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The THz range in the electromagnetic spectrum
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THz spectroscopy at SOLEIL@AILES

THz WAVES : .
/1( WW /ﬂ A probe for the dynamics of electric
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THz spectroscopy

TH2z wave :

Sample

Fourier transform spectroscopy
Transmission: T=1/1, = exp (-ad)
Absorbance : Abs= - Log (T) = o d

Absorption o (®)

4

dissipative part of the susceptibility
Y, (@, 0) electric/magnetic according
to EM polarization and sample symmetry
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CF excitations in h- HoMnOj;



Ineslastic neutron scattering

¢ pr.o

k, ®

DISPERSION CURVES :

Position in energy QQ(K)

Intensity map | =form factor x dissipative part of the
susceptibility

X2 (€, K) LK

MAGNETIC AND ATOMIC PROBE :
Low K - magnetic contribution

large K= atomic contribution

Polarised neutron - magnetic /atomic contribution

Energy (cm)

CEF excitations and magnons in ErtMnO;

L. Chaix et al

PRI. 2019



Electromagnetic waves versus Neutrons

THz wave :

ABSORBTION CURVES
Q(K=0)
A2 (©2, = 0)

MAGNETIC AND ELECTRIC
PROBE

Smaller sample
Increased energy
resolution

Neutrons : ’

~— » —7
\Mg k=k+K

Sample

O=n‘+02

DISPERSION CURVES
Q(K)
% (Q, K) LK

MAGNETIC AND ATOMIC
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Whole reciprocal space



Virtual
energy
states

Vibrational
energy states

A 4
)

Infrared Rayleigh Stokes Anti-Stokes
absorption scattering Raman Raman
scattering scattering

OFrR,r NWH

Indirect probe:

High energy excitation

Indirect process

Ditferent selection rules (phonons, etc...)
THz: close to Rayleigh scattering



THZ DYMAMICS IN OXIDES

(1-10) 12K hi(11-2)
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1THz = 33 cm! = 300 um = 4 meV = 50 K

Radio micro IR uv X rays
MHz GHz THz I‘ PHz EHz
I ! T T T T T T T T T T 1
10° 10° 10" 10" 10"
Frequency (Hz)
Phonons
Magnons

Electronic transitions |-

SINGLE ATOMS (MAGNETIC / ELECTRIC)
- ORDERED PHASES (ATOMIC /ELECTRIC /
)
HAVE CHARATERICS EXCITATIONS IN THE THz
RANGE
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1. Phonons

. . +—>
Mono atomic chain :
S-1 S S+1
----- e\ N\ AN 6NN\ 0
Dispersion law: ~_ 4C sin ka Feer Foo.
M 2 | ————t— >
> —> —
usl us us+1

Small k, large wave length
(zone center):

Atoms vibrate in phase.

w = vkvs = a

==

* Brillouin zone boundary :
atoms vibrate out of phase.

W = Wmax —

EG)

Y =




1. PHONONS

A SAMPLE

%
%

pljonons Several branches

Dispersion in the energy range O -
®

branch

Debye

EM wave /sample interaction via
Electric field / electric charges

Acoustical

> Atomic probe (neutron)

Q|——————
-

|

|

|

|

|

branch |
T

¢

b



1. Phonons

1 THz= 33 cm! = 4meV = 50 K

500

400 i o LO(X)
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weram | | Temperature

TAIL)+TA(X)
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(=]
=

200

Frequ ency{cm'1]

100

r K X r L X W L Phonon DOS

PHONONS ARE SIGNATURES OF THE ATOMIC LATTICE
OPTICAL PHONONS MAY BE PRESENT IN THE THZ range

OV VWV v Vv
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1THz =33 cm! = 4 meV = 50 K

110

HoyTi207 " INSeIXS| = DFT 0.03 T T T T T
|
90 F |

80F

TOF |

60
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Energy (meV)

S0

Energy (meV)

40 -

Figure 4. Normalized partial phonon densities of states g;(E)
of Ho; T2 O, caleulated from first-prineciples.

30F 1

20F

NI |
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|
, UF0,0,6) X K(6.6,0) .ot

Figure 3. Phonon dispersion relations of HosTi20+7 caleu-
R lated using DFT and the finite displacement method. The
~ vibrational spectrum is presented along a path following high
b symmetry directions of the reciprocal lattice. The calculation
is experimentally verified using inelastic neutron (INS) and x-
a Ti ray (IXS) scattering. INS and IXS frequencies were obtained
FIG. 1. The orimitive cell of the pyrochlore structure. as related from fits to the measured spectra, as described in the text. .

to the convcnlinlrjlal cubic unit cell. 'Ilj'itc primitive cell c‘nnlains 22 The INS nlleasurementsf CTf th:a acoustic phonon s.pectrum are Op th al phOIlOl’lS

ions: 4 R** (blue), 4 Ti* (ereen), 12 02 (red), and 2 0% (violet). presented in more detail in Fig. 6, and a comparison between

The axes of the conventional cell are shown by the gray box, and the simulated and measured IXS intensities along the three broad 5_100 m eV
primitive cell by the orange box. The basis vectors of the primitive orange lines is shown in Fig. 8.

cell (in the conventional cell) are d = (I{E.I;’ll’]).ﬁ =(1/2.0,1/2). —
and & = (0,1/2,1/2). (The size of the ions is arbitrary.) —20 - 800 Cm-l

37!
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R. Ruminy et al, Phys Rev B 2016



1. example: phonons in the pyrochlore R2Ti207

Reflectance and dielectric constant of a pyrochlore crystal Tb,Ti,O-
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1. PHONONS

1THz =33 cm™* =300 um =4 meV = 50K

Radio micro IR uv
MHz GHz THz |H PHz EHz
T T T T T T T T T T T T 1
10° 10° 10* 10" 10'®
Frequency (Hz)
Phonons
Optical phonons

X rays

PHONONS ARE SIGNATURES OF THE ATOMIC LATTICE

» CRISTALLOGRAPHIC PHASE TRANSITIONS

B SOFT MODES



1. Phonons in the pentagonal Bi,Fe,O, under pressure

T=1/I,=exp(—ad) for small a For large o, Reflectivity is used R = 1-T

lL.orentz model

THz wave : ) 20
. : : it A 15[ 4 4
o L
10+ i

NI U

s — ) [ . 1 1 . 1
0.6 E//b BoulY) ) (8) "A. (10) _ ;g;: g‘l'o T
@  T=40K AN 3GPa i 2o ]
03 (13 5GPa || 06T 7
Z04¥ @ ope |l Xoal ]
L Bopa | o2f )
B 03 106Pa | Lo .
® 11GPa | 005 500 1000 1500 2000
0.2 % — 12GPa ||
AY— 13cPa |; Wavenumber [cm]
0.1 —14GPa |
— 155 GPE;E
. 100 200 300 400 500 600 700 80-0
Magnetic order below Wavenumber (o)
240 K
At ambient pressure Pressure induced Structural transition at THz Spectroscopy under
E. Ressouche & al PRL 2009 0.5 Gpa : pressure at AILES @
SOLEIL

Softening of mode (4) M. VERSEILS & PRB 2022
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1THz =33 cm™* =300 um =4 meV = 50K

Radio micro IR uv X rays
MHz GHz THz I‘ PHz EHz
I T T T T T T T T T T T 1
10° 10° 10" 10% 10'®
Frequency (Hz)
Phonons
Magnons

Electronic transitions |-

ORDERED PHASES (" )\ 1C /11 1CTRIC/
MAGNETIC )
HAVE CHARATERICS EXCITATIONS IN THE THz
RANGE
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‘ SPIN WAVES

LATTICE VIBRATIONS

MAGNONS ,71‘-.'\"* M
PHONONS WAt

OV VY v v
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Lattice with two different elements

Phonon magnon
...... WWW m??? ??T??T‘T? 7
@ )
| |
| Q|
THz Optical THz
| branch | |

Acoustic
branch

A|——————
o
RlA|——————

>/
The equation of motion:
; a. - - - -
mx =—-kx +qE —=MxH M =yl
Force 7 Torque at :

E = E,exp(- iot)
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FM spin waves

8S+

AF spin waves

w (k)
A

i’/_

/

One branch
k? dependence at the zone center
Dispersion in the energy range 0—-0©®

curie-Weiss

several branches,
Various k dependence (Cste, k, k?)

Dispersion in the energy range 0 - O, ie-weiss

2ldf—————-—
o
laf—————-

> [

21



Frequ ency{cm'1]

2. Periodic structures / associated excitations

MAGNONS in Ba3TaFe3Si2014
PHONONS in MgN I Yl
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2. Magnons in Fe langassite
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THz Spectroscopy at AILES @ SOLEIL

" SYNCHROTRON

L. Chaix et al, PRL 2014 YMnO, (2)];5
RAMAN Y P
C. Toulouse et al, PRB 2014 1o SWLEIL

(b)

=

S

sample 1,

—

:; ——  (elg, hlic)
Z -

=

=

—_

= sample 1,
=, (ellc, h.Lc)

Ferroelectric order at 800 K
(Mn) Magnetic order at 80 K
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: Linear spin wave calculations
experiments

s
S

g

YMnO, (2)]
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L. Ding & al Phys MACo(COOH)s (MA = CHsNHs)
Rev Mat 2023

Neutron measurements THz measurements

44 MOFCol ‘\ ;
elb |

Absorbance

0 0.3 1 15 2 25 3 35
oy

Wave number (cm-1)

magnetic transition Magnons at at 24 cm™ and 36 cm™ associated to Co?*
at 15K order at 15K
L.M I., Chem. Sur. J. 23, 1-13 (2017 o
Rrauca etel, hem. St 2o + phonons associated to Panma/P21/n structural

transition at 90 K
Magnons+ phonons as a a signature of ME effects 0



1THz=33cm™* =300 um =4 meV =50K

Radio micro IR uv X rays
MHz GHz THz I‘ PHz EHz
108 10° 10*2 10 10'8
Frequency (Hz)
Phonons
Magnons

Electronic transitions |-

SINGLE ATOMS-IONS HAVE CHARATERICS
EXCITATIONS IN THE THz RANGE
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ENERGY SCALE

10° K

10%K

103K

102K

% - = % o z 74 z z z z z
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d, “x ¥ 4, % d, “x d, °x fa & £, * fy X f; 1. K

Electronic Correlations

Crystal field

Spin — orbit coupling

d orbitals

THz

Electronic Correlations

Spin — orbit coupling

Crystal field

f orbitals
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Ho3**in h-HoMnO,

* )H: & 4f10 (S=2L=61J =8 in the ground state)

in C3 point symmetry (site 4a)

2+13 99.3933

M —A—h 30.104
r2+r3 9 14.7958

241 — 8632093

Relative Absorbtion (mm™)
N

o

in C3v point symmetry (site 2a)

A3 48 6847

Energy (cm™) A1 QT LS
A3 @ 15.0676

A2 1.61498

. Fabreges et al PRB 2019 CFE as a signature of structural/magnetic changes
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h-ErMnO,

THz measurements

Er3* Crystal field excitations

T=Ty T<Ty
H,=0 H=08T H,=0
106-108
r5+6 104 I
r4
— 96 o6-100f|
P ll!-u )
'g" B"\H-T s
g I5+06 '
= 1.3
s
O
< i rad4rs
ol e/chle| e//chle
—ﬂ( — 15K —BIK
(©) ok ik U] 0 I5+T6 e
10 T e
— WK 60K——120K| | i Lo o Bl Er (4b)
— HK——70K ! iy
20 30 40 30 60 80 100 120 140
Energy {cm’l) Energy (cm"}

CFE / magnon coupling ....
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Example: Fe2+ in Spinel GeFe204

General spinel formula: AB,X,

* Octahedral A-site :  pe2+

o Tetrahedral B-site;:  Ge**

2_
e X anions: 0

Fe?* in octahedral crystal field + trigonal distortion

32



: 2+ L
Free ion: Fe N Fe?*t in trigonal
octahedral crystal crystalfield
Fe2+ (3d6) field
5
D,
14 800 cm!
=2 E x5 — 10 woem A"
=2 9
o L,
L Fer(3d%) /
‘\‘\‘\ 5 D 4 /l’,
1575 em!
2 Figene L2 0 ] 450 emt _
D gt
2 ng)< 5 &n_liu 77 cm™ ;H\j
; Spin-orbit coupling
Spin-orbit (octahecci?asltglrp/(ierlc()jnment) +Crystal field ( trigonal distortion)
coupling
Point charge model for 33
GeFe204
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Crystals
300 pm
<1lmm?

Thin film
20 nm /MgO

1385 cm -1
3,5 1

Absorbance
N N w
o [6)] o
1 1 1

=
(&2}
]

—— GeFe204 [C1]
—— GeFe204 [C15bis]
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R 14 800 cm™?
M T

1,0
1000

0,4

{(b)

0,3 1
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1618 cm~1

0,2 1 ’
ol |

0,0—-

-0,1—-
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Wave number (cm-1)

/

-0,2
1000

T T T T T T 1
2000 3000 4000 5000
Wave number (cm-1)

1575 cm™~! —
light

Electronic crystal field transitions
calculations

34
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1THz =33 cm™ = 300 um = 4 meV = 50 K

Radio micro IR uv X rays
MHz GHz THz I‘ PHz EHz
I ! T T T T T T T T T T 1
10° 10° 10" 10" 10"
Frequency (Hz)
Phonons
Magnons

Electronic transitions _

SINGLE ATOMS (MAGNETIC)
HAVE CHARATERICS EXCITATIONS IN THE THz
RANGE

CFE as signatures of magnetic ions 7



Functional
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4. THz properties in oxides
1THz =33 cm™* =300 um =4 meV = 50K

Radio micro IR Uv X rays
MHz GHz THz m PHz EHz
I T T T T T T T T T T T 1
10° 10° 10* 10% 10
Frequency (Hz)
Phonons
Optical phonons
Magnons

Electronic transitions

SINGLE ATOMS (MAGNETIC)
AND ORDERED PHASES (ATOMIC /ELECTRIC /
MAGNETIC)
HAVE CHARATERICS EXCITATIONS IN THE THz
RANGE

HYBRIDE EXCITATIONS : ELECTROMAGNONS



Static /dynamical properties

Magnetic moment /

magnetic field Dipolar electric

moment /
M' e* Eljlc field

Spin waves/ Magneta-electric
Magnon _
/7‘1'5'\"‘” Lattice coupli
b vibration / El
‘E * f ectromagnon
ffﬁﬂ\k" Phonon | = o : VT )
wa? v v v v
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A. PIMENOV et, Nature Physics 2006

22

Orthorhombic RMnOj;

BANn0, sl
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%
T ella bt

L
23K B=0

et pje

DM‘

B=0

23K

s

40

oK

15K
44K

® o
© Pk B=aT|

a0 0 ' ' a0
viem) viem)

Electronic spectrometer

1 THz

Magnon dressed with electric charges thanks to
magneto-electric coupling

Electro-magnon

o7
T n

Bare magnon

A magnon that is excited by the electric field of
the THz wave
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4. Electro-magnons in multiferroics

THz Applications :
e Transport and manipulation of information (MAGNONICS + ...)

Electric-field control of spin waves at room
temperature in multiferroic BiFeOs3

75kV cm™
ELECTRIC
; FIELD
Top electrod / é
IlH op electrode o = o, g
Ty ‘ . . . e
& A Pe o k
E>0[0101 M -Seil ‘ \
HE<0[610] ik \VINA \
e \ 1 9 X
1 ! .
W, o
= r - %1
10 'W 25 30
number (cm™)
MAGNONS



Other mecanisms?
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THz Spectroscopy at AILES @

SOLEIL
L. Chaix et al, PRL 2014

10}

115

Absorption (mm")

— 11K

Ferroelectric order at 800 K
(Mn) Magnetic order at 80 K
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=
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Absorption (mm )

10+

THz

(a)

ErMn()3

4. Hexagonal manganites : ErMnO,

THz measurements

E,

eleh/ie[ 1

(b)

M,

By Eys Egy Ky

FIR

(e)

elic hle ef/c hle 0
—hk — 25K — 80K
(C) —1TK 0K —— 20K (f)
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Neutron measurements

Mn MAGNON
ok Er3* CRYSTAL FIELD EXCITATION at 60 cm-1

/(4
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Absorption (mm)

THz measurements

THz

ErMnO,

FIR

Er Crystal field excitations

| T>Ty  T<Ty
P, elehvre|o H,=0 H=08T
© 106- 108
r5+76 ™ —
r4 |
O D61
:]ns:,
Eys
5476 6 8%

— 8K —— $ZK— 1K
— %K ——S5K— 11K
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L —0
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Er (4h)
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30 40
Energy (cm'l)

=
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Energy (cm"}

Er/Mn dynamical coupling : electroactive magnon
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4. Hexagonal manganites : « electro-magnon » in ErMnO,

neutron THz
A— cc = < ol |
- E EM\ 1
(D) ‘
5 S | |
= § 5 W |
D o
T é % .

0.5 1.0
Fréquence (THz)

%

TERAFERMI @ Trieste

EM

15



Blue : maximum Fluence
Red : reduced Fluence

black : AILES (lowest

fluence)
ellc hic

Absorbance

Absorbance

Frequency (THz)

00 L 1 L 1 L 1 L 1 L
1.0 11 12 13 14 15

Frequency (THz)
Conclusion :
There is clearly a dependence on fluence for E, 5 .

For EM, it is not so clear : more acquission is required: high resolution measurements.



Polarizers
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1THz =33 cm™* =300 um =4 meV = 50K

Radio micro [SAY X rays
MHz GHz THz PHz EHz
I ! T T T T T T T T T T 1
10° 10° 10% 10*° 10*
Frequency (Hz)
Phonons
Optical phonons
Magnons

Electronic transitions

SINGLE ATOMS (MAGNETIC / ELECTRIC)
AND ORDERED PHASES (A TOMIC /ELECTRIC /
MAGNETIC )

HAVE CHARATERICS EXCITATIONS IN THE THz
RANGE

HYBRIDE EXCITATIONS : VIBRONS 49



1THz =33 cm™* =300 um =4 meV = 50K

Radio micro IR Uv X rays
MHz GHz THz I‘ PHz EHz
I T T T T T T T T T T T 1
10° 10° 10% 10" 10%
Frequency (Hz)
Phonons
Optical
Magnons

-
Spin fluctuation Electronic transitions

SIGNATURE OF A COMPLEX MAGNETIC PHASE :
the quantum spin ice Tb,Ti,0,

E. Constable & al ~ PRB (R) 2017
K. Amelin, Y. Alexanian & al ~ PRB 2020

Y. Alexanian & al ~ PRB 2023
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Extensive degeneracy
Finite entropy

«2in—2out»

« ice rule »

s B A ) S S S R
5|(b) RIn2 -~
Local order of protons in water ice i Rfln2 —(1/2)In(3/2)}
« 2 close - 2 far » from Oxygen 73 4
E3- —
/ Oxygen - MC data
=2 o Dy,Ti,0,
- B{1
Proton
0_ T T T T T T T
/Q ,,,,, _ 0 1 3 4 5 6 7 ) 10
o O T (K)
O J.S.Gardner, M.J.P.Gingras, ].E.Greedan, Phys.Rev.Mod 82 (2010)
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Ising spins + Jnn + Dnn

B.C. den Hertog & M.J.P.Gingras, PRL 84 (2000)

6 T I T ] T [ T I T | T I T |
) AF J__

5 S —2

«2in—-2out»
degenerate state

« Allin - All out »

Spin Ice |
long range order

10 15 2.0
—
Dy, 11,0, Ho,Ti,0,

(Weak) Ising
No long range order down to 50 mK !!!

Spinice  Spinice
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Crystal Field electronic levels
in local D3d symmetry

g Tb23_+ 1] FAor~ H3060DI\</
O [111] a

Ising spins

For Tb
1 A=20K=0.4THz

[
»

- Weak Ising

3

— Y —, 2 THz spectroscopy
Ho?* Dy3* Th3+
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-log[lt/l200 ]

-log[l/lgo ]

09

0.6

0.3

0.0F

0.6

0.4

0.2

Fé/

Frequency (cm )

,i(h&&

Absorption peak at ~ 0.42 THz (14 cm™) that
develops at low temperatures in agreement with the
tirst excited CEF level

Additionnal peak below 200 K :
0.67 THz (22 cm™)

3 peaks visible below 50 K :
0.33 THz (11 cm™)
0.41 THz (14 cm™)
0.50 THz (17 cm™!)
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Vibronic coupling = hybridization between crystal field excitations and phonons

P. Thalmeier and P. Fulde, Phys. Rev. Lett. 49, 1588 (1982)

Acoustic
E 4 | phonon

Spin fluctuation

Tb,Ti,0,:
crystal field excitations associated to Tbh>* in D3d symmetry
CF,— CF, at14 cm-1=0.4 THz = 1.6 meV ( Eg doublets)

Splitting of the

_ ground and first
+ acoustic phonon of the cubic Fd3m structure CF levels



4. TTO peculiarities: spin/lattice couplings

Neutron measurements

Fennell et al, PRL, 112 (2014)

¢ o (0,0,8) (phonon) mw(2,2,0) (MEM)

Energy (meV)

Tb crystal field excitations +
phonons :
Magneto-elastic mode (MEM)
with the same dispersion as the
transverse acoustic phonon

-log[k/1300k]

0.5

0.0

THz measurements

S

Rotation
—_— 100°
— 00°
75°
60°
— 450
— 30°
— 15°
00

hil(11-2) (1-10)
105 920 75
60 angle (°)

\ 0 005 0.1
peak intensity (THz)

o
(Lemy

e

PO P1 P2

Fine structure of CF 0 9 1
4 peaks that reveal CF 0 and CF1
couplings to phonons : Vibronic

couplings

LEIL

SYNCHROTRON
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Crystal field — phonon hybridization = vibronic coupling

P. Thalmeier and P. Fulde, Phys. Rev. Lett. 49, 1588 (1982)

One site Hamiltonian : D,
T _ k Ak k Ak ]
. P . ; Acoustic
' E ¢ | phonon
Crystal field Vibronic r------
coupling ! 4 CF,
|
i :
|
Acoustic phonon: T7,(p aq = A2u © E; | !
: | CF
I | 0

Coupling to E, CF states through
Ok k=1,2

Quadrupolar degrees of freedom

E. Constable ef al., PRB (R) (2017)



Crystal field — phonon hybridization = vibronic coupling

P. Thalmeier and P. Fulde, Phys. Rev. Lett. 49, 1588 (1982)

One site Hamiltonian : D,
T _ k Ak k Ak ]
. P . ; Acoustic
' E ¢ | phonon
Crystal field Vibronic r------
coupling ! 4 CF,
|
i :
|
Acoustic phonon: T7,(p aq = A2u © E; | !
: | CF
I | 0

Coupling to E, CF states through
Ok k=1,2

Quadrupolar degrees of freedom

E. Constable ef al., PRB (R) (2017)
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Vibronic couplings increase

-
%

Q-AIAO Q-Ice
correlations C2 correlations _ Dipolar &

quadrupolar

Vibronic couplings

interactions favor ice
« 2 1in-2 out like»

favor « all-in or all
out» quadrupoles

correlations (Cl;ljili;lngss
-ATA
Q 0) (Q-ice)

-0.01  -0.005 0 0.005 0.01

competition between vibronic couplings and dipolar & quadrupolar interactions
If sufficiently strong, the ordered quadrupolar ice is even destroyed (crystal C1)!
Y. Alexanian et 2/, arxiv2207.10036 9
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THz PROPERTIES OF COMPLEX MAGNETIC PHASES

" TFunctional
W

roperties N

4
C_/—g_/'/ .
\\ omplex |\ Couph'ng
e mechanims
> THz

(_ dynamics/

Signatures of complex phases with several degrees of freedom

(spin, charge, lattice...)
New hybride excitations
Out of equilibrium phases

“continuum” from correlated electrons/ spin liquids.... 60
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