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Frustrated magnetism in the double perovskite La,LiOsO¢: A comparison with La,LiRuQOg
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The frustrated double perovskite La,LiOsOg, based on Os’* (543, tg) is studied using magnetization, elastic
neutron scattering, heat capacity, and muon spin relaxation («SR) techniques and compared with isostructural
(P2,/n) La,LiRuOs, Ru’*(4d?, 3). While previous studies of La,LiOsOs showed a broad susceptibility
maximum (xmax) Near 40 K, heat capacity data indicate a sharp peak at 30 K, similar to La,LiRuO¢ with
xmax ~ 30K and a heat capacity peak at 24 K. Significant differences between the two materials are seen in
powder neutron diffraction where the magnetic structure is described by k = (1/21/2 0) for La,LiOsOg, while
La,LiRuO¢ has been reported with k = (000), structure for face centered lattices. For the k = (1/21/2 0)
structure, one has antiferromagnetic layers stacked antiferromagnetically, while for k = (000) structure,
ferromagnetic layers are stacked antiferromagnetically. In spite of these differences, both can be considered
as type I fcc antiferromagnetic structures. For La,LiOsOg, the magnetic structure is best described in terms of
linear combinations of basis vectors belonging to irreducible representations I'; and I'y. The combinations I',
— T4 and I', + T4 could not be distinguished from refinement of the data. In all cases, the Os>* moments lie
in the yz plane with the largest component along y. The total moment is 1.81(4) ug. For La,LiRuQg, the Ru>*
moments are reported to lie in the xz plane. In addition, while neutron diffraction, #SR and NMR data indicate
a unique 7y = 24 K for La,LiRuOg, the situation for La,LiOsOg is more complex, with heat capacity, neutron
diffraction, and uSR indicating two ordering events at 30 and 37 K, similar to the cases of cubic Ba; YRuOg and

monoclinic Sr, YRuOg.

DOLI: 10.1103/PhysRevB.93.014431

I. INTRODUCTION

Interest in the class of materials known as B-site ordered
double perovskite oxides has grown in recent years due in
part to observations of unusual and unexpected magnetic
behavior, such as the gapped spin singlet ground state of
Ba; YMoOg, among others [1-3]. These compounds have the
general composition A, B B'Og, where A is a large cation such
as Ba2t, Sr*t, or Lat and the B and B’ cations are smaller
ions that satisfy the stability constraints of the perovskite
structure, according to the well-known tolerance factor, r =
[r{A) +r(0)1//2[(r(B) + r(0)], where r(A) and r(B) are
the average radii of the A-and B-site cations and r(O) is the
oxide ion radius [4]. If the difference in radius and formal
charge between the B and B’ ions is sufficiently large, these ions
will occupy distinct crystallographic sites, the lattice topology
of each being face centered [5]. If only the B’ ion is magnetic,
the potential for geometric magnetic frustration is present
as the face centered lattice is one of edge-sharing tetrahe-
dral [6]. The B’ site ion is often from the 4d or 5d series and
given the octahedral site geometry, the electronic configura-
tions nd' (tég), ndz(tgg) and nd> (tgg) are common. In this study
the nd 3(tg’g) based double perovskites (DP) will be featured, in
particular the isostructural, monoclinic (P2;/n) compounds,
La;LiRuOg and La;LiOsOg, containing the magnetic ions
Ru’*(4d?) and Os>*(54°). This investigation mirrors studies
of the closely related, isostructural, cubic (Fm-3m) phases
Ba; YRuOg and Ba, YOsOg [7-9].
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Table I below provides some context for the results to
be presented. Here are collected relevant data for fourteen
tgg DP materials for which t; is the only magnetic ion and
which have been reasonably well characterized, including
neutron diffraction results. There are three B’ ions involved,
Ru’T, Os®t, and Ir® —the latter of which is not stable in a
perovskite environment under ambient conditions and requires
high pressure synthesis [15,16]. Some noteworthy results from
Table I are that the majority of tgg DP materials show some
type of long-range antiferromagnetic order(AFLRO), even
those with rather large frustration indices f. Generally, the
observed AFLRO is described by one of two wave vectors,
k = (000) or k = (1/21/20). These are different magnetic
structures that can be described in terms of the stacking of
spin correlated planes normal to an unique axis. In the former,
F planes are stacked with AF correlations to adjacent planes,
while in the latter AF planes are stacked with AF correlations
to the adjacent planes. Inspection of these structures yields
the perhaps surprising observation that both can be classified
as type I fcc, as the nearest-neighbor (nn) and next-nearest-
neighbor (nnn) spin correlations are identical, namely, for
n.n., there are 4 F and 8 AF, and for nnn, there are 6F. For
cubic Fm-3m symmetry, only k = (000) is reported, while
for monoclinic P2;/n symmetry, both wave vectors are found.
Given the similarities in spin correlations, the two structures
are likely very close in energy. There are only two exceptions
to type I order, namely, LaNaRuOg, which orders with
an incommensurate kK = (0 00.091), and Ba,LaRuQOg with
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TABLE I. Summary of relevant magnetic properties for fourteen tgg DP oxides.

DP S.G. 0.(K) Ty (K) f Wave vector, k w(BHug™ Ref.
Sr; YRuOg P2y/n -380 26 15 ©00) 1.96(2) [10]
Sr,LuRuOg P2,/n =350 26 13 ©00) 2.10(8) [7]
La,LiRuOq P2y/n -204 24 9 000 2.2(2) [11]
La;NaRuOg P2y/n =57 15 4 (000.091) 1.87(7) [12]
Ba, YRuOgq Fm-3m =571 36 16 ©00) 2.2(1) [7]
Ba,LuRuOq Fm-3m -630 35 18 ©00) 2.06(8) [7]
Ba,LaRuOg¢ I-1 -304 29 10 Type Illa 1.96(10) [13,14]
Ba, YOsOg Fm-3m =771 36 11 ©00) 1.65(5) [9]
Sr,Sc0s0¢ P2/n -677 92 7 ©00) 1.6(1) [15]
Sr, YOsOg P2/n =313 53 6 ©00) 1.91(3) [16]
Sr,In0sOg P2y/n -98 26 4 ©00) 1.77(7) [16]
La;NaOsOgq P2,/n =77 — — no order — [12]
Sr,CalrOq P2y/n -363 58 6 1/21/20) 1.33(2) [17]
SroMglrOg P2y/n 418 747 6? no order — [18]
Sr,ZnlrOg P2,/n —430 467 9? no order — [18]
“f =101/ Tx.

*Ordered moment on B’ from neutron diffraction.

type Illa. The latter has triclinic crystallographic symmetry and
is perhaps an outlier amongst the DP materials. Interestingly,
three tgg DP materials do not order, La;NaOsOg, Sro;MglrOg,
and Sr,ZnlrQOg.

Itis worth noting that detailed studies have been reported for
related DP materials with a t3, ion on the B’ site but also with a
magnetic ion on the A site. These were not included in Table I,
asitis not clear what role is played by the A-site moment in the
determination of the magnetic ground state. For example, in
the Ru>* series, Ln,LiRuOg, Ln = Pr, Nd, Gd, and Tb, all are
reported to show a k = (1/21/2 0) state, with the exception
of Ln = Gd, which does not appear to order to 2 K [19]. On
the other hand, La,LiRuQOg has k = (000). Nd,LiOsOg also
belongs to the k = (1/21/2 0) group [20]. Finally, the ordered
moments display a systematic dependence on the B’ ion with
average moments for Ru’*, Os’*, and Ir®* of 2.1 ug, 1.7 us,
and 1.3 ug, respectively, which are lower than the nominal
spin only value of 3 ug by about 30%, 43%, and 57%.

Returning to the two materials that are the subject of
this work, while La,LiRuQOg is fairly well characterized by
susceptibility, heat capacity and NMR, only the magnetic
structure has been deduced from neutron diffraction and no
detailed tracking of the order parameter nor any study of
spin dynamics by muon spin relaxation («SR) have been
reported [11]. For the Os analog, only the crystal structure and
bulk susceptibility data have been published [19]. Comparison
of the cubic Fm-3m phases Ba; YRuOg and Ba; YOsOg showed
some interesting systematics [8,9]. For example, 7y increased
nearly twofold (36 to 69 K) upon replacement of the 4d Ru by
5d Os, which might be attributed to the larger radial extent of
the 5d orbitals leading to enhanced magnetic exchange. The
INS gap was also significantly larger for the Os analog, by a
factor of 3.4. It was noted that this ratio is nearly the same as
that for the free ion spin-orbit coupling (SOC) constants for
Os>* and Ru’*, suggesting a role for this effect. The reduction
in ordered moments by replacing Ru with Os has already
been noted, which is another possible role for SOC. In fact,

k =(000.091),? indicates that Ty is assigned to an anomaly in the magnetic susceptibility but not confirmed by other probes.

there exists a roughly linear correlation between the ordered
moment measured by neutron diffraction and the free ion, one
electron SOC constant, as seen in Fig. 1. However, correlation
is not necessarily causation and a significant moment reduction
can also be realized through the increased covalency or
hybridization of the B'-O interaction involved in replacement
of a 3d ion with one from the 4d or 5d series [15].

Studies to characterize La;LiOsO¢ more fully using heat
capacity, neutron diffraction, and ©SR have been undertaken
and are reported here along with ©SR and further neutron
elastic scattering investigations of La;LiRuQOg to permit a

1cr*(3d?)
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FIG. 1. Correlation between the ordered moments measured by
neutron diffraction and the free ion, one electron SOC constant for nd?
ions in a perovskite environment. The error bars represent the spread
of values indicated in Table I. The SOC constants for Ru’t, Os>*,
and Ir®* are extrapolated from C.-G. Ma and M.G. Brik, J. Lumin.
145, 402 (2014) and for Cr** from M. Blume and R.A. Watson, Proc.
Roy. Soc. A270, 127 (1962).
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TABLE II. Relevant structural data for La,LiB’Og.

B’ = Ru[l1] B’ = Os[21]
a (A) 5.5555(2) 5.5603(2)
b (A) 5.5977(2) 5.6564(2)
c(A) 7.8454(3) 7.8662(3)
B (deg) 90.020(5) 90.147(1)
V(A 243.98 247.40
B-01 (A) 1.952(3) 1.957(4)
B-02 (A) 1.959(3) 1.953(4)
B-03 (A) 1.948(3) 1.964(4)
(B'-0) (A) 1.953 1.958
(B'-O-Li) (deg) 155.1 1535

detailed comparison of these two closely related DP materials.
Results of inelastic neutron scattering studies of both materials
will be presented in a separate publication.

II. EXPERIMENTAL
A. Sample preparation and characterization

La;Li0sO¢ was prepared using a conventional solid state
reaction. A mixture of La; 03, 10% excess of Li,COs3, and 10%
excess of Os were ground together and heated in air for 2 hours
at 900 °C with one intermittent regrinding. For La,LiRuQOg, a
mixture of La,O3, 10% excess of Li,CO3, and RuO, were
ground together and heated in air for 1 day at 900°C with
one intermittent regrinding. Excess of Li;CO3; and Os were
used to compensate for evaporation. A platinum crucible was
used to avoid reaction with alumina. X-ray powder diffraction
data showed single phase samples with unit cell constants in
excellent agreement with the literature values given in Table II
for each sample.

B. Magnetometry

Magnetic susceptibility was measured for La,LiOsOg
within the temperature range 2 to 300 K using a Quantum
Design MPMS SQUID magnetometer at McMaster University.
Zero-field cooling (ZFC) and field cooling (FC) data were
obtained with an applied field of 0.05 T.

C. Heat capacity

Heat capacity measurements were performed using pellets
of size 2-3 mg placed on a sapphire platform sample stage of a
Dynacool Physical Property Measurement System (Quantum
Design) equipped with a helium-3 heat capacity insert puck.
The pellets were adhered to the platform using Apiezon
N-grease during the measurements. The measurements were
performed in 0 and 9-T fields for a temperature range of 0.350
and 300 K. The heat capacity of the puck and grease were
subtracted from the total heat capacity.

D. Neutron elastic scattering

Neutron diffraction data without energy analysis were col-
lected at the C2 instrument at the NRU reactor operated by the
Canadian Nuclear Laboratory, Chalk River, Ontario, Canada.
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FIG. 2. (a) Magnetic susceptibility data for the La,LiOsOg
sample used in this study. The inset shows a Curie-Weiss analysis
of the data, yielding perr = 3.398(9) up and 6 = —154(2) K, in good
agreement with published data. The numbers in brackets are the spin
only values for the Curie constant and the effective moment. Note
that the ZFC and FC data are essentially indistinguishable. (b) The
low-temperature susceptibility for La,LiOsOg compared withd x /d T
vs T indicating that Ty is 30 K.

The data were collected at several temperatures from 3.5 to
280 K with neutron wavelengths of 2.3719 and/or 1.3305 A
depending on measurement temperature. The crystal and
magnetic structures were refined using the FULLPROF suite
of programs [22].

Neutron scattering measurements were also performed at
the Spallation Neutron Source (SNS, Oak Ridge National Lab-
oratory), on the SEQUOIA Fine Resolution Fermi Chopper
Spectrometer [23]. For collection of elastic scattering data, an
incident energy of 11 meV was used with an energy integration
range from —0.15 to 0.15 meV. The samples were enclosed in
annular aluminum cells with a He exchange gas atmosphere,
loaded into an Orange 4He-flow cryostat, and investigated over
a temperature range of 7 to 100 K. An identical empty can was
measured under the same experimental conditions and used
for background subtraction. Data reduction was accomplished
using the software suite DAVE [24].
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FIG. 3. Heat capacity for La,LiOsO¢ compared with a lattice
match phase, La,LilrOg. The inset shows the magnetic contribution
with a sharp maximum at 30 K and a weaker anomaly at ~37 K.

E. uSR
Muon spin relaxation measurements were performed at
the M20 surface muon channel at the TRIUMF Centre for

Molecular and Materials Science Facility. The samples were
mounted in a low-background insert in a helium gas flow
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FIG. 4. A comparison of neutron diffraction data, A = 2.37 A, for
La,Li0sOg at 3.5 K (blue line) and 35 K (red circles). Two magnetic
peaks are indicated by arrows. The inset shows a difference plot,
3.5-35 K, from which a third magnetic peak can be detected.

PHYSICAL REVIEW B 93, 014431 (2016)

16000 T T

1 ® Observed
14000 ] Calculated
12000 —— Difference
10000 -

8000 4
6000
4000

2000 ! A
0_ ] Il I m | I [ I (] I \HH_N

Intensity (arb. units)

-2000 + | | mnon o ‘HI\ mwn M

4000 bt fl ]

20 (deg.)

FIG. 5. Rietveld refinement of the neutron diffraction pattern
of La,LiOsOg at 3.5 K including the magnetic structure—a linear
combination of the basis vectors of the I'; and I'y irreducible
representations—Ilowest tick marks. See text for further information.
Reflections from a small La, O3 impurity and the vanadium sample
can are also indicated.

cryostat, such that muons not landing in the sample were not
recorded in the collected spectra.

III. RESULTS AND DISCUSSION

A. Crystal structure

Both La,LiRuOg and La;LiOsOg crystallize in a mono-
clinic perovskite structure with symmetry P2;/n and the unit
cell constants and some relevant interatomic distances and
angles are listed in Table II. Note that the unit cell volumes
differ by only 1.4% and that the B'-O distances are equal to
within 20, i.e., there is very little distortion of the coordination
octahedron of B’ in either material. The B'—~O-Li angles,
critical for the super-super exchange interactions, differ by
less than 2°. The slightly larger cell volume for the Os phase
is consistent with the slightly larger radius of Os>*(0.575 A)
relative to Ru>*(0.565 A) [25]. From a structural perspective
these are two very similar materials.

B. Magnetic susceptibility

The published magnetic susceptibility data for La,LiRuOg
and La,LiOsO¢ show similar features, including relatively
large negative Curie-Weiss temperatures of —207 and —168 K
and broad susceptibility maxima at ~30 and ~40 K, respec-
tively [11,21].

Data were collected for the La;LiOsOg sample used in this
study and the results are shown in Figs. 2(a) and 2(b). Note first
the broad maximum near 40 K and that the ZFC and FC data
can be superimposed. Thus no canted moment exists in spite of
the fact that the D-M interaction is permitted for DP materials
with P2;/n symmetry. The derived Curie-Weiss parameters
[inset Fig. 1(a)], ter = 3.398(9) up and 6 = —154(2) K, are
in reasonable agreement with published data [21]. Note that
Uesr 18 somewhat reduced, ~12%, from the spin only value,
3.87 pg. In Fig. 2(b), an attempt is made to locate Ty by
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TABLE III. Refined magnetic structure models and magnetic moment for La, LiOsOg.

[+ Ty I+ Ty I+ Ty =Ty Iy =Ty I, —Ty
Bi [91, 92, q3] [91, 92, q3] (91, 42, g3] [q1. 92, q3] (91, 92, 93] [91: g2, 93]
B, [—r1,r2, —13] [—r1,r2, —13] [—=r1,r2, —13] [ri, —r2, 13l [r1, —r2, 73] [r1, —ra, 73]
Os
Ux —-0.2(2) 0 (fixed) 0 (fixed) —-0.2(2) 0 (fixed) 0 (fixed)
My 1.6(2) 1.72(8) 1.79(4) 1.6(2) 1.72(8) 1.79(4)
7 0.8(3) 0.4(2) 0 (fixed) 0.8(3) 0.5(2) 0 (fixed)
WTotal, B 1.84(3) 1.79(6) 1.79(4) 1.84(3) 1.79(6) 1.79(4)
Runag» % 23.0 24.8 25.5 23.0 24.3 25.0

plotting d x /dT and a sharp maximum is seen at 30 K. It was
shown conclusively from heat capacity and nmr studies that
for the Ru phase, Ty = 24 K, while Ty had not been reported
previously for the Os analog [8].

C. Heat capacity

Heat capacity data for La;L.iOsOg are shown in Fig. 3
along with those for a lattice match material, La,LilrOg.
I’ (5d*) is nonmagnetic in this phase [26]. While the lattice
match is not ideal, it is possible to isolate an approximate
magnetic contribution shown in the inset. Note the sharp
maximum just below 30 K, in excellent agreement with the
analysis of Fig. 2(b), but also a much weaker anomaly near
37 K. The total entropy lost over the investigated temperature
range is 8.47 J/mole K2, which is 73% of that expected for
S = 3/2, 11.66J/mole K2. Thus the true Ty appears to be well
below the susceptibility maximum of ~40 K, very similar to
the case for La,LiRuOg.

D. Neutron diffraction

As mentioned, elastic neutron scattering data were collected
both at the C2 diffractometer and SEQUOIA for the Os phase
and only at SEQUOIA for the Ru analog. Analysis of C2 data
for La;LiOsOg will be discussed first.

Data were taken from 3.5 to 35 K and a comparison of
results for these terminal temperatures is shown in Fig. 4.
Two magnetic reflections are readily detected, marked by
arrows. From a difference plot, 3.5-35 K, three magnetic
peaks were found, see the inset. These reflections were indexed
using the k-search function of Fullprof, and k = (1/21/2 0)
was found, unequivocally, instead of the expected k = (000),
which describes the magnetic structures of the majority of
nd> DP materials, including La,LiRuQg, as noted in Table L.
In fact, the only other DP in this class with k = (1/21/2 0)
is Sr,CalrOg although, as mentioned previously, it is found
for some nd®> DP materials with magnetic ions on the A
site.

In order to determine possible magnetic structures suitable
for the space group P2, /n, the program SARAH was employed
for representational analysis [27]. For k = (1/21/2 0), this
resulted in two irreducible representations (IR), I', and T'4
(in Kovalev’s notation). The IRs I'; and I'4, describe the
magnetic spins within different layers. For La;LiRuOg, it was
determined that the magnetic structure consisted of moments
ordering in both layers and the same assumption was made

for the La,LiOsOg¢ case. Hence the refinement of the neutron
diffraction data was undertaken by combining the basis vectors
(BV) of I', with I'y (Fig. 5) and this provided two possible
symmetry allowed magnetic structures (I'; + 'y and I'y — T3
Table III). The refinements revealed that both models fit the
data equally well and are indistinguishable with the existing
data. In all cases the x component is zero and the major
component is along y with a small component along z. The
refined Os>* total magnetic moment (the average of all of
the models) is 1.81(4) ug (Table IV), which is significantly
smaller than the expected ordered moment for an S = 3/2 ion,
but similar to experimental values reported for other osmium
double perovskites, Table I. The refined magnetic structure is
shown in Fig. 6.

As mentioned, elastic neutron powder data are also
available for both the Ru and Os DP compounds from
the SEQUOIA experiments, albeit with lesser Q resolution.
These results are nonetheless highly instructive regarding the
differences in magnetic structure and also in the behavior of
the order parameter as seen in Fig. 7. Note first Figs. 7(a)
and 7(b), the obvious differences in relative intensities of
the two strongest magnetic reflections, which are illustrative
of the different magnetic structures described by k = (001)
for the Ru DP and k = (1/21/20) for the Os analog. A
more surprising difference is seen in the behavior of the
order parameter. While for the Ru phase the data are quite
consistent with 7y = 24 K, in the case of Os there is nonzero
magnetic intensity persisting to temperatures higher than 30 K,
indicating a secondary ordering just below 37 K, consistent

TABLE IV. Neutron diffraction refinement results of the crystal
structure of La,LiOsOg at 3.5 K.

Atom x y Z Biso(Az)
La 0.489(9) 0.047(6) 0.248(5) 0.25
Li 0 0 0 0.37
Os 0.5 0.5 0 0.25
ol 0.218(9) 0.29(1) 0.04(1) 0.2
02 0.58(1) 0.481(8) 0.245(8) 0.2
03 0.305(9) 0.78(1) 0.046(9) 0.2
a(A) 5.5443(4)

b (A) 5.6312(4)

c(A) 7.8440(7)

B 90.199(3)

014431-5
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FIG. 6. The magnetic unit cell of La,LiOsOg. Osmium atoms are
shown in gold. Lanthanum, lithium, and oxygen atoms are omitted
for clarity and the red arrows represent the Os>* magnetic moments.
See text for further information.
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with the heat capacity data. This behavior is reminiscent of the
situation for Ba, YRuOg and Sr; YRuOg both of which showed
two apparent orderings at 36 and 47 K and 24 and 30 K,
respectively [28-31]. For Ba; YRuOg, it was shown that the
region between 36 and 47 K was dominated by shorter-range
spin correlations [29]. It is presently unclear whether shorter-
range spin correlations are also present in La;LiOsOg in the
30-37 K range. The existing neutron diffraction data are not
of sufficient quality to provide a definitive answer.

E. uSR

1SR can provide information which is complementary to
that of neutron diffraction in terms of the order parameter.
The temperature dependence of the asymmetry parameter for
both the Ru and Os DP materials is shown in Fig. 8. The
solid line is a fit to four relaxation processes as indicated in
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FIG. 7. (a) Magnetic reflections at several temperatures for La,LiRuQOg. (b) Magnetic reflections at several temperatures for La,iOsOg.

(c) The order parameters for La,LLiRuOg and La,LiOsOg. For the latter,
lines indicate the position of the sharp anomaly in the heat capacity data.
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data are also included from the C2 experiments. The vertical black

-6



FRUSTRATED MAGNETISM IN THE DOUBLE PEROVSKITE ...

PHYSICAL REVIEW B 93, 014431 (2016)

T T T T

1.5k O 5K
21K 22.5K

La,LiRuOg 15K

60.8K

T T T U

26K
35K

28K

g 30K 80K

Asymmetry

0.0 0.1 0.2 0.3 0.4

0.0 0.1 0.2 0.3 0.4 0.5

Time (uS)

FIG. 8. The asymmetry parameter for La,LiRuQOg (left) and La,LiOsOg (right) vs temperature. Note the presence of oscillations arising
from unique, static internal fields, consistent with the onset of long-range magnetic order in both materials with decreasing temperature. The

fits are to the function indicated in the text.

Eq. (1),

Assym. = A cos[w(By)t + (pl]e—/\(l)/z

+ Ay cos[wa(Ba)t + @ple M/
+ Az cos[w3(B3)t + @ale M1 4 Aye /1
()
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FIG. 9. Temperature dependence of (B;) for La,LiRuOg¢
(red) and La,LiOsOg (blue). (B;) is defined as (B;) =
(AB, + A3 B; + A3B3)/ Aora- The vertical arrows indicate the tem-
peratures at which sharp heat capacity anomalies occur.

where A; are amplitudes, w; are muon precession frequencies,
B; are local fields at the muon sites, and A; are the relaxation
rates. Note that there are three frequencies/internal fields
indicating the existence of three muon sites which is in turn
consistent with the presence of three O sites in the P2,/n DP
structure.

In Fig. 9, the temperature dependence of (B;), defined as
(B;) = (A1 By + Ay By + A3B3)/ Aol 1s plotted for both the
Ru and Os DP phases, which can be taken as an order parameter
for each. Note that the data for La; LiRuQg indicate Ty = 24 K,
consistent with that from the neutron diffraction, Fig. 7(c),
in addition to heat capacity and NMR data from previous
studies [8]. In contrast for La;LiOsOg, ( B;) shows a significant
dip near ~30 K, the position of the sharp heat capacity anomaly
and vanishes near 37 K, consistent with the elastic neutron
scattering results and the weak heat capacity anomaly. Also the
ratio of the saturation value of ( B;) for the Ru and Os DP phases
~1682G/1377G = 1.2 is equal to the ratio of the ordered
moments obtained from neutron diffraction, 2.2 ug /1.8 ug =
1.2. This is reasonable as the magnetic field seen by the muon
should be linearly related to the magnetic moments. which
give rise to this field.

IV. SUMMARY AND CONCLUSIONS

La;LiRuOg and La;Li0OsOg are structurally very similar,
both crystallize in P2;/n with unit cell volumes that differ by
only 1.4%. Magnetic susceptibility data for both show broad
maxima at ~30 K (Ru) and ~40 K (Os) but AF long-range
order sets in below 24 K (Ru) and 30 K(Os) with an indication
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of an additional ordering near 37 K for the Os phase, which is
detected by heat capacity, neutron diffraction and ©SR. While
the nearly ubiquitous magnetic structure, k = (000), is found
for the Ru phase, for the Os compound, a different magnetic
ground state, described by k = (1/2 1/2 0), pertains. As noted
previously, the k = (000) structure can be described as F
layers stacked in an AF sequence, while for k = (1/21/2 0),
AF layers are stacked in an AF sequence. The origin of
this difference in magnetic structure is currently unclear. As
already emphasized, the difference in energy between these
two ground states is likely to be small. In La,LiRuQg, the
stacking direction is the ¢ axis with moment components in the
ac plane and a total moment of 2.2(2)ug while for La;LiOsOg
the stacking direction is the same but the moment components
are in the bc plane with a total value of 1.81(4)ug. This
moment reduction could reflect either the greater influence
of SOC or covalency effects upon replacing a 4d ion with
a 5d ion. There are also interesting comparisons with the
cubic analogs, Ba; YRuOg and Ba; YOsOg. Here, the ground
state for both materials is k = (000). The enhancement in
Tx upon replacement of the 4d ion Ru with the 5d ion
Os, is much greater, 68/36 = 1.9, while for the monoclinic

PHYSICAL REVIEW B 93, 014431 (2016)

materials, this factor is only 1.25. This may reflect the more
efficient super-super-exchange pathways available in the cubic
structure materials, as all of the angles involved in the Ru(Os)
—0-Y-O-Ru(Os) pathway angles are 180° for J,,, and for J,
the O—Y-0O angle is 90°. For the P2;/n phases, some of these
are much more acute, with Ru(Os)-O-Li angles of ~154° for
both J;, and J,pn. On the other hand, the O-Li—O angle is ~90°
for J,, and ~180° for Jynn.
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