RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 220408(R) (2016)

Spin-orbit coupling controlled ground state in Sr,ScOsQOj

A. E. Taylor,' R. Morrow,” R. S. Fishman,? S. Calder,' A. 1. Kolesnikov,* M. D. Lumsden,
P. M. Woodward,? and A. D. Christianson'>
'Quantum Condensed Matter Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2Department of Chemistry, The Ohio State University, Columbus, Ohio 43210-1185, USA
3Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
*Chemical and Engineering Materials Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

3Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee 37996, USA

(Received 23 November 2015; revised manuscript received 26 April 2016; published 27 June 2016)

We report neutron scattering experiments which reveal a large spin gap in the magnetic excitation spectrum
of weakly-monoclinic double perovskite Sr,ScOsOg. The spin gap is demonstrative of appreciable spin-orbit-
induced anisotropy, despite nominally orbitally-quenched 54 Os°* ions. The system is successfully modeled
including nearest neighbor interactions in a Heisenberg Hamiltonian with exchange anisotropy. We find that the
presence of the spin-orbit-induced anisotropy is essential for the realization of the type I antiferromagnetic ground
state. This demonstrates that physics beyond the LS or JJ coupling limits plays an active role in determining the
collective properties of 44> and 5d° systems and that theoretical treatments must include spin-orbit coupling.
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The role of spin-orbit coupling (SOC) in 4d and 5d
transition metal oxides is relatively poorly understood outside
of the LS and JJ coupling limits. The need to understand
the intermediate regime is typified by the diverse range
of properties found in double perovskites (DPs) containing
4d and 5d ions, including high-temperature half-metallic
ferrimagnetism [1,2], structurally selective magnetic states
[3-5], complex geometric frustration [6—11], and Mott in-
sulating states [12—14]. Whilst the complex array of ground
states has generated a great deal of interest, the interaction
mechanisms controlling them remain undetermined.

For DPs hosting 4d3 or 5d° ions, the role of SOC is
particularly unclear. There exists a dispute between different
theories describing SOC and its influence on the interactions
[10,14-20]. To first order, d° ions in an octahedral environment
are expected to be orbitally quenched, Fig. 1(a) [9,17],
yet there is mounting evidence that SOC has considerable
influence [6,11,21-23]. This has been demonstrated by the
presence of ~2-18 meV gaps in the magnetic excitation
spectra of Ba, YRuOg, La;NaRuOg, and Ba, YOsOg [9,11,21].
Such large gaps, on the same energy scale as the Tys, imply a
departure from an orbital singlet and raise the question of how
SOC manifests in the collective properties.

Beyond a fundamental interest in the influence of SOC, it
is vital to determine the sign and strength of exchange inter-
actions between 5d ions in order to understand the magnetism
of many DPs, including the exceptionally high 7o = 725 K
seen in Sr,CrOsOg [24,25]. Investigations of Sr,CrOsOg and
related materials show that exchange interactions between
OsT jons cannot be neglected [3,14,18-20,23,26]. However,
the strong coupling between Cr’™ and Os>" ions makes
it difficult to measure the strength of the Os-Os coupling.
Additionally, there is a lack of agreement regarding the
mechanism that stabilizes type I antiferromagnetic (AFM)
order on the face-centered-cubic (FCC) lattice of B’ ions in
A, BB’Og DPs, where B is diamagnetic, and B’ is either Ru’t
(4d?) or Os>* (54%) [10,11]. Most attempts to determine the
exchange interactions in these systems have been limited to
theoretical models not directly related to measurements, with
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conflicting results [10,14,27-29]. Therefore, to understand the
underlying behavior, it is desirable to obtain the interactions
experimentally.

To access Os>" ion interactions experimentally, we in-
vestigate Sr,ScOsOg. It is the single-magnetic-ion analog of
Sr,CrOsOg, therefore all magnetic interactions result solely
from the frustrated quasi-FCC Os>* lattice. Despite this,
Sr,ScOsOg hosts a remarkably high Ty (92 K) for a single-
magnetic-ion DP [23,31,32]. It is therefore a model system for
investigating the role of the Os>* 54> magnetic interactions in
a high transition temperature material.

We present the inelastic neutron scattering (INS) spec-
trum of Sr,ScOsO¢ and find a large spin gap below
Tx. A Heisenberg Hamiltonian with anisotropic exchange
terms is considered. We find that over a large parameter
space, the solution which best describes the data is one
with the isotropic nearest-neighbor (NN) term J; = —4.4
meV and negligible next-nearest-neighbor (NNN) interac-
tions. The success of the model reveals that anisotropy
is essential to selection of the type I AFM ground state.
This suggests that SOC within the 54° manifold, along
with strong Os-O hybridization, promotes a high Ty in
this otherwise frustrated material. Therefore, it is NN
interactions combined with SOC-induced anisotropy that
are key to the collective behavior realized in Sr,ScOsOg
and related 4d> and 5d° systems. This demonstrates that
SOC must be included in theoretical treatments of these
materials.

A 16.5 g polycrystalline sample of Sr,ScOsOg was used
for INS experiments on SEQUOIA at the Spallation Neutron
Source at Oak Ridge National Laboratory [33], see Supple-
mental Material (SM) [34] for full details. The structural
and magnetic properties of the same sample were reported in
Ref. [23], finding space group P2;/n with a = 5.6398(2) A,
b =5.6373(2) A, ¢ =7.9884(3) A, and B =90.219(2)° at
5K, and Ty = 92 K.

Measured INS spectra are shown in Fig. 2. There is a
pronounced change in the spectrum at low neutron momentum
transfer (Q) upon crossing Ty. This behavior is reminiscent
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FIG. 1. (a) Schematic of the energy levels for Os’" in an

octahedral environment. #,,—e, splitting of 3.6 eV determined by
x-ray absorption spectroscopy [30]. In the strong SOC limit the #,,
level can be further split into Jeg = % and % levels. Nominally the
Os>" ion is in the LS coupling limit and an L = 0 state results.
(b) Sr,Sc0sO¢ magnetic structure, with moments depicted along a.
One P2;/n unit cell is shown, with O and Sr ions omitted for clarity.
Dashed lines show examples of the NN (x12) J; and NNN (x6) J»
exchanges. (c) Schematic of the relevant orbitals for NN and NNN
exchange pathways, assuming formal valence states.

of the observed gap development below Ty in other single
magnetic ion 4d> and 5d4° DPs [9,11,21]. The higher Q
scattering, which changes only in intensity with temperature,
is identified as phonon scattering.

The detailed (Q, E)-space structure and temperature de-
pendence of the scattering is presented in Fig. 3. Figure 3(a)
demonstrates that intensity is distributed to higher energies at
low temperatures, as expected from a gap opening. The peak of
the scattering intensity at 6 K is at n = 19(2) meV. This com-
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FIG. 2. E; =60 meV neutron scattering intensity maps for
95K g Tn,and T < Ty of 80, 50 and 6 K.
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FIG. 3. (a) Constant-Q cuts from E; = 120 meV data. Solid line
is the result of fitting Gaussians to the elastic line and to the inelastic
magnetic signal at 6 K. A. U. stands for arbitrary units. (b) x”(T) at
fixed Q and E, with an exponential, x"(7T) o< exp(—A /kgT), fit to
the T < Ty data. N.I. stands for normalized intensity. (c) Constant- Q
cuts from E; = 60 meV data, which have been corrected for the Bose
factor. Solid line is a guide to the eye. (d) Constant-E cuts from
E; = 60 meV data. In all panels, error bars are sometimes smaller
than the symbols.

pares to previous observations, which have been used as a mag-
nitude estimate for the gap, of n = 18(2) meV in Ba; YOsOg
(Tn = 69 K), n =5 meV in Ba,YRuOg (T = 36 K), and
n =~ 2.75 meV in LayNaRuOg(Ty = 15 K) [9,11,21]. This
generally supports a picture of gap energy scale varying with
Tx. Figure 3(c) presents data that has been corrected for the
Bose thermal population factor, [1 — exp(—E/kgT)]~". The
sharp drop in intensity at low E below Ty demonstrates the
opening of the gap.

Constant-E cuts averaged from 5 to 9 meV show scat-
tering centered around AFM ordering wave vector [Qoo1)| &
0.8 A1, Fig. 3(d), with some asymmetry in the line shape
resulting from |Qqi00)/c010)] = 1.1 A~! fluctuations. To track
the relative strength of the fluctuations we extract the dynamic
susceptibility, x”(T), for fixed range 5 < E < 9 meV and

05<0<12 10\_1 via the same method as Ref. [11] (see also
SM [34]). The opening of a gap below Ty is again indicated,
Fig. 3(b), by the reduction in x”(T') evaluated at low energy.

We investigate a model Heisenberg Hamiltonian with
anisotropic exchange terms. The results we present here
include only NN terms, 7, [see Fig. 1(b)] because the
NNN terms, J,, are dramatically suppressed (estimated as
J, < 0.01J; in Ref. [10]), as discussed below. We tested
this assumption by seeking solutions over a wide range of
parameter space with J, # 0, see SM [34], but found that
J>» = 0 provided the best description of the experimental INS
data.

The model is parametrized with an isotropic term, J;, which
is decoupled from the physical origin of the spin gap, and
an exchange anisotropy term, K, to account for the gap.
Unlike isotropic exchange terms, anisotropic exchange terms

220408-2



SPIN-ORBIT COUPLING CONTROLLED GROUND STATE ...

only couple to a particular component of spin, e.g., Sy. x
represents the direction of spin alignment. We assume that the
exchange interactions are unaffected by the weak monoclinic
distortion, justified by two considerations: first, the distortion
is much smaller than found in d* systems in which the
distortion is reported to affect the physical properties [6,34,35].
Secondly, the properties of the closely related cubic compound
Ba;YOsOg are remarkably similar to SrpScOsOg [11]. The
Hamiltonian is therefore

H=—= T7"SiuSip == (JiSi-S; + K15:5}2).
NN NN

Ji and K, are defined such that positive values are ferro-
magnetic (FM) and negative values are AFM. The exchange
parameters scale inversely with spin, with s = 0.8 determined
from neutron diffraction [23,36].

To accurately reproduce the INS data from Sr,ScOsQOg, we
use the bottom and top of the spin wave band, A = 12 meV
and I' = 40 meV, respectively, as conditions to determine the
parameters J; and K;. A was determined by inspection of
the 6 K data in Fig. 3(c), in which the increasing intensity
begins to saturate at E &~ 12 meV. I' was determined by
inspection of broad constant-Q cuts from the E; = 120 meV
data (see SM Fig. S2 [34]), designed to capture all magnetic
scattering up to high energies, in which 6 K and 115 K cuts
converge at 40 meV. An additional constraint for the local
stability of the ground state, depicted in Fig. 1(b), is that
the spin-wave frequencies are real throughout the magnetic
Brillouin zone. Utilizing this model, we find the solution
Ji = —4.4 meV and K| = —3.8 meV. This gives a mean-field
transition temperature of 181 K, two times greater than the
measured Ty. This is reasonable, as calculated mean-field
temperatures are generally expected to exceed measured
values [37], and the Curie-Weiss constant for this compound,
® = —677 K [23], is also far greater than Ty = 92 K.

The simulated powder-averaged INS cross section S(Q, E)
for J; = —4.4 meV and K; = —3.8 meV is compared to the
low-temperature data in Fig. 4, and we find good agreement.
An overview is provided by color maps in Figs. 4(a) and 4(b),
and a more detailed comparison is given by constant-energy
cuts in Fig. 4(c). Note that this solution is equivalent to a
single-ion anisotropy model with J; = —4.4 meV and D =
7.5 meV.

Although SOC has been noted as the origin of the spin
gap in 5d DPs [11,21], the underlying mechanism by which
it acts to produce the gap remains an open question. In
general, the possible mechanisms in a three-dimensional sys-
tem are Dzyaloshinsky-Moriya (DM) interactions, single-ion
anisotropy, and exchange anisotropy, all of which are induced
by SOC. There are two observations which favor dismissal
of the DM interaction as the origin of the gap: (i) the highly
symmetric cubic or close-to-cubic crystal structures in which
the gap has been observed (space group Fm3m has inversion
symmetry at the Os site, P2;/n does not) and (ii) the type I
collinear AFM structure common to several DPs including
S1r,ScOsOg—two perpendicular DM interactions would be
required to produce a gap, but would favor a noncollinear
spin state.

We also expect that single-ion anisotropy is negligible,
because it is dramatically suppressed for the orbitally sup-
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FIG. 4. (a) Simulated spin-wave spectra. Modeled using linear
spin-wave theory [38], with powder averaging performed by sampling
10* random points in reciprocal space. Gaussian energy broadening
of 4 meV is applied as an approximation to instrument resolution at
E; = 60 meV, estimated from the full width at half maximum of the
incoherent part of the elastic line in the data. (b) The equivalent data
collected at T = 6 K. The intensity at high Q in the data is due to
phonon scattering, which is not included in the model. The shaded
region in the calculations indicates the region of (Q, E) space which
is inaccessible in the experiment. (c) Constant-energy cuts through
the calculation and data. A global scale factor has been used for the
calculation, and a flat background applied for each cut.

pressed d* configuration, and the 3.6 eV Ie to e, splitting
in Sr;ScOsOg [30] means that the excited state perturbations
are minimal [39]. This is supported by the experimental
observation that no gap emerges in La,NaOsOg which only
displays short-range order, whereas a gap is observed in
long-ranged-ordered sister-compound La,NaRuOg [21]. A
single-ion term, being a local effect, would not be sensitive
to short- versus long-range order and would emerge in the
short-range ordered state. Therefore, exchange anisotropy
is the most likely explanation for the gap in 4d° and 5d°
DPs. Independent of the gap’s origin, the determination that
Ji & —4.4meV and J, is negligibly small has significant
consequences.

There is dispute in the literature over the strength of
long-range interactions in @> DPs, and the origin of type I AFM
order in 4d and 5d single-magnetic-ion DPs. Competition
between type I and type III order results in frustration on
the (quasi-)FCC lattice of Os/Ru ions. Theoretical studies
found that type I order can be stabilized either by a FM J;
in an isotropic (i.e., K; = 0) Heisenberg Hamiltonian or by
some form of anisotropy [10]. Nilsen et al. [22] attempted to
extract the interactions in Ba, YRuQOg via Reverse Monte Carlo
(RMC) analysis of diffuse neutron scattering and found large
interactions beyond NN, with | J,| &~ %l] 1|. However, by use of
an isotropic Heisenberg Hamiltonian, their analysis implicitly
assumed significant long-range interactions to stabilize the
correct ground state, and, as they point out, could not
distinguish from an anisotropy-based model. We have found
that, in-fact, an NN-only exchange model with significant
SOC-induced anisotropy provides the best description of the
INS spectrum for Sr, ScOsOg.

220408-3



A.E. TAYLOR et al.

Our result can be rationalized based on the superexchange
pathways present, illustrated in Fig. 1(c). The NN Os-O-0O-Os
superexchange pathway is anticipated to be strongly AFM
due to the half-filled Os>* f, levels [40,41]. Direct tyg-tog
overlap is also an AFM NN contribution. The NNN pathway,
however, relies on overlap with empty Sc** t, orbitals, and
was estimated as J, < 0.01J; in Ref. [10], consistent with our
result.

This analysis is, however, at odds with attempts to model the
exchange interactions in 3d*-5d° DPs, including Sr,CrOsOg,
using density functional theory [18,27-29]. Studies estimated
|J2] in the range 1.9-24 meV (for s = 0.8 meV) but did
not consider the anisotropy terms (single-ion or exchange
anisotropy) reported here, despite mentioning the likely
frustration of Os>* ions. Therefore, much like the modeling
of Ba;YRuOg via RMC, the longer-range interactions may
have been implicitly forced to have large values. This is
particularly relevant in Sr,CrOsOg, in which both magnetic
ions have d? configuration, therefore unlike (Ca,Sr),FeOsOg
no occupied e, orbital pathways contribute to longer-range
interactions [4,42]. Anisotropy could therefore have a major
influence in Sr,CrOsOg, and further calculations including
anisotropy terms would be illuminating. Similar calculations
for Sr,ScOsO¢ will be directly constrained by the size of the
observed gap and by J; & —4.4 meV, independent of the gap’s
origin.

As anisotropy is essential in stabilizing the AFM order in
S1,Sc0s0g, it should also be relevant in type I Ba; YOsOg,
Ba,YRuOg, and Sr,YRuOg [7,11,43,44]. Diffraction ex-
periments found no structural distortion (Ba;YOsOg and
Ba; YRuOg), or a small monoclinic distortion (Sr, YRuOg),
therefore the same interaction pathways as for Sr,ScOsOg
are applicable. Although exchange/single-ion anisotropies are
formally absent (to second order) in a cubic system [39],
the type I order should coincide with a distortion via mag-
netoelastic coupling in Ba; YOsOg and Ba; YRuOg. Although
this structural distortion, if present, is outside the range of
detection of present diffraction experiments, it would allow
anisotropy to enter the Hamiltonian. Anisotropy has been
directly observed via spin gaps in both these materials [9,11].
We therefore propose that in all these systems, SOC is essential
in determining the magnetic ground state.

Amongst these materials, Sr,ScOsOg boasts the highest
Tn. As has previously been noted, large Os-O hybridization
is an important factor in heightened 7ys [18,23]. Our results
suggest that, by promoting selection of a particular ground
state and relieving frustration, 0s>t SOC also acts to enhance
Tn in SrpScOsOg. This notion is supported by the trend in
gap size with Ty across the measured compounds and by the
observation that 3d transition metal DPs have lower Tys and
usually favor a different, Type II, ground state [45].
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It is also informative to compare Sr,ScOsOg to the equiv-
alent 5d° systems Sr;MgOsOg [32] and SrpScReOg [46,47].
We expect 5d ions to have a smaller magnetic moment [48]
and reduced Os-O-0O-Os AFM superexchange as the 1, levels
are not half filled. This results in a lower AFM energy
scale but unquenched SOC, which will promote a high Ty
compared to that AFM energy scale if the SOC promotion
of Ty is correct. Both these expectations are met: Compared
to Sr;ScOsOg these compounds have lower inherent energy
scales as indicated by their Curie Weiss constants but have
Txs of 105 K and 75 K, comparable to that of Sr,ScOsOg.
Therefore SOC has an important role in high-7y DPs beyond
the 5d° case.

In conclusion, by modeling the magnetic excitation spec-
trum of archetypal system Sr,ScOsOg, we have extracted the
exchange parameters resulting from Os>* ion interactions.
The presence of a large spin gap demonstrates that SOC
is significant, i.e., the 5d? ions deviate from the nominal
orbital singlet expected from LS coupling. We find that
only NN interactions are significant, and as a consequence,
SOC-induced anisotropy governs the magnetic state in this
otherwise frustrated system, and assists in promoting a
high Ty. This demonstrates that the interplay of NN in-
teractions with anisotropy should be considered for the
collective properties of high-Tc 5d° systems, particularly
Sr,CrOsQOg.

ACKNOWLEDGMENTS

The authors gratefully acknowledge M. B. Stone, S. E.
Nagler and B. D. Gaulin for useful discussions. The research
at Oak Ridge National Laboratory’s Spallation Neutron Source
was supported by the Scientific User Facilities Division, Office
of Basic Energy Sciences, U.S. Department of Energy (DOE).
Support for a portion of this research was provided by the
Center for Emergent Materials an NSF Materials Research
Science and Engineering Center (DMR-1420451). Research
by RF sponsored by the DOE, Office of Science, Basic Energy
Sciences, Materials Sciences and Engineering Division.

This paper has been authored by UT-Battelle, LLC under
Contract No. DE-AC05-000R22725 with the U.S. Department
of Energy. The United States Government retains and the pub-
lisher, by accepting the article for publication, acknowledges
that the United States Government retains a nonexclusive,
paid-up, irrevocable, world-wide license to publish or repro-
duce the published form of this paper, or allow others to do so,
for United States Government purposes. The Department of
Energy will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access
Plan (http://energy.gov/downloads/doe-public-access-plan).

[1] K.-I. Kobayashi, T. Kimura, H. Sawada, K. Terakura, and Y.
Tokura, Nature (London) 395, 357 (1998).

[2] K.-I. Kobayashi, T. Kimura, Y. Tomioka, H. Sawada,
K. Terakura, and Y. Tokura, Phys. Rev. B 59, 11159
(1999).

[3] H. L. Feng, M. Arai, Y. Matsushita, Y. Tsujimoto, Y. Guo, C. L.
Sathish, X. Wang, Y.-H. Yuan, M. Tanaka, and K. Yamaura, J.
Am. Chem. Soc. 136, 3326 (2014).

[4] R. Morrow, J. W. Freeland, and P. M. Woodward, Inorg. Chem.
53,7983 (2014).

220408-4


http://energy.gov/downloads/doe-public-access-plan
http://dx.doi.org/10.1038/26427
http://dx.doi.org/10.1038/26427
http://dx.doi.org/10.1038/26427
http://dx.doi.org/10.1038/26427
http://dx.doi.org/10.1103/PhysRevB.59.11159
http://dx.doi.org/10.1103/PhysRevB.59.11159
http://dx.doi.org/10.1103/PhysRevB.59.11159
http://dx.doi.org/10.1103/PhysRevB.59.11159
http://dx.doi.org/10.1021/ja411713q
http://dx.doi.org/10.1021/ja411713q
http://dx.doi.org/10.1021/ja411713q
http://dx.doi.org/10.1021/ja411713q
http://dx.doi.org/10.1021/ic5006715
http://dx.doi.org/10.1021/ic5006715
http://dx.doi.org/10.1021/ic5006715
http://dx.doi.org/10.1021/ic5006715

SPIN-ORBIT COUPLING CONTROLLED GROUND STATE ...

[5] R. Morrow, J. Yan, M. A. McGuire, J. W. Freeland, D. Haskel,
and P. M. Woodward, Phys. Rev. B 92, 094435 (2015).

[6] A. A. Aczel, D. E. Bugaris, L. Li, J.-Q. Yan, C. de la Cruz, H.-C.
zur Loye, and S. E. Nagler, Phys. Rev. B 87, 014435 (2013).

[7] T. Aharen, J. E. Greedan, F. Ning, T. Imai, V. Michaelis, S.
Kroeker, H. Zhou, C. R. Wiebe, and L. M. D. Cranswick, Phys.
Rev. B 80, 134423 (2009).

[8] P. L. Bernardo, L. Ghivelder, H. S. Amorim, J. J. Neumeier, and
S. Garcia, New J. Phys. 17, 103007 (2015).

[9] J. P. Carlo, J. P. Clancy, K. Fritsch, C. A. Marjerrison, G. E.
Granroth, J. E. Greedan, H. A. Dabkowska, and B. D. Gaulin,
Phys. Rev. B 88, 024418 (2013).

[10] E. V. Kuz’min, S. G. Ovchinnikov, and D. J. Singh, Phys. Rev.
B 68, 024409 (2003).

[11] E. Kermarrec, C. A. Marjerrison, C. M. Thompson, D. D.
Mabharaj, K. Levin, S. Kroeker, G. E. Granroth, R. Flacau, Z.
Yamani, J. E. Greedan, and B. D. Gaulin, Phys. Rev. B 91,
075133 (2015).

[12] A. S. Erickson, S. Misra, G. J. Miller, R. R. Gupta, Z.
Schlesinger, W. A. Harrison, J. M. Kim, and I. R. Fisher, Phys.
Rev. Lett. 99, 016404 (2007).

[13] S. Gangopadhyay and W. E. Pickett, Phys. Rev. B 91, 045133
(2015).

[14] O. N. Meetei, O. Erten, M. Randeria, N. Trivedi, and P.
Woodward, Phys. Rev. Lett. 110, 087203 (2013).

[15] S. Middey, A. K. Nandy, S. K. Pandey, P. Mahadevan, and
D. D. Sarma, Phys. Rev. B 86, 104406 (2012).

[16] H. Matsuura and K. Miyake, J. Phys. Soc. Jpn. 82, 073703
(2013).

[17] G. Chen and L. Balents, Phys. Rev. B 84, 094420 (2011).

[18] H. Das, P. Sanyal, T. Saha-Dasgupta, and D. D. Sarma, Phys.
Rev. B 83, 104418 (2011).

[19] P. Sanyal, Phys. Rev. B 89, 115129 (2014).

[20] K. Samanta, P. Sanyal, and T. Saha-Dasgupta, Sci. Rep. 5, 15010
(2015).

[21] A. A. Aczel, P. J. Baker, D. E. Bugaris, J. Yeon, H.-C. zur Loye,
T. Guidi, and D. T. Adroja, Phys. Rev. Lett. 112, 117603 (2014).

[22] G. J. Nilsen, C. M. Thompson, G. Ehlers, C. A. Marjerrison,
and J. E. Greedan, Phys. Rev. B 91, 054415 (2015).

[23] A.E. Taylor, R. Morrow, D.J. Singh, S. Calder, M. D. Lumsden,
P. M. Woodward, and A. D. Christianson, Phys. Rev. B 91,
100406 (2015).

[24] Y. Krockenberger, M. Reehuis, M. Tovar, K. Mogare, M. Jansen,
and L. Alff, J. Magn. Magn. Mat. 310, 1854 (2007).

[25] Y. Krockenberger, K. Mogare, M. Reehuis, M. Tovar, M. Jansen,
G. Vaitheeswaran, V. Kanchana, F. Bultmark, A. Delin, F.
Wilhelm, A. Rogalev, A. Winkler, and L. Alff, Phys. Rev. B
75, 020404 (2007).

[26] 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).

[27] S. Kanungo, B. Yan, M. Jansen, and C. Felser, Phys. Rev. B 89,
214414 (2014).

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 220408(R) (2016)

[28] Y. S. Hou, H. J. Xiang, and X. G. Gong, Sci. Rep. §, 13159
(2015).

[29] J. Wang, N. Zu, X. Hao, Y. Xu, Z. Li, Z. Wu, and F. Gao, Phys.
Status Solidi (RRL) 08, 776 (2014).

[30] J.-H. Choy, D.-K. Kim, and J.-Y. Kim, Solid State Ionics 108,
159 (1998).

[31] A. K. Paul, A. Sarapulova, P. Adler, M. Reehuis, S. Kanungo,
D. Mikhailova, W. Schnelle, Z. Hu, C. Kuo, V. Siruguri, S.
Rayaprol, Y. Soo, B. Yan, C. Felser, L. Hao Tjeng, and M.
Jansen, Z. anorg. allg. Chem. 641, 197 (2015).

[32] Y. Yuan, H. L. Feng, M. P. Ghimire, Y. Matsushita, Y. Tsujimoto,
J. He, M. Tanaka, Y. Katsuya, and K. Yamaura, Inorg. Chem.
54, 3422 (2015).

[33] G. E. Granroth, A. I. Kolesnikov, T. E. Sherline, J. P. Clancy,
K. A. Ross, J. P. C. Ruff, B. D. Gaulin, and S. E. Nagler, J.
Phys.: Conf. Ser. 251, 012058 (2010).

[34] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.93.220408 for additional experimental de-
tails, INS data, and spin-wave model calculations.

[35] M. Retuerto, M. Garcia-Hernandez, M. J. Martinez-Lope, M. T.
Fernandez-Diaz, J. P. Attfield, and J. A. Alonso, J. Mater. Chem.
17, 3555 (2007).

[36] From m = 1.6(1)uB assuming a g factor of 2, deemed reason-
able since density functional theory finds the ratio of spin to
orbital moments is ~15 [23].

[37] D. C. Mattis, The Theory of Magnetism (Harper & Row, New
York, 1965).

[38] S. Toth and B. Lake, J. Phys.: Condens. Matter 27, 166002
(2015).

[39] D. 1. Khomskii, Transition Metal Compounds, 1st ed.
(Cambridge University Press, Cambridge, 2014).

[40] J. B. Goodenough, Phys. Rev. 100, 564 (1955).

[41] J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959).

[42] L.S.I. Veiga, G. Fabbris, M. van Veenendaal, N. M. Souza-Neto,
H. L. Feng, K. Yamaura, and D. Haskel, Phys. Rev. B 91, 235135
(2015).

[43] P. Battle and C. Jones, J. Solid State Chem. 78, 108 (1989).

[44] P. Battle and W. Macklin, J. Solid State Chem. 52, 138
(1984).

[45] S. Vasala and M. Karppinen, Prog. Solid State Chem. 43, 1
(2015).

[46] H. Kato, T. Okuda, Y. Okimoto, Y. Tomioka, K. Oikawa,
T. Kamiyama, and Y. Tokura, Phys. Rev. B 69, 184412
(2004).

[47] A. Winkler, N. Narayanan, D. Mikhailova, K. G. Bramnik,
H. Ehrenberg, H. Fuess, G. Vaitheeswaran, V. Kanchana, F.
Wilhelm, A. Rogalev, A. Kolchinskaya, and L. Alff, New J.
Phys. 11, 073047 (2009).

[48] C. M. Thompson, J. P. Carlo, R. Flacau, T. Aharen, I
A. Leahy, J. R. Pollichemi, T. J. S. Munsie, T. Medina,
G. M. Luke, J. Munevar, S. Cheung, T. Goko, Y. J. Uemura,
and J. E. Greedan, J. Phys.: Condens. Matter 26, 306003
(2014).

220408-5


http://dx.doi.org/10.1103/PhysRevB.92.094435
http://dx.doi.org/10.1103/PhysRevB.92.094435
http://dx.doi.org/10.1103/PhysRevB.92.094435
http://dx.doi.org/10.1103/PhysRevB.92.094435
http://dx.doi.org/10.1103/PhysRevB.87.014435
http://dx.doi.org/10.1103/PhysRevB.87.014435
http://dx.doi.org/10.1103/PhysRevB.87.014435
http://dx.doi.org/10.1103/PhysRevB.87.014435
http://dx.doi.org/10.1103/PhysRevB.80.134423
http://dx.doi.org/10.1103/PhysRevB.80.134423
http://dx.doi.org/10.1103/PhysRevB.80.134423
http://dx.doi.org/10.1103/PhysRevB.80.134423
http://dx.doi.org/10.1088/1367-2630/17/10/103007
http://dx.doi.org/10.1088/1367-2630/17/10/103007
http://dx.doi.org/10.1088/1367-2630/17/10/103007
http://dx.doi.org/10.1088/1367-2630/17/10/103007
http://dx.doi.org/10.1103/PhysRevB.88.024418
http://dx.doi.org/10.1103/PhysRevB.88.024418
http://dx.doi.org/10.1103/PhysRevB.88.024418
http://dx.doi.org/10.1103/PhysRevB.88.024418
http://dx.doi.org/10.1103/PhysRevB.68.024409
http://dx.doi.org/10.1103/PhysRevB.68.024409
http://dx.doi.org/10.1103/PhysRevB.68.024409
http://dx.doi.org/10.1103/PhysRevB.68.024409
http://dx.doi.org/10.1103/PhysRevB.91.075133
http://dx.doi.org/10.1103/PhysRevB.91.075133
http://dx.doi.org/10.1103/PhysRevB.91.075133
http://dx.doi.org/10.1103/PhysRevB.91.075133
http://dx.doi.org/10.1103/PhysRevLett.99.016404
http://dx.doi.org/10.1103/PhysRevLett.99.016404
http://dx.doi.org/10.1103/PhysRevLett.99.016404
http://dx.doi.org/10.1103/PhysRevLett.99.016404
http://dx.doi.org/10.1103/PhysRevB.91.045133
http://dx.doi.org/10.1103/PhysRevB.91.045133
http://dx.doi.org/10.1103/PhysRevB.91.045133
http://dx.doi.org/10.1103/PhysRevB.91.045133
http://dx.doi.org/10.1103/PhysRevLett.110.087203
http://dx.doi.org/10.1103/PhysRevLett.110.087203
http://dx.doi.org/10.1103/PhysRevLett.110.087203
http://dx.doi.org/10.1103/PhysRevLett.110.087203
http://dx.doi.org/10.1103/PhysRevB.86.104406
http://dx.doi.org/10.1103/PhysRevB.86.104406
http://dx.doi.org/10.1103/PhysRevB.86.104406
http://dx.doi.org/10.1103/PhysRevB.86.104406
http://dx.doi.org/10.7566/JPSJ.82.073703
http://dx.doi.org/10.7566/JPSJ.82.073703
http://dx.doi.org/10.7566/JPSJ.82.073703
http://dx.doi.org/10.7566/JPSJ.82.073703
http://dx.doi.org/10.1103/PhysRevB.84.094420
http://dx.doi.org/10.1103/PhysRevB.84.094420
http://dx.doi.org/10.1103/PhysRevB.84.094420
http://dx.doi.org/10.1103/PhysRevB.84.094420
http://dx.doi.org/10.1103/PhysRevB.83.104418
http://dx.doi.org/10.1103/PhysRevB.83.104418
http://dx.doi.org/10.1103/PhysRevB.83.104418
http://dx.doi.org/10.1103/PhysRevB.83.104418
http://dx.doi.org/10.1103/PhysRevB.89.115129
http://dx.doi.org/10.1103/PhysRevB.89.115129
http://dx.doi.org/10.1103/PhysRevB.89.115129
http://dx.doi.org/10.1103/PhysRevB.89.115129
http://dx.doi.org/10.1038/srep15010
http://dx.doi.org/10.1038/srep15010
http://dx.doi.org/10.1038/srep15010
http://dx.doi.org/10.1038/srep15010
http://dx.doi.org/10.1103/PhysRevLett.112.117603
http://dx.doi.org/10.1103/PhysRevLett.112.117603
http://dx.doi.org/10.1103/PhysRevLett.112.117603
http://dx.doi.org/10.1103/PhysRevLett.112.117603
http://dx.doi.org/10.1103/PhysRevB.91.054415
http://dx.doi.org/10.1103/PhysRevB.91.054415
http://dx.doi.org/10.1103/PhysRevB.91.054415
http://dx.doi.org/10.1103/PhysRevB.91.054415
http://dx.doi.org/10.1103/PhysRevB.91.100406
http://dx.doi.org/10.1103/PhysRevB.91.100406
http://dx.doi.org/10.1103/PhysRevB.91.100406
http://dx.doi.org/10.1103/PhysRevB.91.100406
http://dx.doi.org/10.1016/j.jmmm.2006.10.648
http://dx.doi.org/10.1016/j.jmmm.2006.10.648
http://dx.doi.org/10.1016/j.jmmm.2006.10.648
http://dx.doi.org/10.1016/j.jmmm.2006.10.648
http://dx.doi.org/10.1103/PhysRevB.75.020404
http://dx.doi.org/10.1103/PhysRevB.75.020404
http://dx.doi.org/10.1103/PhysRevB.75.020404
http://dx.doi.org/10.1103/PhysRevB.75.020404
http://dx.doi.org/10.1103/PhysRevLett.111.167205
http://dx.doi.org/10.1103/PhysRevLett.111.167205
http://dx.doi.org/10.1103/PhysRevLett.111.167205
http://dx.doi.org/10.1103/PhysRevLett.111.167205
http://dx.doi.org/10.1103/PhysRevB.89.214414
http://dx.doi.org/10.1103/PhysRevB.89.214414
http://dx.doi.org/10.1103/PhysRevB.89.214414
http://dx.doi.org/10.1103/PhysRevB.89.214414
http://dx.doi.org/10.1038/srep13159
http://dx.doi.org/10.1038/srep13159
http://dx.doi.org/10.1038/srep13159
http://dx.doi.org/10.1038/srep13159
http://dx.doi.org/10.1002/pssr.201409287
http://dx.doi.org/10.1002/pssr.201409287
http://dx.doi.org/10.1002/pssr.201409287
http://dx.doi.org/10.1002/pssr.201409287
http://dx.doi.org/10.1016/S0167-2738(98)00034-4
http://dx.doi.org/10.1016/S0167-2738(98)00034-4
http://dx.doi.org/10.1016/S0167-2738(98)00034-4
http://dx.doi.org/10.1016/S0167-2738(98)00034-4
http://dx.doi.org/10.1002/zaac.201400590
http://dx.doi.org/10.1002/zaac.201400590
http://dx.doi.org/10.1002/zaac.201400590
http://dx.doi.org/10.1002/zaac.201400590
http://dx.doi.org/10.1021/ic503086a
http://dx.doi.org/10.1021/ic503086a
http://dx.doi.org/10.1021/ic503086a
http://dx.doi.org/10.1021/ic503086a
http://dx.doi.org/10.1088/1742-6596/251/1/012058
http://dx.doi.org/10.1088/1742-6596/251/1/012058
http://dx.doi.org/10.1088/1742-6596/251/1/012058
http://dx.doi.org/10.1088/1742-6596/251/1/012058
http://link.aps.org/supplemental/10.1103/PhysRevB.93.220408
http://dx.doi.org/10.1039/b705797k
http://dx.doi.org/10.1039/b705797k
http://dx.doi.org/10.1039/b705797k
http://dx.doi.org/10.1039/b705797k
http://dx.doi.org/10.1088/0953-8984/27/16/166002
http://dx.doi.org/10.1088/0953-8984/27/16/166002
http://dx.doi.org/10.1088/0953-8984/27/16/166002
http://dx.doi.org/10.1088/0953-8984/27/16/166002
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1103/PhysRev.100.564
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1016/0022-3697(59)90061-7
http://dx.doi.org/10.1103/PhysRevB.91.235135
http://dx.doi.org/10.1103/PhysRevB.91.235135
http://dx.doi.org/10.1103/PhysRevB.91.235135
http://dx.doi.org/10.1103/PhysRevB.91.235135
http://dx.doi.org/10.1016/0022-4596(89)90133-3
http://dx.doi.org/10.1016/0022-4596(89)90133-3
http://dx.doi.org/10.1016/0022-4596(89)90133-3
http://dx.doi.org/10.1016/0022-4596(89)90133-3
http://dx.doi.org/10.1016/0022-4596(84)90184-1
http://dx.doi.org/10.1016/0022-4596(84)90184-1
http://dx.doi.org/10.1016/0022-4596(84)90184-1
http://dx.doi.org/10.1016/0022-4596(84)90184-1
http://dx.doi.org/10.1016/j.progsolidstchem.2014.08.001
http://dx.doi.org/10.1016/j.progsolidstchem.2014.08.001
http://dx.doi.org/10.1016/j.progsolidstchem.2014.08.001
http://dx.doi.org/10.1016/j.progsolidstchem.2014.08.001
http://dx.doi.org/10.1103/PhysRevB.69.184412
http://dx.doi.org/10.1103/PhysRevB.69.184412
http://dx.doi.org/10.1103/PhysRevB.69.184412
http://dx.doi.org/10.1103/PhysRevB.69.184412
http://dx.doi.org/10.1088/1367-2630/11/7/073047
http://dx.doi.org/10.1088/1367-2630/11/7/073047
http://dx.doi.org/10.1088/1367-2630/11/7/073047
http://dx.doi.org/10.1088/1367-2630/11/7/073047
http://dx.doi.org/10.1088/0953-8984/26/30/306003
http://dx.doi.org/10.1088/0953-8984/26/30/306003
http://dx.doi.org/10.1088/0953-8984/26/30/306003
http://dx.doi.org/10.1088/0953-8984/26/30/306003



