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Nonmagnetic Ground State in RuQO, Revealed by Muon Spin Rotation
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The magnetic ground state of single crystalline RuO, was investigated by the muon spin rotation and

relaxation (uSR) experiment. The spin precession signal due to the spontaneous internal magnetic field

B, which is expected in the magnetically ordered phase, was not observed in the temperature range

5-400 K. Muon sites were evaluated by first-principles calculations using dilute hydrogen simulating muon

as pseudohydrogen, and Bj,. was simulated for the antiferromagnetic structures with a Ru magnetic

moment |mg,| ~ 0.05up suggested from diffraction experiments. As a result, the possibility was ruled out

that muons are localized at sites where B, accidentally cancels. Conversely, assuming that the slow

relaxation observed in uSR spectra was part of the precession signal, the upper limit for the magnitude of
|mg, | was estimated to be 4.8(2) x 10~*ug, which is significantly less than 0.05u5. These results indicate
that the antiferromagnetic order, as reported, is unlikely to exist in the bulk crystal.

DOI: 10.1103/PhysRevLett.132.166702

Ruthenium oxide RuO, with rutile structure is a material
that has been applied in a variety of fields due to its high
catalytic activity and remarkable chemical stability [1].
From the viewpoint of electronic properties, RuO, has been
considered to be an ordinary Pauli paramagnetic (i.e.,
nonmagnetic) metal [2]. However, it has recently been
reported to have a topological electronic structure [3.4].
Furthermore, based on neutron diffraction [5] and resonant
x-ray scattering experiments [6], RuO, has been claimed to
exhibit antiferromagnetic (AFM) ordering with a high Néel
temperature (> 300 K) and a Ru magnetic moment size
of ~0.05up. The presence of AFM phase has generated
interest in its potential application for spintronic
devices [7,8]. In addition, strain-induced superconductivity
has also been reported [9,10], thereby fueling interest in its
detailed electronic properties.

Following the inference of AFM ordering in RuO,,
theoretical predictions and experimental results for various
anomalies related to transport phenomena have been
reported. Anomalous Hall effects associated with collinear
AFM phase and the noncentrosymmetric position of the
nonmagnetic oxygen have been predicted from theoretical
studies [11], and experimental result supporting this pre-
diction have been reported [12]. In addition, spin current
due to the spin-splitter effect generated in the AFM phase
has been theoretically proposed [13], which has been
followed by reports of experimental results in favor of

0031-9007/24/132(16)/166702(6)

166702-1

the prediction [14—16]. Occurrence of the chirality mag-
neto-optical effect is also theoretically predicted [17].

However, the reported size of Ru magnetic moments is
close to the limit of sensitivity in neutron and Xx-ray
diffraction experiments. Moreover, a recent theoretical
study suggests that AFM ordering may be induced by
hole doping due to Ru vacancies in RuO,, which is
intrinsically nonmagnetic [18]. Thus, verification of the
AFM phase with local magnetic probes that are comple-
mentary to diffraction experiment is highly required.
Motivated by this situation, we have investigated the
magnetic ground state of RuO, by the muon spin rotation
and relaxation (uSR). The experimental results show that
the spontaneous muon spin precession signal expected in
the magnetically ordered phase is not observed in the
temperature range of 5-400 K. The first-principles density-
functional theory (DFT) calculations of muon sites exclude
the possibility that muons are localized at sites where the
internal magnetic field exerted by the Ru atoms is canceled
by chance. These results support the scenario that the bulk
crystal RuO, is a nonmagnetic metal.

#SR is a magnetically sensitive probe in which spin-
polarized muons (u") stopped in the sample directly infer
the internal magnetic field B, at the interstitial sites via the
spontaneous Larmor precession. Muons are provided as a
100%-spin-polarized beam by proton accelerator facilities,
which enables #SR measurements in zero magnetic field.

© 2024 American Physical Society
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The sensitivity of SR as a local probe has been demon-
strated in the discovery of AFM ordering in the parent
compounds of high-T'. cuprate superconductors [19-21], as
well as in the study of superconductivity [22-24]. In
addition, uSR has various advantages: the muon implanta-
tion energy is high enough (>4 MeV) to be surface
independent (bulk sensitive), and the implanted muons
(volume concentration ~10° cm™) decay with an average
lifetime of 2.2 ps, so they do not accumulate in the sample
unlike other ion beam irradiation measurements. Therefore,
the detection of B),. due to ordered Ru moments by uSR
could provide direct experimental evidence for the occur-
rence of AFM ordering.

For the quantitative assessment of B, using uSR, it is
necessary to obtain information on the local electronic
structure of y™ in RuQ,; it behaves as a light isotope of
proton and hydrogen (pseudo-H, hereafter denoted by the
element symbol “Mu”) in matter. To this end, first-
principles DFT calculations were performed using
QUANTUM ESPRESSO [25-27] to investigate the Mu stop-
ping sites (DFT + Mu). Structural relaxation calculations
with H (to mimic Mu) using the generalized gradient
approximation with the Perdew-Burke-Ernzerhof func-
tional were performed on a 3 x 3 x 3 superlattice (54
Ru, 108 oxygen and H) of a rutile structure (P4,/mnm)
as the initial structure with cutoff energy of 60 Ry and K
points were set to 3 x 3 x 4. Structure was relaxed until the
maximum force on each atom was less than 1 x
10~3 (Ry/Bohr) in the nonmagnetic state. For the on-site
Coulomb interaction U between Ru 4d orbitals, calcula-
tions were performed for values of U = 0-3 eV and results
were found to be mostly independent of U. We then used
the result for U =2.0 eV (where the AFM state is
theoretically favored [5,10,11]) for the simulation of
B, More detailed information can be found in the
Supplemental Material (SM) [28].

Single crystals of RuO, were grown from a polycrystal-
line sample in oxygen flow. RuO, reagent (Rare Metallic
Co., Ltd., 99.95%) was placed in the high-temperature
section of the furnace (1100°C) and held for two weeks
while oxygen flowed at a rate of 30 ml/ min to obtain blue-
black metallic single crystals in the low-temperature section
downstream of the furnace. The crystals were about
3x3x0.5mm? at the maximum with a thin rhombic
columnar shape. To evaluate the quality of these crystals,
single-crystal XRD analysis and electrical resistivity mea-
surements were performed on the samples from the same
batch (for more details, see SM [28]). The Ru occupancy
was deduced to be 1.02(2) from single-crystal XRD,
indicating that the crystal is free of Ru defects at the
percent level. The resistivity measurements showed a
maximum residual resistivity ratio of ~1500. This is much
higher than previously reported values (~30 [10] or
~200 [35]), confirming that the crystals were of extremely
high quality. These crystals were loaded on a silver holder

covering about 15 x 15 mm? in a mosaic pattern (corre-
sponding to the powder average for the uSR spectra). As a
reference, uSR measurements on RuO, powder (same
supplier, 99.9%) as delivered were performed, and obtained
qualitatively similar results to those of the single-crystalline
samples. However, the results showed certain differences in
details presumably attributed to the sample qualities such as
impurities and defects, whose details are found in SM [28].

Conventional xSR measurements were performed in
zero field (ZF), weak longitudinal field (LF), and weak
transverse field using the S1 instrument (ARTEMIS) [36],
a general-purpose SR spectrometer installed at the S1
area of the Materials and Life Science Experimental
Facility (MLF), J-PARC. A 100% spin-polarized u* beam
(~4 MeV) was stopped in the sample mounted on the He
gas-flow cryostat for controlling sample temperature. The
time-dependent u* spin polarization, which reflects the
magnetic field distribution at the Mu site, was monitored
via the forward-backward asymmetry [A ()] of positrons.
The uSR spectra were analyzed by least-square curve fits
using MUSRFIT [37]. The background contribution, which
missed the sample, was calibrated using a Ho sample of the
same cross section as RuO, to be Apg = 0.0815, and
subtracted from A(z). The evaluation of Bj,. due to Ru
magnetic moments and putative Ru 4d ordered moments
were performed using DIPELEC code [38].

Figure 1(a) shows ZF-uSR time spectra, which are
normalized by the asymmetry at r =0 to yield time-
dependent spin polarization, G.(r) = A(r)/A, [with
Ag = A(0)]. The line shape of these spectra is well
represented by slow exponential damping over the entire
temperature range of 5400 K, and no sinusoidal compo-
nent for the Larmor precession is observed. This indicates
that there is no homogeneous By, established at the Mu
site. Moreover, as shown in Fig. 1(b), the slow relaxation
observed in ZF is completely suppressed by applying LF of
I mT, indicating that B, is quasistatic.

Consequently, the curve fits of the spectra was performed
using the following function:

AoG, (1) = A1Gy1(A, Big. 1),

1 2
GL:(2,0,1) = 3 +§ (1 = Ar) exp(—4r), (1)

where Gir(4, By, 1) is the relaxation function for a static-
Lorentzian field distribution with A being the relaxation
rate [39]; By is the external magnetic field.

The result of curve fits using Eq. (1) is shown for the ZF
time spectra at various temperatures and for the LF spectra
at 5 K (including their By dependence) in Figs. 1(a) and
1(b), both of which show good agreement. Considering that
spin relaxation due to nuclear magnetic moments is usually
well described by Gaussian Kubo-Toyabe functions [40],
the origin of the observed Lorentzian-like behavior is
unknown at this stage. Although the issue remains to be
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FIG. 1. (a) Examples of ZF-uSR spectra at typical temper-

atures, and (b) magnetic field dependence of LF-uSR spectra at
5 K observed in single-crystalline RuO,. Solid curves represent
the least-square fit by Eq. (1). Inset: the spontaneous spin
precession signal expected in the presence of the presumed
AFM order (see text).

addressed in future work, these results indicate that A is not
subject to fluctuation by self-diffusion of Mu nor magnetic
fluctuation, ruling out the possibility that B, is effectively
averaged out to zero due to the motional narrowing effect
(see also the discussion below).

The temperature dependence of the initial Mu polariza-
tion [G,(0)] is shown in Fig. 2(a), which is nearly unity
irrespective of temperature for 5-400 K, indicating that
there is no muonium (a neutral H atomlike state, Mu?)
formation nor fast depolarization components beyond the
time resolution of the instrument. Thus, implanted Mu are
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FIG. 2. Temperature dependence of (a) the initial polarization
and (b) relaxation rate obtained by the analysis using Eq. (1). The
dashed line in (b) is the result of a curve fit using Eq. (2).

mostly in the diamagnetic state (Mu™ or Mu™). Considering
that RuO, is a metal, Mu is assumed to be an isolated state
of Mu* due to shielding by conduction electrons.

As shown in Fig. 2(b), 4 is nearly constant at temper-
atures below about 100 K, while it decreases slowly at
higher temperatures. Assuming that this is due to thermally
activated diffusive motion of Mu, the temperature depend-
ence of 4 is given as

MT) = 2o[1 + N exp(—E,/kgT)]™", (2)

where 4, is the relaxation rate at T — 0 K, E, is the
activation energy, and N is a physical quantities related to
the density of states [41]. As shown by dashed line in
Fig. 2(b), curve fit provides good agreement with the data,
yielding E, = 62(8) meV being also typical for Mu
diffusion in oxides [42]. Thus, it suggests that Mu diffusive
motion may occur above ~100 K, suggesting the possibil-
ity that By, is effectively reduced by the motional effect.
Conversely, however, it suggests that at least below
~100 K, By, is free from such motional effect.

In general, there are interstitial sites with high symmetry
in antiferromagnets where B, exerted from magnetic ions
cancels out. Given the reported magnetic structure [5,6],
that is the case for the 8 site (0.25,0.25,0.25) situated at the
midpoint between Ru (0,0,0) and Ru (0.5,0.5,0.5), and the
4d site (0,0.5,0.25). Provided that Mu accidentally occupies
these sites, the spontaneous spin precession signal due to
AFM ordering will be absent, thus insensitive to B..
Therefore, it is important to gain reliable estimation of the
Mu site(s) and associated sensitivity to By, expected for the
reported magnetic structure.

First, the most stable site (labeled Sitel) for H inferred
from structural relaxation calculation is shown in Fig. 3.

H 4

a 4c:Site2
FIG. 3. Local atomic configurations of hydrogen defect in
RuO, obtained by DFT calculations with lattice relaxation in
3 x 3 x 3 superlattice. Sitel: the lowest energy site (forming OH

bond). Site2 (light blue): the c-channel center (4d) site. The
structure was displayed using VESTA [45].
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The H atom is about 0.1 nm from the nearest oxygen, and
the bond direction is approximately in the ab plane (there are
four equivalent sites in the unit cell). This reproduces the
previously reported result [43], and is also in line with the
general trend in oxides including rutile TiO, [44] that Mu as
pseudo-H forms OH bond with oxygen. According to the
total energy calculations performed with H fixed at the 8;
and 4d sites, the total energies are about 2.1 and 1.4 eV
higher than Sitel, respectively, which rules out the possibil-
ity that Mu is stationary at these sites where B, cancels out.

The mass of Mu is approximately 1/9 that of H, and
quantum effects such as zero-point energy E, can be
pronounced. In particular, when E, is greater than the
potential barrier Vy, of the jump diffusion path to other
stable sites, Mu may be delocalized to occupy site(s) away
from Sitel: such an effect has been actually reported for
the iron-based superconductor LaFeAsOg49Hjs; [46].
According to earlier reports, the activation energy (=V))
of the diffusion path from the Sitel to the next OMu
bonding site at the same z in the same c¢ channel
[(x,y,2) = (I —x,—y,z) in the unit cell] is estimated to
be 0.27 or 0.217 eV (the latter includes the zero-point
energy correction) [43,47]. When E, of Mu (roughly
3 times that of H in the harmonic approximation) is greater
than this barrier, Mu may be localized at the center in the ¢
channel. This site is the 4c¢ site (0.5,0,0) in the unit cell
(denoted Site2, as shown in Fig. 3).

Considering that the direction of the Ru moment my, is
not uniquely provided in the literature [5,6] and that mg, is
theoretically predicted to vary from (001) to (100) as
the electron filling progresses [11], B, is calculated for
the arbitrary direction of mg,. Our calculations reveal
that the By, is never canceled in any direction of myg,
(see SM [28]). In the case of myg,||(001), the corresponding
B, 15 6.17 mT for Sitel and 5.96 mT for Site2, yielding the
precession frequencies 0.84 and 0.81 MHz for Sitel and
Site2, respectively. The precession signals for these
frequencies should be readily observable with the present
time resolution of J-PARC limited by the Nyquist fre-
quency 1/27~6.25 MHz, which is determined by the
FWHM (7 ~ 80 ns) of the pulsed 4™ beam. For compari-
son, an expected uSR spectrum at Sitel (0.84 MHz) is
shown in the inset of Fig. 1(a), where no such precession
signal has been observed.

Now, let us examine a more extreme possibility that Mu
is delocalized along the c-channel center due to the zero-
point energy. For the estimation of E;, and Vj, we
investigated the total energy profile for z position of H
placed at the center of the ¢ channel in a 2x2x3
superlattice, and evaluated its change AE,, with the
following equation:

AEtot(r) = Etot<r) - Eminv (3)

where r = (0,0.5, z) is the position vector in the unit cell
and E,;, is the minimum value in E,(r). The z dependence
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FIG. 4. The total energy AE,(r) and internal magnetic field
Biy.(r) along the r=(0,0.5,z) axis (corresponding to the
c-channel center) calculated in the 2 x 2 x 3 superlattice of
RuO,. The solid and dashed lines showing By, (r) (mapped on
the right axis) are for the cases where the Ru moment my, is
either parallel to (001) (the ¢ axis) or it is tilted 20° toward the
(110) plane, respectively [6]. The horizontal dashed line is the Mu
zero-point energy.

of AE(r) and the magnitude of By, is shown in Fig. 4.
AE,(r) exhibits oscillation with a z/2 period (shown on
the left axis), with a maximum value of V,, = 0.353 eV.
In the harmonic approximation of the periodic potential,
the energy level splitting A, of Mu can be determined

from the relation w? = 27°V,/m,d* [48], where m, =

105.658 MeV/c? is the y* mass, d = ¢/2 ~0.155 nm is
the length corresponding to the potential period. Then,
Ey, = %ha)ﬂ is estimated to be 0.163 eV, which is about half
of Vy,. Therefore, even when Mu is at the center of the ¢
channel, it is expected to be localized at the minimum of
AE(r) corresponding to Site2 (the 4c site). The z
dependence of the simulated B, for the reported AFM
structure is shown on the right axis of Fig. 4. We show the
two cases where the Ru moment |mpg,| = 0.05u5 with
mg,||c, and a 20° tilted to the (110) plane [6]. In the former
case, By, cancels at z = 0.25 (4d site), but Mu is not likely
to be stationary there because AE,,(r) is at a maximum.

Conversely, when the slow damping in the ZF spectrum
at 5 K is interpreted as part of a precession signal associated
with extremely small By, that appears with ordered Ru
magnetic moments, we can estimate the maximum Ru
moment size from the precession frequency f obtained by
curve fit using the following function:

G.(1) = A %—l—%cos@ﬂft—l—(p) , (4)

where f = (y,/27)Bioc, @ (=0 in the present experi-
mental setup) is the initial phase of the precession,
¥./27 = 135.539 MHz/T is the u* gyromagnetic ratio.
Curve fit of the ZF spectrum at 5 K shown in
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Fig. 1(a) yields f = 8.0(2) x 1073 MHz, corresponding to
Bioc = 5.9(2) x 1072 mT. This value gives the upper
boundary of B, for the field exerted from Ru 4d electrons.
By comparison with the lowest value of B),, among those
obtained by the above-mentioned simulation (5.96 mT at
Site2), the upper limit for the |mg,| can be estimated to be
4.8(2) x 10™#up for the reported magnetic structures.
Following the same procedure, the upper limit for |mg,|
in the powder sample is also estimated to be 6.1(3) x
1073 g (see Ref. [28] for details). Value for single crystal is
the same order of magnitude as the nuclear magneton and is
nearly 2 orders of magnitude smaller than the value of
0.05up reported in the earlier study [5], strongly disfavor-
ing the presumed magnetic order in the bulk crystal. It
should be noted that these upper limits are even lower when
the relaxation due to the nuclear magnetic moments of Ru
(=0.027 ps~! at the Sitel) is taken into account.

Finally, we briefly discuss a possibility of the slow
relaxation due to the fast fluctuating magnetic order.
The fluctuation time 7. can be estimated using the
Bloembergen-Purcell-Pound relation [49], from the Ay ~
0.007 ps~! in Eq. (2) and B),. ~ 6 mT,

Ao(Bip) = 2(7,4310c>27c/(1 + (yyBLFTC)2)7

yielding 7. ~0.13 ns in ZF. While it appears static in
neutron scattering, it is detectable in uSR. However, B;r
required to suppress the relaxation [4y(Byg) < 0.001 ps™']
is estimated to be > 20 T, which contradicts the exper-
imental results, as shown in Fig. 1(b). Thus, the possibility
of the magnetic order with fast fluctuation can be ruled out.

In summary, using uSR combined with DFT calcula-
tions, we provided the experimental evidence that the
electronic ground state of bulk crystal RuO, is a non-
magnetic metal. The SR time spectrum at zero field shows
only monotonous relaxation without sinusoidal oscillation,
indicating that no homogeneous internal magnetic field is
established at the Mu site(s). Our DFT calculations ruled
out the possibility for Mu to occupy sites where the internal
magnetic field accidentally cancels out for the reported
AFM structure. The upper limit of the Ru moment size is
nearly 2 orders of magnitude smaller than the reported
value of 0.05u5. From these results, we conclude that there
is no bulk AFM order as reported in RuO,.
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