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❚t� ✄✡✡❛✠✍☎✞✟✄✡ ♠�✄☞☛✂�♠�✁☎ ✠♦ ☎t�

✂�✡✄r✄☎✞✠✁ ✂✄☎�☞ ✠♦ ✠☛✂ ☞✍✞✁ ☞�✁☞✠✂☞ ✟✄✍☎☛✂�☞ ☎t� ✏❘✎☞ ✠♦ ☎t�
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♦✑�♠ q✂☎✝✔✁✞ ✠✈❛♣�✑❛✄☎✆✒✟ ❲✠ �❜s✠✑✈✠❞ ❛ ✝✁✠❛✑ ❞☎✕✠✑✠✆✝✠ ✭✖✟✗✖
✘✮ ☎✆ ✄✏✠ ♠✠❛s✂✑✠❞ ✍✶ ✄☎♠✠s ♦�✑ ♣✂✑✠ ✇❛✄✠✑ ✇☎✄✏ ✑✠s♣✠✝✄ ✄�
✭✆✠❛✑✁✞✮ ♣✂✑✠ ❛✝✠✄�✆✠ ✭❋☎✒✂✑✠ ✗❛✮✟ ✍� ✂✆❞✠✑s✄❛✆❞ ♠�✑✠
q✂❛✆✄☎✄❛✄☎✈✠✁✞ ✄✏✠s✠ ✑✠s✂✁✄s❡ ✇✠ ❞✠✈✠✁�♣✠❞ ❛✆ ❛✆❛✁✞✄☎✝❛✁ ♠�❞✠✁
�♦ ✄✏✠ ❘✙✚ ✑❛✄✠ ☎✆ �✂✑ ✠①♣✠✑☎♠✠✆✄s✟

✍✏✠ ❘✙✚ �♦ ❛ ♠�✁✠✝✂✁✠ ☎s ☎✆✓✂✠✆✝✠❞ ❜✞ ☎✄s ✁�✝❛✁ ✈☎s✝�s☎✄✞✟
❋�✑ ❛ ♠�✁✠✝✂✁✠ ✇☎✄✏ ✏✞❞✑�❞✞✆❛♠☎✝ ✑❛❞☎✂s ✛ ☎✆ ❛ s�✁✈✠✆✄ �♦
✈☎s✝�s☎✄✞ ✜ ❛✆❞ ♠�✁✠✝✂✁❛✑ ✑❛❞☎✂s ✛✢❡ ✄✏✠ ❘✙✚ ✑❛✄✠ ☎s ✠①♣✑✠ss✠❞
❜✞ ✄✏✠ ❙✄�✔✠s✣❊☎✆s✄✠☎✆ ✠q✂❛✄☎�✆✤✷✥✱✷✦
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❑✠✑✠ ❢ ▲ ☎s ✄✏✠ ♠☎✝✑�✈☎s✝�s☎✄✞ ♦❛✝✄�✑ ✄✏❛✄ ✄❛✔✠s ☎✆✄� ❛✝✝�✂✆✄ ✄✏✠
❞☎s✝✑✠✄✠ ✆❛✄✂✑✠ �♦ s�✁✈✠✆✄ ♠�✁✠✝✂✁✠s✟✷✥✱▼◆ ✎s ✇✠ ✝❛✆ s✠✠❡ ❛ ✁�✇✠✑
✈☎s✝�s☎✄✞ ✝�✑✑✠s♣�✆❞s ✄� ♦❛s✄✠✑ ♠�✄☎�✆s❡ ✇☎✄✏ ❛ ❘✙✚ ✑❛✄✠ ❖▲P◗ ❛s
✁❛✑✒✠ ❛s ❚✖ ●❑❯ ☎✆ �✂✑ ✠①♣✠✑☎♠✠✆✄✟ ❲✠ ♣✁�✄ ☎✆ ☎✆ ❋☎✒✂✑✠ ✗❜ ✄✏✠
❞✞✆❛♠☎✝❛✁ ✈☎s✝�s☎✄✞ ✜ ❛✆❞ ✄✏✠ ✠①♣✠✝✄✠❞ ❘✙✚ ✑❛✄✠ �♦ ●❞☛
☞✌✍✎✟ ✍✏✠ ❘✙✚ ✑❛✄✠ �♦ ●❞☛☞✌✍✎ ♠�✁✠✝✂✁✠s ✈❛✑☎✠s ❜✠✄✇✠✠✆
❛✑�✂✆❞ ❳ ❛✆❞ ❚✖ ●❑❯ ☎✆ �✂✑ ✇❛✄✠✑✣❛✝✠✄�✆✠ ❜☎✆❛✑✞ s�✁✂✄☎�✆✤
✍✏☎s ✁❛✑✒✠ ✑❛✆✒✠ ☎s ❛✄✄✑☎❜✂✄✠❞ ✄� ✄✏✠ ✝�✆✄✑❛s✄ ☎✆ ✈☎s✝�s☎✄☎✠s ❛s
✇✠✁✁ ❛s ❞☎✕✠✑✠✆✄ ♠�✁✠✝✂✁✠ s☎❯✠s �♦ ✇❛✄✠✑ ❛✆❞ ❛✝✠✄�✆✠✟ ❙☎✆✝✠
❖❨❩❬◗P◗ ❭ ❪❫ ❞✂✠ ✄� ✄✏✠ ✁❛✑✒✠ ❖❨❩❬❩❴❵ ✝�✆✄✑☎❜✂✄☎�✆❡ ✇✠ ✠①♣✠✝✄
✁�✆✒✠✑ ✑✠✁❛①❛✄☎�✆ ✄☎♠✠ �♦ ✄✏✠ ❝❱ s✠✆s�✑s ♦�✑ ✏☎✒✏✠✑ ❘✙✚ ✑❛✄✠s❡
❛s s✠✠✆ ☎✆ ❋☎✒✂✑✠ ✗❛✟

❲✠ ♦✂✑✄✏✠✑ ✈✠✑☎✡✠❞ ✄✏❛✄ �✂✑ ❛ss✂♠♣✄☎�✆ ✄✏❛✄ ✄✏✠ ♠☎✝✑�☛
✈☎s✝�s☎✄✞ ♦❛✝✄�✑ ☎s ✠ss✠✆✄☎❛✁ ✄� ❞✠s✝✑☎❜✠ ✄✏✠ ❘✙✚ �♦ ✄✏✠
✭✆❛✆�s✝❛✁✠✮ ●❞☛☞✌✍✎ ♠�✁✠✝✂✁✠s ☎s ✝�✑✑✠✝✄✟ ❲✠ ✝�♠♣❛✑✠❞ ✄✏✠
✠s✄☎♠❛✄✠❞ ❘✙✚ ✑❛✄✠ ✂s☎✆✒ ✠q ✗❡ ✠☎✄✏✠✑ ✇☎✄✏ �✑ ✇☎✄✏�✂✄ ✄✏✠
♠☎✝✑�✈☎s✝�s☎✄✞ ♦❛✝✄�✑ ✭❋☎✒✂✑✠ ✗✝❡❞✮❡ ❛✆❞ ✇✠ ♦�✂✆❞ ✄✏✠ ♣✑✠❞☎✝✄✠❞
❘✙✚ ✑❛✄✠ ✇☎✄✏ ✄✏✠ ♠☎✝✑�✈☎s✝�s☎✄✞ ♦❛✝✄�✑ ❛✒✑✠✠s ❜✠✄✄✠✑ ✇☎✄✏
✠①♣✠✑☎♠✠✆✄❛✁ ✑✠s✂✁✄s ✭❋☎✒✂✑✠ ✗❛✮✟ ✍✏☎s ♠❛✄✝✏✠s �✂✑ ✠①♣✠✝✄☛
❛✄☎�✆❡ s☎✆✝✠ ✄✏✠ ❞☎s✝✑✠✄✠ ✆❛✄✂✑✠ �♦ s�✁✈✠✆✄ ♠�✁✠✝✂✁✠s s✏�✂✁❞
✝�♠✠ ☎✆✄� ♣✁❛✞ ✇✏✠✆ s✂❜☛✆❛✆�♠✠✄✠✑ s☎❯✠❞ ●❞☛☞✌✍✎
♠�✁✠✝✂✁✠s ❛✑✠ ✝�✆✝✠✑✆✠❞✟ ❋☎✆❛✁✁✞❡ ♦✑�♠ ✄✏✠ ✠①♣✠✑☎♠✠✆✄❛✁ ❞❛✄❛
❛✆❞ ✝�✆s☎❞✠✑☎✆✒ ❛ ❚❣❤ ✈❛✑☎❛✄☎�✆ ☎✆ ●❞ ♠�✁✠✝✂✁✠ ❞✠✆s☎✄✞❡ ✇✠
✠s✄☎♠❛✄✠ ✄✏❛✄ ✄✏✠ ❘✙✚ ✑❛✄✠ �♦ ●❞ ♠�✁✠✝✂✁✠s ☎✆ ✆✠❛✑✁✞ ♣✂✑✠
❛✝✠✄�✆✠ ☎s ❳❣✟❳ ➧ ❚❣✟✐ ●❑❯❡ ✝�✆s☎s✄✠✆✄ ✇☎✄✏ ✄✏✠ ❚✖✟❳ ●❑❯
✝❛✁✝✂✁❛✄✠❞ ♦✑�♠ ✠q ✗ ❛✄ ✑��♠ ✄✠♠♣✠✑❛✄✂✑✠✟

❙☎✆✝✠ �✂✑ ♠✠❛s✂✑✠♠✠✆✄s ✇✠✑✠ ♣✠✑♦�✑♠✠❞ ✇☎✄✏ ❛✆ ✠✆s✠♠❜✁✠
�♦ ❝☞s❡ �✆✠ ✝�✆✝✠✑✆ ✇❛s ✄✏✠ ☎✆✏�♠�✒✠✆✠�✂s ❞✠✆s☎✄✞
❞☎s✄✑☎❜✂✄☎�✆ �♦ ●❞ ♠�✁✠✝✂✁✠s ✇✏✠✆ �✆✠ ✝✏❛✆✒✠s s�✁✂✄☎�✆s✟
✍� ☎✆✈✠s✄☎✒❛✄✠ ✄✏☎s ☎ss✂✠❡ ✇✠ ✝�♠♣❛✑✠❞ ✄✏✠ ❞☎s✄✑☎❜✂✄☎�✆ �♦
✑✠✁❛①❛✄☎�✆ ✄☎♠✠s �♦ s♣❛✄☎❛✁✁✞ s✠♣❛✑❛✄✠❞ s✠✆s☎✆✒ s♣�✄s ♦�✑ ✄✏✠
✇❛✄✠✑ ❛✆❞ ✆✠❛✑✁✞ ♣✂✑✠ ❛✝✠✄�✆✠ ✝❛s✠s✟ ✎s �✆✠ ✝❛✆ s✠✠ ☎✆ ❋☎✒✂✑✠
✖❛❡ ✄✏✠ ✄✇� ❞☎s✄✑☎❜✂✄☎�✆s s♣✑✠❛❞ ❜✑�❛❞✁✞❡ ✇✏☎✝✏ ♠☎✒✏✄ ❜✠ ❛
✑✠s✂✁✄ �♦ ✄✏✠ s♣❛✄☎❛✁ ☎✆✏�♠�✒✠✆✠☎✄✞ �♦ ●❞ ♠�✁✠✝✂✁✠ ❞✠✆s☎✄✞ �✑
s♣❛✄☎❛✁✁✞ ✈❛✑✞☎✆✒ ✁�✝❛✁ ✝✏❛✑✒✠ ✠✆✈☎✑�✆♠✠✆✄s ✭s✠✠ ✄✏✠ ✆✠①✄
s✠✝✄☎�✆✮✟ ❝✠✈✠✑✄✏✠✁✠ss❡ ✄✏✠ ✄✇� ❞☎s✄✑☎❜✂✄☎�✆s ❛✑✠ ✝✁✠❛✑✁✞ ❞☎s✄☎✆✝✄
♦�✑♠ ✠❛✝✏ �✄✏✠✑❡ ❛s s✏�✇✆ ☎✆ ❋☎✒✂✑✠ ✖❜❡ ✇☎✄✏ ●❛✂ss☎❛✆ ✡✄✄☎✆✒s✟
✍✏☎s ♦✂✑✄✏✠✑ ❞✠♠�✆s✄✑❛✄✠s ✄✏❛✄ �✂✑ ✑✠✁❛①❛✄☎�✆ ♠✠❛s✂✑✠♠✠✆✄s
✝❛✆ ❞☎s✄☎✆✒✂☎s✏ ❞☎✕✠✑✠✆✄ ❘✙✚ ✑❛✄✠s ☎✆✓✂✠✆✝✠❞ ❜✞ ✁�✝❛✁
✈☎s✝�s☎✄☎✠s✟

❥❧♥t✉♥♥❧②③④ ✍� q✂❛✆✄☎♦✞ ✄✏✠ ♣✠✑♦�✑♠❛✆✝✠ �♦ �✂✑ ♣✑�♣�s✠❞
♠✠✄✏�❞❡ ✇✠ ✝❛✆ ✠s✄☎♠❛✄✠ ✄✏✠ ♠☎✆☎♠❛✁ ❞✠✄✠✝✄❛❜✁✠ ✈❛✁✂✠ �♦ ✄✏✠
✄�✄❛✁ ♠❛✒✆✠✄☎✝ ✆�☎s✠ ✓✂✝✄✂❛✄☎�✆ ✑❛✄✠ ⑤ ⑥⑦⑧

⑨⑩❶❷ ♣✠✑ ✂✆☎✄ ✄☎♠✠
♦�✑ ❛ s☎✆✒✁✠ ❝❱ ✝✠✆✄✠✑ ✁�✝❛✄✠❞ ❛✄ ✄✏✠ ✝✠✆✄✠✑ �♦ ❛ s☎✆✒✁✠ ❝☞✟ ❲✠
✡✆❞

❸❹❺❻❼❽ ❿➀ ❍➁❏ ➂➃➄➅➆➃➇➈➅➃➉➊ ➉➋ ➌➍➁➄➈➆➍➎ ➆➍➏➁➐➁➅➃➉➊ ➅➃➌➍➄ ➉➑➍➆ ➎➃➒➍➆➍➊➅ ➓➉➊➋➉➓➁➏ ➔➉➃➊➅➄ ➋➉➆ ➌➉➏➍➓➈➏➍➄ ➃➊ ❍➅➉➔❏ ➔➈➆➍ →➁➅➍➆ ➁➊➎ ❍➇➉➅➅➉➌❏ ➊➍➁➆➏➣ ➔➈➆➍
➁➓➍➅➉➊➍ ❍→➃➅↔ →➁➅➍➆ ➌➉➏➍ ➋➆➁➓➅➃➉➊ ↕➙↕➛➜❏➙ ❍➇❏ ➝➁➈➄➄➃➁➊ ➞➅➅➃➊➟➄ ➅➉ ➅↔➍ ➅→➉ ➎➃➄➅➆➃➇➈➅➃➉➊➄ ➄↔➉→ ➅→➉ ➓➏➍➁➆➏➣ ➎➃➄➅➃➊➓➅ ➔➍➁➠ ➑➁➏➈➍➄➙ ❍➓❏ ➡➍➊➄➃➅➃➑➃➅➣
➍➄➅➃➌➁➅➃➉➊ ➁➄ ➁ ➋➈➊➓➅➃➉➊ ➉➋ ➝➎ ➌➉➏➍➓➈➏➍ ➎➍➊➄➃➅➣ ➋➉➆ ➁ ➄➃➊➟➏➍ ➢➤ ➄➍➊➄➉➆ ➏➉➓➁➅➍➎ ➁➅ ➅↔➍ ➓➍➊➅➍➆ ➉➋ ➁ ➊➁➊➉➎➃➁➌➉➊➎ →➃➅↔ ➎➃➁➌➍➅➍➆ ➥➦ ➃➊ ➁ ➨↕ ➄ ➎➁➅➁
➁➓➩➈➃➄➃➅➃➉➊ ➅➃➌➍➙
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✇✓✔✕✔ ❚✖ ✐✗ t✓✔ ❞✔t✔✘t✐✙✚ ✇✐✚❞✙✇✛ � ✐✗ t✓✔ ♣✓✙t✙✚ ✘✙❝✚t✐✚✜
✕rt✔✛ r✚❞ ✢ ✐✗ t✓✔ ✘✙✚t✕r✗t✣ ■✚ ✙❝✕ ✔✤♣✔✕✐✥✔✚t✗✛ ✇✔ ✓r❤✔ r
❞✔t✔✘t✐✙✚ ✇✐✚❞✙✇ ❚✖ ❂ ✺✦✦ ✚✗✣ ❲✔ r✗✗❝✥✔ r ✗✐✜✚rs ✘✙✚t✕r✗t ✢
❂ ✦✣✧ r✚❞ r ♣✓✙t✙✚ ✘✙❝✚t✐✚✜ ✕rt✔ � ✶ ✶★✩✪ ✫ ✘✙❝✚t✗✬✗ ❢✙✕ r
✗✐✚✜s✔ ◆✮✣ ❆t ✙♣t✐✥✐✯✔❞ ✲❞ ❞✔✚✗✐t✳ ✹✘✙✕✕✔✗♣✙✚❞✐✚✜ t✙ t✙trs
✲❞ ✻❝✘t❝rt✐✙✚ ✕rt✔ ✼✽✾✿❀❁❀ ❃ ❄✦✣✧ ✲❅✯❊✛ ✇✔ ✜✔t r ✗✔✚✗✐t✐❤✐t✳ ✙❢
❋✼✽✾
❍❏❑ ❂ ❄✣▲ ✹▲✣❄❊ ✲❅✯ ❢✙✕ r ✗✐✚✜s✔ ◆▼ ✇✐t✓ ❞✐r✥✔t✔✕ ❖P ❂ ✧✦

✹✧✺❊ ✚✥ ✐✚ r ❚ ❂ ◗✦ ✗ ❞rtr r✘❛❝✐✗✐t✐✙✚ t✐✥✔✛ r✗ ♣✕✔✗✔✚t✔❞ ✐✚
❙✐✜❝✕✔ ❯✘✣ ◆✙t✔ t✓rt ✓✔✕✔ t✓✔ ✘rs✘❝srt✐✙✚ ✙✚s✳ tr❱✔✗ t✓✔ ♣✓✙t✙✚
✗✓✙t❳✚✙✐✗✔ ✐✚t✙ ✘✙✚✗✐❞✔✕rt✐✙✚✛ r✗ ✐t ✐✗ t✓✔ ✥r✐✚ ✗✙❝✕✘✔ ✙❢
❞✔t✔✘t✐✙✚ ✚✙✐✗✔✣
❨✙ ✔✤t✔✚❞ ✙❝✕ ✥✔t✓✙❞ t✙ ✗✐✚✜s✔ ◆▼ ✥✔r✗❝✕✔✥✔✚t✗✛ ✇✓✐✘✓

✘r✚ ✳✐✔s❞ ✗❝♣✔✕✐✙✕ ✗♣rt✐rs ✕✔✗✙s❝t✐✙✚✗✛ ✇✔ ✚✔✔❞ t✙ ✓r❤✔ ✇✔ss❳
✘✓r✕r✘t✔✕✐✯✔❞ ◆✮ ✘✔✚t✔✕✗ ✇✐t✓ ✗♣rt✐rss✳ ✓✙✥✙✜✔✚✔✙❝✗ ❞✐✗❳
t✕✐❩❝t✔❞ ✥r✜✚✔t✐✘ ✥✙s✔✘❝s✔✗ r✕✙❝✚❞ t✓✔✥✣ ■✚ r❞❞✐t✐✙✚✛ t✓✔
✘✓r✕✜✔ ✗trt✔ ✘✙✚❤✔✕✗✐✙✚ ❩✔t✇✔✔✚ ◆✮❬ r✚❞ ❝✚❞✔✗✐✕✔❞ ◆✮P

✗trt✔✗ ✗✓✙❝s❞ ❩✔ ✇✔ss ✘✓r✕r✘t✔✕✐✯✔❞✣ ■✚❞✔✔❞✛ t✓✔ ✘✓r✕✜✔
✘✙✚❤✔✕✗✐✙✚ ✕rt✔ ✥✐✜✓t ❤r✕✳ ❩✙t✓ ❞❝✔ t✙ ❞✐❭✔✕✔✚t ✘✓✔✥✐✘rs
✗✙s❝t✐✙✚✗ r✚❞ r✘✕✙✗✗ ◆✮ ✘✔✚t✔✕✗✛ t✓❝✗ ✥r✗❱✐✚✜ t✓✔ ✕✔rs
✕✔sr✤rt✐✙✚ ❞✐❭✔✕✔✚✘✔✗✣ ❆✗ ✇✔ r❤✔✕r✜✔❞ ✙❤✔✕ ✥r✚✳ ◆▼✗✛ t✓✐✗ ✇r✗
✚✙t r ✥r✐✚ ✘✙✚✘✔✕✚ ✓✔✕✔✣ ❲✔ ♣✙✐✚t ✙❝t t✓rt t✓✐✗ ✐✗✗❝✔ ✘r✚ ❩✔
r❞❞✕✔✗✗✔❞ ❩✳ ✘✓r✕r✘t✔✕✐✯✐✚✜ ✙✕ ✥✐t✐✜rt✐✚✜ t✓✔ ✘✓r✕✜✔
✐✚✗tr❩✐s✐t✐✔✗ ❩✔❢✙✕✔✓r✚❞ ✇✐t✓ t✓✔ ❝✗✔✛ ❢✙✕ ✔✤r✥♣s✔✛ ✙❢ r❞❞✐t✐✙✚rs
sr✗✔✕✗ t✙ ✘✙✚t✕✙s t✓✔ ♣✓✙t✙✐✙✚✐✯rt✐✙✚ ♣✕✙✘✔✗✗ ✙✕ ✥✐✘✕✙✇r❤✔
✘✙✚t✕✙s t✙ ❩✔tt✔✕ ✗✔s✔✘t t✓✔ ◆✮❬ ❞✳✚r✥✐✘✗✣❪❫❴❪❵ ■✚ r❞❞✐t✐✙✚✛
t✓✔ ♣✕✙♣✔✕t✐✔✗ ✙❢ ◆▼✗ ✘✙❝s❞ ❩✔ ✐✥♣✕✙❤✔❞✛ ❢✙✕ ✔✤r✥♣s✔✛ ❩✳
✐✚✘✕✔r✗✐✚✜ t✓✔ ✚❝✥❩✔✕ ✙❢ ◆✮ ✘✔✚t✔✕✗ ✐✚✗✐❞✔ ✔r✘✓ ◆▼✣ ❨✓✐✗
✐✚✘✕✔✥✔✚t ✙❢ ◆✮ ✗✔✚✗✙✕✗ ✇✐ss ✳✐✔s❞ ❩✔tt✔✕ ✗✔✚✗✐t✐❤✐t✳ ✇✓✐s✔
✥r✐✚tr✐✚✐✚✜ t✓✔ ✗✐✚✜s✔❳◆▼ ✗♣rt✐rs ✕✔✗✙s❝t✐✙✚✣
❲✔ ✚✙t✔ t✓rt t✓✔ ♣✕✔✗✔✚✘✔ ✙❢ ✘r✕❩✙✤✳s t✔✕✥✐✚rt✐✙✚ ✜✕✙❝♣ ✙✚

t✓✔ ✗❝✕❢r✘✔ ✙❢ ◆▼✗ ✥✐✜✓t ✚rt❝✕rss✳ ✘✙✥♣✔t✔ r✚❞ ✐✚t✔✕r✘t ✇✐t✓
t✓✔ ▼❜❨❆ ✘✓✔srt✙✕✗✣ ❣r✕✔❢❝s ✗❝✕❢r✘✔ t✕✔rt✥✔✚t ✗✓✙❝s❞ ❩✔
♣✔✕❢✙✕✥✔❞ t✙ ✕✔❞❝✘✔ t✓✐✗ ✔❭✔✘t r✚❞ ✐✚✘✕✔r✗✔ t✓✔ ✘✙ss✙✐❞rs
✗tr❩✐s✐t✳ ✙❢ ◆▼✗ t✙ ✥r❱✔ t✓✔ t✔✘✓✚✐❛❝✔ ✥✙✕✔ ✗❝✐tr❩s✔ ❢✙✕
♣✕r✘t✐✘rs r♣♣s✐✘rt✐✙✚✗✣ ❙✙✕ ✔✤r✥♣s✔✛ ✻❝✙✕✐✚rt✐✙✚ ✙❢ ◆▼✗ ✘r✚
✗❝♣♣✕✔✗✗ ❞✔t✕✐✥✔✚trs ✓✳❞✕✙♣✓✙❩✐✘ ✐✚t✔✕r✘t✐✙✚✗ r✚❞ ✥r❱✔ ◆▼✗➆
r❛❝✔✙❝✗ ✗✙s❝t✐✙✚ ✘✙ss✙✐❞rss✳ ✗tr❩s✔✣❥❦❧❥♥ ❨✓✔ ✥✔t✓✙❞ ✇✔
♣✕✙♣✙✗✔❞ ✓✔✕✔ ✐✗ ✘r♣r❩s✔ ✙❢ ❞✔t✔✕✥✐✚✐✚✜ t✓✔ q✉✈ ✕rt✔ ✹t✓❝✗
❤✐✗✘✙✗✐t✳ r✚❞ ♣r✕t✐✘s✔ ✓✳❞✕✙❞✳✚r✥✐✘ ✗✐✯✔❊ r✚❞ ✗❝❩①✔✘t t✙ ✘r✕✔❢❝s
✔❤rs❝rt✐✙✚✗ ✙❢ rss r✗✗❝✥♣t✐✙✚✗ ✐✚ ✙❝✕ ✥✙❞✔s②❪③ ✇✔ ✘r✚ t❝✕✚ ✙❝✕
❛❝rs✐trt✐❤✔ ✥✔r✗❝✕✔✥✔✚t✗ ✐✚t✙ ❛❝r✚t✐trt✐❤✔ ✙✚✔✗ ✇✓✐s✔
✐✥♣✕✙❤✐✚✜ t✓✔ ✗✔✚✗✐t✐❤✐t✳✣ ❙❝t❝✕✔ ✗t❝❞✐✔✗ t✓rt ✐✚❞✔♣✔✚❞✔✚ts✳
❞✔t✔✕✥✐✚✔ ♣r✕t✐✘s✔ r✘✘❝✥❝srt✐✙✚ ✐✚ t✓✔ ✥✐✘✕✙✻❝✐❞✐✘ ✘✓r✚✚✔s
✘✙❝s❞ rs✗✙ ✓✔s♣ ✐✥♣✕✙❤✔ t✓✔ ♣✔✕❢✙✕✥r✚✘✔ ✙❢ ✙❝✕ ✗✔✚✗✙✕✣
❲✔ ✓r❤✔ ✗✓✙✇✚ t✓rt✛ ✐✚ t✓✔ ✘✙✚t✔✤t ✙❢ ❛❝r✚t❝✥ ✗✔✚✗✐✚✜✛ t✓✔

❨④ ✕✔sr✤✙✥✔t✕✳ ♣✕✙❤✐❞✔✗ r ❤✔✕✗rt✐s✔ t✙✙s t✙ ❞✔t✔✘t t✓✔ q✉✈ ✕rt✔
✘✓r✚✜✔✗ ✐✚ ✕✔✗♣✙✚✗✔ t✙ ❤r✕✐rt✐✙✚✗ ✙❢ s✙✘rs ✔✚❤✐✕✙✚✥✔✚t✗✣ ❆t t✓✔
✗r✥✔ t✐✥✔✛ ✇✔ ♣✙✐✚t ✙❝t t✓rt t✓✔ ✕✔srt✐✙✚ ❩✔t✇✔✔✚ ✗✔✚✗✙✕
✕✔sr✤rt✐✙✚ r✚❞ ✕rt✔ ❤r✕✐rt✐✙✚ ✘r✚ ❩✔ ✔✥♣s✙✳✔❞ ✐✚ ✈q■
t✔✘✓✚✐❛❝✔✗✛ ✇✓✔✕✔ t✓✔ ✻❝✘t❝rt✐✙✚ ✕rt✔✗ ✙❢ ✘✙✚t✕r✗t r✜✔✚t✗
✹❝✗❝rss✳ ✥r✜✚✔t✐✘ ✥✙s✔✘❝s✔✗ ✗❝✘✓ r✗ ✲❞✹■■■❊ ✘✓✔srt✙✕✗❊ r✕✔
✥✙❞❝srt✔❞ t✙ ✐✚✘✕✔r✗✔ t✓✔✐✕ ✕✔sr✤✐❤✐t✳ r✚❞ ✐✥♣✕✙❤✔ t✓✔✐✕
♣✔✕❢✙✕✥r✚✘✔✣③❵

⑥⑦⑧⑨⑩❶❷❸⑦⑧❷❹ ■✚ ✘✙✚✘s❝✗✐✙✚✛ ✇✔ ♣✕✙♣✙✗✔❞ r ✚✙❤✔s ✥✔t✓✙❞
t✙ ❞✔t✔✘t t✓✔ ✕✙trt✐✙✚rs ✉✕✙✇✚✐r✚ ✥✙t✐✙✚ ✙❢ ✚r✚✙✥✔t✔✕❳✗✐✯✔❞
✥r✜✚✔t✐✘ ♣r✕t✐✘s✔✗ r✚❞ ✔✤♣✔✕✐✥✔✚trss✳ ❞✔✥✙✚✗t✕rt✔❞ t✓✔
♣✕✙t✙✘✙s ❝✗✐✚✜ ◆✮ ✘✔✚t✔✕✗ ✐✚ ✚r✚✙❞✐r✥✙✚❞✗✣ ❨✓✔ t✔✘✓✚✐❛❝✔
✐✗ ✘r♣r❩s✔ ✙❢ ❞✔t✔✘t✐✚✜ ❢r✗t ✕✙trt✐✙✚ ✹✲❅✯ ✕rt✔❊ ✙❢ ✥r✜✚✔t✐✘

✥✙s✔✘❝s✔✗ ✇✐t✓ ✗✐✯✔ ❞✙✇✚ t✙ ✗❝❩❳✚r✚✙✥✔t✔✕ ✗✘rs✔✣ ❨✓✔
✔✤♣✔✕✐✥✔✚t ✐✗ ❢❝ss✳ ✙♣t✐✘rs✛ ✕✔❛❝✐✕✐✚✜ ✚✙ ✥✐✘✕✙✇r❤✔ ✘✙✚t✕✙s
✙✕ r✚✳ ✔✤t✔✕✚rs ✥r✜✚✔t✐✘ ❺✔s❞✣ ❜❝✕ ❛❝r✚t❝✥ ✗✔✚✗✐✚✜ t✔✘✓✚✐❛❝✔
♣✕✙❤✐❞✔✗ r ✚✔✇ ✇r✳ ✙❢ ✔✤t✕r✘t✐✚✜ s✙✘rs ❤✐✗✘✙❝✗ ✐✚❢✙✕✥rt✐✙✚ ✇✐t✓
✓✐✜✓ ✗♣rt✐rs ✕✔✗✙s❝t✐✙✚✛ r✚❞ ✘✙❝s❞ rs✗✙ ✘✙✚t✕✐❩❝t✔ t✙ t✓✔ ❞✔✗✐✜✚
✙❢ ✘✙✚t✕r✗t r✜✔✚t✗ ❢✙✕ ✈q■✣

❻ ❼❽❽❾❿➀❼➁➂➃ ❿❾➄➁➂➄➁

➅➇ ➈➉➊➊➋➌➍➎➏➐ ➑➏➒➋➌➓➔➍➎➋➏
❨✓✔ →❝♣♣✙✕t✐✚✜ ■✚❢✙✕✥rt✐✙✚ ✐✗ r❤r✐sr❩s✔ ❢✕✔✔ ✙❢ ✘✓r✕✜✔ ✙✚ t✓✔
❆❣→ ➣❝❩s✐✘rt✐✙✚✗ ✇✔❩✗✐t✔ rt ▼❜■↔ ◗✦✣◗✦✧◗✬r✘✗✣✚r✚✙❳
s✔tt✣▲❩✦✧▲❄✦✣

❆❞❞✐t✐✙✚rs ✔✤♣✔✕✐✥✔✚trs ❞✔tr✐s✗② t✓✔✙✕✔t✐✘rs ❞✔✕✐❤rt✐✙✚ ✙❢
t✓✔ ✕✔sr✤rt✐✙✚ t✐✥✔② ✻❝✘t❝rt✐✙✚ ✕rt✔ ✙❢ ✲❞ ✥✙s✔✘❝s✔✗②
✔❭✔✘t ✙❢ sr✗✔✕ ✓✔rt✐✚✜② ✗✔✚✗✐t✐❤✐t✳ ✔✗t✐✥rt✐✙✚ ✹➣▼❙❊
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➞➋➌➌➟➠➊➋➏➡➎➏➐ ➢➉➍➤➋➌
➥➦❳✥r✐s↔ ♣✘r♣♣✔ss➧✥✐t✣✔❞❝✣
➨➩➞➑➫
➭➯➲➳➵➯➲➸ ➺➻➼ ➽➽➽➽➾➽➽➽➚➾➪➽➶➹➾➘➴➴➷
➬➲➸➮➲ ➭➲➱➱✃➮➮➲❐➸➼ ➽➽➽➽➾➽➽➽➪➾➪➚➽➷➾➘➹❒❮
❰➋➍➟➠
❨✓✔ r❝t✓✙✕✗ ❞✔✘sr✕✔ ✚✙ ✘✙✥♣✔t✐✚✜ ❺✚r✚✘✐rs ✐✚t✔✕✔✗t✣

❻ ❼❿Ï➄❾ÐÑ➂➃Ò➝➂➄➁❽

❲✔ t✓r✚❱ ❨✐✚✜tr✙ Ó✓✙❝ r✚❞ Ô✐✤✐r✚✜ Õ✐❝ ❢✙✕ ❢✕❝✐t❢❝s
❞✐✗✘❝✗✗✐✙✚✗✛ Õ✐✳❝r✚ Ó✓r✚✜ r✚❞ Ô✐✚r✚ →✓✔✚ ❢✙✕ ✓✔s♣ ✇✐t✓
▼Õ→ ✥✔r✗❝✕✔✥✔✚t✛ r✚❞ Ö❝✕t ✉✕✙❞✔✕✐✘❱ ❢✙✕ r✗✗✐✗tr✚✘✔ ✇✐t✓ t✓✔
❢r❩✕✐✘rt✐✙✚ ✙❢ ✥✐✘✕✙✻❝✐❞✐✘ ✘✓r✚✚✔s✗✣ ❨✓✐✗ ✇✙✕❱ ✇r✗ ✗❝♣♣✙✕t✔❞
✐✚ ♣r✕t ❩✳ t✓✔ ×✣→✣ ❆✕✥✳ q✔✗✔r✕✘✓ ❜Ø✘✔ t✓✕✙❝✜✓ ✲✕r✚t ◆✙✗✣
❲▲◗◗◆❙❳◗◗❳◗❳✦❯✦✦ r✚❞ ❲▲◗◗◆❙❳◗✺❳◗❳✦✺❯Ù✣ ▼✣Õ✣ r✘❱✚✙✇s❳
✔❞✜✔✗ ❺✚r✚✘✐rs ✗❝♣♣✙✕t ❢✕✙✥ t✓✔ ✲✔✕✥r✚ q✔✗✔r✕✘✓ ❙✙❝✚❞rt✐✙✚
✹▼❙✲❊ ✇✐t✓ r ♣✙✗t❞✙✘t✙✕rs ❢✔ss✙✇✗✓✐♣✣

❻ ➛➂➜➂➛➂➄❿➂❽
✏Ú✒ ÛÜÝÞß àáâãáäåæçáèé êë àë àë ìíîïðñíòóô õööôíòó÷íîøù îú
ûóøî÷ðòüøîôîýþÿ ❏ÞãÝ ❲Ü�å✁ ✫ ❙ÞÝäé ✷✂✂✄ë
✏✷✒ ❯åÝÞé ❍ëÿ ◆ÜäãÜ☎áçáé ❙ëÿ ■ÜÝÞé ❘ëÿ ❚áâáæáé ❑ë Ûëÿ ❙á☎á☎Üãáèáé ❙ëÿ
❨áÝá✆Üßáé ❚ëÿ ◆Þ✝Üé ❍ë ❙Ü✞✟�å êáè☎❉✠Üå�ß ▼Ü✡èÞä✡Þ✟✁ çÜæã ◆áÝÞ❉
✞åæåè ❙✟áæÜá� Pèå✡ÜäÜÞÝ áÝß ▼Ü✡èÞäå✡ÞÝß ❚å✞✟Þèá� ❘åäÞ�☛æÜÞÝë
ìíîöüþù❇ ☞❇ ✌✍✎✍é ✾✏é ✷✂Ú✑✕✷✂✷✑ë
✏✑✒ ■äÞ✝Ü✞áé ❍ëÿ ■ÜÝÞé ❘ëÿ ◆ÜÜæáÝÜé ❨ëÿ ◆Þ✝Üé ❍ëÿ ❚Þ✞ÜäãÜ✆åé ▼ë êÜèå✡æ
Þâäåè♦áæÜÞÝ Þ✒ ÜÝæåè✞åßÜáæå äæáæåä ß☛èÜÝ✆ æãå äæå✟✟ÜÝ✆ ✞ÞæÜÞÝ Þ✒
☎ÜÝåäÜÝ❉Úë ûó÷❇ ❈üðï❇ ìíîô❇ ✌✍✎✓é ✶✔é ✷✖✂ë
✏✑✒ ✗ãåÝ✆é ❩ëÿ ▼áäÞÝé ❚ë ●ë ❘ÞæáæÜÞÝá� êÜ✒✒☛äÜÞÝ ▼Ü✡èÞèãåÞ�Þ✆✁ë
✘üþù❇ ✙ð✚❇ ▲ð÷÷❇ ✌✍✍✛é ✾✜é ✂Ú✵✑✂✑ë
✏✭✒ ❍áÝé ❨ëÿ ❆�äá✁åßé ❆ë ▼ëÿ ◆ÞâÜ�Üé ▼ëÿ ❩ãáÝ✆é ❏ëÿ à☛âåÝä☎✁é ❚ë ✗ëÿ
❨Þßãé ❆ë ●ë ✢èÞçÝÜáÝ ▼ÞæÜÞÝ Þ✒ áÝ ❊��Ü✟äÞÜßë ✣òíðøòð ✌✍✍✓é ✸✶✤é
✻✷✻✕✻✑✂ë
✏✻✒ ▼áÝÝé ❚ë àëÿ ❑è☛��é ❯ë ❏ë ✠�☛Þèåä✡åÝ✡å ✟Þ�áèÜ♣áæÜÞÝ ä✟å✡æèÞä✡Þ✟✁
ÜÝ ✟èÞæåÜÝ áÝá�✁äÜäë õøóôþù÷ ✌✍✍✛é ✶✔✏é ✑Ú✑✕✑Ú✄ë
✏✄✒ êå✆åÝé ✗ë àëÿ ❘åÜÝãáèßé ✠ëÿ ✗á✟✟å��áèÞé Pë ◗☛áÝæ☛✞ äåÝäÜÝ✆ë ✙ð✚❇
✥îñ❇ ✘üþù❇ ✌✍✎✦é ✏✾é ✂✑✭✂✂✷ë
✏✵✒ ❙æåÜÝåèæé ❙ëÿ ❩Üå✞é ✠ëÿ ❍á��é àë ❚ëÿ ❩á✟✟åé ❆ëÿ ❙✡ãçåÜ☎åèæé ▼ëÿ
●Þ✧æ♣é ◆ëÿ ❆Üèßé ❆ëÿ ✢á�áä☛âèá✞áÝÜáÝé ●ëÿ ❍Þ��åÝâåè✆é àëÿ❲èá✡ãæè☛✟é ❏ë
▼á✆ÝåæÜ✡ ä✟ÜÝ Ü✞á✆ÜÝ✆ ☛Ýßåè á✞âÜåÝæ ✡ÞÝßÜæÜÞÝä çÜæã ä☛â❉✡å��☛�áè
èåäÞ�☛æÜÞÝë ûó÷❇ ❈îïï★ø❇ ✌✍✎✛é ✤é Ú✻✂✄ë
✏✖✒ På��Ü✡✡ÜÞÝåé ▼ëÿ ▼✁åèäé ✢ë ❆ëÿ Páä✡á�é àë ▼ë ❆ëÿ êáäé ❆ëÿ
✢�åä♣✁Ýä☎Ü ❏á✁Ü✡ãé ❆ë ✗ë ❚çÞ❉êÜ✞åÝäÜÞÝá� ◆áÝÞä✡á�å ■✞á✆ÜÝ✆ Þ✒
●áßÞ�ÜÝÜ☛✞ ❙✟ÜÝä ♦Üá ❙✡áÝÝÜÝ✆ PèÞâå ❘å�á✩Þ✞åæè✁ çÜæã á ❙ÜÝ✆�å ❙✟ÜÝ
ÜÝ êÜá✞ÞÝßë ✘üþù❇ ✙ð✚❇ õööô❇ ✌✍✎✪é ✔é ✂✭✑✂Ú✑ë

✬✮⑧⑦ ✯✰✱✱✰✲❷ ✳✴✹✹✴✺
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❜❝❞❡ ❢❣❤❤✐ ❥❥❥❥❦ ❥❥❥❦ ❥❥❥❧❥❥❥
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Experiment

Sample preparation

We used nanodiamonds (NDs) from Adamasnano that were milled from high pressure high

temperature (HPHT) diamond particles which had substitutional nitrogen concentration

around 100-120 ppm. The diamond particles were irradiated with 2-3 MeV electron with

doses ranging from 5× 1018 to 5× 1019 e/cm2 to create vacancies. Then a 2-hour annealing

process at 850 ◦C was performed to bring vacancies to substitutional nitrogen atoms in

diamond lattice to form nitrogen-vacancy (NV) centers. The NDs were supposed to have
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1-4 NV emitters inside each NDs on average. They were carboxylic acid groups enriched by

oxidation in nitric and sulfuric acid hence they were terminated with carboxyl groups.

The nanodiamonds we used have an average size from 20 to 25 nm. We measured the

size distribution of our ND sample in water solution at 25 ◦C with a dynamical light scatter

(DLS, Zetasizer nano), as shown in Fig. S1. Single NDs were further characterized with a

transmission electron microscopy (TEM) at 200 keV (JEOL 2010) (Fig. S2).

Our Gd chelator molecules are Gd-DOTA (Gadolinium (III) 1,4,7,10-Tetraazacyclododecane-

1,4,7,10-tetraacetate) purchased from Macrocyclics. We dissolved the molecules in water and

sonicated to mix them well. The stability of macrocyclic ligands such as DOTA here is usu-

ally higher than that of a complex formed with an open chain ligand owing to the macrocyclic

effect.1 The ultra-low concentration of free Gd ions (ions without chelation) in the solution

under equilibrium greatly reduces their toxicity as contrast agents in practical applications

such as MRI. We note that the stability of the DOTA complexes might be degraded due to

its competition with the carboxyl groups on the surface of nanodiamonds.
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Figure S1: Size distribution of nanodiamonds. We use dynamical light scatter to measure
the number (left) and volume (right) distributions and they show peaks between 20 nm and
30 nm (dashed vertical lines). Note that the volume distribution might overestimate the size
of the particles.
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Figure S3: Real (left) and confocal cross-sectioned (right) image of microfluidic channel. The
bright area near the edges of the channel in the confocal image is due to the accumulation
of nanodiamonds.

viscosity of the mixtures was measured with a size 0 Ubbelohde viscometer (Cannon In-

strument) at 20.4 ◦C. We take the known kinetic viscosity of pure acetone as a reference

to calculate the capillary constant of the viscometer. The measured data, is compared to

reference2 and shown below (Fig. S4). Note that the viscosity peaks near water mole fraction

0.8 and this should be due to the formation of water-acetone micelles, which also induces a

positive viscosity derivation from the expected linear curve.2 The micelle, where the polar

heads of acetone molecules form the surfaces, is surrounded by water molecules, thus forming

a cluster consisting of the micelle and water layers.

Theoretical derivation of the relaxation time

In this section, we give the detailed derivation of our model for calculating the NV center’s

relaxation time. While some of the results below have been derived in reference ,3 we briefly

repeat them here for the convenience of readers.
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Figure S4: Viscosity of water-acetone solutions. The red curve represents the data from the
reference2 which agrees well with our measurements (blue circles).

T1 decay signal

With the NV spin initially polarized by green laser and in the absence of any external

magnetic field, the probability of finding NV state in |ms = 0〉 or |ms = ±1〉 is given by:

P0(τ) =
1
3
+ (P0(0)− 1

3
)e−τ/T1 (S1)

P±1(τ) =
1
2
(1− P0(τ)). (S2)

At thermal equilibrium, the three NV ground states will have equal occupation probability

1/3. The measured relaxation signal is given by:

S (τ) = F0P0(τ) + F1(P−1(τ) + P+1(τ)) (S3)

where F0 and F1 are the fluorescence counts for |ms = 0〉 and |ms = ±1〉 respectively. Due

to the non-radiative transition process mentioned in the main text, we have F0 > F1. Then
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the signal can be written as:

S (τ) = S∞(1 + Ce−τ/T1) (S4)

with S∞ = F0+2F1

3
the signal counts at thermal equilibrium and the contrast C given by:

C = (3P0(0)− 1)
F0 − F1

F0 + 2F1

(S5)

which is related to the initial polarization fidelity P0(0) and fluorescence intensity difference

between different spin states F0 − F1. We note that the relaxation from the non-radiative

metastable state can result in a further modulation of the signal,3 but the relevant time scale

(typically hundreds of nanoseconds) is considerable smaller than the timescale T1 which is

of interest in our experiments.

T1 decay formalism

From Fermi’s golden rule, one can estimate the relaxation rate:3

1

T1

=
1

T1,bulk

+
∑

k

3γ2
kB

2
⊥,k

τc,k
1 + ω2

0τ
2
c,k

(S6)

where ω0/2π = 2.87 GHz is the NV zero-field splitting (we neglect the zero-field splitting

of Gd which is much smaller than ω0), T1,bulk is the relaxation time for NV centers in bulk

diamond at room temperature and we take it to be 1 ms. Here the sum over k represents

the sum of different noise sources, for example, surface spins and Gd spins.

For the spins on the diamond surface, the correlation time τc,Surf is mainly from the intra-

bath dipole-dipole interactions between each other, and their vibrational spin relaxation can

usually be neglected according to EPR studies.4,5 That is,

τc,Surf ≈ 1/Rdip,Surf . (S7)
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For the Gd spins, apart from the vibrational and dipolar rates, there are additional fluctu-

ation sources induced by random motions of Gd molecules in the solution. As we will show

in the sections below,

τc,Gd = 1/RGd,tot = 1/(Rdip,Gd +Rvib +Rtrans +Rrot). (S8)

We will investigate each terms in Eq. S6 and Eq. S8 in the following. In spite of the

assumptions in the following derivations, we expect that our result captures the essence of

the physical process and provides a correct order of magnitude estimation.

Transverse magnetic noise

The transverse magnetic noise from the environment induces the longitudinal relaxation of

central spins (NV centers). We consider a single NV center located at the center of a ND of

diameter d0. Let’s first calculate the transverse field B2
⊥ by summing up contributions from

all bath spins:

B2
⊥ =

∑

i

B2
⊥,i =

∑

i

Tr(ρthB
2
x,i + ρthB

2
y,i) (S9)

where ρth is the fully mixed thermal state (identity matrix) for a spin with spin number S.

The noise strength BBBi from spin SSSi located at position rrri is given by the dipolar force felt

by the NV spin at the center:

BBBi =
µ0γi~

4πr3i

[

SSSi − 3

(

SSSi ·
rrri
ri

)

rrri
ri

]

(S10)

Then one can evaluate the transverse field:

B2
⊥ =

∑

i

B2
⊥,i =

∑

i

(
µ0γi~

4π
)2Cs

2 + 3 sin2 θi
r6i

(S11)
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where Cs = S(S+1)
3

is determined by the spin types, γi is the gyromagnetic ratio of spin i

and θi is the angle between the NV quantization axis and the relative direction of spin i

with respect to the central NV spin. In the pure ND case, we only consider the surface spin

(assuming spin 1/2) with density σ, then we can get:

B2
⊥,Surf = (

µ0γe~

4π
)2Cs,Surf

∫ 2π

0

dφ

∫ π

0

(2 + 3 sin2 θ) sin θdθ lim
∆r→0

∫ d0/2+∆r

d0/2
r2

r6
dr

∆r/σ

= (
µ0γe~

π
)2Cs,Surfπ

σ

(d0/2)4
(S12)

where d0 is the diameter of ND and Cs,Surf = 0.25, assuming S = 1/2 for surface spins.

Similarly, for the noise strength induced by Gd molecules with density n:

B2
⊥,Gd = (

µ0γGd~

4π
)2Cs,Gd

∫ 2π

0

dφ

∫ π

0

(2 + 3 sin2 θ) sin θdθ

∫ +∞

d0/2
r2

r6
dr

1/n

= (
µ0γGd~

π
)2Cs,Gdπ

1

(d0/2)4
nd0
6

(S13)

with Cs,Gd = 10.5 (note that Gd has a spin 7/2). For a single NV center at the center of a

ND with diameter 20 (25) nm, we estimate the transverse noise to be B⊥,Gd ≈ 778 (557) µT

×n1/2. We can also get the ratio of the transverse field from transverse and surface spins.

B2
⊥,Gd

B2
⊥,Surf

≈ nd0
6σ

Cs,Gd

Cs,Surf

(

γGd

γe

)2

(S14)

Given the fact that the g-factor for Gd complex is approximately that of the surface electron

spin’s,6 here we take γGd = γe.

Dipolar interactions between nearby magnetic spins

Dipolar interactions between magnetic spins is one of the main contributions to the magnetic

noise fluctuations, shortening their correlation time. We calculate this fluctuation rate by

computing the second moment of the dipolar interaction. For a system at infinite tempera-
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ture, M2 = Tr(H2
dip).

7 Hdip is the sum over the dipolar interactions Hij between spin i and

j at distance rij:

Hij =
µ0γ

2
e

4πr3ij

[

SSSi ·SSSj − 3

(

SSSi ·
rrrij
rij

)(

SSSj ·
rrrij
rij

)]

(S15)

The dipolar fluctuation rate is then:

~Rdip =

√

∑

i 6=j

〈H2
ij〉 =

µ0γ
2
e

√
6Cs

4π

(

∑

i 6=j

1

r6ij

)1/2

(S16)

We first consider the surface spins. By assuming a surface density σ, we can rewrite the sum

as an integral. The distance between spins on the diamond surface is r2ij = 2r2(1 + cos θij),

where r = d0/2 is the ND radius and θij is the angle between the spins with respect to the

NV center. Then we can integrate over the surface:
∑

i 6=j
1
r6
ij

= σ
∫ π/2

θmin
2πr2 sin θdθ

8r6(1+cos θ)3)
=

σπ(1/2r4min−1/8r4), where rmin ≈ 0.15 nm is the minimum allowed distance between surface

spins, estimated by the nearest neighbor lattice distance in diamond. Since this is much

smaller than the ND radius, we have
∑

i 6=j
1
r6
ij

≈ π
2

σ
r4
min

. Then,

~Rdip,Surf =

√

∑

i 6=j

〈H2
ij〉 =

µ0γ
2
e~

2
√
6Cs,Surf

4π
(
π

2
)1/2

σ1/2

r2min

⇒ Rdip,Surf ≈ 11 ns−1nm× σ1/2.(S17)

For Gd spins with density n, similarly we have
∑

i 6=j
1
r6
ij

≈ n
∫ +∞

rmin

4πr2

r6
dr ≈ 4πn

3r′3
min

where,

again we take r′min ≈ rmin in our model. This estimation could be further improved by

considering the actual size and the anisotropy of Gd molecules. We then reach the dipolar

interaction rate:

~Rdip,Gd =

√

∑

i 6=j

〈H2
ij〉 =

µ0γ
2
e~

2
√
6Cs,Gd

4π
(
4πn

3r′3min

)1/2 ⇒ Rdip,Gd ≈ 296 ns−1nm3/2 × n1/2.(S18)
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Figure S5: Estimation of NDs’ surface spin density. Here we assume no Gd molecules were
added. Left: T1 as a function of ND diameter for fixed surface spin densities. Right: T1 as a
function of surface spin density for fixed ND diameters. From our measured relaxation time
T1 ≈ 133µs, we estimated σ ≈ 1nm−2 in our samples.

Estimation of surface spin density

In the absence of Gd molecules, the relaxation time of NV centers in NDs is still significantly

shorter than the ones in bulk diamond which is typically between 1 ms and 10 ms at room

temperature. Note that the bulk NV T1 time is limited by phonon processes or other defects

in diamond such as substitutional nitrogen atoms (P1 centers),8,9 and here we take a bulk

relaxation time of 1 ms.

The measured short relaxation time for NV centers in NDs can be ascribed to the bath of

paramagnetic surface spins, for example, dangling bonds with unpaired electrons with spin

1/2. From the relaxation time dependence on surface spin density σ (Fig. S5) derived above,

we estimated σ ≈ 1 nm−2 in our ND samples.

To exclude that changing the ND solution would change the properties of the ND surface

spins and thus the NV T1 relaxation, we measured T1 in (nearly) pure acetone and pure

water solution in the absence of Gd molecules. Our experimental results show that T1 is

unchanged (even assuming a change as given by the uncertainty in the measurement, the

variation would not explain what observed in the presence of Gd). This confirms our intuition

that the two solvent used (water and acetone) do not have a strong effect on the NDs surface

10



chemical properties.

Fluctuation rate of Gd molecules

Here we consider Gd-DOTA complexes which are the samples we used in the experiments

and are commonly used as contrast agents in MRI. Recall that the spectral density SGd(ω)

has a Lorentzian lineshape with its width determined by the total fluctuation rate RGd,tot:

SGd(ω) ∝
RGd,tot

R2
Gd,tot + ω2

0

(S19)

Here RGd,tot = Rdip,Gd +Rvib +Rtrans +Rrot. We have shown that the first term is given by

Eq. S18.

The vibrational term Rvib originates from the electronic spin relaxation of Gd itself. The

relaxation rate is ascribed to transient zero-field splitting (ZFS) induced by solvent collisions

or molecular vibrations. The value of Rvib at zero external field is then determined by the

correlation time of the fluctuation of the transient ZFS τv, and trace value of ZFS tensor

∆: Rvib = 1/τs0 = 12∆2τv.
1,10 Then for Gd-DOTA at 298 K, we have Rvib = 1/473 ps−1 ≈

2.1 GHz10 .

The last two terms, Rtrans and Rrot, are due to the Brownian motion of the molecules.

The fluctuation rate of the magnetic noise induce by the relative translational diffusion

between Gd molecules and nanodiamond is:

Rtrans = Ddiff

(

3

4r

)2

= 1.69×GHznm2 × 1

r2
(S20)

if one assumes the typical diffusion coefficient Ddiff = 3 × 10−9m2s−1 at room temperature.

Here r is the sensor-sample distance and r ≥ d0
2

≈ 12 nm for our diamond sample. This

yields a translational motional rate less than 12 MHz, which is negligible compared to other

terms. The intuition here is that the larger the NV-Gd distance becomes, the less sensitive
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to the Gd molecule’s diffusion the NV center is.

The rotational fluctuation rate of Gd molecules can be derived from the Stokes-Einstein

equation:11

Rrot =
kBT

8πa3ηfr
(S21)

where a is the radius of the complex and η the solution viscosity. Note for water the viscosity

is 0.89 cP, while it is 0.32 cP for acetone at room temperature. As verified in our experiments,

in micro-heterogeneous solutions we need to insert a microviscosity factor fr:
11,12

fr =

(

6as
a

+
1 + 3as

a+2as

(1 + 2as
a
)3

)−1

, (S22)

where as is the solution molecule radius (for water it is as = 0.14 nm). This factor takes

the discrete nature of the solvent and solute molecules into account. It will increase as a

function of the ratio a/as, when the solute size increases and approaches unity for large

solute particles.

We further note that due to the strong dependence of the rotational rate on the particle’s

radius, the rotational motion of ND itself in solution can be neglected. From Eq. S21 we

estimate that a single ND with diameter 20 (25) nm has a rotational rate 0.19 (0.10) MHz at

room temperature in pure water. The rate is much smaller than the value for Gd molecules

and the rotation of ND itself cannot have a significant influence on the NV T1 measurements.

The rotational fluctuation rate is roughly inversely proportional to the hydrodynamic

volume of the complex. For [Gd(H2O)8]
3+ (a = 0.39 nm), the estimated fluctuation rate in

water is 7.65 GHz at room temprature.11 With the ratio of volumes of [Gd(DOTA)(H2O)]−

over [Gd(H2O)8]
3+ estimated from corresponding Connolly surfaces to be 2.3,13,14 the former

has a = 0.51 nm and then fr = 0.486. Considering the factor fr, the rotational rate of the

Gd-DOTA should be around 2.75 GHz, while independent measurements in the literature14

reported a value around 2 GHz at room temperature, in line with our calculation here.
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In Fig. S6 we show the different fluctuation sources of Gd-DOTA molecules discussed

above as a function of molecule density n in pure water. At low density, the rotational rate

term can be significant.
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Figure S6: Fluctuation rates of Gd molecules from different mechanisms, as a function of
Gd density, at room temperature. Figure inset shows the rates at low densities.

Since RGd,tot is usually larger than ω0 (here ω0/2π = 2.87 GHz) due to the large dipolar

term, as discussed in main text, we expect that a further increase of fluctuation rate will

increase the T1 thus decreasing the relaxivity. In practice applications such as MRI, at a

relative low magnetic field, one can attach Gd complex with polymers or protein to increase

the molecule size, thus slowing down the rapid tumbling and enabling higher relaxivity.1

Effect of laser heating

The laser used to polarize and readout the NVs increases the local temperature of the

detected NDs as well as Gd molecules. The NDs are stable against temperature changes and

the NV bare T1 does not change too much.9 The complex molecule we used, Gd-DOTA,

possesses a high thermal stability under ambient conditions as well. Gd-DOTA molecules
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are also kinetically inert at a relative high temperature so they do not dissociate to release

free Gd ions. Hence the structure of the molecules will not change under laser heating.

The temperature fluctuation can only tune the zero-field level splitting of NV centers

slightly. The transition frequency ω0 has a temperature dependence dω0/dT = −2π× 77 kHz

K−1 due to thermally induced lattice strains, hence a temperature change of 10 K corresponds

to energy level change less than 1 MHz which is much less than Gd noise spectrum width.

Meanwhile, the rate of rotational Brownian motion and intrinsic vibration of Gd molecules

have a temperature dependence. In Fig. S7 we show the rates for pure water and pure ace-

tone case. While the rotational rate increases with higher temperature, the vibrational rate

of Gd molecules shows the opposite trend and the sum of the two only differ by less than 1

GHz in the shown temperature range.
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Figure S7: Fluctuation rates of Gd molecules for pure water (left) and (nearly) pure acetone
(right). The rotational Brownian motion rates are calculated from Eq. S21 and the intrinsic
vibrational rates are fitted data from NMRD experiments in reference.10

Sensitivity estimation

In this section we derive the sensitivity of our protocol to changes in the total fluctuation

rate of Gd complexes RGd,tot and then to the solution’s viscosity η, assuming a single NV

center at the center of a nanodiamond.

14



Sensitivity to fluctuation rate

We consider performing N measurements on a single NV center for a total time T , each

measurement detecting the spin relaxation after a time τ (we neglect dead times associated

with polarization and detection of the NV centers, as these are small with respect to τ). The

signal, that is, the total number of detected photons, is given by:

N(Γ1) = DTD
T

τ

(

1 + Ce−Γ1τ
)

, (S23)

where TD = 500 ns is the detection window, D the photon detection rate and C ≈ 0.2 is the

signal contrast for a typical single NV measurement. Here Γ1 = 1/T1 is the relaxation rate

as given in Eq. S6:

Γ1 = Γconst
1 + 3γ2

eB
2
⊥,Gd

RGd,tot

R2
Gd,tot + ω2

0

, (S24)

where Γconst
1 is the (constant) relaxation rate contributions from bulk and surface spins. A

variation in the Gd fluctuation rate δRGd will induce a change in the relaxation Γ1 → Γ′
1,

thus changing the number of detected photons. If the variation is small, we can consider

just the first order:

Γ′
1 = Γ1 + δΓ1 = Γ1 + 3γ2

eB
2
⊥,Gd

|ω2
0 −R2

Gd,tot|
(R2

Gd,tot + ω2
0)

2
δRGd (S25)

The associate signal variation is δN = N(Γ1)−N(Γ′
1),

δN = DTD
T

τ
Ce−Γ1τ (1− e−δΓ1τ ) ≈ DTDTCe−Γ1τδΓ1 (S26)

Since the photon shot noise dominates the experiments, we can take the noise to be Nnoise =
√

N(Γ1) ≈
√

DTDT/τ , where we neglected contributions from C as the contrast is typically
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small, C ≪ 1. We thus obtain the signal-to-noise ratio (SNR):

SNR =
δN

δNnoise

=
√

DTDTτ CδΓ1e
−Γ1τ (S27)

The SNR is maximum at τ = T1/2,

SNRmax =
δΓ1√
Γ1

C

√

DTDT

2e
(S28)

Then, the minimum fluctuation rate change δRmin
Gd that can be detected is obtained for a

SNR of one. We thus obtain the sensitivity per unit time:

δRmin
Gd

√
T =

1

C

√
2eΓ1√
DTD

(R2
Gd,tot + ω2

0)
2

3γ2
eB

2
⊥,Gd|ω2

0 −R2
Gd,tot|

(S29)

When the Gd molecules are the dominant relaxation source, we can neglect the constant

contribution Γconst
1 and simplify the sensitivity:

δRmin
Gd

√
T ≈ 1

C
√

DTD

√

2eRGd,tot

3γ2
eB

2
⊥,Gd

(R2
Gd,tot + ω2

0)
3/2

|R2
Gd,tot − ω2

0|
(S30)

We assume a photon count rate D = 105s−1, which is typical for a single NV center. Con-

sidering a single NV center in a ND with diameter 20 (25) nm, with optimized Gd density

which corresponds to total Gd fluctuation rate around 60.2 GHz and transverse magnetic

noise B⊥,Gd ≈ 146 (104) µT, we predict a sensitivity of 6.9 (9.6) GHz in a 10 s data ac-

quisition time. The sensitivity can be improved by measuring an ensemble of NV centers,

although there might be additional noise contributions from inhomogeneities in the sensors.
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Sensitivity to viscosity

For a fixed Gd density, all other contributions to the fluctuation rate are constant, and only

the change in viscosity contributes to δRGd:

RGd,tot = RGd,const +
kBT

8πa3ηfr
⇒ δRmin

Gd =
kBT

8πa3η2fr
δη (S31)

Then the sensitivity with respect to the solution viscosity is given by:

δη ≈ (
2eRGd,tot

3γ2
eB

2
⊥,GdDTDT

)0.5
(R2

Gd,tot + ω2
0)

3/2

C|(R2
Gd,tot − ω2

0)|
8πa3η2fr
kBT

= δRmin
Gd

η

Rrot

(S32)

With the estimated total fluctuation rates 6.9 (9.6) GHz mentioned above, we get the sen-

sitivity to viscosity being 2.23 (3.11) cP using the rotational rate Rrot in pure water case.
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