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altermagnets: - crystalline translations unchanged
* broken time reversal (?)
* no net magnetization

L. Smejkal, J. Sinova, and T. Jungwirth, Phys. Rev. X 12, 040501 (2022).
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altermagnets: - crystalline translations unchanged
* broken time reversal <—
* no net magnetization

Uber die
Operation der Zeitumkehr in der Quantenmechanik.

Yon

E. Wigner.

Vorgelegt von M. BorN in der Sitzung am 25. November 1932.

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



altermagnets:  crystalline translations unchanged

* broken time reversal
* no net magnetization <—
PR

- TRS-odd order parameter
transforms under one of the irreps
of the point group other that the
magnetic dipole

- 3 “pure” tetragonal am states
2 states with at least small magnetization

R. M. Fernandes, V. S. de Carvalho, T. Birol, and R. G. Pereira, PRB 109, 024404 (2024)
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irred. rep. polynomial
Ay 22, 2%+ y?
Ay, ferrorriag.(ac2 — y2)
Blg £U2 . y2
Ba, Y
E, ferromadxz,yz)
Alu <
Ao, XYz (332 — y2)
Biu odd paﬁt;(il?z — 2/2)
Bs., TYZ
Ey, (z,y)

e.g. tetragonal systems
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order parameter = b

¢~y ch (k) f* (k) Jgyen (k)
kab f \

form factor angular momentum
operator

single band: ¢, ~ > _sink,sink,c] (k) olc (k)
kab

Lieb lattice: DBy, ~ Z (cosky, — cosky) c' (k) T00%c (k) + Z ' (k) 7%0%c (k)
k k

W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023); P. A. McClarty and J. G. Rau, PRL 132, 176702 (2024)

C.R.
R. M. Fernandes, V. S. de Carvalho, T. Birol, and R. G. Pereira, PRB 109, 024404 (2024)
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strain  cap = (Oaug + Opty)

SN

displacement (acoustic phonon)

Asg l Ay | . 5,0
Hum gy
L ¥ 4
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piezomagnetism

order parameter transforms under irrep. 1~
3
leezo mag. /d Qj)\z y(SB ¢ E~é

FZ?@ I~ ® 1. contains trivial representation

—> strain-induced magnetization My = =) v5¢ €6
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piezomagnetism 77 B
— Y
> N < d >
up spin 3 : :....3. '

no strain strain =2 net magnetization
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piezomagnetism
|
Dyyp, (4/mmm) point group Y
AM irrep piezomagnetic coupling
A, o (egoHy — enH) I Q. -
n- A (€yHy + €x,Hy) . .
g N ey H, =
BT >\§b (6332H:r; - EyzHy) ( : Q .’ )
29

)\/q56$2_y2 Hz

FM irrep . .
>\¢6A19HZ . - L - I? " L] L] -

Aag N6 (ceqHy -+ €2 Hy)
)\€A1g (¢1Hx + ¢2Hy)
E- )\ler—yQ (leHx — ¢2Hy)
J )\Hexy (¢1Hy + ¢2Hx)
A <¢1 €xz T ¢2€yz) Hz

strain =2 net magnetization

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

C.R.
R. M. Fernandes, V. S. de Carvalho, T. Birol, and R. G. Pereira, PRB 109, 024404 (2024)
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piezomagnetism
Hpiezo—mag. = de/\fx,yéBagbi () ey5 ()

Envs (LE) . 8ph0n0n (w) 4 gdefects (m) 4 grand. (m)

a7 Y0 ~d
changes the altermagnetic interactions dislocations randomness
o enhances overall coupling o nucleation of 1D order o random-field Ising model with
o changes range / character of the variable disorder strength

interaction
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piezomagnetism
Hpiezo—mag. — d3$A3753a¢i (ZE) E~6 (ZE)

Envs (CE) . gphonon (CB) 4 gdefects (m) 4 grand. (m)

o Y90 Yo
changes the altermagnetic interactions dislocations randomness
o enhances overall coupling o nucleation of 1D order o random-field Ising model with
o changes range / character of the variable disorder strength

interaction
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field-induced random strain

:—JZT FZT __0080 \B., Z €0 _|_8rand)

solution in the infinite-range limit

—JZTT %——Z

1<J

competition between strain-enhanced
interactions and random-field
suppression of altermagnetism

paramagnet paramagnet

(e)

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



field-induced random strain

Weak disorder

finite |
temperatures |

Karlsruhe Institute of Technology
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field-induced random strain

50 -
wf- elasto-caloric effect
n 30
Co 5t oT T 05
0 20— ’)7 = — = - —
10f- Oe g c Oe¢ T
].l') L} L 1 Ty 1 T 1 1 1 T T
: (b)l : | | |
I.()_—
] l).h’E—
f.—f’nr»f— field-induced lattice softening
> ().JE—
Co(B #0,T —T.) — 0
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piezomagnetism
Hpiezo—mag. — d3$A3753a¢i (ZE) E~6 (ZE)

Envs (CE) . gphonon (CB) 4 gdefects (m) 4 grand. (m)

o Y90 Yo
changes the altermagnetic interactions dislocations randomness
o enhances overall coupling o nucleation of 1D order o random-field Ising model with
o changes range / character of the variable disorder strength

interaction
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quantum criticality

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

T

Y(T) = ¢(T)/T o< log(To/T)

Fermi liquid

QCP r
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quantum criticality

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

.
A(T) = o(T)/T  log(Ty/T)

iIncluding elastic couplings

-y %
g " .
: | l only soft along
0 specific directions
Sy

QCP r Y(T) = ¢(T) /T x const.

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

Fermi liquid




AT

||||||||||||||||||||||||||||||

directional softness of critical modes

Lo
1
T x(qw=0)x
5 2—q2° qz
vl I ! “1( 7 ) g
N/
T due to soft phonons

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

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



s the elastic QCP a Fermi-liquid fixed point? T
T

elasto-caloric effect

_or| _ T8
= 85 S_ ¢ 88 T
e T
Fermi liquid M X lOg(TO/T)

QCP r L

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 A\KIT

W (q)2 — ql?lard - qgloft deff — 2 (d o 1) + 1
(d =3 = deg = 5)

singular part of the free energy density

fsing (T, T) — b_(deff—l_z)fsing (bl/yr, bZT)

heat ity B ansing Tdeff_z
n degr—v 1 —a
_ n T‘FL +cl ’
elastocaloric effect: T et =
YrL + T

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



Field-tuned elastic QCP in altermagnets

T o H2

(D)™ 1.
I-‘*'OT

S 1 I
— bare QC
— clastic QC

AT
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== |
— bare QC
— elastic QC

T
T

tunable crossover between “bare” QCP and elastic QCP

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



anomalous Hall conductivity = \‘ (IT

single-particle Berry-curvature contribution Dan, (4/mmm) point group
AM irrep piezomagnetic coupling
(A) (l) A, Ao (ey-Hy — €5, H,y)
_ )\§b (6 Hy + €. H )
aﬁ = —— E Q w — fk,l) By, y)\’gbexy v
BT )‘¢ (E:Ez EyzHy)
29 )\’gbexz y2H,
FM irrep
_ Apea, , H,
Q) (k) =i |( Lokt | Ok o oy g S veeit e
of Ok, 8/@‘5 Nea,, (p1H, + ¢o M)
E- )‘/ExQ—yQ (¢1Hx - ¢2Hy)
g )\Nemy (¢1Hy + ¢2Hx)
>\,H <¢1€x2 + ¢2€yz) Hz

(A) ( ) =+ () only for states with finite moment

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



anomalous Hall conductivity = \‘ (IT

single-particle Berry-curvature contribution Berry curvature quadrupole
"W v IF M'z
(A) _ Q(l) _ ~ = 18
Oap ( Z (W —&k,) .
< 01 | ° {|Fo
2 ol
(1) | Ougr | Qugr \ F | i
QQB (k) — 1 [< aka ’ akﬁ > [Oé A ﬁ]] —7r_ ' l (.) ‘ : 5
ks

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

pure altermagnet - (7((;2) (w) =0

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



elasto-Hall conductivity A\KIT

) A A
Ja = U((w)EB + V(ig)yaE@w

/ \

vanishes for pure altermagnets when is it nonzero?

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



elasto-Hall conductivity A\KIT

Piezomagnetism

d
’ 3 3
E. <
S
\ £

3 >

/ 7
Magnetization ===y AHE contribution

My = Arpyeqs

ANprs = —)\f’;wggbi V((;g)v 5 transforms like €, A ks

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



elasto-Hall conductivity ... = \‘ (IT
add strain Hy = Hk,() =+ sz,s

Hi,o0 = Zﬁkz U1 (

(unstrained system)

Hk,g = Eap E ’Yw ]uk l> <uk,l/\ (strain contribution)
[l

strain correction to the Berry curvature

Im (7)) (k) (uss | O uk./>)
[ [ (1) B (Vll s Yk;
59((%23 (k) = ng)575 (K) v Lopns (k) = =2 [@ca ; o1 —Enr — (@ f5)

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



example: Lieb lattice
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-0.2

-0.4

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



example: Lieb lattice
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elasto-Hall
conductivity
(b) QF) (ks ky) + Q5 (—ky, kz) o
i “ H
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I /] 6 04
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K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)
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“piezomagnetic contribution” M, = A, s

| — N,/N,=0.25
—— N,/N,=0.5

S | g -0
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direct contribution due to strain-induced magnetization:

o no quadrupole
o hot 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

AM irrep. MPG Elasto-Hall conductivity
orthorh., Dy, (mmm) Al_g mmm (8.1.24) Vyzyzs Vzxxzs Vipxy
trigon. D3; (3m) A7, 3m (20.1.71) Vieer = Vargy = Voprys Vierr = Vyaye
tetrag., Dy, (4/mmm) Ay, 4 /mmm (15.1.53) Vyzyz = —Vzexz
B}, 4’ /mm’'m (15.4.56) Vyayz = Vzexzs Vayxy
B,, 4’ /mm’'m (15.4.56) Vyzxz = —Vaayzs Viprx = —Vayyy
hexag., Dg;, (6/mmm) Ay, 6/mmm (27.1.100) Vysye = —Vxxz
By, 6'/m'mm' (27.5.104) Vyzry = Varxx = —Vaayy
By, 6'/m'mm’ (27.5.104) Vary = Vyzyy = —Vyzux
E,, (1, 0) mmm (8.1.24) Vyzyzs Vaxxzs Viyry
(1, %) m'm'm (8.4.27) Vxyxxs Vayyys Viyzzs Vazyzs Vyzxz
(1,b)2/m (5.1.12) Vxzxxs Vazyys Vxzzzs Vayyzs Vyzyzs Vazxzs Vaysys Vyzxy
cubic, Oy, (m3m) A, m3m (29.1.109) -
Ay, m3m' (32.4.121) Vyzye = Varrz = Viyry
Eg‘ (1,0) 4/mmm (15.1.53) Vyoyz = —Voxxs
, ﬁ) 4’ /mm’'m (15.4.56) Vyaye = Vzxxzs Vayxy
(1, b) mmm (8.1.24) Vyoyes Voress Vigay
T, (1,0,0) 4 /mm'm (15.4.56) Vyzxz = —Vzxyzs Vigrx = — Vayyy

(1,1,0) m'm'm (8.4.27)
(1,1, 1)3m (20.1.71)
(1,b,0)2'/m’ (5.5.16)
(1,1,¢)2/m (5.1.12)
(1,b,¢) —1(2.1.3)

Vyzxxs Vyzyys Vyzzzs Vayxzs Vazxy
Vxzxy = Vzyyy = Vyzxxs Vxzaz = Vyzyz
Vxyxxs Vyzxxs Vxyyys Vyzyy Vxyzzs Vyzzzs Vizyzs Vxyxzs Vyzxzs Vazxy
Vizxxs vxzyya Vxzzzs vxyyz, v_vzyzs Vxzxzs nyx_vs vyz,\'y

all elements vep,s are nonzero where a # B

Ja

vV

AT
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_ (A)
- VozB’y(SEﬁg’Y(s

(4)  _
afBvyo

(A)
_I/Bowé

K. Takahashi, C. R. W. Steward, M. Ogata, R. M. Fernandes, and J. S. PRB 111, 184408 (2025)
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so far: piezomagnetism
s = [ Pe¥ons B (25300
dynamic coupling at zero field
Hayn = /d?’a:,ufy(;wi () eys ()

coupling to the conjugate momentum  [¢* (z), 77 (z')] = i676 (x — =)

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)
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dynamical stress-strain and Hall viscosity @~ = s

OafB — Ca575575 _ 770457587'575

f

elastic constants viscosity

non-dissipative contribution: 7" =1n,,.. (B.) = —Neyee (—B.) = —Negwy (B2) = -+
(broken TRS)

SHall = —77H /dT/de [85533 — 8yy] 2(9T8my

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



dynamic coupling at zero field
Saom = _MgB/dT/d%eaﬁ (z.7) 0, ¢ (z,7)

L]

H
SHall — 1 /dT/dgai [81;33 — 8yy] 2(97-83;y
dynamics of the order parameter induces non-dissipative stress

() () H
analogous to Hall viscosity response

C. R. W. Steward, R. M. Fernandes, and J. S., PRB 108, 144418 (2023)
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T-dependent level repulsion A\‘(IT
(no magnetic field, no AM long-range order)

gapped paramagnon %

acoustic phonon

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



altermagnetic polarons A\KIT

symmetry-sensitive
mixing of
phonon + paramagnon

-04 -0.2 0.2 0.4

paramagnon

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



Conclusions A\‘(“
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coupling to strain can be exploited to detect and manipulate
altermagnetism

piezo-magnetism

elasto-Hall conductivity

Y
..... ’ . . .
<— L8 d >
modified i . .\ | |
quantum criticality A Hall viscosity

dynamical stresses
tunable randomness



