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The usual classical behaviour ofS = 3/2, B-site ordered double perovskites generally results in simple,
commensurate magnetic ground states. In contrast, combined magnetic susceptibility, heat capacity, and neutron
powder diffraction measurements for theS = 3/2 systems La2NaB′O6 (B′

= Ru, Os) reveal an incommensurate
magnetic ground state for La2NaRuO6 and a drastically suppressed ordered moment for La2NaOsO6. This
behaviour is attributed to the large monoclinic structuraldistortions of these double perovskites. The distortions
have the effects of creating inequivalent nearest neighbour (NN) superexchange interactions and weakening
them on average, possibly to an energy scale that is comparable with the average next nearest neighbour (NNN)
superexchange. The exotic ground states in these materialscan then arise from a competition between some
combination of inequivalent NN and NNN exchange interactions, providing a novel mechanism for achieving
frustration in the double perovskite family.

PACS numbers: 75.30.Fv, 75.40.Cx, 75.47.Lx, 76.30.He

Insulating, B-site ordered double perovskites of the formula
A2BB′O6 have attracted considerable interest recently due
to the opportunity to study geometric frustration on a face-
centered cubic (FCC) lattice. This situation arises when the
only magnetic ions in the system can be associated with the
B′ site and are governed by antiferromagnetic (AF) nearest
neighbour (NN) interactions. There should also be minimal
site mixing between the B and B′ sites. Since the double per-
ovskite structure type is very versatile with respect to chem-
ical substitution and the B sites can accommodate a variety
of transition metals, systematic studies can be performed to
investigate the effects of changing the spin quantum num-
ber S and increasing the relativistic spin-orbit coupling by
considering materials with 4d and 5d electrons. A series
of exotic magnetic ground states have been observed previ-
ously in S = 1/2 and 1 systems, including a collective sin-
glet state coexisting with paramagnetism in Ba2YMoO6[1, 2]
described as a valence bond glass[3], a collective singlet
state in La2LiReO6[4], spin freezing without long-range order
in Ba2YReO6[4], Sr2MgReO6[5] and Sr2CaReO6[6], short-
range order in La2LiMoO6[1], and a ferromagnetic (FM) Mott
insulating state in Ba2NaOsO6[7, 8]. Theoretical studies have
also indicated that a wealth of other magnetic ground states
are possible in these 4d and 5d quantum spin systems[9, 10].

4d and 5d double perovskites with largerS = 3/2 and 5/2
spins are expected to behave more classically. NN AF ex-
change interactions along extended superexchange B′-O-O-
B′ pathways are often dominant in these materials, result-
ing in Type I AF order, following the notation in Ref. [11].
Since the magnetic atoms are on a geometrically-frustrated
FCC lattice, this state is a compromise where eight of the NN
spins are AF-aligned, four are FM, and all NNN spins are also
FM. There are many examples where this magnetic ground

state is realized, including Ca2LaRuO6[12], Sr2YRuO6[13],
Sr2LuRuO6, Ba2YRuO6, Ba2LuRuO6[11], La2LiRuO6[14],
and Sr2TeMnO6[15]. On the other hand, if AF next nearest
neighbour (NNN) exchange is the most important interaction,
these materials do not show strong frustration effects and are
often characterized by Type II AF order[11]. The Type II mag-
netic state ensures that all NNN spins are AF-aligned. Exper-
imental realizations often consist of non-magnetic W, Nb, Mo
or Re on the B site and include Ca2WMnO6, Sr2WMnO6,
Sr2MoMnO6[16] and LaANbCoO6 (A = Ca, Ba, Sr)[17].
Finally, Type III AF order has been observed in the system
Ba2LaRuO6[12]. This state arises when the NN AF inter-
action is large but the NNN AF interaction is not negligible.
While the spin alignment between NNs is the same as for Type
I AF, two out of the six NNN spins also become AF in the
Type III ordered state.

In the ideal double perovskite cubic structure, both the B
and B′ sites form FCC lattices. In practice, many double per-
ovskites exhibit structural distortions from the ideal cubic be-
haviour, most commonly caused by introducing a very small
cation into the A site. This atomic position is indicated by
the grey isolated spheres in the double perovskite structure
as illustrated in Fig. 1. The structural distortion often low-
ers the crystal symmetry from cubic to monoclinic. Although
the BO6 and the B′O6 octahedra of these monoclinic double
perovskites remain nearly ideal, the structural distortion tilts
them by varying degrees, with the amount of tilting depend-
ing on both the size of the A site cation and the difference in
the ionic radii of the B and B′ sites. The size of the structural
distortion is generally quantified by the average tilting ofthe
BO6 and B′O6 octahedra, defined byψ = (180 -θ)/2, where
θ is the average B-O-B′ angle. Furthermore, the B′ mag-
netic atoms form a pseudo-FCC sublattice characterized by
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FIG. 1: Double perovskite structure, with the large blue octahedra
representing NaO6, the small green octahedra depicting (Ru,Os)O6,
and the isolated grey spheres corresponding to La atoms. Thesmall
ionic radius of La leads to a large tilting of the NaO6 and (Ru,Os)O6
octahedra in La2NaRuO6 and La2NaOsO6.

two sets each of two-fold degenerate and four-fold degener-
ate NN distances, with the effect of creating four inequivalent
NN exchange interactions. The modified structure has impor-
tant consequences for the magnetic behaviour. In general, the
apparent strength of NN interactions is significantly weaker
in distorted systems. Moreover, the geometric frustrationin
materials where the NN interaction dominates is partially re-
lieved. As typical examples, the cubic system Ba2YRuO6 has
a Curie-Weiss temperature of -522 K, an ordering temperature
of 37 K, and a frustration index of 14, while the same parame-
ters for the monoclinic material La2LiRuO6 were found to be
-184 K, 23 K, and 8[18].

It is interesting to note that the vast majority of monoclinic
double perovskites haveβ angles that deviate from 90◦ by
less than 0.3◦, and so systems with larger monoclinic struc-
tural distortions have rarely been studied in detail. One no-
table exception is the family R2LiRuO6, where an additional
magnetic sublattice often arises from magnetic rare earth ions
R on the A site[19]. In these systems, the Ru atoms gen-
erally exhibit Type I AF order while the R atoms form a
canted AF arrangement. La2NaRuO6 and La2NaOsO6 are
good candidates for investigating the effects of large mono-
clinic structural distortions on the magnetic properties of dou-
ble perovskite systems with magnetic atoms only occupying
the B′ sites. Small single crystals of these materials were

recently grown by a flux method[20, 21]. The large struc-
tural distortions of these systems arise from a small A site
cation coupled with a relatively large ionic radii difference
between the B and B′ sites. These properties lead to reported
β angles of 90.495(2)◦ and 90.587(2)◦ and corresponding
average octahedral tilts of 17.0◦ and 17.3◦ for La2NaRuO6
and La2NaOsO6 respectively. Recent band structure calcu-
lations have been performed and predict that La2NaRuO6 is
insulating[22]. La2NaOsO6 is also expected to be an insu-
lator based on the large spatial separation of the Os ions,
and this behaviour has been confirmed in the related system
Ba2NaOsO6[8].

In this work, we performed magnetic susceptibility, heat ca-
pacity and neutron powder diffraction (NPD) measurements
to investigate the magnetic ground states of La2NaRuO6 and
La2NaOsO6. Our results reveal a sharp upturn in the magnetic
susceptibility and a clear lambda anomaly in the specific heat
for La2NaRuO6 around T= 15 K, corresponding to an incom-
mensurate magnetic structure with an ordering wavevector of
(0 0 1±δ) with δ = 0.091. The magnetic structure is best ex-
plained by two independent, interpenetrating helices madeup
of alternating ab-planes of spins. Surprisingly, despite asimi-
lar sharp upturn in the magnetic susceptibility of La2NaOsO6
around 12 K, this material exhibits only a broad, weak feature
in the specific heat around 10-12 K and no magnetic Bragg
peaks are detected down to 4 K. These findings suggests that
the ground state consists of only short-range magnetic order
or long-range order with a very small moment size. The un-
conventional magnetic ground states in these materials areat-
tributed to their large structural distortions, caused by some
combination of competing inequivalent nearest neighbour and
next nearest neighbour extended superexchange interactions.

To obtain several grams of powder for the neutron diffrac-
tion measurements, polycrystalline La2NaRuO6 was syn-
thesized via a solid state reaction. La2O3 (Alfa Aesar,
99.99%) was first activated by heating in air at 1000◦C for
12 h, Na2CO3 (Mallinckrodt, 99.95%) was dried overnight
at 150◦C, and RuO2 was prepared by heating Ru (Engelhard,
99.95%) in air at 1000◦C for 24 h. The starting materials were
then mixed together in a 1:0.55:1 ratio, and this included a
10% molar excess of Na2CO3 to offset the volatilization of
Na2O during heating. This mixture was heated to 500◦C in
1 h, held at 500◦C for 8 h, heated to 900◦C in 1 h, and held
at 900◦C for 12 h before turning off the furnace and allowing
the sample to cool to room temperature. The sample identity
was confirmed via powder X-ray diffraction, where the data
were collected on a Rigaku Ultima IV powder diffractometer
using Cu Kα radiation. Data were collected on the high-speed
D/teX Ultra detector in 0.02◦ steps over the 2θ range 10-80◦

with a speed of 10◦/min.
Polycrystalline La2NaOsO6 was also synthesized via a

solid state reaction. The starting materials were nearly identi-
cal, with the only difference being that Os (J&J Materials Inc.)
replaced RuO2. The heat treatment was also slightly modified,
as the starting mixture was heated to 900◦C in 1.5 h and held
at 900◦C for 12 h before turning off the furnace and allowing
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FIG. 2: M/H measurements for (a) La2NaRuO6 and (b) La2NaOsO6
in an applied field of 1 T and the field-cooled configuration. Both
samples exhibit deviations from the Curie-Weiss law at low temper-
atures, suggesting transitions to magnetically-ordered states.

the sample to cool to room temperature. Subsequent powder
X-ray diffraction revealed an impurity phase of La2O3, so the
sample was ground together with additional Na2CO3 and Os
and then subjected to the same heating profile as before. This
step was repeated one additional time, and then powder X-ray
diffraction revealed a single phase sample of La2NaOsO6.

The heat capacity data was collected in a Physical Property
Measurement System and the magnetic susceptibility mea-
surements were obtained from a Magnetic Property Measure-
ment System using cold-pressed pellets. For the NPD experi-
ment, roughly 5 g of each polycrystalline sample was loaded
in a closed-cycle refrigerator and studied using the HB-2A
powder diffractometer at the High Flux Isotope Reactor of
Oak Ridge National Laboratory. Data from HB-2A were col-
lected with neutron wavelengthsλ= 1.54Å andλ= 2.41Å at
temperatures of 4 - 300 K using a collimation of 12′-open-6′.
The shorter wavelength gives a greater intensity and higher
Q coverage that was used to investigate the crystal struc-
tures, while the longer wavelength gives lowerQ coverage
and greater resolution that was important for investigating the
magnetic structures of these materials. The NPD data was an-
alyzed using the Rietveld refinement program FullProf[23].

Figure 2 depicts M/H measurements for both La2NaRuO6
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FIG. 3: Heat capacity measurements for (a) La2NaRuO6 and (b)
La2NaOsO6. The insets show the low temperature behaviour for
each material. A clear lambda anomaly corresponding to a magnetic
transition is visible for La2NaRuO6, while only a broad feature is
observed in the La2NaOsO6 data.

and La2NaOsO6 in an applied field of 1 T. There are signifi-
cant deviations from Curie-Weiss law behaviour at T∼ 15 K
and 12 K for the Ru and Os systems respectively, possibly in-
dicative of magnetic transitions. Fitting the high-temperature
data to a Curie-Weiss law in the range 100-300 K yields a
Weiss temperature of -57(1) K and an effective moment of
3.43(1)µB for La2NaRuO6, while a Weiss temperature of -
74(1) K and an effective moment of 3.08(1)µB was found
for La2NaOsO6. The field dependence for both materials was
also measured at T= 2 K and showed no hysteresis. There
are some small discrepancies between these results and those
obtained on single crystals in Refs. [20, 21]; this may be re-
lated to the different ways that the samples were prepared in
the two cases and is discussed in more detail below.

The heat capacity measurements for both specimens are
presented in Fig. 3 as a function of temperature. The
low temperature behaviour is displayed in the insets, and
the difference between the two materials is quite striking.
The La2NaRuO6 data shows a well-defined lambda anomaly
around 15 K; this corresponds well to the magnetic transition
temperature inferred from the magnetic susceptibility. How-
ever, the specific heat of La2NaOsO6 is only characterized
by a weak, broad feature around 10-12 K, despite a possible
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FIG. 4: Neutron diffraction data withλ = 1.54Å is shown in (a) and (b) for La2NaRuO6 and (c) and (d) for La2NaOsO6. The asterisk in (b)
labels the largest magnetic Bragg peaks observed in the Ru system at low temperature.

signature of magnetic ordering in the susceptibility measure-
ments observed around the same temperatures.

Figure 4 showsλ = 1.54 Å NPD data for monoclinic
La2NaRuO6 and La2NaOsO6 at T = 4 K and 50 K,
while Table I depicts Rietveld refinement parameters for
λ = 1.54Å datasets collected at T= 4 K and 300 K. There
is no evidence for a structural phase transition between 300K
and 4 K in either material, and the monoclinic structural dis-
tortion gradually increases with decreasing temperature.The
Rietveld refinements also confirm that there is essentially no
site mixing between the Na and Ru/Os atomic positions, as ex-
pected for double perovskite systems with a charge difference
of +4 between the B and B′ sites[24].

Since La and Na have very similar ionic radii, site mixing
between the A and B sites was also included in the refine-
ments and consistently found to be less than 1 %. Moreover,
refinements with non-stoichiometric La and Na were consid-
ered separately since the materials preparation required ex-
cess Na2CO3. While no La was found on the B sites, the
quality of the refinements for both materials consistently im-
proved when Na was allowed on the A sites, creating a small
overall excess of Na and a small deficiency of La in the nom-
inal chemical formulas. Theλ = 1.54 Å datasets collected
at T = 4 K, 50 K and 300 K were refined independently for
both materials, with the average amount of excess Na on the

A sites given by 3(2) % and 10(2) % for La2NaRuO6 and
La2NaOsO6. Flux grown crystals of both materials[20, 21]
were not found to contain excess Na, suggesting that there
is a small sample dependence related to the way these sys-
tems are synthesized. The room-temperature lattice constants
for the crystals and polycrystalline samples are not equiva-
lent within one standard deviation, and there are small differ-
ences in the magnetic susceptibility of the crystals and pow-
ders, both providing additional evidence for this possibility. It
is also interesting to note that the room-temperatureβ angles
for polycrystalline La2NaRuO6 and La2NaOsO6 are smaller
than those of their single crystal counterparts. This feature is
consistent with some slightly larger ionic radii Na occupying
the A sites, and leads to smaller average octahedral tilt values
of 16.7◦ and 16.8◦ for the polycrystalline Ru and Os systems
respectively.

As indicated by the asterisk in Fig. 4(b) and the low
angle diffraction plot of theλ = 2.41 Å data shown in
Fig. 5(a), below∼ 16 K additional scattering is observed in
the La2NaRuO6 neutron diffraction pattern at the incommen-
surate positions (0 0 1±δ). This is indicative of magnetic
order with a propagation vector~k = (0 0 0.091). Fig. 5(b)
shows the temperature-dependence of the (0 0 1-δ) magnetic
reflection. The incommensurability was found to be roughly
temperature-independent and the transition temperature asso-
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ciated with this reflection corresponds well to the the value
inferred from susceptibility and heat capacity measurements.
To the best of our knowledge, this is the first time that an in-
commensurate magnetic ground state has been observed in a
B-site ordered double perovskite system with only one type
of magnetic atom in the unit cell. In fact, incommensurate
magnetic ground states are rarely found in double perovskite
systems in general. One of the few known examples is the
helical spin structure observed in Ba2CoReO6[25], a material
with two types of magnetic atoms.

TABLE I: Structural parameters for La2NaRuO6 and La2NaOsO6
at T = 4 K and T= 300 K extracted from the refinements of the
λ = 1.54Å neutron powder diffraction data.

(a) La2NaRuO6

Space group P21/n
Lattice parameters and refinement quality

T 4 K 300 K
a 5.5878(1)Å 5.6084(2)Å
b 5.9016(1)Å 5.9107 (2)Å
c 7.9902(2)Å 8.0190(3)Å
β 90.387(2)◦ 90.348(3)◦

χ2 3.07 3.58
Rwp 6.33 % 6.77 %

Atom positions at T= 4 K
Atom Site x y z

La 4e 0.4840(4) 0.0643(2) 0.2523(3)
Na 2a 0 0 0
Ru 2b 0.5 0.5 0
O1 4e 0.2109(5) 0.3230(5) 0.0477(4)
O2 4e 0.6016(5) 0.4637(5) 0.2319(4)
O3 4e 0.3281(6) 0.7798(5) 0.0571(4)

(b) La2NaOsO6
Space group P21/n

Lattice parameters and refinement quality
T 4 K 300 K
a 5.6062(1)Å 5.6284(1)Å
b 5.9173(1)Å 5.9248(1)Å
c 8.0297(1)Å 8.0603(2)Å
β 90.457(1)◦ 90.413(2)◦

χ2 2.80 4.34
Rwp 5.60 % 6.00 %

Atom positions at T= 4 K
Atom Site x y z

La 4e 0.4844(3) 0.0623(2) 0.2523(3)
Na 2a 0 0 0
Os 2b 0.5 0.5 0
O1 4e 0.2129(4) 0.3245(4) 0.0471(3)
O2 4e 0.6023(4) 0.4609(4) 0.2299(3)
O3 4e 0.3314(4) 0.7784(4) 0.0588(3)

As shown in Fig. 6(a), the (001) magnetic satellites of
La2NaRuO6 are very intense relative to other magnetic peaks,
including the overlapping (010) satellites centered around
2θ = 23.6◦ and the overlapping (100) satellites centered
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FIG. 5: (a)λ = 2.41Å NPD data showing the (0 0 1±δ) magnetic
peaks that appear at low temperature. (b) Intensity of the incommen-
surate (0 0 1-δ) peak plotted as a function of temperature, indicating
a magnetic transition at T= 16 K in good agreement with magnetic
susceptibility and heat capacity data. The solid curve is a guide to
the eye.

around 2θ = 24.9◦, suggesting that the ordered spins align in
the ab-plane. The simplest incommensurate magnetic struc-
tures consistent with this feature and the observed propaga-
tion vector are single helical and sinusoidal spin density wave
arrangements. However, these spin configurations yield very
little intensity for the satellite peaks around the (001) Bragg
position and are instead characterized by strong (002) satellite
peaks; both of these features are clearly inconsistent withthe
data. Refinements based on models assuming simple conical
and cycloidal magnetic structures, allowing for spin compo-
nents along the c-axis, were also tested as a consistency check,
but failed to explain the data.

For these reasons, incommensurate magnetic structures
were considered that consist of two independent, interpene-
trating helices, with every other ab-plane of spins forminga
single helix characterized by a turn angle of∼ 32.7◦. The
refinement result using theλ = 2.41 Å data and a model
assuming that the helices have the same chirality is shown
in Fig. 6(a); this magnetic structure reproduces the intensity
for the (001) satellite reflections very well. One can also ob-
tain good agreement with the data by using a similar model
where the two helices have opposite chirality instead. These
two magnetic structures are depicted in Fig. 6(b) and (c), with
the alternating colors representing the planes forming thetwo
different helices. In both cases, the ordered moment size for
Ru was found to be 1.87(7)µB. Although the magnitude of
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FIG. 6: (a) La2NaRuO6 Rietveld refinement results with
λ = 2.41 Å for a magnetic model of two independent, interpene-
trating helices. Some selected magnetic Bragg peak positions are
labelled. (b), (c) Two possible helical magnetic structures discussed
in the text, with the different colors corresponding to the ab-planes
that make up the two helices. Although (c) is shown with no relative
phase angle between the helices, this is only for simplicityand is not
strictly true. The refinement actually yielded a relative phase angle
of 104(5)◦.

the Ru moment from the refinements is much smaller than the
spin-only value of 3µB, the former is consistent with the or-
dered moments reported for other Ru double perovskites (see
e.g. [12, 13]). Since the Ru5+ magnetic form factor is not
available in the literature, the refinements were attemptedwith
the< j0 > form factors for both Ru+ and Os5+[26] and the
results yielded the same ordered moment sizes for Ru within
one standard deviation. Note that magnetic models consisting
of two interpenetrating spin density waves can also be used to
describe the data, although these spin configurations are rare
in insulating magnets.

As shown in Fig. 7, no additional scattering is observed in
the La2NaOsO6 neutron diffraction pattern down to 4 K de-
spite the relatively large Os5+ spin S = 3/2 and a possible
signature of magnetic ordering in the susceptibility data.A
rough upper limit of 0.2µB was determined for the Os or-
dered moments associated with a series of possible commen-
surate antiferromagnetic ground states by performing trial re-
finements. More specifically, if the Os moment size was fixed
to be greater than 0.2µB in these models, the simulations
consistently produced magnetic Bragg peaks that were not ob-
served in the experimental data with intensities larger than the
background noise.

There are several factors that can explain the decrease of
the Os moment from the spin-only value, and they are of-
ten applicable to 4d magnetic systems such as La2NaRuO6
also. Increased covalency causing delocalization of the mag-
netic moments, arising from greater orbital overlap between
spatially-extended 4d and 5d orbitals and neighbouring anion
p orbitals, is one possibility that should be taken into con-
sideration. For example, the OsO6 octahedra of the related
double perovskite system Ba2NaOsO6 likely form molecular
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FIG. 7: La2NaOsO6 neutron diffraction data withλ = 2.41Å, indi-
cating the absence of magnetic peaks down to 4 K.

orbitals due to the comparable energy scales of the Os 5d and
O 2p orbitals[8]. Spin-orbit coupling plays an important role
in the magnetism of 4d, and especially 5d, systems also[27],
and is another mechanism that can lead to a reduction in the
spin-only value of the ordered moment. Finally, the magnetic
Bragg peaks of 4d and 5d systems tend to be weaker than for
their 3d counterparts due to the 4d and 5d magnetic form fac-
tors decreasing at a faster rate with increasingQ.

To appreciate the magnitude of these different effects on
an Os5+ material, it is instructive to consider the systems
NaOsO3 and Ca3LiOsO6. A combined neutron and X-ray
study for NaOsO3[28] revealed an Os ordered moment of
1.0(1)µB , while the magnetic structure of Ca3LiOsO6 was
also determined recently[29] and found to have an ordered Os
moment of 2 - 2.3µB. The local environment of the magnetic
atoms in these two materials is very similar to La2NaOsO6.
In all three cases, the Os atoms are in slightly-distorted octa-
hedral oxygen cages with nearly identical Os-O bond lengths
and no O-Os-O angle deviating from 180◦ or 90◦ by more
than 1◦, so any covalency effects that reduce the ordered Os
moment in these materials should not be drastically different.
Due to the orbital singlet ground states of the Os atoms in
these systems, spin-orbit coupling should also have a negli-
gible effect on reducing the ordered moment size. Moreover,
the expected antiferromagnetic ground state for La2NaOsO6
should produce some strong magnetic peaks below the (002)
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Bragg position. This regime corresponds toQ values of
∼ 1.5 Å−1 or less and is characterized by a magnetic form
factor for Os5+ that is> 80%[26] of theQ = 0 value. This
discussion clearly shows that these three effects are not com-
pletely responsible for the very small ordered moment size
or absence of long-range magnetic ordering in La2NaOsO6,
and therefore an additional factor also contributes to thisbe-
haviour.

La2NaRuO6 and La2NaOsO6 are not characterized by con-
ventional Type I or Type II AF long-range order, and there-
fore possess very unusual magnetic properties for insulating,
S= 3/2, B-site ordered double perovskite systems with mag-
netic atoms only occupying the B′ sites. While the incom-
mensurate magnetic structure of the Ru system and the large
reduction in the ordered moment of both materials are typical
features of geometrically-frustrated systems, the originof the
unconventional magnetism is initially puzzling when one con-
siders that the large structural distortions should relieve some
of the frustration inherent to a perfect FCC magnetic sublat-
tice. However, these same structural distortions can also have
a large impact on the strength and sign of the NN and NNN ex-
tended superexchange interactions via the tilting of the B′O6

and the BO6 octahdera. This tilting leads to a series of in-
equivalent NN and NNN exchange interactions with an aver-
age reduced strength, and there are known cases for double
perovskites where large monoclinic distortions have led tode-
viations from typical Type I and Type II AF order.

One prominent example is outlined in Ref. [30], where
Sr2SbCrO6 is characterized by a Type I AF ground state,
while the more highly-distorted system Ca2SbCrO6 is ferro-
magnetic. The large tilting of the B′O6 and BO6 octahedra in
Ca2SbCrO6 presumably result in some or all of the inequiva-
lent NN superexchange paths becoming ferromagnetic, lead-
ing to the observed ground state. With this in mind, the most
likely scenario that explains the unconventional magnetism
in La2NaRuO6 and La2NaOsO6 should be based on finely-
tuned, competing, extended superexchange interactions. The
competition may be driven by inequivalent FM and AFM NN
exchange interactions, or by AF NN and NNN interactions of
similar strength. Note that combined AF NN and FM NNN in-
teractions cannot be responsible for the unconventional mag-
netism observed in these materials, as this situation should
result in Type I AF. The best way to definitively determine
the origin of the competing magnetic interactions for these
two materials is by performing an inelastic neutron scattering
study on single crystals. Furthermore, detailed theoretical in-
vestigations of the extended superexchange interactions may
help to provide additional insight explaining why these sys-
tems are characterized by different magnetic ground states.
Since the magnitude of the structural distortions in the two
materials is very similar, the different radial extent of the Ru
4d and Os 5d orbitals seems to play an important role in the
magnetic properties of these systems. Another possible, al-
though more unlikely, scenario is that the small differencein
the amount of excess Na in the two samples may also influ-
ence the magnetic ground states by having a direct effect on

the NNN extended superexchange paths.
In conclusion, we have investigated the magnetic proper-

ties of the highly-distorted double perovskites La2NaRuO6
and La2NaOsO6 via magnetic susceptibility, heat capacity and
neutron powder diffraction. In contast to the Type I and II
AF order most commonly found forS = 3/2 and 5/2 double
perovskite systems, our neutron diffraction results reveal an
incommensurate magnetic ground state for La2NaRuO6 with
a propagation vector of (0 0 0.091). Moreover, despite a pos-
sible signature of magnetic ordering from magnetic suscepti-
bility measurements, only a broad, weak feature is observed
in the specific heat and no magnetic Bragg peaks are detected
for La2NaOsO6. The unconventional magnetism of these ma-
terials is best explained by some combination of competing,
inequivalent NN and NNN extended superexchange interac-
tions, arising from the large monoclinic structural distortions.
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