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axion searches: present
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axion searches: present & future
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axion searches: present & future

unconstrained window in the (1 =+ 10%) meV range
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axion target ground state target excited state

absorption kinematics N

deposited energy ~ m,

deposited momentum =~ 107m, )
\




collective excitations

‘: ions

: electrons

Phonons Spectrum®

GaAs S105
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* 3t zero momentum



collective excitations

‘: ions

: electrons

Phonons Spectrum®

H\lz O 3 C&WO4
GaAs S105

| : =t
- Magnons Spectrum* 10 100 w [meV]
NiPS;  YIG
YI1G, YIG,
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Phonons



d
< > K
@ 0@ ssonssons @ pisanions
z [+ 1 ]

+ 2 [+ 3



10



phonons

w(k)

K
H = ) Z[Ul — Ul+1]2 w; o pi(k-ja—wt)

in-phase oscillations

gapless (acoustic) mode

(associated to broken translation symmetry)
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phonons

A

w(k)

/\

primitive cell

G K
U000 . DUOUOT00 R DUOUOUO0H

L1 L2 I+ 1412

T
a

K .
H = Z[uu — UZ,2]2 -+ E Z[ULQ — ul+1,1]2 U = Gj(k) el(k-la—wt)

l J

in and out-of-phase oscillations

gapless (acoustic) and gapped (optical) modes
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phonons

absorption kinematics ~

deposited energy ~ m,

kdeposited momentum = 10_3m@

primitive cell

G K
U000 . DUOUOT00 R DUOUOUO0H

L1 L2 I+ 1412

T T
a a

K .
H = Z[uu — UZ,2]2 -+ E Z['ULQ — ul+1,1]2 U = Gj(k) el(k-la—wt)

L J

in and out-of-phase oscillations

gapless (acoustic) and gapped (optical) modes
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phonons in real life

GaAs
5 \
\\
r X UIIK F L " .
an
—~ —~\ ]_ A A -i_ Zk * XO ;
ro g Uiy = Z‘ Z \/2wa vk T a”a_k € ? vk.j
v=1 k Ik

force constant matrix from DFT methods

a material with 7 ions in the primitive cell will have 3n phonon branches, 3 gapless and 3n — 3 gapped

14 figures from Griffin, Inzani, Trickle, Zhang, Zurek, 1910.10716



a technical but important note: photon-phonon mixing

at low momenta TO phonon and photon mixing is non-negligible

40¢ a [LO phonon

2YET'O phonon

photon

50 100 150 200
k [meV]
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at low momenta TO phonon and photon mixing is non-negligible

true physical states are polaritons, a mixing of photon and phonon states

a technical but important note: photon-phonon mixing

polariton

-
-

[LO phonon 1

.........................................................................

- T'O phonon

1')11(_)T()11 1.)(_,)1&11'if(])11
50 100 150 200
k [meV]|
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

1 nI% NR limit 3 in an external B field ) 1\7*
L= _ZQCLWCLF“”F —» O0H = —gayy | d'vaE-B —p»  H=—-egsyaB Z B-eg -Z7 -y
lj
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

~

1 - NR limit 3 in an external B field A~y §
L= —79arFp " ———% M =—gyy, [ d’zaE-B ——> M =—cgenaB» B-e -7} u;
Lj
this induces a phonon excitations rate (per unit time and detector mass)
26292 B2 0 3n—+2 mo ! Vo p 3n 1 :
Meell M ) uz_es (Mg — wilp)? + (Ma,p)? SJ:VS_% VW0 p Ji-crps Wi -»)
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

~

1 - NR limit 3 in an external B field A~y §
L=~ 9o aFu " ———>  H=—gsy | d’zaE B ——> M =—cgenaB» B-e -7} u;
Lj
this induces a phonon excitations rate (per unit time and detector mass)

axion phonon coupling strength

""""""" . 2

:26292 B?: 0 e maw/ Tv o 1

R ="s=-tb]...c 7 /dgv f(v ) L e (US4 Vo,
Mecell mg ¢ ( a) Z (mg _ w/VQ )2 + (mafyv,p)Q S: S: \/m 0 f] v,P,J ( v'v,p V', p)
r=>06 P 9 v’ =1 J P
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

field \V

1 - NR limit 3 in an external B A~y .
L=~ 9o aFu " ———>  H=—gsy | d’zaE B ——> M =—cgenaB» B-e -7} u;
Lj
this induces a phonon excitations rate (per unit time and detector mass)
local axion field amplitude
2
2¢%g2. B* p, lang MaW!, Vo Sn 1
R _ a~yy : a :/ dSU f(V ) V,p P f . €>|</ . U*/ —|—V ,

mcell ::r-r%gll: ¢ a I;G (mCZL - w/VQ,p)Q _|_ (ma’/yyjp)Z SJ: V/S::]- \/mjwy/,p J vV,p,J ( V'v,p V'V, p)
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

field \V

1 - NR limit 3 in an external B A
L=~ 9o aFu " ———>  H=—gsy | d’zaE B ——> M =—cgenaB» B-e -7} u;
Lj
this induces a phonon excitations rate (per unit time and detector mass)

DM velocity integral

............... 2

26292 B2 0 ' ‘:Sn—|—2 7naw/ v, 3n 1
R — a~y~y a E/ dSU f(V ): v,p 'V,P . €>|</ . U*/ —|—V ,
mcell mg,: ! . E I/Z—G (mCZL - wly%p)Q —|_ (ma/yl/,p)Z SJ: V,S::]- \/mjwy/,p fj V,p,J ( vVv,p vr, p)
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

field \V

1 - NR limit 3 in an external B A~ .
L = _ZQCWWCLFMVF“ —Pp» O0H = —Yavyy d’xraki- B — @ OH = _egCW'VaBZB.gOO .Zj %
Lj
this induces a phonon excitations rate (per unit time and detector mass)
sum over final states
oz 2
26292 B2 0 :Sn—|—2: 7naw/ v, 3n 1
R — aryry a /dSU f(V ): E v,p 'V,P . €>|</ . U*/ _|_V ,
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

field \V

1 -\ NR limit 3 in an external B A ! .
= — _— = — - e o = — e ZE oy
L 4gaWaFWF oH Gavy | d°zak - B oH € oy~ B Z B-ey 245wy,
Lj
this induces a phonon excitations rate (per unit time and detector mass)
Breit—Wigner
2¢2¢2. B2 , 3n+2; Mo, 3n | :
R — a~y~y a /dSU f(V ) : a“>v,p 'V,P E . €>|</ . U*/ —|—V ,
Meel Mg R ;E(mg —w?)? + (MaYu,p)? SJ: 5231 N fi € o (Unp+ Vo p)

23



axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

1 - NR limit 3 in an external B field XTI o
L=~ 9o aFu " ———>  H=—gsy | d’zaE B ——> M =—cgenaB» Bl -Z}iuy,
i o
/5
this induces a phonon excitations rate (per unit time and detector mass)
fixes selection rules
2eg2. . B p e MW, 7Y o 1 ST ‘ 2
R: a~yy a /dSU f(V ) a**v,p 'V,P : "6*/ E U*/ —|—V ,
mear 2 ] TN L G g |2 2 gt i (Unen + Vi)
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

field \V

1 - NR limit 3 in an external B N
L = _ZQCWWCLFMVF —p OH = —YGavyy d’xaol- B — OH = _egCW'VaB Z beg Zj %
Lj

this induces a phonon excitations rate (per unit time and detector mass)

photon - phonon mixing close to o,

--------------------- 2
26292 B2 3n+2 mo ! Vo p 3n 1 :' E
Y D S ) 3)S 1€ (Ui + Vo o)
mcell ma —6 (ma o wu,p) —|_ (mafyyap) 074 V’:l \/mjwy/d:) :~ :
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Born charges ~ ion charge

1 nI% NR limit 3 in an external B field ) 1\7*
L= _ZQCLWCLF“”F —» O0H = —gayy | d'vaE-B —p»  H=—-egsyaB Z B-eg -Z7 -y
lj

this induces a phonon excitations rate (per unit time and detector mass)

. a’yy a 3 : : Qa V,p v, j \ S S
= TNcell mg /d o f(Va) (m2 — w'? )2 =+ (mcﬁu,p)Q — j ) fJ' S p.j (UV’v,p T VV”%—P)
J

=06 a v,P

on resonance

é )
92 pa Z*2e2 B2 » Jann ?7/100meV\°/ B \’/meV
R ~ 5 ~ (kg-yr) — _
My E5MinyY 10-13 GeV M 10T N
\ ,
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projected reach
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projected reach

Optical branches

tot

Al5Os5 27

CaWO4 33

GaAs 3 (deg)

5105 24



projected reach
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coupled modes depend on the magnetic field orientation
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projected reach

coupled modes depend on the magnetic field orientation
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possible read-out strategies

read-out complicated by the strong external
magnetic field
standard TES read out does not work

possible solutions

helium evaporation photon read-out

good efficiency 299

main open question:

, need very well

TO-phonon BR into
polished samples

photons

299
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magnons

[generlc materlaj

PR
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magnons
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magnons

quanta of excitations about the magnetically
order ground states are magnons
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magnons

quanta of excitations about the magnetically
order ground states are magnons

gapless mode associated to broken rotation symmetry

gapped modes arise when inequivalent ions are present in the primitive cell
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magnons in real life

magnetic cell

Sp=R$PS)

J
—»

rotation from global to local coordinates

~T 1/2 . _ ~ ~t A 1/2 Py AT A
S/_.I_ — (QSJ — azrjalj) / CLlj Sl/] — CL;L] (253 — Cl,zrjalj) / Sllj — O5 — azrjazj
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magnons in real life

magnetic cell

Sp=R$PS)

J
—»

rotation from global to local coordinates

I+ At oA \1/2 4 I— At At A \1/2 /2 AT A
Slj — (253 al]alj) aj; o=y (253 — aljalj) Sl] = 5 onay
/
di = Tk - Ay .
N\ N\ A/—‘- ~/
7—[ p— E Slj . Jll/]_]/ . Sl/j/ —¥’ H — i w,/,k(lyjkaly,k
Py ) A A ) T v=1 k
v dx = [ai koo a;z,k7a,1Jr,_k7 ; CL,/,;[ _k}



magnons in real life

figure from Trickle, Zhang, Zurek, 1905.13744

one phonon branch (one of which gapless) for each magnetic ion in the unit cell
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axion coupling to magnons

the axion wind couples to ions spins g :Landé g-factor
aee N NR limit aee Gaee (g _ 1)
LD gm (0,.a) (hyH>4h) e 0H = gm Va - se —p» OH = Z mj Va-S;
€ e ] €
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axion coupling to magnons

the axion wind couples to ions spins g :Landé g-factor
aee N NR limit aee Gaee (g _ 1)
LD gm (0,.a) (hyH>4h) e 0H = gm Va - se —p» OH = Z mj Va-S;
€ e ] €

this induces a magnon excitations rate (per unit time and detector mass)

2
Yaee Pa 3 MaWy pTv,p (g _ 1)
R = /d Vg f(V g E E J e, - (U7 +V,, _
M Meell Mg v V=6 (mg — wylp)? + (MaYup)? PRl V/TiWy! p Pa*€p,; ( v'v,p vy, P)
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axion coupling to magnons

the axion wind couples to ions spins g :Landé g-factor
aee N NR limit aee Gaee (g _ 1)
LD gm (0,.a) (hyH>4h) e 0H = gm Va - se —p» OH = Z mj Va-S;
€ e .] €

this induces a magnon excitations rate (per unit time and detector mass)

----------------------------------------------------------------------------

I‘ ) )
: : 2
. 2 3n—+2 / 3n X
: g pa’ ma’wV, ,77/71:) — 1 :
R —> aee dB,Ua f(Va) P (gj ) Dot €>l<, . U*/ _I_V ,
m2 m m2 (m2 . w/2 )2 + (m )2 a v’ p,j v'v,p vrv,—p
: e cell a —6 a V,pP afyy,p J r—1 \/TTijV/’p :
I‘\ 'l
sets the signal intensity sets selection rules
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axion coupling to magnons

the axion wind couples to ions spins g :Landé g-factor
aee N NR limit aee Gaee (g _ 1)
LD gm (0,.a) (hyH>4h) e 0H = gm Va - se —p» OH = Z mj Va-S;
€ e .] €

this induces a magnon excitations rate (per unit time and detector mass)

----------------------------------------------------------------------------

: : 2
m 2 3n—+2 / 3n '
g Pa MaWy, pVv,p - — 1 :
R —> aee dB,Ua f(Va) P (gj ) Dot €>l<, . U*/ i V.,
m2 m m2 (m2 o w/2 )2 + (m )2 a v’ p,j v'v,p vV'rv,—p
e Ticell a V=06 a v,p alv,p i v= \/mjwV/aP :
sets the signal intensity sets selection rules

on resonance
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selection rules and ways around them

for K — 0O only gapless modes can be excited

perturbation ~ Zgj f; - Sj
gl

B L I I —

d
E(Slj : Sl’j’) — (gjfj _ gj’fj’> : (Slj X Sl’j’) — () i oF =0 i.e. only gapless mode can be excited

--------------------------------------------------------------------------

--------------------------------------------------------------------------
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selection rules aNd ways around them

for K — 0O only gapless modes can be excited

perturbation ~ Zgj f; - Sj
gl

Non-degenerate g factors

-------------------------------------

-------------------------------------
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selection rules aNd ways around them

for K — O only gapless modes can be excited Non-degenerate g factors

External magnetic field

perturbation ~ Zgj f; - Sj
gl

i.e. only gapless mode can be excited

H x Z Sij - Srj+ psB - Zgjslj

Barbieri, Cerdonio, Fiorentini, Vitale ('89)

idea exploited by QUAX exp. Barbieri et al 1606.0220]
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selection rules aNd ways around them

for K — O only gapless modes can be excited Non-degenerate g factors

External magnetic field

perturbation ~ » _ g; fj - S Anisotropic interactions
7l

i.e. only gapless mode can be excited

H Z Slj y Jllfyjj/ y Sl/j/
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projected reach

external B field

non-degenerate g factors

non-degenerate g factors

anisotropic interactions
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conclusions

phonon polariton and magnon excitations can probe the QCD axion DM in the (1 + 100) meV mass range

a thoughtful choice of complementary target can offer a broadband coverage

we identified two new ways to couple axion to gapped magnons

a better knowledge of magnon and phonon line-shape is needed to get more precise results

we suggest possible read-out schemes, R&D will be crucial to identify realistic experimental set-up
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electronic transitions
@ s band gap is too large O(eV)
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figure from Griffin, Inzani, Trickle, Zhang, Zurek, 1910.10716
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