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altermagnets: • crystalline translations unchanged
• broken time reversal (?)
• no net magnetization
• inversion even 

L. Šmejkal, J. Sinova, and T. Jungwirth, Phys. Rev. X 12, 040501 (2022).
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• inversion even 

Nachrichten von der Gesellschaft der Wissenschaften zu 
Göttingen, Mathematisch-Physikalische Klasse (1932).



altermagnets: • crystalline translations unchanged
• broken time reversal
• no net magnetization
• inversion even 

à TRS-odd order parameter
transforms under one of the irreps
of the point group other that the
magnetic dipole
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irred. rep. polynomial

A1g z2, x2 + y2

A2g xy
(
x2 → y2

)

B1g x2 → y2

B2g xy
Eg (xz, yz)
A1u z
A2u xyz

(
x2 → y2

)

B1u z
(
x2 → y2

)

B2u xyz
Eu (x, y)

odd parity

ferromag.

ferromag.

à 3 “pure” tetragonal am states
2 states with at least small magnetization e.g. tetragonal systems

R. M. Fernandes, V. S. de Carvalho, T. Birol, and R. G. Pereira, PRB 109, 024404 (2024) 



order parameter

angular momentum
operator

form factor
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ω →
∑

kab

c†a (k) f
ω (k) Jω

abcb (k)

single band:
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ωB1g →
∑

kab

sin kx sin kyc
†
a (k)ε

z
abcb (k)

Lieb lattice:
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ωB2g →
∑

k

(cos kx ↑ cos ky) c
† (k) ε0ϑzc (k) +

∑

k

c† (k) εzϑzc (k)

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023); P. A. McClarty and J. G. Rau, PRL 132, 176702 (2024)
R. M. Fernandes, V. S. de Carvalho, T. Birol, and R. G. Pereira, PRB 109, 024404 (2024) 
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ωωε =
1

2
(εωuε + εεuω)strain

displacement (acoustic phonon)



order parameter transforms under irrep. 
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!→

piezomagnetism
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!→
Bω

→ !→ → !ω contains trivial representation

à strain-induced magnetization
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Mω = →ωi
ωεϑε

iϑεϑ
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Hpiezo→mag. =

∫
d
3
xω

i
ωεϑBωε

i
ϑεϑ



strain à net magnetization

piezomagnetism

no strain

down spin

up spin



strain à net magnetization

piezomagnetism
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D4h (4/mmm) point group
AM irrep piezomagnetic coupling

A
→
1g ωε (ϑyzHx → ϑxzHy)

B
→
1g

ωε (ϑyzHx + ϑxzHy)
ω
↑
εϑxyHz

B
→
2g

ωε (ϑxzHx → ϑyzHy)
ω
↑
εϑx2→y2Hz

FM irrep

A
→
2g

ωεϑA1gHz

ω
↑
ε (ϑzxHx + ϑyzHy)

E
→
g

ωϑA1g (ε1Hx + ε2Hy)
ω
↑
ϑx2→y2 (ε1Hx → ε2Hy)
ω
↑↑
ϑxy (ε1Hy + ε2Hx)

ω
↑↑↑ (ε1ϑxz + ε2ϑyz)Hz

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)
R. M. Fernandes, V. S. de Carvalho, T. Birol, and R. G. Pereira, PRB 109, 024404 (2024)



piezomagnetism
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Hpiezo→mag. =

∫
d
3
xω

i
ωεϑBωε

i (x) ϑεϑ (x)

changes the altermagnetic interactions
o enhances overall coupling
o changes range / character of the 

interaction

randomness
o random-field Ising model with 

variable disorder strength
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ωωε (x) = ωphononωε (x) + ωdefectsωε (x) + ωrand.ωε (x)

dislocations
o nucleation of  1D order
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H = →J
∑

→ij↑

ωzi ω
z
j → !

∑

i

ωxi →
N

2
C0ε

2
0 → ϑBz

∑

i

(
ε0 + εrandi

)
ωzi

field-induced random strain

solution in the infinite-range limit 
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→J
∑

→ij↑

ωzi ω
z
j ↑ → J

N

∑

i<j

ωzi ω
z
j

competition between strain-enhanced 
interactions and random-field 

suppression of altermagnetism

A. R. Chakraborty, J. S., and R. M. Fernandes, PRB 112, 035146 (2025)



field-induced random strain

finite 
temperatures



field-induced random strain

field-induced lattice softening
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ω =
εT

εϑ

∣∣∣∣
S

= →T

c

εS

εϑ
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T

elasto-caloric effect
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C̃0(B →= 0, T ↑ Tc) ↑ 0



piezomagnetism
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dislocations
o nucleation of  1D order



quantum criticality

T

r

quantum
critical

ordered
Fermi liquid

QCP
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ω(T ) = c(T )/T → log(T0/T )

d=3, itinerant  QCP
(Ising nematic, altermagnetic)



quantum criticality
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quantum
critical

ordered
Fermi liquid

QCP
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ω(T ) = c(T )/T → log(T0/T )

d=3, itinerant  QCP
(Ising nematic, altermagnetic)

including elastic couplings

only soft along 
specific directions
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ω(T ) = c(T )/T → const.

elastic
QC

I. Paul and M. Garst, Phys. Rev. Lett. 118, 227601 (2017).



directional softness of critical modes
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ω (q,ε = 0) → 1

q2 + c1
(

q2x→q2y
q2

)2
+ c2

q2z
q2

due to soft phonons

A. Levanyuk and A. Sobyanin,  JETP Lett. 11, 371 (1970), R. A. Cowley, PRB 13, 4877 (1976).

o reduces critical fluctuations
owell-defined fermionic quasi-particles at QCP   



T

r

quantum
critical

ordered Fermi liquid

QCP

elastic
QC

Is the elastic QCP a Fermi-liquid fixed point?
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ω =
εT

εϑ

∣∣∣∣
S

= →T

c

εS

εϑ
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T

elasto-caloric effect
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ω(T )

T
→ log(T0/T )

not a Fermi-liquid fixed point

C. R. W. Steward, G. Palle, M. Garst, J. S., and I. Jang, PRB 112, 064431 (2025)



Scaling arguments
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ω (q)2 = q2
hard + q4soft
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de! → 2 (d↑ 1) + 1
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(d = 3 → de! = 5)
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fsing (r, T ) = b→(deff+z)fsing
(
b1/ωr, bzT

)
singular part of the free energy density
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ωsing = →ε2fsing
εT 2

↑ T
deff→z

z ↓ ωFLheat capacity:

elastocaloric effect:
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ω

T
=

ω
T
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FL

+ cT
deff→ω→1→x

x

εFL + c→T
deff→z

z

C. R. W. Steward, G. Palle, M. Garst, J. S., and I. Jang, PRB 112, 064431 (2025)



Field-tuned elastic QCP in altermagnets

tunable crossover between “bare” QCP and elastic QCP

C. R. W. Steward, G. Palle, M. Garst, J. S., and I. Jang, PRB 112, 064431 (2025)



anomalous Hall conductivity
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ω(A)
ωε (ε) = →e2

⊋
∑

k,l

!(l)
ωε (k)” (ε → ϑk,l)
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!(l)
ωε (k) = i

[〈
ωukl

ωkω
| ωukl

ωkε

〉
→ [ε ↑ ϑ]

]

single-particle Berry-curvature contribution

N Nagaosa, J Sinova, S Onoda, AH MacDonald, NP Ong RMP 82, 1539 (2010)
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ω(A)
ωε (ε) →= 0 only for states with finite moment
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ω(A)
ωε (ε) = →e2

⊋
∑

k,l

!(l)
ωε (k)” (ε → ϑk,l)
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!(l)
ωε (k) = i

[〈
ωukl

ωkω
| ωukl

ωkε

〉
→ [ε ↑ ϑ]

]

single-particle Berry-curvature contribution

pure altermagnet à
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ω(A)
ωε (ε) = 0

Berry curvature quadrupole

N Nagaosa, J Sinova, S Onoda, AH MacDonald, NP Ong RMP 82, 1539 (2010)

K. Takahashi, et al,.. PRB 111, 184408 (2025)

anomalous Hall conductivity



elasto-Hall conductivity

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)
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jω = ω(A)
ωε Eε + ε(A)

ωεϑϖEεϑϑϖ

vanishes for pure altermagnets when is it nonzero?



elasto-Hall conductivity
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Mω = !ωεϑωϑϖ
<latexit sha1_base64="Z+MLFoPu4XTFjvCo73Px0mGXd68="></latexit>

!ωεϑ = →ωi
ωεϑε

i
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jω = ω(A)
ωεϑϖEεεϑϖ
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ω(A)
ωεϑϖ transforms like εωεϱ!ϱϑϖ

Berry-curvature quadrupole

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)



elasto-Hall conductivity
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Hk = Hk,0 +Hk,ω
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Hk,0 =
∑

l

ωkl |uk,l→ ↑uk,l|

add strain
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Hk,ω = ωεϑ
∑

ll→

εεϑ
ll→ (k) |uk,l→ ↑uk,l→ |

(unstrained system)

(strain contribution)

strain correction to the Berry curvature
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ω!(l)
ωε (k) = ”(l)

ωεϑϖ (k) εϑϖ
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!(l)
ωεϑϖ (k) = →2



ωkω

∑

l→ →=l

Im
(
εϑϖ
ll→ (k)

〈
ukl | ωkεuk;→

〉)

ϑk,l → ϑk,l→
→ (ϖ ↑ ϱ)





K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)



example: Lieb lattice

strain

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)



example: Lieb lattice

strain

elasto-Hall 
conductivity

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)
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Mω = !ωεϑωϑϖ“piezomagnetic contribution”

direct contribution due to strain-induced magnetization: 
o no quadrupole
o not sensitive to Dirac points  

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)



classification of the strain geometry needed to induce AHE 

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)
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jω = ω(A)
ωεϑϖEεεϑϖ
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ω(A)
ωεϑϖ = →ω(A)

εωϑϖ



so far: piezomagnetism
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Hpiezo→mag. =

∫
d
3
xω

i
ωεϑBωε

i (x) ϑεϑ (x)
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Hdyn =

∫
d
3
xµ

i
ωεω

i (x) εωε (x)

dynamic coupling at zero field
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ωi (x) ,εj (x→)

]
= iϑijϑ (x→ x→)coupling to the conjugate momentum

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)



dynamical stress-strain and Hall viscosity
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ωωε = Cωεϑϖεϑϖ → ϑωεϑϖϖϱεϑϖ

elastic constants viscosity

non-dissipative contribution: 
(broken TRS)
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SHall = →ωH
∫

dε

∫
d3x [ϑxx → ϑyy] 2ϖωϑxy
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ωH → ωxyxx (Bz) = ↑ωxyxx (↑Bz) = ↑ωxxxy (Bz) = · · ·

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)



dynamic coupling at zero field
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SHall = →ωH
∫

dε

∫
d3x [ϑxx → ϑyy] 2ϖωϑxy
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Sdyn = →µi
ωε

∫
dω

∫
d3xεωε (x, ω) ϑϑϖ

i (x, ω)
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µi

ωε
ωϑε

i (x, ϑ) → ϖHωϑϱωε

dynamics of the order parameter induces non-dissipative stress

analogous to Hall viscosity response

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)



T-dependent level repulsion 
(no magnetic field, no AM long-range order) 

acoustic phonon

gapped paramagnon

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)



altermagnetic polarons 

paramagnon long. phonon transv. phonon

symmetry-sensitive 
mixing of 

phonon + paramagnon

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)



Conclusions

coupling to strain can be exploited to  detect and manipulate 
altermagnetism

elasto-Hall conductivity

Hall viscosity

tunable randomness

modified 
quantum criticality

piezo-magnetism

dynamical stresses


