaxation rate Ay and
the amplitude A continue to increase down to 1.4 K. The
T-dependence of the relaxation rate A, for the slow com-
ponent depicted in Fig. 4(c) is drastically different, as A
reaches a maximum just below the assumed freezing temper-
ature Ty = 12 K. A peak in the ZF uSR relaxation rate is
commonly associated with spin freezing. This interpretation
is consistent with the complete decoupling of the ZF relax-
ation in a relative modest longitudinal field (LF) of 0.02 T at
T = 1.4 K as illustrated in Fig. 4(b), which implies a static
local field distribution at the muon sites. More specifically,
the longitudinal field results at 7" = 1.4 K indicate that the
mean correlation time 7 of the Re®™ moments in SryYReOg
is>107%s.

It is common to observe a two-component ZF-uSR relax-
ation function in spin glasses [24, 25] with the fast and slow

relaxing terms corresponding to 2/3 and 1/3 of the total sig-
nal respectively. AtT = 1.4 K, the ratio of As/A; is close to
1. Assuming that about 25% of the muons stop in the sample
holder, which is a reasonable value for the MuSR beamline
based on previous work with a similar sample holder and slit
sizes [45], and that this background contribution is included
in the amplitude Ag, the relative contributions of the two re-
laxing components in the low 7' ZF-uSR spectra are consis-
tent with expectations for a spin glass. Finally, it is interest-
ing to note that uSR is insensitive to the short-range mag-
netic correlations of Sro YReOg over most of the temperature
range between Ty and ~ 50 K where they are detected by
other techniques, therefore the fluctuations of these spin clus-
ters are likely characterized by a frequency outside the SR
time window in this regime.

C. Sr2InReQg: Magnetic Properties

Figure 5(a) depicts the DC magnetic susceptibility y mea-
sured in an applied field of uoH = 0.01 T. There is no evi-
dence for magnetic ordering or ZFC/FC divergence down to
2 K; the latter is in contrast to previous work which reports
the onset of ZFC/FC divergence around 250 K [32]. While
we cannot rectify the difference between our y data and the



earlier work, we repeated the x measurements on our sam-
ples multiple times and found that all of the datasets were
consistent with one another. Our high temperature data with
o = 0.1 T is well-described by a Curie-Weiss law plus a
constant, with a fit between 100 and 300 K yielding 6w = -
137 K and an effective moment ji.ry = 1.94 pg. While the
effective moment has a similar value to Sro YReOg, the Curie-
Weiss temperature is significantly lower.

There are deviations from the high temperature Curie-
Weiss law with decreasing 7', with the appearance of another
Curie-Weiss regime at the lowest temperatures measured. A
fit to a Curie-Weiss law in the low-T regime (1" < 10 K) yields
tefr = 0.66 up and Ocw = -4.5 K. This contribution to x
likely arises from a small amount of Re** impurities in our
sample, which may have been generated in the synthesis pro-
cess due to a very small loss of oxygen not detectable by NPD.
If we assume that each Re** carries an S = 3/2 moment, then
the low T Curie-Weiss tail corresponds to ~ 3% Re** impuri-
ties. Figure 5(c) shows Ay vs T, which was obtained by sub-
tracting the low-7" Curie-Weiss tail from the raw  data. The
sharp drop in Ay with decreasing 7" can be understood in the
context of a non-magnetic singlet ground state for SroInReOg.

The specific heat C), shown in Fig. 5(d) is consistent with
this interpretation, as no A anomaly characteristic of long-
range ordering is observed at any temperature. Broad features
are not apparent in the C), data either, in contrast to obser-
vations for SroYReOg. Finally, although the low 7" C), data
(T < 20 K) still fits well to the function C, = vT + BT
with v = 0.667(3) mJ/K2-mol Re and 3 = 0.57(1) mJ/K*-
mol Re, the magnitude of ~ is significantly reduced compared
to SroYReOg. This finding is suggestive that the magnetic
ground states of Sro YReOg and SraInReOg are fundamentally
different, although it is important to note that 3 and -y are very
sensitive to the exact choice of fitting range. If we extend the
low-T fit for SroInReOg up to 35 K, then we obtain similar 3
and -y parameters as reported in Ref. [32]. In general, our C,
data is in excellent agreement with that work.

Neutron powder diffraction data with a wavelength of
2.41 A for SryInReQg is depicted in Fig. 6 with T = 4 and
100 K respectively. Similarly to the case of SroYReOg, the
two diffraction patterns are nearly identical, and therefore
there is no evidence for long-range magnetic order in this
data either. The null diffraction result has similar implica-
tions to the SroYReOg case: either the ordered Re moment
is drastically-reduced as compared to its Ni counterparts or
long-range order is absent down to 4 K.

1SR proved to be useful here also for differentiating be-
tween these possibilities. Figure 7 summarizes pSR results
collected with the EMU spectrometer at ISIS. Figure 7(a)
shows ZF-uSR asymmetry spectra at 7' = 7.5 and 16 K. No
missing asymmetry or spontaneous oscillations, as would be
expected for a long-range ordered ground state, are apparent
in the data. Instead, the spectra shows weak relaxation at all
temperatures and can be fit well to the following function:
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FIG. 6: Neutron powder diffraction measurements with a wavelength
of 241 A at T = 4 and 100 K for SraInReOg.
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FIG. 7: (a) ZF and LF-uSR spectra for Sr2InReOg at selected tem-
peratures. Most of the observed relaxation is due to static nuclear
moments, although a very small quasi-static electronic component
develops at low T'. (b) T-dependence of the relaxation rate A and
power g for the ZF-uSR spectra.



The fitting results for A and S are shown in Fig. 7(b). At the
highest temperatures measured 3 — 2 and A — 0.115 ps™1,
which are consistent with expectations that the dominant re-
laxation mechanism in this regime arises from randomly-
oriented, static nuclear moments. With decreasing 7', 5 — 1
and A shows a monotonic increase corresponding to an over-
all change smaller than the absolute value at high T this is
precisely the behavior expected for a dilute, quasi-static elec-
tron spin system [33]. The LF-uSR spectra shown in Fig. 7(a)
are in good agreement with this interpretation, as the ZF re-
laxation at 7' = 7.5 K is significantly decoupled even in a
modest applied LF of 0.002 T. Overall, the ©SR data provides
additional support for the formation of a non-magnetic sin-
glet state for the Re®" spins at low 7', which coexists with
a small fraction of quasi-static free spins. We note that our
1SR data for SroInReOg looks qualitatively similar to SR
data for other proposed singlet ground state DPs, including
Bas YMoOg [22, 23] and SrLaMgReOg [31].

IV. DISCUSSION

We have firmly established that SroYReOg hosts a spin-
glass ground state, while SraInReQg is characterized by a non-
magnetic singlet ground state instead. Here, we make an ef-
fort to understand how the magnetic ground states of d? DPs
evolve as a function of various tuning parameters, including
spin-orbit coupling, structural distortions, and exchange inter-
actions. There have now been several experimental reports in
the literature describing the magnetic properties of particular
members of this family, but an overall unifying picture is lack-
ing. There are two different types of d> DPs, which are based
on Os®* or Re®*. There are no known d? DPs consisting of
3d or 4d transition metals, so the closest available comparison
arises from considering Ni?* S = 1 systems, with the caveat
that the active orbitals in the case of Ni2* are e4 and not tog.
Table III summarizes several properties of various 5d% and
Ni2* S = 1 DPs, including the space group SpG, the toler-
ance factor t, the Curie-Weiss temperature 6y, the ordering
or freezing temperature T; /¢, and the magnetic ground state.

Some trends in Table III are readily apparent. Long-range
ordered ground states are found for all of the Ni2* DP com-
pounds previously investigated, with the type of long-range
order determined by the signs and relative magnitudes of near-
est neighbor (NN) exchange .J; and next-nearest neighbor
(NNN) exchange J5. On the other hand, the magnetic ground
states for the 5d transition metal-based compounds are ex-
tremely varied. The 5d systems with higher crystal symmetry
show an increased tendency to exhibit magnetic order, while
the lower symmetry systems are generally characterized by
spin-glass or non-magnetic singlet ground states. On the basis
of these observations alone, one obvious conclusion is that in-
troducing enhanced spin-orbit coupling combined with signif-
icant structural distortions away from the ideal fcc lattice leads
to a destabilization of magnetic order in this family. This find-
ing is somewhat counterintuitive, as the geometric frustration

generally argued to be responsible for the lack of long-range
magnetic order in d? DPs should be maximized in cubic sys-
tems.

A detailed understanding of the single ion ground state for
5d? systems is essential to understand this puzzling trend. The
5d? ions of cubic DPs are in an ideal octahedral oxygen en-
vironment, which leads to a very large to4/e4 splitting A. To
satisfy Hund’s first rule, the total spin for the two electrons
is § = 1. The orbital triplet degree of freedom must also be
taken into account to determine the single ion ground state for
a d? system, as orbital angular momentum L is generally not
quenched in 5d magnets. If Hund’s coupling Jg > 2\ g0, one
finds that spin and orbital moments lock together to create a
J = 2 ground state [27, 46, 47].

TABLE III: Structural and magnetic properties of selected 3d S = 1
and 5d? double perovskite systems with a single magnetic sublattice
Compound | SpG | t |0cw | T./s |Ground state| Ref.
BaoWNiOg |Fm3m|1.05| ? ? | Type-II AF [41]
SraWNiOg | 14/m [0.99|-175| 54 AFLRO [54]
SroTeNiOg | C2/m | 1 |-240(28-35| AFLRO [54]
LaxTiNiOg |P21/n|0.96|-130| 25 | Type-II AF [42]
SrLaSbNiOg | P21/n |0.97| ? 26 Type-1 AF [43]
CayWNiOg |P21/n[0.95|-100| 50 | Type-II AF [44]
Ba;Ca0s0g |Fm3m|0.99|-156| 50 AFLRO [28]
SroMgOsOg | I4/m | 1 |-347| 110 AFLRO [29]

CagO0sOg |P2:1/n| 09 [-151] 50 AFLRO? [55]
CazMgOsOg | P21/n|0.96| -72 | 19 SG [29]
BasYReOg |Fm3m| 1 |-616| 50 SG [30]
SroYReOg | P21/n|0.94|-382| 12 SG this work
LagLiReOg | P21/n|0.95|-204| 50 SG/SS? [30]
SrLaMgReOg | P21/n|0.97|-161| - SS [31]
SroInReOg | P21/n|0.97(-137 - SS this work

The acronyms for the magnetic ground states specified in the table
mean the following: AF (antiferromagnet), AFLRO (unknown
antiferromagnetic long-range order), SG (spin glass), SS
(non-magnetic singlet state). cw and T,/ ¢ are both presented in K.

In lower symmetry 5d* DPs, the five-fold degeneracy of
the J = 2 multiplet can be removed by a non-cubic crystal
field term &, which is defined here as the energy difference
between the ground state and the lowest-lying excited state.
A non-magnetic singlet ground state (.J = 0) is even possible
in principle for a significant J, due to the integer value for
the angular momentum of the cubic crystal field ground state.
In fact, recent RIXS work on NasIrOs [48] and Sr3CulrOg
[49] has proven that even modest structural distortions leading
to non-cubic crystal fields at the Ir** sites can induce large
intramultiplet splitting on the order of 100’s of meVs in 5d
magnets. Furthermore, non-cubic crystal field splitting has
been argued to play an important role in stabilizing the ordered
magnetic ground state for the 5d* DP Sr» YIrOg [50], since a



non-magnetic single ion singlet state is expected for a cubic
d* system in the strong SOC limit.

The enhanced sensitivity of 5d systems to small structural
distortions, as compared to their 3d counterparts, arises from
the spatially-extended nature of the 5d orbitals. We propose
here that this difference is one of the key factors leading to
a wide variation of magnetic ground states for 5d2 DPs. If
0 = 0, which is valid for cubic systems, then the five-fold de-
generacy of the J = 2 multiplet will be preserved and a long-
range ordered magnetic ground state will be the most common
outcome [27]. On the other hand, if the intramultiplet splitting
¢ for the non-cubic systems becomes significant and creates a
singlet ground state, there are three main possibilities based
on the strength of the exchange interactions .J., between the
magnetic ions. It is well-known that there is a critical value
e = (Jez/d). above which magnetic moments are induced
in singlet systems [51] and typical long-range magnetic order
can still arise. On the other hand, for =, > J,/J, spontaneous
magnetism becomes impossible and therefore non-magnetic
singlet ground states are realized instead. The third case with
ZTe & Jeo /0 proposed for the spin glass PrAusSis, is perhaps
the most interesting, as it has been suggested that the spin
freezing results from dynamic fluctuations of the crystal-field
levels that destabilize the induced moments and frustrate the
development of long-range magnetic order [51]. This mech-
anism can serve as the source of both the frustration and dis-
order that are generally accepted to be essential ingredients in
all spin glasses, and it can provide a natural explanation for
why no obvious source of disorder has ever been found in 5d>
spin glass DPs.

Magnetic characterization studies of 5d°> DPs yield re-
sults that are broadly consistent with our explanation given
above for magnetic ground state selection. We first consider
SraYReOg and SrzInReOg, which were extensively charac-
terized in the present work. The Re®* sites of both systems
are subjected to non-cubic crystal fields; this deviation from
ideal fcc lattice geometry simultaneously enhances ¢ and re-
duces J.;. One way to roughly quantify the former effect is
by considering Re-O bond lengths. At T' = 4 K, our NPD
measurements yield three inequivalent Re-O bond lengths of
1.95,1.96, and 1.98 A and 1.94, 1.97, and 2.01 A for the Y and
In systems respectively. The latter effect can also be quanti-
fied by considering the magnitude of the Curie-Weiss temper-
atures 6. Based on the significantly reduced value of ¢y
coupled with the enhanced structural distortion for SraInReOg
relative to SroYReOg, it is not surprising for a J = 0 single
ion ground state to arise for the former but not for the latter.

In general, Table III indicates that 5d? cubic systems
with low Curie-Weiss temperatures and significant structural
distortions tend to exhibit singlet ground states, while cu-
bic systems show an increased tendency for magnetic order.
Bay YReOg is the one known example of a cubic 5d? system
that does not show long-range order. However, broad mag-
netic Bragg peaks were recently observed that are character-
istic of a cluster spin glass [52], which may indicate that this
system is proximate to a quantum phase transition into a long-

range ordered state. Indeed, it is possible that Bas YReOgq
is not an ideal fcc system but rather exhibits a small struc-
tural distortion that can best be observed by synchrotron x-ray
diffraction.

Finally, we note that our discussion for 5d° systems does
not extend to 4d'/5d' systems since they cannot have sin-
gle ion singlet ground states according to Kramer’s theorem.
On the basis of enhanced quantum fluctuations and strong
geometric frustration, theoretical work for d' systems pre-
dicts that exotic collective spin-singlet ground states including
quantum spin liquids and valence bond solids/glasses can be
realized [53]. While we cannot rule out similar origins for the
singlet ground states in 5d2 DPs, previous theoretical work on
these systems indicates that simple ordered states dominate
the phase diagram instead [27].

V. CONCLUSIONS

We have performed detailed characterization studies of the
5d? double perovskites SroInReOg and Sry YReOg. Both sys-
tems crystallize in the space group P2;/n and therefore non-
cubic crystal fields are present at the Re®* sites. Our com-
bined magnetic susceptibility, heat capacity, neutron powder
diffraction, and muon spin relaxation measurements suggest
that SroYReOg is a spin glass while SroInReOg is best char-
acterized by a non-magnetic singlet ground state. We attribute
the great diversity of magnetic ground states found for the 5d>
double perovskite family, including the different ground states
for SroYReOg and SroInReOg determined in this work, to a
subtle interplay between spin-orbit coupling, non-cubic crys-
tal fields, and exchange interactions. To verify our hypothesis
for ground state selection in 5d systems, it will be important
to systematically determine the crystal field level schemes and
exchange interactions for several members of this family.
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