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Electronic phases of matter, such as magnetism and superconductivity, are defined
and distinguished by their order parameters quantifying the spontaneous symmetry
breaking underlying each phase. Simple cases include the uniform magnetization of
ferromagnets'?and the isotropic gap function of conventional superconductors®.
Unconventional superconductors* often have a nodal gap function, inwhich the gap
changes sign at nodes on the Fermi surface. This concept of unconventional or nodal
order parameter symmetry has recently been extended to numerous magnetic
systems® 3, including altermagnets®®, in which up- and down-spin species have non-
degenerate Fermi surfaces. Here we demonstrate that magnetic quantum oscillation'
measurements can provide a high-resolution, bulk-sensitive, three-dimensional (3D)
mapping of the order parameter in an unconventional magnet. By rotating a magnetic
field through high- and low-symmetry directions of the CrSb Brillouin zone, we show
that the altermagnetic band structure of this material leads to a reduction of symmetry
for each spin-split Fermi sheet away from nodal orientations. Inmomentum space,
the exchange splitting between up and down spins follows the profile of the

V,2=yz (3x?-y?)real spherical harmonic—analogous to ag-orbital of the hydrogen
atom. Although notoriously difficult to resolve in unconventional superconductors,
our work demonstrates that the order parameter symmetry of unconventional
magnets can be precisely mapped by quantum oscillatory quasiparticle spectroscopy,
establishing CrSb as a prototypical g-wave metallic altermagnet.

There are two traditional types of collinear magnetic ordering: ferro-
magnetism'?, inwhichall spins pointin the same direction, and antifer-
romagnetism®, in which the spin polarization alternates up and down
fromsite tosite. In an antiferromagnet, the magnetic structure can be
decomposed into two magnetic sublattices, resulting in a doubling of
the magnetic unit cell'* under translation. Recently, a third distinct clas-
sification was proposed, dubbed altermagnetism? . Like antiferromag-
nets, altermagnets possess alternating up-and down-spin orientations
fromsite tosite. However, the distinctionis thatin an altermagnet the
spinsublattices are connected by rotational symmetries rather thanjust
translation (or inversion). This leads to thelifting of Kramers spin degen-
eracy"” and amomentum-dependent non-relativistic spin splitting of the
electronic band structures'®. Therefore, altermagnetism represents a
distinct form of ordering, in which the momentum-dependent spin-split
property of ferromagnets is combined with the spin-compensated zero
net magnetization of antiferromagnets, opening new opportunities for
magnetic memory and spintronic device applications®.

Numerous altermagnet candidates have been identified from ab ini-
tio calculations®®*2 with experiments on MnTe giving good empirical
correspondence with theoretical expectations®%. However, although
many semiconducting or insulating materials have been identified, only
ahandful of metallicaltermagnet candidates have so far been proposed.
Therealization of ametallic altermagnet, with an ordering temperature

farabove 300 K, would be particularly desirable for efficient electronic
transport in technological device settings®.

Of metallic candidates, surface-sensitive photoemission spectra
of RuO, (refs. 26,27), KV,Se,0 (ref. 28) and CrSb (refs. 29-32) have
been interpreted to show hallmarks of altermagnetic spin splitting.
However, for the case of RuO,, a variety of subsequent bulk-sensitive
measurements® > cast considerable doubt on whether this material
is an altermagnet. Further photoemission studies®***” showed that this
material seems to possess a topological surface state with Rashba-like
spin splitting, which may give the appearance of altermagnetically lifted
Kramers spin degeneracy although the bulk is actually nonmagnetic.
A similar story has unfolded with KV,Se,0, for which the surface ter-
mination layer may be altermagnetic®, yet neutron diffraction clearly
resolves conventional antiferromagnetism throughout the bulk®.
These cautionary tales motivate bulk-sensitive studies of candidate
altermagnets, to firmly establish their intrinsic magnetic properties.

Nodal magnetic order parameters

We can frame our thinking of magnetic order parameter symmetries
by analogy to unconventional superconductors. In a conventional
s-wave BCS superconductor, the order parameter is the gap function
A(k), which is an isotropic energy separation corresponding to a
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Fig.1|Nodal planesbisect g-wave-symmetric spin-split Fermisurface
sheetsin CrSb. a, The crystal structure of CrSb, with alternating magnetic
moments on the Crsites oriented along the c-axis. Red indicates spin-up
andblueindictes spin-down. b, The trigonal arrangement of the antimony
ions means that mapping ared chromiumsite to ablue one necessarily
requires ascrew rotation.c-e, The primary Fermisurface sheet of CrSbisa
closed 3D ellipsoidal pocket, shaped like adogbone. Nodal planes—where
spindegeneracy isimposed by symmetry—are given by thin shaded slabs.
The azimuthalangle ¢ is defined as the inclinationfromatoabinthe
hexagonal basal plane; the polar angle @is from c towards the basal ab plane.
f, Visual depiction of the ;> =yz (3x? - y2) real spherical harmonic, which

dispersion possessing the same symmetries as the crystal. By contrast,
unconventional superconductors*are those in which the pairing sym-
metry breaks crystal point group symmetries, or where the gap function
exhibitsanon-trivial phase structure (like asign change) not required
by the crystalline symmetry.

These concepts have recently been applied to magnetic systems>®.
Let us define the order parameter for an unconventional magnet as
the exchange splitting (energy difference) between up-and down-spin
states at a given wavevector, A(k) = E(k, ™) — E (k, ¥). This produces
spin-split Fermi sheets separated by the (perpendicular) wavevector
k ~ A(k)/(hvg), where v = OE/(hOk) is the Fermi velocity. In this way, a

0=88%9p=90" _g-93°,¢=90°
—0=89°¢9p=90° _ 9=94° o =90°
6 =90°, ¢ = 90°

characterizes the g-wave symmetry profile of altermagnetic spin splitting

in CrSb.g,h, Quantum oscillations in the background-subtracted magnetic
torque A7 (g), rescaled to the same maximal amplitude and high-pass filtered for
ease of presentation (see Methods for details) at magnetic field H orientations as
indicated, and their FFT frequency spectra (h). Asingular FFT peakis observed
inthe three nodal orientations, which splitsinto two peaksin the antinodal
plane (colouredred). Allmeasurements were performed at 0.4 K. i,j, Arand
corresponding FFT spectra for small rotations of 8in the antinodal plane away
fromthe ab direction towards +c. For Haligned along ab, only one frequency
isobserved, which elsewhere splits into two distinct peaks, indicating
altermagnetically spin-split Fermisheets. a.u., arbitrary units.

ferromagnetis analogous to a BCS superconductor—its nonzero mag-
netization splits the Fermi surface into unequal majority and minority
spinspecies, characterized by anisotropic energy gap between them.
It follows that for an unconventional magnet of p-, d-, f- and g-wave
symmetry, the Fermisurface will possess 1,2, 3 and 4 highly symmetric
nodal planes, respectively, at which up-character swaps to down, and
vice versa.

CrSb crystallizesin the hexagonal P6,/mmc NiAs-type structure, with
chromium atoms stacked along the crystallographic c-axis in octahe-
drally coordinated layers, whereas the antimony atoms fill the inter-
stitial sites in a trigonal prismatic arrangement*’ (Fig. 1a,b). Below an
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Fig.2|Mappingthe altermagnetically spin-split Fermisurface of CrSb.

a, Heatmap of the spectral intensity of quantum oscillatory frequencies
compared withrotation anglein the nodal c-a plane. Brighter heatmap
intensities correspond to larger quantum oscillatory amplitudes; data have
beensymmetrized through 90° for ease of presentation. b, Simulated frequency
profile forthe c—aplane from DFT calculations (see Methods and Supplementary
Information). c,d, Selected At curves and normalized FFTs that contributed to
theheatmapina (full datasetin Extended Data Fig. 2). All data were collected

at 0.4 K.e-h, Data (e) and simulation (f) for the antinodal c-abrotation plane,

ordering temperature of around 740 K (Extended Data Fig. 1),
the chromium sites possess alternating magnetic moments oriented
along the c-axis*. The trigonal arrangement of antimony necessarily
requires a 6, screw rotation to map a spin-up chromium site to its
spin-down counterpart. Consequently, although CrSb breaks both
puretimereversal and primitive lattice-translation symmetries, it pre-
serves a combined symmetry pairing this non-symmorphic spatial
operation with timereversal. These symmetry properties motivate the
proposal'01321324243 that CrSb is a metallic altermagnet in which
A(GK) =-A(k), where Gis this composite operation.

Quantum oscillation measurements

Inthis work, we map the symmetry of A(k) in CrSb by performing mag-
netic quantum oscillation measurements through the de Haas-van
Alphen effect***, and show that this material is ag-wave altermagnet.
Quantum oscillation experiments are an especially well-suited tech-
nique for resolving the nodal planes of an unconventional magnet,
and hence the order parameter symmetry. This is because A(k) does
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withwaveformsand normalized FFTsing,h (full datasetin Extended DataFig. 3).
Here, spinsplitting between non-degenerate Fermisheetsis predicted by the
simulation, whichis clearly resolved experimentally close to 8=90°.i, Magnified
view having high-passfiltered the raw data, to show the non-degenerate spin-up
and spin-down frequency branches crossing the nodal plane at 8=90°, which
areseparated by about1KkT.j-m, Fermisurface rendering of the spin-down sheets
ofthe dogbone and web pockets (j,k) and their spin-up counterparts (I, m).

n, The full Fermi surface of CrSb, including all spin-up and spin-down sheets.
Additional renderings are givenin Extended Data Fig. 6.a.u., arbitrary units.

not just go to zero for k on a nodal plane—it is also mirror-symmetric
about the plane. Aligning a magnetic field within a nodal plane there-
fore produces quantum oscillation orbits for up-and down-spin Fermi
sheets that are different, but canbe mapped onto each other by amirror
operationabout the nodal plane, and which therefore enclose the same
area. This leads to a single quantum oscillation frequency per Fermi
pocket for fields in nodal planes. By contrast, for fields oriented away
fromnodal planes, the up-and down-spin Fermisheets are not related
by any symmetry operation, and therefore typically enclose different
areas, leading to two distinct quantum oscillation frequencies. This
thereby yields an expected smoking-gun signature of altermagnetic
spin splitting.

Throughout this article, we shall refer to rotations of the orientation
of an applied magnetic field H through azimuthal angles ¢ defined in
the crystallographic ab plane, and polar angles 6 between c and the
ab plane (Fig. 1c,e). Note that for hexagonal CrSb, the a direction is
equivalent to b. The c—a plane is a highly symmetric nodal plane in
which Kramers degeneracy is enforced by symmetry, whereas c-ab
is antinodal, in which spin degeneracy is only symmetry-enforced at
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Fig.3|Confirmation ofg-wave altermagnetic spintexturein CrSb.a, Heatmap
of quantum oscillation frequencies compared with rotation angle (data have
beensymmetrized for ease of presentation). b, Simulated spin-up (red) and
spin-down (blue) angular frequency profile computed by DFT. Here, we rotate
Hthroughaplane of low symmetry atatilt of 14° from the ab plane, whichis
shownin Extended Data Fig. 4. We parameterize the orientation of Hin the
reference frame of the rotator mechanismby the angle within the rotation
plane, a, which canbe mapped backinto the reference frame of the crystal

cand ab. In CrSb, g-wave splitting should result in nodal planes every
&g = 60° for rotations in the a—ab plane, and every 60 = 90° rotating
through the c-ab plane.

We present the experimentally deduced central Fermi surface
pocket of CrSb, with its high-symmetry nodal planes between up
and down sheets, in Fig. 1c-f. This sheet is a closed ellipsoid-like
pocket of hole character, shaped like a dogbone. In Fig. 1g, we plot
background-subtracted magnetic torque Arasafunctionof H, to focus
on the oscillatory component, measured by cantilever beam mag-
netometry (Methods). The blue waveform was measured for H || a at
6=90°, ¢ =0°, with the orange data collected a small rotation away in
the c-aplane to 8=88°, ¢ = 0°. The corresponding fast Fourier trans-
form (FFT) spectrain Fig. 1h for both of these orientations exhibit a
singular frequency peak at 4.1kT.

Tracking A(k) =E(k, ) - E(k, V)
Let us now contrast this with the case of fields in the c—ab (antinodal)
plane. The green curve of Fig. 1g was obtained for H || ab (that is,

0=281.4° ¢ =38.8°
0=282.6° ¢ =32.8°
0=84.4° ¢ =24.6°

:

. ab
5 a

Frequency (KT)

0=86.2°p =16.5°
— §=88.1°p=82°
—0=90.0° p=0°

by cos(0) = sin(14°)sin(a) and tan(gp) = cos(14°)tan(a). Symmetry-enforced
nodal planesarecrossedat@=0°and at =1 60°. Atall other orientationsin
thislow-symmetry plane, significant spin splitting isexpected by DFT and
observed experimentally. c,d, Selected Az curves and corresponding FFTs that
contributed tothe heatplotina (full datasetin Extended DataFig.5).e, The
tilted rotation plane through which Hwas swept and in which the arc that is
traced out crosses anodal plane every 60° increment of ¢, because of the
g-wave symmetry profile.a.u., arbitrary units.

6=90°, =90°), withamonofrequency profile of 3.6 kT. Onasmall 8
rotationof 3°towardsc,adistinctbeat patternemerges (red curve), with
two peaks clearly resolved in the frequency spectra. This is characteris-
tic of the Fermi surface becoming spin-split into two non-degenerate
sheets—one spin-up and the other spin-down.

Figure 1i,j tracks this split peak structure for fields close to the ab
direction. Incrementing @in 1° steps through the c—-ab plane, we find
that the singular on-axis peak of 3.6 kT clearly splits into two distinct
frequency branches, which by 4° of rotation are separated by 0.6 kT.
This is reflected in the profile of the waveforms themselves, which
exhibit a pronounced beat structure that is acutely sensitive to 6.

The full angular profiles of quantum oscillation frequency spectra
for the c-a (nodal) and c-ab (antinodal) planes are shown in Fig. 2.
Quantum oscillation frequencies are directly proportional to the Fermi
surface cross-sectional area .4, normal to H (refs. 45,46). We compare
with simulated quantum oscillation frequency spectra from density
functional theory (DFT) calculations (see Methods for details). The
dogbone pocket exhibits quantum oscillation frequencies of 4.1 kT for
H || aand 3.6 KT for H || ab. Two other bands of electron character also
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Fig. 4 |Spin-split effective mass study. a, Quantum oscillations atincremental
temperatures for 6=84.8° ¢ =21.4°.b, The corresponding frequency spectra,
with temperaturesindicated. Arwas high-pass filtered to focus on two frequency
components, atf,=3.41kT and f,=3.82 kT (Methods), which come from spin-split
up and down sheets of the dogbone pocket. See Extended DataFig. 9 for
additional data. ¢, Temperature dependence of quantum oscillation amplitude
fitted to the Lifshitz-Kosevich formula*, yielding effective cyclotron masses
of m;*=1.73(5)m.and m; =1.84(5)m.. The ratio ofJfITf2 isequal tothat of
my*/m3,as expected for these two frequency components being two spin-split
daughters of thesame mother Fermisheet.d, Visualization of spin-up and spin-
down orbits around the dogbone cross-section, which can enclose markedly
different areas for the same field orientation. See Extended DataFig. 8 for

cross the Fermilevel, leading to another more geometrically complex
Fermi sheet with a web-like shape (Fig. 2). The web sheet produces a
very complicated dependence of quantum oscillation frequency on
angle in the low-frequency range $2 kT. Away from nodal planes, the
webisalso splitinto up and downssheets, butits geometrical complex-
ity makes this more difficult to resolve than for the dogbone. We there-
fore predominantly focus on the dogbone for Horiented close to aor
to ab, which produces quantum oscillation orbits with frequencies
23 kT, well above those from the web.

Symmetry-enforced spin degeneracy causes the quantum oscillation
frequencies from both the spin-up and spin-down Fermi sheets to be
equivalent for fields in the nodal c-a plane, as shown by our simulation

858 | Nature | Vol 656 | 27 August 2026

further comparisons. e, Raw torque T without background subtraction at

two orientations asindicated. Close to high symmetry, the overall cantilever
deflectionis small, hence ris dominated by the oscillatory component of
magnetization. The raw torque for =@ =90°hasbeen scaled by a factor of 5so
thatitsmagnitudeis comparabletothatat 6=6° ¢ =90°.f,g, Second derivative
oftorque withrespecttofield, 77, for rotations in the nodal c-a plane (f) and in
the antinodal c-ab plane (g). Although the quantum oscillation frequency
profiles for these two planes are markedly different, with the loss of mirror
symmetry for each spin-split frequency tracein the antinodal plane (Fig. 2e), the
background torque profilesstill exhibits the higher symmetry representative of
thecrystalstructure.a.u.,arbitrary units.

(Fig.2b). By contrast, for fields in the antinodal c-ab plane, alarge fre-
quency splitting should occur over the approximate angular interval
60°<0<120° (Fig. 2e,f), before the geometric profile of the dogbone
leads to an accidental degeneracy. This is exactly what we observed
in Fig. 1i,j and is clearly visible in the spectral intensity near 8 =90°
in Fig. 2e. In Fig. 2i, we present a magnification of this region to focus
on this spectral range. The overlap of frequencies at H || ab, which is
abruptly splitonincrementing 6, is characteristic of the altermagnetic
lifting of spin degeneracy, producing two spin-split Fermi sheets. Nota-
bly, whereasin the nodal plane both spin-up and spin-down frequency
traces are expected to repeat every 90°, in the antinodal plane this
reduces to every 180°—exactly as observed experimentally.



To trace out the spin splitting of the CrSb Fermi surface away from
its nodal planes, we measured quantum oscillations in a tilted plane
of rotation, chosen such that an arc of low symmetry connects two
symmetry-enforced nodal orientations. Along this arc, the spin split-
ting should be considerable, but collapse to yield monofrequency
waveforms at nodal orientations. We experimentally performed this
by first rotating the sample platform 14° orthogonally to the axis of
the solenoid before loading itinto the magnet. Then, we rotated in situ
through a polar angle (labelled a in Fig. 3), about an axis orthogonal
toH, butalways atatilt of 14°relative to the sample holder. This setup
means that H may still be oriented along a, but subsequent rota-
tion of the sample holder increments 6 (c-a) and ¢ (a—ab) such that
cos(6) =sin(14°)sin(a) and tan(¢g) = cos(14°)tan(a) (see Extended Data
Fig.4 for further details). We plot the resulting data for these rotational
measurements in Fig. 3, including the simulated up- and down-sheet
frequency profiles computed from DFT.

The correspondence between experimental observation (Fig. 3a)
andtheoretical prediction (Fig. 3b) is very good. A singular frequency
peakisobservedforH || a(6=90°,¢=0°)inFig.3d, givingabright spot
at the nodal location of ¢ = 0°in Fig. 3a. On incrementing a, this then
splitsinto two distinct branches, which, withinresolution, come back
together again close to ¢ = +60° as the next nodal plane is crossed, as
expected for A(k) possessing g-wave symmetry.

Altermagneticscalingof m;/m} = [f, /f,

We determined the effective cyclotron masses of the two spin-split
surfacesin a Lifshitz-Kosevich temperature-dependence study of
quantum oscillation amplitude in this rotation plane at a = 22°, which
inthe crystal reference frame corresponds to H aligned at 0 = 84.8°,
@ = 21.4° (Fig. 4a). Two peaks are resolved, with f; =3.41 kT and
f>,=3.82KT.Fitting the temperature-dependent oscillatory damping
to Lifshitz-Kosevich theory*¢ yields effective masses m;* =1.73(5)m,
and m; =1.84(5)m,, where m. is the bare electron mass. For two quan-
tum oscillation frequency branches that are spin-split daughters
of the same mother sheet, the daughters are expected to share the
same mass renormalization factors and Fermi velocity profile. The
quantum oscillation mass is given by m* = (6Al/6E)h2/(2n), where
0A,/OE = (0.A,/0k)/(hvu). If the orbit area scales with the square of
the orbit size, (0.4, /0k) = JI with A, inturn proportional to the ass-
ociated quantumoscillation frequency. If v¢(k) is the same around the
two orbits, we would therefore expect my*/mj; = [f, /f, - Thisiswhatwe
observe: my*/m; =0.94+0.04 ~ [f /f, =0.945 . This result provides
strong corroboration that these two frequencies may therefore be
attributed to altermagnetic spin splitting of the same parent sheet.
The maximum spin splitting can likewise be estimated from the fre-
quency difference 6f=f, - f;=0.41 kT, which according to the Onsager
relation® translates to a difference between the areas enclosed by spin-
up and spin-down orbits as § A = §f (2me)/h = AD.A/0c = m*AQu/R),
with Athe energy splitting at the Fermilevel. With the observed average
effective mass m* ~2.03m,, we thereby estimate a spin splitting at the
Fermilevel of A =25 meV for this field orientation.

g-Wave magnetic order parameter

Putting together our results from the three different rotation planes
presentedin Figs.2 and 3, we can firmly pin down the unconventional
magnetic order parameter symmetry of CrSb. By tracking how the
spin-split quantum oscillation frequency profile of the primary CrSb
Fermi pocket evolves under rotation, we identify four nodal planesin
total: three defined for all @at ¢ = 0°,60° and 120°, and one for all ¢ at
6=90°. We cantherefore compare the symmetry of our unconventional
magnetic order parameter, A(6, @), to that of areal spherical harmonic.
Wefind that A(8, @) obeys the symmetries of ;3(8, @) < P3 (cosf)sin3¢
defined interms of the associated Legendre polynomial P;"(x) (ref. 47)

(Methods). This harmonic transforms as the B, irreducible represen-
tation of the D, point group of CrSb. 1,36, ¢) can be expressed in
Cartesian form as yz (3x> — y?) or equivalently in spherical polars as
r*sin®(6)cos(6)sin(3¢) (Fig. 1f). This function has nodes when 8= 0°,90°
and ¢ =0°,60°,120°, just as A(8, @) does. Our study thereby demon-
strates the sensitivity of quantum oscillation measurements to
spin-splitband structures, positioning these measurements as anide-
ally suited diagnostic tool for ascertaining the order parameter sym-
metry of unconventional metallic magnets.

In summary, our systematic bulk-sensitive quantum oscillation
measurements have mapped out the unconventional magnetic order
parameter symmetry of CrSb, revealing the g-wave altermagnetic spin
texture. This manifests in the k-dependence of the spin splitting per
Fermi pocket, A(k). For magnetic fields applied in highly symmetric
nodal planes, A(k) is always zero—whereas, rotating through arcs of low
symmetry A(k) is generally large and well-resolvable, collapsing back
to zero on crossing through a nodal plane. For fields applied in nodal
planes, quasiparticle orbits are spin-degenerate and mirror-symmetric.
By contrast, in antinodal planes, this mirror symmetry is lost, leading
to spin-split quantum oscillation frequency traces—providing a hall-
mark signature of altermagnetic ordering. Furthermore, we observe
excellent quantitative agreementin the ratios between quantum oscil-
latory frequencies and effective masses, as theoretically expected for
spin-split Fermi surface sheets. In combination, these results provide
strong empirical evidence supporting the designation of CrSbas a
room-temperature metallic altermagnet. Furthermore, our optimized
growth procedure has produced high-quality crystals with residual
resistivities aslowas2 pQ cm. Giventhat CrSbis relatively insensitive to
airand moisture, it canbe synthesized to high purity, the altermagnetic
ordering temperature is very high, and both chromium and antimony
arerelatively abundant easily sourced elements, this combination of
favourable properties positions CrSb as a leading material for pursu-
ing applications in next-generation low-energy spintronic devices.
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Methods

Crystalgrowth

Single-crystal CrSb specimens were grown by the chemical vapour
transport technique. Stoichiometricamounts of Cr (chunks, 99.995%)
and Sb (Shots, 99.9999%) were used as source material. lodine was added
as atransport agent, calculated to have a pressure of 1 bar at growth
conditions. The starting materials were sealed under vacuuminaquartz
ampoule and placedinahorizontal two-zone furnace. The temperature
was slowly rampedupto 7;=925°Cand T, =900 °C, left for 2 weeks, and
subsequently cooled at the furnace cooling rate to room temperature.
Theresulting crystals were hexagonal platelets up to1.5 mmindiameter,
along with larger areas possessing intergrown crystals of CrSb, several
mm in size. Only single-crystal specimens were used in this study.

Sample characterization

Several crystals were picked fromabatch of single crystals and crushed
into a fine powder. This powdered sample was then distributed on a
microscope slide, which had a thin layer of vacuum grease. Powder
X-ray diffraction was measured in the Bragg-Brentano geometryona
Bruker D8, using a Cusource, with the results plotted in Extended Data
Fig.1. The measurement was performedina26range of10°-90°, with
no peaks observed below 20°.

The obtained datadisplay sharp, well-defined peaks, indicating ahigh
level of crystallinity. The data were analysed using the Rietveld method,
yielding an excellent fit (Rg,,,, = 3.39), which describes all observed
peaks, thereby indicating that the samples are phase pure. The meas-
ured crystal structure is in good agreement with previous studies*’.

We also performed electrical transport, magnetization and Laue
diffractometry measurements (Extended Data Fig. 1). Samples were
predominantly screened by temperature-dependent resistivity meas-
urements, used to extract their residual resistivity ratios (RRRs). To
do this, we fitted the low-temperature data to the square of the tem-
perature and extrapolated to absolute zero to determine the residual
resistivity. The 300 K resistivity was then divided by this value to yield
the RRR. Higher RRR valuesindicate longer mean free paths and hence
higher crystalline quality. Typical RRR values were in the approximate
range of 10-28. High-quality specimens were then oriented by Laue
diffractometry, in preparation for high magnetic field de Haas-van
Alphen (dHvA) effect measurements.

dHvA effect torque magnetometry measurements

High-quality samples were selected following characterization screen-
ing and brought to the National High Magnetic Field Laboratory, Tal-
lahassee, Florida. For torque magnetometry measurements, we largely
followed the methodology outlined inref. 48. Samples were mounted
on flexible BeCu cantilevers and affixed using multiple layers of Gen-
eral Electric low-temperature varnish, giving good thermal contact
and strong adhesion between sample and cantilever. Cantilevers were
solderedin place, such that the cantilever head was suspended above a
copper baseplate by ashort separation distance. As the magnetic field
was swept, the change in capacitance between the cantilever and base-
plate, due to the magnetic torque exerted on the sample, was measured
by a General Radio analogue capacitance bridge using phase-sensitive
detection. The change in torque was calibrated to units of farads using
an Andeen-Hagerling digital capacitance bridge.

All dHvVA measurements were performed in the 41.5 T all-resistive
magnet in Tallahassee. A *He sample environment was used, along
with a probe mounting of our custom design. Rotations of the sample
orientation with respect to the magnetic field were performed in situ
using abrushlesslinear motor. Angles were calibrated by the change in
sign of the torque background—identifying high-symmetry directions
of the crystal—and verified using a Hall sensor.

The oscillatory component At was isolated from the background
magnetic torque 7 by performing a locally estimated scatterplot

smoothing (LOESS)* subtraction. In general, owing to the intricate
web sheet of the CrSb Fermi surface, the dHvA waveform at a given
angle could be quite complicated because of the presence of numer-
ous frequency components. To simplify our analysis and concentrate
onthe dogbone Fermisheet, we often performed combined high-pass
filtering with short LOESS windows in our analysis. The dogbone fre-
quencies are most prominent above 3 kT, and so we performed But-
terworth high-passfiltering of frequenciesininverse field in this range.
This was combined with a short sliding LOESS window over 7, which
effectively fits any slow oscillations within the background (assumed
to be quadratic in H), therefore producing a At waveform dominated
by higher-frequency components. For the Attraces presentedinFig.1,
thisinvolved using a LOESS window of 0.7 T.In Fig. 2, we used a window
oflength1.2 Ttoshow the strong spectral weight at lower frequencies
duetotheweb. By contrast,in Fig.4, we used awindow of only 0.6 T to
focus onthe >3 kT components in our temperature-dependence study.

DFT calculations

DFT calculations for CrSb were performed using the all-electron,
full-potential linearized augmented plane-wave (FP-LAPW) method
as implemented in the WIEN2k code®. The electronic structure
was converged on a43 x 43 x 28 Monkhorst-Pack k-point mesh within
the Brillouin zone of the primitive hexagonal unit cell. Exchange-
correlation effects were treated within the generalized gradient
approximation. We specified two distinct Cr sites (Cr; and Cr,) within
the primitive unit cell, corresponding to Cr atoms adopting up and
down spin polarization. Calculations were initialized so that one Cr
site hasa higher spin-up density and the other has a spin-down density.
The onsite spin polarization was then allowed to vary throughout the
self-consistency cycles until the compensated collinear ground state
was reached. Quantum oscillation frequency analysis of the resultant
Fermi surface sheets was determined using SKEAF (ref. 51). Fermi sur-
face visualization was performed using py_FS (refs. 48,52).

We assumed that ambient-pressure CrSbin the NiAs-type structure
(P6,/mmc) adopts lattice parametersa=4.12 A, b=4.12 Aand c=5.47 A.
Withinthe unitcell, there are two equivalent Cr sites and two equivalent
Sbsites, as specified by Extended Data Table 1. We reduce the symmetry
of the crystal lattice from P6,/mmc to P3ml by specifying that the two
Crsitesadopt opposite spins.

DFT calculations converge on a Fermi surface, in which the bands
associated with the down and up ‘dogbone’ surfaces are open about
the high-symmetry point, corresponding to a cylindrical topology.
This is inconsistent with our quantum oscillation measurements, in
which we resolve oscillations from these sheets for magnetic fields
very closetothe aand ab directions. No frequencies would be observed
for these field orientations if the sheets were cylindrical. Therefore,
we propose that these bands form closed Fermi surface sheets with
dogbone-like geometry. To ‘close’ the open Fermi surface sheets of
our DFT calculations, we shift our band edges relative to the Fermi
energy. The dogbone-like sheets were shifted down by 0.11 eV so that
the calculated frequencies alongthe a,aband cdirections areingood
agreement with the quantum oscillation data. As the dogbone sheets
are of hole character, we shifted up the ‘web’ sheets (of electron char-
acter) by 0.015 eV to keep the total carrier number constant (see Sup-
plementary Information).

Consideration of spin-orbit coupling

Real materials always exhibit some spin-orbit coupling and many-body
electronic correlations, meaninga purely non-relativistic framework s
only ever anidealization. Nevertheless, our symmetry-based interpreta-
tion remains robust. Because CrSb possesses an inversion-symmetric
crystal structure, the spatial symmetries protecting the orientation of
the nodal planes remain intact. Furthermore, under the intense mag-
netic fields used in our experiments, field-assisted tunnelling (magnetic
breakdown) allows quasiparticles to traverse small hybridization gaps
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opened by weak spin-orbit coupling, effectively restoring the pristine
altermagnetictrajectories. As detailed in the Supplementary Informa-
tion (in which we also explicitly account for electronic correlations),
these considerationsjustify our simplified symmetry picture introduced
here, yielding a direct mapping between the quantum oscillation fre-
quency spectraand the underlying altermagnetic order parameter Ak.

Energy splitting from quantum oscillation frequencies
From the Onsager relation*’, we can equate a quantum oscillation
frequency to areciprocal space area as

__n
FE)=5 _AE). W)

The cyclotron mass of an orbit, m*, is related to the rate of change
of the orbital area by

0
T2moE| 2)
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By taking the derivative of equation (1) with respect to £, we then
determine
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We can use this to determine the energy difference associated with
the frequency splitting of two bands:
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Spherical harmonic notation
Inthetext, werepresent the symmetry of the altermagnetic spin split-
ting of CrSb in terms of the real spherical harmonic yf’(@, ).

The complex spherical harmonics can be defined in terms of
the associated Legendre polynomials as Y;"(8, @) = N,,,e™ P{" (cos6),
where N, is a normalization factor, P;"(x) is an associated Legendre
polynomial, and ¥;(0, ) is the complex spherical harmonic for £> 0
and m € [-¢, £]. The complex spherical harnjg)nics are eigenfunctions
of the total angular momentum operator L and of the generator of
rotations about the azimuthal axis £, spanning acomplete orthonor-
mal basis.

The complex spherical harmonics are defined up to a phase factor
€™, and so their magnitude does not change as a function of ¢. There-
fore, itis convenient to work in the basis of the real spherical harmon-
ics, which have explicit ¢ dependence, when describing the symmetry
of an unconventional magnetic order parameter. We can define the
real spherical harmonics Y76, @) in terms of linear combinations of
complex harmonics according to

%(Yimﬂ—l)m)’;’]) ifm>0
yp=1yp ifm=0 (5)
%(y;""'— D™y™y ifm<o,

or, equivalently, in terms of the associated Legendre polynomials

J2(-1)™N,,,P(cosB)cos(mep) ifm>0
V=12 NyoP(cos0) ifm=0 (6)
J2(=1)" Ny P (cosO)sin(imlp)  if m<O.

Defining the real spherical harmonics this way means they form a
complete set that spans the same basis as the complex spherical har-
monics; however, importantly, they have well-defined varying magni-
tudes as a function of @. This allows us to map the ;> real spherical
harmonic to the g-wave symmetry profile of the altermagnetic order
parameter in CrSb.

Contactless resistivity measurements

Contactless resistivity measurements were conducted using the
proximity detector oscillator® technique in pulsed magnetic fields.
A selected CrSb sample was mounted on a hand-wound planar coil of
15turns, acting as the inductive component of the oscillator. The coil
diameter was customized to match the sample width for optimal fill-
ing factor. A counter-wound outer coil enclosing the same area as the
inner coil was added to compensate magnetic fluxinduced during the
field pulse, minimizing background pickup.

As the applied magnetic field is swept, changes in the resistivity p
and susceptibility x, of the sample lead to changes in the inductance
of the oscillator and produce a shift in the resonant frequency of the
oscillator, which can be described by

Y 5[5 v @
where npis the filling factor, d is the sample thickness, and g, =1+ x, is
the relative magnetic permeability*. For a metallic material such as
CrSb, eddy currents restrict the penetration of the radiofrequency
field to a characteristic skin depth 6= 2p/(u @) , where w is the
excitation frequency, such that the frequency response is dominated
by changes in the resistivity p.

Proximity detector oscillator measurements reported in this study
were performed ina 65-T pulsed magnet at the Dresden High Magnetic
Field Laboratory in Dresden, Germany, following the methodology in
ref. 54. A customized *He cryostat was fitted to the magnet, providing
abase temperature of approximately 600 mK throughout the pulses.
Arawresonant frequency of 25 MHz was achieved, whichwasfedintoa
heterodyne mixing circuit to down-convert the signaltoabout10.5 MHz,
whichwas subsequently acquired using a high-definition oscilloscope.

Quantum oscillatory components were analysed over a magnetic
field range of 38-63 T using a LOESS background subtraction with
an 8-T window and a second-order polynomial background subtrac-
tion. A quantum oscillation of frequency 0.8 kT was clearly resolved
(Extended Data Fig. 7).

We note that, for sufficiently high magnetic fields, altermagnets
have been predicted to exhibit certain distinguishing quantum oscil-
latory features, such asadistinct frequency splitting at a field-induced
Lifshitz transition separating the up and down sheets*. However, we
measured up toamaximalfield strength of 64 T (Extended DataFig.7)
and observed no suchssignatures. Thisis probably due to the very high
ordering temperature (and hence energy scale) of altermagnetismin
CrSb, which remains robust up to these large field strengths.

Data availability

The datasets supporting the findings of this study are available from
the University of Cambridge Apollo Repository*.
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Extended DataFig.1|Sample characterisation studies. a, Electrical warming, with blue taken subsequently upon cooling. Ananomaly at =740 Kis
resistivity p of CrSb measured by the four-terminal technique. The inset shows resolved, indicating the onset of compensated collinear magnetic order. Thisis
low temperature datafitted quadratically in temperature, to extract the slightly higher than previously reported®, likely due to improved crystal
residualresistivity of 2.08(1) pQcm. Thisyields aresidual resistivity ratio,upon  quality. c, Powder x-ray diffraction data plotted versus 26. The recorded data
dividingthe 300 K resistivity by the fitted extrapolation to absolute zero, of agree very well with the known structure*® of CrSb. d, Lauegram of asingle
RRR=28.b, Magnetisation versus temperature up to 800K, measuredina crystal specimen utilised in our quantum oscillation study. Sharp spotsina
Quantum Design Magnetic Properties Measurement System with the furnace hexagonal patternare clearly resolved, confirming single-crystallinity.

optionmode underanapplied field of 7 T. Red points were recorded on
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Extended DataFig.2| Quantum oscillation measurementsinthe nodalc-a
rotation plane. a, Normalised oscillatory component of magnetic torque A,
b, the corresponding fast Fourier transform spectra, and ¢, the frequency
versus angle profile. Amagneticfield range of 20-41 T was used, along witha
LOESS window of 1.2 T and asecond-order polynomial (see Methods). Dashed
linesin the angular scale bar denote where symmetry-equivalent traces have
beenreflected through 6=90°, for display purposes in panel c. No spin-splitting
isresolvedinthisnodal plane.
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Extended DataFig. 3 | Quantum oscillation measurementsin the antinodal
c-abrotationplane. a, Normalised oscillatory component of magnetic torque
At,b, the corresponding fast Fourier transform spectra, and c, the frequency
versus angle profile. Amagneticfield range of 20-41 T was used, along witha
LOESS window of 1.2 Tand asecond-order polynomial (see Methods). Dashed
linesin the angular scale bar denote where symmetry-equivalent traces have
beenreflected through 8=90°, for display purposes in panel c. Significant
spin-splittingis resolved close to 8=90°,as shownclearly in Fig. 2.
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Extended DataFig. 4 |Schematic diagrams ofthe rotational planes onametallic cantilever narrowly suspended above acopper baseplate, therefore
measured in thisstudy. a, Therelative crystal orientation with respect to the enabling capacitive torque magnetometry measurements. ¢, The tilted
rotation axis for the nodal c-arotation plane and b, the same for the antinodal rotation plane for which data are presented in Fig. 3. The relative orientations

c-abplane.Thedarkgrey hexagonal prismdepicts thesample, whichismounted  of 8and ¢ withrespecttotheangleaaredefinedind.
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Extended DataFig.5|Quantum oscillation measurementsinalow-
symmetry tilted rotation plane. a, Normalised oscillatory component of
magnetictorque Az, b, the corresponding fast Fourier transformspectra, and
c,thefrequency versusangle profile. Amagnetic field range of 20-41 T was
used, along withaLOESS window of 0.6 T and asecond-order polynomial
(seeMethods). The rotation plane is defined in Extended DataFig. 4. The high
frequency branch undergoes significant spin-splitting away from nodal planes,
asshownclearlyinFig.3.
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Extended DataFig. 6 | Fermisurfacerenderings. a,b, The central (dogbone)
Fermisheetduetotwo hole-type bands that cross the Fermilevel,and c,d, the
secondary (web) sheet that results from two electron-type sheets crossing the
Fermilevel. For clarity, we plot only the up-sheets here.e,f, Spin-up (red) and
spin-down (blue) sheets of the entire Fermi surface of CrSb.
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ExtendedDataFig.7 | Pulsed magneticfield QO measurements. a, Capacitive
torque magnetometry measured in steady fields and b, the background-
subtracted oscillatory profile. ¢, Contactless resistivity measured by the PDO
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technique (see Methods) in pulsed fields and d, the background-subtracted
oscillatory profile. e, FFT traces for both measurements, performed with the
same magnetic field orientation. The signal-to-noise ratio of the contactless

3 4 5 6 7 8
Frequency (kT)

resistivity isinsufficient toresolve the high frequency components, however
thepeakat 0.8 kT iswell resolved. This frequency branch appearsrobust, with
nosignofalLifshitztransition, atleast up to 64 T. Furthermore, the background
contactless resistivity is quite smooth, showing nosign ofe.g. asudden
reorientation of the magnetic moments.
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Extended DataFig. 8| Comparison of orbital areas for different magnetic
field orientations. a, Orienting magnetic field along the a-axis lies withina
nodal plane, therefore the orbit for up-spins (red) canbe mirrored through this
plane ontoadown-spinorbit. Theresultis that although the two orbits follow
different pathsinspace, they are degenerateinarea. Furthermore, applying
fieldsalong theb, ab-directionor ¢, c-directioninduces quasiparticle orbits
that are parallel to these nodal planes. If the up/down orbits lie in the nodal

planes, theyare truly degenerate inshape. If they lie above the planes, they can
bemirroredtoamatchingorbit of the opposite spin below the plane. Magnetic
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fields applied withinthe d, c-aand e, a-ab planes lie along nodal directions.
This produces orbits that follow different paths depending on the spin
directionbutare degenerateinarea.f, Importantly, when thefieldisapplied
away fromanodal direction, butis not perpendicular to anodal plane, we
cannotusethe ‘reflective’ symmetry that spin orbits hold about nodal planes to
map up-spin orbits to down-spin orbits of equal area. Instead, quasiparticles
orbiting around up-and down-sheets follow different paths of different areas.
Thisresultsin QOs of different frequencies, characteristic of altermagnetic
band splitting.
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Extended DataFig. 9 | Effective mass study. Fits to the Lifshitz-Kosevich
temperature damping of quantum oscillatory amplitude. In Fig. 4 we high-pass
filtered Arto focus onthe Fourier components >3 kT that correspond to the
dogbonepocket. Here we present the non-filtered background-subtracted
torquesignal, whichincludes significant spectral weight at lower frequencies
duetothewebsheet. Weidentify seven distinct peaksinthe FFT spectrum
(marked with symbols), which we fitted to the LK formula'**¢. All peaks exhibit
similar cyclotron effective masses, inthe range 1.5 <m*/m.<2.5. This similitude
of massesacross theentire frequency range rules out the possibility of the high
frequency components being either harmonics of lower components, or due to
magnetic breakdown effects, as we detail in the Supplementary Information.



Extended Data Table 1| DFT atomic positions

Atom X Y Z
Cry 0.00 0.00 0.00
Cr, 0.00 0.00 0.50
Sb; 0.67 0.33 0.25
Sb, 0.33 0.67 0.75

For the purposes of performing DFT calculations, we take two equivalent Cr positions,
and likewise two equivalent Sb site locations, as specified.
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