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Identify altermagnets by measuring their Fermi surface:

RuO2 CrSb

▶ Symmetry idea, spin splitting ∆k = ε↑(k)− ε↓(k)
▶ RuO2: known to be an altermagnet, what does Fermi surface say?
▶ CrSb: clean metallic altermagnet, spin-split Fermi surface resolved

[Wu PRX 15, 031044 (2025), Long Nature 656, 854 (2026)]

The team studying metallic altermagnet candidates

Crystal growth
• RuO2: Shubhankar Paul, Hisakazu Matsuki, Yoshi Maeno 

(Kyoto)

• CrSb: Ran Tao, Mengmeng Long, Shitao Qu, Mads Hansen 

Quantum oscillation measurements 
• Core group: Theo Weinberger, Tony Wu, Alex Eaton

• Expeditions: + Mengmeng Long, Hanyi Chen, 
Mridul Shrestha (Cambridge), Dave Graf (Tallahassee), Oleksandr 
Zheliuk, Uli Zeitler, Yurii Skourski (Rossendorf), Gang Li, Rui Zhou 
(Beijing SECUF), Zengwei Zhu (Wuhan)

• Band structure: Theo Weinberger

High pressure CrSb
• Neutrons, XRD: Mads Hansen, Ran Tao, Shitao Qu
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RuO2 – a prototypical metallic altermagnet?

RuO2 (O not shown)
assuming it is 

magnetically ordered

red = spin up blue = spin down RuO2 along c

Combine rotation+translation in 
real space with spin-flip to map

spin-up onto spin-down sublattice

Rotation (+translation) required to map one spin sublattice onto the
other → spin-up Fermi surface is mapped onto spin-down Fermi

surface by a rotation as well → spin-split Fermi surfaces.
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Resolving Fermi surfaces using high-field quantum oscillations
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RuO2 – altermagnetic vs. paramagnetic Fermi surface

RuO2

Paramagnetic

Fermi surfaces

Altermagnetic

?

?

[Huang PRB ‘24]

[Huang PRB ‘24]

High frequency

No high frequency

Quantum oscillation spectra

Band structure: high frequency branch in the paramagnetic state.
No high frequencies in the altermagnetic state.

[Huang PRB 110, 144410 (2024)]
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RuO2 – Quantum oscillations rule out altermagnetic Fermi surface

[Huang PRB ‘24]

[Huang PRB ‘24]

High-frequencies from ’orange’ pocket not expected in altermagnet →
RuO2 is a paramagnet, not an altermagnet.

[Wu PRX 15, 031044 (2025), Huang PRB 110, 144410 (2024)]
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CrSb – clean metallic altermagnet?!
red = spin up blue = spin down CrSb along c

CrSb in magnetically
ordered state detected 
by neutron scattering

Combine 60° rotation + vertical 
translation with spin-flip to map

spin-up onto spin-down

Cr

CrSb

Sb

Rotation (+translation) required to map one spin sublattice onto the
other → spin-up Fermi surface is mapped onto spin-down Fermi

surface by a rotation as well → spin-split Fermi surfaces.

[Long Nature 656, 854 (2026)]
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CrSb – spin splitting, nodal and antinodal planes

red = spin up green = spin down nodal planes

Wavevector dependent spin splitting ∆k = ε↑(k)− ε↓(k)
∆k = 0 where Fermi surface pockets intersect: nodal planes

Δ𝑘  isosurfaces
g-wave 

symmetry
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CrSb – spin-splitting vanishes for fields in nodal planes

▶ Observe single
frequency for B along a
or ab

▶ kz = 0 is nodal plane
▶ Frequencies split for B

turned away from ab,
but not a

▶ Because a is in nodal
plane, ab is in antinodal
plane.

spin up
FS cross-section

nodal plane =
mirror plane

⇒ equal areas = equal QO
frequencies for fields in nodal plane 

maps spin-up orbit
onto spin-down orbit

spin down
FS cross-section

Fermi surfaces in
altermagnets

TEMM ’26

Altermagnetism

RuO2

CrSb altermagnet
Structure

Spin splitting

Results

CrSb under pressure

Summary

CrSb – QO orbits for different field directions

𝜑 =90°

▶ Fields in nodal plane: equal up- and down-spin orbit areas
▶ Fields in antinodal plane: splitting of areas
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CrSb – mapping out spin-split surfaces, rotating B towards c

Splitting of main ’dogbone’ sheet follows expectations from band
structure. Additional ’web’ sheet produces lower frequency spaghetti
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Comparison with ARPES

The in-plane kx-ky map from ARPES measurements using 200 eV
photons is shown in Fig. 1e, which shows (hole-like) pockets centered
at !Γ with the in-plane periodicity consistent with the (001) surface.
Based on the standard understanding of photoemission60,61, ARPES
measurements under different photon energies probe electronic
states with different kz values. The conversion between photon energy
and kz is determined by the inner potential V0, which is the difference
between the crystal potential and the vacuum level. The kz dispersion
of the valence bands along !Γ! !M, obtained from the photon-energy-
dependent scan, is shown in Fig. 1f. The observed periodic modulation
of the bands with the photon energy allows us to determine the inner
potential V0 to be ~17 eV (see also Fig. 2), which is used to convert the
photon energy to kz in Fig. 1f. Note that here the kz band dispersion is
directly related to bulk-type altermagnetic band splitting, according to
Fig. 1d. In the ab initio calculations, we find that the altermagnetic
splitting in CrSb is maximized along the in-plane !Γ! !M direction at
kz ~ 0.25c*, with a magnitude of ~1.0 eV. The kz position where the
altermagnetic splitting is maximized is close to the midpoint between
two nodal planes at kz = 0 and 0.5c*, which is likely related to the high
crystal symmetry of CrSb, although such a coincidence is not enforced
by any specific symmetry.

The kz dependence of bulk-type altermagnetic splitting
The kz-dependent band splitting indicates the bulk-type altermagnet-
ism in CrSb. In Fig. 2a–c, we show the valence bands taken with three
representative photon energies (80, 68, and 90 eV) along the !Γ! !M
direction (moredata are included in Fig. S8 in62). For the 80 eVphotons
(corresponding to kz ~ 0.28c*) in Fig. 2a, two sets of hole bands cen-
tered at !Γ can be observedwith an energy splitting up to 1.0 eV near EF.
By contrast, only one hole band can be observed near EF under 68 eV

(Fig. 2b, kz ~ 0) and 90 eV (Fig. 2c, kz ~ 0.5c*) photons. These changes in
band dispersion with photon energies can be attributed to different
kz’s, as discussed above. In addition, the photoexcitation probability
for the probed valencebands can also varywith the photon energy and
the electron energy/momentum, leading to different photoemission
intensity. The valence bands can be better visualized by taking the
second derivatives, as shown in Fig. 2d–f. Such a kz-dependent band
splitting is consistent with the expected altermagnetic splitting illu-
strated in Fig. 1d. To make quantitative comparison, we performed ab
initio calculations from DFT incorporating both the altermagnetism
and SOC (AM with SOC), as shown in Fig. 2g–i. The calculations can
well reproduce the experimental band structure, including the hole-
type valence bands near EF and a bundle of bands from −1 eV to −3 eV.
Most importantly, the observed kz-dependent splitting near EF shows
good agreement with the ab initio results, as indicated by the green
arrows in Fig. 2d, g. The calculations in Fig. 2g–i further show that the
split bands at kz = 0.28c* exhibit strong spin polarization (red and blue
curves), while the < Sz >polarization at the kz=0 and kz =0.5c* planes is
strictly zero (black color), protected by the "Cs

2kMz # symmetry.
The altermagnetic order is essential for the observed band split-

ting, while the SOCplays a relativelyminor role. To see this, we present
DFT calculations at kz = 0.28c* without considering altermagnetism
[nonmagnetic (NM)with SOC, Fig. 2j or SOC (AMwithout SOC, Fig. 2k).
Comparing Fig. 2j, k with g, it is clear that the altermagnetism is critical
to yield the observed band structure, while the influence from SOC is
much weaker. The clear difference between Fig. 2g and j, when com-
paring with experimental spectra in Fig. 2d, provides direct evidence
for the altermagnetic order from the band dispersion.

In general, spin is a good quantumnumber in altermagnets. When
SOC comes into play, the SU(2) symmetry is broken and the bandswith
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Fig. 2 | The kz dependence of altermagnetic splittings along the in-plane --
Γ!M

direction. a–c ARPES spectra taken with 80 eV (a), 68 eV (b), 90 eV (c) photons.
d–f The second derivatives of the ARPES spectra corresponding to (a–c). g–i Spin-
resolved band structure from DFT calculations considering both AM and SOC at
kz = 0.28c* (g), 0 (h) and 0.5c* (i), for comparisonwith experimental data on the left.
The green arrows in (d, g) highlight the altermagnetic band splittings. j, k DFT
calculations at kz = 0.28c*, considering only SOC (j, NM with SOC) or alter-
magnetism (k, AM without SOC), for comparison with (g). l The kx-kz map at E =

−0.5 eV. The green dashed rectanglemarks half of the BZ fromM − Γ −M (kz = 0) to
L − A − L (kz = 0.5c*). Grey dashed curves indicate the kx-kz cuts corresponding to
(a–c).m The second derivative of the kx-kz map within the green dashed rectangle
of (l). n The kx-kz contour at E = −0.5 eV from DFT, for comparison with (l,m). Note
that the small feature near !Γ in (n) is not observed experimentally. Arrows in (l–n)
mark the altermagnetic splitting maximized near kz = 0.25c*. The colors of the
curves in DFT calculations indicate the spin polarization [color bar shown in (g)].
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Quantum oscillations ARPES evidence for spin splitting
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Spin splitting also observed in ARPES data

[Long Nature 656, 854 (2026), Yang Nature Comms. 16, 1442 (2025)]
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CrSb – rotating B around c resolves periodicity of spin-splitting

Track 120◦ periodicity in splitting of main ’dogbone’ sheet
g-wave altermagnetic spin-splitting unambiguously resolved
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Drive CrSb altermagnetism to zero with pressure? CrSb vs. CrAs

increases from 0.73GPa close to Pc, reaches its maximum
at approximately 1.00GPa, and decreases with increasing
pressure. At 3.06GPa, the onset of superconductivity can be
confirmed in the measured temperature range. The Tc for zero
resistance is significantly higher than that for sample #1,
where the onset of superconductivity is observed below
³1.6K at 0.73GPa, as shown in the inset of Fig. 1(b).
Figure 2(c) shows the T2 vs µ plot. The resistivity obeys the
Fermi liquid (FL) form of !ðTÞ ¼ !0 þ AT2 in a narrow
temperature range, and its temperature range is likely to
extend slightly under higher pressures. The slope corresponds
to the coefficient A, which represents the inelastic scattering
between electrons and is generally proportional to the square
of the effective electron mass. A clearly decreases with
increasing pressure.

The pressure–temperature phase diagram of CrAs up to
³3GPa is shown in Fig. 3(a). The helimagnetic phase
disappears above Pc % 0:7GPa. The SC phase appears in the
PM state, extending to relatively high pressures. Figures 3(b)
and 3(c) show the pressure dependence of A, which is
estimated using !ðTÞ ¼ !0 þ AT2 for the data between Tc
and 4K, and the pressure dependence of n, which is
evaluated using !ðTÞ ¼ !0 þ A0Tn between Tc and 10K. A
decreases gradually with increasing pressure, indicating that

the effective electron mass is enhanced by magnetic corre-
lations near Pc. n is close to 2 in the low-pressure region and
has its minimum just above Pc, followed by a gradual
increase under higher pressures. We obtained n ¼ 1:4& 0:1
near Pc, which is close to n ¼ 1:5& 0:1 shown by Wu et al.1)

The highest Tc of 2.17K is achieved at 1.00GPa,
accompanied by the increase in A and the deviation from
the FL behavior. This behavior is reminiscent of a typical
case of heavy-fermion superconductors,11) which have a
quantum critical point of magnetic origin. It is conjectured
that magnetic fluctuations play a vital role in inducing
superconductivity in CrAs. However, the difference of CrAs
from heavy-fermion systems is the first-order separation of
the magnetic and PM phases in CrAs. This situation is
reminiscent of the Fe-based superconductor SrFe2As2, where
a Tc of 34K is achieved in the vicinity of the magnetic phase,
but the magnetic and PM phases are separated by a first-order
transition.12) In this case, the coexistence of magnetism and
superconductivity is not simple, and the hybrid state of both
phases has been reported in SrFe2As2.13) It is an intriguing
issue whether superconductivity can coexist with the
helimagnetic state in CrAs. Another interesting similarity to
Fe-based superconductors is that the magnetic transition is
accompanied by the structural phase transition. The con-
tribution of orbital fluctuations to superconductivity might be
an interesting issue to be considered in CrAs.

Wu et al. have reported zero resistance below ³1.5K,1)

whereas we observed it below ³2.2K. The RRR range of
their samples is 240–327, and thus there is no significant
difference from that of our sample #2. The pressure-
transmitting media used are different from each other, but
we consider that the properties of the media used, i.e.,
Daphne 7474 (our study) and glycerol (Wu et al.’s study) are
similar. A possible reason for this is the experience of the
magnetic transition with a large magnetostriction, although
we do not know the experimental procedure used by Wu
et al. A systematic study is required to clarify the cause of the
difference in Tc.

Figures 4(a)–4(c) show the temperature dependence of the
resistivity under different magnetic fields along the a-axis.
For 1.00, 1.40, and 1.88GPa, the field dependences of Tc
are obtained and displayed in Fig. 4(d). The initial slope of
ð'dHc2=dTÞTc gives the orbital field Horb

c2 through Horb
c2 ð0Þ ¼

0:727ð'dHc2=dTÞTcTc in the clean limit.14) The slopes are
estimated to be 0.91 T/K (1.00GPa), 0.80 T/K (1.40GPa),
and 0.62 T/K (1.88GPa), giving Horb

c2 ð0Þ of 1.44 T (1.00
GPa), 1.22 T (1.40GPa), and 0.85 T (1.88GPa), respectively.
These values correspond to the Ginzburg–Landau coherence
length "0, through Horb

c2 ð0Þ ¼ !0=2#"20 where !0 is the
quantum fluxoid. "0 along the bc-plane is estimated to be
151Å (1.00GPa), 164Å (1.40GPa), and 197Å (1.88GPa).

We perform a simple comparison between the pressure
dependences of Hc2 and A, which corresponds to the effective
electron mass. "0 is given by "0 ’ h"vF=##0 ¼ h" 2kF=##0m(,
where vF, kF, #0, and m( are Fermi velocity, Fermi wave
number, SC gap size, and effective electron mass, respec-
tively. If we assume for simplicity that kF and #0=kBTc
are independent of pressure, we obtain the relation
A / 1=ð"0TcÞ2, which is plotted in Fig. 3(b). The good
scaling between A and 1=ð"0TcÞ2 strongly suggests that
the superconductivity in CrAs is mediated by electronic

(a)

(b)

(c)

Fig. 3. (Color online) (a) Pressure–temperature phase diagram of CrAs.
The helimagnetic phase disappears above Pc % 0:7GPa, and super-
conductivity appears in the PM phase. The closed (open) squares represent
TN obtained during cooling (warming). The observation of hysteresis up to
Pc indicates that helimagnetic-paramagnetic transition is of the first order
even under pressure. (b) The pressure dependence of the coefficient A, which
is estimated from the resistivity below 4K. Above Pc, A decreases gradually
with increasing pressure. The estimated 1=ð"0TcÞ2 is also plotted, showing
good scaling with A. (c) Pressure dependence of n estimated from the
resistivity between Tc and 10K. The clear deviation from the FL behavior is
confirmed. The highest Tc of 2.17K is achieved at 1.00GPa, accompanied by
the increase in A and the deviation from the FL behavior.
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CrSb

NiAs
structure

MnP
structure

Induce
structural transition

under pressure?!

CrAs structure is different from that of CrSb. Incommensurate helical
magnetic order. Superconductivity emerges under pressure.

▶ Suppress CrSb altermagnetism before the structural transition?
▶ If the structural transition happens first, can we induce CrAs-like

superconductivity in CrSb?
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High pressure diffraction in CrSb

(101)

(205)

(407)

(-30-2)300 um

Single-crystal neutrons and XRD
(our work, Oak Ridge + ESRF)

Powder XRD [Onodera JPCS 60, 167 (1999)]

Two transitions!CrSb

High pressure diffraction: two structural transitions in CrSb
1. Hexagonal → orthorhombic, strongly hysteretic.
2. Isostructural, volume change
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Working hypothesis for CrSb high pressure phase diagram

altermagnetic
transition

transition into 
MnP structure

helical
order

altermagnetic

1. Low pressure structure hosts altermagnetism
2. Change to MnP structure, which hosts CrAs helical order



Summary

altermagnetic
transition

transition into 
MnP structure

helical
order

altermagnetic

CrSb CrSb Fermi surface

g-wave
magnetism

CrSb QO spectrum

CrSb

Quantum oscillations resolve g-wave spin splitting in CrSb
High pressure CrSb changes into MnP structure

What can be expected at an altermagnetic quantum critical point?
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