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The metallic oxide RuO, has emerged as a promising altermagnet candidate, owing to reports of this
material hosting antiferromagnetic ordering accompanied by a spin-split electronic band structure
characteristic of time-reversal symmetry breaking. However, recent studies have robustly questioned this
scenario. Here we map the Fermi surface of pristine single-crystalline RuO,. By measuring magnetic
quantum oscillations of a bulk thermodynamic property, our study resolves the electronic structure present
in the bulk of RuO,. Several Fermi sheets are discerned, with a range of effective quasiparticle masses up to
5 times that of the bare electron mass. We compare our measurements with the predictions for altermagnetic
and nonmagnetic Fermi surfaces deduced from density functional theory calculations. The quantum
oscillatory frequency spectra correspond very poorly to the profile expected for the case of altermagnetism;
by contrast, they correspond well to the nonmagnetic scenario. Our findings place significant constraints on
the bulk magnetic properties of RuO, and strongly suggest that this material is an itinerant electron

paramagnet.
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I. INTRODUCTION

The recently proposed phenomenon of an altermagnetic
(AM) phase of matter—characterized by a compensated
collinear magnetic structure with a spin polarization that
alternates through both the crystal structure in real space
and the electronic band structure in reciprocal space—has
attracted widespread attention [1-10]. In addition to being
of great fundamental interest—constituting a novel, distinct
class of magnetic order—there are numerous properties
of AM materials that make them highly desirable for
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technological applications [11,12]. For example, their
time-reversal symmetry-broken electronic band structures
may, as per ferromagnetic materials, manifest spin-polarized
currents accompanied by the anomalous Hall effect [3.,4].
Furthermore, attempts to miniaturize ferromagnetic compo-
nents within integrated circuits often suffer deleterious
effects from stray fields causing interference between neigh-
boring elements. By contrast, the lack of a net magnetization
M for AM components could enable them to be spatially
positioned much closer together in next-generation spin-
tronic circuitry.

Several materials have been theoretically predicted to
exhibit AM ordering [6,8]. Among these, the rutile com-
pound RuO, quickly emerged as an especially promising
candidate [3,8]. Antiferromagnetic ordering in this material
was inferred from measurements of neutron diffraction [13]
and x-ray scattering [14], with these experiments inter-
preted to indicate the presence of compensated magnetic
moments aligned along the rutile ¢ axis. Several predicted

Published by the American Physical Society
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AM properties were reported from subsequent experimen-
tal studies, including observations of the anomalous Hall
effect [15], spin-current generation [16—19] along with
magnetic circular dichroism indicative of time-reversal
symmetry breaking in the band structure [20].

However, the widely held interpretation of RuO, being
an archetypical altermagnet has recently been strongly
challenged. Firstly, muon spin rotation measurements
were unable to detect any signatures of magnetic ordering
down to a detection limit of <1 x 1073y per Ru site,
where pp is the Bohr magneton [21,22]. Secondly, while
some photoemission experiments were interpreted to have
resolved a d-wave spin pattern characteristic of AM
ordering [20,23], subsequent photoemission studies
reported no evidence of AM spin splitting in the band
structure [24,25]. Instead, heavy surface states were
identified, of a possible topological origin. A Rashba-
like spin splitting at the surface was also reported [24],
which may explain the observation of magnetic circular
dichroism [20]. Given this controversy between surface-
sensitive studies, a clear unambiguous determination of
the bulk electronic band structure of RuO, is therefore
urgently required to shed light on the intrinsic electronic
and magnetic properties of this material.

Here we report de Haas—van Alphen (dHvA) and
Shubnikov—de Haas (SdH) effect measurements of quan-
tum oscillations (QOs) [26] in the magnetic torque and
contactless resistivity of pristine quality single-crystal
RuO,. QO measurements have been proposed as an
ideal diagnostic tool for probing altermagnet candidates,
due to this technique’s high fidelity for resolving the spin
splitting of electronic bands such materials must neces-
sarily possess [27]. We measured the evolution in QO
frequency upon rotating the orientation of applied mag-
netic field H between the [001]-[100] and [100]-[010]
crystallographic axes, to probe the geometrical and
topological properties of the RuO, Fermi surface. We
compare our experimental observations with theoretical
calculations, and find our measurements to be very well
described by RuO, being a paramagnetic metal possess-
ing no magnetic ordering.

II. EXPERIMENTAL TECHNIQUES

Single crystals of RuO, used in this study were grown by
the vapor-transport method in flowing oxygen. The details
of the growth condition are described in Ref. [28], with
most of the crystals used in this study coming from the
same crystal growth batch as that used in a recent
photoemission study [25]. Temperature dependence of
the electrical resistivity shows metallic behavior with a
residual resistivity of 0.1 pQ cm for current along the [001]
direction, with a residual resistivity ratio of 400, indicative
of pristine sample quality.

We performed measurements in four separate magnet
systems. Capacitive torque magnetometry experiments
were undertaken in steady magnetic fields up to 31 T in
a resistive magnet at the High Field Magnet Laboratory
(HFML-EMFL), Nijmegen, The Netherlands and up to
30 T in a superconducting magnet at the Synergetic
Extreme Condition User Facility (SECUF), Beijing,
China. The HFML-EMFL magnet was fitted with a He
sample environment attaining a base temperature of 0.4 K,
while in SECUF we utilized a dilution refrigerator enabling
temperatures as low as 60 mK. We also measured the
contactless resistivity of RuO, by the tunnel diode oscil-
lator (TDO) and proximity detector oscillator (PDO)
techniques [29,30]. TDO measurements were performed
at SECUF and at the National High Magnetic Field
Laboratory (NHMFL), Florida, in a resistive magnet
attaining 41.5 T at a base temperature of 0.4 K. PDO
measurements were taken at the Wuhan National High
Magnetic Field Center (WNHMFC), Wuhan, China. Our
PDO experiments were performed in a pulsed magnet
reaching a maximum field strength of 57 T, at a base
temperature of 0.7 K.

For torque magnetometry measurements, samples were
aligned by Laue diffractometry and affixed to a BeCu
cantilever using a low-temperature adhesive varnish.
This technique constitutes a bulk-sensitive thermody-
namic measurement that provides a highly sensitive
probe of the anisotropy in a material’s magnetic suscep-
tibility tensor. Because of its high resolution, torque
magnetometry is often deployed for dHvA effect mea-
surements in high magnetic fields [31-34]. In HFML-
EMFL the magnetic torque 7 = yo(M x H) was mea-
sured capacitively by a general radio analog capacitance
bridge, and calibrated to absolute units using an Andeen-
Hagerling (AH) digital capacitance bridge. At SECUF,
we measured 7 directly with an AH bridge. In both sets
of torque experiments, samples were rotated in situ,
with the orientation calibrated by a Hall sensor. For
contactless resistivity measurements, samples were also
aligned by Laue diffractometry and affixed to hand-
wound copper coils by low-temperature adhesive varnish.
TDO and PDO measurements were obtained utilizing a
similar methodology to that outlined in Ref. [35]. At
WHMEC, samples were also rotated in situ, with the
orientation determined by a pickup coil.

III. RESULTS

Figure 1 presents QOs from our SECUF, HFML-
EMFL, and WNHMFC experiments, for rotations of
the orientation of H through the [001]-[100] rotation
plane. Figure 1(e) collates the results of these experi-
ments by plotting the oscillatory frequencies versus rota-
tion angle, where the frequencies have been computed by
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FIG. 1.

Angle-dependent quantum oscillation measurements in RuO,. Background-subtracted magnetic torque (A7) measured at

incremental angles in the [001]-[100] rotation plane recorded at (a) SECUF and (b) HFML-EMFL. (c) Quantum oscillations in the
contactless resistivity measured at WNHMEFEC, also in the [001]-[100] plane. (d) Fast Fourier transforms (FFTs) of the data from
(a) computed over 20.5-29.0 T. These spectra have been renormalized and offset for ease of presentation. (e) Angular distribution of
quantum oscillatory frequency spectra, determined from performing FFTs for the data in (a)—(c), with symbols plotted in the same colors
as the waveforms. Triangular points correspond to the SECUF measurements, diamond symbols refer to those performed at HFML-
EMFL, while circular points refer to WNHMFC. Only fundamental components are included. Good correspondence is observed
between the three measurements. Multiple frequency branches are resolved, indicating a complex multisheet fermiology.

fast Fourier transforms (FFTs) performed on the QO
traces at each angle. Good correspondence between the
three datasets is observed, with several frequency
branches clearly resolved.

In Appendix A we examine the harmonic content
of quantum oscillatory spectra. The pristine quality of
single-crystal specimens measured in this study is under-
lined by the observation of an eighth harmonic component
at low temperatures and high magnetic fields, at a fre-
quency of 71.5 kT, indicating a mean free path 0.5 pm.
This tallies with the residual resistivity of 0.1 p€cm,
which by simple Drude considerations implies a mean
free path of 0.9 pm. In Appendix B we perform a Dingle

damping analysis of the electronic relaxation rate for
different samples in different measurement systems, and
find a similar level of sample quality for all specimens
investigated in this study. Throughout the present section
we focus solely on the fundamental QO frequency
components.

In Fig. 2 we plot the evolution in temperature 7 of the
oscillatory waveforms for torque measured with H
aligned along the [101] direction and close to the
[101]* direction, and for TDO with H]|| [101]*. (See
Appendix C for a discussion of the crystal orientation.)
Numerous frequency components with a range of effec-
tive cyclotron masses are resolved. Good correspondence
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FIG. 2. Temperature evolution of (left) quantum oscillatory waveforms in RuO,, (center) their corresponding FFT spectra, and (right)
Lifshitz-Kosevich fits to the T dependence of FFT amplitudes for (a) torque measurements with H|| [101], (b) torque measurements with
H tilted 3° away from [101]* toward [100], and (c) TDO measurements with H|| [101]*. Multiple frequency branches are observed
ranging from 900 T to 8.3 kT, with a spread of effective quasiparticle masses up to 4.8(3)m,

is observed between the frequency spectra and effective
masses resolved in both our magnetic torque and contactless
resistivity experiments. As 7 is a bulk thermodynamic
property of the material, this close correspondence indicates
that our contactless resistivity measurements are sensitive to
the bulk band structure of RuQO,.

In Fig. 3 we probe the Fermi surface by rotating H
between the [100] and [010] axes. Because of the tetragonal
crystal symmetry, the frequency spectra should be degen-
erate for H|| [100] and || [010]. However, the frequency
profile in Fig. 3(c) shows subtle differences between these
two orientations. This is likely due to a slight misalignment
of ~1° causing a small but discernible spread of frequencies
due to the presence of numerous extremal orbits about a
complex Fermi surface structure.

Prior density functional theory (DFT) calculations [36]
predicted that the observed QO frequencies should yield
starkly different angular profiles depending on whether
RuO, is altermagnetic or paramagnetic. Figure 3 compares
the angular dependence of QO frequencies observed by
experiment with the DFT predictions for nonmagnetic and
AM ordering reported in Ref. [36], along with the results of
our own DFT calculations (see Appendix D for details).
While the predicted AM Fermi surface from Ref. [36]
would not be expected to yield any frequency components
>3 KT in the [100]-[010] rotation plane, the nonmagnetic
Fermi surfaces from that study and from our calculations
should both manifest a range of QO frequencies including a
prominent branch at ~9 kT. This prediction matches well
with what we observe experimentally. Importantly, we also
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FIG. 3.

Quantum oscillations in the [100]-[010] rotation plane. (a) SdH effect measurements of RuO, measured at WNHMFC with

(b) the corresponding FFT spectra over the field range 25-55 T. (c¢) QO frequency versus rotation angle ¢, where ¢p = 0° corresponds to
H]|| [100] while ¢ = 90° indicates H|| [010]. The size of each point corresponds to the amplitude of that frequency component’s FFT
peak. A strong dependence of quantum oscillatory amplitude on magnetic field orientation is observed, indicative of considerable
anisotropy in the curvature of the Fermi surface. (d) The predicted QO frequency versus angle profile for RuO, possessing AM ordering
reported by Ref. [36] and (e) the expected profile in the absence of magnetic ordering. (f) The predicted angular QO frequency evolution
from our DFT calculations for the nonmagnetic Fermi surface of RuO,. A complex structure of several frequency components is

expected, similar to the experimental observation in (c).

resolve some high frequency components >10 kT, which
in Appendix E we show are a subtle feature expected for
the scenario of the predicted paramagnetic Fermi surface
of RuO,.

In Fig. 4 we collate the experimentally resolved
QO frequency spectra in the [001]-[100] rotation plane
from Fig. 1 and compare with the expectations from DFT
calculations. Numerous features of the nonmagnetic Fermi

surface predictions match well with our experimental
observations. These include a largely isotropic high fre-
quency branch at around 8-9 kT, a low frequency branch
around 1 kT, and a more complex intermediate branch that
exhibits greater variation of frequency with angle than
the other two branches. By contrast, the predicted AM
angular frequency profile corresponds very poorly to our
measurements.
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FIG. 4. Angular evolution of quantum oscillatory frequencies of RuO, in the [001]-[100] rotation plane. (a) Fundamental QO
frequencies versus rotation angle 6 reproduced from Fig. 1. Here 6 = 0° corresponds to H|| [001] and 6 =90° to HJ| [100].
(b) Simulated QO frequencies versus € computed from our DFT calculations for a nonmagnetic Fermi surface. (c¢) The predicted angular
frequency distribution in the absence of magnetism from Ref. [36] and (d) the alternative prediction for the case of AM ordering.
(e) Rendering of the nonmagnetic RuO, Fermi surface from our DFT calculations. The red, blue, and green coloring throughout this

figure is indicative of the three separate Fermi sheets.

IV. DISCUSSION

The presence of magnetic ordering in a material may
introduce new periodic potentials and induce hybridization
between localized and itinerant states, thereby opening
energy gaps and shifting the electronic bands [37]. This
typically leads to a significant reconstruction of the Fermi
surface compared to the nonmagnetic scenario. The angular
dependence of the quantum oscillatory frequency spectra that
we observe in our experiments (Figs. 3 and 4) therefore sets
strong constraints on the possible magnetic properties
present within the bulk of RuQO,.

If AM ordering were to be manifested throughout the bulk
of RuO,, a markedly different Fermi surface geometry and
topology has been expected [2,36] compared to the non-
magnetic case. In Appendix F we present our calculations for
an AM Fermi surface. Interestingly, we found that upon
initializing RuO, in a spin-polarized altermagnetic configu-
ration, upon allowing the spins to relax the magnetic moments
on the Ru ions substantially reduce. The resulting Fermi

surface subsequently relaxed toward that of the nonmagnetic
scenario. Importantly, the DFT calculations of both the present
study and Ref. [36] for the scenario of no magnetic ordering in
RuO, capture the main features of the quantum oscillatory
frequency spectra resolved by experiment.

Our QO data are well described by three Fermi surface
sheets (Fig. 4). These include one large almost spherical
pocket and a much smaller ellipsoid, the former yielding
frequencies ~8-9 kT and the latter ~1 kT (with 4 of these
ellipsoids per Brillouin zone). The other Fermi surface sheet
[colored blue in Fig. 4(e)] possesses a much more complex
geometry, consisting of interconnected body and neck
sections with numerous extremal orbital areas contributing
to the observed QO frequency spectra. We note that this
interpretation of three quite distinct Fermi sheets is broadly
consistent with much earlier work on RuO, [38-42], in
which this material was also considered to be nonmagnetic.

Recent photoemission experiments have discerned the
presence of electronic states that appear to be confined to the
surface of RuO, with low dispersion characteristic of low
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Fermi velocities [24,25]. However, we do not resolve any
signature of these states in either our dHvA or SdH
measurements. That torque magnetometry is not sensitive
to these surface states is unsurprising, since this technique
probes a bulk thermodynamic property. Consider, for exam-
ple, a cubic sample geometry—the ratio of surface to bulk
unitcells in such a system s 1 : 10°; therefore the contributory
oscillatory amplitude from any surface component may be
expected to be orders of magnitude smaller than that from the
bulk [43]. By contrast, contactless resistivity measurements
by the TDO and PDO techniques are much more sensitive to
surface effects, as they operate at MHz frequencies for which
the skin depth of a high conductivity metal such as RuO, is
very short. However, the clearest photoemission spectra of
the surface states appear to resolve a largely circular pocket
that encloses an area (in reciprocal space) of ~1 A~2[24,25],
which for H|| [110]* would yield QOs with a frequency
~10 kT. At uyH = 30 T, the corresponding cyclotron orbit
of such a pocket would possess a diameter (in real space) of
~200 nm, necessitating a long mean free path in the surface
layer. While the bulk of our samples indeed possesses such a
long mean free path (see Appendix A), if the surface states are
topological as has been proposed [25], then they will be
confined to a very small volumetric fraction of the sample
right at the surface. It would be reasonable to assume that the
mean free path at the surface is less than in the bulk, which
would in turn explain why we did not appear to resolve any
signature of these surface states. Furthermore, let us consider
the skin depth o probed by a contactless conductivity
measurement of a material with magnetic susceptibility y

and resistivity p, which may be written as § = /(2p)/(wu),
where o is the excitation frequency and u = po(1 + ) [44].
For our TDO experiments presented in Fig. 2(c) the TDO
circuit rang at 110 MHz. Given the residual resistivity of
0.1 pQcm this yields 6 = 1.1 pm. Therefore, § extends
approximately 2000 unit cells in the direction normal to the
surface. From this analysis it is difficult to quantitatively
estimate the depth to which these surface states are present in
RuO,; however, these findings suggest they are localized to a
small volume very close to the surface layer. Additionally, we
note that some of the surface sheets appear to be quasi-1D,
which in a magnetic field would yield open orbits that do not
produce QOs.

The pronounced disagreement between the expected
geometry of the AM Fermi surface of RuO, and our
experimental observations corroborates the growing body
of evidence in favor of RuO, not being magnetically ordered
[21,22,24,25,45,46]. Reconciling a nonmagnetic ground
state with phenomena including the anomalous Hall effect,
spin-current generation, and magnetic circular dichroism
[15-20] therefore presents an outstanding challenge. The
anomalous character of the electronic surface states resolved by
photoemission spectroscopy—rteported to display a Rashba-
like spin splitting [24] with nontrivial topology [25]—may be
the cause of several of these observations. It has also been
proposed that RuO, thin films may exhibit a different magnetic

character compared to single crystals [47], and that the bulk
magnetic properties may be acutely sensitive to the density of
ruthenium vacancies [48]. We note that the observation of very
high frequency QO components, with multiple harmonics up to
71.5 KT, implies a long mean free path and thus a very low
density of vacancies in our measured crystals.

In conclusion, we performed a quantum oscillation study
of the metallic altermagnet candidate RuO,. We resolved a
Fermi surface geometry that matches well with the predicted
electronic structure in the absence of magnetism; whereas,
the expected angular dependence of quantum oscillatory
frequency spectra for the case of altermagnetic ordering
disagrees markedly with our experimental observations. Our
findings strongly support the scenario that the magnetic
ground state of RuQ, is paramagnetic in character.
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FIG. 5.

Frequency (kT)

High harmonic frequency components. (a) QOs in the contactless resistivity of RuO, measured by the TDO technique at

NHMFL. (b) Enlargement between 40 and 41 T of the base temperature sweep in (a), with several fast frequency components visible.
(c) FFT of the data in (a) over the field interval 30-41.5 T, with numerous harmonics identified. The inset shows the 0—10 kT frequency
range, in which the three fundamental frequencies «, 5, and y are labeled. (d) Enlargement of the highest frequency Fourier spectra, in

which the eighth harmonic of the y branch is resolvable at low T.

APPENDIX A: HARMONIC CONTENT
OF QUANTUM OSCILLATORY
FREQUENCY SPECTRA

In Fig. 5 we present contactless conductivity data for an
RuO, single crystal measured by the TDO method at
NHMEFL in high magnetic field strengths up to 41.5 T, with
the field oriented along the [001] direction. Numerous
harmonic components are visible in the Fourier spectra,
which are tabulated in Table 1.

A QO frequency f is related to an extremal Fermi surface
cross-sectional area (in reciprocal space) [52]. This area
corresponds to a quasiparticle orbit, in real space, which
for a simple circular geometry would possess a radius

2hf/e(uoH)?, where e is the elementary charge and
7 the reduced Planck constant [26]. Samples with long
mean free paths A are therefore required in order to resolve
high frequency contributions, as QOs of frequency f will
only be manifested if 2r < A. Access to high magnetic
fields is valuable, as increasing H reduces r. The obser-
vation of the eighth harmonic of the y branch, with f =
71.5 T resolved for pgHZ36 T, therefore indicates a long
mean free path of 12 0.5 pm.

TABLE I. List of harmonic components and their correspond-
ing frequencies and effective masses from the data presented
in Fig. 5 for HJ| [001]. Effective masses are quoted only for
branches with sufficient amplitude to be well resolved at elevated
temperatures. The nth harmonic is easily identifiable as possess-
ing n times the frequency and mass of the corresponding
fundamental orbit [26].

Harmonic index Frequency (kT) Effective mass (m,)

a 0.82 2.3(3)
2a 1.63 5(1)
B 6.46 6.6(5)
2 12.9 11(1)
3p 19.4 .
v 8.95 2.52)
2y 17.9 5.3(1)
3y 26.8 7.8(3)
4y 35.7 9.8(3)
Sy 44.7 12(1)
67 53.6 132)
Ty 62.6 e
8y 715
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FIG. 6. Dingle factor Bp extracted from the dependence of
quantum oscillatory amplitude on magnetic field strength for the
four sets of measurements presented in this study. Individual
panels correspond to the measurements performed at (a) SECUF,
(b) HFML-EMFL, (c) WHMFC, and (d) NHMFL.

APPENDIX B: DINGLE DAMPING ANALYSIS
OF THE ELECTRONIC RELAXATION TIME

Here we present a Dingle damping analysis [53] of
quantum oscillatory waveforms measured on four separate
samples at four different high magnetic field facilities, to
determine the relaxation time z. The Dingle damping factor
Rp may be described as

! (B1)

Rp =exp LWOH ,
where e is the elementary charge, H the applied field, and
my, the band mass, which we take to be 3 times the electron
rest mass. The Dingle factor, By = zm,,/ ez, is noted for
each dataset in Fig. 6. We sliced the data into equal regions
of inverse field (1/uoH) length and computed the FFT for
each section. The oscillation amplitude was then taken as
the height of the FFT peak for each slice. Because of
incoherent scattering the oscillatory amplitude grows as the
field increases (or, equivalently, as inverse field decreases),
as the cyclotron radius shrinks as field grows. By fitting the
dependence of a given frequency component’s amplitude to
magnetic field strength using Eq. (B1), we extract the
relaxation time for each sample, stated in Fig. 6. We find
only a small variation in relaxation times (within a factor of
2) between the samples, indicating that they all possess a
similarly high level of crystalline quality.

APPENDIX C: CRYSTALLOGRAPHIC
ORIENTATION

The tetragonal, rutile crystal structure of RuO, is
depicted in Fig. 7. In Figs. 1 and 2 we refer to H oriented
along the [101]* orientation. This asterisk notation denotes
the ac diagonal in reciprocal space, which is the same

Reciprocal space

1
!
Real space 'K
N ) <
< ® o D=
0 \ N [
=Q P 8
8 . N\
o 1 O
o |35 1 C
[100] g
a=448A i 35° \
5 (oo = 1
FIG.7. 2D representation of the crystal structure of RuO,, with

a diagrammatic illustration of the [101] and [101]* directions that
are separated by 20° in the c-a plane. In real space, the [101]*
direction is normal to the (101) surface.
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direction as the vector normal to the (101) surface in real
space [54].

APPENDIX D: DENSITY FUNCTIONAL
THEORY CALCULATIONS

DFT calculations for RuO, were performed within the
full electron, linearized augmented plane-wave package
WIEN2K [55]. The electronic structure was converged on an
11 x 11 x 16 Monkhorst-Pack k& mesh within the Brillouin
zone of the primitive unit cell using the generalized
gradient approximation exchange-correlation potential.
The effects of spin-orbit coupling were considered where
the easy axis was assumed to be along the [001] direction.
Relativistic local orbital (RLO) states were added to the
basis for Ru to improve the modeling of its p-semicore
states. No RLOs were added for O.

We assumed that P4/mnm RuO, adopts lattice param-
eters 4.50, 4.50, 3.10 A. Within the unit cell there are two
equivalent Ru sites,

Atom X Y Z
Ry, 0.00 0.00 0.00
Ru, 0.50 0.50 0.50

and four equivalent oxygen sites,

Atom X Y Z

0O, 0.31 0.31 0.00
0, 0.69 0.69 0.00
0O; 0.19 0.19 0.50
(N 0.81 0.81 0.50

We performed a single non-self-consistent DFT iteration
of our converged electronic structure, projected onto a 19 x
19 x 27 Monkhorst-Pack k& mesh, with which we per-
formed our analysis of the expected quantum oscillation
frequencies corresponding to the calculated Fermi surface.
The angular evolution of quantum oscillatory frequencies
was determined using SKEAF [56]; Fermi surface visuali-
zation was performed using py_FS [57].

APPENDIX E: HIGH FREQUENCY
OSCILLATION IN [100]-[010] ROTATION PLANE

A key difference between the expected Fermi surface
geometries for the different scenarios of altermagnetism
and paramagnetism in RuO, is the predicted presence of
large Fermi sheets in the nonmagnetic case, which would
exhibit high QO frequencies. At a tilt angle of 61° from
[100] toward [010] we observed a frequency component at
11.12 kT (Fig. 8). Analysis of the lower frequency
components finds that this high frequency is not a harmonic
of a lower frequency branch, nor is it the result of a
summation of two of the lower components. Instead, it

61°

N2r

T

<

S

<

0 "

25 35 45

2 noH (T)

c 1 .

S 363 |\ a-b

L-E'; 2.76 3.89 /7.86

[0) 11.12

©

2

S 61°

€

<

0

& 0 5 10 15[010]

Frequency (kT) \/v [100]

FIG. 8. Identification of a large area QO orbit. Quantum

oscillatory waveform and corresponding FFT spectra for H tilted
61° from [100] toward [010]. The peak indicated with the red
arrow, at a frequency of 11.12 kT, does not correspond to a
multiplication or summation of the lower frequency peaks.
Therefore, it appears to represent a fundamental frequency
component. This corresponds well to the expectation from our
DFT calculations of an orbit of large area occurring for a small
range of angles close to the [110] direction, where one of the
Fermi sheets (namely, that colored in blue here and in Fig. 4)
possesses a closed orbit that traverses the first two Brillouin zones
(traced in red in upper right Fermi surface visualization). This
observation lends strong confidence to our identification of a
nonmagnetic Fermi surface in RuO,.

appears to correspond to a large orbit spanning the first two
Brillouin zones, only manifested for intermediate angles for
H applied near the center of the a-b rotation plane [which
in Fig. 3(f) is predicted to form a spread of frequencies
between 9 and 12 kT]. The observation of this frequency
component therefore argues strongly in favor of the non-
magnetic Fermi surface scenario we calculate for RuO,.

APPENDIX F: DISCUSSION OF THE
ALTERMAGNETIC FERMI SURFACE
SCENARIO FOR RuO,

We performed calculations of the electronic structure of
RuO, based on a number of other starting electronic
configurations to complement our nonmagnetic Fermi
surface calculations. Interestingly, we found that if RuO,
is initialized in a spin-polarized altermagnetic configura-
tion, when the spins relax, the magnetic moments on the Ru
ions substantially reduce, with the resulting Fermi surface
relaxing toward that of the nonmagnetic scenario. To
achieve a spin-split Fermi surface within WIEN2K, we
had to apply a staggered magnetic moment to the atomic
spheres of the Ru ions. We were able to force the system to
converge to a spin-split electronic structure with sizable

031044-10
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Dn
(@)
Fs=10.001 Ry
4 =0.075pp
(b)
Fs=0.01Ry
U =0.64up
(c)
Fs=0.1Ry
p=1.9ug

FIG. 9. Fermi surfaces of RuO, from DFT calculations where a
staggered field has been applied to the atomic spheres of Ru to
induce spin splitting. Dn denotes the spin-down Fermi sheets.
(a) A small staggered field F; of 0.001 Ry slightly deforms the
Fermi surface of RuO,, inducing some spin splitting. The
associated moment on the Ru ions of this electronic structure
is 0.075ug, which is already larger than the experimentally
determined limit reported by Refs. [21,22]. Increasing the
staggered field (b),(c) induces a more pronounced splitting of
the surfaces, resulting in semiellipsoidal surfaces when the
staggered field is 0.1 Ry. The moment associated with Ru ions
here is 1.9up, which is unphysically large.

moments on the Ru ions by applying a staggered field in
opposing directions to the atomic spheres of Ru. In Fig. 9,
we show how applying increasingly large staggered fields
allows us to almost continuously deform the Fermi surface
from the nonmagnetic geometry to an electronic structure
that resembles that predicted in Ref. [36]. The double-
ellipsoid type altermagnetic Fermi surface of Ref. [36]
required a substantial staggered field of =0.1 Ry, inducing
a 1.9y moment on the Ru ions, substantially larger than
the upper limit placed on the moment by recent exper-
imental measurements [21,22].
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