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SUMMARY

We provide experimental evidence for the absence of a magnetic moment in bulk RuO,, a candidate alter-
magnetic material, by using a combination of MGssbauer spectroscopy, nuclear forward scattering, inelastic
X-ray and neutron scattering, and density functional theory calculations. Using complementary Méssbauer
and nuclear forward scattering, we determine the Ru magnetic hyperfine splitting to be negligible. Inelastic
X-ray and neutron scattering-derived lattice dynamics of RuO, are compared to density functional theory cal-
culations of varying flavors. Comparisons among theory with experiments indicate that electronic correla-

tions, rather than magnetic order, are key in describing the lattice dynamics.

INTRODUCTION

The recent observations of broken Kramers degeneracy and
spin-resolved anomalous Hall effect in antiferromagnets
(AFMs) has challenged the conventional Néel theory.'™ These
so-called “altermagnets” simultaneously exhibit broken time
reversal (7)) and inversion (P), resulting in non-relativistic spin
splitting in their band structures.”>™" This k-space-dependent
spin splitting with zero net magnetization is of interest for spin-
tronics due to its potential for terahertz spin-current generation
and detection with negligible stray fields.®""

Ruthenium dioxide (RuO,) is one of the most extensively
explored materials with respect to potential altermagnetic char-
acteristics.'”~'” However, the magnetic structure and size of the
magnetic moment on Ru** ions in bulk RuO, are debated,'®2°
notably due to various reports on thin film properties.’® 522
RuO, crystallizes in the prototypical rutile structure with the
space group P4,/mnm (136), where each Ru atom is octahe-
drally coordinated by six oxygen atoms that form a distorted
RuOg octahedron®*?° (see Figure 1A). The P and 7 symmetry
breaking in RuO, arises from the two different orientations of
the RuOg octahedra (see Figure 1B). In the presence of a spin
on Ru, this unique configuration of alternating opposite spins

on Ru atoms, with different orientations of the RuOg octahedra,
is central to the unconventional magnetic and transport proper-
ties in RuO,. Altermagnetism requires the magnetic structure of
RuO, to have an anti-parallel coupling of Ru; and Ru, magnetic
moments polarized along the ¢ axis with a propagation wave
vector g = (0,0,0)". Based on the recently proposed spin-
space group,’’ RuO, would have [Cz||C4.t], which corresponds
to a spin-space 2-fold rotation symmetry (C2) and a real-space
4-fold rotation symmetry along the ¢ axis combined with a trans-
lation Ru;->Ruy(C4:t) as shown in Figure 1B.

Early single-crystal neutron diffraction measurements
observed a small structurally forbidden (100) reflection, which in-
dicates a magnetic reflection, hence suggesting the presence of
a magnetic moment in RuO,."® This result could only be repro-
duced with density functional theory (DFT) calculations employ-
ing a Hubbard U correction (DFT + U) that induced an antiferro-
magnetic groundstate.’® A magnetic moment of ~ 0.05u5 was
estimated at room temperature with a magnetic structure corre-
sponding to the P4,/mnm symmetry with oppositely coupled
spins on Ru4 and Ru, aligned along the c axis. Recent DFT + U
based lattice dynamics calculations of RuO, with U =2 eV,
which gives a larger magnetic moment of 1.152 ug/Ru, showed
reasonable agreement of the I'-point Raman modes with
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Figure 1. The crystal asymmetry and Mdssbauer spectra of RuO,

(A) The rutile crystal structure of RuO, with Ru atoms in red, and O atoms in gray.

(B) The c axis projection illustrates the [C2||C4,t] symmetry, where Ruy (spin up) and Ru, (spin down) are associated with RuOg octahedra oriented differently. The
dotted box highlights a unit cell with a shifted origin that clearly distinguishes Ru; and Ru, environments under [C4,t] symmetry operation.

(C) Representation of the strong distortion in the RuOg octahedra from two viewing angles. The octahedra consists of 90° O-Ru-O bonds along with 77.24° and
102.76° angle bonds in the plane of the octahedra. The O atom marked with @ shows the 90° transformation between the two viewing angles. Red, green, and

blue arrows (crystallographic directions) represent a, b, and ¢ directions.

(D and E) (D) ®°*Ru Mossbauer spectra of RuO, (data from Stievano et al.**) and (E) Nuclear forward scattering data of RuO, (data from Bessas et al

1.*%)including the

fits with (blue) and without (red) hyperfine field (Hys). Error bars represent the Poisson statistical error.
(F) Map of reduced 42 as a function of the spin relaxation frequency and hyperfine field (Hy;). The red region (;(?ed, ~ 1) represents best fit (dashed lines are a guide

to the eye).

experiment.”® A modified magnetic structure model in RuO, was
also proposed based on a monoclinic (P2{/c) unit cell,
which permits a centrosymmetric magnetic structure that pre-
serves translational symmetry and retains the propagation vec-
tor g = (0,0,0).>®> At the same time, non-polarized neutron
diffraction could only be fit with a magnetic moment of ~
0.23 ug'?, and the lowest magnetic moment observed in the
DFT + U calculations (U = 1.2 eV) was ~ 0.7 ug with an antifer-
romagnetic com‘igura’(ion.19 This quantitative discrepancy
regarding the size of the presumed magnetic moment was not
resolved.

Subsequent reassessments of bulk RuO, using single-crystal
neutron diffraction revealed that the previously observed inten-
sity of the structurally forbidden (100) reflection'® is likely a dou-
ble-scattering artifact.”®?” Furthermore, two independent ex-
periments using muon spin rotation (uSR) spectroscopy found
that the magnetic order in RuOs, is either absent entirely or the
magnetic moments must be below 102 ;g.>%?"*" However,
there are several reports of unconventional magnetic and trans-
port properties in two-dimensional RuO,, which could be due to
the interfacial/epitaxial strain and its anisotropy.'®'%?%29 A pre-
vious study on the structure and properties of monolayer RuO,
nanosheets fabricated via chemical exfoliation demonstrated
the possibility of structural transformation from octahedrally co-
ordinated t — MX, structure to a trigonal prismatically coordi-
nated h — MX, structure.®° This structural reconstruction leads
to a shift from metallic to semiconducting behavior, enabling
tunable electrical and optical properties suitable for flexible,
transparent electrode applications.30 A more recent examination
indicates that RuO, exhibits a robust and anisotropic spin Hall
effect even in the absence of altermagnetic spin splitting contri-
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butions.®' Similarly, angle-resolved photoemission spectros-
copy (ARPES) studies have demonstrated that depending on
sample growth conditions, variations in the spin splitting can
arise via strain or structural distortions. %

Here, we present experimental evidence for the absence of a
magnetic moment in RuO, via a combination of inelastic neutron
and X-ray scattering, Méssbauer spectroscopy, and nuclear for-
ward scattering techniques. We also employed first-principles
calculations of the lattice dynamics based on density functional
theory. We used bulk RuO, single crystal and powders in our ex-
periments to rule out the influence of strain and other distortions
arising from low-dimensionality and substrate effects.

RESULTS

Nuclear resonance spectroscopy: RuO, hosts zero
magnetic moments

We utilized ®*Ru Méssbauer spectroscopy® to directly probe
the magnetic hyperfine field (Hyy) at the nucleus.® This enables
the detection of local magnetism, even in the absence of long-
range order, both for itinerant and localized moments, and is
sensitive to potential transferred hyperfine fields from neigh-
boring atoms. Mdssbauer spectroscopy also probes the atomic
charge state, through the isomer shift (5s), and distortion of the
local electronic environment through the quadrupole splitting
(AEg), which probes the electric field gradient (EFG). °°Ru Méss-
bauer spectra of RuO, at ~ 5 K were previously reported®*** and
were analyzed with a single component fit with §is = — 0.26(1)
mm/s and |AEq| = 0.50(1) mm/s, indicative of Ru(lV) in a dis-
torted octahedral environment (AEq = 0 for cubic local symme-
try). The large distortion in the RuOg octahedra is associated with
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the asymmetric bond angles between adjacent O-Ru-O bonds
in the plane, where neighboring angles are 77.24° and 102.76°,
respectively, as shown in Figure 1C. This distortion yields a fairly
large EFG. The earlier fits of the Mossbauer data did not consider
the sign of V,, and the asymmetry parameter of the EFG, 5 =
(Vyyl = [Vix|)/|Vzz|, where V.. represents principal components
of the EFG tensor. The constraint |V|>|Viy| > |Vix| mandates
that 0 < # < 1. For ®Ru, the sign of V,, and the magnitude of
n can be determined, even in the absence of magnetic hyperfine
splitting, because the nuclear transition occurs between the I =
5/2 ground state and /. = 3/2 excited nuclear state. The neces-
sity of using a fairly large 7 is established by **Ru nuclear mag-
netic resonance (NMR) measurements that found 5 ~ 0.74.%°
Our calculation of the EFG with the r’SCAN meta-GGA (general-
ized gradient approximation) functional (*SCAN) (see methods)
in the non-magnetic state yields V, = — 10.9-10-2' V/m?,
which corresponds to AEq = 0.42 mm/s, and n = 0.426; V,,
is along the c axis in this calculation. EFG values for other func-
tionals are provided in Table S1 in the supplemental information;
the only notable discrepancy between models is that for DFT +
U = 2 eV in the AFM state, the direction for V;, is along (110),
i.e., between the a and b axes. Note that there is a relative rota-
tion of 90° in the ab plane for the Ru4 and Ru, EFG, as prescribed
by the structure (see Figure 1B).

We reanalyze the Mdssbauer spectra of RuO, from Stievano
et al.** (see Figure 1D) by considering  in compliance with the
%9Ru-NMR experiment to assess the presence of a possible hy-
perfine field (Hys), while also considering the sign of the EFG. The
first conclusion is that indeed a negative V,, = — 0.54 mm/s and
n ~ 0.74 clearly improve the fit to the data (see comparison of fits
with different signs in Figure S1 of the supplemental information).
We also used nuclear forward scattering (NFS) of synchrotron ra-
diation, which corresponds to time-domain Mdéssbauer spectral
data from Bessas et al.>®, measured on RuO, at 10 K. NFS has a
better resolution for hyperfine interactions than Md&ssbauer
spectroscopy but is insensitive to the sign of the EFG. We thus
performed a combined fit of the Mdssbauer spectra and NFS
data with the Nexus platform®” (see Figures 1D and 1E). We
used two models: (1) model A, without Hys (red), and (2) model
B, with Hy¢ (blue). Both models employ an asymmetry parameter
of n = 0.74. The model with Hy¢ is indistinguishable from the
model without Hy; within error bars, which implies that a hyper-
fine field is not needed. Model A finds a Hy¢ = 0.64(15) T. There
is no strict proportionality between the hyperfine field and the
magnetic moment, but an order of magnitude can be estimated
by considering Mdssbauer data on SrRuO3.%® Ru is octahedrally
coordinated by O in SrRuO; and exhibits a hyperfine field of ~ 33
T for a 1.6 ug moment. Accordingly, the best-fit value of 0.64 T in
the present case would correspond to a moment of $0.03u5 for
Ru in RuO,.

Given the low moment magnitude, a further option should be
considered, namely, whether fast fluctuations of a disordered
local moment could explain the observed spectrum. To assess
this, we employed the random phase approximation (RPA)
formalism on the stochastic theory of relaxation® to fit the
data for varying spin relaxation frequencies, as used in Hermann
et al.,"° on our Mdssbauer spectrum. The resulting goodness-of-
fit is represented by the reduced 42 as a function of the fluctua-
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tion frequency and hyperfine field, as shown in Figure 1F. The
RPA stochastic-relaxation analysis reveals that the best fits
define a region in hyperfine-field vs. fluctuation rate. This region
indicates that the larger the potential hyperfine field on Ru, the
larger the fluctuation frequency would have to be to exceed
GHz frequencies for a 10 T hyperfine field or ~0.5 yg moment.
Summarizing, considering only Mdssbauer spectroscopy data,
a large moment of ~ 1 yg would imply GHz-range fluctuation
rates, whereas a static moment would be at most 0.03(1) g,
with no improvement in the fits compared to no moment.

Lattice dynamics: Comparison of experimental and DFT
phonon energies
Probing lattice dynamics and phonon dispersions of magnetic
materials can give meaningful insights into the presence of spins
and magnetic order, as spin-lattice interactions can alter force
constants. This effect is observable even in weakly magnetic sys-
tems, where small magnetic moments and magnetic order arise
from spin relaxation or short-range magnetic correlations.*"*?

We performed inelastic X-ray scattering (IXS) and inelastic
neutron scattering (INS) experiments to measure the phonon
spectra of bulk RuO,. Subsequently, to assess the sensitivity
of phonons to different magnetic configurations, density func-
tional theory (DFT) calculations were used to compute RuO,
phonons in both magnetic and non-magnetic ground states.
The transverse (TA) and longitudinal (LA) acoustic phonons along
the I'-R and I'-Z directions were obtained from IXS on single
crystal RuO, around the (0,0,2) and (0, —3,1) Bragg peaks, as
illustrated in Figure 2B. In parallel, DFT-computed phonon
band structures were obtained using r’'SCAN with the rVV10
nonlocal correlation functional*® (hereafter rP'SCAN) and PBE-
GGA + U (hereafter PBE + U) functionals, respectively (Figures
2C and 2D). Because PBE + U was shown to be extremely sen-
sitive to the value of U, '®** we expanded calculations to ’'SCAN,
which has been shown to yield reliable predictions of both ener-
getic and structural properties across a range of bonding envi-
ronments.*® Calculation details and ground state energies are
provided in the supplemental information. Using the force con-
stants and dynamical matrices computed via DFT, we obtain
the dynamic structure factor, S(Q, E), and the Bose-factor cor-
rected dynamic susceptibility, ,’(Q, E), via the OCLIMAX
code,*® which enables a direct comparison with experimentally
measured phonons. Using r’SCAN, either a non-magnetic
(NM) or an antiferromagnetic (AFM) state with a magnetic
moment of ~0.963 ug per Ru atom was obtained depending
on whether an initial magnetic moment (i) was specified. Corre-
sponding phonon dispersions are shown in Figure 2C. Using the
PBE + U framework, the system exhibits an NM ground state
with U = 0 eV, whereas U = 2 eV stabilizes an AFM state with a
magnetic moment of ~1.179 ug on Ru atoms. Corresponding
phonon dispersions are shown in Figure 2D. There is a striking
dependence on the magnetic state and chosen functional for
the dispersion of the LA mode in the I'-Z direction, as noted
earlier in Raghuvanshi et al.** The magnetic moments and lattice
parameters predicted using various DFT functionals are pre-
sented in Table S2 of the supplemental information.

A direct comparison of the IXS phonons (red circles with error
bars) with DFT-based dynamic susceptibilities, y”(Q, E), which
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(A) The Brillouin zone with high symmetry k points, drawn next to the (HKL) basis vectors of our IXS experiment.
(B) The reciprocal-space map of the (OKL) plane. Green arrows indicate the measured IXS path. Blue and red arrows are the projection of the basis vectors and

high-symmetry k path in the plane.

(C and D) (C) r*SCAN and (D) PBE(+U) calculated phonon dispersions. Note the differences in the dispersion of acoustic phonons along I'-Z.
(E-H) Overlay of the IXS phonons (red circles) on the IXS dynamic structure factor, S(Q,E), computed from r’SCAN and PBE(+U) force constants along the I'-Z

direction for the LA mode reveals that ’'SCAN (NM) is the best model.

(I) LA-mode and (J) TA-mode phonons of P'SCAN (NM) calculation along I'-R direction (0, — 3 = &, 1 + £). The error bars shown in the plot are the full-width half-
maxima (FWHM) of a DHO fit to the IXS constant-Q measurement. Errors of the data points are within the size of the circle. The unit of intensity as shown in the

color bar is arbitrary (arb. units).

maps the populated phonons with corrections for the directional
polarization, is shown in Figures 2E-2H. ’'SCAN (AFM) and PBE
(NM) phonons predict inaccurate dispersions (see Figures 2E
and 2F), whereas r°SCAN (NM) and PBE + U=2 (AFM)
both show very good agreement (see Figures 2G and 2H. The
I'-R phonons are properly described by all calculations, as de-
picted in Figures 21 and 2J, along with the r’'SCAN (NM) dynamic
susceptibility. Summarizing, IXS data for the I'-Z LA phonon in-
dicates that non-magnetic ’SCAN and the AFM state from
PBE + U both reproduce the scattering intensities. A detailed dis-
cussion of the phonon behavior and symmetries along the I'-Z
and I'-R directions based on the atom projected phonon band
structure from each method is provided in the supplemental
information (see Figures S3 and S4). We also performed Fermi
surface calculations for each exchange-correlation functional,
which reveal no conclusive evidence for Fermi-surface nesting-
mediated softening of the LA branch (see Figure S5 of the
supplemental information).

Inelastic neutron scattering on RuO, powders yielded the
dynamical susceptibility shown in Figure 3 (center). The
measured y” can be classified into (1) low-energy phonons
(0-50 meV), which display two features: low-lying conical disper-
sion attributed to the acoustic phonons and two flat optical
modes with interconnected branches; and (2) high-energy pho-
nons (50-90 meV), which display flat optical bands with few inter-
connects separated by a gap from the low-energy phonons. The
calculated y” from our four models are shown for comparison;
the r’'SCAN (NM) calculated phonons provide an overall best vi-
sual match with the experiment.

However, a more direct comparison between the experimen-
tally measured phonons and DFT calculations can be done

4 Cell Reports Physical Science 6, 102852, October 15, 2025

by comparing the integrated y”, ie., ['(Q,E)dQ from
Q=7 - 12A  as a function of energy transfer (E) as shown
in Figure 4. Forthis comparison, exact matchesin energy should
be disregarded as the INS data were obtained at 295 K and are
compared to ground-state DFT calculations, i.e., T = 0 K.
Considering the overall shape of the models, there is better
agreement with r’SCAN (NM), whereas both PBE + U magnetic
orderings fail at higher energies and r’SCAN (AFM) fails at all
energies.

DISCUSSION

Here, we will discuss these observations in light of other recent
research on RuO, magnetism, notably uSR and neutron diffrac-
tion in KeBler et al.?® and SR in Hiraishi et al.”’ These studies
provide strong evidence against and upper boundaries for a
possible magnetic moment on Ru. A combination of °*Ru Mé&ss-
bauer spectroscopy and NFS analyzed here likewise indicates
that any static Ru moment would be very small, at most
0.03 ug, whereas GHz-frequency fluctuations would be required
for any larger moment. Overall, the data can be explained
without any magnetic hyperfine splitting on the ®*Ru nuclei. Con-
cerning the possibility of any fluctuating moments, the xSR data,
specifically with applied longitudinal field, also rule out any large
uncorrelated moments—which would result in robust muon de-
polarization even in the presence of a weak applied longitudinal
field, in contrast to the observed behavior reported in Hiraishi
etal.”!

A second observation concerns the LA phonons in the I"-Z di-
rection, which in our DFT calculations are highly sensitive to
the combination of magnetism and exchange-correlation
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Figure 3. Experimental and calculated dynamic susceptibility

Dynamic susceptibility, y” (Q,E), for RuO, powder spectra measured at ARCS (“experiment,” in the middle) and the corresponding OCLIMAX calculated ' (Q, E)
based on DFT force-constants for ’SCAN (AFM), PBE + U, r’'SCAN (NM), and PBE. The intensity represents /" (Q,E) in arbitrary units. Calculated intensity is

shown with the same scaling for all methods.

approximations used. We initially found that the lattice dynamics
calculations in the AFM state for PBE + U provided a good agree-
ment and that the PBE non-magnetic state fails (see Figures 2F
and 2H), which provides support for a correlated AFM state.*
However, non-magnetic calculations with the meta-GGA
r?’SCAN functional (see Figure 2G) reproduce the data equally
well, and even better if considering the INS data. This indicates
that correlations are important for determining the correct
behavior of this phonon branch, while magnetism is not neces-
sary. This is in agreement with a recent optical spectroscopy
study that supports the absence of magnetism in RuO, although
classifying it as a weakly correlated metal.*®

The DFT + U method relies on the Hubbard U on-site
Coulomb repulsion that tends to localize Ru 4d electrons.
Hence one can arrive at a transition from itinerant to localized
electrons with increasing U.'® Static DFT + U treats correla-

tions by enhancing localization that tends to freeze local mo-
ments that may exist only transiently in real materials. This
method was initially introduced in order to describe magne-
tism in strongly correlated systems, such as La,Cu0O,.*" It
proved to be indispensable for strongly correlated insulators,
mostly based on 3d or f metals, but in some cases also 4d
or even 5d metals. However, it was at some point realized
that in itinerant metals the tendency is opposite; DFT nearly
always over-estimates the magnetic moment,*® because
magnetic and nearly magnetic metals are strongly fluctuating
systems”’® and DFT is a mean field theory. Therefore, in good
metals DFT + U routinely worsens the agreement with the
experiment with respect to their magnetic properties. The
same behavior was found for the r’SCAN functional.>® Thus,
there is little physical justification for using magnetic versions
of either PBE + U or r’SCAN to describe RuO5.

T T __ T Figure 4. Best agreement of integrated
2"(E) is given by r’'SCAN (NM)

80 1 80f 71 The integrated dynamic susceptibility y”(E) for
RuO, from the ARCS measurement is represented
by black circles. Correspondingly, the simulated

60 L 1 0t - | integrated y”(E) for P'SCAN (AFM), ’'SCAN (NM),
PBE, and PBE+U is plotted. The simulated data

< are scaled by the same constant to compare with
> ! i
[0)) the experiment. Error bars represent the Poisson
é 40 b 1 40t 4 statistical error.
L
20 41 20r .
=" ’SCAN (AFM) — | | =~ PBE+U —
oF” ’SCAN (NM) — {1 o PBE — -
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Therefore, it is not surprising that ?’SCAN AFM calculations fail
to describe the phonon data overemphasizing the electron-
phonon coupling-induced Kohn anomaly near the Z point; that
DFT without U has similar issues is probably a coincidence. A
detailed comparison of the calculated electronic density of
states from different functionals is provided in Figure S2 of the
supplemental information. It remains unclear why non-magnetic
r’SCAN appears superior in reproducing both phonon and EFG
measurements; systematic studies of r’SCAN performance
regarding these two calculations are lacking, and the community
intuition is not well established yet.

In conclusion, we provide evidence that RuO, is non-magnetic
based on nuclear resonant experiments (°®Ru Méssbauer spec-
troscopy and nuclear forward scattering techniques) coupled
with inelastic X-ray and neutron scattering experiments and
DFT calculations. Nuclear resonant experiments showed that
RuO, has zero or, at best, a negligible hyperfine field. Inelastic
X-ray scattering provides dispersions for the acoustic phonons
along the I'-Z and I'-R directions, while inelastic neutron scat-
tering provides powder averaged acoustic and optical phonons.
In a direct comparison of the experimental phonon data with DFT
calculated phonons using r’SCAN and DFT+U functionals, we
conclude that the lattice dynamics in RuO, is best reproduced
using r’'SCAN with a zero magnetic moment on the Ru atoms,
which accounts for some electronic correlations, specifically
as needed for the I'-L LA mode behavior. Our experimental re-
sults reveal that bulk RuO, is non-magnetic in nature and hence
is not an altermagnet as previously thought. However, the pre-
cise nature of the electronic correlations remains unclear, and
RuO, still appears to be a powerful and challenging test case
for assessing calculation accuracy. Although RuOs is intrinsically
non-magnetic, the application of doping or strain could still
induce a magnetic moment, rendering it a promising candidate
for spintronic applications.

Limitations of the study

Mdssbauer spectroscopy is slightly less sensitive in determining
lower magnetic moment limits as compared to muon spin rota-
tion/relaxation (uSR) measurements, although M&ssbauer spec-
troscopy is a direct probe of the Ru nucleus and does not
depend on muon stopping sites. The DFT calculations presented
in this study were performed at T = 0 K, whereas experimental
phonon data are measured at 300 K.

METHODS

Crystal growth

Single crystals of RuO, were grown using the chemical vapor
transport method. Powders of RuO, and Ru were mixed with
a molar ratio of 1:9. The growth was carried out in a tube
furnace with flowing oxygen as the transport agent. The tube
furnace used was 2 feet long. The Al,O3 tube used was 3 feet
long. The starting materials were loaded in the Al,O3 tube and
located in the center of the tube furnace. The flowing oxygen
was passing from right to left. The hot end was kept at
1,320°C, and the growth lasted 10 days. After the reaction,
millimeter-sized samples with a range of morphologies,
including bar and cuboidal shapes, were obtained at the cold

6 Cell Reports Physical Science 6, 102852, October 15, 2025

Cell Reeorts ]
Physical Science

section of the tube, which is on the left side and ~1 foot from
the center of the furnace.

Mossbauer spectroscopy and nuclear forward

scattering

The ®*Ru Mé&ssbauer data in this work were obtained from Stie-
vano et al.,** and the nuclear forward scattering data were ob-
tained from Bessas et al.*® We used the Nexus code®” to perform
the simultaneous fitting of the Mdssbauer data and nuclear for-
ward scattering data.

Inelastic X-Ray scattering

We performed the IXS measurements at beamline 30-ID(B)°" of
the advanced photon Source (APS) at Argonne National Labora-
tory. Single crystal RuO, was aligned in the (0, K, L) plane, which
covers the I'-Z and I'-R directions as shown in Figure 2B. The
experimental data were fitted using a damped harmonic oscil-
lator (DHO) function convoluted with the instrument resolution.
The IXS phonon data as shown in Figure 2E-2J are peak centers
of the fits, and the error bars are the FWHM of the DHO profile.
The error of the data point (peak center) is small and within the
size of the circle.

Inelastic neutron scattering

We performed INS measurements on the wide-angle chopper
spectrometer (ARCS) at the Spallation Neutron Source (SNS)
of Oak Ridge National Laboratory. Powder RuO, samples (5 g,
98% Colonial Metals) were loaded in an aluminum sample can
and the inelastic spectra were measured at room temperature
with an incident energy of 150 meV. An empty aluminum sample
can was also measured with the same incident energy, and this
was used to make a background subtraction. For extracting the
integrated »”(E), the Q integration range was chosen between 7
and 12 A~ to avoid the low intensities on the low-Q regions and
to avoid the parabolic cutoff (high-Q and high-E region) due to
the neutron kinetics.

Density functional theory calculations

We performed DFT calculations using the projector augmented
wave (PAW) method®?°% in VASP (v6.3.2)°*°° with Ru (5s' 4d")
and O (2s? 2p*) potentials. All calculations used a plane-wave en-
ergy cutoff of 600 eV and an 11 x 11 x 15 Monkhorst-Pack k
point mesh. Structural relaxations were performed until the
forces on atoms were below 10~ 4 eV/A and the energy threshold
reached 10~ 8 eV. To assess the influence of exchange correla-
tion, we compared calculations employing (1) PBE>® with a Hub-
bard U correction (Uess = 0 and 2 eV) applied to the Ru d orbitals
and (2) PSCAN meta-GGA functional with the rVV10 nonlocal
correlation functional, which has been shown to yield reliable
predictions of both energetic and structural properties across a
range of bonding environments.*® ’SCAN functionals also bet-
ter reproduce the equilibrium volume of RuO,.>” The PBE + U
calculation provides an important reference to demonstrate
that electronic correlations govern the vibrational behavior in
this system. Strengthening the correlations, whether with U = 2
or switching to r’SCAN, improves agreement with measure-
ments over plain PBE. We have not pursued other hybrid func-
tionals, partly because Coulomb interactions are short range in



Please cite this article in press as: Yumnam et al., Constraints on magnetism and correlations in RuO, from lattice dynamics and Mdssbauer spec-
troscopy, Cell Reports Physical Science (2025), https://doi.org/10.1016/j.xcrp.2025.102852

Cell Re[?orts .
Physical Science

metallic systems and hybrid functionals include, as a part, a
long-range Coulomb potential, which is unphysical in metals.
Phonon band structures were obtained from second-order inter-
atomic force constants (IFCs), calculated using the finite
displacement method in Phonopy.°® For all phonon calculations,
3 x 3 x 4 supercells (216 atoms) with a 2 x 2 x 2 Monkhorst-
Pack k point grids were employed.

The electric field gradients (EFGs) were computed using the
WIEN2k>?69-6" software package, which outputs the principal
components of the electric field gradient tensor, and thereby
the associated asymmetry parameter 5, at the central location
of each of the atomic sites, with muffin-tin radii of 1.69 and
1.96 Bohr employed, respectively, for oxygen and ruthenium.
As derivatives of a rapidly varying quantity (the electric field)
these gradients are often quite sensitive to computational details
and we have ensured convergence by employing an RKax (the
value of the O sphere radius and largest plane-wave vector) of
9.0, as well as by checking convergence with respect to
numbers of k points, with calculated gradient values changing
by no more than a few percent when the number of full Brillouin
zone k points was increased from 500 to 1,000. Similarly, the
EFGs were also calculated using the VASP code and the projec-
tor-augmented-waves PAW basis, where the formalism intro-
duced in Petrilli et al.®? is implemented. We used the I centered
16 x 16 x 16 k mesh, well above the convergence criterion, hard
pseudopotential for oxygen (Op) and, for Ru, we included s and p
semicore states (Rug,). The plane-wave cutoff was 700 eV.

The dynamic structure factor S(Q,E) calculated via the
OCLIMAX code is based on the one-phonon coherent inelastic
scattering limit as described in Cheng et al.*® The dynamic struc-
ture factor for inelastic X-ray scattering one-phonon coherent in-
elastic scattering takes the same form as in the case of neutrons,
where the structure factor in IXS is given by the atomic form fac-
tor, f;(Q), instead of the neutron scattering length density, b;. The
relation between /(Q, E) and S(Q, E) is given by the fluctuation
dissipation theorem.®® Note that the OCLIMAX calculations of
¥"(E) from INS include contributions from multiphonon pro-
cesses, i.e., the convolution of the one-phonon contribution
with itself (and higher-order terms).
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