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1 eV 100 THz

10meV 10 THz

1meV
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1.5 eV

7W 1 kHz

100 fs

1.1 m 1.6 m

6.5 m 18 m 16 THz 46 THz
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5 K

0.3mm/ps
100 fs 30 m
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0.1 THz 10 THz

meV

j P
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∇2E − 1

𝑐2
𝜕2E

𝜕𝑡2
=
4𝜋

𝑐

(
𝜕2P

𝜕𝑡2
+ 𝜕j

𝜕𝑡

)

eV

cos(𝜔1𝑡) cos(𝜔2𝑡)

𝑃 (2) (𝑡) ∼ cos(𝜔1𝑡) cos(𝜔2𝑡) = 1

2
(cos[(𝜔1 − 𝜔2)𝑡] + cos[(𝜔1 + 𝜔2)𝑡])

cos[(𝜔1−𝜔2)𝑡]
(𝜔1, 𝜔2)

1.5 eV

𝐸(𝑡)

Γ(𝑡)
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sin(Γ) ∝ 𝐸(𝑡)

P

𝜖

𝜃

𝜃 𝜂

M

𝜔 2𝜔

𝜒(2)

𝑃 = 𝜒𝐸2 = 𝜒(−𝐸)2 = −𝑃 𝑃 = 0
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𝑇 = 78 K

N 𝑁

𝜓0

𝐿 = 0

𝐿 = 0

𝐿

10 m 3mm

N

𝜒̂(2) = 𝜒̂(0) + 𝜒̂(𝑁) + O(𝑁2)

𝜒̂(0) 𝜒̂(𝑁)
𝑁

𝜒(0) ≡ 0

𝜒(𝑁)
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1.5 eV

Δ𝑡 = 100 fs 𝑓rep = 1 kHz

3 eV

𝑇 = 77.5(5) K 𝜒̂(𝑁)

2.96 eV

𝜓0 𝐿 = 0 𝑆 = 5/2

𝜓1 𝐿 = 1 𝑆 = 3/2
1.92 eV

1.9 eV

Δ𝑡 = 100 fs 𝑓rep = 1 kHz
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1.9 eV

T1g

1.9 eV 0.9mJ/cm2

𝜏
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𝜓1

119GHz 0.49meV

N

50 K 𝑇 = 78 K

𝑇

𝑇

𝑇 ≈ 55 K < 𝑇 𝑇 > 𝑇

𝜓0 → 𝜓1

0.89 eV 0.95 eV
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0.88 eV

1.97 eV 0.9mJ/cm2

𝑓 ≈ 120GHz

1.9 eV

𝜓1 35 fs

𝜓0 → 𝜓1
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〈
𝐿
〉
=

〈
𝜓0

��𝐿��𝜓1

〉 〈
𝜓1

��𝜆𝐿 · 𝑆��𝜓0

〉
𝐸0 − 𝐸1

+

𝜆

N
〈
𝐿
〉

〈
𝐿
〉
= 𝑛

〈
𝜓1

��𝐿��𝜓1

〉
𝑛

N

350 m

9.4mJ/cm2

75meV

Δ𝐼2𝜔
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8.4 ps

60 ps Δ𝐼2𝜔
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Δ𝑇

𝑄 𝑈 = 𝑈0 (1 − 𝑅) (1 − e−𝛼𝑑) 𝑈0

𝛼 𝑑 𝑅

𝑈 = 𝑄 =
∫ 𝑇0+Δ𝑇

𝑇0

𝐶(𝑇) d𝑇 ≈ 𝐶(𝑇0)Δ𝑇

𝐶 Δ𝑇 = 7.4 K

75meV

Δ𝑇 = 0.1 K

𝐼2𝜔

0.6 ns

150meV
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𝑇 > 𝑇
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𝑆 = 5/2

3
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𝑈
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2𝑒

𝑈

𝑧

𝑇 120 K

1.3 eV

1.5 eV
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5 eV

𝑇
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𝐸 𝑇

5 K

5 K

1 THz

𝐸𝑝

Δ𝜎 𝑑

Δ𝐸𝑝
𝐸𝑝

= −𝑍0𝑑

2
Δ𝜎



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 47PDF page: 47PDF page: 47PDF page: 47

100 fs

0.8 eV 2.5 eV

𝜆 = 500 nm 600 nm

𝜃

5 eV

M 𝜃 ∝ 𝑀

1.94 eV

𝜃

±𝐻
𝜃 = (𝜃(+𝐻) − 𝜃(−𝐻)) /2

Δ𝑀 𝑧
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1.94 eV

ps 𝑡 > 0 𝜃

1.94 eV

𝜃 90 K
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𝜃 (𝑡) = 𝐴(1 − 𝑒−𝑡/𝜏1 ) − 𝐵(1 − 𝑒−𝑡/𝜏1 ) (1 − 𝑒−𝑡/𝜏2 )

Δ𝑀 𝐴

𝜏1

𝐵 𝜏2

𝑧

M

𝜃 25 ps

Δ𝑀

90 K

𝑇

0.1 T

1.5 T

Δ𝑀
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𝑡 ≈ 25 ps 𝑇 = 105 K

𝜏1 𝜏2
𝜃 ±𝐻

1.55 eV

𝜏1 Δ𝑀

1.5 ps 3 ps

1.2 eV 2.4 eV

0.5 ps

100 ps

𝜏2

𝑇
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𝐹 𝐹th

Δ𝑀

1.5 eV

→ ↑

↓ ↓

1.55 eV
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𝐹th
𝑡 = 10 ps

1.94 eV
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40%

0.4

𝑝 = 0.31

𝑇
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−→
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𝑈
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u(r, 𝑡) 𝜖 = 𝜕u/𝜕r

𝜔(q) = 𝑣𝑠𝑞 q 𝑣𝑠 𝑣𝑠 10 ps/nm

10nm

u

𝑟 =
𝑧sub − 𝑧film
𝑧sub + 𝑧film

𝑧 = 𝜌𝑣𝑠 𝜌
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𝑄IR 𝑄

𝑈anh ∼ 𝑄2
IR
𝑄

𝑄IR
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𝑈 𝑄

Δ𝑄

Δ𝑄

𝜎

𝜎 = −
∑
𝜆

Δ𝑛𝜆𝐸𝜆𝛾𝜆

𝜆 Δ𝑛

𝐸 = ℏ𝜔 𝛾

𝛾𝜆 = −𝜕 ln𝜔𝜆

𝜕 ln𝑉
= − 𝑉

𝜔𝜆

𝜕𝜔𝜆

𝜕𝑉
= − 1

𝜔𝜆

𝜕𝜔𝜆

𝜕𝜖



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 63PDF page: 63PDF page: 63PDF page: 63

𝛾𝜆 = 0 𝜆

𝛾

Pa/K
𝐶𝜆 = 𝐸𝜆

𝜕𝑛𝜆
𝜕𝑇

𝛼 𝐵 𝛾 = 3𝛼𝐵/𝐶 𝐶𝜆

𝜎 =
∫ 𝑇

𝑇0

d𝑇
𝜕𝜎

𝜕𝑇
= −

∫ 𝑇

𝑇0

d𝑇
∑
𝜆

(
𝜕𝑛𝜆
𝜕𝑇

𝐸𝜆

)
𝛾𝜆 = −

∫ 𝑇

𝑇0

d𝑇
∑
𝜆

𝐶𝜆𝛾𝜆

𝛾𝜆 = 𝛾 𝜆

𝜎 = −𝛾
∫ 𝑇

𝑇0

d𝑇 𝐶(𝑇) ≈ 𝐶(𝑇0)Δ𝑇

Δ𝑇 = Δ𝑇 (𝑡)

𝑄 𝑄ex ∝ 𝜎(𝑡)

d2𝑄

d𝑡2
+ 𝜔2

0𝑄 = 𝜔2
0𝑄

ex (𝑡)

𝑄 𝑄ex 𝜔0

𝑄2
IR
(𝑡)
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𝜏

Δ𝑇 = 𝐸/𝐶𝑝𝑉 𝐸

𝐶𝑝 𝑉

𝜎 = −𝛾𝑝𝐶𝑝Δ𝑇

𝜏

𝑄ex
𝑝 = 𝑄0,𝑝

(
1 − 𝑒−𝑡/𝜏

)

𝑄ex
𝑝 (𝑡) = − 𝑄0,𝑝

𝜔2
0

√
1 + (𝜔0𝜏 )2

cos(𝜔0𝑡 + 𝜙)

𝜙 ≈ tan−1 (𝜔0𝜏 )

<100 fs

𝑇𝑒 > 𝑇0

𝜎 = −𝛾𝑒𝐶𝑒Δ𝑇𝑒 𝐶𝑒
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𝛾𝑒

𝐶𝑒 ∝ 𝑇𝑒

𝐶𝑒/𝐶𝑝 
 1

𝑛

𝐸𝑔 𝜎 = 𝑛exD𝑔 𝑛ex

D𝑔

D𝜆 = (𝜕𝐸𝜆/𝜕𝜖) = −𝛾𝜆𝐸𝜆

𝑇𝑒

𝜏

𝑄ex
𝑒 (𝑡) = 𝑄0,𝑒𝑒

−𝑡/𝜏

𝑄ex
𝑒 = 0 𝑡 < 0

𝑄ex
𝑒 (𝑡) = 𝜏 𝑄0,𝑒

𝜔0

√
1 + (𝜔0𝜏 )2

sin(𝜔0𝑡 + 𝜙)

𝜙 ≈ 0 𝜔𝜏 
 1
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248 nm

1Hz

1.2 J/cm2 600 ◦C

10 Pa

850 ◦C

10−4 Pa

[0 0 2]

𝑇N = 131 K

𝜆𝑝 = 640 nm ℏ𝜔𝑝 =

1.94 eV 100 fs 500Hz

0.5mJ/cm2

1.28 m

640 nm
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𝑐

3.945 54

𝜌

3 × 9 𝜇m

1 kHz 800 nm 1.5 eV

100 m

500Hz

0.62 eV −→
−→

ℏ𝜔pr −→

Δ𝑅

𝑅
= Θ(𝑡)

(
𝑎th𝑒

−𝑡/𝜏th + 𝑎osc cos(2𝜋𝑓𝑡 + 𝜙)𝑒−𝑡/𝜏osc
)
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Θ

𝑓 = 45GHz

𝑓 = 130GHz

Δ𝑟(𝑡)
𝑟0

=
2𝑖𝑘𝑛̂

1 − 𝑛̂2

∫ ∞

0

d𝑧 𝜖(𝑧, 𝑡) 𝜕𝑛̂(𝑡)
𝜕𝜖

𝑒2𝑖𝑘𝑛̂𝑧

𝜕𝑛̂/𝜕𝜖 𝜖(𝑧, 𝑡)
𝑛̂ 𝜖

Δ𝑅/𝑅0 ≈ Re(2Δ𝑟/𝑟0)

𝑑

Π(𝑧/𝑑) |𝑧/𝑑| < 1

F

F [Π(𝑧)] = sin(𝜋𝑞𝑑)
𝜋𝑞

𝑞 < 1/𝑑

𝑞

F
[ Π

(𝑧
)]
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𝑑 → 0

𝑣𝑠 Δ𝑛̂(𝑡) ∼ 𝛿(𝑧 − 𝑣𝑠𝑡)

Δ𝑟/𝑟0 ∼ 𝑒2𝑖𝑘𝑛̂𝑣𝑠𝑡

𝑘 𝑣𝑠

𝑓 = 𝑘𝑛𝑣𝑠/𝜋

𝑛 𝜆 = 800 nm

𝑛 = 2.34 𝑓 = (5.86 × 106 nm−1)𝑣𝑠
𝑓 = 45GHz 𝑣𝑠 =

7.7 nm/ps
7.9 nm/ps 𝑓

𝑞0 = 𝜋/𝑑

𝑓0 = 𝑣𝑠𝑞0/2𝜋 =
𝑣𝑠
2𝑑

𝑓0

𝑧 = 𝑑 Δ𝑛̂ ∝ 𝛿(𝑧 − 𝑑) cos(2𝜋𝑓0𝑡)

Δ𝑟/𝑟0 ∼ cos(2𝜋𝑓0𝑡)

𝑓0 𝑑 = 21.3 nm

𝑣𝑠 = 6.31 nm/ps 𝑓 = 134GHz
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𝑓 = 130GHz 𝑓

𝜙 ≈ 0

𝑇𝑒

𝑇𝑒, 𝑇𝑝

𝜏

𝑖 𝜎𝑖 = 𝛾𝑖𝐶𝑖Δ𝑇𝑖

𝐶𝑖

𝑓0

𝑓0𝜏 < 1 𝑇𝑒

𝜎𝑝 ≈ −𝛾𝑝𝐶𝑝Δ𝑇𝑝

𝑓0𝜏 > 1 𝑇𝑒

𝜎𝑒 ≈ −𝛾𝑒𝐶𝑒Δ𝑇𝑒
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𝐶𝑒 (𝑇𝑒) d𝑇𝑒
d𝑡

= 𝑃(𝑡) − 𝐺(𝑇𝑒 − 𝑇𝑙)

𝐶𝑝
d𝑇𝑙
d𝑡

= 𝐺(𝑇𝑒 − 𝑇𝑙)

𝐶𝑝

𝐶𝑒 (𝑇𝑒) = 𝑎𝑇𝑒 𝑎

𝐺

𝜏 ≈ 𝐶𝑒 (𝑇0)/𝐺
𝑃(𝑡)

𝑃(𝑡) = 𝑃𝐴

𝑓rep𝜏𝑝(𝜋𝑤2/2)𝑑
𝑒−𝑡

2/2𝜎2

𝜎
√
2𝜋

, 𝐴 =
8𝑑𝑘0𝜅𝑛

(1 + 𝑛𝑠 + 2𝑑𝑘0𝜅𝑛)2

𝐺

1/ 𝑓0
𝑓0𝜏e−p � 1

𝑅 ∝ 𝑇𝑒

𝑇∗𝑒
𝜎𝑒 = −𝛾𝑒𝑎𝑇∗𝑒 (𝑇∗𝑒 − 𝑇0) = −(20MPa)𝛾𝑒
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𝑃 2mW

𝑛 1.962

𝜅 0.964

𝑓 1 kHz

𝜏𝑝 150 fs

𝑤 2.3mm

𝑑 21.7 nm

𝑎 800 Pa/K2

𝐶𝑝 2.85MPa/K
𝐺 2 kPa/K/ps

𝛾𝑒

𝛾𝑒 = 2/3
𝑇∗ =

310 K

𝜎 = 𝜎𝑒 + 𝜎𝑝 = −(2.4MPa)𝛾𝑒 − (28.5MPa)𝛾𝑝

𝐸

𝜎𝑒 ∼ 𝐸2

𝑎

𝑇𝑒

𝑎osc
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𝐺

𝐸ex
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50W/cm2

0.76%

ℏΩ = 65meV

𝑇𝑝

𝐺

𝑉 ∼ 𝑄2
Ω𝜖
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40 nm

1h

550 ◦C 750 ◦C

750 ◦C

100 nm

550 ◦C

100MHz kHz

780 nm

100 W 1560 nm 100mW
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𝑇

2𝜃

[0 0 2]
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𝑇

𝑓

𝑓

3 𝑓
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Δ𝑅

𝑅
= Θ(𝑡)

(
2∑
𝑖=1

𝑎𝑖 𝑒
−𝑡/𝜏𝑖 +

3∑
𝑖=1

𝑎𝑖 𝑒−𝑡/𝜏𝑖 cos(2𝜋𝑓𝑖𝑡 + 𝜙𝑖)
)

3 𝑓

550 ◦C

150 ◦C

𝑘 𝑘 → ∞

𝑧𝑖 = 𝜌𝑖𝑣𝑠,𝑖 𝑣𝑠,𝑖
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𝑇
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𝑖 = 𝜌𝑖

𝑟0 =
𝑧 − 𝑧

𝑧 + 𝑧

𝑘

𝑟 =
𝑧 − 𝑧 − 𝑖𝑧 𝑧 𝜔/𝑘
𝑧 + 𝑧 + 𝑖𝑧 𝑧 𝜔/𝑘 =

𝑟0 − 𝑖𝑧 𝑧 𝜔/𝑘
1 + 𝑖𝑧 𝑧 𝜔/𝑘

𝜏 = − 1

𝑓 ln |𝑟 |

𝑟 = 𝑟0 𝜏 = 2.5 ps

𝑇 < 550 ◦C

𝜏 = 100 ps 550 ◦C

𝜏 = 18 ps 𝑘

𝑘 = 5.3 nN/nm3 𝑘 = 30 nN/nm3

𝜌𝑣𝑠

5.11 g/cm3 × 7.9 nm/ps = 40.36 sPa/ m

6.46 g/cm3 × 6.31 nm/ps 40.76 sPa/ m

21/6𝛿 𝑘 = 72𝜀/𝛿2 𝜀

𝛿0 𝛿

𝛿 = 𝛿0

√
𝑘0
𝑘

=
𝛿0
2.4

550 ◦C
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𝐷

𝐽 𝜌 J = −𝐷∇𝜌

300 ◦C
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SrO + RuO2 −→ SrRuO3

𝑐 2.38 eV 2.5mJ/cm2

𝜖 = 0.08% 1%

∼ 1 ps
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[0 0 2]

𝑐 = 0.396 nm 𝑐 = 0.393 nm

[0 0 2]

𝑐

𝑅 = 𝑅(𝑇𝑒)
𝑇𝑒, 𝑇𝑝 = 𝑇 𝑅(𝑇𝑒)

𝜆 = 800 nm

𝜕𝑛

𝜕𝑇
= −2.9 × 10−4 K−1,

𝜕𝜅

𝜕𝑇
= −8.1 × 10−4 K−1
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[0 0 2] 𝑥

𝑐

𝑛̂ = 𝑛+ 𝑖𝜅 𝑛𝑠

𝑅 =

����� 𝑟12 + 𝑟23𝑒2𝑖𝑘𝑑

1 + 𝑟12𝑟23𝑒2𝑖𝑘𝑑

�����
2

≈ (1 − 𝑛𝑠 − 2𝑑𝑘0𝜅𝑛)2
(1 + 𝑛𝑠 + 2𝑑𝑘0𝜅𝑛)2

𝑟𝑖 𝑗 𝑖 𝑗

𝑘 = 𝑘0𝑛̂

𝑘0𝑛𝑑 
 1 Δ𝑇

Δ𝑅

𝑅
=
1

𝑅

(
𝜕𝑅

𝜕𝑛

𝜕𝑛

𝜕𝑇
+ 𝜕𝑅

𝜕𝜅

𝜕𝜅

𝜕𝑇

)
Δ𝑇 =

8𝑘0𝑑

(2𝜅𝑘0𝑛𝑑+ 𝑛𝑠)2 − 1

(
𝜅
𝜕𝑛

𝜕𝑇
+ 𝑛

𝜕𝜅

𝜕𝑇

)
Δ𝑇

Δ𝑅

𝑅
= −1.8 × 10−4 K−1Δ𝑇

Δ𝑅/𝑅 = −10−2
Δ𝑇 = 55 K

70 K
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𝑇𝑒 (𝑡) Δ𝑅(𝑡)/𝑅
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3mm 0.1 THz
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𝐿𝐶

𝜔0/2𝜋 ∼ 1/√𝐿𝐶

𝑍

𝑎 𝑍

𝜖∗ = 1 − 𝑖𝑍0/(𝑍𝑘0𝑎)

𝑅

𝐿

𝐶

𝐶 𝐶

𝜖 𝐶

𝜖𝑠

𝜖0
−1𝐶 =

2𝑙

𝜋
ln

(
4𝑙

𝑔

)
︸������︷︷������︸+ 𝑙

𝜋
ln

(
16𝐷

𝜋𝑔

)
︸���������︷︷���������︸+ 𝑙𝑑

𝑔
(𝜖 − 𝜖𝑠)︸������︷︷������︸

𝐶 𝜖

d𝐶 = 𝜖0 (𝑙𝑑/𝑔) d𝜖

𝑔 𝑙

𝑑 𝑔 = 600 nm 𝑙 = 6 m 𝑑 = 200 nm
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�
�

�

10 μm

𝑅

𝐿 𝐿

𝑅

𝐶

𝑔 600 nm 𝑙 = 6 m

200 nm

𝑡(𝜔)
𝜎

𝜎 𝜎

𝑡(𝜔|𝜎)

(
𝜇−1∇2 + 𝑘2

)
E = 0, 𝑘2 = 𝑘20𝜖(r, 𝜔)

𝜇 𝑘0

𝜖 E
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𝜖 E 𝑘0

𝑥 𝑦

𝑦

𝑥𝑧 𝑦𝑧

𝑥𝑧 𝑦𝑧

𝑧

300 m 10 m

↑, ↓
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�

�

�

�

���������

���������

��

��

��

��

�������	

�

�

𝑦 𝑥𝑧

𝑦𝑧

𝐽↑(↓)𝑠,𝑧 =
𝑍𝑆𝐸

↑(↓)
𝑦 − 𝑍𝑇𝐸

↓(↑)
𝑦

𝑍2𝑆 − 𝑍2𝑇

𝑍𝑆 = 𝑖𝜔𝜇/𝑘 tan(𝑘𝑑) 𝑍𝑇 =

𝑖𝜔𝜇/𝑘 sin(𝑘𝑑) 𝑘 = 𝜔
√
𝜇𝜖

|𝐸/𝐸0 |
𝐸0
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|𝐸/𝐸0 | 1 THz

1/𝑒
𝛿 = 0.61 m

1 THz

𝑙 6 m 𝑔 0.6 m

𝛿 0.61 m

𝑉 = 𝑙𝑔𝛿 ≈ 2.2 m3

NA = 1 1 THz 𝑉0 =

(𝜆/2)3 = (150 m)3 106
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|𝐸 | = |𝐸 (r = 0) | 𝜎

1 THz

𝜎

𝜎 ≈ 3 × 104 S/m

𝜎

3 × 106 S/m

𝜎

𝜖(𝜔) = 𝜖∞ − 𝑖𝜎(𝜔)/𝜖0𝜔 𝐶

𝐶 ≈ 𝜖0 (𝑙𝑑/𝑔) 𝜎(𝜔)
𝑖𝜖0𝜔
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𝐶 𝐺 𝑌 = 𝑖𝜔𝐶 + 𝐺 = 𝑖𝜔𝐶∗

𝐶∗ = 𝐶0 + (𝑖𝜔)−1 (𝑙𝑑/𝑔)𝜎︸���︷︷���︸
𝐺

𝐶0

𝐸 = 𝐸0 cos(𝜔0𝑡 + 𝜙)𝑒−𝑡/𝜏

𝐸0 200 fs

0.5meV
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𝜎 1 THz

𝜎

250 fs 1 THz

𝜎
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180 ◦C 3min 1min

180 ◦C

3min 1min

4 nm

100 kV 800 C/cm2

30 nm

5 s

1min

5 nm 200 nm

45 ◦C 1 h
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|𝑡 |

Δ𝐸 20 ps
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ℏ𝜔 = 0.95 eV 𝐹

1 THz

Δ𝐸

0.4mJ/cm2

0.1mJ/cm2
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10mV/
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ℏ𝜔

Δ𝑔

𝑁 𝑁ℏ𝜔 ≥ Δ𝑔

ℏ𝜔/Δ𝑔 → 0

𝑉 ≈ 𝑒𝑎𝐸0 𝑎

Δ𝑔

𝐸0

𝐿 = Δ𝑔/𝑒𝐸0

𝑃(𝐸0) ∝ exp

(
−𝜋𝐸

𝐸0

)
𝐸0 = 𝐸

𝐸0 = 0

𝐸 Δ

𝜉 𝐸 = Δ /(2𝑒𝜉)
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ps

𝑇

𝑆 = 0

𝑆 = 1

Δ𝑔 ≈ 0.6 eV
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covalent 
bonding

S 
= 
1 S = 0

Ni e
g O 2p

�
g
*

�
g bond disproportionation

(phase transition)

d7 d8L d8 + d8L2

ẽ𝑔 ẽ∗𝑔

ẽ∗𝑔
Δ𝑔

ẽ∗𝑔

160 K 185 K

𝜎(𝜔) = 𝜎0/(1 − 𝑖𝜔𝜏)

𝜏 = 65 fs

𝜎0
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𝐸0

𝐸(𝑡 |𝐸0) → 𝐸(𝑡 |𝐸0)√
𝑈(𝐸0)

𝑈(𝐸0)

𝐸(𝑡 |𝐸0) = 𝐸(𝑡) (𝑇, 𝐸0)
(𝑇 , 𝐸0, )
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𝑇 ≈ 5 K 𝐸0, ≈ 6 kV/cm

𝑡(𝜔|𝐸0, 𝑇) = 𝐸(𝜔|𝐸0, 𝑇)
𝐸(𝜔|𝐸0, , 𝑇 )

𝐸0

𝑇

1 THz 100%

𝜎(𝐸0)

Δ𝐶(𝐸0) ∼
Δ𝜎(𝐸0)/𝑖𝜔

3 K 50 K

𝜎 = 𝜎0 exp(𝛼
√
𝐸/𝑘𝐵𝑇) Δ𝜎

20

𝜎

1 ps

5 K
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1 THz
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𝜏1 = 3.8(3) ps
𝜏2 = 217(182) ps Δ𝐸 (𝑡0 ) 13 ps

𝑡0 𝜏

𝑡0

Δ𝐸

𝜏1 = 3.8(2) ps

𝜏2 = 217(182) ps 𝜏2

20 ps

Δ𝐸 13 ps

𝑇
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1 ps

𝐸(𝑡, 𝜏) 𝑡 𝜏

𝑡

𝜎

𝐸 (𝑡)

𝑈(𝑡) =
∫ 𝑡

−∞
d𝑡′ 𝐸2 (𝑡′)

1 ps

1 ns
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t0

Sampler

Probe

Pump

t

Sampler

Probe

Pump

𝜏

𝜏

𝜏 𝜏
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𝑔 = 600 nm 300 nm/4 nmps−1 = 75 ps

20 K

30 K 340 K

5 K 175 K

170 K

𝐸0

𝜕𝜎/𝜕𝐸

𝐸0 Δ

𝐸 = 4MeV/cm 𝑎 = 0.4 nm 𝑎𝑒𝐸 =

160meV Δ = 300meV
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𝑁 ≈ 𝑃(𝐸𝑝)Δ𝑡 𝐸𝑝 Δ𝑡

𝜎 = 𝜎0 + 𝑎 exp(−𝜋𝐸 /𝐸𝑝)

𝜏 = 20 ps

𝜏 = 0

𝐸 ≈ 69(6) kV/cm

1.4MV/cm
0.4 nm

𝐸

60meV

Δ𝑔 = 0.5 eV

𝐸 = Δ /2𝑒𝜉 𝜉

𝜉 1.8 nm

Δ𝐸(𝑡0, 𝜏) 𝜏

𝑡(𝜔0)
Δ𝜎

𝐸(𝑡)
𝜏 𝜎

20 ps

𝜏1 ≈ 2 ps 𝜏2 ≈ 100 ps 𝜏3 ≈ 1 ns
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𝜎

𝑇 𝜏

20 ps 𝐸0
5 K

𝜏 𝜏 = 0

Δ𝜎

𝜏 1 ns

20 ps

𝜏1 ≈
2 ps 𝜏2 ≈ 100 ps 𝜏3 = 1600 ps
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𝜎 = 𝜎0𝑒−𝑡/𝜏

𝜏

𝜏1

𝜏2 𝜏3

𝜏 ∝
exp(Δ𝑔/𝛽) 𝛽
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Δ𝐸

𝜏

𝜏1 = 1.8(2) ps 𝜏2 = 174(11) ps 𝜏3

0.95 eV

100 fs

×20
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𝜎

𝑡(𝜔|𝑅) 𝑅

𝜎 ℎ(𝜔|𝜎) 𝜎

E(𝑅, 𝜎) =
∫

d𝜔 (𝑡(𝜔|𝑅) − ℎ(𝜔|𝜎))2
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100 fs 𝜆 = 800 nm

200 m

𝜎 𝑅

𝜎|𝑅 = argmin
𝜎

E(𝑅, 𝜎)

𝜎

𝜎0

𝜎0 = argmin
𝜎0

∑
𝑖

min
𝜎

E(𝑅𝑖, 𝜎, 𝜎0)

𝜎|𝑅 𝜎0
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1 THz

𝛾𝐾 𝐸 = 𝐸0 cos(𝜔𝑡)

𝛾𝐾 = 𝜔0

√
𝑚𝑒Δ

𝑒𝐸0

𝑚𝑒 Δ

Δ = 0.6 eV

𝑚 = 6𝑚𝑒

𝐸0 = 4MeV/cm 𝛾𝐾 = 0.1 
 1

𝐽

𝑈 𝐽 𝑈

𝑈

−→

𝑒
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𝑈 𝑒

𝐽

2𝑒1𝑔 −→ 𝑒0𝑔 + 𝑒2𝑔 2d8L −→ d8𝐿2 + d8

Δ𝑠

𝑈 − 3𝐽 < Δ𝑠

𝑈 𝑒𝑔 𝐽

𝑒 𝑈 − 3𝐽

Δ𝑠

𝑒 𝑒 𝐿



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 124PDF page: 124PDF page: 124PDF page: 124

Δ𝑔 ≈
0.6 eV

𝑆 = 0

𝑆 = 1

Δ

Δ𝑔 = Δ

Δ𝑔 →

𝜃 2𝜃

(0 0 2)

10.8 nm Δ𝑐/𝑐bulk =

−1.3%
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𝑥 2𝜃

𝐿𝐶

Δ𝐸(𝜏) 𝜏

𝑡0

𝑇 𝐸0

𝜏0

𝑇 𝐸0

𝜏1
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Δ𝑉

7 ps

𝑉

1 THz

𝐿𝐶
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Δ𝐸

𝑡0 𝜏0 𝜏1

𝐸0 𝐸0, ≈ 200 kV/cm 𝑇

𝜏0 𝐸0 𝑇 𝜏1
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𝛾 Ω
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j (𝑡)

j𝑐

𝜃sH ≡ 𝜌sH/𝜌
𝜌sH 𝜌

j jc = 𝜃sH (js × m̂) m̂ = M/𝑀
j

𝐸(𝑡)

(
∇2 − 1

𝑐2
𝜕2𝑡

)
E(r, 𝑡) = 𝜇0

𝜕j𝑐 (r, 𝑡)
𝜕𝑡

𝐸THz (𝜔) =
(
𝜌FM |HM
𝜌HM𝑑

)
𝜌sH 𝑗s (𝜔)

100 fs

𝑑
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𝜆0 = 1.2 𝜇m

𝜆0 = 0.8 𝜇m

2.7 THz 370 fs

𝑗s

𝜌sH = 𝜃sH𝜌

𝜌sH 𝜃sH

𝑗s

Δ𝑀/𝑀0

𝑇C = 1388 K
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10 nm 3nm

3mTorr

𝑇 → 0 𝜌0 = 29.4 𝜇Ω cm

1.2 𝜇m 𝑓rep = 1 kHz

0.5mm

𝐸p

10 − 280 K

𝐸p

70 K 𝐸p

LiNbO3

InSb GaAs

𝑗s

𝐸THz (𝜔) = 𝑗s𝜌sH/𝜌Pt
(1 + 𝑛sub)/𝑍0 +

∫ 𝑑

0
d𝑥 𝜎(𝑥, 𝜔)

𝑛sub 𝑍0∫ 𝑑

0
d𝑥 𝜎 = 𝑑𝜎Co |Pt (1 +
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𝑇 𝐸p

𝑛sub)/𝑍0

𝐸THz ≈
(
𝜌Co |Pt
𝑑𝜌Pt

)
𝑗s𝜌sH

𝜌Pt 𝜌Co

𝜌Pt

𝜌Co |Pt/𝜌Pt

𝐸p

𝑗s

𝜃F

10 − 280 K

Δ𝜃F/𝜃F
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𝜌sH 𝑗𝑠

𝜌sH = 𝜃sH𝜌Pt

𝜌Pt

3 nm

17Hz 100 𝜇A

𝜌sH 𝜌Pt 𝜔 → 0

𝜔/2𝜋 ≈ 1 THz

𝜌Pt (𝑇)
30 K

𝜌Co |Pt/𝜌Pt
4%

𝜌Pt 𝐸p

𝜌sH =

𝜎
sH
𝜌2
Pt

𝜌Pt,0 = 29.4 𝜇Ω cm

Ω𝜎,k

−k×Ω𝜎,k

𝜎
sH

𝜌int
SH

= 𝜎int
sH
𝜌2
Pt
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𝜃F
Δ𝜃F = 1

2
(𝜃+

F
− 𝜃−

F
)

𝑇
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VI

Spin Berry curvature
(intrinsic origin)

Skew scattering
(extrinsic origin)

𝜌sH ∝ (𝜌Co|Pt/𝜌Pt )−1𝐸p 𝜌2
Pt

𝜌Pt 3 nm
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𝜎
sH

= 𝛼ss/𝜌Pt,0 𝛼ss

𝜌Pt,0

𝜌Pt

𝜌ss
sH

= 𝜎ss
sH
𝜌2
Pt,0 = 𝛼ss𝜌Pt,0

𝜌sH (𝑇) = 𝛼ss𝜌Pt,0 + 𝜎sH𝜌
2
Pt (𝑇)

(𝜌Co |Pt/𝜌Pt)−1𝐸p ∝ 𝜌sH 𝜌2
Pt

𝜌2
Pt

𝑇 ≈ 70 K

𝑗s

𝑗∗s � 𝑗s

𝜆 ≈ 8 nm

𝑑Pt = 3 nm 𝜆

𝐸p

𝜎
sH

𝑇 = 0

SrRuO3
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𝜆rel

𝑗∗s 𝑗s

𝜆rel 𝐸p

𝜆

𝜌∗
sH

𝑑 /𝜆

𝜆

𝜆 = 8.0 nm

𝑑Pt = 3 nm 𝜌∗
sH
/𝜌sH

𝜕𝜆 (𝜌∗
sH
/𝜌sH)

𝜌∗
sH
/𝜌sH

= 0.3% (𝜆 = 8 nm)

𝜆 = 4 nm

2.3% 𝜆 𝐸p

𝜌sH 𝜃sH 𝜔 → 0
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𝜔𝜏 𝜏

𝜏SO ∝ ℏ/
√
𝐸SO𝐸F

𝐸SO 𝐸F

𝐸F = (ℏ2/2𝑚e)/(3𝜋2 (−1/𝑒𝑅H))2/3 = 14.5 eV

𝑅H = −25.5 pΩm/T
𝐸SO = 0.93 eV

𝜔/2𝜋 = 1 THz 𝜔𝜏SO ≈ 10−3 
 1

𝜏𝑝 𝜏𝑠𝑑

𝜏𝑝 = −𝑅H𝑚e/𝜌𝑒 = 0.5 fs

𝜔𝜏𝑝 ≈ 10−3 
 1

𝜏s = 1/(Ω2
SO
𝜏𝑝) ΩSO = 𝐸SO/ℏ

𝜔𝜏sd ≈ 10−2 
 1
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𝜇𝑇
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meV eV
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GHz



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 147PDF page: 147PDF page: 147PDF page: 147



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 148PDF page: 148PDF page: 148PDF page: 148



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 149PDF page: 149PDF page: 149PDF page: 149



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 150PDF page: 150PDF page: 150PDF page: 150



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 151PDF page: 151PDF page: 151PDF page: 151

ℏ



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 152PDF page: 152PDF page: 152PDF page: 152



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 153PDF page: 153PDF page: 153PDF page: 153

3



669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen669744-L-bw-Matthiesen
Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024Processed on: 17-12-2024 PDF page: 154PDF page: 154PDF page: 154PDF page: 154





D
RIV

IN
G

 Q
U

A
N

TU
M

 M
ATERIA

LS U
SIN

G
 RESO

N
ATO

RS, O
RBITA

LS A
N

D
 PH

O
N

O
N

S
M

ATTIAS M
ATTH

IESEN

DRIVING QUANTUM MATERIALS USING 
RESONATORS, ORBITALS AND PHONONS

Mattias Matthiesen


	Lege pagina
	Lege pagina



