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The terminology “altermagnetism” has recently been adopted to describe collinear magnetic order with no
net magnetization and nonrelativisitic, momentum-dependent spin splitting. The archetypal material used to
theoretically explore altermagnetism is RuO,, but there has been significant debate as to whether RuO, possesses

magnetic, let alone altermagnetic, order. To address questions surrounding the nature of magnetism in RuO,, we
combine symmetry-sensitive torque magnetometry and magnetization measurements in single crystals up to
31 T. The data are inconsistent with collinear magnetic order possessing a Néel vector along the ¢ axis. Torque
magnetometry further demonstrates an isotropic, field-independent magnetic susceptibility within the ab plane,

indicative of neither a Néel vector within the ab plane nor a field-induced Néel vector reorientation. Magnetic
quantum oscillations from both techniques reveal a nearly spherical Fermi surface pocket at the Brillouin zone
center, in agreement with paramagnetic electronic structure calculations. Taken together, these data indicate that
high-quality RuO, single crystals are itinerant paramagnets with no detectable long-range magnetic order and,

by extension, no altermagnetism.

DOI: 10.1103/s98c-nkgj

Collinear magnetic systems have historically been clas-
sified as ferromagnets or antiferromagnets according to the
magnetic moment density averaged over a magnetic unit
cell [1]. Ferromagnets, with their finite magnetization and uni-
form spin splitting, have seen widespread application owing
to their easy manipulation, but have size and speed lim-
itations [2]. In contrast, antiferromagnets characterized by
compensated magnetization and spin-degenerate electronic
states have fast (~THz) responses, but are more difficult
to manipulate [3]. Recent analyses [4,5] based upon spin
group theory [6] have led to the identification of a third class
of collinear magnetic order that has zero net magnetization
(like antiferromagnets) and spin splitting (like ferromag-
nets). These materials, often called “altermagnets” [4,5],
are characterized by multipolar order parameters [7,8] and
momentum-dependent spin splitting [9,10] arising from the
spatial symmetry operations relating opposite spin sublat-
tices. Importantly, spin splitting in altermagnets can be large
(~0.01-1 eV) owing to its nonrelativistic origin, making this
class of materials promising for magnetic sensors and scal-
able data storage [4,5]. Furthermore, altermagnets may serve
as platforms to realize phases such as those associated with
Fermi liquid instabilities [11] and p-wave magnets [12].
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A large body of research has emerged over the last
few years examining the theoretical implications of sys-
tems exhibiting nonrelativistic, momentum-dependent spin
splitting [4,5,13,14] and the experimental verification of al-
termagnetic properties [15-20]. Among the most studied
materials in these contexts is RuO,. Though it was first syn-
thesized in the 1960s [21] and later developed as an electrode
coating, catalyst, and low-temperature thermometer [22-24],
RuO; has seen a resurgence of interest owing to its status as
the archetypal altermagnet [4,5].

Despite serving as the prevalent theoretical model for
altermagnetism, the crucial question remains: Is RuO, mag-
netically ordered? The first evidence for long-range mag-
netic order in RuO, was neutron diffraction measurements
indicating that the system adopts a collinear antiferromag-
netic structure with small moments (*0.05up) along the ¢
axis [25]. This result, in part, motivated the seminal works
on altermagnetism and ab initio predictions of large spin
splitting in RuO, [4,5]. While some issues with the interpre-
tation of the neutron diffraction data have been raised [26],
the central conclusion that RuO; has antiferromagnetic or-
der was corroborated by follow-up resonant x-ray scattering
measurements on both bulk and thin film samples (albeit with
the possibility of slightly canted moments) [27]. Subsequent
experiments on RuO, thin films provided further evidence
for magnetic order including signatures of a magnetic tran-
sition in electrical transport, the presence of an anomalous
Hall effect at high magnetic fields, and the identification of
spin-split electronic bands with angle-resolved photoemission
spectroscopy [19,27-34]. However, these findings are not uni-
versally observed in RuO, thin films [26,35] and additional
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measurements on bulk RuO, are at odds with the neutron and
x-ray results: Thermodynamic, transport, and optical mea-
surements do not observe an antiferromagnetic transition,
muon spin rotation spectroscopy does not find signatures of a
spontaneous internal magnetic field, and angle-resolved pho-
toemission spectroscopy does not resolve spin-split electronic
states [26,35-45].

Amid these discrepancies, the existence of (alter)magnetic
order in RuO; remains an open question. Further, if RuO, is
magnetically ordered, it is ambiguous whether the origin is
intrinsic (i.e., the magnetic ground state of bulk RuO;) or ex-
trinsic (i.e., stabilized by strain, defects, etc.). High magnetic
field studies of bulk RuO, single crystals with thermodynamic
probes of magnetic anisotropy are singularly suited to resolve
these questions. First, if ordered moments exist in RuQ,, it is
clear their magnitude is minute and high magnetic fields will
amplify their signatures. Additionally, high magnetic fields
are known to have a pronounced impact on the magnetic
anisotropy in other rutile antiferromagnets owing to field-
induced rotations of the Néel vector [46]. While consequences
of this effect have been observed in RuO, thin films [19,28],
there are no direct measurements of magnetic anisotropy in
bulk RuO; single crystals up to high magnetic fields; such
measurements are crucial to determine whether the puta-
tive magnetic order is intrinsic. Finally, de Haas-van Alphen
quantum oscillations [47] in high magnetic fields enable a
quantitative connection between sample quality and magnetic
order in a single measurement. The former is derived from
the Dingle temperature and sensitivity of quantum oscilla-
tions to small volume fractions of additional grains, domains,
and/or secondary phases. The latter is because the spin-split
electronic states in altermagnetic RuO, are predicted to cause
large Fermi surface anisotropies (e.g., [48]).

In this Letter, we combine high magnetic fields with
symmetry-sensitive, thermodynamic measurements to ascer-
tain the nature of magnetism in RuO, single crystals. Our
approach, rooted in symmetry, combines multiple techniques
with reproduced findings on multiple samples to simultane-
ously assess evidence for and against magnetic order. First,
we leverage the sensitivity of torque magnetometry (a probe
of magnetic susceptibility anisotropy) and comprehensive
models of the effects of magnetic order on the magnetic
susceptibility tensor to determine that only magnetic order
characterized by an isotropic, field-independent magnetic sus-
ceptibility within the ab plane and a larger, field-independent
susceptibility along the ¢ axis are consistent with experi-
ment. To distinguish between the remaining possible forms
of magnetic order, we combine these symmetry constraints
with quantitative arguments derived from magnetization mea-
surements that indicate RuO, is an itinerant paramagnet at
all measured temperatures and magnetic fields. We confirm
this interpretation by demonstrating close correspondence be-
tween the theoretical Fermi surface of paramagnetic RuO;
and the experimental Fermi surface determined from magnetic
quantum oscillations.

In Fig. 1, we examine the form of the magnetic suscepti-
bility tensor (which describes the magnetization arising from
a magnetic field to lowest order) for the rutile crystal structure
with different magnetic orders [49]. Scenarios in which a
rutile crystal is either paramagnetic (Case I) or altermagnetic
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FIG. 1. Three possible magnetic states in RuO,. Case I is para-
magnetic and Cases II and III are different altermagnetic orders.
The direction of the Néel vector (L), magnetic point group, crystal
structure, and magnetic susceptibility tensor are provided for each
case. Tensors are given with respect to the tetragonal axes of the
parent paramagnetic structure.

with the Néel vector along the ¢ axis (Case II) allow for uniax-
ial magnetic anisotropy with an isotropic magnetic response
within the ab plane (x,) and a distinct response along the ¢
axis (x.). Case II is the most commonly reported magneti-
cally ordered ground state for RuO; (e.g., [19,25]). Magnetic
susceptibility has the same form in Cases I and II because a
Néel vector along the ¢ axis maintains tetragonal symmetry.
If the Néel vector was in a direction other than the ¢ axis,
the symmetry of the system would be lower than tetragonal
allowing for additional independent magnetic susceptibility
components. One such example is Case III, where the Néel
vector is along [110]. Case III has been reported for RuO, thin
films [19,28] and CoF, single crystals [46] at high magnetic
fields. However, this possibility has not been explored with
thermodynamic measurements in single crystal RuO, under
high magnetic fields. Other scenarios, including noncollinear
magnetic structures, are considered in the Supplemental Ma-
terial [50].

It follows that the experimental determination of the
magnetic susceptibility tensor will constrain the magnetic
state in RuO,. Toward this end, we use a direct, sensitive,
and thermodynamic probe of small anisotropies in magnetic
susceptibility: torque magnetometry [51]. Magnetic torque
measurements consist of rotating the magnetic field within
a crystallographic plane and measuring the torque normal
to that plane (Fig. 2). As shown in the Supplemental Ma-
terial [50], an easy axis in a direction other than the ¢ axis
would, at a minimum, cause a finite torque for magnetic fields
rotated within the (001) plane and differences in the torque
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FIG. 2. Torque magnetometry on a RuO, single crystal at 40 K. (a)—(c) Torque expressions for Cases I-11I (Fig. 1) for the three measure-
ment configurations described in the text. A and B are coefficients in 7(6) = ,LLSH 2[% sin(20) 4+ B(2 sin? (0) — D]. (d)—(f) Angular-dependent
torque for rotations of the magnetic field within the (001), (010), and (110) planes. Data for the (d) (001) configuration are not periodic,
whereas data for the (e) (010) and (f) (110) configurations are described by a sin(20) form. (g)—(i) Field-dependent torque amplitude for fixed
directions within the (001), (010), and (110) planes. Data for the (g) (001) configuration do not have a measurable field dependence up to 31 T,
whereas data for the (h) (010) and (i) (110) configurations scale quadratically with magnetic field. Insets of panels (h) and (i): Log-log fitting
of torque amplitude showing quadratic scaling. A schematic of the experiment is shown in (g).

response for fields within the (010) and (110) planes (see
expressions in Fig. 2). Magnetic domains would also affect the
magnetic anisotropy by changing the periodicity of the torque
(e.g., torque measurements on MnTe with domains [52]).
Thus, experimental configurations were adopted to rotate the
magnetic field within the (001), (010), and (110) planes.
Figures 2(d) and 2(g) demonstrate that rotating the mag-
netic field within the (001) plane produces no discernible
torque up to 31 T (see the Supplemental Material for de-
tails [50]). In contrast, rotating the magnetic field within the
(010) and (110) planes yields identical torque responses up
to 31 T: For a fixed magnetic field, the torque in both con-
figurations has the same sinusoidal dependence on angle with
an equivalent amplitude and periodicity of 180°. Furthermore,
Figs. 2(h) and 2(i) show that the torque amplitudes do not de-
viate from field squared scaling within these two planes. Note,
data in Fig. 2 were taken at a single temperature (40 K) be-
cause the magnetic susceptibility magnitudes and anisotropy

only weakly depend on temperature (Fig. 3), and the effects
of quantum oscillations are minimized at 40 K (Fig. 4).

The three angular and field dependencies in Fig. 2 are only
simultaneously satisfied if RuO, single crystals have uniaxial
magnetic anisotropy with isotropic susceptibility within the
ab plane. Thus, magnetic orders with a component of the
Néel vector not parallel to the ¢ axis, including Case III in
Fig. 1, are incompatible with the data in Fig. 2. These mea-
surements also rule out magnetic domains and field-induced
reorientation of a Néel vector, as has been reported in thin
film RuO, [19] and other rutile magnets [46].

To distinguish between Cases I and II, quantitative argu-
ments that move beyond symmetry are necessary. It is well
established that systems with local or itinerant collinear mag-
netic order exhibit a smaller magnetic susceptibility parallel
to the Néel vector that approaches zero at 0 K and a larger,
temperature-independent magnetic susceptibility perpendic-
ular to the Néel vector for small magnetic fields [53,54].
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FIG. 3. (a) Longitudinal magnetization for different directions
and temperatures. Quantum oscillations are present at high fields
and low temperatures. Left inset: Differential susceptibility demon-
strating linear-in-field magnetization. Right inset: Magnetic quantum
oscillations when the field is along [100] at 2 K. (b) Temperature-
dependent moment along different directions. Inset: Temperature
dependence of mjo17/my100) and mo1—my100) to quantify anisotropy.

Therefore, one would expect x, > x. with lim7_¢ x. = 0 in
Case II.

The first piece of evidence supporting paramagnetic Case
I over altermagnetic Case II is the sign of the torque, which
indicates x. > x, (Fig. 2). To corroborate x. > x, and check
whether lim7_.¢ x. = 0, we measure the longitudinal magne-
tization along the a and ¢ axes (Fig. 3). Both directions are
dominated by linear-in-field magnetization at all temperatures
(see the Supplemental Material [50]). The magnitudes of the
magnetization along these two directions show a similar, weak
temperature dependence such that the magnetic anisotropy
minimally varies with temperature, in agreement with pre-
vious reports [38,55]. Consequently, the magnetization for a
given magnetic field remains approximately 20% larger along
the ¢ axis at all temperatures, and the magnetic susceptibility
does not tend toward zero in the limit of 0 K in either principal
crystallographic direction.

Therefore, the magnetization data in Fig. 3 reinforce the
torque evidence for paramagnetic Case L. In fact, the magnetic
anisotropy x, — X. determined from magnetization [2.4(2) x
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FIG. 4. Fermi surface of RuO,. (a), (b) Sketches of the Fermi
surface pocket at the I point along the (a) I'M and (b) I'Z directions
assuming paramagnetism and altermagnetism. The pocket in the
paramagnetic case is shown in gray. Blue and red depict the spin-split
pocket in the presence of altermagnetic order. (c), (d) Examples of
quantum oscillations measured with torque magnetometry at 0.5 K in
two directions after a polynomial subtraction of the background. (e)
Quantum oscillation frequencies with respect to magnetic field direc-
tion. Symbols denote different techniques (circles are magnetization,
squares are torque magnetometry) and colors indicate different sam-
ples. Triangles are from prior work [56]. The highest frequencies,
corresponding to a nearly spherical pocket around the I point (gray,
shaded), show good agreement with DFT calculated quantum oscil-
lation frequencies [48] for the I" point pocket in paramagnetic RuO,
(orange). See the Supplemental Material for further details on DFT
comparison [50].

10~°] and torque [2.3(1) x 1073] are in quantitative agree-
ment [50]. It is also worth noting our RuO, single crystal
results quantitatively agree with other measurements on sin-
gle crystals [38,55], but substantially differ from some RuO,
thin film measurements [19,28]. First, we observe no phase
transitions from 0.5-400 K and up to 31 T (thin films show a
zero-field transition near 380 K [19]). Second, the susceptibil-
ities in Fig. 3 are two orders of magnitude smaller than those
reported for thin films [19]. Third, Fig. 2 shows no evidence
for spin reorientation when a component of the magnetic field
is along [110] up to 31 T, whereas this occurs at ~1 T in thin
films [19].

An additional stringent test for paramagnetic RuO,
single crystals is characterizing the Fermi surface of RuO,
because the magnetic properties of itinerant paramagnets
reflect their Fermi surface. Furthermore, density functional
theory (DFT) calculations indicate pronounced differences
between paramagnetic and altermagnetic Fermi surfaces,
particularly in the shape of the Brillouin zone center pocket:
this pocket is nearly spherical for paramagnetic RuO,,
whereas it is flatter with a fourfold distortion reflecting
d-wave altermagnetism in altermagnetic RuO, [Figs. 4(a)
and 4(b)]. Table I quantifies predicted differences in the Fermi
surface shape via ratios of the I' point pocket radii along the
I'M, T'Z, and T'X paths. Although there is some scatter
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TABLE I. Fermi surface anisotropy at the I' point from our mea-
surements, literature measurements, and literature DFT calculations
assuming paramagnetism (Case I) and altermagnetism (Case II).
Values are the ratios 'M/I'Z and I'X/T'M of the I" point pocket (see
the Supplemental Material for details [50]).

Quantum oscillations ~ Paramagnetic ~ Altermagnetic
(Exp.) (DFT) (DFT)
1.12(1) [this work] 1.10 [48] 3.25 [48]
I'M/TZ 1.23 [56] 0.91 [57] 1.53 [57]
3.87[59]
1.06(1) [this work] 1.05 [48] 0.36 [48]
1.00 [56] 1.03 [57] 1.00 [57]
r'X/’'™M 1.10 [60] 0.71 [60]
0.44 [61]
0.2 [59]
in the altermagnetic DFT calculations, altermagnetic

Fermi surfaces are significantly more anisotropic than
paramagnetic Fermi surfaces.

We directly characterized the Fermi surface with quan-
tum oscillations [47] measured by torque magnetometry
[Figs. 4(c) and 4(d)] and magnetization [Fig. 3(a) and Sup-
plemental Material [50]] to determine the shape of the I
point pocket and distinguish between a paramagnetic and
an altermagnetic Fermi surface. The principal features of
the angular-dependent quantum oscillation frequencies in
Fig. 4(e) are a set of high frequencies that vary minimally with
angle (7.4-8.9 kT) and a range of lower frequencies with com-
plex angular dependencies (see the Supplemental Material for
details [50]). The former are associated with a nearly spherical
Fermi surface pocket at the Brillouin zone center, and the lat-
ter are attributed to smaller, nonspherical pocket(s) [48,56,57].
These features agree well with previous measurements of
quantum oscillations in RuQO, single crystals [56,58]; how-
ever, we observed additional lower frequencies owing to the
availability of higher fields and lower temperatures. Crucially,
these measurements reveal a nearly spherical I point pocket
(Fig. 4), which is in quantitative agreement with theoretical
paramagnetic Fermi surfaces [Fig. 4(e) and Supplemental Ma-
terial [50]]. Thus, the experimental Fermi surface of RuO, is
consistent with paramagnetism, not altermagnetism.

Prior to recent measurements [25] and work on altermag-
netism [61], the prevailing interpretation was RuQO; is an
itinerant paramagnet. For example, the Pauli paramagnetic
susceptibility of RuO, determined from the Sommerfeld co-
efficient [62] semiquantitatively agrees with the measured
magnetic susceptibility [38]. Our results are consistent with
this interpretation and indicate high-quality, single crystals
of RuO; are itinerant paramagnets. We reproduced our find-
ings on multiple samples, instruments, and techniques (see
Fig. 4 and Supplemental Material [50]) and confirmed sample
quality by determining the electron mean free path (160
unit cells) and residual-resisitivity ratio (*250). In addition
to the symmetry of the magnetic susceptibility tensor, rel-
ative size of the magnetic susceptibility components, and

shape of the Fermi surface, other observations in Figs. 2
and 3 are also consistent with itinerant paramagnetism: (1)
dx /dT > 0implies a local minimum in the electronic density
of states at the Fermi level [63,64], in agreement with other
RuO; work [62,65]; (2) the small, low-temperature upturns
in x, and yx. reflect contributions from multiple bands at
the Fermi level [44,65-67]; and (3) the small magnitudes
and weak temperature dependencies of x, and x. and nearly
temperature-independent anisotropy are consequences of
magnetization originating from spin polarization of the Fermi
surface [68,69].

So what of altermagnetism in RuO,? Our measurements
indicate that high-quality RuO, single crystals are intrinsi-
cally paramagnets that do not exhibit long-range magnetic
order, nor by extension spin splitting. These results are an
important benchmark for future work on RuO; and strongly
suggest that reports of magnetic order in RuO, have an ex-
trinsic origin. Such an interpretation is supported by recent
experiments showing the importance of epitaxial strain and
thickness in inducing magnetic order in RuO; thin films [29]
and calculations suggesting that point defects can drive RuO,
toward a magnetic state [70]. As a result of this extrinsic na-
ture, possible avenues to engineer and tailor altermagnetism in
RuO, warrant further study. More generally, these results em-
phasize that torque magnetometry (in conjunction with mag-
netization) is a powerful approach to study anisotropy in com-
pensated magnetic systems including putative altermagnets.

In summary, we have used a combination of thermody-
namic probes to characterize magnetic order in high-quality
RuO, single crystals. Our measurements indicate uniax-
ial anisotropy with isotropic magnetic susceptibility within
the ab plane and x. > x, up to 31 T at all investigated
temperatures. Magnetic quantum oscillations demonstrate a
nearly spherical Fermi surface pocket around the Brillouin
zone center, in agreement with the theoretical paramagnetic
Fermi surface. Together, these results strongly suggest that
RuO, single crystals are intrinsically itinerant paramagnets
without long-range magnetic order and, accordingly, not
altermagnets.

Note added. After submission, we became aware of two
recent works investigating altermagnetism [71] and the Fermi
surface [72] of RuO, single crystals. Both studies reached
similar conclusions.
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