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THz domain

Domain of light INNSZAVAVAVATAHIT
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Figure : location of the THz gap in the electromagnetic
spectrum (Khiabani, 2019).
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technological gap

THz gap -

0.1 = 30THz

e Commercial GHz emission:

100mW at 10 GHz ( 5G home router)

e State of the art THz emission:;

10uW at 500GHz (TeraScan 1550)

Requirements become bigger and
expensive very fast

Electron storage ring

Terahertz Relativistic electron

coherent bunch with
synchrotron micro-structures
radiation

Figure : THz production at SOLEIL (Evain, 2019).




THZ gap technological gap

/

0.1 = 30THz

e Commercial GHz emission:

100mW at 10 GHz ( 5G home router)

e State of the art THz emission:;

10uW at 500GHz (TeraScan 1550)

THz tech is on
his infancy

To breach it

Materials !




Antiferromagnets by oAb by
v Ay by byt
by Ay by by

Solid state lecture reminder:

H = —")/Z er]; + g,uBBZ J@Z — Wanis
%5 '

A

exchange external field

anisotropy

Figure : NiO crystal structure
(S. Rezende, et. al, 2019).



Antiferromagnetic resonance

Application of external magnetic field

l

Spin precession around equilibrium

positions
M, M, Figure : NiO crystal structure
(S. Rezende, et. al, 2019).
CARRERRER
FEUNES S
‘ l ' l I 1 f ‘MZ \ Wyes = y‘uO1/2HAHE i]/,LloH
m
M; 2 ~0.1 — 2THz

Figure : Precessions of the two modes of
antiferromagnetic resonance (P. Noél, 2023).
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How can we measure AF resonance /

And how can we improve upon it /



Outline

Experimental setup : _
o Conclusion
e > Refractiveindex °

-=> NiO resonance

2 Improving measures :
e —> Planar antennas
- Optimization +
testing



. Experimental setup



Toptica TeraScan 1330

Lasers




Toptica TeraScan 1330

AC bias
THz Beats ! (-
b4

Il

TX .
}\ Photodiode

DFB | #1
Wi S W2 i i
I~ Lock-in detection
Fiber splitter

DFB laser #2 THz emission

(not the only way)

RX
9



lesting.

receiver

Sample goes
here
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Photocurrent (in nA)

What can we measure with this setup ?

102

101

100

10-1

1072 5

Absorption of the sapphire substrate

Measuring specific peak of
absorption for different

. e
R ""'_)7

Visible :
Fabry-Perot interferences
+

absorption of substrate

200 400 600 800 1000 1200
Frequencies (in GHz)

11



Fitting of the Airy distribution function

1= fi)(l—= R
AI — Itrans — (1 ‘—R]_)(]. o R2)Acirc — ( 1)( 2) .

trans :
- (l — 4/ R1Rz)2 + 4v/Ry R, sin’ (0)

Fitting of the transmittance of Sapphire substrate R1=R2=0.11;n=3.06

Fitting of the transmittance of Si (R1=R2=0.15;n=3.42)
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Values found within the literature

Table I. Refractive index and intensity absorption coefficients of studied materials.

Material n o (cm™) Comments
Silica 1.98 +£0.02 42+04 Eq. (3)
Silicon 3.56 £0.14 88 £7 High conductivity

Sapphire 3.31 £0.25 18 £4 Commercial quality

Federico Sanjuan et al. 2012
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Testing - Ni0

emiter

I ‘ [ D -
¢ g
-'i 2- = ‘“

receiver

Figure : NiO sample by
Christophe Lefevre (IPCMS).
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Photocurrent [nA]

Measuring AF resonance: Ni0

101 7

[}

|

Al

fﬁd\a4VhwNMﬁvvﬁh\’VLnﬂvaVAquhhvww\ — Nio :
) /\fﬂuvnn\\\ ﬁﬁ*”“\

Figure : NiO sample by
Christophe Lefevre (IPCMS).

. NiO?

102 T . . . .
900 950 1000 1050 1100 1150 1200
Frequency [GHZz]
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Photocurrent [nA]

Measuring AF resonance: Ni0

101 7
— A \
] — Nio
& Figure : NiO sample by
10° 1 Christophe Lefevre (IPCMS).
. » NiO?
1074 //
1072 . . . . .
900 950 1000 1050 1100 1150 1200 )

Frequency [GHz] 14



Photocurrent [nA]

Measuring AF resonance: Ni0

10+ 7
: — Air
! —— Nio
10° Figure : NiO sample by
: r\ Christophe Lefevre (IPCMS).
i — NTCL? Air absorption !
102

900 950 1000 1050 1100 1150 1200
Frequency [GHz] 14



Photocurrent [nA]

Measuring AF resonance: Ni0

107 -
] — Ar
— Nio
10° Figure : NiO sample by
] 7 Christophe Lefevre (IPCMS).
6_
5_ . . .
i NTCL? Air absorption !
-
a0 1000 1020 1040 NiO behaviour visible at
10-2 ; : : ] , around 1000 GHz
900 950 1000 1050 1100 1150 1200

Frequency [GHz] 14



Measuring AF resonance: Ni0

—— Behavior
— NiO
100_
6x 1071
980 990 1000 1010 1020 1030 1040 1050

Frequency [GHz]

Some things to consider:

This is a bulk measurement

|

How can we improve this ?

N

Amplify it ? Localize it ?

15



||, Improving measures
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Antennas, how do thev work /

Free space wave

ipole
Generator antenna

Transmission ling

Qutgoing and ""'""T i
reflected waves \

on antenna

Figure : Antennas are the transition between a guided wave and a
free propagating one, J. Kraus, 1988.
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Antennas for THz local amplification

0

—
Enhancement

Figure : Planar antenna over substrate, Runge et

Figure : Local amplification of EM field, Runge et al.,
al., 2020.

2020.

Antennas » Field amplification

18



What are we doing /

\

Gaussian beam
—

el




What we are looking at

Three antenna designs

Dipole Simple bow tie Fancy bow tie

i1



Simulation and optimization Optimization with CST.

e Over all relevant parameters
e Two ways:
o Using plane waves
o Using local excitation (port)

dB(V/m)
117.7
114
110
106
102
98.19
z
k.

CST Studio Suite
C: Learning Edition

re
PPPPP
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Visualisation of the absorption by the antennas:

e-field (f=1) [1]

Component X

Frequency 1THz

Phase 0"

Cross section A

Cutplane at Y 0.000 um
Maximum on Plane (Plot) 116.499 dB(V/m)
Maximum (Solver) 117.468 dB(V/m)

dB(V/m)
117.9
110.6
103.3
96.07
88.8

77.89
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A nte n n aS [D m pa ri S 0 n Emission of the THz by the antennas

1.0

Simulations made using a port signal

F=,/1-—|5

[V
S : The scattering parameter 5
8 0.6 -
b) 1.0 3
, 08 E
& 0.4 -
2 06
S
g 04 —— Fancy bowtie
UEJ 0.2 0.2 p— Slimple bowtie
— Dipole
> 0.5 1.0 15 2.0 25 3.0

Frequency (THz) Frequency in THz

Figure : Antenna emission,
(M. Pacé, et al. 2024)



Modeling and fabrication

La =245 um
le=10 um
Ec =45 um
Ee=10 um
Ea=123 um
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Modeling and fabrication

] ~‘»\

R ‘L’b‘ &
l

la =
le =

EC

Ee =
Ea =

245 ym
10 ym
=43 um

10 pm
123 ym
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Testing - reminder

Al
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Spectrum

£ 103 3 2
0 — Air : po— AL
—— Substrate ] ——  Bowtie
2 4
< e
i ) 101 B
£ 103 £ ;
(&)
g g
2 £ 100 -
= 109 5 o E
1071 5
1073 :
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Frequency [GHz] Frequency [GHz]

Comparing spectrum of the SiO2 substrate and the antenna with air
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Spectrum

3
10°4 — AIr
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107 3
<
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-
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£ 1001
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Photocurrent [nA]
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1071

We can get the

transmittance! \

s— AT,
-~ Bowtie

\

600

Frequency [GHZ]

800

1000

1200

Comparing spectrum of the SiO2 substrate and the antenna with air




Transmittance At =

-Iirans

-linc

2.0
—— Bowtie
1.8 - — Si02

54 | |

200 400 600 800 1000

Frequencies [GHz]

1200

— Abowtie — Asi02

200 400

600 800
Frequency [GHz]

1000

1200
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1. Concluding remarks

4]



Conclusion - what did we learn /

Antiferromagnetic effects show great promise

AF resonance is at the heart of new spintronic developments
Antennas might be used to improve AF spintronic technology
We were able to perform measurements of optical index
Antenna effect was not noticeable due to noise

N 22
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Conclusion - what did we learn /

Antiferromagnetic effects show great promise

AF resonance is at the heart of new spintronic developments
Antennas might be used to improve AF spintronic technology
We were able to perform measurements of optical index
Antenna effect was not noticeable due to noise

N 22

Outlook

Vacuum measurement

Put antenna in NiO (how ?)

Use a laser probe and other material to study local effect (appendix)
Combine with local electric measurements

Vv b
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Appendices

To answer good and bad questions



Charge and spin current




Charge and spin current

electron upward spin
’.{ .......... > ‘/ spin angular
momentum

downward spin

https://arxiv.org/abs/2211.02241
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Direct Spin Hall Effect

V¥ Y




Antennas for |ocal THz detection

=l
o

Enhancement

Runge et al., , Opt. Express (2020)

Use an antenna to amplify local
field

l

Improved measurements !

Runge et al., , Opt. Express (2020)
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Antennas for THz emission

How? ——— Spin Hall effect!

1. IR PUMP absorbed by FM Pt
2. Spin current -> Electric current

3. THzradiation

But we are not doing this !

| c
g
o~

,/’//,
THz R pump
7 H

Thz emission using planar antennas, from Increasing TeraHertz
spintronic emission with planar antennas, Matthias Pacé, et. al.
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