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‡

Abstract. We have used µSR and 23Na-NMR spectroscopic methods in the
NaOsO3 antiferromagnetic phase to determine the temperature evolution of the
magnetic order parameter and the role of the magnetic fluctuations at the Néel
temperature. Additionally, we performed muon spin relaxation measurements in
the vicinity of TA=30 K, where the appearance of an anomaly in the electrical
resistivity was suggested to be due to a progressive reduction of the Os magnetic
moment associated with spin fluctuation. Our measurements suggest the absence
of prominent change in the spin fluctuations frequency at TA, within the muon
probing time scale and the absence of a reduction of the localized Os magnetic
moment reflected by the stability within few permille of the local magnetic field
strength sensed by the muons below 50 K.

‡ 29 April 2021
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1. Introduction

The metal-insulator transition (MIT) has been a key topic of condensed matter physics
since Verwey’s pioneering work on magnetite [1]. Recently, interest in MITs has
accelerated, due to the intriguing discovery of a new level of complexity, resulting in
the presence of concurrent yet distinct phase transitions [2, 3]. In addition, progress
in synthesising new materials has revealed the unexpected presence of an insulating
state and MIT in several oxides containing 5d elements [4, 5]. Conventionally, 5d
transition metal compounds have relatively weaker electronic correlations, favouring
electron delocalization and a metallic ground state, primarily due to the larger spatial
extent of the 5d orbitals in comparison to 3d orbitals. However, while the electron
correlation, parametrized by the Hubbard correction term U , diminishes on descending
the periodic table from 3d to 5d elements, the spin-orbit coupling (SOC) increases
with increasing atomic number. Therefore, such materials are mostly characterized by
the absence of a dominating interaction, leading to the emergence of unconventional
ground states. This leads to the potential for improved theoretical understanding
of complex systems as well as harvesting new physical properties to realize new
devices, particularly if such systems exhibit magnetic ordering, which can be easily
manipulated by an external magnetic field.

In order to benchmark the predictive power of ab initio calculations with
experimental observations, one needs to first solve the origin of the insulating nature
in magnetic 5d transition metal oxide systems containing Ir or Os. MITs observed
in these materials have been initially argued to be of either Mott- [5, 6, 7] or Slater-
type [4, 8, 9] in character. The latter mechanism proposed by Slater more than 50
years ago [10], states that the emergence of antiferromagnetic ordering opens a gap
due to the folding of the Brillouin Zone that drives the system into an insulating state.
This insulating state is very distinct from the metallic phase which is characterized
by a paramagnetic temperature regime above the Néel ordering temperature. In the
Slater model, electron correlations do not play a role, which is in direct contrast to
the Mott scenario, wherein it is the electron correlations that favor the existence of
an insulating ground state.

Nd2Ir2O7, SrIr0.9Sn0.1O3, CaIrO3 and Pb2CaOsO6 were recently reported to
exhibit a behaviour compatible with the Slater mechanism [11, 12, 13, 14, 15].
Similarly, Cd2Os2O7, has been at the center of the debate on the nature of MITs,
as it was first predicted to be a Slater insulator [16, 17], and later argued to undergo
a smooth change in the electron density, with a gradual change in the Fermi surface,
usually referred to as Lifshitz mechanism. [18, 19]

Amongst 5d materials, NaOsO3 is perhaps the one that has received the most
attention thus far [4, 8, 20, 9, 21, 22, 23], due to the concomitant observation of
magnetic ordering and an abrupt change in the resistivity. [4] Specifically, NaOsO3

undergoes a metal-insulator transition and antiferromagnetic ordering at the same
temperature, TMIT= TN= 410 K. The magnetic moment determined by neutron
diffraction refinement is 1µB , indicative of the coexistence of localized and itinerant
magnetism [8]. Below TN, magnetic moments order almost parallel to the c-axis in
a G-type antiferromagnet with a very small (< 0.01 µB) ferromagnetic component
along the b-axis. The concomitant MIT, antiferromagnetic ordering and the absence
of crystallographic symmetry breaking [8, 9] are suggestive of a magnetically driven
MIT. However, due to the presence of energetically similar competing interactions, a
consensus on the nature of the metal-insulator mechanism operating in this perovskite
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is absent.
Current literature on NaOsO3 includes pressing arguments for different variations

of MIT, namely; 1) the aforementioned Slater mechanism [4, 8, 9], 2) the Mott-
Hubbard mechanism [20] in which the MIT is independent of magnetic correlations
and is only the result of an electron localization effect controlled by an on-site strong
Coulomb interactions, 3) a MIT described as close to but not within either Heisenberg
limit or Slater limit [22, 23], and 4) a Lifshitz MIT [21] in which the continuous MIT is
attributed to a continuous reconstruction of the Fermi surface, strongly linked to the
presence of directional spin fluctuations. It is therefore desirable to perform further
experiments to ascertain which model describes best the MIT in NaOsO3.

Within this latter model, the double anomaly behavior in the resistivity curve at
TN = 410 K and TA = 30 K (see Figure 2a of Ref. [4]) is explained by the temperature
evolution of transverse (rotational) and longitudinal (amplitude) spin fluctuations and
their effect on the NaOsO3 band structure [21]. Namely, at low temperatures, NaOsO3

is an antiferromagnetic insulator with an Os magnetic moment µOs = 1.17 µB for
T=0 K. Upon increasing the temperature above TA, the system enters a pseudogap
bad-metal regime due to the presence of longitudinal spin fluctuations (at TA it
is predicted µOs = 1.15 µB , a 1.5 % reduction over the 0 K value). Finally, at
TN, the onset of rotational spin fluctuations facilitate the closure of the insulating
pseudogap and the system becomes metallic, but with an unexpected weak Curie-
Weiss paramagnetic behavior. It is therefore desirable to perform further experiments
to ascertain which model describes best the MIT in NaOsO3.

2. Experimental Details

In this paper we present experimental results obtained by performing muon spin
rotation (µSR) and nuclear magnetic resonance (NMR) measurements performed on
NaOsO3 polycristalline samples, grown as described in [4].

Muon spin rotation spectroscopy experiments on a 5 mm diameter polycrystalline
pellet were performed on the GPS spectrometer at the Swiss Muon Source at the Paul
Scherrer Institute [24]. The surface muons produced at the target with > 95% spin
polarization are implanted in the sample. Muons thermalize rapidly to the preferential
sites of the crystal lattice with the preserved initial muon polarization. As our sample
is small as compared with the beam spot size, the detection scheme of the spectrometer
was set to the veto-mode, to ensure the background positron events generated by the
muons missing the small sample is less than a few percent in the total asymmetry. The
measurements above the room temperature were performed with the sample placed
on a thin copper foil with the Apiezon R© grease H to ensure good thermal contact.
During the measurement in zero field (ZF), the residual magnetic field was actively
compensated below 0.02 Oe at the sample position. The measured µSR spectrum was
analyzed with musrfit package [25]. To analyze the slow relaxing tail of the muon
spectra, we adopted the single histogram fit method for directly fitting our muon
depolarization model to the positron histograms, allowing each detector efficiency to
be treated independently. The positron histogram on the j-th detector Nj(t) is given
by:

Nj(t) = N0,je
−t/τµ [1 +A0,jPj(t)] +Nbkg,j . (1)

Here, N0,j is the measured muon decay events at t=0. The exponential term accounts
for the radioactive decay of muon ensemble. A0,j is the instrumental asymmetry of
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detector pairs. Pj is the projection of muon depolarization on the respected detector
pairs. Nbkg,j accounts for the background events of each detector.

The 23Na NMR experiments were performed by means of a home-built phase-
coherent spectrometer [26] in an applied field of = 7.95 T, with a nitrogen-flow
cryostat (in the 80-350 K temperature range) or a small oven (350-440 K) as sample
environments. The sample, finely ground in order to minimize eddy currents induced
by the rf field, was placed in the coil of a lumped LC resonator hosted by the cryostat or
oven, tuned at the working frequency by a servo-assisted automatic system plugged-
in into the spectrometer. Spectral data were collected point by point at discrete
frequencies by exciting spin echoes by a standard P −τ−P pulse sequence, with equal
rf pulses P of duration ≈ 4 µs and intensity optimized for maximum signal, and delays
τ ≈ 10 µs. The spectra were reconstructed by merging the discrete Fourier transforms
of the spin echo signals, phase-corrected to yield positive-definite absorption lines and
frequency-shifted relative to one another by the offset of the spectrometer reference
frequency, in a variant of the procedure described in [27].

3. Results and Discussion

3.1. Muon spin rotation (µSR)

In this section, we firstly address the relevance of the proposed Lifshitz mechanism
implying the appearance of substantial spin fluctuations at TA, by µSR experiments.
In a polycrystalline sample with magnetic order, the direction of the internal static
magnetic field sensed by the implanted muon ensemble is distributed equally probable
along all directions. On average, 1/3 of the total internal field will be projected in
parallel to the initial muon spin direction and 2/3 in perpendicular. In such case, the
zero field (ZF) muon depolarization function is described as:

Pz(t) = fm

{2

3

[ n∑
i=1

fi cos(γµ〈Bµ,i〉t)e−(σ
2
i t

2)/2 +

fse
−λst

]
+

1

3
e−λLt

}
+ (1− fm), (2)

where γµ is the muon gyromagnetic ratio (= 2π× 135.53 MHz/T) and fm is the
magnetic volume fraction. The oscillatory term with a fraction fi describes the static
long-range magnetic ordering, where i indicates the corresponding muon stopping site.
The distribution of static internal field at each muon site, Bµ,i, is approximated by a
Gaussian distribution associated with the depolarization rate σi [28, 29]. The possible
contribution of a state with strongly disordered moments without forming long-range
magnetic order is accounted for by an exponential decay term with a volume fraction
fs and an exponential depolarization rate λs. Assuming this inhomogeneous static
magnetic phase is fully static at low temperatures, only the static relaxation part
needs to be taken into account. The sum of the dynamical fluctuations contributed by
all muon sites is accounted by a single exponential function with muon depolarization
rate λL, also known as the longitudinal depolarization rate. Finally, (1-fm) accounts
for paramagnetic contribution from the non-magnetic minority phase or instrument
background.

The results obtained from ZF experiments are presented in figure 1. The sample
shows a full magnetic volume fraction below TN whereas the instrumental background
is about 5%. The fitting results reveals the presence of three different muon stopping



Probing spin fluctuations in NaOsO3 by muon spin rotation and NMR spectroscopy 5

0 100 200 300 400
Temperature	(K)

0

500

1,000

1,500

2,000

2,500
Bµ
	(G
)

site-1
site-2
site-3

0 100 200 300 400
Temperature	(K)

1.0

10.0

σ T
	(µ
s-
1 )

site-1
site-2
site-3

(a) (b)

Figure 1. Temperature dependence of (a) the magnitude and (b) the broadening
of the local magnetic field at the three different muon stopping sites determined
from the zero field µSR data.

sites, as reported on isostructural perovskite compounds [30, 31]. The fraction of
each muon site in the long-range ordered magnetic phase is 33.3% (site-1), 25.9%
(site-2) and 27.8% (site-3), and the fraction of the inhomogeneous magnetic region
is about 13%, which may be due to the presence of an additional muon site with
a disordered magnetic ordering. Meanwhile, a temperature independent behavior
is observed for these fractions. As presented in figure 1(a), below TN the internal
field of the magnetically ordered volume increases rapidly, and the saturation occurs
around 200 K. The highest local magnetic field strength appeared at the muon site-1
suggests the strongest coupling between the muon and the local magnetic moment.
The local magnetic field strength Bµ is proportional to the Os magnetic moment, at
least with first approximations. We observe that the estimated Bµ mean value for
site-1 at temperatures below 50 K is Bµ,1 =2702.0(5) G with a standard deviation
of less than 0.05%. A similar standard deviation is found also for Bµ,2 and Bµ,3.
It therefore can be concluded that the (localized) Os magnetic moment is showing
no significant variation in this temperature range and start to decrease only above
50 K. Additionally, the temperature dependence of the quantity BG=Bµ(0)-Bµ(T)
can be used to infer the presence of a gap in the the spin wave spectrum [32]. BG
follows a T3/2e−EG/kBT temperature dependence rather than a Bloch power law when
approaching zero temperature. Such behaviour indeed indicates the presence of a gap
EG in the spin wave spectrum [32], consistent with the reports from [33].

Finally we note that we observe a temperature dependent lineshape broadening
associated with inhomogeneous field distribution towards TN, as illustrated in
figure 1(b). However, the reduction of the linewidth above 350 K is likely due to
the motional narrowing as a result of thermally activated muon hopping [34, 35].

To unambiguously identify the muon depolarization due to the dynamical spin
fluctuations, a weak longitudinal magnetic field (LF) BLF=50 Oe was applied along
the muon initial polarization to decouple static internal fields due to the presence of
impurity phases. This low static field BLF has no effect on the longitudinal fraction
of the µSR signal: neither on its amplitude, since BLF << Bµ nor it affects the
longitudinal relaxation rate, which depends only on the internal field dynamics.
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Figure 2. (a) Selected region of µSR time spectra of NaOsO3 polycrystalline
sample in LF = 50 Oe at 10 K fitted with a model based on (2). (b) Comparison
of the measured µSR time spectra at 10 K and 30 K and the corresponding fitting
result. (c) Temperature dependence of the longitudinal relaxation rate λL. The
scale of the systematic error of 1σ indicates our estimated measurement accuracy
limit for the determined relaxation rate.

The results of our weak LF µSR measurements are presented in figure 2. The
time spectra were analyzed with the single histogram fit for the forward and backward
positron detectors. A fit to the experimental data are presented in the top panels of
figure 2. In the short time scales, the observed oscillatory signal is contributed by the
local internal field sensed by three muon sites as mentioned earlier. At longer time
scales, the exponential decay associated with the 1/3 component of (2) reflects the
presence of spin fluctuations [36]. As shown in figure 2(c), the observed dynamical
muon depolarization rate λL is close to the accuracy limit of our experiments (0.02
µs−1) [37] and stays constant within the measurement uncertainty in the temperature
range up to 200 K. No evidence of a consistent development of low energy spin
dynamics is clearly evidenced above TA, at least within the characteristic muon
detection time window (corresponding spin fluctuation rate ν = 0.1 MHz - 1 THz). Our
data indicates that the existence of significant spin fluctuations on a MHz frequency
scale can be excluded in this temperature range.

Furthermore, the ZF data fitted with (2) provides an estimation of the local
magnetic field strength at the muon stopping site as well as an estimation of the
degree of long-range ordering in the sample. The extracted temperature dependence
of the magnetic order parameter, namely the staggered magnetization, is plotted in
figure 3, despite the muon diffusion may hinder an accurate determination of the
temperature dependence of Bµ above 350 K.

Summarizing, our low temperature µSR results indicate the absence of spin
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fluctuations within the muon detection window and the steadiness of the staggered
magnetization. It appears therefore that the resistivity anomaly occurring at TA is
not related to any change in the NaOsO3 magnetic structure. Possibly, a thermally
driven increase of the unoccupied states population lying close to the ground state
rather than a reduction of the Os magnetic moment would be at the origin of the
smooth temperature evolution of the band structure leading to appearance of a Fermi
surface at TA as suggested by Kim et al. [21].

3.2. 23Na Nuclear Magnetic Resonance (NMR)

In order to ascertain the temperature behavior of the order parameter and of the
relaxation rate at high temperatures, we have performed complementary 23Na NMR
measurements at µ0H = 7.95 T in the temperature range 80 K < T < 440 K. By
modelling the 23Na NMR spectra as described in the Appendix, we quantified the
contribution arising from the AFM and weak FM components. They are proportional
to the second moment (approximately given by the spectral width) and the first
moment (corresponding approximately to the isotropic term of the frequency shift of
the resonance) of the powder distribution of the internal fields, hereafter BAFM,NMR

and BFM,NMR respectively. Neighbouring Os spins sit in nearly symmetric positions
with respect to the Na nucleus, resulting in a 23Na NMR signal which is weakly
coupled to the large AFM component and strongly to the weak FM one. The
temperature behavior of both the antiferromagnetic (AFM) and ferromagnetic (FM)
components around TN is displayed in the inset of figure 3 with a fit using a power-law
expression BNMR ∝ (1 − T/TN )β . The fit yields a magnetic transition temperature
TN=410.1(2) K, in agreement with values reported in the literature, and a critical
exponent β=0.53(3) close to 1/2, which coincides with the value expected for a mean
field behavior.

The main panel of figure 3 shows the behavior of the BAFM,NMR in comparison
to the internal field at the three different muon sites Bµ=Bµ,i (normalized to their
respective low temperature values). By comparing their temperature dependence with
the results obtained with NMR, it is clear that muon diffusion starts to be activated
already above 250 K and none of the Bµ,i has a temperature dependence which follows
BAFM,NMR.

To gain more insight into the magnetic dynamics occurring at the MIT, we have
also measured the 23Na NMR spin-lattice relaxation rate 1/T1 in the temperature
range 150 K< T< 450 K, which is displayed in figure 4. Above the magnetic transition
temperature the data show that the 1/T1T is almost constant (see inset), reflecting
the behavior expected for a metal [38]. While crossing the MIT a steep increase and
a sudden reduction in 1/T1T is observed. Two main features can be noticed: the
maximum is clearly below TN and the temperature dependence resembles a lambda
transition rather than a cusp. These features indicate that the observed peak is not
merely due to the critical fluctuations, typically maximised at TN , as expected for a
second order magnetic phase transition. Such unexpected results can be qualitatively
explained, to the aforementioned weak coupling of the 23Na nuclei with the AFM
order parameter, and by observing that the observed 1/T1T temperature dependence
is likely related to the metal-insulator phase transition. The change of the electronic
behavior around the magnetic transition is also reflected by the dramatic change in
the hyperfine coupling of the 23Na nucleus to the uniform component (wave vector
q=0) of the magnetization as displayed in the Jaccarino plot of Figure 6. Therefore,
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Figure 3. Temperature dependence of the internal fields, proportional to the
magnetic order parameter, at the muon site, Bµ,i, and at the Na position, BNMR

(square), as detected from µSR and NMR, respectively. Dashed line is a guide to
the eye. The inset illustrates the FM (open) and AFM (close) contributions to
the internal field in the vicinity of the phase transition, as determined by NMR.
Solid line is a fit of the temperature dependence in the vicinity of TN as described
in the text.

Figure 4. Temperature dependence of the relaxation rate 1/T1, as measured
from 23Na NMR measurements with µ0H = 7.95 T. The inset illustrates
1/T1T. The dotted line indicates the temperature corresponding to TN , as
determined from the analysis of the NMR spectra acquired during the same 1/T1

measurements.

our results suggest that TMI and TN might not coincide. In this respect, it would be
interesting to compare such results with NMR studies on other materials that show a
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MIT occurring concurrently with AFM ordering.

4. Conclusions

In summary, via µSR spectroscopic method, we have shown that the resistivity
anomaly behavior (TA = 30 K) is not associated with any magnetic-related feature
within the muon frequency window. We find no evidence of a peak in the muon
relaxation rate and of the presence of a temperature dependence of the magnetic field
at the muon site Bµ. Such results indicate that no low energy spin fluctuations (< 1
THz) nor a variation of the staggered magnetization, proportional to the Os magnetic
moment, occur at TA.

Therefore, the mechanism based on the development or existence of longitudinal
spin fluctuation proposed in [21] seems not applicable to NaOsO3 below 50 K.
However, a smooth temperature evolution leading to the appearance of band crossing
at the Fermi level as suggested by Kim et al. [21], could be explained by alternative
mechanisms. As an example, such change could be induced by the thermally driven
increase in the unoccupied states population lying close to the ground state. Finally,
complementary NMR experiments reveal a dramatic change in the hyperfine coupling
of the 23Na nucleus to the uniform component of the magnetization at TN and suggests
that TMI and TN might not coincide.
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Appendix

Modelling of the 23Na Nuclear Magnetic Resonance data

Spin lattice relaxation rates were determined from the recovery of the longitudinal
nuclear spin polarization following the saturation of central portion of the spectrum
by an aperiodic train of 6-8 pulses. In the case of a nuclear I = 3/2 spin like 23Na, a
two-exponential recovery of the amplitude of the central transition m = 1/2↔ −1/2
is predicted by rate equations for the nuclear populations,

A0(t) = A
(0)
0

[
α
(

1− e−t/T1

)
+ (1− α)

(
1− e−6t/T1

)]
. (3)

where the relative weight α depends on the initial state of the spin system following
saturation. Two limiting cases can be modeled, i.e. a complete and a “fast” saturation
of the central line, yielding α = 0.4 and α = 0.1, respectively. [40, 41] Such ideal
cases, however, can be hardly attained experimentally, and the best fit of the data was
actually obtained by an intermediate α value, which was left fixed across temperatures.
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The broad and complex 23Na NMR spectra of polycrystalline NaOsO3 (figure 5)
are the result of the powder average of both magnetic and quadrupolar interactions of
the 23Na nucleus, of comparable magnitude in the ordered phase. The minimal model
capable of reproducing the spectra both above and below TN includes the following
terms, some of which can be straightforwardly interpreted as the antiferromagnetic
(AF) and ferromagnetic (FM) order parameters as probed by NMR.

In the total nuclear spin Hamiltonian H = HZ +HQ, the Zeeman component is
written as

HZ = h̄γ ~Bnuc · I = h̄γ
[(

1 + K̂
)
µ0
~H0 + ~Bint

]
· I (4)

where I is the nuclear spin, K̂ is the Knight shift tensor, ~Bint is the internal field at
the nucleus, hyperfine in origin, and γ/2π = 11.263 MHz/T is the gyromagnetic ratio
of 23Na.

The ~Bint term is treated as a constant magnetic field with well defined magnitude
and direction with respect to the crystal, independent of the direction of the applied
field. Such a rigid internal field, adding up undistorted to the external one, corresponds
to the model of a hard magnet with zero susceptibility, i.e. an ideal antiferromagnet.
Therefore ~Bint may be identified with the AF order parameter as seen from NMR. Its
non-zero value arises from a slight deviation of the Na site from a local cubic symmetry,
which would otherwise lead to a vanishing net transferred hyperfine field at the center
of an osmium spin octet ordered in a G-type AF structure. Due to the fact that the
hyperfine couplings of 23Na are largely canceled out, ~Bint is expected to be relatively
small, despite the AF component of the magnetic structure is overwhelmingly larger
than the weak FM moment.[4] On its own, a rigid ~Bint would yield an NMR lineshape

g(ω) =


ω

2γ2µ0H0Bint
≈ 1

2γBint
for −γBint < ω − γµ0H0 < γBint

0 elsewhere

when averaged over the random orientation of the crystal relative to the external
field, yielding a second moment ∆ω2 ≈ γ2B2

int/3. The latter is expected to be the
dominant contribution to the magnetic linewidth below TN .

The finite susceptibility of the material is accounted for by a Knight shift
∆H = K̂ ~H0. The Knight shift tensor K̂ is proportional to the spin susceptibility
via the hyperfine coupling:

K̂ =
1

γgµBNA

 ∑
j∈n.n.

B̂j

 χ̂dc (5)

where B̂j is the hyperfine coupling constant of the Na nucleus with its j-th nearest
neighbor Os spin, and χ̂dc is the molar dc susceptibility tensor, defined in terms
of the macroscopic molar magnetization M and the applied field by the relation
~M = χ̂dc

~H0. Both the linear response of the magnetic moment M in H0 (i.e. the
differential susceptibility χ = ∂M/∂H) and the weak FM moment, which aligns

along ~H0 but whose magnitude is independent of the intensity of the magnetic field,
contribute to χdc as defined above, hence to K̂ as well. These two contributions,
of comparable magnitude in an applied field of ≈ 7.95 T, [4] might be unraveled in
principle by measuring the NMR spectra in different applied fields, which was not
possible with our magnet. The isotropic Knight shift component Kiso = 1/3Tr(K̂)
yields an overall shift of the powder spectrum, proportional to the net magnetic
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in an applied field of ≈ 7.95 T. The solid lines superimposed to open symbols are
fits to the model described in the text.

moment (either paramagnetic of weakly FM), and is our NMR determination of the
so-called FM order parameter. Powder average of the traceless component K̂ −Kiso,
on the other hand, produces additional inhomogeneous broadening of the spectra,
though to a lesser extent than Bint.

In a frame of reference of the crystal, the quadrupolar interaction of 23Na (nuclear
spin I = 3/2) is written as

HQ =
hνQ

6

[
3I2z − I (I + 1) +

η

2

(
I2+ + I2−

)]
(6)

where the quadrupolar frequency νQ is defined in terms of the nuclear quadrupole
moment Q and the main component Vzz of the electric field gradient (EFG) tensor
as νQ = 3eVzzQ/[2hI(2I − 1)], x, y are the other EFG principal axes, and
η = ||Vyy| − |Vxx|| /Vzz is the EFG rhombicity factor. [38] In a large magnetic
field Bnuc � 2πνQ/γ, HQ can be treated as a perturbation of HZ . Closed-form
perturbative expressions for the 2I Zeeman transitions, whose degeneracy is resolved
by HQ, can be calculated up to second order in νQ/(γH0). [42] The central transition
m = 1/2 ↔ −1/2, unaffected by the EFG to first perturbation order, yields the
sharper central line, while satellite transitions m = ±1/2 ↔ ±3/2, strongly angle
dependent, produce a broad shoulder in the spectrum with powder singularities. Such
features are clearly visible close to and above TN (Figure 5), where the quadrupolar
interaction is the leading source of line broadening.

The powder spectra resulting from the average of the Zeeman transitions of
H = HZ+HQ over crystal orientation was calculated numerically after an algorithm by

Alderman et al.[43] No constraint was imposed on either ~Bint or K̂, whose orientations

were left independent of each other and of the EFG axes. Thus, ~Bint was parametrized
by its magnitude and two polar angles relative to the crystal frame, and K̂ by Kiso,
two traceless components and three Euler angles. Gaussian line broadening was
also allowed for to mimic inhomogeneities of the interactions. The good qualitative



Probing spin fluctuations in NaOsO3 by muon spin rotation and NMR spectroscopy12

4.8 5 5.2 5.4 5.6 5.8 6

x 10
−3

−140

−120

−100

−80

−60

−40

−20

0

20

S
h

if
t 

[k
H

z
]

M(T) @8T  [µ
B
/Os]

4.95 5 5.05
10.8

11

11.2

11.4

Figure 6. Evolution of coupling of the Na23 nucleus with the net Os magnetic
moment in the vicinity of the phase transition. The inset is a blow-up in the
paramagnetic region (T ≥ 420 K).

agreement of the model with data is illustrated by Figure 5, showing some selected
spectra and their fitting curves.

Fits of the spectra to the model provided consistent values and smooth
temperature dependencies of their free parameters throughout the whole temperature
range. The internal field Bint is plotted vs T in Figure 2 of the main paper, referred to
therein as BAF,NMR owing to its physical meaning as AF order parameter (see above).
The absolute shift of the NMR spectrum ∆ν = (γ/2π)Kisoµ0H0 (∆B = Kisoµ0H0 in
field units, referred to as BFM,NMR in the inset of Figure 2), is plotted in Figure 6
as a function of the net magnetic moment measured by magnetometry in the same
magnetic field µ0H0 ≈ 7.95 T employed for NMR measurements (Jaccarino plot),
with temperature 405 K ≤ T ≤ 440 K as the implicit parameter. Following the above
discussion and Eq. 5, the two quantities are proportional to each other except for
small temperature independent orbital terms in either K or χ. A plot of ∆ν vs M is
therefore expected to yield a straight line with slope ∂ν/∂M equal to the hyperfine
coupling constant (in suitable units) both above and below the ordering temperature,
a behavior actually observed in all conventional magnets.

Figure 6, on the contrary, shows a dramatic change in the net coupling constant
Btot =

∑
j Bj across the magnetic transition, from a small positive value Btot ≈

3 MHz/µB well above TN (smallest M values in the figure) to a much larger and
negative value Btot = −170± 10 MHz/µB at T < TN . The step in Btot indicates the
occurrence of an electronic transition across TN , with larger degree of covalency and a
stronger transfer of spin polarization from Os ions to Na nuclei in the ordered phase.
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