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Magnetic properties and spin dynamics have been studied for the structurally ordered double perovskite
Sr,Co0s0Og¢. Neutron diffraction, muon-spin relaxation, and ac-susceptibility measurements reveal two
antiferromagnetic (AFM) phases on cooling from room temperature down to 2 K. In the first AFM phase,
with transition temperature 7T; = 108 K, cobalt (3d’, S =3/2) and osmium (542, S = 1) moments
fluctuate dynamically, while their average effective moments undergo long-range order. In the second
AFM phase below Ty, = 67 K, cobalt moments first become frozen and induce a noncollinear spin-canted
AFM state, while dynamically fluctuating osmium moments are later frozen into a randomly canted state at
T =5 K. Ab initio calculations indicate that the effective exchange coupling between cobalt and osmium
sites is rather weak, so that cobalt and osmium sublattices exhibit different ground states and spin
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dynamics, making Sr,CoOsOg distinct from previously reported double-perovskite compounds.
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The structural and electronic properties of solids are
sensitively affected by the subtle balance between micro-
scopic exchange interactions and other competing factors.
When magnetic exchange interactions cannot be simulta-
neously satisfied on a lattice (a situation called frustration),
long-range order can be suppressed and new cooperative
phenomena may emerge, such as spin-liquid [1,2], spin-
glass [3,4], and spin-ice [5,60] states. Some special lattice
geometries with antiferromagnetic coupling host an intrin-
sic frustration effect [7-9]. The double-perovskite
compound A,BB'Og is a simple model system showing
geometrical frustration [10]. Here A is usually an alkaline-
earth or rare-earth element, and B and B’ are transition-
metal elements. The system consists of two interpenetrating
fcc sublattices, B and B’, both of which are composed of an
edge-shared network of tetrahedra, typical units of frus-
tration. However, the intersublattice coupling is also
significant due to the sublattice interpenetration. Thus,
the interplay between intralattice frustration and the inter-
lattice interaction leads to rich magnetic behavior including
ferromagnetism (FM), antiferromagnetism (AFM), multi-
ferroicity, spin liquids, and spin-glass states [[11-14], and
references therein]. Since considerable spin-orbit coupling
of 5d states promises exotic phases in double perovskites
[15-17], compounds with B = Re and Os have attracted
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much research interest. For example, Sr,CrOsOgq [18]
and Sr,FeOsOgq [12,19] exhibit the 543 configuration
while Ba,CaOsOgq [20], Sr,CrReOg, and Ba, YReOq [21]
show 5d°.

In this Letter, we report exotic lattice-site-specific spin
dynamics in the double perovskite Sr,CoOsOg, in which
Co (3d’, S =3/2) and Os (5d4°, S = 1) moments show
different spin dynamics and freezing processes and even-
tually condense into different ground states. Combining
neutron diffraction with muon spin relaxation (u*SR) and
ac-susceptibility (ac y) measurements, we find that two
antiferromagnetic phases evolve from the paramagnetic
phase on cooling from room temperature down to 2 K. In
the first AFM phase, long-range order is observed by
neutron powder diffraction, where averaged moments from
dynamical (partially frozen) Co and Os spins orient along
the [110] direction. In the second AFM phase, Co moments
first become totally frozen and induce a new spin-canted
noncollinear AFM state while Os moments continue to
exhibit dynamics. Upon cooling further down to 7'~ 5 K,
Os moments become frozen into a randomly canted state,
even though their averaged moments still preserve AFM
order. Our ab initio calculations indicate that the fcc-like Os
sublattice shows strong geometrical frustration and couples
weakly to the Co sublattice, which accounts for its glassy,
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randomly frozen spins. The details of experimental and
calculation methods can be found in the Supplemental
Material [26].

The synthesized Sr,CoOsOg exhibits two phase tran-
sitions based on previous susceptibility and heat-capacity
measurements [22], one from the paramagnetic to an AFM
phase (labeled as AF1) at the Néel temperature
Ty =108 K, and the other from the AF1 phase to a
second AFM phase (labeled AF2) at Tn, =67 K. To
investigate the exact spin configurations, magnetic and
crystal lattice structures were investigated by neutron
powder diffraction measurements made between 2 and
122 K (Fig. 1), well below and above the structural and
magnetic phase transition temperature of 108 K. For the
paramagnetic phase above Ty, a tetragonal structure is
observed as a fully ordered lattice with space group 14/m
(No. 87). In the AF1 phase, the crystal structure exhibits
monoclinic distortions in the ab plane leading to the lower
symmetric space group I2/m (No. 12) [22]. However, in
the following, we shall use a pseudo-cubic unit cell of the
monoclinic space group B2/n (No. 15) [23], instead of
the pseudotetragonal one of I2/m, in order to specify the
magnetic lattice conveniently and concisely.

When the temperature decreases, the lattice distorts
further, e.g., indicated by the increasing c¢/b ratio
[Figs. 1(a) and 1(b)]. In the neutron powder diffraction
pattern, the strongest magnetic reflection is observed at
20 = 13.5° (see details in Supplemental Material [26]).
Using the monoclinic unit cell, this reflection is indexed as
(0,1,0),,, which indicates the presence of ferro-or ferri-
magnetic planes perpendicular to the b axis. All the
observed magnetic reflections obey the rule (hkl),, =
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FIG. 1 (color online).

(hkl)y £k with k = ky = (0,1,0). This is an A type of
AFM order as illustrated in Fig. 1(d). The refinement of the
magnetic structure shows that the moments of Co and Os
atoms are aligned within the ab plane reaching at 70 K
moment values of i, , (Co) =1.6(1) up and pi,; 4, (Os) =
0.7(1) pg. Very similar values to those found from our
refinements were reported recently by Morrow et al. [24].
However, they proposed that only the Os sites are ordered
in the AF1 phase, yielding a moment yu,;, = 1.6 ug, which
is assigned to the cobalt atoms in our work. Their
representation analysis shows that the spin structure they
propose is compatible with the irreducible representation
I'; of ours, which contains two basis vectors in the ab
plane. Further, the moments of both metal ions form an
angle to the a axis of 43(6)°, where they are aligned almost
parallel to the [110] direction, demonstrating considerable
magnetic anisotropy. For T < 67 K, the k; type of reflec-
tion and corresponding Co and Os moments remain almost
unchanged, while a second set of magnetic reflections
appears with a propagation vectork = k, = (é é 2) where
the strongest reflection observed at 26 = 11.5° is indexed
as (%,%,%) u- This suggests the presence of a second
magnetic phase AF2, in which magnetic moments are
treated as a vector sum between those of k; and k, types of
reflections. We use AF2’ to label the pseudomagnetic phase
refined with k, and, hence, AF2 can be regarded as a
superposition between AFl1 and AF2', ie., AF2=
AF1 + AF2'. AF2’ gives a magnetic unit cell with the
dimensions 2a x 2b x 2¢. The refinement of the magnetic
structure for AF2’ in Fig. 1(e) shows that Co moments are
aligned preferably parallel to the ¢ axis, while the refined
moment 4, (0s) = 0.1(2) up shows that there are no
ordered moments on the Os sites. We note that it is

(e AF2’

Results of the neutron powder diffraction study. (a)—(b) Temperature dependence of lattice parameters a, b, and

¢, as well as their ratios ¢/a and ¢/b. (c) Temperature dependence of the magnetic moments of Co and Os atoms. (d)—(g) Magnetic
structure of the AF1 (refined with k;), AF2’ (refined with k,), AF2 and AF2” phases (see the text), where Os spins are canted randomly
in AF2”. Black and blue spheres (dark gray) represent Co atoms (corresponding moments) with dynamical and frozen spins,
respectively. Similarly, gray and yellow spheres (light gray) represent Os atoms (corresponding moments) with dynamical and frozen

spins, respectively.
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suggested in Ref. [24] that the cobalt moments align
within the ac plane. However, an interpretation that is
more consistent with our data from other techniques
(discussed below) is obtained if the moments in the
AF1 phase align within the ab plane and an additional
ordering in AF2 occurs along c¢. At 2 K the ¢ component
of the Co moment reaches a value of u.,(Co) =
2.1(1) up, resulting finally in a total magnetic moment
Uior(Co) = 2.6(1) pp via a vector sum over its ab and ¢
components. However, the moment of the osmium atoms
Uioi(Os) = 0.7(1) up remains almost unchanged between
2 and 70 K, since Os moments are found to be zero in
AF2’. Tt should be noted that we use two propagation
vectors, k; and k,, to refine the AF2 phase, so that one
can easily track the evolution from the AF1 to AF2
phases. In principle, using the magnetic unit cell with the
dimensions 2a x 2b x 2¢, these two magnetic compo-
nents, Uy, and p.y,, could be refined simultaneously as
a single magnetic phase with kK = 0. In this phase, along
the three pseudocubic axes one finds for the ab and ¢
components spin sequences of + -+ 4+ 4--- and
+ —+ —---, while along the [110] direction one finds
+—+4+—---and + + + + - --. As shown in Fig. 1(f), the
AF2 phase exhibits a noncollinear magnetic structure, in
which Co moments are canted in the ¢ direction while Os
moments stay in the ab plane.

In our calculations, magnetic moments for Co and Os are
found to be 2.7 and 1.6 up (details can be found in the
Supplemental Material [26]), respectively. The saturated
Uio(Co) in AF2 almost reaches the theoretical value, while
Uior(Co) in AF1 and py(Os) in both AF1 and AF2 are
much smaller than the corresponding calculated moments.
Since neutron diffraction measures ordered spins over
considerable scattering events, only the averaged moments
can be observed if spins are dynamically fluctuating and at
least partially ordered, which should be smaller than the full
values. Therefore, we propose the following scenario to
interpret the observed AF1 and AF2 magnetic structures. In
the AF1 phase with Ty > T > T, both Co and Os spins
are dynamical fluctuating with the in-plane moments 4,
partially ordered. When cooling down into the AF2 phase,
the ¢ components of Co spins start to become frozen for
T < Ty, and become totally static for 7' < 20 K, forming
the canted noncollinear configuration. In contrast, Os spins
become frozen into a randomly canted state [illustrated as
AF2” in Fig. 1(g)] for T < 5 K, so that no long-range order
is observed in AF2’ at temperatures down to 2 K. In order to
validate this picture of spin dynamics, we further performed
ac-y and p SR measurements. It should be pointed out that
the glasslike behavior that we observe at low temperature,
described in more detail below, lends weight to our
interpretation of the magnetic configurations based on
the neutron data. This contrasts with the spin configurations
presented in Ref. [24] where the proposed AFM order
below 70 K appears incompatible with the glassiness we
observe.

The proposed low-temperature glassy behavior of Os
spins is reminiscent of a spin glass [4]. We can get an
insight into the spin dynamics at lower temperature
(T < 67 K) through the ac susceptibility. The ac-y (7T, )
measurement can monitor the freezing process by observ-
ing the 7 — T or w — T} relation [4]. As shown in Fig. 2(a),
a clear cusp around 6 K and the shift in the peak position of
ac y'(T, w) [the real part of ac y(7', w)] from 6 to 6.8 K with
increasing w, are observed. Then one can obtain 7 through
frequencies and the corresponding freezing temperature 7',
through the peak positions of ac y'(T, w). For a standard
critical slowing down [25], the spin-relaxation time follows
apower-law divergence of the form =1,[T /(T —T s9)|%,
where 7, is the characteristic time scale of the spin
relaxation and zv are critical exponents. The best fit to
the above equation, as shown in the right inset of Fig. 2(a),
gives Ty =5 K, zv = 6.1, and 7y = 4 x 107% s. We note
that 7, values of 107!% s are often observed in a typical
spin-glass system [3,4]. The high value of 7, indicates
relatively slower spin dynamics in our case. The time-
dependent ac y confirms that Os spins get frozen into a
random canted state where the averaged moments still
preserve the AF1 order, in agreement with neutron
diffraction results.

Muon spin relaxation (u™SR) measurements also support
the picture from neutron diffraction and ac y. For T >
110 K only slow relaxation is observed, typical of a para-
magnet. On cooling below 7 =110 K a fast-relaxing
component is resolved [see Fig. 2(b)] with a sizeable
relaxation rate, resulting from the muon ensemble experi-
encing a broad distribution of large, slowly fluctuating
magnetic fields. Its development coincides with a loss of
asymmetry in the amplitude of a nonrelaxing (or, more
likely, very slowly relaxing) component A,. (However, the
total observed asymmetry is reduced compared to its value in
the paramagnetic regime.) The data were fitted to a relax-
ation function A(r) = A, + Ape™ + A,e™, with fixed
parameters A,, =4.5%, A=0.35 MHz, and A = 30 MHz,
determined from an initial fit of the data where all parameters
were allowed to vary. The component with amplitude A,,
therefore represents a temperature independent contribution
to the signal. The amplitude A; peaks below 100 K
[Fig. 2(c)] and then smoothly decreases as temperature is
lowered further. The disappearance of this fast-relaxing
component is accompanied by the smooth increase in As.
Below a temperature 7' = 65 K we also begin to resolve
spontaneous oscillations in the 4" SR spectra at very early
times [right inset, Fig. 2(b)], consistent with the existence of
quasistatic field distribution at the muon sites, with a narrow
width, involving smaller and more uniform fields than that
giving rise to the high temperature behavior. Fitting these to
a cosinusoidal function allows us to estimate the oscillation
frequency as v, ~ 90 MHz.

It is likely that the muon is sensitive to the field
distribution resulting from both Co and Os moments,
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FIG. 2 (color online).
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The ac-susceptibility and muon-spin relaxation measurements. (a) The real part of ac susceptibility [ac ¥/ (T, ®)].

Two transition temperatures are indicated by vertical dashed lines. The left inset shows the peak shift with respect to different
frequencies . The right inset shows the T, dependence on 7 = 1/w, where the solid line represents the fitting curve (see main text).
(b) Muon-spin relaxation spectra measured for 7 < T'y;. The spectrum measured at 7 = 30 K is offset by 6% for clarity. In the region
65 < T <110 K a fast relaxing component is observed at early times which vanishes as the temperature is lowered. Left inset: Cooling
below 2 K results in a sharp increase in nonrelaxing amplitude and additional relaxation becoming resolvable. Right inset: Below 65 K
oscillations are observed consistent with a uniform magnetic field distribution resulting from the ordered Co sublattice only. (c) The
amplitude of the fast relaxing component is seen to peak around 100 K and decreases as temperature is lowered further, while the
amplitude of a nonrelaxing component increases on cooling below this point.

although the time scale of the muon measurement differs
from that of neutron diffraction. Compared to muons,
whose time scale is determined by the gyromagnetic ratio
Y, =2m x 1355 MHzT™!, neutrons effectively take a
“snapshot” of the spin distribution (averaged over many
scattering events), so will see magnetic order in cases where
the muon response reflects slow fluctuations of the
moments on the nanosecond or microsecond time scale.
As a result, the fast relaxation with amplitude A; most
probably reflects the slowing down and freezing of the Co
moments. Although these moments undergo a transition to
become (partially) ordered on the neutron time scale below
108 K, slow fluctuations appear to prevent a discontinuous
response of the muon probe at this temperature. Instead, we
see an increase in A; below 110 K, which probably
corresponds to partial order of the Co moments developing
on cooling until around 100 K. Below that temperature, we
have the partial order of the Co ions on the muon time scale,

coexisting with the fluctuations along the z direction which
themselves slow down on cooling, freezing out relatively
smoothly and causing a decrease in A;. In the fast
fluctuation limit we expect the muon relaxation rate to
be given by 4 = y%(B*)r. Given an oscillation frequency
(v, = 7,B/2m) at low temperature of roughly 90 MHz,
we may estimate B~ 0.6 T. Using A = 30 MHz in the
region 65 <7 <110 K we may then crudely estimate a
characteristic time scale for the Co moment fluctuations
as 7~ 0.01 ns.

Below 65 K the more uniform distribution of internal
magnetic fields that arise from the well-ordered Co-
sublattice allows oscillations in the muon spectra to be
resolved. The increase in the component A; on cooling
below 100 K might then result from the freezing out of
relaxation channels reflecting dynamic fluctuations of the
partially ordered, fluctuating Os spins. Finally, on cooling
below 2 K [left inset, Fig. 2(b)] we observe additional
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relaxation and, most notably, a sharp increase in the
nonrelaxing amplitude of the signal. In a powder sample
we expect 1/3 of muon spins to lie along the direction of
any static local fields and, in the absence of dynamics, not
to experience any relaxation. The transition from a dynamic
to a static regime may then be identified by such an upward
shift in the nonrelaxing amplitude of the signal. The
observed jump in the nonrelaxing amplitude and additional
relaxation therefore reflects a freezing of the Os moments
on the muon time scale, which also allows further
relaxation processes to enter the muon time window.

We have shown that cobalt and osmium spins condense
into different types of magnetic structure for 7 < T o,
although cobalt and osmium ions form two equivalent fcc-
like sublattices in the double-perovskite structure. How do
these two sublattices become decoupled into different
magnetic ground states? To answer this question, we
performed ab initio calculations to investigate the elec-
tronic structure of Sr,CoOsOg. Our calculations reveal
Co’* (3d’, S = 3/2) and Os®" (54°, S = 1) charge states,
which agree well with experiment [22]. We note that the
Co-3d and Os-5d states show very little overlap in energy,
as illustrated in Fig. 3(a) and the density of states (see
Fig. S3 in Supplemental Material [26]). This implies a
weak magnetic exchange coupling between the Co and Os
sublattices, which can also be visualized from the Wannier

orbitals. The exchange coupling J is approximately propor-
tional to #2/U in the limit of large Coulomb correlation U,
where 7 is the hopping integral between the corresponding
two sites. Thus, a large orbital overlap may lead to a large
hopping value ¢ and hence, a large J value. For instance in
Fig. 3(c), the Wannier orbital Os-5d,, centering at the Os,
atom, which is projected from ab initio wave functions,
shows a larger tail at the Os, site than that at the
neighboring Co; site, indicating that orbital overlap
between Os; and Os, sites which corresponds to Js is
much stronger than that between Os; and Co, sites which
corresponds to J. Similarly, Co; — Co, J5§ is also rather
larger than J, as indicated by Fig. 3(d). This is consistent
with the inferences above based on the overlap of the
density of states. Furthermore, our GGA calculations of the
exchange J values [Fig. 3(e)] indicated in Fig. 3(b) directly
support the above conclusions. Here, the Os sublattice is
found to exhibit much stronger magnetic frustration than
the Co sublattice.

In summary, the double-perovskite Sr,CoOsOg exhibits
different magnetic structures as well as spin dynamics on
the Co and Os sublattices, which couple weakly to each
other via magnetic exchange interactions. On cooling to
low temperature, Co spins become frozen, first into a
noncollinear antiferromagnetic state. However, Os spins are
frozen into a randomly canted state, which is plausibly due

(@) - (b)

yz zx (§=3/2) €

meV type
04 FM
7.1 FM
15.7 AFM
102 AFM
199 AFM
232 FM
04 AFM
1.5 AFM
57 6.0 AFM
4.1 AFM

FIG. 3 (color online).

Electronic and magnetic structures of Sr,CoOsOg from theoretical calculations. (a) The local octahedral

structures and d-orbital diagram. The 7,,¢, splitting and occupations are plotted with Co-3d’ and Os-5d> configurations. The yellow
arrows at the Os site illustrate a random spin orientation, the blue arrow at the Co site represent an ordered state. (b) The exchange
coupling pathways in the lattice. Blue (dark gray) and yellow (light gray) spheres represent Co and Os atoms, respectively. Os and Co
forms two interpenetrating fcc sublattices. Sr and O atoms are not shown. Exchange interactions from J3 to Jg represent Os-Os
interactions, while Co-Co interactions (from J; to J’6 ) are similar to Os-Os ones between equivalent lattice sites, which are omitted for
the sake of simplicity. The calculated values of these effective exchange interactions are listed in (e). (c)—(d) The Wannier functions of
Os-5d,, that centers at Os; site and Co-3d,, that centers at the Co, site in the ab plane, respectively. Green (dark gray) and yellow (light
gray) surfaces stand for the surfaces with isovalues +0.15 and —0.15, respectively. Small red spheres represent O atoms.
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to the dramatic geometrical frustration effect within the Os
sublattice, although the averaged ab components of Os
moments exhibit an antiferromagnetic order.

We are grateful to R. Moessner, A. K. Nayak, P. Adler,
and J. Mydosh for fruitful discussion, to A. Amato and
H. Luetkens for technical assistance, and to the Swiss
Muon Source, Paul Scherrer Institut, Switzerland, for
provision of muon beam time. This work is financially
supported by the ERC Advanced Grant (291472) and by
EPSRC (UK).

“m.jansen @fkf.mpg.de
[1] P. W. Anderson, Mater. Res. Bull. 8, 153 (1973).
[2] L. Balents, Nature (London) 464, 199 (2010).
[3] J. A. Mydosh, Spin Glasses, An Experimental Introduction
(Taylor & Francis, London, 1993).
[4] K. Binder and A. P. Young, Rev. Mod. Phys. 58, 801 (1986).
[5]1 S.T. Bramwell and M.J. Gingras, Science 294, 1495
(2001).
[6] C. Castelnovo, R. Moessner, and S. Sondhi, Annu. Rev.
Condens. Matter Phys. 3, 35 (2012).
[7] A. Ramirez, Annu. Rev. Mater. Sci. 24, 453 (1994).
[8] P. Schiffer and A. P. Ramirez, Comments Condens. Matter
Phys. 18, 21 (1996).
[9] R. Moessner, Can. J. Phys. 79, 1283 (2001).
[10] H. Karunadasa, Q. Huang, B. G. Ueland, P. Schiffer, and
R.J. Cava, Proc. Natl. Acad. Sci. U.S.A. 100, 8097 (2003).
[11] D. Serrate, J. M. De Teresa, P. A. Algarabel, M. R. Ibarra,
and J. Galibert, Phys. Rev. B 71, 104409 (2005).

[12] A.K. Paul, M. Reehuis, V. Ksenofontov, B. Yan, A. Hoser,
D. M. Tobbens, P. M. Abdala, P. Adler, M. Jansen, and
C. Felser, Phys. Rev. Lett. 111, 167205 (2013).

[13] Y. Tokura, K.I. Kobayashi, T. Kimura, H. Sawada, and
K. Terakura, Nature (London) 395, 677 (1998).

[14] P.D. Battle, T. C. Gibb, C. W. Jones, and F. Studer, J. Solid
State Chem. 78, 281 (1989).

[15] G. Chen, R. Pereira, and L. Balents, Phys. Rev. B 82,
174440 (2010).

[16] G. Chen and L. Balents, Phys. Rev. B 84, 094420 (2011).
[17] O.N. Meetei, O. Erten, M. Randeria, N. Trivedi, and
P. Woodward, Phys. Rev. Lett. 110, 087203 (2013).

[18] Y. Krockenberger et al., Phys. Rev. B 75, 020404 (2007).
[19] A.K. Paul, M. Jansen, B. Yan, C. Felser, M. Reehuis, and

P. M. Abdala, Inorg. Chem. 52, 6713 (2013).

[20] K. Yamamura, M. Wakeshima, and Y. Hinatsu, J. Solid State
Chem. 179, 605 (2006).

[21] T. Aharen et al., Phys. Rev. B 81, 064436 (2010).

[22] A. Paul, M. Reehuis, C. Felser, P.M. Abdala, and
M. Jansen, Z. Anorg. Allg. Chem. 639, 2421 (2013).

[23] C.J. Howard, B.J. Kennedy, and P. M. Woodward, Acta
Crystallogr. Sect. B 59, 463 (2003).

[24] R. Morrow, R. Mishra, O.D. Restrepo, M.R. Ball,
W. Windl, S. Wurmehl, U. Stockert, B. Buechner, and
P. M. Woodward, J. Am. Chem. Soc. 135, 18824 (2013).

[25] P. Hohenberg and B. Halperin, Rev. Mod. Phys. 49, 435
(1977).

[26] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.112.147202 for the ex-
perimental and computational methods, neutron diffraction
and crystal structures, and density of states and exchange
coupling values.

147202-6


http://dx.doi.org/10.1016/0025-5408(73)90167-0
http://dx.doi.org/10.1038/nature08917
http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1146/annurev-conmatphys-020911-125058
http://dx.doi.org/10.1146/annurev-conmatphys-020911-125058
http://dx.doi.org/10.1146/annurev.ms.24.080194.002321
http://dx.doi.org/10.1139/p01-123
http://dx.doi.org/10.1073/pnas.0832394100
http://dx.doi.org/10.1103/PhysRevB.71.104409
http://dx.doi.org/10.1103/PhysRevLett.111.167205
http://dx.doi.org/10.1038/27167
http://dx.doi.org/10.1016/0022-4596(89)90109-6
http://dx.doi.org/10.1016/0022-4596(89)90109-6
http://dx.doi.org/10.1103/PhysRevB.82.174440
http://dx.doi.org/10.1103/PhysRevB.82.174440
http://dx.doi.org/10.1103/PhysRevB.84.094420
http://dx.doi.org/10.1103/PhysRevLett.110.087203
http://dx.doi.org/10.1103/PhysRevB.75.020404
http://dx.doi.org/10.1021/ic400740f
http://dx.doi.org/10.1016/j.jssc.2005.10.003
http://dx.doi.org/10.1016/j.jssc.2005.10.003
http://dx.doi.org/10.1103/PhysRevB.81.064436
http://dx.doi.org/10.1002/zaac.201300429
http://dx.doi.org/10.1107/S0108768103010073
http://dx.doi.org/10.1107/S0108768103010073
http://dx.doi.org/10.1021/ja407342w
http://dx.doi.org/10.1103/RevModPhys.49.435
http://dx.doi.org/10.1103/RevModPhys.49.435
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.147202

