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Crossover from itinerant to localized magnetic excitations through
the metal-insulator transition in NaOsO3
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NaOsO3 undergoes a metal-insulator transition (MIT) at 410 K, concomitant with the onset of antiferromagnetic
order. The excitation spectra have been investigated through the MIT by resonant inelastic x-ray scattering (RIXS)
at the Os L3 edge. Low resolution (�E ∼ 300 meV) measurements over a wide range of energies reveal that
local electronic excitations do not change appreciably through the MIT. This is consistent with a picture in which
structural distortions do not drive the MIT. In contrast, high resolution (�E ∼ 56 meV) measurements show
that the well-defined, low-energy magnons in the insulating state weaken and dampen upon approaching the
metallic state. Concomitantly, a broad continuum of excitations develops which is well described by the magnetic
fluctuations of a nearly antiferromagnetic Fermi liquid. By revealing the continuous evolution of the magnetic
quasiparticle spectrum as it changes its character from itinerant to localized, our results provide unprecedented
insight into the nature of the MIT in NaOsO3. In particular, the presence of weak correlations in the paramagnetic
phase implies a degree of departure from the ideal Slater limit.
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I. INTRODUCTION32

Competing interactions are a fundamental driving force33

governing the electronic and magnetic properties of transition34

metal oxides (TMOs). The metal-insulator transition (MIT)35

is a prime example of a phenomenon that is driven by this36

competition and consequently remains a source of significant37

experimental and theoretical interest [1–5]. In 3d TMOs, the38

presence of a MIT is governed primarily by an effective interac-39

tion strength U/t , where U represents interelectronic Coulomb40

repulsion, and t is intersite hopping. This corresponds to the41

well-studied Mott-Hubbard paradigm, where MITs can be42

driven by bandwidth or band-filling control.43

Yet in 5d TMOs, the more delocalized valence orbitals,44

along with strong spin-orbit coupling (SOC), gives rise to45

new phenomenology. For example, SOC in 5d5 iridates affects46

the ground state to such an extent that even a moderate47

U is sufficient to open up a Mott-like insulating gap [6,7].48

Furthermore, a number of MITs have been observed that are49
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intimately entwined with the onset of long-ranged, commen- 50

surate antiferromagnetic order. Notably these MITs do not 51

appear to be associated with any spontaneous structural sym- 52

metry breaking, placing them outside of the aforementioned 53

Mott-Hubbard paradigm. Examples include some of the 5d5
54

pyrochlore iridates R2Ir2O7 (R = Ln3+) [8,9], plus the 5d3
55

osmates Cd2Os2O7 [10–13] and NaOsO3. Various mechanisms 56

have been proposed to describe these MITs, notably the 57

Lifshitz and Slater mechanisms. 58

A Lifshitz transition involves a change of topology of the 59

Fermi surface at TMI and is an example of a quantum phase tran- 60

sition (QPT) at T = 0. At finite temperatures, the theoretically 61

expected singularities in thermodynamic parameters—such 62

as the thermal expansion coefficient—become washed out, 63

and the QPT is in fact a crossover between the “ordered” 64

and “disordered” phases. Meanwhile, in a Slater insulator, 65

the onset of antiferromagnetic order itself drives the onset 66

of an insulating gap below the Néel temperature. In the 67

most general sense, insulating behavior arises from an or- 68

dered magnetic exchange field governed by mean-field type 69

interactions. True Slater insulating behavior—as defined in 70

the original theoretical works—is limited to systems with 71

a half-filled t2g manifold [14,15]. A number of works have 72
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FIG. 1. Summary of magnetic and electronic behavior in NaOsO3

as a function of temperature. (a) Charge gap extracted from re-
sistivity data (dotted line) [16], optical gap (purple squares) [20],
and integrated intensity of (0, 1, 1) magnetic Bragg peak obtained
from powder neutron diffraction (green triangles) [17]. The MIT and
onset of antiferromagnetic order appear to be intimately linked. (b)
Resistivity ρ versus T 2 (purple squares) and inverse susceptibility
χ−1 versus T (green diamonds). Overlaid are fits to the theoretical
expressions for the resistivity of a Fermi liquid (solid line) and a
Curie-Weiss paramagnet (dashed line). Data and fitted parameters
taken from Ref. [16].

proposed that NaOsO3 is a rare example of a Slater insulator in73

three dimensions [Fig. 1(a)] [16–20]. Together with significant74

spin-phonon coupling [21], one observes an unprecedented75

connection between the magnetic, electronic, structural, and76

phonon degrees of freedom in NaOsO3.77

There are, however, a number of outstanding questions78

with regards to the true nature of the MIT in NaOsO3.79

Optical conductivity measurements reveal a continuous open-80

ing of the electronic gap with decreasing temperature81

{�g(0) = 102(3) meV} and an MIT in which electronic cor-82

relations play a limited role. This is consistent with a Slater83

picture in which interactions are mean-field like [20]. Mean-84

while previous RIXS measurements showed well-defined and85

strongly gapped (∼50 meV) dispersive spin-wave excitations86

at 300 K [22]. This was found to be consistent with an87

anisotropic nearest-neighbor Heisenberg picture for the mag-88

netic Hamiltonian and is suggestive of localized magnetic89

moments. Furthermore, recent density functional theory (DFT)90

calculations [23] suggest that the Fermi surface may be recon-91

structed at the MIT by magnetic fluctuations of itinerant Os92

moments; in a so-called spin-driven Lifshitz MIT. The question93

remains whether either the spin or electronic excitations remain94

coherent through the MIT, and if there is any evidence of95

coupling to any of the other relevant degrees of freedom present96

in the system.97

In this manuscript, we establish that there is a continuous98

progression from itinerant to localized behavior through the99

MIT in NaOsO3. This is revealed by a significant renormaliza-100

tion of the magnetic quasiparticle spectral weight over large101

ranges of momentum and energy transfer. In particular, the102

presence of correlations in the metallic state immediately leads103

to a deviation from mean-field behavior, and hence, true Slater104

phenomenology.105

Our experiments relied on exploiting the unique ability 106

of RIXS to provide momentum-resolved sensitivity to the 107

excitations of the orbital, electronic, and magnetic degrees of 108

freedom. By providing data on an experimental test case, in 109

which an effective interaction strength can be tuned simply 110

by varying the temperature, our work in turn helps extend the 111

utility of RIXS, which has hitherto been best understood in the 112

localized limit [24–26]. 113

II. EXPERIMENTAL SETUP AND SAMPLE GEOMETRY 114

RIXS measurements were performed at the Os L3 edge 115

(E = 10.871 keV) on the ID20 spectrometer at the ESRF, 116

Grenoble. Preliminary measurements were performed at 9- 117

ID-B, Advanced Photon Source. For high-resolution measure- 118

ments a Si (6, 6, 4) channel-cut secondary monochromator 119

was used to select the incident energy. A Si (6, 6, 4) diced 120

spherical analyzer (2 m Rowland circle radius, 60 mm di- 121

ameter) was used to reflect the scattered photons toward a 122

Maxipix CCD detector (pixel size 55 μm) and discriminate 123

the scattered photon energy. The total energy resolution was 124

determined to be �E = 56 meV, based on diffuse scattering 125

from a polypropylene-based adhesive tape (Fig. 12). For low 126

resolution measurements, a similar setup was used, but with 127

a Si (3, 1, 1) channel-cut secondary monochromator instead. 128

The total energy resolution in this case was �E ≈ 300 meV. 129

A single crystal of NaOsO3 (approximate dimensions 0.3 × 130

0.3 × 0.3 mm3) was oriented such that the (1, 0, 1) direction 131

was normal to the sample surface (Fig. 2). The sample was 132

mounted with silver paint and placed in a custom-made 133

heater setup filled with helium exchange gas. Temperature 134

stability was better than ±0.5 K. The scattering plane and 135

incident photon polarization were both horizontal (π -incident 136
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FIG. 2. (a) Schematic of experimental geometry. Magnetic mo-
ments lie along the c axis, the b axis lies approximately within the
scattering plane. (b) View for θ = 0 parallel to the direction of the
incident beam. (c) Top-down view. In the experimental geometry
θ ≈ 60◦. (d) Conventional orthorhombic unit cell for the Pnma space
group (gray dashed) overlaid with the Brillouin zone (solid purple).
Highlighted are the high symmetry points of the Brillouin zone, which
are listed in the neighboring table.
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FIG. 3. (a) Orbital excitations as a function of temperature, obtained using a low resolution setup (�E = 300 meV). The excitations are
practically temperature independent. Solid lines are best fit to LS-coupling model described in the main text. Shaded peaks show the relative
contributions at 10 K. (b) High-resolution RIXS spectra (�E = 56 meV) obtained as a function of temperature close to � (5.05, 3.05, 4.05).
Solid line is best fit to LS-coupling model. (c) Value of Hund’s coupling JH calculated from fitted peak positions of intra-t2g excitations at 3JH

and 5JH (peak A). Filled (open) symbols: low (high) resolution data. Solid line shows best fit to combined data, with JH = 0.25(1) eV. (d)
Fitted energy of peak β as function of temperature. Solid line is linear fit to the data. Dashed lines reflect the significant uncertainty in this
parameter.

polarization) with the incident beam focused to a size of137

20 × 10 μm2 (H × V) at the sample position.138

III. TEMPERATURE DEPENDENCE139

OF ORBITAL EXCITATIONS140

We start with the orbital excitations as a function of temper-141

ature. A low resolution setup (�E = 300 meV) was used to142

examine the orbital excitations out to large energy loss (∼8 eV).143

Selected spectra are displayed in Fig. 3(a). Just as in Ref. [22],144

four peaks are evident in the RIXS spectra. The peak centered at145

zero energy loss comprises the elastic line and other low energy146

features such as phonons, magnons, etc. The three remaining147

peaks refer to excitations either: within the t2g manifold (α),148

from t3
2g → t2

2geg states (β), or t3
2g → t2ge

2
g and ligand-to-metal149

charge transfer excitations (γ ). This assignment follows the150

previous RIXS measurements on NaOsO3 and Cd2Os2O7151

[22,27], as well as quantum chemistry calculations [28].152

At first inspection, the intensity and positions of peaks α −153

γ appear to be essentially temperature independent. Moreover,154

the individual features are much broader than the instrumental155

resolution, indicative of a system with significant non-local156

character. High resolution (�E = 55 meV) measurements157

over a limited range show similar behavior [Fig. 3(b)]; peak158

α remains broad and relatively featureless. A degree of fine159

structure can be ascertained around 1 eV—especially at higher160

temperature—but unfortunately the statistical quality of the161

data is insufficient to draw firm conclusions. The noticeable162

low energy (<0.5 eV) behavior will be addressed later in this163

manuscript. Contrast the RIXS spectra presented here with164

the isoelectronic Ca3LiOsO6 and Ba2YOsO6 [29]. In these165

materials, OsO6 octahedra are separated from each other by Li166

(Y). The excitations are thus more localized in real space, with167

a correspondingly longer lifetime and narrower bandwidth.168

A. Calculation of microscopic parameters 169

It is possible to go further and obtain quantitative conclu- 170

sions from the data using a ligand field model. The magni- 171

tudes of Hund’s coupling JH and the one-electron spin-orbit 172

coupling parameter ζ can be estimated from the energies of 173

the electronic transitions in the RIXS spectra. The starting 174

point is a single Os5+ cation octahedrally coordinated to six 175

O2− ions, assuming no distortion away from ideal octahedral 176

symmetry. For NaOsO3 this is not strictly true, however, the 177

distortion is sufficiently small (Dτ/Dq ≈ −0.01, Ds,Dt → 178

0 within uncertainty) that this approximation holds within 179

experimental resolution [17,30]. Assuming a spherically sym- 180

metric Coulomb interaction, and t2g electronic wave functions 181

obtained from crystal field theory which have pure d character 182

(i.e., no hybridization), then the Hund’s coupling JH can be 183

expressed in terms of the Racah parameters: JH = 3B + C 184

[31]. 185

Within a simple LS-coupling model, which neglects the 186

effects of weak octahedral distortion, peak α is composed 187

of two overlapping excitations centered at 3JH and 5JH 188

[Fig. 4(a)]. Hence, we attempted to quantify the micro- 189

scopic parameters to first order by fitting the low resolution 190

(�E = 300 meV) RIXS data to a sum of five Gaussians. We 191

find that JH = 0.24(1) eV is temperature independent within 192

experimental uncertainty [Fig. 3(c)]. Fitting high resolution 193

(�E = 55 meV) data with the same model gives a similar 194

result: JH = 0.26(2) eV. Both values for JH compare well with 195

estimates obtained from other 5d3 materials [27,29]. 196

B. Discussion 197

The assumption that the orbital excitations can be described 198

in terms of four Gaussians is incomplete. Assuming ideal octa- 199

hedral symmetry, LS-coupling, and zero spin-orbit coupling, 200

then peak α is indeed comprised of two overlapping excitations 201

004400-3
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FIG. 4. (a) Terms of a t3
2 configuration in a first (strong field)

approximation, including the effect of Coulomb repulsion. Spin-orbit
coupling and distortions away from an ideal octahedral geometry
are neglected. The Hund’s coupling JH is equivalent to 3B + C,
where B and C are Racah parameters. The terms 2E and 2T1 are
accidentally degenerate. (b) Electronic fine structure levels obtained
when spin-orbit coupling is added as a weak perturbation. Levels
are calculated by decomposition of the direct product � × D(3/2), and
are Kramers degenerate. The separation between levels originating
from 2E and 2T1 is exaggerated for clarity. (c) Addition of a weak
trigonal perturbative field to the case presented in (b). Irreducible
representations �5,�6 are coupled. Note that the 4A2 ground state is
only split (zero field splitting) by a combination of spin-orbit coupling
and trigonal distortion, and even then third-order perturbations are
required.

at 3JH and 5JH . However, peak β is in fact made up of ten202

overlapping multiplets (2A1, 2A2, 22T1, 22T2, 22E, 4T1, 4T2),203

with their relative energies dictated primarily by B and C [32].204

Yet this is still an oversimplification of the physical picture in205

NaOsO3. For the realistic case of nonzero spin-orbit coupling,206

and weak trigonal distortion, then peak α(β) should comprise207

8(24) overlapping excitations, each with a finite width (Fig. 4).208

Clearly it is not possible to resolve—and fit—the individual209

excitations with RIXS, which explains our choice of a simple210

model to parametrize the data.211

This in turn explains the observed weak temperature depen-212

dence of peak β [Fig. 3(d)]. In a simple crystal field theory,213

10 Dq ∝ a−5, where a is the metal-ligand bond distance. The214

Os-O bond distance remains practically constant as a function215

of temperature [17]; therefore, 10 Dq should also remain216

constant. Meanwhile, B and C are atomic parameters within a217

ligand field theory. Their magnitude is dictated by the identity218

and oxidation state of the cation and the degree of covalence219

within the metal-ligand bond. These factors should nominally220

have minimal dependence on temperature. The intensity and221

width of the excitations, on the other hand, are dictated by222

the RIXS cross-section, which depends on a wide variety of223

factors [33]. An increase of intensity for the spin-allowed224

transitions for instance [dashed lines in Fig. 5(a)] would give225

rise to an apparent downward shift in the energy of peak226

β in our simple model. Finally, because spin-orbit coupling227

(ζ ∼ 0.3 eV) is of similar magnitude to the interelectronic228

interactions (B,C) in this material, one should ideally treat229

them concurrently within an intermediate coupling approach.230

Attempts to do this quantitatively for NaOsO3 did not to231
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FIG. 5. Tanabe-Sugano diagrams for octahedral d3 complexes
calculated within either (a) the LS-coupling limit or (b) an inter-
mediate coupling model appropriate for NaOsO3. Trigonal distortion
has been neglected for simplicity. Pink line indicates approximate
energy levels for NaOsO3. Dashed lines in (a) indicate spin-allowed
(�S = 0) optical transitions. Both diagrams were calculated using
B = 0.035 eV, C = 4B, JH = 3B + C = 0.245 eV.

a reliable solution, primarily due to the intrinsically broad 232

excitations. For reference, Fig. 5(b) shows a schematic of the 233

respective energy levels expected in a d3 material for sensible 234

values of JH and ζ . 235

To summarize, orbital excitations from the ground state 236

do not appear to vary significantly through the MIT. This 237

corroborates the observation that the MIT is not driven by 238

local structural distortion, which would manifest in significant 239

variations in the crystal field parameters Dq, Dτ , and Dσ 240

[21]. Because these excitations are intrinsically broad, it 241

proved difficult to extract numerical estimates of the Hund’s 242

coupling JH , and spin-orbit coupling ζ , in the same manner 243

as presented within Ref. [29]. Nevertheless, by applying a 244

simple LS-coupling model with ideal octahedral symmetry, 245

we can estimate JH = 0.25(1) eV, in good agreement with 246

other studies on 5d3 materials. We note that it may be possible 247

to observe electronic excitations from the ground state via 248

an alternative technique, such as ultraviolet-visible (UV-vis) 249

absorption spectroscopy. This would provide much better 250

energy resolution, at the expense of only being able to measure 251

at the crystallographic zone center. 252

IV. LOW-ENERGY EXCITATIONS USING 253

A HIGH-RESOLUTION SETUP 254

We now move to the low-energy excitations below 0.5 eV; 255

the main focus of this paper. High resolution (�E = 56 meV) 256

RIXS spectra were collected at three different momentum 257

transfers as a function of temperature: � (4.95, 2.95, 3.95), 258

�–Y (5, 2.75, 4), and Y (5, 2.5, 4). This reflects a progression 259

from the Brillouin zone center to the zone boundary [Fig. 2(d)]. 260

The point near � was chosen to avoid the weak magnetic 261

Bragg peak at (5, 3, 4). Four RIXS spectra were collected 262

004400-4
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FIG. 6. Analysis of RIXS spectra collected at �. (a),(b) Representative RIXS spectra collected in two separate runs, each of which is
normalized to the d-d excitations at 1 eV energy loss. The data from the second run (b) was collected over a limited range, and exhibits a
significantly reduced elastic line intensity compared to the first run (a). Inset in (b) shows the temperature dependence of the elastic line for
both runs. (c) Spectra from first run, with elastic line and d-d contributions subtracted. Added are the best fit to the data (black solid line) and
relative components of the magnon peak (purple) and high-energy continuum (green). Dashed line superimposed on 450 K plot is best fit to
300 K data for comparison. Yellow bar indicates full width at half maximum (FWHM) of resolution function. (d–f) Fitted peak intensity (d),
energy (e), and intrinsic FWHM (f) of the two components as a function of temperature. Open symbols: first run. Filled symbols: second run.
(g) Summary of magnon peak FWHM as a function of momentum transfer and temperature. Solid lines in (d)–(g) are guides to the eye.

for each temperature and momentum transfer (30s/pt). These263

spectra were each normalized to the intensity of the intra-t2g264

excitations at 1 eV energy loss, cross-correlated to account for265

any temporal shift in the elastic line position, then averaged.266

Measurements were repeated at � over a limited temperature267

and energy range; as the elastic line was observed to vary268

significantly with temperature, partially obscuring the low269

energy features. We show later that the inelastic features of270

the two datasets are consistent.1271

Representative RIXS spectra are plotted in Figs. 6–8(a) and272

Fig. 6(b), for temperatures below and above the MIT. They273

are also shown with the elastic line and d − d contributions274

subtracted [Figs. 6(c), 7–8(b)], to better isolate changes to the275

spectra below 1 eV. The spectra at 300 K are in agreement276

with that given in Ref. [22], with a sharp dispersive peak277

evident at 60–100 meV energy loss attributable to a single278

1Furthermore, the elastic line intensity was observed to vary signif-
icantly between successive scans at �, which was the first point in
reciprocal space measured at each temperature. Such behavior was
not observed for the other reciprocal lattice points measured. We
propose that this may be due to local surface reconstruction or similar
effects. Nevertheless, the inelastic features remain consistent between
datasets, which means that the following analysis remains valid.

magnon excitation. With increasing temperature this peak 279

progressively weakens and broadens. Strikingly, concurrent 280

with the diminishing of the single magnon peak, there is a 281

continuous increase in intensity between 0.1 and 0.6 eV, while 282

there is no significant change in the intra-t2g excitations. 283

To quantify these observations further, the data were fitted 284

with Gaussians to represent the elastic line, magnon peak, 285

broad component centered around 300 meV, and the intra-t2g 286

excitations. The fits in the low energy portion of the RIXS 287

spectra were corrected to take the Bose factor into account. 288

Prior to fitting, the model lineshape was convoluted with 289

the experimental resolution function (Fig. 12). This minimal 290

model for the lineshape was used to reduce the number of free 291

parameters in the fit, whilst allowing the relevant features of 292

the data to be captured. The results of these fits are given in 293

the remaining panels of Figs. 6–8. Figure 8(f) shows that our 294

simple model gives a good description of the experimental 295

data, with 0.8 � χ2/ν � 1.3 for all datasets. 296

Clearly there is a significant variation of the RIXS spectra 297

through the MIT, as NaOsO3 progresses from the localized to 298

the itinerant limit. The nature of the low-energy excitations at 299

300 K—deep in the antiferromagnetic insulating phase—has 300

already been described in Ref. [22]. Later in this manuscript 301

(Sec. VII), we perform a more detailed discussion of the 302

temperature dependence of the RIXS spectra. In the meantime, 303

004400-5
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FIG. 7. Analysis of RIXS spectra collected at �–Y . (a) Representative low-energy RIXS spectra, each of which is normalized to the d-d
excitations at 1 eV energy loss (dashed line). (b) Spectra with elastic line and d-d contributions subtracted off. Added are the best fit to the data
(black solid line), and relative components of the magnon peak (purple) and high-energy continuum (green). Dashed line superimposed on 450
K plot is best fit to 300 K data for comparison. Yellow bar indicates FWHM of resolution function. (c)–(e) Fitted peak intensity (c), intrinsic
FWHM (d), and energy (e) of the two components as a function of temperature. Solid lines are guides to the eye. (f) Energy of magnon peak as
function of momentum transfer and temperature. The symbols are the same as part (a). Solid line is best fit to dispersion at 300 K as determined
within Ref. [22].

we examine the high temperature behavior, which permits an304

overview of the interactions toward the itinerant limit and305

motivates the analysis of the temperature dependence.306

V. HIGH-TEMPERATURE BEHAVIOR (450 K)307

Bulk measurements are typically the first techniques used to308

understand the electronic and magnetic behavior of a particular309

system as a function of temperature. NaOsO3 is no exception.310

Shi et al. found that the high temperature resistivity ρ appears311

consistent with the theoretical prediction for a Fermi liquid:312

ρ = ρ0 + AT 2, where ρ0 is the contribution from impurity 313

scattering [16]. Meanwhile the magnetic susceptibility above 314

TN exhibits Curie-Weiss behavior, with the Weiss temperature 315


W = −1949 K indicative of strong antiferromagnetic inter- 316

actions. Both parameters are plotted in Fig. 1 as a function 317

of temperature. These observations suggest that the metallic 318

paramagnetic phase in NaOsO3 is rather conventional in nature. 319

Various works argue that highly damped spin-wave-like 320

excitations, diffusive modes, or both, contribute to the broad 321

magnetic excitations observed in many antiferromagnets above 1322

TN [35–37]. The simplest picture is that coherent spin 323

FIG. 8. Analysis of RIXS spectra collected at Y . (a) Representative low-energy RIXS spectra, each of which is normalised to the d-d
excitations at 1 eV energy loss (dashed line). (b) Spectra with elastic line and d-d contributions subtracted off. Added are the best fit to the data
(black solid line) and relative components of the magnon peak (purple) and high-energy continuum (green). Dashed line superimposed on 450
K plot is best fit to 300 K data for comparison. (c)–(e) Fitted peak intensity (c), intrinsic FWHM (d), and energy (e) of the two components as a
function of temperature. Solid lines are guides to the eye. (f) Values of reduced chi-squared χ2/ν as a function of temperature and momentum
transfer. Squares, �; triangles, �-Y ; circles, Y . Dashed lines mark the boundaries of the 95% confidence limit.
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FIG. 9. Paramagnetic spin fluctuations (SF) in NaOsO3 at 450
K. (a) Experimental data collected at various crystal momenta. For
clarity the elastic line and high-energy intra-t2g excitations have
been subtracted. (b) Comparison of WAFL model with experimental
data. Filled area indicates paramagnetic SF calculated using Eq. (2),
with γ = 0.02 meV−1 and ξ/a0 ∼ 1. Dashed line is a momentum-
independent high-energy contribution.

waves, present at low temperature, become progressively more324

damped as NaOsO3 enters the paramagnetic phase. Damping325

occurs primarily due to magnon-magnon scattering; however,326

Landau damping may play a role for itinerant systems. Above327

TN, these excitations are overdamped. This picture is some-328

times known as a ballistic model, referencing principles from329

kinetic theory.330

We attempted to fit the data at 450 K [Fig. 9(a)] using such331

a model, with the imaginary part of the dynamic susceptibility332

given by333

χ ′′( Q,E) ∝ E

[�2 + c2( Q − QAFM)2 − E2]2 + α2E2
, (1)

where � is the spin gap, c is the spin-wave velocity, and α334

is a damping rate [38]. As a first approximation, we assumed335

that the spin-wave velocity and spin gap remain constant with336

temperature. Note, however, that both of these parameters are337

likely to decrease in magnitude with increasing temperature,338

as a consequence of renormalization by quantum fluctuations,339

magnon-magnon interactions, and other effects [39]. We were340

unable to obtain a satisfactory description of the data with this341

model, especially at high energies. This is unsurprising for the342

following reason. In our simple picture, α should become larger343

as the temperature increases. The maximum of the spin-wave344

peak shifts to lower energies as a result, concurrent with the345

build-up of spectral weight on the high energy side. Yet the346

experimental data, if anything, shows the opposite trend. We347

therefore considered alternative models for the excitations in348

NaOsO3.349

Specifically, we used self-consistent renormalization (SCR) 350

theory appropriate for a weakly antiferromagnetic Fermi liquid 351

(WAFL) [40]. The key assumption in the ballistic model 352

is that the paramagnetic state is fully disordered. Yet even 353

though long-ranged order disappears at TN, there may be 354

persistent short-ranged antiferromagnetic correlations, which 355

are characterized by some correlation length ξ . These localized 356

clusters of antiferromagnetic order are able to diffuse through 357

the crystal lattice, giving rise to incoherent spin excitations. 358

For simplicity we assume that the correlations are spatially 359

isotropic, which is reasonable given the similar magnitude 360

of J1 and J2. Moreover, we consider a pseudocubic unit 361

cell, with a lattice constant a0 = 3.80 Å given by the Os-Os 362

distance. This effectively corresponds to the Pm3̄m unit 363

cell of an undistorted perovskite. Following the approach of 364

Inosov and Tucker [38,41], the imaginary part of the dynamic 365

susceptibility χ
′′
(Q,E) is given by 366

χ
′′
(Q,E) = χ0�E

E2 + �2[1 + ξ 2(Q − QAFM)2]2
. (2)

In this expression the spin relaxation rate � is defined through 367

� ≡ a2
0/γ ξ 2, where γ denotes the damping coefficient arising 368

from spin decay into particle-hole excitations (related to the 369

electronic band structure), and ξ is the spin-spin correlation 370

length. Furthermore, χ0 is the staggered susceptibility at QAFM 371

[42]. All of these parameters are in principle dependent upon 372

temperature. The interplay between the correlation length and 373

damping governs the characteristic energy of the damped exci- 374

tations. For completeness the anti-Stokes (energy gain) process 375

has also been included; this is a factor of exp (−h̄ω/kT ) 376

weaker than the equivalent Stokes (energy loss) process. Note, 377

however, that the experimental RIXS cross-section includes a 378

number of additional contributions, which include momentum- 379

dependent absorption and polarization effects. In our analysis 380

we replace the equality in Eq. (2) by a proportionality to reflect 381

this phenomenologically. 382

It proved possible to qualitatively describe the main fea- 383

tures of the experimental data using this minimal model. Yet 384

quantitative agreement required the use of a scaling parameter 385

that varied by a factor of two across the Brillouin zone. 386

This seemed too large to have a reasonable physical origin. 387

Inclusion of an additional scattering component improved the 388

quantitative fit to the data, and negated the use of arbitrary 389

scale factors [Fig. 9(b)]. This component was constrained 390

to be momentum-independent, to facilitate convergence. We 391

obtained the best global fit to the data using γ ∼ 0.02 meV−1
392

and ξ/a0 ∼ 1.2 The magnitude of γ is similar to that found in 393

overdoped Ba(Fe1-xCox)2As2 [38]. Moreover, the fact that ξ 394

is on the order of the Os-Os separation implies that the spin 395

fluctuations at 450 K are short-ranged, and that the system is 396

close to the hydrodynamic limit. 397

Thus we conclude that the low-energy excitations at high 398

temperature are consistent with paramagnetic spin fluctuations 399

2We note that further improvements in the quantitative agreement
with the experimental data could likely be made by considering
anisotropic spin fluctuations or the effect of finite momentum res-
olution of the spectrometer. However, there are insufficient data to
perform this robustly.
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in a weakly antiferromagnetic Fermi liquid. Such behavior is400

characteristic of a system close to the itinerant limit, and sim-401

ilarities can be made with magnetic fluctuations in overdoped402

pnictides. The nature of the additional scattering component403

centered at 0.3 eV is unclear from the experimental data at404

450 K. This is because RIXS is sensitive to both electronic405

and magnetic interactions, and it is difficult to distinguish406

them a priori without further information. Possible origins are407

discussed in the following section.408

VI. NATURE OF HIGH-ENERGY CONTINUUM409

We considered two likely mechanisms for the formation of410

this continuum: two-magnon excitations (Sec. VI A) and elec-411

tronic interband particle-hole excitations (Sec. VI B). These412

shall be addressed in turn.413

A. Two-magnon scattering414

Consider the simple case of an isotropic 2D Heisenberg415

antiferromagnet on a square lattice. For a given wave vector,416

the two magnon continuum extends from the energy of the417

single magnon, up to twice the zone boundary energy. Notably,418

the spectral weight is concentrated at low energy around the419

antiferromagnetic Bragg positions at (π,π ), since the single-420

magnon intensity diverges at (π,π ). Inclusion of anisotropy421

in the Hamiltonian breaks the rotational degeneracy in the422

ground state; the single-magnon dispersion develops a gap,423

and the intensity no longer diverges at (π,π ). The two-magnon424

continuum correspondingly no longer has its lower limit at the425

one-magnon energy but also develops a gap. Moreover, there426

is a partial redistribution of spectral weight from the magnetic427

Brillouin zone center to the rest of the zone. In three dimensions428

the situation is the same; however, the scattering phase space is429

that much greater. This means that spectral weight tends to be430

concentrated at the zone boundaries and hence is considerably431

less than dispersive than the 1D and 2D cases. The two-magnon432

continuum is a purely quantum effect, and the corresponding433

dynamic structure factor is typically much smaller than that of434

the single magnon [44].435

In a semiclassical picture, single magnons are polarized436

perpendicular to the magnetic moment direction. Meanwhile,437

the two-magnon excitations are polarized longitudinally to438

the moment direction. This manifests as differences in the439

dynamical correlation function Sαα( Q,ω), which is defined440

as441

Sαα(Q,ω) = 1

2πh̄N

∑
jj ′

eiQ(Rj −Rj ′ )

×
∫ ∞

−∞

〈
Sα

j ′ (0)Sα
j (t)

〉
e−iωt dt, (3)

where α indexes the Cartesian direction (x,y,z) of the spin442

component, N is the total number of spins, and the sum443

runs over all sites j and j ′ in the lattice. Single magnons444

have nonzero Sxx( Q,ω) and Syy( Q,ω), whereas the two-445

magnon contribution has nonzero Szz( Q,ω). It is well known446

that the partial differential neutron scattering cross-section447

is proportional to Sαα(Q,ω) [45]. Various theoretical works448

have shown that the RIXS magnetic cross-section resembles449

S(Q,ω), at least in the case of the single-band Hubbard model 450

at various filling levels [24,25]. This, at least partly, justifies 451

the use of the following approach to estimate the one- and 452

two-magnon scattering cross-sections as a function of energy 453

and momentum transfer. The authors note, however, that the 454

agreement between the RIXS cross-section and S(Q,ω) may 455

not be as complete in the itinerant limit. Calculation of the 456

RIXS cross-section is numerically involved and remains a 457

subject for future study. 458

1. Calculation of single- and two-magnon 459

scattering cross-sections 460

The single- and two-magnon scattering cross-sections were 461

evaluated numerically for NaOsO3 using a weighted Monte 462

Carlo method. This approach is similar to that used for the one- 463

dimensional KCuF3 [46], as well as for the two-dimensional 464

compounds, Cs2CuF4 [47], and Cu(DCOO)2 4H2O [48]. We 465

outline the approach used here; further details can be found in 466

Appendix C. 467

Just as in Ref. [22], the following minimal Hamiltonian was 468

used to model the single magnon mode: 469

H = J1

∑
nn

Si · Sj + J2

∑
nnn

Si · Sj + �
∑

nn,nnn

Sz
i S

z
j . (4)

In Eq. (4), the first sum is over nearest neighbors (in the a-c 470

plane), the second sum is over next-nearest neighbors (in the b 471

direction), and the final term represents an effective anisotropy 472

along the c axis. This latter term parametrizes the contribu- 473

tions from single-ion anisotropy or exchange anisotropy (both 474

symmetric and antisymmetric). A full analysis should include 475

all of these individual terms; however, it was not possible to 476

disentangle the relative contributions within the experimental 477

energy resolution. The nearest-neighbor and next-nearest- 478

neighbor distances vary only slightly; the difference between 479

them is due to the weak orthorhombic distortion. Thus, Eq. (4) 480

is in effect an anisotropic nearest-neighbor Hamiltonian. From 481

now on we work in a reference frame where the mean spin 482

direction for each site appears along the z axis for all sites. For 483

NaOsO3 this coincides with the laboratory reference frame. 484

The transverse spin-spin correlations Sxx(Q,ω) = 485

Syy(Q,ω) are given by 486

Sxx(Q,ω) ∝ S − �Sz

2
[n(ωQ) + 1](uQ − vQ)2

×δ(h̄ω − h̄ωQ), (5)

where n(ωQ) is the Bose factor, uQ and vQ are Bogoliubov 487

operators, and �Sz = S − 〈Sz〉 is the spin reduction due to 488

zero-point fluctuations.3In the linear spin-wave approxima- 489

tion, the spin reduction can be calculated as 490

�Sz = (2/N)
∑

q

{
u2

qn(ωq) + v2
q[n(ωq) + 1]

}
, (6)

3This is true for the minimal Hamiltonian given by Eq. (4). However,
if the Dzyaloshinskii-Moriya (DM) interaction is nonzero, then
Sxx(Q,ω) �= Syy(Q,ω). It was previously noted in Ref. [22] that a
finite DM interaction is required by symmetry for NaOsO3.
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where N is the total number of spins, and q extends over491

the entire Brillouin zone. This expression reduces to �S =492

(2/N )
∑

q |v2
q| in the limit T → 0. For NaOsO3, we find493

that �Sz = 0.045 at T = 0, increasing to �Sz = 0.081 at494

450 K. This indicates that quantum fluctuations do not signif-495

icantly renormalize the spin-wave interactions. Such a result496

is unsurprising given the significant spin-wave anisotropy, and497

three-dimensional nature of this nominally S = 3/2 system.498

Meanwhile, the two-magnon cross-section has contri-499

butions from three discrete processes: two-magnon cre-500

ation, two-magnon annihilation, and mixed magnon creation-501

annihilation. At low temperatures only the two-magnon cre-502

ation term is important; in our case, all three are required to give503

a full description of the data. The procedure used to calculate504

the two-magnon cross-section is as follows:505

(1) Choose two random Q vectors within the three-506

dimensional Brillouin zone, henceforth defined as Q1 and Q2.507

These correspond to two separate magnon events.508

(2) Evaluate the weight of this process WQ1,Q2 using509

Eq. (C7).510

(3) Compute the ratio w = WQ1,Q2/Wmax
Q1,Q2

, where Wmax
Q1,Q2

511

is the weight of the most likely event.512

(4) Generate a uniformly distributed random number r513

between 0 and 1, and compare this to w. If w < r , then the514

event (Q1,Q2) is accepted. Otherwise, it is rejected.515

(5) In the case that the event is accepted, then calculate516

the total energy h̄ωtot = h̄ωQ1 + h̄ωQ2 and total wave vector517

Qtot = Q1 + Q2. If Qtot lies outside the first Brillouin zone,518

then it is folded back via subtraction of a reciprocal lattice519

vector G.520

This process is repeated until a large number of events521

are accepted. For NaOsO3, 1 × 109 iterations were performed522

to generate Sxx(yy)(Q,ω), and the inelastic contribution to523

Szz(Q,ω) as a function of momentum transfer and energy.524

These functions were then normalized by (S − �Sz)(2�Sz +525

1) and �Sz(1 − �Sz) + 〈uv〉2, respectively, to obtain a direct526

comparison with experiment.527

The experimental geometry governs the relative contribu-528

tions of Sxx(Q,ω), Syy(Q,ω), and Szz(Q,ω) to the scattering529

cross-section. It is reiterated that this may not be equal to530

the RIXS cross-section, as orbital effects, for example, are531

neglected. Haverkort [24] proposed a simple selection rule for532

the measurement of single spin-flip excitations (magnons) with533

RIXS: Magnons can be observed with cross-polarized light for534

spins in the plane of the polarizations. We have almost entirely535

π -incident polarization (undulator source), which means that536

the incoming x-rays are polarized parallel to the scattering537

plane. The cross-polarized channel lies perpendicular to the538

scattering plane, given the notation σ in line with current539

convention. Consequently, we observe those spin components540

which lie within the plane defined by the π and σ ′ polariza-541

tion vectors, with the prime denoting the polarization of the542

scattered beam [Fig. 2(a)]. This contrasts with the selection543

rule for magnetic neutron scattering, in which only magnetic544

fluctuations perpendicular to the wave vector transfer Q are545

observed. For the present scattering geometry, the intensity is546

hence approximately given by the relation547

I ∝ Syy( Q,ω) cos θ +
√

2 sin θ [Sxx( Q,ω) + Szz( Q,ω)],
(7)

FIG. 10. (a) Transverse [Sxx(Q,ω)] and longitudinal [Szz(Q,ω)]
spin-spin correlation functions, calculated as a function of energy and
momentum transfer. The simulation ran over 1 × 109 Monte Carlo
steps, with each displayed single and two-magnon event broadened
by a two-dimensional Gaussian with FWHMs 0.5 meV and 0.01
reciprocal lattice units (r.l.u.) for clarity. No spin-wave damping
has been assumed. All Bose factors have been calculated assuming
T = 300 K. Lines at high symmetry points are artifacts of the plotting
routine. (b, c) Comparison of the S(Q,ω) calculations (solid line)
with uniformly scaled experimental RIXS data at � (b) and Y (c).
Filled squares refer to data obtained at 300 K, open diamonds to
data obtained at 450 K. The RIXS data has had the elastic and d-d
contributions subtracted, to highlight the remaining features. The
calculated S(Q,ω) has been convoluted with a Pearson VII function
of FWHM 56 meV and profile parameter μ = 2, to represent the
effect of the instrumental resolution. Note that this does not include
the effect of the finite momentum resolution of the spectrometer.

where the angle θ is defined by the rotation of the sample within 548

the scattering plane. A small momentum-dependent tilt out of 549

the scattering plane by <4◦ has been neglected; this contributes 550

only weakly to the intensity and does not significantly affect 551

the results presented here. 552

2. Results 553

The results of this simulation are plotted in Fig. 10(a), 554

assuming no spin-wave damping. A clear dispersive mode 555

can be observed between 60 and 130 meV, along with a 556

broad continuum of states which extends up to 260 meV. 557

These correspond to the single- and two-magnon excitations, 558

respectively. Anisotropy not only induces a gap in the single- 559

magnon dispersion, but also acts to separate the single and 560

two-magnon excitations. From Fig. 10(a), it appears that the 561

two magnon continuum is most concentrated at the zone 562

boundaries, as expected. Clearly the simulations qualitatively 563

reproduce the expected behavior for both the single-magnon 564

and two-magnon continuum. Quantitative comparisons are 565

provided in Figs. 10(b) and 10(c) at � and Y , respectively. 566

The relative intensities of the single magnon peak at 300 K, 567

and different momentum transfers, are well described by the 568

Monte Carlo simulation. 569

On the other hand, the high-energy spectral weight cannot 570

be fully modelled in terms of this simple model for the 571
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two-magnon continuum. Furthermore, the quantitative agree-572

ment at 450 K is not as good, even when taking the difference573

in the Bose factor into account. There are, however, two factors574

which have not been considered thus far. The first is that the575

calculations assume a purely localized model (Heisenberg),576

and do not include the effect of magnon damping. Landau577

damping is likely to occur for magnons with energies larger578

than the electronic charge gap (Eg ∼ 80 meV at 300 K).579

This hypothesis is partly justified by the observation that the580

Monte Carlo simulations seem to slightly underestimate the581

experimental peak width of the zone boundary (Y ) single582

magnon peak at 100 meV. Such an effect would also likely583

apply to the two-magnon excitations.584

The second factor is that the experimental RIXS spectra585

are the average over all outgoing polarization channels. This586

means that they not only include contributions from the cross-587

polarized π–σ ′ channel, but also from the π–π ′ channel. The588

π–π ′ channel contains all nonmagnetic scattering components,589

including electronic excitations. If the charge gap is small, then590

one may observe charge scattering from a broad continuum of591

(weakly momentum-dependent) interband particle-hole exci-592

tations. Such an effect has been previously observed via RIXS593

in Na2IrO3 and may partly be the origin for the high-energy594

scattering beyond 0.3 eV [50–52]. Note that any excitonic595

behavior (if present) is likely to be hidden by the single-magnon596

peak at a similar energy.597

B. Interband transitions598

To test the validity of this prediction, we performed cal-599

culations of potential dipole-allowed interband transitions for600

NaOsO3. The starting point was the band structure calculated601

by Bongjae Kim and colleagues at TN (Fig. 3(c) in Ref. [23]).602

To simplify matters we only consider the two bands closest to603

the Fermi energy, which were fitted within the parabolic band604

approximation:605

E(k) = E0 + h̄

2

[
(kx − kx,0)2

m∗
x

+ (ky − ky,0)2

m∗
y

+ (kz − kz,0)2

m∗
z

]
,

(8)

where m∗
x,y,z refers to the effective mass in the respective606

Cartesian direction, and E0 is the energy at the band minimum607

located at (kx,0,ky,0,kz,0). This was assumed to be at Y . The608

band energies at high symmetry points (as calculated by Kim)609

were used to constrain the fits. The results of this fit are610

displayed in Fig. 11(b), with all the main features of the two611

electronic bands reasonably reproduced.612

Figure 11(a) shows the results of a Monte Carlo simulation613

performed over 5 × 108 events. The general method was614

similar to that used to calculate the one- and two-magnon cross-615

section. A broad, weakly momentum dependent, continuum616

can be observed around 0.3 eV energy loss, which is of a617

similar scale to the high energy peak observed in the RIXS618

data [Fig. 11(c)]. This fits with the hypothesis that there may619

indeed be an intrinsic electronic component present within the620

RIXS data.621

However, this conclusion suffers from a number of limi-622

tations. Fundamentally, RIXS at the L3 edge is not a direct623

probe of the band structure, even in weakly correlated systems.624

FIG. 11. Calculation of dipole-allowed interband transitions for
NaOsO3. (a) Results of Monte Carlo simulation (5 × 108 events)
shown for a portion of the Brillouin zone. (b) Theoretical band struc-
ture of NaOsO3 at TN, as calculated within Ref. [23]. Symbols indicate
values at high symmetry points extracted from manuscript, with error
bars reflecting the uncertainty in this procedure. Solid lines are results
of fits to this band structure within the parabolic approximation. The
main features of the band structure are reproduced. Fitting parameters
[m∗

x,m
∗
y,m

∗
z ,E0] for conduction band: [0.8(2), 2.4(3), 0.4(2), −0.07(3)

eV]; for valence band: [0.6(2), 0.1(3), 0.0(2), −0.24(3) eV]. All
effective masses are given in units of me. (c) Cuts of data presented in
(a), taken at various reciprocal lattice points as indicated. The effect
of the instrumental energy resolution has been included.

We note that K-edge (indirect) RIXS can measure the band 625

structure through the joint density of states (JDOS), with a 626

more detailed discussion given in Refs. [53,54]. Unfortunately, 627

the Os K-edge lies at 73.9 keV, which is well above the present 628

capabilities of any currently available RIXS instrumentation. 629

Second, we only considered transitions between the two bands 630

closest to the Fermi level; there are likely to be additional con- 631

tributions to the observed scattering from neighboring bands.4 632

Moreover, the calculated band structure has not been veri- 633

fied experimentally—for example, via photoelectron emission 634

spectroscopy (PES)—and contains a degree of fine structure 635

which has been averaged out within the present analysis. 636

The calculated amplitude of the interband transitions ap- 637

pears to decrease by a factor of two at the zone boundary (Y ), 638

compared to the zone center (�). This is not observed in the 639

RIXS data [compare with Figs. 6(c) and 8(c)]; however, note 640

that the finite momentum resolution of the spectrometer has 641

not been taken into account when performing the interband 642

calculations. There are also likely Q-dependent geometrical, 643

absorption, and orbital effects, which enter the RIXS cross- 644

section that are not considered here. Finally, the energy scale 645

of the continuum is considerably larger than kTN. We hence 646

expect the scattering intensity to vary little with temperature, 647

provided that the temperature change is not too large. This is 648

at apparent odds with the experimentally observed behavior. 649

4We note that a recent paper by Mohapatra et al. parametrizes the
electronic band structure within a three-orbital tight-binding model
[75].
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To summarize, the high-energy continuum likely con-650

tains two components: two-magnon scattering and interband651

particle-hole excitations. We posit that it is dominated by the652

latter, even at 300 K, since two-magnon scattering alone cannot653

describe the high energy (>0.4 eV) portion of the continuum.654

These interband transitions appear to be weakly dependent655

upon temperature and momentum transfer, which makes sense656

given that NaOsO3 undergoes a continuous MIT. They cannot,657

however, explain the large renormalization of RIXS intensity658

with temperature.659

VII. MAGNETIC EXCITATIONS660

AT INTERMEDIATE TEMPERATURES661

Thus far the focus has been upon measurements performed662

close to the localized and itinerant limits (at 300 K and 450 K,663

respectively). The question is, what happens to the magnetic664

excitations at intermediate temperatures? From Figs. 6–8, it665

appears that the low-energy excitations continuously evolve666

through the MIT. The experimental RIXS spectra were anal-667

ysed using the simple fitting model presented in Sec. IV.668

We note at this point that this model (and the one given669

in Ref. [22]) assumes that the magnons are underdamped,670

whereas it has already been shown that the behavior at 450 K671

appears consistent with overdamped spin excitations (Sec. V).672

However, the ballistic and diffusive regimes are not mutually673

exclusive; there is likely to be a crossover between the two674

(with potential phase coexistence) in the vicinity of the MIT.675

For simplicity we do not consider this in our analysis. Our676

discussion shall focus upon the temperature dependence of the677

magnon peak.678

As expected, the single magnon peak appears to weaken679

progressively with temperature for all momentum transfers680

[Figs. 6(d), 7–8(c)]. This abates at TN, with some residual681

intensity remaining all the way to 450 K. The temperature682

dependence is consistent with a power law, again as expected683

for a magnetic excitation. Due to limited data, it is not possible684

to obtain a reliable value for the critical exponent. We note the685

following. In Ref. [17], the authors proposed that β ≈ 0.3(1),686

based on fits of the magnetic scattering (from neutron powder687

diffraction) over an extended temperature range. This value688

is consistent with three-dimensional magnetic ordering. Yet689

close to TN—where the power-law approximation is more690

reliable—a distinct linear regime can be observed within the691

sizable experimental uncertainty. In an ideal Slater picture, one692

treats the magnetic interactions within a mean field. Therefore,693

the critical exponents would be expected to follow a Ginzburg-694

Landau model, in which β = 1/2. In resonant (in)elastic x-ray695

scattering, the magnetic scattering cross-section below TN is696

proportional to M−2β , where M is the magnetization. Hence,697

the magnetic scattering intensity should decrease linearly698

with temperature. Our data is broadly consistent with either699

scenario. More precise measurements are required to ascertain700

the true dimensionality of magnetic interactions in the vicinity701

of the MIT.702

A weak variation in the energy of the magnon peak with703

temperature can be observed. At �, the magnon appears to704

soften by 26(9) meV between 300 K and 400 K [Fig. 6(e)].705

A similar value is obtained at �-Y between 300 and 375706

K [28(4) meV, Fig. 7(e)]. However, the magnon at the zone707

boundary remains unperturbed in the same temperature range 708

[Fig. 8(e)]. These observations are summarized in Fig. 7(f), 709

which also shows that the spin-wave dispersion at 450 K 710

is remarkably similar to that collected at 300 K (within 711

experimental resolution). 712

We make the following remarks. First, the magnitude 713

of the anisotropy presented in Ref. [22] is likely to be an 714

overestimate. This is a direct result of the finite momentum 715

resolution of the RIXS spectrometer, which most prominently 716

affects the magnetic excitations at the Brillouin zone center, 717

where the dispersion is steepest [56]. We estimate the in- 718

plane momentum resolution �Q ≈ 0.17 Å−1 (at FWHM). 719

Combined with the finite energy resolution, this means that 720

any temperature dependence of the spin gap is likely to be 721

washed out and very difficult to observe. We discuss this 722

point further in Appendix A. Second, a reduction of the spin 723

gap with increasing temperature, or renormalization of the 724

exchange parameters due to magnon-magnon interactions, 725

would lead to a uniform softening throughout the Brillouin 726

zone.5 This is not observed within experimental uncertainty. 727

Furthermore, the bulk of the observed softening is restricted 728

to one temperature step. Hence, we cannot state definitively 729

whether our observations correspond to a real physical effect. 730

Finally, the width of the magnon peak increases as a function 731

of temperature for all momentum transfers. This is unsurprising 732

given that there a number of mechanisms for magnon damping 733

to occur. These can broadly speaking be split into those which 734

apply in the localized and itinerant limits. The dominant 735

mechanism for magnon damping in localized (Heisenberg) 736

magnets is four-magnon (two-magnon in, two-magnon out) 737

scattering, and approximately scales as qT 4 [58–60]. Magnon- 738

phonon coupling has also theoretically been shown to be a 739

source of damping in the localized limit [61]. 740

In itinerant magnets, there is a fundamental coupling be- 741

tween the spin, electronic, and lattice degrees of freedom. Spin- 742

wave excitations are damped within the Stoner continuum due 743

to scattering from intraband particle-hole excitations (Landau 744

damping). Within a weak coupling theory [62], collective 745

antiferromagnetic spin-wave excitations are expected to merge 746

into a Stoner continuum above a critical energy, 747

�s ≈πkBTN[8α2t/7ζ (3)]1/2, (9)

where TN = 410 K is the Néel temperature, t = 1 − T/TN, 748

α = νeνh/
√

4νeνh ≈ 1 is a dimensionless parameter relating 749

the electron and hole band velocities, and ζ (3) is the Riemann 750

ζ function of the third kind. Note the mean-field temperature 751

dependence. As T → TN, the energy scale for �s decreases, 752

meaning that the collective excitations become damped over 753

a larger proportion of the Brillouin zone. This argument is 754

expected to remain valid for weak electronic correlations 755

U . Meanwhile, itinerant electrons concurrently give rise to 756

overdamped collective modes, which are the aforementioned 757

5Köbler et al. predict that the spin-wave stiffness, optical magnon,
and order parameter should have identical temperature dependences
in magnets with quenched orbital moments [76]. For instance, they
determine that these parameters should scale with T 3/2 for 3D
anisotropic magnets.
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spin fluctuations [40]. Scattering from these can also act as a758

further mechanism for magnon decay [63].759

In Ref. [22], it was proposed that the well-defined, reso-760

lution limited spin-wave excitations at 300 K were evidence761

of localized (Heisenberg) behavior. Yet with the aid of our762

new fitting model, we observe experimentally that the magnons763

have an intrinsic FWHM of 30 meV, increasing to 60 meV at764

larger momentum transfers. Some of this damping may arise765

from the four-magnon or magnon-phonon scattering processes766

mentioned earlier. There is, however, the omnipresent contin-767

uous MIT at 410 K. Previous bulk measurements have shown768

that the charge gap �g ∼ 80 meV at 300 K [16], with the769

optical gap of a similar magnitude [20]. Returning to Eq. (9),770

and taking α=1, then we find that �s [T = 300 K] ≈ 60 meV.771

This would apply that the collective spin excitations should772

be (weakly) Landau damped at all wave vectors. At higher773

temperatures, �s decreases concomitantly with the charge and774

optical gaps. This leads to a greater tendency toward Landau775

damping. As mentioned earlier, emergent SF due to itinerant776

electrons can give rise to additional magnon decay channels.777

We tentatively suggest that both mechanisms may be enhanced778

by the presence of magnon-phonon coupling.779

To summarize, we find that the temperature dependence780

of the single-magnon peak is consistent with that expected781

for a magnetic excitation. Damping increases as the system782

progresses towards the metallic state, due to Landau damping783

and scattering from itinerant spin fluctuations. The role of784

magnon-phonon coupling on the RIXS spectra is still unclear.785

We posit that it may result in a downward shift of the magnon786

dispersion of around 5 meV at the zone boundary; a similar787

magnitude to that observed for the phonon shift.788

VIII. DISCUSSION AND SUMMARY789

In summary, we find that at 300 K, NaOsO3 lies close to,790

but not within, the Heisenberg limit. The magnetic scattering791

is dominated by single-magnon processes, albeit with some792

contribution from two-magnon and interband particle-hole ex-793

citations. Spin-phonon coupling may play a role in perturbing794

the magnon dispersion at the zone boundary; however, it is795

difficult to be certain given the experimental resolution. The796

previously reported magnitude for the effective anisotropy797

� = 1.4(1) meV—containing contributions from single-ion798

and exchange terms—is likely to be an overestimate of the799

true value due to resolution effects. Given that anisotropy800

(single-ion or exchange) is governed primarily by spin-orbit801

coupling (SOC), a lower value of � would imply that SOC802

plays less of a role in the formation of the magnetic ground803

state and excitations than previously believed.804

With increasing temperature, one observes a continuous805

progression towards the itinerant limit through the MIT. At 450806

K, significant paramagnetic spin fluctuations—consistent with807

a weakly antiferromagnetic Fermi liquid model—are present,808

along with an approximately momentum-independent addi-809

tional component. Similarities can be drawn with properties810

seen in the doped cuprates and iron pnictides as a function of811

temperature and carrier doping [64–72]. Future measurements812

using a different experimental geometry (grazing emission for813

instance), or polarization analysis of the scattered beam, may814

help to disentangle the spin and electronic contributions to the 815

RIXS spectra. 816

Our observations directly map themselves onto the dis- 817

cussion of the proposed Slater MIT in this material. Recall 818

that insulating behavior in Slater-type materials arises from 819

an ordered magnetic exchange field, which is governed by 820

mean-field type interactions. Previous RIXS measurements on 821

other 5d3 materials have shown that the orbital excitations can 822

only be described by an intermediate-coupling model in which 823

SOC plays a key role [29]. Our results for NaOsO3 (Sec. III) are 824

compatible with this picture. Furthermore, the use of the WAFL 825

model to describe the paramagnetic spin fluctuations naturally 826

requires the presence of correlations in the high-temperature 827

phase; which implies a departure from mean-field behavior 828

required for a pure Slater MIT. Therefore, we conclude that 829

NaOsO3 lies proximate to, but not within, the Slater limit. 830

Finally, we show that RIXS opens a new window on the 831

progression of quasiparticle spectra through metal-insulator 832

transitions. Unlike the cuprates and pnictides, there is a 833

continuous evolution between the localized and itinerant limits 834

in the same sample of NaOsO3. This means that any differences 835

in the RIXS spectra between the two limits are intrinsic, 836

and not a consequence of disorder, variation in measurement 837

conditions, or other perturbative effects. Our results show that 838

functional forms applicable to inelastic neutron scattering from 839

itinerant magnets are also semi-quantitatively valid in RIXS. 840

While further theoretical work is required to confirm this, it 841

confirms the correspondence between S( Q,ω) and the RIXS 842

cross-section in the itinerant limit. 843
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APPENDIX A: SPECTROMETER 854

RESOLUTION FUNCTION 855

The effect of the finite-energy resolution of a RIXS in- 856

strument operating in the hard x-ray regime is well known. 857

The intrinsic width (in energy) of an arbitrary excitation is 858

proportional to the inverse lifetime of the core-hole in the 859

final state. This contrasts with x-ray absorption spectroscopy 860

(XAS), in which the spectra are broadened by the core-hole 861

in the intermediate state. What we observe experimentally is a 862

convolution of this excitation with the spectrometer resolution 863

function. The dominant contributions to the resolution function 864

include the monochromator configuration, vertical divergence 865

of the incident beam, choice of analyzer crystal, and the 866

available collection area for scattered photons. A number of 867

tables exist which allow the calculation of the expected energy 868

resolution for a given experimental configuration [73]. 869
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FIG. 12. Spectrometer resolution function for NaOsO3 obtained
from diffuse scattering off transparent adhesive tape. Solid line is
best fit to sum of two Voigt functions with the same Lorentzian and
Gaussian widths. The asymmetry arises due to the fact that 2θA is
significantly away from 90◦ at the Os L3 edge. Inset is the same as
the main panel, only on logarithmic axes to highlight the peak tails.
This profile was used to fit all of the experimental data.

In Fig. 12, we show the energy component of the instrumen-870

tal resolution function. The total energy resolution was deter-871

mined to be �E = 56 meV, based on diffuse scattering from872

polypropylene-based adhesive tape. This is marginally worse873

than both the resolution obtained in Ref. [22] (�E = 45 meV)874

and the theoretical value for our given setup (�Ecalc =875

42 meV). The difference is likely to be related to a slight876

difference in instrumental configuration.877

However, there has been little consideration of the finite878

momentum resolution of the spectrometer in the literature.879

This is in contrast with inelastic neutron scattering, where this880

is routinely performed. This may be partly due to historical881

reasons with the development of RIXS. A large portion of882

RIXS performed thus far has been at the 3d transition metal883

L-edges, which lie in the soft x-ray region. Spectrometers884

operating in this window are based on diffraction gratings,885

and typically have in-plane momentum resolutions �Q|| ∼886

10−2 Å−1. This is sufficiently small—especially compared to887

the energy resolution—that the effect of the finite momentum888

resolution of the spectrometer is negligible for all intents and889

purposes.890

Meanwhile, hard x-ray RIXS instruments utilize crystal891

optics and much higher energy incident radiation. While it has892

the advantage that multiple Brillouin zones can be accessed and893

sampled, it comes with the drawback of momentum resolution894

around an order of magnitude worse than in the soft x-ray895

regime. The dominant contribution to �Q|| tends to be the896

radius of the crystal analyser ran. Reducing ran improves �Q||897

at the expense of lower count rates. Note that the momentum898

resolution ellipsoid is—like a neutron triple-axis instrument—899

three-dimensional and anisotropic. Therefore, the precise mo-900

mentum resolution at a given point in reciprocal space depends901

on the experimental geometry.902

Nonzero momentum resolution will lead to the smearing903

of the magnon dispersion. This will have the greatest effect904

Å

(a) (b)

(c)

FIG. 13. Effect of finite momentum resolution�Qon the magnon
dispersion. (a) Calculated magnon gap at � assuming the Hamiltonian
given by Eq. (4), and J1 = J2 = 14 meV. Open circles reflect values
of �Q and � which are consistent with the experimentally observed
gap of 55(7) meV. Solid line shows � = 0.5(3) meV for �Q =
0.17 Å−1. (b),(c) Comparison of experimental data with simulated
dispersions broadened by �Q = 0, 0.1, 0.2 Å−1 (dotted black, solid
black, dashed green lines, respectively). For (b), � = 0, while � =
1.4 meV for (c).

where the spin-wave velocity is steepest; typically around the 905

crystallographic and magnetic Brillouin centres. In the most 906

extreme case, it will lead to an apparent gap being observed, 907

even when considering a theoretical model without anisotropy. 908

More generally, the magnitude of any anisotropy present in 909

the system will be overestimated, if the effect of momentum 910

resolution is not considered. 911

Previous fitting of the magnetic excitations in NaOsO3 912

assumed perfect momentum resolution, and led to an estimate 913

for � = 1.4(1) meV. The effect of finite momentum resolution 914

on our model for the magnon dispersion is shown in Fig. 13. 915

While we have not calculated it explicitly at the Os L3 edge, 916

we expect the momentum resolution of the spectrometer to 917

be of the same order as that determined for the Ir L3 edge 918

[56,74]. Using the experimental value of the spin-wave gap, 919

and taking �Q = 0.17 Å−1, then we find that � = 0.5(3) meV 920

[Fig. 13(c)]. Notably our simulations reveal that the exper- 921

imental data can be reasonably described by an isotropic 922

Hamiltonian (� = 0) if �Q = 0.2 Å−1 [Fig. 13(b)]. Since 923

anisotropy is partly governed by the spin-orbit interaction, then 924

this implies that its effect upon the magnetic ground state and 925

excitations in NaOsO3 is lower than previously believed. 926

APPENDIX B: CHOICE OF INCIDENT ENERGY 927

In Fig. 14, we compare the x-ray absorption (XAS) and 928

RIXS signals at 300 K as a function of incident energy. The 929

maximum in the RIXS signal (for fixed energy loss of 1 eV) 930

occurs around 3 eV below the maximum of the white line; this 931

mirrors the elastic resonant magnetic scattering signal [17]. 932

Because the main focus of our study was the low-energy spin 933

excitations, we fixed the incident energy to 10.877 keV. 934
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FIG. 14. Comparison of x-ray absorption (XAS) and RIXS sig-
nals at 300 K as a function of incident photon energy. All datasets have
been scaled vertically to fit on the same axes. Solid line: XAS collected
in total fluorescence yield (TFY) mode. Open squares: RIXS intensity
using a low-resolution setup (�E = 300 meV). Filled diamonds:
RIXS intensity using a high-resolution setup (�E = 55 meV). Both
sets of RIXS data were collected for a fixed energy loss of 1 eV; this
corresponds to the maximum of peak α.

APPENDIX C: DETAILS OF ONE- AND TWO-MAGNON935

SCATTERING CROSS-SECTIONS936

Here we provide further details about the calculations937

performed in Sec. VI A.938

1. One-magnon scattering cross-section939

Within linear spin-wave theory (LSWT), it is assumed that940

spin waves occur as a result of fluctuations of the magnetic941

moment transverse to the ordered spin direction. The spin942

raising and lowering operators are rewritten in terms of boson943

annihilation (creation) operators a
(†)
i and b

(†)
i , using a Holstein-944

Primakoff transformation:945

S+
i =

√√√√2S

(
1 − a

†
i ai

2S

)
ai S+

j = b
†
j

√√√√2S

(
1 − b

†
i bi

2S

)

S−
i = a

†
i

√√√√2S

(
1 − a

†
i ai

2S

)
S−

j =
√√√√2S

(
1 − b

†
j bj

2S

)
bj

Sz
i = S − a

†
i ai Sz

j = −S + b
†
i bi, (C1)

where ai and bi operate on different magnetic sublattices. In946

the Holstein-Primakoff approximation, the square root within947

the spin operators is formally expanded as a Taylor series into948

powers of (a†
i ai/2S) and (b†

i bi/2S).949

Neglecting magnon-magnon interactions, and taking only950

the leading order terms of the expansion, one obtains the951

approximate form of the spin operators within LSWT:952

S+
i � √

2S ai, S+
j � √

2S b
†
j ,

S−
i � √

2S a
†
i , S−

j � √
2S bj ,

Sz
i = S − a

†
i ai, Sz

j = −S + b
†
j bj .

(C2)

Substituting these expressions for the spin operators into 953

the magnetic Hamiltonian [Eq. (4)], and then diagonalizing 954

through a Bogoliubov transformation, one can determine the 955

magnon dispersion relation and intensities. 956

The magnon dispersion relation ω(Q) is given by 957

ωQ = 2S

√
A2

Q − B2
Q,

AQ = 2J1 + J2 + 3�,

BQ = J1 cos π (h+l) + J1 cos π (h−l) + J2 cos πk. (C3)

For a d3 system like NaOsO3, one would expect S = 3/2. In 958

common with the analysis of the dispersion at 300 K presented 959

in Ref. [22], we set J1 = J2 = 14 meV and � = 1.4 meV. 960

The scattering intensity of the single magnon mode depends 961

on the Bogoliubov operators uQ and vQ. These were used to 962

diagonalize the Hamiltonian, and are defined as uQ = cosh θQ 963

and vQ = sinh θQ, with tanh 2θQ = BQ/AQ. The correspond- 964

ing transverse spin-spin correlations Sxx(Q,ω) = Syy(Q,ω) 965

are given by 966

Sxx(Q,ω) ∝ S − �Sz

2
[n(ωQ) + 1](uQ − vQ)2

×δ(h̄ω − h̄ωQ), (C4)

where n(ωQ) is the Bose factor, and �Sz = S − 〈Sz〉 is the 967

spin reduction due to zero-point fluctuations. Consequently, to 968

order �Sz the single magnon partial differential cross-section 969

is given by 970(
d2σ

d�dE′

)(xx)

∝ S − �Sz

2
(uQ − vQ)2{[n(ωQ) + 1]

δ(h̄ω − h̄ωQ) + n(ωQ) δ(h̄ω + h̄ωQ)}. (C5)

The total intensity of the transverse correlations integrated over 971

energy and the entire Brillouin zone is given by Sxx(Q,ω) + 972

Syy(Q,ω) = (S − �Sz)(2�Sz + 1). This fact shall be used 973

later to correctly normalize the relative contributions to the 974

inelastic spectra. 975

2. Two magnon cross-section 976

The longitudinal component of the scattering cross-section 977

Szz(Q,ω) has two contributions: an elastic part (h̄ω = 0) and 978

an inelastic part (h̄ω �= 0). These shall be outlined in turn. 979

a. Elastic component 980

The elastic contribution gives the intensity of the magnetic 981

Bragg reflection associated with the time-independent (i.e., 982

nonfluctuating) part of the spin operator Sz. This component 983

of Szz(Q,ω) shall be neglected for now since we are interested 984

in the inelastic processes, but is included for completeness: 985(
d2σ

d�dE′

)(zz)

h̄ω=0

= δ(h̄ω)
(2π )3

Vm

(S − �Sz)2

×
∑

τ

δ[Q − (τ − τAFM)], (C6)

where Vm is the volume of the magnetic unit cell, the sum 986

over τ extends over all structural Bragg reflections and τAFM 987

is the wave vector of any magnetic Bragg reflection. Note 988
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that the magnetic propagation vector q = 0 for NaOsO3.989

When integrated over energy and a single Brillouin zone,990

Szz(Q,ω)el = (S − �S)2.991

b. Inelastic contribution992

The inelastic contribution Szz(Q,ω)h̄ω �=0 arises due to993

two-magnon scattering. There are three different types of994

two-magnon processes: two-magnon creation, two-magnon995

annihilation (both �S = 2), and mixed magnon creation-996

annihilation (�S = 0). The partial differential two-magnon 997

cross section is equal to the sum of these discrete processes, 998

which are given below. At low temperatures only the two 999

magnon creation term [Eq. (C9)] contributes significantly 1000

to the scattering cross-section, since n(ωq) ≈ 0. At elevated 1001

temperatures, however, the other components also become 1002

important. The above expressions are valid if magnon-magnon 1003

interactions are neglected. When integrated over energy and 1004

a single Brillouin zone, Szz(Q,ω)h̄ω �=0 = �Sz(1 − �Sz) + 1005

〈uv〉2, where 〈uv〉2 = ∑
q uqvq/N . 1006

(
d2σ

d�dE′

)(zz)

h̄ω �=0

=
(

d2σ

d�dE′

)(zz)

(aa)

+
(

d2σ

d�dE′

)(zz)

(cc)

+
(

d2σ

d�dE′

)(zz)

(ca)

, (C7)

(
d2σ

d�dE′

)(zz)

(aa)

∝ 2

N

∑
q

1

2
(uqvq+Q − uq+Qvq)2 × n(ωq)[n(ωq+Q) + 1]δ(h̄ω + h̄ωq + h̄ωq+Q), (C8)

(
d2σ

d�dE′

)(zz)

(cc)

∝ 2

N

∑
q

1

2
(uqvq+Q − uq+Qvq)2 × [n(ωq) + 1][n(ωq+Q) + 1]δ(h̄ω − h̄ωq − h̄ωq+Q), (C9)

(
d2σ

d�dE′

)(zz)

(ca)

∝ 2

N

∑
q

(uquq+Q − vqvq+Q)2 × n(ωq)[n(ωq+Q) + 1]δ(h̄ω + h̄ωq − h̄ωq+Q). (C10)
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