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P❡rt✉r❜❡❞ ❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❛♥❞ ①✲r❛②

❞✐✛r❛❝t✐♦♥ st✉❞✐❡s ♦♥ t❤❡ ❛❧♣❤❛✲❜❡t❛ ♣❤❛s❡

tr❛♥s✐t✐♦♥ ✐♥ ♠✉❧t✐❢❡rr♦✐❝ ❜✐s♠✉t❤ ❢❡rr✐t❡

s✉❜♠✐tt❡❞ ✐♥ s❛t✐s❢❛❝t✐♦♥ ♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❞❡❣r❡❡ ♦❢ ❉✐♣❧♦♠✲■♥❣❡♥✐❡✉r ♦❢ t❤❡
❚❯ ❲✐❡♥✱ ❋❛❝✉❧t② ♦❢ ❚❡❝❤♥✐❝❛❧ ❈❤❡♠✐str②

❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ❳✲❘❛② ❈❡♥t❡r

♦❢ t❤❡ ❱✐❡♥♥❛ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②

✐♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇✐t❤

t❤❡ ■❙❖▲❉❊ ❙♦❧✐❞ ❙t❛t❡ P❤②s✐❝s ●r♦✉♣✱ ■❙❖▲❉❊ ❛t ❈❊❘◆✱ ●❡♥❡✈❛✱

❙✇✐t③❡r❧❛♥❞

✉♥❞❡r t❤❡ s✉♣❡r✈✐s✐♦♥ ♦❢

❉r✳t❡❝❤♥✳ ❇❡rt❤♦❧❞ ❙tö❣❡r

❛♥❞

❉r✳ ❏✉❧✐❛♥❛ ❙❝❤❡❧❧

t❤r♦✉❣❤

●❡♦r❣ ▼❛rs❝❤✐❝❦ ❇❙❝✳

▼❛t◆r✳ ✶✶✷✾✾✷✸
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❉❡❝❧❛r❛t✐♦♥ ♦❢ ❆✉t❤♦rs❤✐♣

■ ❤❡r❡❜② ❞❡❝❧❛r❡ t❤❛t t❤❡ t❤❡s✐s s✉❜♠✐tt❡❞ ✐s ♠② ♦✇♥ ✉♥❛✐❞❡❞ ✇♦r❦✳ ❆❧❧ ❞✐r❡❝t ♦r
✐♥❞✐r❡❝t s♦✉r❝❡s ✉s❡❞ ❛r❡ ❛❝❦♥♦✇❧❡❞❣❡❞ ❛s r❡❢❡r❡♥❝❡s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✉s❡❞ t♦

❝r❡❛t❡ t❤✐s ✇♦r❦ ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ■s♦t♦♣❡ s❡♣❛r❛t♦r ♦♥✲❧✐♥❡ ❞❡✈✐❝❡✱
■❙❖▲❉❊✱ ❛t ❈❊❘◆ ✐♥ ●❡♥❡✈❛✱ ❙✇✐t③❡r❧❛♥❞ ❛♥❞ ❛t t❤❡ ❳✲r❛② ❝❡♥t❡r ♦❢ t❤❡

❱✐❡♥♥❛ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ✐♥ ❱✐❡♥♥❛✱ ❆✉str✐❛✳ ❚❤❡ ❞❛t❛ ❛♥❛❧②s✐s ✇❛s ❞♦♥❡
❜② ♠②s❡❧❢ ✉♥❞❡r t❤❡ ❣✉✐❞❛♥❝❡ ♦❢ ♠② s✉♣❡r✈✐s♦rs ❉r✳t❡❝❤♥✳ ❇❡rt❤♦❧❞ ❙tö❣❡r ❛♥❞
❉r✳ ❏✉❧✐❛♥❛ ❙❝❤❡❧❧✳ P❛rts ♦❢ t❤✐s ✇♦r❦ ❛r❡ ✐♥ ♣r♦❝❡ss ♦❢ ❜❡✐♥❣ ♣✉❜❧✐s❤❡❞ ✐♥ t❤❡
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❆❜str❛❝t

▼✉❧t✐❢❡rr♦✐❝ ♠❛t❡r✐❛❧s ❞r❛✇ ❛tt❡♥t✐♦♥ ♦✇✐♥❣ t♦ t❤❡ ❡①❤✐❜✐t✐♦♥ ♦❢ ♠♦r❡ t❤❛♥ ♦♥❡
❢❡rr♦✐❝ ❢♦r♠ ✭❢❡rr♦❡❧❡❝tr✐❝✐t②✱ ❢❡rr♦♠❛❣♥❡t✐s♠ ♦r ❢❡rr♦❡❧❛st✐❝✐t②✮ ✐♥ t❤❡ s❛♠❡ ♣❤❛s❡✳
❚❤❡ ♠❛✐♥ ❢♦❝✉s ♦❢ t❤✐s ✇♦r❦ ❧✐❡s ♦♥ ♠❛t❡r✐❛❧s ❝♦♠❜✐♥✐♥❣ ❢❡rr♦❡❧❡❝tr✐❝✐t② ✇✐t❤ ❢❡r✲
r♦♠❛❣♥❡t✐s♠ ❛s t❤✐s ❝♦♠❜✐♥❛t✐♦♥ t❤❡♦r❡t✐❝❛❧❧② ❛❧❧♦✇s ❞✐r❡❝t ❡❧❡❝tr✐❝❛❧❧② ❝♦♥tr♦❧❧❡❞
♠❛❣♥❡t✐s♠ ❛♥❞ ♠❛❣♥❡t✐❝❛❧❧② ❝♦♥tr♦❧❧❡❞ ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥✳ ❚❤❡ ❛❞✈❛♥t❛❣❡s ♦❢
s✉❝❤ ❝♦♠❜✐♥❛t✐♦♥s ❛r❡ ♦❜✈✐♦✉s ❜② ♦♣❡♥✐♥❣ ❛ ✇❤♦❧❡ ♥❡✇ ❞❡❣r❡❡ ♦❢ ❢r❡❡❞♦♠ ✐♥ ♠❛t❡✲
r✐❛❧ ❛♥❞ ❞❡✈✐❝❡ ❞❡s✐❣♥✱ ♣♦t❡♥t✐❛❧❧② ❡①♣❛♥❞✐♥❣ ♣♦ss✐❜✐❧✐t✐❡s ✐♥ st♦r❛❣❡ ♠❛♥❛❣❡♠❡♥t
❛♥❞ ❝♦♠♣✉t✐♥❣ ♣♦✇❡r✳
❖♥❡ ♣r♦❜❧❡♠ ✇✐t❤ ♠♦st ♠✉❧t✐❢❡rr♦✐❝s ✐s t❤❡ ❢❛❝t t❤❛t t❤❡ ♠❛❣♥❡t✐❝ ◆❡é❧ t❡♠✲
♣❡r❛t✉r❡ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❈✉r✐❡ t❡♠♣❡r❛t✉r❡ ♦❢t❡♥ ❛r❡ ❧♦✇✱ ✉s✉❛❧❧② ❜❡❧♦✇ r♦♦♠
t❡♠♣❡r❛t✉r❡✱ ❧❡❛❞✐♥❣ t♦ ❛ ❧♦ss ♦❢ ♠✉❧t✐❢❡rr♦✐❝ ❜❡❤❛✈✐♦✉r ✐♥ t❡❝❤♥✐❝❛❧❧② ❞❡s✐r❡❞ t❡♠✲
♣❡r❛t✉r❡ r❛♥❣❡s✳ ❍♦✇❡✈❡r✱ ❇✐s♠✉t❤ ❢❡rr✐t❡✱ ❛❧s♦ r❡❢❡rr❡❞ t♦ ❛s BiFeO3 ♦r s✐♠♣❧②
❇❋❖✱ ✐s ♦♥❡ ♣r♦♠✐s✐♥❣ ❝❛♥❞✐❞❛t❡ ❢♦r ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❛s ✐ts ◆❡é❧ ❛♥❞ ❈✉r✐❡
t❡♠♣❡r❛t✉r❡ ♣♦✐♥ts ❛r❡ ✇❡❧❧ ❛❜♦✈❡ r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❇✐s♠✉t❤ ❢❡rr✐t❡ ❛♣♣❡❛rs ✐♥
t❤r❡❡ ❞✐✛❡r❡♥t ♣❤❛s❡s✱ t❤❡ α✲♣❤❛s❡ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ t✇♦ ❤✐❣❤ t❡♠♣❡r❛✲
t✉r❡ ♣❤❛s❡s ♥❛♠❡❧② t❤❡ β✲♣❤❛s❡ ❛♥❞ t❤❡ γ✲♣❤❛s❡ ❜❡❢♦r❡ ❞❡❝♦♠♣♦s✐♥❣ ❛♥❞ ♠❡❧t✐♥❣✱
✇✐t❤ ❛❧❧ ♦✛ t❤❡♠ s❤♦✇✐♥❣ ❞✐✛❡r❡♥t ❝r②st❛❧ str✉❝t✉r❡s✳ ❆s t❤❡ ♦✉t❝♦♠❡ ♦❢ ♥✉♠❡r♦✉s
r❡s❡❛r❝❤ ❣r♦✉♣s s❤♦✇❡❞ ❞✐✛❡r❡♥t r❡s✉❧ts r❡❣❛r❞✐♥❣ t❤❡ β✲♣❤❛s❡✱ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡
β✲♣❤❛s❡ ❛♥❞ t❤❡ α✲β ♣❤❛s❡ tr❛♥s✐t✐♦♥ ✇❡r❡ s✉♣❡r✈✐s❡❞ ✐♥ t❤✐s ✇♦r❦✳
P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥ ✭P❆❈✮ ♠❡❛s✉r❡♠❡♥ts ❞♦♥❡ ❛t t❤❡ ■❙❖▲❉❊ ❙♦❧✐❞
❙t❛t❡ P❤②s✐❝s ●r♦✉♣ ❛t ■❙❖▲❉❊✱ ❈❊❘◆ ✐♥ ●❡♥❡✈❛✱ ❙✇✐t③❡r❧❛♥❞ ✇❡r❡ ❝♦♠❜✐♥❡❞
✇✐t❤ ❳✲❘❛② ❞✐✛r❛❝t✐♦♥ ✭❳❘❉✮ ♠❡❛s✉r❡♠❡♥ts ❞♦♥❡ ❛t t❤❡ ❳✲❘❛② ❝❡♥t❡r ♦❢ t❤❡ ❱✐✲
❡♥♥❛ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ✐♥ ❱✐❡♥♥❛✱ ❆✉str✐❛✳ ❚❤❡ r❡s✉❧ts ❝♦♥✜r♠ ❛ ♣r♦♣♦s❡❞
P❜♥♠ ❝r②st❛❧ s②♠♠❡tr② ♦❢ t❤❡ β✲♣❤❛s❡ ✇✐t❤ ❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢
Tα−β = 820◦C✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ t✇♦ ♠❡❛s✉r❡♠❡♥t ♠❡t❤♦❞s ❛♥❞ ❡s♣❡❝✐❛❧❧②
t❤❡ ✉s❛❣❡ ♦❢ 111m❈❞ ❛s t❤❡ P❆❈ ♣r♦❜❡ t♦ ❝❤❛r❛❝t❡r✐③❡ ❇❋❖ ✇❛s ♣❡r❢♦r♠❡❞ t❤❡ ✜rst
t✐♠❡ ❜② ♦✉r ❣r♦✉♣✳
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❩✉s❛♠♠❡♥❢❛ss✉♥❣

▼✉❧t✐❢❡rr♦✐s❝❤❡ ▼❛t❡r✐❛❧✐❡♥ ③✐❡❤❡♥ ❞✉r❝❤ ❞❛s ❱❡rä✉ÿ❡r♥ ✈♦♥ ♠❡❤r ❛❧s ❡✐♥❡♠ ❢❡r✲
r♦✐s❝❤❡♥ ❖r❞♥✉♥❣s♣❛r❛♠❡t❡r ✐♥ ❞❡r s❡❧❜❡♥ P❤❛s❡ ❆✉❢♠❡r❦s❛♠❦❡✐t ❛✉❢ s✐❝❤✳ ▼❛t❡✲
r✐❛❧✐❡♥ ✇❡❧❝❤❡ ❋❡rr♦❡❧❡❦tr✐③✐tät ✉♥❞ ❋❡rr♦♠❛❣♥❡t✐s♠✉s ❦♦♠❜✐♥✐❡r❡♥✱ st❡❤❡♥ ❜❡s♦♥✲
❞❡rs ✐♠ ❋♦❦✉s✱ ❞❛ ❞✐❡s❡ ❑♦♠❜✐♥❛t✐♦♥ ❡✐♥❡ ❞✐r❡❦t ❞✉r❝❤ ❊❧❡❦tr✐③✐tät ❦♦♥tr♦❧❧✐❡rt❡
▼❛❣♥❡t✐s✐❡r✉♥❣ ❜③✇✳ ❡✐♥❡ ❞✐r❡❦t ❞✉r❝❤ ❡✐♥ ▼❛❣♥❡t❢❡❧❞ ❤❡r✈♦r❣❡r✉❢❡♥❡ ❡❧❡❦tr✐s❝❤❡
P♦❧❛r✐s✐❡r✉♥❣ ❡✐♥❡s ▼❛t❡r✐❛❧s ❜❡✇✐r❦❡♥ ❦❛♥♥✳ ❉✐❡ ❱♦rt❡✐❧❡ s♦❧❝❤❡r ▼❛t❡r✐❛❧✐❡♥
s✐♥❞ ♦✛❡♥s✐❝❤t❧✐❝❤ ✉♥❞ ö✛♥❡♥ ❡✐♥❡♥ ♥❡✉❡♥ ❋r❡✐❤❡✐ts❣r❛❞ ❜❡✐ ❞❡r ▼❛t❡r✐❛❧✲✱ ✉♥❞
❇❛✉t❡✐❧❡♥t✇✐❝❦❧✉♥❣ ♠✐t ❆♥✇❡♥❞✉♥❣❡♥ ✐♥ ❞❡r ❙♣❡✐❝❤❡r✲✱ ✉♥❞ ❈♦♠♣✉t❡rt❡❝❤♥♦❧♦✲
❣✐❡✳
❊✐♥ ❍❛✉♣t♣r♦❜❧❡♠ ✈♦♥ ♠✉❧t✐❢❡rr♦✐s❝❤❡♥ ▼❛t❡r✐❛❧✐❡♥ s✐♥❞ ❞✐❡ ❊✐♥s❛t③t❡♠♣❡r❛t✉r❡♥✳
❉❛ ❞✐❡ ♠❛❣♥❡t✐s❝❤❡ ◆❡é❧ ❚❡♠♣❡r❛t✉r ✉♥❞ ❞✐❡ ❡❧❡❦tr✐s❝❤❡ ❈✉r✐❡ ❚❡♠♣❡r❛t✉r ♦❢t
✇❡✐t ✉♥t❡r ❘❛✉♠t❡♠♣❡r❛t✉r ❧✐❡❣❡♥✱ ✈❡r❧✐❡r❡♥ ❞✐❡ ♠❡✐st❡♥ ▼✉❧t✐❢❡rr♦✐❦❛ ✐❤r❡ ❊✐❣❡♥✲
s❝❤❛❢t❡♥ ❜❡✐ ❘❛✉♠t❡♠♣❡r❛t✉r✱ ✇❛s ❞✐❡ t❡❝❤♥✐s❝❤❡♥ ❆♥✇❡♥❞✉♥❣s❜❡r❡✐❝❤❡ ✇❡✐t ❡✐♥✲
s❝❤rä♥❦t✳ ❇✐s♠✉t❤❢❡rr✐t✱ BiFeO3 ♦❞❡r ❦✉r③ ❡✐♥❢❛❝❤ ❇❋❖ ❣❡♥❛♥♥t✱ ❥❡❞♦❝❤ ✐st ❡✐♥
✈✐❡❧✈❡rs♣r❡❝❤❡♥❞❡r ❑❛♥❞✐❞❛t ❢ür ❆♥✇❡♥❞✉♥❣❡♥ ✐♠ ❘❛✉♠t❡♠♣❡r❛t✉r❜❡r❡✐❝❤✱ ❞❛
❞✐❡ ◆❡é❧ ❚❡♠♣❡r❛t✉r ✉♥❞ ❞✐❡ ❈✉r✐❡ ❚❡♠♣❡r❛t✉r ✇❡✐t ❞❛rü❜❡r ❧✐❡❣❡♥✳ ❇✐s♠✉t❤✲
❢❡rr✐t tr✐tt ✐♥ ❞r❡✐ ✈❡rs❝❤✐❡❞❡♥❡♥ P❤❛s❡♥ ❛✉❢✱ ❞❡r r❤♦♠❜♦❡❞r✐s❝❤❡♥ α✲P❤❛s❡ ❜❡✐
❘❛✉♠t❡♠♣❡r❛t✉r ✉♥❞ ③✇❡✐ ❍♦❝❤t❡♠♣❡r❛t✉r♣❤❛s❡♥✱ ❞❡r β✲P❤❛s❡ ✉♥❞ ❞❡r γ✲P❤❛s❡
❦✉r③ ✈♦r ❞❡♠ ❙❝❤♠❡❧③♣✉♥❦t✳ ❯♥t❡rs❝❤✐❡❞❧✐❝❤❡ ❊r❣❡❜♥✐ss❡ ❜❡③ü❣❧✐❝❤ ❞❡r ❙tr✉❦t✉r
❞❡r β✲P❤❛s❡ ✉♥❞ ❞❡r α✲β P❤❛s❡♥ü❜❡r❣❛♥❣st❡♠♣❡r❛t✉r ❢ü❤rt❡♥ ③✉ ❡✐♥❡r ✇❡✐t❡r❡♥
❯♥t❡rs✉❝❤✉♥❣ ❞✐❡s❡s P❤❛s❡♥ü❜❡r❣❛♥❣❡s ✐♥ ❞✐❡s❡r ❆r❜❡✐t✳ ▼✐tt❡❧s ▼❡ss✉♥❣❡♥ ♠✐t
❣❡stört❡r ❲✐♥❦❡❧❦♦rr❡❧❛t✐♦♥ ✭P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥✱ P❆❈✮✱ ✇❡❧❝❤❡ ♠✐t
❞❡r ■❙❖▲❉❊ ❙♦❧✐❞ ❙t❛t❡s P❤②s✐❝s ●r♦✉♣ ❜❡✐ ■❙❖▲❉❊✱ ❈❊❘◆ ✐♥ ●❡♥❢✱ ❙❝❤✇❡✐③
❞✉r❝❤❣❡❢ü❤rt ✇✉r❞❡♥✱ ❦♦♠❜✐♥✐❡rt ♠✐t ❘ö♥❣t❡♥❞✐✛r❛❦t♦♠❡tr✐❡✉♥t❡rs✉❝❤✉♥❣❡♥ ✭❳✲
r❛② ❞✐✛r❛❝t✐♦♥✱ ❳❘❉✮✱ ❞✉r❝❤❣❡❢ü❤rt ❛♠ ❘ö♥t❣❡♥✐♥st✐t✉t ❞❡r ❚❡❝❤♥✐s❝❤❡♥ ❯♥✐✲
✈❡rs✐tät ❲✐❡♥✱ ❦♦♥♥t❡♥ ❞✐❡ ❑r✐st❛❧❧str✉❦t✉r ❛❧s ♦rt❤♦r❤♦♠❜✐s❝❤ P❜♥♠ ✉♥❞ ❞✐❡
P❤❛s❡♥ü❜❡r❣❛♥❣st❡♠♣❡r❛t✉r ❜❡✐ Tα−β = 820◦C ❜❡stät✐❣t ✇❡r❞❡♥✳ ❉✐❡ ❑♦♠❜✐✲
♥❛t✐♦♥ ❞❡r ❜❡✐❞❡♥ ▼❡ss♠❡t❤♦❞❡♥ ✉♥❞ ❣❡♥❡r❡❧❧ ❞✐❡ P❆❈ ▼❡ss✉♥❣❡♥ ♠✐t 111m❈❞✱
❡✐♥❡♠ ❈❛❞♠✐✉♠✐s♦♠❡r✱ ❛❧s ❙♦♥❞❡✱ ✇✉r❞❡♥ ✈♦♥ ✉♥s ③✉♠ ❡rst❡♥ ▼❛❧ ③✉r ❈❤❛r❛❦✲
t❡r✐s✐❡r✉♥❣ ✈♦♥ ❇❋❖ ✈❡r✇❡♥❞❡t✳
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❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❚❤❡ s✉❝❝❡ss ♦❢ ❛♥② ♣r♦❥❡❝t✱ ❡s♣❡❝✐❛❧❧② ♦❢ r❡s❡❛r❝❤ ♣r♦❥❡❝ts✱ ✐s ✉s✉❛❧❧② ❛ ❝♦♠❜✐♥❛t✐♦♥
♦❢ ♠❛♥② ❤❛♥❞s ❛♥❞ ♠✐♥❞s✳ ■♥ r❡s♣❡❝t t❤❡r❡♦❢ ✐ ✇♦✉❧❞ ❧✐❦❡ t♦ t❛❦❡ t❤✐s ♦♣♣♦rt✉♥✐t②
t♦ ❛❝❦♥♦✇❧❡❞❣❡ s♦♠❡ ♣❡rs♦♥s ✇❤✐❝❤ ❞✐r❡❝t❧② ❛♥❞ ✐♥❞✐r❡❝t❧② ✐♥✢✉❡♥❝❡❞ t❤❡ ♣r♦❝❡ss
❛♥❞ s✉❝❝❡ss ♦❢ t❤✐s ✇♦r❦✳

❋✐rst ♦❢ ❛❧❧ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ♠② ♠❛✐♥ s✉♣❡r✈✐s♦r ❉r✳ ❇❡rt❤♦❧❞ ❙tö❣❡r ❢r♦♠ t❤❡
❳✲❘❛② ❝❡♥t❡r ♦❢ t❤❡ ❱✐❡♥♥❛ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ❛♥❞ ❉r✳ ❏✉❧✐❛♥❛ ❙❝❤❡❧❧✱ ♠②
s✉♣❡r✈✐s♦r ❛t t❤❡ ❙♦❧✐❞ ❙t❛t❡ P❤②s✐❝s ●r♦✉♣ ❛t ■❙❖▲❉❊✱ ❈❊❘◆✱ ❢♦r t❤❡✐r ♠❡♥✲
t♦rs❤✐♣ ❛♥❞ ❣✉✐❞❛♥❝❡ t❤r♦✉❣❤♦✉t t❤❡ ✇❤♦❧❡ ♣r♦❝❡ss ♦❢ ❢♦r♠❛t✐♦♥ ♦❢ t❤✐s ✇♦r❦ ❛♥❞
❜❡②♦♥❞ t❤❛t✳ ■ ❞❡❡♣❧② ❛♣♣r❡❝✐❛t❡ t❤❡✐r ❡✛♦rts ❛♥❞ t✐♠❡ t❛❦❡♥ t♦ r❡❛❞ t❤r♦✉❣❤
❞r❛❢t❡❞ ❞♦❝✉♠❡♥ts✱ r❡♣♦rts ❛♥❞ t❤❡ t❤❡s✐s✱ ❛❧✇❛②s ♣✉tt✐♥❣ ❛ ❝r✐t✐❝❛❧ ❡②❡ ♦♥ ✐t✳
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❙♣❡❝✐❛❧ t❤❛♥❦s ❛❧s♦ t♦ ❏♦ã♦ ◆✳ ●♦♥ç❛❧✈❡s ❢r♦♠ t❤❡ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❆✈❡✐r♦✱ P♦r✲
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s✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✱ ❡s♣❡❝✐❛❧❧② t♦ ❉■✳ ❲❡r♥❡r ❆r♥t❡r ❢♦r t❡❝❤♥✐❝❛❧ ❛♥❞ t❤❡♦r❡t✐❝❛❧
❛ss✐st❛♥❝❡ ✐♥ ❛❧❧ t❤✐♥❦❛❜❧❡ ❛s♣❡❝ts ❛♥❞ t❤❡ ✐♥✜♥✐t❡ ♣❛t✐❡♥❝❡ ♥❡❡❞❡❞ t♦ ❝♦♥❞✉❝t ♠②
♠❡❛s✉r❡♠❡♥ts✱ ❛s ✇❡❧❧ ❛s t♦ ❉r✳ ❑❧❛✉❞✐❛ ❍r❛❞✐❧ ❢♦r t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ❛♥❞ ❛❝❝❡♣✲
t❛♥❝❡ ♦❢ t❤✐s ✇♦r❦✳ ❋✉rt❤❡r ✐ ❛♠ ❣r❡❛t❧② ✐♥❞❡❜t❡❞ t♦ ❛❧❧ ❝♦❧❧❡❛❣✉❡s ♦❢ t❤❡ ❙♦❧✐❞
❙t❛t❡ P❤②s✐❝s ●r♦✉♣ ❛t ■❙❖▲❉❊✱ ❈❊❘◆✳ ❙♣❡❝✐❛❧ t❤❛♥❦s ❣♦ ♦✉t t♦ ❉r✳ ❑❛r❧ ❏♦❤♥✲
st♦♥ ❢♦r ❝♦♦r❞✐♥❛t✐♥❣ t❤❡ ❜❡❛♠ t✐♠❡s ❛♥❞ ❤❛✈✐♥❣ ♠❡ ✇❡❧❝♦♠❡ ❡✈❡r②t✐♠❡ ❛s ✇❡❧❧
❛s t♦ ❉r✳ ❏♦ã♦ ●✉✐❧❤❡r♠❡ ▼❛rt✐♥s ❈♦rr❡✐❛ ❢♦r ❡①❝❡❧❧❡♥t t❡❝❤♥✐❝❛❧ ❛♥❞ t❤❡♦r❡t✐❝❛❧
❛ss✐st❛♥❝❡ ❛♥❞ ❤❡❧♣ ❞✉r✐♥❣ t❤❡ ❜❡❛♠t✐♠❡s ❛♥❞ t❤❡ P❆❈ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ s❛♠❡
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✹✳✷✳✹ ❚❡r♥❛r② ♣❤❛s❡s ❇✐2❋❡4❖9 ❛♥❞ ❇✐25❋❡❖39 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻
✹✳✷✳✺ ❉✐✣❝✉❧✐❡s ❡♥❝♦✉♥t❡r❡❞ ❞✉r✐♥❣ ❳❘❉ ♠❡❛s✉r❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✺ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❖✉t❧♦♦❦ ✻✺

❇✐❜❧✐♦❣r❛♣❤② ✐

▲✐st ♦❢ ❋✐❣✉r❡s ✈✐✐✐
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✶ ■♥tr♦❞✉❝t✐♦♥ ❛♥❞ ❇❛❝❦❣r♦✉♥❞

✶✳✶ Pr✐♠❛r② ❋❡rr♦✐❝ ❋♦r♠s

❆ ♣r✐♠❛r② ❢❡rr♦✐❝ ♠❛t❡r✐❛❧ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❡①❤✐❜✐t✐♦♥ ♦❢ ❡✐t❤❡r s♣♦♥t❛♥❡♦✉s
♠❛❣♥❡t✐s❛t✐♦♥✱ ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥ ♦r ❛ s♣♦♥t❛♥❡♦✉s str❛✐♥ ✇❤✐❧❡ ❜❡✐♥❣ ✐♥ ❛♥ ❡q✉✐✲
❧✐❜r✐✉♠ ❝♦♥❞✐t✐♦♥ ♠❡❛♥✐♥❣ t❤❛t ♥♦ ❡①t❡r♥❛❧ ✜❡❧❞s ♦r ❢♦r❝❡s ❛r❡ ❛❝t✐♥❣ ♦♥ ✐t✳ ❚❤❡s❡
♦r❞❡rs ❝❛♥ ❜❡ s✇✐t❝❤❡❞ ♦r r❡✈❡rs❡❞ t❤r♦✉❣❤ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ s✉✣❝✐❡♥t❧② ❤✐❣❤
❡①tr✐♥s✐❝ ✜❡❧❞s✱ ♠❛❣♥❡t✐❝ ✜❡❧❞s ❢♦r r❡✈❡rs✐♥❣ t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥ ✐♥ ❢❡rr♦♠❛❣♥❡ts✱
❡❧❡❝tr✐❝ ✜❡❧❞s t♦ s✇✐t❝❤ ♣♦❧❛r✐s❛t✐♦♥ ✐♥ ❢❡rr♦❡❧❡❝tr✐❝❛ ❛♥❞ str❡ss t♦ ❝❤❛♥❣❡ str❛✐♥ ✐♥
❢❡rr♦❡❧❛st✐❝ ♠❛t❡r✐❛❧s✳ ❆s ♦♣♣♦s❡❞ t♦ ✇❤❛t t❤❡ ♥❛♠❡ s✉❣❣❡sts✱ ❢❡rr♦✐❝ ❢♦r♠s ❛r❡
♥♦t ❧✐♥❦❡❞ t♦ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ✐r♦♥ ✭❧❛t✳ ❢❡rr✉♠✮ ❜✉t ✇❡r❡ ♥❛♠❡❞ r❡❢❡rr✐♥❣ t♦ t❤❡
❤②st❡r❡s✐s ♦❝❝✉rr✐♥❣ ✇❤❡♥ s✇✐t❝❤✐♥❣ t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥ t❤r♦✉❣❤ t❤❡ ❛♣♣❧✐❛♥❝❡ ♦❢
❛♥ ❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ ❢❡rr♦♠❛❣♥❡t✐❝ ♠❛t❡r✐❛❧s✳ ❍②st❡r❡s✐s ❡✛❡❝ts ❛❧s♦ ♦❝❝✉r
✐♥ ❢❡rr♦❡❧❡❝tr✐❝ ❛♥❞ ❢❡rr♦❡❧❛st✐❝ ♠❛t❡r✐❛❧s✳❬✶❪

❋✐❣✉r❡ ✶✳✶✿ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ❤②st❡r❡s✐s s❤♦✇✐♥❣ ❝♦❡r❝✐✈❡ ✜❡❧❞ str❡♥❣t❤s Hc ❛♥❞ Ec✱
❝♦❡r❝✐✈❡ str❡ss σc ❛s ✇❡❧❧ ❛s r❡♠❛♥❡♥t ♠❛❣♥❡t✐s❛t✐♦♥ Mr✱ ♣♦❧❛r✐s❛t✐♦♥
Pr ❛♥❞ str❛✐♥ ǫr✳

✷
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✶✳✶✳✶ ❋❡rr♦❡❧❡❝tr✐❝✐t②

❋❡rr♦❡❧❡❝tr✐❝✐t② ✇❛s ♦r✐❣✐♥❛❧❧② ♦❜s❡r✈❡❞ ✐♥ ❘♦❝❤❡❧❧❡ ❙❛❧t ✭KNaC4H4O6.4H2O✮ ❜②
❏✳ ❱❛❧❛s❡❦❬✷❪ ✐♥ ✶✾✷✵✳ ❋❡rr♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s ❜❡❤❛✈❡ ❞✐✛❡r❡♥t t❤❛♥ ♦t❤❡r ❞✐❡❧❡❝✲
tr✐❝ ♠❛t❡r✐❛❧s ✇❤❡♥ ❡①♣♦s❡❞ t♦ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❯♥❧✐❦❡ ♣②r♦❡❧❡❝tr✐❝ ❝r②st❛❧s ✇❤✐❝❤
s❤♦✇ ❛ ♣❡r♠❛♥❡♥t ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥ ✜①❡❞ ✐♥ ♦♥❡ ❞✐r❡❝t✐♦♥✱ ❢❡rr♦❡❧❡❝tr✐❝ ♠❛t❡r✐✲
❛❧s ❤❛✈❡ t❤❡ ♣r♦♣❡rt② ♦❢ s✇✐t❝❤✐♥❣ t❤❡ ♣♦❧❛r✐s❛t✐♦♥ ❞✐r❡❝t✐♦♥✳ ❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥
❡❧❡❝tr✐❝ ✜❡❧❞ str❡♥❣t❤ ❛♥❞ ♣♦❧❛r✐s❛t✐♦♥ ❢♦❧❧♦✇s ❛ ❤②st❡r❡s✐s ❝✉r✈❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡
✶✳✶✳ Pr✐♦r t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛♥ ❡①t❡r♥❛❧ ✜❡❧❞ ✭♣♦✐♥t ❆ ✐♥ ❋✐❣✉r❡ ✶✳✶✮✱ t❤❡ ♠❛✲
t❡r✐❛❧ s❤♦✇s ♥♦ ♥❡t ♣♦❧❛r✐s❛t✐♦♥ ❛s t❤❡ ❞♦♠❛✐♥s ❛r❡ r❛♥❞♦♠❧② ❛rr❛♥❣❡❞✳ ❉♦♠❛✐♥s
❛r❡ r❡❣✐♦♥s ✐♥ t❤❡ ❝r②st❛❧ ✇❤❡r❡ t❤❡ ♣♦❧❛r✐s❛t✐♦♥ ❞✐r❡❝t✐♦♥ ✐s ✉♥✐❢♦r♠✳ ❆s t❤❡ ❡❧❡❝✲
tr✐❝ ✜❡❧❞ E ❣r♦✇s✱ ❞♦♠❛✐♥s ✇❤✐❝❤ ♣♦✐♥t ✐♥ t❤❡ ✜❡❧❞ ❞✐r❡❝t✐♦♥ ✇✐❧❧ ❣r♦✇✱ ❡✈❡♥t✉❛❧❧②
❧❡❛❞✐♥❣ t♦ s❛t✉r❛t✐♦♥ ✇❤❡♥ ❛❧❧ ❞♦♠❛✐♥s ❛r❡ ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ❡①t❡r♥❛❧ ✜❡❧❞✳ ❚❤✐s
s❛t✉r❛t✐♦♥ ♣♦✐♥t ✐s ♠❛r❦❡❞ ❛s ♣♦✐♥t ❇ ✐♥ ✜❣✉r❡ ✶✳✶✳ ■❢ t❤❡ ✜❡❧❞ ✐s s✇✐t❝❤❡❞ ♦✛ ♥♦✇✱
t❤❡ r❡♠❛♥❡♥t ♣♦❧❛r✐s❛t✐♦♥ ♦❢ t❤❡ ❝r②st❛❧ Pr ✇✐❧❧ r❡♠❛✐♥✳ ❚♦ ❝❤❛♥❣❡ t❤❡ ♣♦❧❛r✐s❛t✐♦♥
❞✐r❡❝t✐♦♥✱ t❤❡ ❡①t❡r♥❛❧ ✜❡❧❞ ❤❛s t♦ ❜❡ ❛♣♣❧✐❡❞ ✐♥ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥ ✇✐t❤ s✉✣❝✐❡♥t
✜❡❧❞ str❡♥❣t❤✳ ❚❤❡ ❝✉r✈❡ ✐♥ ✜❣✉r❡ ✶✳✶ ❢♦❧❧♦✇s t❤❡ ♣❛t❤ ❜❡t✇❡❡♥ ♣♦✐♥t ❇ ❛♥❞ ❈
❝r♦ss✐♥❣ t❤❡ ③❡r♦ ♣♦❧❛r✐s❛t✐♦♥ ❧✐♥❡ ✇❤❡♥ t❤❡ ❝♦❡r❝✐✈❡ ✜❡❧❞ str❡♥❣t❤ ✐s ❛♣♣❧✐❡❞✱ ❡✈❡♥✲
t✉❛❧❧② r❡❛❝❤✐♥❣ ♦♣♣♦s✐t❡ s❛t✉r❛t✐♦♥ ❛t ♣♦✐♥t ❈✳❬✸❪
❚❤❡ r❡❛s♦♥ s♦♠❡ ♠❛t❡r✐❛❧s ❛r❡ ❛❜❧❡ t♦ s❤♦✇ s♣♦♥t❛♥❡♦✉s ♣♦❧❛r✐s❛t✐♦♥ ❛♥❞ ♦t❤❡rs
❛r❡ ♥♦t ❝❛♥ ❜❡ ❢♦✉♥❞ ❛t t❤❡ ❛t♦♠✐❝ ❧❡✈❡❧ ❛♥❞ ✐s ❛❝❤✐❡✈❡❞ ❜② ❛♥ ♦✛✲❝❡♥t❡r✐♥❣ ♦❢
❝❛t✐♦♥s ❛♥❞ ❛♥✐♦♥s✱ ♠♦✈✐♥❣ t❤❡ ❝❡♥t❡rs ♦❢ ❝❤❛r❣❡s✱ ❡✈❡♥t✉❛❧❧② ❧❡❛❞✐♥❣ t♦ ❛ ❜✉❧❦
♣♦❧❛r✐s❛t✐♦♥✳ ▼♦st t❡❝❤♥♦❧♦❣✐❝❛❧❧② ✐♠♣♦rt❛♥t ❢❡rr♦❡❧❡❝tr✐❝s ❛r❡ tr❛♥s✐t✐♦♥ ♠❡t❛❧
♦①✐❞❡s✱ ✇❤❡r❡ t❤❡ tr❛♥s✐t✐♦♥ ♠❡t❛❧ ✐♦♥s ♣♦ss❡ss ❡♠♣t② ❞✲❡❧❡❝tr♦♥ s❤❡❧❧s✳ ❚❤❡r❡✱
t❤❡ ♣♦❧❛r✐s❛t✐♦♥ ✉s✉❛❧❧② ✐s ❝❛✉s❡❞ ❜② t❤❡ ♠♦✈❡♠❡♥t ♦❢ ♣♦s✐t✐✈❡❧② ❝❤❛r❣❡❞ ✐♦♥s
✇✐t❤ r❡s♣❡❝t t♦ t❤❡✐r ♦①②❣❡♥ ❝♦♦r❞✐♥❛t✐♦♥ ♣♦❧②❤❡❞r♦♥✳❬✹❪ ❚❤♦✉❣❤✱ t❤❡r❡ ❛r❡ ♥✉✲
♠❡r♦✉s ♦t❤❡r ❣r♦✉♣s ♦❢ ❢❡rr♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s✱ ✇❤✐❝❤ ❞♦ ♥♦t ❜❡❧♦♥❣ t♦ t❤❡ ❣r♦✉♣
♦❢ tr❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡s✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❝r②st❛❧❧♦❣r❛♣❤✐❝ r❡str✐❝t✐♦♥ t❤❡♦r❡♠✱
❝r②st❛❧s ❝❛♥ ❛❞♦♣t ♦♥❡ ♦❢ t❤❡ ✸✷ ❝r②st❛❧❧♦❣r❛♣❤✐❝ ♣♦✐♥t ❣r♦✉♣s✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞
t♦ t❤❡ ✸✷ ❝r②st❛❧ ❝❧❛ss❡s✳ ❚❤❡s❡ ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ✐♥t♦ t✇♦ ❢❛♠✐❧✐❡s✿ ✶✶ ✇✐t❤ ❛♥❞
✷✶ ✇✐t❤♦✉t ✐♥✈❡rs✐♦♥ s②♠♠❡tr②✳ ❈r②st❛❧s ♦❢ t❤❡ ❧❛tt❡r ❛r❡ ♥♦♥✲❝❡♥tr♦s②♠♠❡tr✐❝✳
❈❡♥tr♦s②♠♠❡tr✐❝ ❝r②st❛❧s ❛r❡ ♣❡r s❡ ♥♦t ❛❜❧❡ t♦ ❜❡ ♣♦❧❛r✐③❡❞ ❛s ❢♦r ❡✈❡r② ❡①✐st✐♥❣
♣❡r♠❛♥❡♥t ❞✐♣♦❧❡ ♠♦♠❡♥t ❛ ❝♦✉♥t❡r♣❛rt ✐♥ t❤❡ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥ ❡①✐sts ✇❤✐❝❤ ❝❛♥✲
❝❡❧s ♦✉t ❛ ♣♦❧❛r✐s❛t✐♦♥✳ ❈r②st❛❧s ❝r②st❛❧❧✐③✐♥❣ ✐♥ ✷✵ ♦❢ t❤❡ ✷✶ ♥♦♥✲❝❡♥tr♦s②♠♠❡tr✐❝
♣♦✐♥t ❣r♦✉♣s ❛r❡ ♣✐❡③♦❡❧❡❝tr✐❝ ♠❡❛♥✐♥❣ t❤❛t t❤❡② s❤♦✇ ❛t ❧❡❛st ♦♥❡ ♣♦❧❛r ❛①✐s ❛♥❞
t❤✉s ❛❧❧♦✇ ♣♦❧❛r✐s❛t✐♦♥ t❤r♦✉❣❤ ♠❡❝❤❛♥✐❝❛❧ str❡ss✳ ❚❤❡ ♦♥❧② ❡①❝❡♣t✐♦♥ ❛r❡ ❝r②s✲
t❛❧s ✇✐t❤ t❤❡ 432 ♣♦✐♥t ❣r♦✉♣ ❛s t❤❡② ❛r❡ ♥♦♥✲❝❡♥tr♦s②♠♠❡tr✐❝ ❛♥❞ ❛❧s♦ s❤♦✇ ♥♦♥
♣♦❧❛r✐t②✳❬✺❪ ❚❡♥ ♦❢ t❤❡s❡ ✷✵ ❝r②st❛❧ ❝❧❛ss❡s ♦♥❧② s❤♦✇ ♦♥❡ ♣♦❧❛r ❛①✐s ♠❛❦✐♥❣ ❝r②st❛❧s
♣②r♦❡❧❡❝tr✐❝s✱ s❤♦✇✐♥❣ s♣♦♥t❛♥❡♦✉s ♣♦❧❛r✐s❛t✐♦♥ ✇❤❡♥ ❤❡❛t❡❞ ✉♣✳ ❙♦♠❡ ♦❢ t❤❡♠
✇❡r❡ ♣r♦✈❡♥ t♦ ❜❡ ❢❡rr♦❡❧❡❝tr✐❝s✱ ❛❜❧❡ t♦ ❝❤❛♥❣❡ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ♣♦❧❛r✐s❛t✐♦♥✳❬✻❪ ❖♥❡
❡①❛♠♣❧❡ ♦❢ ❛ str✉❝t✉r❡ ❢❛♠✐❧② ✇❤♦s❡ ♠❡♠❜❡rs ♦❢t❡♥ s❤♦✇ ❢❡rr♦❡❧❡❝tr✐❝ ❜❡❤❛✈✐♦✉r
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❛r❡ ♣❡r♦✈s❦✐t❡s✳ ❇❋❖ ❜❡❧♦♥❣s t♦ t❤✐s str✉❝t✉r❡ ❢❛♠✐❧②✳

✶✳✶✳✷ ❋❡rr♦♠❛❣♥❡t✐s♠

❚❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ❢❡rr♦♠❛❣♥❡t✐s♠ ❤❛s ❜❡❡♥ ❦♥♦✇♥ ❢♦r ❝❡♥t✉r✐❡s✱ ❧♦♥❣ ❜❡❢♦r❡
❡❧❡❝tr♦♠❛❣♥❡t✐s♠ ✇❛s ❞✐s❝♦✈❡r❡❞✳ ▼❛❣♥❡t✐t❡ ❛s ❛ ♥❛t✉r❛❧ ♠❛❣♥❡t ✇❛s ❢♦r ❡①❛♠✲
♣❧❡ ✉s❡❞ ❢♦r t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♦❢ ❝♦♠♣❛ss ♥❡❡❞❧❡s✱ ❡ss❡♥t✐❛❧ ❢♦r ♥❛✈✐❣❛t✐♥❣ ❛♥❞
❡①♣❧♦r✐♥❣ ♥❡✇ ✇♦r❧❞s✳ ❚❤❡ ♣❤②s✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ t❤♦✉❣❤✱ ❢♦r ❛ ❧♦♥❣ t✐♠❡ ✇❛s ♥♦t
✉♥❞❡rst♦♦❞✳
❆ ❢❡rr♦♠❛❣♥❡t✐❝ ♠❛t❡r✐❛❧✱ ✐♥ ❛♥❛❧♦❣② t♦ ❛ ❢❡rr♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧✱ s❤♦✇s ❛ ♣❡r♠❛♥❡♥t
♠❛❣♥❡t✐s❛t✐♦♥ ❜❡❧♦✇ ❛ ❝❡rt❛✐♥ t❡♠♣❡r❛t✉r❡ Tc✱ t❤❡ ❈✉r✐❡ ❚❡♠♣❡r❛t✉r❡✳ ❆❣❛✐♥✱ t❤✐s
♠❛❣♥❡t✐s❛t✐♦♥ ❞♦❡s ♥♦t ♥❡❝❡ss❛r✐❧② ❛♣♣❡❛r ❛s ❛ ♠❛❝r♦s❝♦♣✐❝ ♥❡t ♠❛❣♥❡t✐s❛t✐♦♥ ❛s
✐♥ ❛ ♣❡r♠❛♥❡♥t ♠❛❣♥❡t✳ ❚❤✐s ✐s ❞✉❡ t♦ ♠❛❣♥❡t✐❝ ❞♦♠❛✐♥s✱ ❛r❡❛s ✇✐t❤ ✉♥✐❢♦r♠
♠❛❣♥❡t✐s❛t✐♦♥ ❞✐r❡❝t✐♦♥✱ ✇❤✐❝❤ ❛r❡ ♦r✐❡♥t❡❞ r❛♥❞♦♠❧② ✐♥ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❝r②st❛❧
✇❤❡♥ ♥♦ ❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ❛♣♣❧✐❡❞✳ ❲❤❡♥ t❤❡ ♠❛t❡r✐❛❧ ✐s ♠❛❣♥❡t✐s❡❞✱ t❤❡
r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ str❡♥❣t❤ H ❛♥❞ t❤❡ ♠❛t❡r✐❛❧✬s ♠❛❣♥❡t✐s❛t✐♦♥
M ❛❣❛✐♥ ❢♦❧❧♦✇s t❤❡ ❤②st❡r❡s✐s ❝✉r✈❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✶✳✶✳ ❙t❛rt✐♥❣ ❛t ③❡r♦ ✜❡❧❞
❛♥❞ ③❡r♦ ♠❛❣♥❡t✐s❛t✐♦♥ ❛t ♣♦✐♥t ❆✱ s❛t✉r❛t✐♦♥ ✐s r❡❛❝❤❡❞ ❛t ♣♦✐♥t ❇ ✇❤❡♥ t❤❡
✜❡❧❞ ✐s s✉✣❝✐❡♥t❧② str♦♥❣✳ ❙✇✐t❝❤✐♥❣ ♦✛ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❧❡❛✈❡s t❤❡ ♠❛❣♥❡t✐❝
♠❛t❡r✐❛❧ ✇✐t❤ t❤❡ r❡♠❛♥❡♥t ♠❛❣♥❡t✐s❛t✐♦♥ Mr✳ ❚♦ ❞❡♠❛❣♥❡t✐③❡ t❤❡ ♠❛t❡r✐❛❧✱ t❤❡
❝♦❡r❝✐✈❡ ✜❡❧❞ str❡♥❣t❤ Hc ❤❛s t♦ ❜❡ ❛♣♣❧✐❡❞ ✐♥ t❤❡ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❢❡rr♦✲
♠❛❣♥❡t✐❝ ♠❛t❡r✐❛❧ ❝❛♥ ❜❡ ♠❛❣♥❡t✐s❡❞ ✐♥ t❤❡ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡
✜❡❧❞ str❡♥❣t❤ ✉♥t✐❧ s❛t✉r❛t✐♦♥ ✐s r❡❛❝❤❡❞ ❛❣❛✐♥ ✭♣♦✐♥t ❈ ✐♥ ✜❣✉r❡ ✶✳✶✮✳
❚❤❡ ♣❤②s✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❝♦✉rs❡ ✐s ❛ ✈❡r② ❞✐✛❡r❡♥t ♦♥❡ ❝♦♠♣❛r❡❞ t♦ ❢❡rr♦❡❧❡❝✲
tr✐❝✐t② ❛♥❞ ❛❧s♦ ✐s ❛❧s♦ s♦♠❡✇❤❛t ♠♦r❡ ❝♦♠♣❧❡①✳ ❲❤✐❧❡ ✐♥ ❢❡rr♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s✱
❛s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✶✳✶✳✶ t❤❡ s❤✐❢t✐♥❣ ♦❢ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥ ❝❡♥tr❡s✱ ✇❤✐❝❤ ❝❛♥
❜❡ ❛ss✐❣♥❡❞ t♦ t❤❡ ♠♦✈❡♠❡♥t ♦❢ ❛t♦♠s✱ ❝❛✉s❡s t❤❡ ❡✛❡❝t✱ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ❢❡r✲
r♦♠❛❣♥❡t✐s♠ ✐s ❝❛✉s❡❞ ❜② ✉♥♣❛✐r❡❞ ❡❧❡❝tr♦♥s ❛♥❞ t❤❡✐r s♣✐♥s✳ ❚❤✉s✱ ✐♥ ♠❛❣♥❡t✐s♠
♣❛rt❧② ✜❧❧❡❞ ❡❧❡❝tr♦♥ s❤❡❧❧s ❛r❡ r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ❜✉✐❧❞ ✉♣ ❛ ♥❡t ♠❛❣♥❡t✐❝ s♣✐♥
♠♦♠❡♥t✳❬✹❪ ❆s t❤❡ ♠❛❣♥❡t✐❝ ❞✐♣♦❧❡✲❞✐♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ✐s t♦♦ ✇❡❛❦ t♦ ❝❛✉s❡ ❛ ❧♦♥❣✲
r❛♥❣❡ s♣♦♥t❛♥❡♦✉s ❛❧✐❣♥♠❡♥t ♦❢ ♠❛❣♥❡t✐s❛t✐♦♥ t❤❡ ♠❛t❡r✐❛❧✱ ♦t❤❡r ♠❡❝❤❛♥✐s♠s
♠✉st ❜❡ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♠❛❣♥❡t✐❝ ✐♥t❡r❛❝t✐♦♥✳ ❚❤❡s❡ q✉❛♥t✉♠
♠❡❝❤❛♥✐❝ ♠❡❝❤❛♥✐s♠s ❛r❡ t❤❡ s♦ ❝❛❧❧❡❞ ❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ❘❑❑❨
✭❘✉❞❡r♠❛♥✕❑✐tt❡❧✕❑❛s✉②❛✕❨♦s✐❞❛✮ ✐♥t❡r❛❝t✐♦♥✳❬✼❪
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✶✳✶✳✸ ❋❡rr♦❡❧❛st✐❝✐t②

❚❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ❢❡rr♦❡❧❛st✐❝✐t② ✐s ♠♦r❡ ❞✐✣❝✉❧t t♦ ✈✐s✉❛❧✐s❡ ❝♦♠♣❛r❡❞ t♦ t❤❡
♦t❤❡r t✇♦ ♣r✐♠❛r② ❢❡rr♦✐❝ ❢♦r♠s✳ ❆s ❢❡rr♦❡❧❛st✐❝✐t② ✐s ♥♦t ❧✐♥❦❡❞ t♦ t❤❡ r❡s❡❛r❝❤ ✐♥
t❤✐s ✇♦r❦✱ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ✐s ❞❡s❝r✐❜❡❞ ❤❡r❡ ♦♥❧② ❜r✐❡✢②✳
■♥ ❢❡rr♦❡❧❛st✐❝ ♠❛t❡r✐❛❧s✱ t❤❡ str❡ss str❛✐♥ ❝✉r✈❡ ❞♦❡s ♥♦t ❢♦❧❧♦✇ ❛ ❝❧❛ss✐❝ ❧✐♥❡❛r
✭❡❧❛st✐❝ r❡❣✐♠❡✮ ✴ ♥♦♥❧✐♥❡❛r ✭♣❧❛st✐❝ r❡❣✐♠❡✮ ❜❡❤❛✈✐♦✉r ❧✐❦❡ ✐t ❞♦❡s ✐♥ ❛ ❝♦♥✈❡♥✲
t✐♦♥❛❧ ♠❛t❡r✐❛❧✳ ❍♦✇❡✈❡r✱ ❛s ✐s t❤❡ ❝❛s❡ ✐♥ t❤❡ ♦t❤❡r ♣r♦♠❛r② ❢❡rr♦✐❝ ❢♦r♠s✱ ✐t
❢♦❧❧♦✇s ❛ ❤②st❡r❡s✐s ❧✐❦❡ t❤❡ ♦♥❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✳ ❇② ❛♣♣❧②✐♥❣ ❛♥ ❡①t❡r♥❛❧
str❡ss✱ t❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝r②st❛❧ ❝❛♥ ❜❡ s✇✐t❝❤❡❞ ❜❡t✇❡❡♥ ❛t ❧❡❛st t✇♦ ❞✐✛❡r❡♥t
♦r✐❡♥t❛t✐♦♥s✳❬✽❪

✶✳✷ ▼✉❧t✐❢❡rr♦✐❝ ❋♦r♠s

❆s ♦♣♣♦s❡❞ t♦ t❤❡ ♣r✐♠❛r② ❢❡rr♦✐❝ ❢♦r♠s✱ ♠✉❧t✐❢❡rr♦✐❝ ♣❤❡♥♦♠❡♥❛ ❡①❤✐❜✐t ♠♦r❡
t❤❛♥ ♦♥❡ ♣r✐♠❛r② ❢❡rr♦✐❝ ❢♦r♠ ✐♥ t❤❡ s❛♠❡ ♣❤❛s❡✳ ■♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡s❡ ♣r✐✲
♠❛r② ❢❡rr♦✐❝ ❢♦r♠s ❞♦ ♥♦t ♥❡❝❡ss❛r✐❧② ❤❛✈❡ t♦ ♦❝❝✉r✱ t❤♦✉❣❤ ♠❛♥② ❢❡rr♦❡❧❡❝tr✐❝
♠❛t❡r✐❛❧s ❛❧s♦ s❤♦✇ ❢❡rr♦❡❧❛st✐❝✐t②✱ ❧❡❛❞✐♥❣ t♦ t❤❡ ♣✐❡③♦❡❧❡❝tr✐❝ ❡✛❡❝t✳ ▼♦st ❢❡rr♦✲
❡❧❡❝tr✐❝ ♣❡r♦✈s❦✐t❡s ❛r❡ tr❛♥s✐t✐♦♥ ♠❡t❛❧ ♦①✐❞❡s✳ ❚❤❡ ♦r✐❣✐♥ ♦❢ t❤❡✐r ❢❡rr♦❡❧❡❝tr✐❝✐t②
✐s ✉s✉❛❧❧② t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♠♦❧❡❝✉❧❡ ❝❧✉st❡rs t❤r♦✉❣❤ t❤❡ ♣♦s✐t✐✈❡❧② ❝❤❛r❣❡❞ tr❛♥s✐✲
t✐♦♥ ✐♦♥s ✇✐t❤ ❛♥ ❡♠♣t② d0 ❡❧❡❝tr♦♥ s❤❡❧❧ ❛♥❞ ♥❡❣❛t✐✈❡ ♦①②❣❡♥ ✐♦♥s ♦❢ t❤❡✐r ♥❡❛r❡st
s✉rr♦✉♥❞✐♥❣✳ ❚❤❡ s❤✐❢t ♦❢ t❤❡ ❛♥✐♦♥s ❛♥❞ ❝❛t✐♦♥s ❧❡❛❞s t♦ ❛ ♥❡t ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥
♦❢ t❤❡ ❝r②st❛❧✳❬✹✱ ✾❪

❋✐❣✉r❡ ✶✳✷✿ ❚❤❡ tr✐❛♥❣❧❡ s❤♦✇s ❛❧❧ t❤r❡❡ ♣r✐♠❛r② ❢❡rr♦✐❝ ❢♦r♠s ❛♥❞ t❤❡✐r ❝♦♥♥❡❝t✐♦♥s
t❤r♦✉❣❤ ♠✉❧t✐❢❡rr♦✐❝ ❡✛❡❝ts✳ ❚❤❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❡✛❡❝t ✐s ❤✐❣❤❧✐❣❤t❡❞
✐♥ r❡❞

✺
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❯♥❢♦rt✉♥❛t❡❧②✱ ♦♥❧② ❢❡✇ ♠❛t❡r✐❛❧s s❤♦✇ t❤❡ ❤✐❣❤ ♣♦t❡♥t✐❛❧ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❢❡rr♦✲
❡❧❡❝tr✐❝✐t② ❛♥❞ ❢❡rr♦♠❛❣♥❡t✐s♠✳ ❚❤✐s ✐s t❤❡ r❡s✉❧t ♦❢ t❤❡ ♦r✐❣✐♥s ♦❢ ❜♦t❤ t❤❡s❡ ♣❤❡✲
♥♦♠❡♥❛✱ ✇❤✐❝❤ ❛r❡ ♠✉t✉❛❧❧② ❡①❝❧✉s✐✈❡✳❬✶✵❪ ❲❤✐❧❡ ❢❡rr♦❡❧❡❝tr✐❝✐t② ✐s ♦❢t❡♥ ❡①❤✐❜✐t❡❞
❜② ♠❛t❡r✐❛❧s ✇✐t❤ tr❛♥s✐t✐♦♥ ♠❡t❛❧ ✐♦♥s ✇✐t❤ ❡♠♣t② ❞✲❡❧❡❝tr♦♥ s❤❡❧❧s ❛s ❡①♣❧❛✐♥❡❞
❛❜♦✈❡✱ ❢❡rr♦♠❛❣♥❡t✐s♠ ❝❛♥ ♦♥❧② ❞❡✈❡❧♦♣ ✇✐t❤ s❡♠✐ ✜❧❧❡❞ ❞✲❡❧❡❝tr♦♥ s❤❡❧❧s ✐♥ ♦r❞❡r
t♦ ❛❝❤✐❡✈❡ ❛ ♥❡t s♣✐♥ ✈❛❧✉❡ ❝r✉❝✐❛❧ ❢♦r ❛ ♠❛❣♥❡t✐❝ ♠♦♠❡♥t✳❬✹❪ ❋✐❣✉r❡ ✶✳✷ s❤♦✇s t❤❡
❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ♣r✐♠❛r② ❢❡rr♦✐❝ ❢♦r♠s ❛♥❞ t❤❡✐r ♦r❞❡r ♣❛r❛♠❡t❡rs✳
❆s ♠❡♥t✐♦♥❡❞✱ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ❜❡t✇❡❡♥ ❢❡rr♦❡❧❛st✐❝✐t② ❛♥❞ ❡❧❡❝tr✐❝❛❧ ♣♦❧❛r✐③❛❜✐❧✲
✐t② ❧❡❛❞s t♦ t❤❡ ✭✐♥✈❡rs❡✮ ♣✐❡③♦❡❧❡❝tr✐❝ ❡✛❡❝t ✇❤✐❧❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❢❡rr♦♠❛❣♥❡t✐❝
♦r❞❡r✐♥❣ t❤❡ ✭✐♥✈❡rs❡✮ ♠❛❣♥❡t♦❡❧❛st✐❝ ✭♠❛❣♥❡t♦str✐❝t✐♦♥✮ ❡✛❡❝t ❛r❡ ❛❝❤✐❡✈❡❞✳
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✶✳✷✳✶ ▼❛❣♥❡t♦❡❧❡❝tr✐❝ ✭▼❊✮ ▼✉❧t✐❢❡rr♦✐❝s

❚❤❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❡✛❡❝t✱ ❝♦♠❜✐♥✐♥❣ ❢❡rr♦❡❧❡❝tr✐❝✐t② ❛♥❞ ❢❡rr♦♠❛❣♥❡t✐s♠ ❧❡❛❞✐♥❣
t♦ ♠❛❣♥❡t✐❝❛❧❧② ❝♦♥tr♦❧❧❡❞ ❡❧❡❝tr✐❝❛❧ ♣♦❧❛r✐③❛t✐♦♥ ❛♥❞ ✈✐❝❡ ✈❡rs❛✱ st❛rt❡❞ t♦ ♣✐q✉❡
✐♥t❡r❡st ❞✉r✐♥❣ t❤❡ ✶✾✺✵s t❤r♦✉❣❤ s♦✈✐❡t r❡s❡❛r❝❤✳ ❆❢t❡r r❛t❤❡r ❡①♣❡♥❞❛❜❧❡ r❡s✉❧ts
✐♥ t❤❡ ❡❛r❧② ❤♦✉rs ♦❢ r❡s❡❛r❝❤ ✐t t♦♦❦ t❡♥ ②❡❛rs ✉♥t✐❧ ✜rst ♥♦t❛❜❧❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝
❝♦❡✣❝✐❡♥ts ✇❡r❡ ♠❡❛s✉r❡❞✳ ❙✐♥❝❡ t❤❡ ✶✾✾✵s✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣✉❜❧✐❝❛t✐♦♥s ✐♥❝❧✉❞✲
✐♥❣ t❤❡ ✇♦r❞ ✧♠❛❣♥❡t♦❡❧❡❝tr✐❝✧ ✐♥ t❤❡✐r ❦❡②✇♦r❞s ✐s st❡❛❞✐❧② ❣r♦✇✐♥❣✱ ❧❡❛❞✐♥❣ t♦
t❤❡ ❞✐s❝♦✈❡r② ♦❢ ♠♦r❡ ❛♥❞ ♠♦r❡ ♠❛t❡r✐❛❧s ❡①❤✐❜✐t✐♥❣ t❤❡ ❡✛❡❝t✳ ❲✐t❤ ❣r♦✇✐♥❣
♣♦ss✐❜✐❧✐t✐❡s✱ ❛❧s♦ t❤❡ ✜❡❧❞ ♦❢ ♣♦t❡♥t✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s ✇❡r❡ ❡①♣❛♥❞✐♥❣✱ ❝♦✈❡r✐♥❣ t❤❡
✇❤♦❧❡ s♣❡❝tr✉♠ ❢r♦♠ s❡♥s♦r✐❝ ❛♥❞ ❛❝t✉❛t♦r✐❝ s②st❡♠s t♦ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ s♣✐♥tr♦♥✐❝
s②st❡♠s✳❬✶✶❪ ▼❛❣♥❡t♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s ♠❛② ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ❣❡♥❡r❛❧ ❣r♦✉♣s✳
❙✐♥❣❧❡ ♣❤❛s❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ♠✉❧t✐❢❡rr♦✐❝s s❤♦✇ ❛♥ ✐♥tr✐♥s✐❝ ▼❊ ❡✛❡❝t✱ ❝❛✉s❡❞
t❤r♦✉❣❤ t❤❡ ❧✐♥❡❛r ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❢r♦♠
t❤❡ ❢r❡❡ ❡♥❡r❣② ♦❢ ❛ s✐♥❣❧❡✲♣❤❛s❡ ❝r②st❛❧ ❛s ❢♦❧❧♦✇s ✭❊q✉❛t✐♦♥s t❛❦❡ ✉s❡ ♦❢ ❊✐♥st❡✐♥
♥♦t❛t✐♦♥✮✿

F ( ~E, ~H) = F0 − P s
i Ei −M s

i Hi −
1

2
ǫ0ǫijEiEj −

1

2
µ0µijHiHj − αijEiHj − ... ✭✶✳✶✮

❲✐t❤ F ❜❡✐♥❣ t❤❡ ❢r❡❡ ❡♥❡r❣②✱ ~E ❛♥❞ ~H t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ str❡♥❣t❤ ❛♥❞ t❤❡ ♠❛❣♥❡t✐❝
✜❡❧❞ str❡♥❣t❤ r❡s♣❡❝t✐✈❡❧②✱ P s t❤❡ s♣♦♥t❛♥❡♦✉s ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥✱ M s t❤❡ s♣♦♥✲
t❛♥❡♦✉s ♠❛❣♥❡t✐s❛t✐♦♥✱ ǫ ❛♥❞ µ t❤❡ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ s✉s❝❡♣t✐❜✐❧✐t② ❛♥❞ ✇✐t❤ α
❞❡♥♦t✐♥❣ t❤❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t✳ ❋✐♥❞✐♥❣ t❤❡ ✜rst ❞❡r✐✈❛t✐✈❡s ✇✐t❤
r❡s♣❡❝t t♦ E ❛♥❞ H ♦❢ ❋♦r♠✉❧❛ ✶✳✶✱ ❧❡❛❞s t♦ t❤❡ ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥

Pi( ~E, ~H) = − δF

δEi

= P s
i + ǫ0ǫijEj + αEM

ij Hj + ... ✭✶✳✷✮

❛♥❞ t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥

Mi( ~E, ~H) = − δF

δHi

= M s
i + µ0µijHj + αME

ij Ei + ... ✭✶✳✸✮

❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❊q✉❛t✐♦♥s ✶✳✷ ❛♥❞ ✶✳✸✱ t❤❡ ❧✐♥❡❛r ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❝♦✉♣❧✐♥❣ ❝♦♥✲
st❛♥t α ❧✐♥❦s t❤❡ ❡❧❡❝tr✐❝ ♣♦❧❛r✐s❛t✐♦♥ P ✇✐t❤ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ str❡♥❣t❤ H ❛s
✇❡❧❧ ❛s t❤❡ ♠❛❣♥❡t✐s❛t✐♦♥ M ✇✐t❤ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ str❡♥❣t❤ E✳ ❋r♦♠ ❣❡♥❡r❛❧
❡♥❡r❣② ❝♦♥s✐❞❡r❛t✐♦♥s✱ ✇❡ s❡❡ t❤❛t t❤❡ ❝♦❡✣❝✐❡♥ts αME ❛♥❞ αME ❛r❡ s②♠♠❡tr✐✲
❝❛❧ ❛♥❞ t❤✉s t❤❡ ❡✛❡❝t ❤❛s ❡q✉❛❧ str❡♥❣t❤ ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥s✳ ❊q✉❛t✐♦♥ ✶✳✶ ❞♦❡s
♥♦t ❡♥❞ ❛t t❤❡ ❧✐♥❡❛r ♠❛❣♥❡t♦❡❧❡❝tr✐❝ t❡r♠ ❜✉t ❛❧s♦ ✐♥❝❧✉❞❡s s♦♠❡ ❤✐❣❤❡r ♦r❞❡r❡❞
♥♦♥✲❧✐♥❡❛r ♠❛❣♥❡t♦❡❧❡❝r✐❝ ❝♦♥st❛♥ts β ❛♥❞ γ✱ ✇❤✐❝❤ ✇❡r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ❤❡r❡ ❛s
t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❛❝t✉❛❧ ❡✛❡❝t ✐s ❡①tr❡♠❡❧② s♠❛❧❧✳ ❯s✉❛❧❧② ✐❢ ♠❡♥t✐♦♥❡❞✱
t❤❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❡✛❡❝t r❡❢❡rs t♦ t❤❡ ❧✐♥❡❛r ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❝♦♥st❛♥t α✳ ❖♥ t❤❡
♦t❤❡r ❤❛♥❞✱ t❤❡r❡ ❛r❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s✳ ❆ ❧❛②❡r❡❞ str✉❝t✉r❡ ♦❢
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♣✐❡③♦❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t♦str✐❝t✐✈❡ ♦r ♣✐❡③♦♠❛❣♥❡t✐❝ ❛♥❞ ♣✐❡③♦❡❧❡❝tr✐❝ ♣❤❛s❡s ❝❛♥
❧❡❛❞ t♦ ❤✐❣❤ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥ts✳ ❈r✉❝✐❛❧ ♣❛r❛♠❡t❡rs ♦❢ q✉❛❧✐t② ❛r❡
t❤❡ ❢❡rr♦✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s✐♥❣❧❡ ♣❤❛s❡s ❛s ✇❡❧❧ ❛s t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡♠✳❬✶✷❪

✶✳✷✳✷ ❋✐❡❧❞s ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ❢♦r ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s

❚❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❞✐r❡❝t❧② ❝♦♠❜✐♥❡ t❤❡ ♠❛❣♥❡t✐❝ ❛♥❞ ❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ♦❢ ♠❛t❡✲
r✐❛❧s ♦♣❡♥s ✉♣ ❛ ✇❤♦❧❡ ♥❡✇ ❞❡❣r❡❡ ♦❢ ❢r❡❡❞♦♠ ✐♥ ♠❛t❡r✐❛❧ ❞❡s✐❣♥ ❛♥❞ ✇✐❧❧ ❜❡ ❛♥
✐♠♣♦rt❛♥t ♣❛rt ✐♥ ❢✉t✉r❡ r❡s❡❛r❝❤✳ ❊s♣❡❝✐❛❧❧② ✐♥ t✐♠❡s ✇❤❡♥ ♠✐♥✐❛t✉r✐s❛t✐♦♥✱ ♣♦✇❡r
s❛✈✐♥❣ ❛♥❞ ❡♥❡r❣② ❤❛r✈❡st✐♥❣ ❛r❡ ❞r✐✈✐♥❣ ❢❛❝t♦rs✱ ♠❛❣♥❡t♦❡❧❡❝tr✐❝s ❤❛✈❡ t❤❡ ♣♦t❡♥✲
t✐❛❧ t♦ ❜❡ ♣❛rt ♦❢ ❣r♦✉♥❞ ❜r❡❛❦✐♥❣ ❞❡✈❡❧♦♣♠❡♥ts✳ ❚❤❡ ❜✐❣❣❡st ❞r✐✈❡r ❜❡❤✐♥❞ t❤❡
r❡s❡❛r❝❤ ♦♥ ♠✉❧t✐❢❡rr♦✐❝ ♠❛❣♥❡t♦❡❧❡❝tr✐❝s ♠✐❣❤t ♥♦✇❛❞❛②s ❜❡ t❤❡ s♣✐♥tr♦♥✐❝ ✐♥❞✉s✲
tr② ❛s t❤❡s❡ ♠❛t❡r✐❛❧s ❜r✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❢✉♥❝t✐♦♥❛❧✐t✐❡s t♦ ♠✉❧t✐♣❧❡ st❛❣❡ ♠❡♠♦r②
❞❡✈✐❝❡s ❛♥❞ ❣❛t❡ ❝♦♥tr♦❧❧❡❞ ♠❛❣♥❡t✐❝ ♠❡♠♦r✐❡s✳❬✶✸❪ ❋✉rt❤❡r ❛♣♣❧✐❝❛t✐♦♥s ❝❛♥ ❜❡
❢♦✉♥❞ ✐♥ s❡♥s♦r✐❝ ❛♥❞ ❛❝t✉❛t♦r✐❝ ❞❡✈✐❝❡s✱ tr❛♥s❢♦r♠❡rs ✉s✐♥❣ t❤❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝
✈♦❧t❛❣❡ ❣❛✐♥ ❡✛❡❝t✱❬✶✹❪ ♠✐❝r♦✇❛✈❡ ❞❡✈✐❝❡s❬✶✺❪ ❛♥❞ ▼❊ ♠❡♠♦r✐❡s✳❬✶✻❪ ❙✐♥❝❡ ✐♥❞✉s✲
tr✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ♠❛❣♥❡t♦❡❧❡❝tr✐❝s ✉s✉❛❧❧② ❛r❡ ♦♣❡r❛t✐♥❣ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡
♦r ❛t ❧❡❛st ✐♥ ❛♥ ❛❝❝❡♣t❛❜❧❡ r❛♥❣❡ ❛r♦✉♥❞ ✐t✱ ♠❛♥② ♠❛t❡r✐❛❧s ✇❤✐❝❤ s❤♦✇ ♠❛❣♥❡✲
t♦❡❧❡❝tr✐❝ ❜❡❤❛✈✐♦✉r ♦♥❧② ❛t ✈❡r② ❧♦✇ t❡♠♣❡r❛t✉r❡s ❛r❡ ✉♥✈✐❛❜❧❡✳ ❇✐s♠✉t❤ ❋❡rr✐t❡
♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❡①♣r❡ss❡s ▼❊ ❜❡❤❛✈✐♦✉r ✉♣ t♦ t❡♠♣❡r❛t✉r❡s ✇❡❧❧ ❛❜♦✈❡ r♦♦♠
t❡♠♣❡r❛t✉r❡✱ t❤✉s ❛❣❛✐♥ ❡♠♣❤❛s✐s✐♥❣ t❤❡ ❛♣♣❧✐❝❛❜✐❧✐t② ♦❢ s✐♥❣❧❡ ♣❤❛s❡❞ ❇❋❖ ❛❣❛✐♥✳

✶✳✸ ❚❤❡ P❡r♦✈s❦✐t❡ ❙tr✉❝t✉r❡

❚❤❡ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡✱ ♥❛♠❡❞ ❛❢t❡r t❤❡ ❝❛❧❝✐✉♠ t✐t❛♥✐✉♠ ♦①✐❞❡ ♠✐♥❡r❛❧ ♣❡r✲
♦✈s❦✐t❡ ❈❛❚✐❖3✱ ✐s ❝♦♠♠♦♥❧② ❢♦✉♥❞ ✐♥ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦✉♥❞s ✇✐t❤ t❤❡ ❣❡♥❡r❛❧ ❢♦r✲
♠✉❧❛ ❆❇❳3✳ ❆ ❛♥❞ ❇ ❞❡s❝r✐❜❡ ❝❛t✐♦♥s ✇❤✐❝❤ ❛r❡ ❝♦♦r❞✐♥❛t❡❞ ❜② ❝♦r♥❡r ❧✐♥❦❡❞
♦❝t❛❤❡❞r❛ ♦❢ t❤❡ ❳✲❛♥✐♦♥s✳ ❚❤❡ ❇✲❝❛t✐♦♥ ✐s s✐tt✐♥❣ ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡s❡ ♦❝t❛❤❡❞r❛
✇❤✐❝❤ ❢♦r♠ ❛ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧ ♥❡t✇♦r❦✳ ■♥ t❤❡ r❡s✉❧t✐♥❣ ❝✉❜♦❝t❛❤❡❞r❛❧ ❣❛♣s t❤❡
❆✲❝❛t✐♦♥ ✐s ♣❧❛❝❡❞✱ r❡s✉❧t✐♥❣ ✐♥ ❛♥ t✇❡❧✈❡✲❢♦❧❞ ❳✲❝♦♦r❞✐♥❛t✐♦♥ ♦❢ ✐t✳ ❚❤✐s ❞❡s❝r✐♣✲
t✐♦♥ ✐s ✈❛❧✐❞ ❢♦r t❤❡ ✐❞❡❛❧✱ ♥♦t ❞✐st♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡✱ t❤❡ ❛r✐st♦t②♣❡ ✇✐t❤
♣♦✐♥t ❣r♦✉♣ Pm3m✳ ❆ ❢❛♠♦✉s r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤✐s str✉❝t✉r❡ ✐s ❙r❚✐❖3✳ ❚❤❡
❇❳6 ♦❝t❛❤❡❞r❛ s❤♦✇ ♥♦ t✐❧t✐♥❣✳ ❱❛r✐❛t✐♦♥s ✐♥ t❤❡ ❝❛t✐♦♥ s✐③❡ ❝❛✉s❡ ❞✐st♦rt✐♦♥s ❛♥❞
t✐❧t✐♥❣ ♦❢ t❤❡s❡ ♦❝t❛❤❡❞r❛✱ ❧❡❛❞✐♥❣ t♦ ❝❤❛♥❣❡s ✐♥ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ❛♥❞ ❞✐✛❡r❡♥t
♠♦r♣❤♦❧♦❣✐❡s ♦❢ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♣♦❧②❤❡❞r❛✳ ❆❧♦♥❣s✐❞❡ ✇✐t❤ ❝❛t✐♦♥ ❞✐s♣❧❛❝❡♠❡♥ts
❡♥❛❜❧✐♥❣ ♣♦❧❛r str✉❝t✉r❡s✱ t❤❡ ♦❝t❛❤❡❞r❛❧ ❞✐st♦rt✐♦♥ ❛♥❞ t✐❧t ✐♥ ♣❡r♦✈s❦✐t❡s ❛r❡ ❝r✉✲
❝✐❛❧ ♣❛r❛♠❡t❡rs ❛✛❡❝t✐♥❣ t❤❡ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❝♦♠♣♦✉♥❞s✳
❚❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ♣❡r♦✈s❦✐t❡s ✐♥ ❞✐✛❡r❡♥t ❝r②st❛❧ s②st❡♠s ✐s ❛❧s♦ ❛ttr✐❜✉t❛❜❧❡ t♦
t❤❡s❡ ❞✐st♦rt✐♦♥s✳❬✶✼❪ ❖❝t❛❤❡❞r❛❧ t✐❧t✐♥❣ ✐♥ ♣❡r♦✈s❦✐t❡s ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ✇✐t❤ t❤❡
●❧❛③❡r ♥♦t❛t✐♦♥✳❬✶✽❪ ❚❤❡ ♠❛♥② ♣♦ss✐❜✐❧✐t✐❡s ♦❢ ❛❞❛♣t✐♦♥ ❛❧❧♦✇ ❛♥ ❡♥♦r♠♦✉s ♥✉♠✲

✽
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❜❡r ♦❢ ❝♦♠♣♦✉♥❞s ❛♣♣❡❛r✐♥❣ ✐♥ t❤❡ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡✳ ❖♥❡ ✇❛② t♦ ❡st✐♠❛t❡ t❤❡
♠❛❣♥✐t✉❞❡ ♦❢ ❞✐st♦rt✐♦♥ ✐s ❣✐✈❡♥ ❜② t❤❡ ●♦❧❞s❝❤♠✐❞t t♦❧❡r❛♥❝❡ ❢❛❝t♦r

t =
rA + rX√
2 (rB + rX)

✭✶✳✹✮

■♥ ❡q✉❛t✐♦♥ ✶✳✹✱ rA/B/X st❛♥❞s ❢♦r t❤❡ ✐♦♥✐❝ r❛❞✐✐ ♦❢ t❤❡ ✐♥✈♦❧✈❡❞ ❝❛t✐♦♥s ✭❆✱ ❇✮
❛♥❞ t❤❡ ❛♥✐♦♥ ❳✳ ❚❤❡ ✐❞❡❛❧ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ✇✐t❤ s♣❛❝❡ ❣r♦✉♣ Pm3m✱ ❣❡♦♠❡t✲
r✐❝❛❧❧② ❡①✐sts ✇✐t❤ ❛ ✈❛❧✉❡ ♦❢ t = 1✳ ❊✛❡❝t✐✈❡❧②✱ t❤❡ Pm3m str✉❝t✉r❡ ✐s ♦❜s❡r✈❡❞ ❢♦r
✈❛❧✉❡s 0.89 < t < 1✳ ❉✐st♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡s ❛♣♣❡❛r ✇❤❡♥ 0.8 < t < 0.89✱
✈❛❧✉❡s ❜❡❧♦✇ ✵✳✽ ❧❡❛❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ✐❧♠❡♥✐t❡ str✉❝t✉r❡✳ ❈♦♠♣♦s✐t✐♦♥s ✇✐t❤
t > 1 ✇✐❧❧ ❡①❤✐❜✐t ❤❡①❛❣♦♥❛❧ s②♠♠❡tr✐❡s✳ ❚❤♦✉❣❤✱ t❤❡ ●♦❧❞s❝❤♠✐❞t t♦❧❡r❛♥❝❡
❢❛❝t♦r ✐s ♦♥❧② ♦♥❡ ❝r✐t❡r✐♦♥ ❞❡s❝r✐❜✐♥❣ t❤❡ ♣♦ss✐❜❧❡ str✉❝t✉r❡ ♦❢ ❛ ♣❡r♦✈s❦✐t❡✳ ❆s
♠❡♥t✐♦♥❡❞✱ t❤❡ ❛r✐st♦t②♣❡ ♦❢ t❤❡ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ♣♦ss❡ss❡s t❤❡ Pm3m s♣❛❝❡
❣r♦✉♣ s②♠♠❡tr②✳ ❚❤✐s ✐s t❤❡ str✉❝t✉r❡ ✇✐t❤ t❤❡ ❤✐❣❤❡st ♣♦ss✐❜❧❡ s②♠♠❡tr② ♦❢ ❛
♣❡r♦✈s❦✐t❡ ❛♥❞ ❛❧❧ ♦t❤❡r str✉❝t✉r❡s ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ ✐t✳ ❚❤❡② ❛r❡ t❤❡♥ ❝❛❧❧❡❞ ❤❡tt♦✲
t②♣❡s✳ ❇② ❞❡✜♥✐t✐♦♥✱ t❤❡s❡ ❤❡tt♦t②♣❡s ❤❛✈❡ ❛ ❧♦✇❡r s②♠♠❡tr② t❤❛♥ t❤❡ ❛r✐st♦t②♣❡✳
❆ ✇❛② t♦ s❤♦✇ s✉❝❤ ❣r♦✉♣✲s✉❜❣r♦✉♣ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ ❝r②st❛❧ str✉❝t✉r❡s ❛r❡
❇är♥✐❣❤❛✉s❡♥ ❢❛♠✐❧② tr❡❡s✳

❋✐❣✉r❡ ✶✳✸✿ ❇är♥✐❣❤❛✉s❡♥ ❢❛♠✐❧② tr❡❡ s❤♦✇✐♥❣ t❤❡ ❣r♦✉♣✲s✉❜❣r♦✉♣ r❡❧❛t✐♦♥s ♦r t❤❡
♣❡r♦✈s❦✐t❡ ❛r✐st♦t②♣❡ ❛♥❞ t❤❡ ❝r②st❛❧ str✉❝t✉r❡s ♦❢ α✲❇❋❖ ✭R3c✮ ❛♥❞
β✲❇❋❖ ✭Pbnm✮✳

✾
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❋✐❣✉r❡ ✶✳✸ s❤♦✇s s✉❝❤ ❛ ❇är♥✐❣❤❛✉s❡♥ tr❡❡✱ ❞❡♣✐❝t✐♥❣ t❤❡ ❣r♦✉♣✲s✉❜❣r♦✉♣ r❡❧❛t✐♦♥s
♦❢ t❤❡ ❛r✐st♦t②♣❡ Pm3m✳ ❙✉❜❣r♦✉♣s ❛r❡ ❞✐r❡❝t❧② ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❧✐♥❡s t♦ t❤❡✐r
s✉♣❡r❣r♦✉♣s✱ t❤❡ ❢❛❝t♦r ♦❢ s②♠♠❡tr② r❡❞✉❝t✐♦♥ ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ♥✉♠❜❡r ♥❡①t t♦ t❤❡
❧✐♥❡✳ ❚❤❡ ❧❡tt❡rs t ❛♥❞ ❦ ❛r❡ ❛♥ ✐♥❞✐❝❛t✐♦♥ ♦❢ ✐❢ t❤❡ s✉❜❣r♦✉♣ ✐s tr❛♥s❧❛t✐♦♥❡♥❣❧❡✐❝❤
♦r ❦❧❛ss❡♥❣❧❡✐❝❤ t♦ ✐ts s✉♣❡r❣r♦✉♣✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ s♣❛❝❡ ❣r♦✉♣ ♦❢ α✲❇❋❖✱ R3c✱
❛♥❞ t❤❡ s♣❛❝❡ ❣r♦✉♣ ♦❢ β✲❇❋❖✱ Pbnm✱ ❛r❡ ✐♥ ♥♦ ❞✐r❡❝t ❣r♦✉♣✲s✉❜❣r♦✉♣ r❡❧❛t✐♦♥s❤✐♣✳
❚❤✉s✱ ♣❤❛s❡ tr❛♥s✐t✐♦♥s ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ s♣❛❝❡ ❣r♦✉♣s ♠✉st ❜❡ ♦❢ ✜rst ♦r❞❡r✳❬✶✾❪
❚❤❡ r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ♣❡r♦✈s❦✐t❡ ❛r✐st♦t②♣❡ Pm3m ❛♥❞ t❤❡ s♣❛❝❡ ❣r♦✉♣s ♦❢
α✲ ❛♥❞ β✲❇❋❖ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✹✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❡ ✶✳✹✿ ✭❛✮ ❚❤❡ Pm3m ❛r✐st♦t②♣❡ str✉❝t✉r❡ ✈✐❡✇❡❞ ❞♦✇♥ ❬✶✵✵❪✳ ✭❜✮ ❉✐st♦rt❡❞
♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ♦❢ α✲❇❋❖ ✇✐t❤ ❤❡①❛❣♦♥❛❧ ✉♥✐t ❝❡❧❧ ✈✐❡✇❡❞ ❞♦✇♥
❬✹✷1❪✳ ✭❝✮ ❉✐st♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ♦❢ β✲❇❋❖ ✇✐t❤ ♦rt❤♦r❤♦♠❜✐❝
✉♥✐t ❝❡❧❧ ✈✐❡✇❡❞ ❞♦✇♥ ❬✶✶✵❪✳

❚❤❡ str✉❝t✉r❡ ✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✶✳✹✭❛✮ ✐s t❤❡ ❛r✐st♦t②♣❡ ❛s t❤❡ ②❡❧❧♦✇
♦❝t❛❤❡❞r❛ ❛r❡ ♥♦t ❞✐st♦rt❡❞ ❛♥❞ ❜✉✐❧t ✉♣ ✐♥ ❛ r❡❣✉❧❛r ❧❛tt✐❝❡✳ ❋✐❣✉r❡ ✶✳✹✭❜✮ s❤♦✇s
t❤❡ ❤❡①❛❣♦♥❛❧ R3c ✉♥✐t ❝❡❧❧ ♣❧❛❝❡❞ ✐♥ t❤❡ ❞✐st♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡✳ ❚❤❡
♦rt❤♦r❤♦♠❜✐❝ Pbnm ✉♥✐t ❝❡❧❧ ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ❞✐st♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ✐♥
❋✐❣✉r❡ ✶✳✹✭❝✮✳

✶✵
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✶✳✹ ❇✐s♠✉t❤ ❋❡rr✐t❡ BiFeO3

❇❋❖ ✐s t②♣✐❝❛❧❧② s②♥t❤❡s✐③❡❞ t❤r♦✉❣❤ s✐♥t❡r✐♥❣ st♦✐❝❤✐♦♠❡tr✐❝ ♠✐①t✉r❡s ♦❢ Bi2O3

❛♥❞ Fe2O3✳❬✷✵❪ ■ts ♣❤❛s❡ ❞✐❛❣r❛♠ ✇❛s ♦❜❥❡❝t ♦❢ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ r❡s❡❛r❝❤
❣r♦✉♣s ❛♥❞ st✐❧❧ s❤♦✇s s♦♠❡ ❛♠❜✐❣✉✐t✐❡s✳

❋✐❣✉r❡ ✶✳✺✿ ❉✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r②st❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ♣❛r❛❡❧❡❝✲
tr✐❝ β✲♣❤❛s❡

❋✐❣✉r❡ ✶✳✺ ❣✐✈❡s ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ s❡❧❡❝t❡❞ ❛♣♣r♦❛❝❤❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r②st❛❧
str✉❝t✉r❡ ❛♥❞ s②♠♠❡tr② ♦❢ t❤❡ α✲♣❤❛s❡ ❛♥❞ t❤❡ ♣❛r❛❡❧❡❝tr✐❝ β✲♣❤❛s❡ ♦❢ ❇❋❖✳ ❚❤❡
st❛❜✐❧✐t② r❛♥❣❡ ♦❢ t❤❡ α✲♣❤❛s❡ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ r❡❣✐♦♥s✳ ❚❤❡ ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝
r❡❣✐♦♥ ❜❡❧♦✇ t❤❡ ◆❡é❧ t❡♠♣❡r❛t✉r❡ ♦❢ TN ∼ 370◦C ❛♥❞ t❤❡ ♣❛r❛♠❛❣♥❡t✐❝ r❡❣✐♦♥
❛❜♦✈❡ t❤❡ ◆❡é❧ t❡♠♣❡r❛t✉r❡ ✉♥t✐❧ t❤❡ ❈✉r✐❡ P♦✐♥t ❛t TC ∼ 822◦C✳ ❚❤❡s❡ ❤✐❣❤ ♦r✲
❞❡r✐♥❣ t❡♠♣❡r❛t✉r❡s ❛❧❧♦✇ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ♠❛❣♥❡t♦❡❧❡❝tr✐❝✐t② ❛t ❛ s✉✐t❛❜❧❡ t❡♠✲
♣❡r❛t✉r❡ r❛♥❣❡ ✐♥❝❧✉❞✐♥❣ r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ✇❤✐❝❤ ✐s ❡ss❡♥t✐❛❧ ❢♦r t❤❡ ✇✐❞❡s♣r❡❛❞
❛♣❧✐❝❛❜✐❧✐t② ✐♥ t❡❝❤♥♦❧♦❣✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ ❛❧❧ ♣✉❜❧✐❝❛t✐♦♥s r❡❢❡rr❡❞ t♦ ✐♥ ❋✐❣✉r❡
✶✳✺✱ t❤❡ α✲♣❤❛s❡ ✐s ❛❝❝❡♣t❡❞ t♦ ❛♣♣❡❛r ✐♥ ❛ r❤♦♠❜♦❤❡❞r❛❧ ❘✸❝ ♣❡r♦✈s❦✐t❡ str✉❝✲
t✉r❡ ✇✐t❤ ✐ts ❤❡①❛❣♦♥❛❧ ❧❛tt✐❝❡ ♣❛r❛♠❡t❡rs ahex = 5.58➴ ❛♥❞ chex = 13.87➴ ❛♥❞
✐ts ♣s❡✉❞♦❝✉❜✐❝ ✉♥✐t ❝❡❧❧ ♣❛r❛♠❡t❡rs arh = 3.89➴ ❛♥❞ αrh = 89.3◦✱❬✷✽❪ ✇❤❡r❡
[111]rh = [001]hex✳❬✷✻❪ ❘❡❣❛r❞✐♥❣ t❤❡ β✲♣❤❛s❡✱ s❡✈❡r❛❧ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ✇❡r❡
✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ✐ts ❝r②st❛❧ s②♠♠❡tr② ❛♥❞ ❛❧s♦ ♠✉❧t✐♣❧❡ str✉❝t✉r❡s ✇❡r❡ ♣r♦✲
♣♦s❡❞✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞✐❡s ❞♦♥❡ ❜② ❍❛✉♠♦♥t ❡t ❛❧✳❬✷✶❪ ✐♥ ✷✵✵✻ s✉❣❣❡st
Pm3m s②♠♠❡tr②✱ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ❝♦♠❜✐♥❡❞ ✇✐t❤ ❉✐✛❡r❡♥t✐❛❧ ❚❤❡r♠❛❧ ❆♥❛❧✲
②s✐s ✭❉❚❆✮ ❛♥❞ ❳✲r❛② ❞✐✛r❛❝t✐♦♥ st✉❞✐❡s ❝♦♥❞✉❝t❡❞ ❜② P❛❧❛✐ ❡t ❛❧✳❬✷✷❪ ✐♥ ✷✵✵✽
♣r♦♣♦s❡ P2mm✳ ❆♥♦t❤❡r st✉❞② ❞♦♥❡ ❜② ❍❛✉♠♦♥t ❡t ❛❧✳❬✷✸❪ ✐♥ ✷✵✵✽✱ t❤✐s t✐♠❡
❳❘❉ ♦♥❧②✱ s✉❣❣❡st❡❞ P21/m ❛s t❤❡ β✲♣❤❛s❡s ❛♣♣❡❛r❛♥❝❡✳ ❆❜ ✐♥✐t✐♦ ❝❛❧❝✉❧❛t✐♦♥s
♦❢ ❑♦r♥❡✈ ❡t ❛❧✳❬✷✹❪ ♣r❡❞✐❝t I4/mcm✱ P♦✇❞❡r ◆❡✉tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭P◆❉✮ st✉❞✐❡s

✶✶
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❜② ❆r♥♦❧❞ ❡t ❛❧✳❬✷✺❪ ♣r♦♣♦s❡ Pbnm ❛♥❞ ❳❘❉ st✉❞✐❡s ❜② ❙❡❧❜❛❝❤ ❡t ❛❧✳❬✷✻❪ s✉❣❣❡st
R3c✱ t❤❡ s❛♠❡ str✉❝t✉r❡ ❛s t❤❡ α✲♣❤❛s❡✳ ❋✐❣✉r❡s ✶✳✻ ❛♥❞ ✶✳✼ s❤♦✇ st❡r❡♦s❝♦♣✐❝
✐♠❛❣❡s ♦❢ t❤❡ ❝r②st❛❧ str✉❝t✉r❡s ♦❢ t❤❡ α ❛♥❞ t❤❡ β ♣❤❛s❡ ♦❢ ❇❋❖ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡
❜✐s♠✉t❤ ❛t♦♠s ✇✐t❤ t❤❡✐r ❝♦♦r❞✐♥❛t✐♦♥ ♣♦❧②❤❡❞r❛ ❛r❡ ♣✉r♣❧❡✱ ✐r♦♥ ❛t♦♠s ❛♥❞ ❝♦♦r✲
❞✐♥❛t✐♦♥ ♣♦❧②❤❡❞r❛ ❛r❡ ❜r♦✇♥✳ ❖①②❣❡♥ ❛t♦♠s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ r❡❞✳ ❚❤❡ str✉❝t✉r❡s
✇❡r❡ ❝r❡❛t❡❞ ✇✐t❤ ❱❊❙❚❆✳❬✷✾❪ ❚❤❡ Pbnm s❡tt✐♥❣ ✇❛s ❝❤♦s❡♥ ❢♦r t❤❡ r❡♣r❡s❡♥t❛✲
t✐♦♥ ♦❢ t❤❡ β✲♣❤❛s❡ ❞✉❡ t♦ t❤❡ ✜♥❞✐♥❣s ♦❢ ❆r♥♦❧❞ ❡t ❛t✳ ❛♥❞ ❲❡✐ ❡t ❛❧✳ ❛♥❞ ❛❧s♦
♦✇✐♥❣ t♦ t❤❡ ✜♥❞✐♥❣s ♦❢ t❤✐s ✇♦r❦✱ ✇❤✐❝❤ ❛❧s♦ ❝❧❡❛r❧② s✉❣❣❡st Pbnm ❛s t❤❡ β✲♣❤❛s❡s
s②♠♠❡tr②✳ ❖♥❡ r❡❛s♦♥ ♦❢ t❤❡ ✈❡r② ❞✐✛❡r❡♥t ♦✉t❝♦♠❡s ✐s t❤❡ t❤❡r♠❛❧ ✐♥st❛❜✐❧✐t② ♦❢
❇❋❖ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡s✳ ❱♦❧❛t✐❧✐t② ♦❢ ❇✐s♠✉t❤ ❧❡❛❞s t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢
♥♦♥✲♣❡r♦✈s❦✐t❡ s❡❝♦♥❞❛r② ♣❤❛s❡s ✇✐t❤ ♥♦t✲♥❡❣❧✐❣✐❜❧❡ ♣❤❛s❡ ❢r❛❝t✐♦♥s✱ ❝♦♠♣❧✐❝❛t✐♥❣
t❤❡ ❛❝❝✉r❛t❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ♣❤❛s❡s✳❬✸✵❪ ■♥ r❡❝❡♥t ❳❘❉ st✉❞✐❡s ♦❢ ❲❡✐ ❡t ❛❧✳✱
t❤✐s ♣r♦❜❧❡♠ ✇❛s ♥♦t✐❝❡❞ ❛♥❞ ❝♦✉♥t❡r❛❝t❡❞ ❜② ❞♦♣✐♥❣ ❇❋❖ ✇✐t❤ 5% ▲❛♥t❤❛♥✉♠✳
❆s ♦♣♣♦s❡❞ t♦ ❞♦♣✐♥❣ ✇✐t❤ ♦t❤❡r r❛r❡ ❡❛rt❤ ♠❛t❡r✐❛❧s ♦r tr❛♥s✐t✐♦♥ ♠❡t❛❧s✱ ❞♦♣✲
✐♥❣ ✇✐t❤ ▲❛♥t❤❛♥✉♠ ❞♦❡s ♥♦t ✐♥tr♦❞✉❝❡ ❝❤❛♥❣❡s ♦❢ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❝r②st❛❧
s②♠♠❡tr②✱ ♥♦r ❞♦❡s ✐t ❝❤❛♥❣❡ t❤❡ ❈✉r✐❡ ♣♦✐♥t ♦❢ ❇❋❖ ✇❤✐❧❡ ✐t st❛❜✐❧✐③❡s t❤❡ ♠❛t❡✲
r✐❛❧ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s ❛✈♦✐❞✐♥❣ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ✉♥✇❛♥t❡❞ s❡❝♦♥❞❛r② ♣❤❛s❡s✳
❈♦♥s✐❞❡r✐♥❣ t❤✐s✱ t❤❡ r❡s✉❧ts ♦❢ ❲❡✐ ❡t ❛❧ ✇✐t❤ ▲❛♥t❤❛♥✉♠ ❞♦♣❡❞ ❇❋❖✱ ✇❤✐❝❤
❛❧s♦ s✉❣❣❡st ❛♥ ♦rt❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ ✐♥ Pbnm s❡tt✐♥❣ ♠✐❣❤t ❜❡ ❛♥ ✐♥t❡r❡st✐♥❣
❜❡♥❝❤♠❛r❦ ❢♦r t❤❡ ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ β✲♣❤❛s❡ ♦❢ ❇❋❖✳❬✷✼❪ ❚❤✐s ♣❤❛s❡ ❝❤❛♥❣❡
❢r♦♠ t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ t♦ t❤❡ ♦rt❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ ✐s ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❛
s✉❞❞❡♥ ✈♦❧✉♠❡ ❝♦♥tr❛❝t✐♦♥ ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❢❡rr♦❡❧❡❝tr✐❝✲♣❛r❛❡❧❡❝tr✐❝ ♣❤❛s❡
tr❛♥s✐t✐♦♥ ❛s ✇❡❧❧✳ ❚❤❡ β✲♣❤❛s❡ ❡①✐sts ✉♣ t♦ ❛♣♣r♦①✐♠❛t❡❧② 890◦C✱ ✇❤❡r❡ ✐t tr❛♥s✲
❢♦r♠s ✐♥t♦ t❤❡ ❝✉❜✐❝ γ✲♣❤❛s❡✳❬✷✺❪ ❉✉❡ t♦ ♣♦❧❛r ❞✐s♣❧❛❝❡♠❡♥ts ♦❢ t❤❡ Bi ❛♥❞ t❤❡
Fe ❛t♦♠s ❛❧♦♥❣ t❤❡ [111]rh ❞✐r❡❝t✐♦♥✱ ❇❋❖ s❤♦✇s ❢❡rr♦❡❧❡❝tr✐❝ ♣♦❧❛r✐③❛t✐♦♥ ❛❧♦♥❣
t❤✐s t❤r❡❡❢♦❧❞ ❛①✐s✱❬✸✶❪ ✇❤✐❝❤✱ ❛s r❛t❤❡r r❡❝❡♥t ❡①♣❡r✐♠❡♥ts s❤♦✇✱ ✐s ❤✐❣❤ ✇✐t❤
✈❛❧✉❡s ✉♣ t♦ P111 = 100µC/cm2✳❬✸✷❪ ❘❡❣❛r❞✐♥❣ t❤❡ ♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❇❋❖✱
❞✐✛❡r❡♥t ❛ss✉♠♣t✐♦♥s ❛❜♦✉t t❤❡ t②♣❡ ❛♥❞ ✐ts ♦r✐❣✐♥s ✇❡r❡ ♠❛❞❡✳ ■t s❡❡♠s ♣r❡tt②
❝❧❡❛r t❤❛t ❇❋❖ ✐s ❛ ●✲t②♣❡ ❛♥t✐❢❡rr♦♠❛❣♥❡t ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ♠❡❛♥✐♥❣ t❤❛t
❡❛❝❤ ♠❛❣♥❡t✐❝ ♠♦♠❡♥t ✐s s✉rr♦✉♥❞❡❞ ❜② s✐① ✐♥t❡r✲ ❛♥❞ ✐♥tr❛♣❧❛♥❛r② ♦♣♣♦s❡❞ ♠❛❣✲
♥❡t✐❝ ♠♦♠❡♥ts✳❬✷✽❪ ❚❤r♦✉❣❤ ❛ ❢❡rr♦❡❧❡❝tr✐❝❛❧❧② ✐♥❞✉❝❡❞ s♣✐♥ ❝❛♥t✐♥❣✱ t❤❡ s♣✐♥s✱
❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ♠❛❣♥❡t✐❝ ♠♦♠❡♥ts ❛r❡ ♥♦t ❝♦♠♣❧❡t❡❧② ♦♣♣♦s✐♥❣ ❡❛❝❤ ♦t❤❡r✱ ❜✉t
s❤♦✇ ❛ ♥♦♥✲❧✐♥❡❛r✐t② ❛♥❣❧❡ ♦❢ ❛❜♦✉t 1◦✳ ❚❤✐s ❝❛♥t✐♥❣ ❛♥❣❧❡ s❤♦✉❧❞ r❡s✉❧t ✐♥ ❛ s♠❛❧❧
♠❛❝r♦s❝♦♣✐❝ ♠❛❣♥❡t✐③❛t✐♦♥ ♦❢ ❛❜♦✉t M = 0.05µB ♣❡r ✉♥✐t ❝❡❧❧✳❬✸✸❪ ❙✉♣❡r✐♠♣♦s❡❞
♦♥ t❤❡ ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝ s♣✐♥ str✉❝t✉r❡✱ ❧✐❡s ❛ s♣✐♥ ❝②❝❧♦✐❞ ✇✐t❤ ❛♥ ❛♣♣r♦①✐♠❛t❡
♣❡r✐♦❞✐❝ ❧❡♥❣t❤ ♦❢ lcyc = 620➴✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝ s♣✐♥s s❤♦✇
❛ r♦t❛t✐♦♥ ♦❢ ✸✻✵ ❞❡❣r❡❡s ✇✐t❤✐♥ lcyc✱ ❝❛♥❝❡❧❧✐♥❣ ♦✉t t❤❡ ❜❡❢♦r❡ ❞❡s❝r✐❜❡❞ ♠❛❣♥❡t✐✲
③❛t✐♦♥ ❝♦♠♣❧❡t❡❧②✳ ❙✉r♣r❡ss✐♥❣ t❤✐s s♣✐♥ ❝②❝❧♦✐❞ ❧❡❛❞s t♦ ✇❡❛❦ ❢❡rr♦♠❛❣♥❡t✐s♠✳❬✸✹❪
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. ❋✐❣✉r❡ ✶✳✻✿ ❙t❡r❡♦✲✐♠❛❣❡ ♦❢ t❤❡ ❝r②st❛❧ st✉❝t✉r❡ ♦❢ α✲❇❋❖ ✐♥ R3c s❡tt✐♥❣✳

❋✐❣✉r❡ ✶✳✼✿ ❙t❡r❡♦✲✐♠❛❣❡ ♦❢ t❤❡ ❝r②st❛❧ st✉❝t✉r❡ ♦❢ β✲❇❋❖ ✐♥ Pbnm s❡tt✐♥❣✳
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✷ ❊①♣❡r✐♠❡♥t❛❧ ▼❡t❤♦❞s

✷✳✶ P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥ ✭P❆❈✮

❚❤❡ P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥ ✭P❆❈✮ ♠❡t❤♦❞✱ ❧✐❦❡ ▼öss❜❛✉❡r s♣❡❝tr♦s❝♦♣②✱ ✐s
❛ ♠❡t❤♦❞ ♦❢ ♥✉❝❧❡❛r ♣❤②s✐❝s t❛❦✐♥❣ ❛❞✈❛♥t❛❣❡ ♦❢ ❤②♣❡r✜♥❡ ✜❡❧❞s ❡①✐st✐♥❣ ✇✐t❤✐♥ t❤❡
❡①❛♠✐♥❡❞ str✉❝t✉r❡✳ ❚❤❡r❡ ❛r❡ t❤r❡❡ ❞✐✛❡r❡♥t s♣❡❝✐✜❝❛t✐♦♥s ♦❢ P❆❈ ♠❡t❤♦❞s✳ ❚❤❡
✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❢r♦♠ ❜❡t❛✲❣❛♠♠❛✱ ❡❧❡❝tr♦♥✲❣❛♠♠❛ ❛♥❞ ❣❛♠♠❛✲❣❛♠♠❛
❝♦✐♥❝✐❞❡♥❝❡s✳ ❚❤❡ P❆❈ ♠❡t❤♦❞ ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ♠❛❦❡s ✉s❡ ♦❢ t❤❡ ❛♥✐s♦tr♦♣✐❝
❡♠✐ss✐♦♥ ♦❢ t✇♦ γ q✉❛♥t❛✱ ❜❡✐♥❣ r❡s✉❧t ♦❢ ❛ ♥✉❝❧❡❛r ❞❡❝❛② ♦❢ ❛ ♣r♦❜❡ ❛t♦♠ ♣r❡s❡♥t
✐♥ ❛ ♠❡t❛st❛❜❧❡ st❛t❡✱ t♦ ✐ts ❣r♦✉♥❞ st❛t❡ ✈✐❛ ❛ γ✲γ ❝❛s❝❛❞❡✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢
♠❛❣♥❡t✐❝ ✜❡❧❞s ♦r ❊❧❡❝tr✐❝ ❋✐❡❧❞ ●r❛❞✐❡♥ts ✭❊❋●✮ ❛t t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ❛t♦♠
❝❛✉s❡s ❤②♣❡r✜♥❡ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ✐ts ♥✉❝❧❡❛r ♠♦♠❡♥ts✱ ❧❡❛❞✐♥❣ t♦ ❛ ❞✐st♦rt✐♦♥ ♦❢
t❤❡ ♣r♦❜❡ ❛t♦♠s ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥✐s♦tr♦♣② ♦❢ t❤❡ γ ❡♠✐ss✐♦♥
❣✐✈❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❧♦❝❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ♣r♦❜❡❞ s❛♠♣❧❡✳ Pr♦♣❡rt✐❡s✱ s✉❝❤
❛s ❞❡❢❡❝ts✱ ♥❛♥♦st✉❝t✉r❡❞ s✉r❢❛❝❡s ❛♥❞ ✐♥t❡r❢❛❝❡s✱ ♣❤❛s❡ tr❛♥s✐t✐♦♥s✱ ♠❛❣♥❡t✐❝ ❛♥❞
str✉❝t✉r❛❧ tr❛♥s✐t✐♦♥s ❛s ✇❡❧❧ ❛s ❢♦r♠❛t✐♦♥ ♦❢ ♣❛rt✐❝✐♣❛♥ts ♠❛② ❜❡ ❛♥❛❧②s❡❞ ❛t t❤❡
♥❛♥♦s❝❛❧❡✳❬✸✺❪ ❆s t❤❡ ♣r♦❜❡ ❛t♦♠s ❛r❡ ✐♠♣❧❛♥t❡❞ ✐♥ t❤❡ s❛♠♣❧❡✱ t❤❡ ♠❡❛s✉r❡♠❡♥t
✈❛r✐❛❜❧❡s ❜❡❝♦♠❡ ❛ ♠♦r❡ ♦r ❧❡ss ✐♥tr✐♥s✐❝ ❝♦♠♣♦♥❡♥t ❛s t❤❡② ❛r❡ ❞✐r❡❝t❧② ✐♥✢✉❡♥❝❡❞
❜② t❤❡ ❛t♦♠✐❝ str✉❝t✉r❡ s✉rr♦✉♥❞✐♥❣ t❤❡♠✳ ❚❤✐s ✐s ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡s
t♦ ♦t❤❡r ♠❡❛s✉r❡♠❡♥t ♠❡t❤♦❞s ✇❤✐❝❤ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❡①tr✐♥s✐❝ ♠❡❛s✉r❡♠❡♥t
✈❛r✐❛❜❧❡s✱ ❧✐❦❡ ❳✲r❛② ❞✐✛r❛❝t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✭❳❘❉✮✳

✷✳✶✳✶ ❊❧❡❝tr✐❝ ◗✉❛❞r✉♣♦❧❡ ■♥t❡r❛❝t✐♦♥

❆s t❤✐s ✇♦r❦ ✐s ♣r✐♠❛r✐❧② ❞❡❛❧✐♥❣ ✇✐t❤ ❤②♣❡r✜♥❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❡❧❡❝tr✐❝❛❧ ❦✐♥❞✱
❢♦❝✉s ✇✐❧❧ ♦♥❧② ❜❡ ❣✐✈❡♥ ♦♥ t❤❡ ❊❧❡❝tr✐❝ ◗✉❛❞r✉♣♦❧❡ ■♥t❡r❛❝t✐♦♥ ❛♥❞ ✐ts ❢✉♥❞❛♠❡♥t❛❧
♣r♦♣❡rt②✱ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❣r❛❞✐❡♥t✳ ❚❤❡ ❊❋●✱ ❜❡✐♥❣ t❤❡ tr❛❝❡❧❡ss ❝♦♠♣♦♥❡♥t ♦❢
t❤❡ s❡❝♦♥❞ s♣❛❝✐❛❧ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❡❧❡❝tr♦st❛t✐❝ ♣♦t❡♥t✐❛❧ ✇✐t❤✐♥ t❤❡ ❛t♦♠✐❝ ❧❛tt✐❝❡✱
✐s ❛ s②♠♠❡tr✐❝ 3× 3 t❡♥s♦r✱

Vij =
∂2V

∂x2
i ∂y

2
j

. ✭✷✳✶✮

❚❤r♦✉❣❤ ❛ ❝♦♦r❞✐♥❛t✐♦♥ tr❛♥s❢♦r♠❛t✐♦♥ t♦ t❤❡ r❡❢❡r❡♥❝❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠✱ t❤❡
❝♦♠♣♦♥❡♥ts ♦❢ t❤✐s t❡♥s♦r ❝❛♥ ❜❡ r❡❞✉❝❡❞ t♦ t❤❡ t❤r❡❡ ❞✐❛❣♦♥❛❧ ❡❧❡♠❡♥ts Xxx✱ Vyy

❛♥❞ Vzz✳ ❚❤❡ r❡❢❡r❡♥❝❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠s ❛①❡s ✉s✉❛❧❧② ❛r❡ s❡t ✐♥ ❛ ✇❛② s✉❝❤ t❤❛t
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t❤❡ ❧❛r❣❡st ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ t❡♥s♦r ♣♦✐♥ts ✐♥ ③✲❞✐r❡❝t✐♦♥✳ ❲✐t❤

|Vzz|> |Vyy|> |Vxx| ✭✷✳✷✮

❛♥❞ t❤❡ ✉s❡ ♦❢ t❤❡ ▲❛♣❧❛❝❡ ❡q✉❛t✐♦♥

Vzz + Vyy + Vxx = 0, ✭✷✳✸✮

✐ts ♣♦ss✐❜❧❡ t♦ ❝♦♠♣❧❡t❡❧② ❞❡s❝r✐❜❡ t❤❡ ❊❋● ✇✐t❤ ♦♥❧② t✇♦ ♣❛r❛♠❡t❡rs✱ ♥❛♠❡❧② t❤❡
❧❛r❣❡st ❝♦♠♣♦♥❡♥t Vzz ❛♥❞ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r

η =
Vxx − Vyy

Vzz

✭✷✳✹✮

✇✐t❤ ♣♦ss✐❜❧❡ ✈❛❧✉❡s ❜❡t✇❡❡♥ ✵ ✭❛①✐❛❧ s②♠♠❡tr✐❝✮ ❛♥❞ ✶ ✭❛s②♠♠❡tr✐❝✮✳ ❊❧❡❝tr✐❝
✜❡❧❞ ❣r❛❞✐❡♥ts ❛r❡ str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥s✳ ❆ ♣❡r❢❡❝t ❝❤❛r❣❡
❞✐str✐❜✉t✐♦♥ ❛s ✐♠❛❣✐♥❡❞ t❤r♦✉❣❤ ❛ t❤❡♦r❡t✐❝❛❧ ❝✉❜✐❝ ❧❛tt✐❝❡ ✇✐❧❧ ♥♦t ❝❛✉s❡ ❛♥ ❊❋●
❜❡❝❛✉s❡ t❤❡ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥s ❛r❡ s♣❤❡r✐❝❛❧❧② s②♠♠❡tr✐❝ ❛♥❞ ✐s♦tr♦♣✐❝✳ ❚❤✉s✱
Vxx❂Vyy❂Vzz ❛♥❞ ❛s t❤❡ tr❛❝❡ ♦❢ t❤❡ t❡♥s♦r ✐s ③❡r♦✱ ❛❧❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞ ❣r❛❞✐❡♥t ❛r❡ ③❡r♦✱ ♥♦t ❝♦♥tr✐❜✉t✐♥❣ t♦ ❛♥ ❡❧❡❝tr✐❝ q✉❛❞r✉♣♦❧❡ ♠♦♠❡♥t✳ ▲♦❝❛❧
❞❡❢❡❝ts ♦r ♥♦♥✲❝✉❜✐❝ ❝r②st❛❧ s②st❡♠s ♠❛② ❧❡❛❞ t♦ ❛ ♥♦♥✲✈❛♥✐s❤✐♥❣ ❊❋●✳ ❚❤❡ ✐♥t❡r✲
❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❊❋● ❛♥❞ t❤❡ ♣r♦❜❡ ♥✉❝❧❡✉s✬ q✉❛❞r✉♣♦❧❡ ♠♦♠❡♥t Q ❧❡❛❞s t♦ ❛
❤②♣❡r✜♥❡ s♣❧✐tt✐♥❣ ♦❢ t❤❡ s❡♥s✐t✐✈❡ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡s ❡♥❡r❣② ❧❡✈❡❧ I ✐♥t♦ ♠❛❣♥❡t✐❝
s✉❜❧❡✈❡❧s M = ±I,±(I − 1),±(I − 2), ... ✇✐t❤ ❡♥❡r❣✐❡s ❝❛❧❝✉❧❛t❡❞ t❤r♦✉❣❤

EQ(M) =
3M2 − I(I + 1)

4I(2I − 1)
eQVzz ✭✷✳✺✮

✇✐t❤ e = 1.6021 ∗ 10−19❈ ❜❡✐♥❣ t❤❡ ❡❧❡❝tr♦♥ ❝❤❛r❣❡✳ ❚❤✉s t❤❡ ❡♥❡r❣② ❜❡t✇❡❡♥ t✇♦
s✉❜❧❡✈❡❧s M ❛♥❞ M ′ ❝❛❧❝✉❧❛t❡s t❤r♦✉❣❤

EQ(M)− EQ(M
′) =

3eQVzz

4I(2I − 1)
(M2 −M ′2) = 3(M2 −M ′2)h̄ωQ ✭✷✳✻✮

✇✐t❤ h̄ = 6.5821 ∗ 10−16❡❱s ❜❡✐♥❣ t❤❡ r❡❞✉❝❡❞ ♣❧❛♥❝❦ ❝♦♥st❛♥t ❛♥❞

ωQ =
eQVzz

4I(2I − 1)h̄
✭✷✳✼✮

❜❡✐♥❣ t❤❡ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝②✳ ❲✐t❤ ❛ s②♠♠❡tr✐❝ ❊❋●✱ ♠❡❛♥✐♥❣ t❤❛t
η = 0✱ ❛♥❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡ ❡♥❡r❣② ❧❡✈❡❧ ♦❢ I = 5/2✱ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s
♦❢ ω1 = 6ωQ✱ ω2 = 12ωQ ❛♥❞ ω3 = ω1 + ω2 ♦❝❝✉r✳ ■❢ η 6= 0✱ t❤❡ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s
❞❡♣❡♥❞❡♥❞ ♦♥ η ❛♥❞ ❣❡♥❡r❛❧❧② ❝❛♥ ♥♦t ❜❡ s♦❧✈❡❞ ❛♥❛❧②t✐❝❛❧❧②✳ ❍♦✇❡✈❡r✱ ❢♦r ♣r♦❜❡

✶✻
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♥✉❝❧❡✐ ✇✐t❤ ✐♥t❡r♠❡❞✐❛t❡ ❧❡✈❡❧s ♦❢ I = 5/2✱ ❛ ❝❛❧❝✉❧❛t✐♦♥ ✐s ♣♦ss✐❜❧❡ t❤r♦✉❣❤ t❤❡
❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥s✿

E±5/2 = E0 + 2αh̄ωQ cos

(

1

3
arccos(β)

)

✭✷✳✽✮

E±3/2 = E0 − 2αh̄ωQ cos

(

1

3
(π + arccos(β))

)

✭✷✳✾✮

E±1/2 = E0 − 2αh̄ωQ cos

(

1

3
(π − arccos(β))

)

✭✷✳✶✵✮

✇✐t❤

α =

√

28

3
(3 + η2) ❛♥❞ β =

80(1− η2)

α3
✭✷✳✶✶✮

❖❢ ❝♦✉rs❡✱ ♦✇✐♥❣ t♦ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s ♦♥ η✱ ❧✐❦❡✇✐s❡ t❤❡ ❛♥❣✉❧❛r
tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s ωn ❜❡❝♦♠❡ ❞❡♣❡♥❞❡♥t ♦♥ η✳

ω1 = E±3/2 − E±1/2 = 2
√
3αωQ sin

(

1

3
arccos(β)

)

✭✷✳✶✷✮

ω2 = E±5/2 − E±3/2 = 2
√
3αωQ sin

(

1

3
(π − arccos(β))

)

✭✷✳✶✸✮

ω3 = ω1 + ω2 = 2
√
3αωQ sin

(

1

3
(π + arccos(β))

)

✭✷✳✶✹✮

❋✐❣✉r❡ ✷✳✶ s❤♦✇s t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s ❛♥❞ ♦❢ t❤❡ ❛♥❣✉❧❛r tr❛♥✲
s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s ♦♥ η✳ ❲❤❡r❡❛s ✇✐t❤ η = 0 t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s r❛t✐♦
ω1 : ω2 : ω3 ✐s 1 : 2 : 3✱ t❤✐s r❛t✐♦ ❝❤❛♥❣❡s ✐♥ t❤❡ ❝❛s❡ ♦❢ η 6= 0 ✇❤✐❝❤ ❝❛♥ ❜❡
s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳
❚❤✉s t❤❡s❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s ❛r❡ ✉♥✐q✉❡ ❢♦r t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ str❡♥❣t❤
❛♥❞ ❛❧s♦ t❤❡ s②♠♠❡tr② ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❣r❛❞✐❡♥t ♣r❡s❡♥t ❛t t❤❡ ♣r♦❜❡ ♥✉❝❧❡✉s✳

✶✼
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❋✐❣✉r❡ ✷✳✶✿ ❈❤❛♥❣❡ ♦❢ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s EQ(M) ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛s②♠♠❡tr② ♣❛✲
r❛♠❡t❡r ❛♥❞ r❡s✉❧t✐♥❣ ❝❤❛♥❣❡ ♦❢ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝✐❡s ωn ❝❛❧❝✉❧❛t❡❞ ✇✐t❤
❊q✉❛t✐♦♥s ✷✳✽✲✷✳✶✹✳ ❘❡❢❡r❡♥❝❡ ✈❛❧✉❡ ♦❢ ωQ = 10 ▼r❛❞✴s✱ ✈❛❧✐❞ ♦♥❧② ❢♦r
I = 5/2✳
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✷✳✶✳✷ ❚❤❡♦r② ♦❢ P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥

❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣r✐♥❝✐♣❧❡ ♦❢ P❆❈ ✐s t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ t❤❡
❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❝♦♥s❡q✉❡♥t γ q✉❛♥t❛ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ s❛♠❡
♥✉❝❧❡✉s t❤r♦✉❣❤ r❛❞✐♦❛❝t✐✈❡ ❞❡❝❛②✳ ❚❤❡ ♥✉❝❧❡✉s ❞❡❝❛②s ❢r♦♠ ❛♥ ❡①❝✐t❡❞ st❛t❡ ❝❤❛r✲
❛❝t❡r✐③❡❞ ❜② ✐ts s♣✐♥ Ii ❛♥❞ ✐ts ♠❛❣♥❡t✐❝ q✉❛♥t✉♠ ♥✉♠❜❡r Mi t♦ ✐ts ❣r♦✉♥❞ st❛t❡
✭If ✱ Mf ✮✳ ❚❤✐s ❧♦ss ♦❢ ❡♥❡r❣② t❛❦❡s ♣❧❛❝❡ ✈✐❛ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❧❡✈❡❧ ✭I✱ M✮ ✇✐t❤ ♥♦♥✲
✈❛♥✐s❤✐♥❣ ❧✐❢❡t✐♠❡✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✭❛✮✳ ❖✇✐♥❣ t♦ t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ❛♥❣✉❧❛r
♠♦♠❡♥t✉♠ ❛♥❞ ❢♦❧❧♦✇✐♥❣ s❡❧❡❝t✐♦♥ r✉❧❡s

|Ii − I|≤ l ≤ Ii + I ❛♥❞ Mi −M = m ✭✷✳✶✺✮

✇❤❡r❡ l ✐s t❤❡ ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠ ❛♥❞ m ✐s t❤❡ ♠❛❣♥❡t✐❝ q✉❛♥t✉♠ ♥✉♠❜❡r ♦❢
t❤❡ ❡♠✐tt❡❞ ♣❤♦t♦♥ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❡♠✐ss✐♦♥ ♦❢ ❜♦t❤ γ q✉❛♥t❛ ✐s ❞❡s❝r✐❜❡❞✳
❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ q✉❛♥t✉♠ ♥✉♠❜❡rs ♦❢ t❤❡ ❞✐✛❡r❡♥t ❡♥❡r❣② ❧❡✈❡❧s✱ l ❛♥❞ m ♦❢ γ1
❛♥❞ γ2 ❛r❡ ♣r❡❞❡t❡r♠✐♥❡❞✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✭❜✮✱ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❡♠✐ss✐♦♥
♦❢ ❛ ♣❤♦t♦♥ ✐♥ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♥✉❝❧❡✉s s♣✐♥ I ❛t t❤❡ ♠♦♠❡♥t ♦❢ ❡❥❡❝t✐♦♥ ❞❡♣❡♥❞s
♦♥ t❤❡ ♣❤♦t♦♥s ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠ l ❛♥❞ ♠❛❣♥❡t✐❝ q✉❛♥t✉♠ ♥✉♠❜❡r m✳

✭❛✮

0

30

60

90

120

150

180

210

240

270

300

330

l=1, m=±1
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I

✭❜✮

❋✐❣✉r❡ ✷✳✷✿ ✭❛✮ γ✲γ ❝❛s❝❛❞❡ ❞❡❝❛② ❢r♦♠ ❛♥ ❡①❝✐t❡❞ st❛t❡ ✇✐t❤ s♣✐♥ Ii t♦ t❤❡ ❣r♦✉♥❞
st❛t❡ If ✈✐❛ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡ I✳ ✭❜✮ ❆♥❣✉❧❛r ❝❤❛r❛❝t❡r✐st✐❝ ♦❢
❞✐♣♦❧❡ r❛❞✐❛t✐♦♥ ✇✐t❤ l = 1,m = 0 ✭❞❛s❤❡❞ ❧✐♥❡✮ ❛♥❞ l = 1,m = ±1
✭s♦❧✐❞ ❧✐♥❡✮✳ ❙♣✐♥ I ✐♥ ❤♦r✐③♦♥t❛❧ ❞✐r❡❝t✐♦♥✳

❆❝❝♦r❞✐♥❣ t♦ t❤✐s r❡❛s♦♥✐♥❣✱ ♦♥❡ ❝♦✉❧❞ ❡①♣❡❝t t❤❛t t❤❡ s♣❤❡r✐❝❛❧ ❛♥❣✉❧❛r ❞✐str✐✲
❜✉t✐♦♥ ✐s ❛♥✐s♦tr♦♣✐❝ ❜② ♥❛t✉r❡✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ♥✉❝❧❡❛r s♣✐♥s ♦❢ ❛ ❝♦♥❣❧♦♠❡r❛t❡

✶✾

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

♦❢ ❛t♦♠s ❛r❡ ♦r✐❡♥t❛t❡❞ r❛♥❞♦♠❧② ✐♥ ❛♥ ✉♥♣♦❧❛r✐③❡❞ s❛♠♣❧❡✱ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❛♥✲
❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✐s ✐s♦tr♦♣✐❝✳ ❖♥❡ ✇❛② t♦ ♦✈❡r❝♦♠❡ t❤✐s ✐s t♦ s❡t ❛ ❤②♣♦t❤❡t✐❝❛❧
r❡❢❡r❡♥❝❡ ❛①✐s ✐♥ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ✜rst❧② ❞❡t❡❝t❡❞ γ1 ♣❤♦t♦♥✳ ❇② ❞♦✐♥❣ s♦✱ ❛ s✉❜s❡t
♦❢ ❛t♦♠s✱ ✇✐t❤ t❤❡✐r s♣✐♥ ♣♦✐♥t✐♥❣ ✐♥ t❤✐s ❞✐r❡❝t✐♦♥ ✐s s❡❧❡❝t❡❞✳ ❲✐t❤ t❤✐s ❦♥♦✇❧✲
❡❞❣❡✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡❝♦♥❞ ❣❛♠♠❛ γ2✱ ✐❞❡♥t✐✜❡❞ t❤r♦✉❣❤ ✐ts ❡♥❡r❣② ♦❝❝✉rr✐♥❣
✇✐t❤ ❛♥ ❡①❛❝t ❞❡❧❛② ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡s ❧✐❢❡t✐♠❡✱ ✐s ♥♦t ❡❥❡❝t❡❞ ✐s♦tr♦♣✐❝❛❧❧②
❛♥②♠♦r❡✳ ❚❤❡ ❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ W (θ)✱ ❞❡s❝r✐❜✐♥❣ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢
❞❡t❡❝t✐♥❣ γ2 ✇✐t❤✐♥ ❛♥ ❛♥❣❧❡ θ ✇✐t❤ r❡s♣❡❝t t♦ γ1 ❝❛❧❝✉❧❛t❡s t❤r♦✉❣❤

W (θ) =
kmax
∑

k=0

AkkPk (cos θ) , ✭✷✳✶✻✮

✇❤❡r❡❜② k✱ ♦✇✐♥❣ t♦ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ♣❛r✐t②✱ ♦♥❧② ❛❞♦♣ts ❡✈❡♥ ✈❛❧✉❡s ❛♥❞ Akk ❛r❡
❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥ts ❞❡s❝r✐❜✐♥❣ t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ ❝♦✐♥❝✐❞❡♥❝❡ ♣r♦❜❛❜✐❧✐t②
❝♦♠♣❛r❡❞ t♦ ❛♥ ✐s♦tr♦♣✐❝ ❝❛s❡ ✇✐t❤ W (θ) = 1✳ ❊①❛❝t ✈❛❧✉❡s ♦❢ Akk✱ ✇❤✐❝❤ ❛r❡
❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♠✉❧t✐♣♦❧❛r✐t② ♦❢ t❤❡ γ r❛❞✐❛t✐♦♥ ❛♥❞ t❤❡ ♥✉❝❧❡❛r s♣✐♥✱ ♠❛② ❜❡
t❛❦❡♥ ❢r♦♠ ❧✐t❡r❛t✉r❡ ❧✐❦❡ ❬✸✻❪✳ ❚❤❡ r✉♥♥✐♥❣ ✐♥❞❡① k ❝❛♥ t❛❦❡ ❡✈❡♥ ✈❛❧✉❡s ❜❡t✇❡❡♥
0 ≤ k ≤▼✐♥[2I, 2lγ1, 2lγ2] ❛♥❞ Pk(cos(θ)) ❛r❡ t❤❡ ❛ss♦❝✐❛t❡❞ ▲❡❣❡♥❞r❡ ♣♦❧②♥♦♠✲
✐♥❛❧s✳ ❋✐❣✉r❡ ✷✳✷✭❜✮ s❤♦✇s t❤❡ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ♦❢ ❛ ♣❤♦t♦♥ ✇✐t❤ s♣✐♥ ▲❂✶✳
❚❤❡ ❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦♥s❡❝✉t✐✈❡ γ q✉❛♥t❛ ❝❛♥ ❜❡
♠❡❛s✉r❡❞ ✇✐t❤ t✇♦ ♦r ♠♦r❡ ❞❡t❡❝t♦rs✳ ❆ ✈❡r② ❜❛s✐❝ ✐♥st❛❧❧❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡
✷✳✸ ✇✐t❤ ❛ ✜①❡❞ ❞❡t❡❝t♦r ✶ ♠❡❛s✉r✐♥❣ γ1 ❛♥❞ t❤✉s ❞❡✜♥✐♥❣ t❤❡ r❡❢❡r❡♥❝❡ ❛①✐s ❛♥❞ ❛
♠♦✈❛❜❧❡ ❞❡t❡❝t♦r ✷ ❞❡t❡❝t✐♥❣ γ2✳ ❚❤❡ ♠❡❛s✉r❡❞ ❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ W (θ)
✐s ❛❧s♦ s❝❤❡♠❛t✐③❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✸✱ s❤♦✇✐♥❣ t❤❡ ❧♦✇❡r ❡♠✐ss✐♦♥✲♣r♦❜❛❜✐❧✐t② ❛t ❛♥
❛♥❣❧❡ ♦❢ 90◦✳
❙❡t✉♣s ✉s❡❞ t♦ ❝♦♥❞✉❝t P❆❈ ♠❡❛s✉r❡♠❡♥ts ✉s✉❛❧❧② ❝♦♥s✐st ♦❢ ❢♦✉r ♦r s✐① ✜①❡❞
❞❡t❡❝t♦rs ❛rr❛♥❣❡❞ ✐♥ ❛♥❣❧❡s ♦❢ 90◦ ❛♥❞ 180◦ t♦ ❡❛❝❤ ♦t❤❡r✳ ■❢ ❡❧❡❝tr♦♠❛❣♥❡t✐❝
✜❡❧❞s ❛r❡ ♣r❡s❡♥t ❛t t❤❡ ♣r♦❜❡ ♥✉❝❧❡✉s s✐t❡✱ ✐ts ♥✉❝❧❡❛r s♣✐♥ ✇✐❧❧ ❡①♣❡r✐❡♥❝❡ ❛ t♦rq✉❡✱
❧❡❛❞✐♥❣ t♦ ❛ s♣✐♥ ♣r❡❝❡ss✐♦♥ ❛r♦✉♥❞ t❤❡ ✜❡❧❞ ❞✐r❡❝t✐♦♥ ✇✐t❤ ❛♥ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ω✱
♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ✜❡❧❞ str❡♥❣t❤✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ✐♥t❡r❛❝t✐♦♥s ♦❢ ♠❛❣♥❡t✐❝ ♥❛t✉r❡✱
t❤✐s s♣✐♥ ♣r❡❝❡ss✐♦♥ ✐s ❝❛❧❧❡❞ ▲❛r♠♦r ♣r❡❝❡ss✐♦♥ ❛♥❞ t❤❡ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ✐s t❤❡
s♦ ❝❛❧❧❡❞ ▲❛r♠♦r ❢r❡q✉❡♥❝② ωL✳ ❊❧❡❝tr✐❝ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥s✱ ❞❡s❝r✐❜❡❞ ✐♥
❙❡❝t✐♦♥ ✷✳✶✳✶ ❧❡❛❞ t♦ ❛ s♣✐♥ ♣r❡❝❡ss✐♦♥ ✇✐t❤ t❤❡ ❞❡r✐✈❡❞ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝✐❡s ωn✳ ❚❤❡
✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♥✉❝❧❡❛r ♠♦♠❡♥ts ✇✐t❤ t❤❡ s✉rr♦✉♥❞✐♥❣ ✜❡❧❞s ❞✉r✐♥❣ t❤❡
❧✐❢❡t✐♠❡ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡ ❧❡❛❞s t♦ ❛ ♠❡❞✐❛t✐♦♥ ♦❢ t❤❡ tr❛♥s✐t✐♦♥s ❜❡t✇❡❡♥ t❤❡
❞✐✛❡r❡♥t M s✉❜st❛t❡s✱ ❛❣❛✐♥ ❤❛✈✐♥❣ ❡✛❡❝t ♦♥ m ❛♥❞ t❤✉s t❤❡ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥
♦❢ γ2✳
❚❤✐s s♣✐♥ ♣r❡❝❡ss✐♦♥ ❡①♣r❡ss❡s ✐ts❡❧❢ t❤r♦✉❣❤ ❛ t✐♠❡ ❞❡♣❡♥❞❡♥t ♣❡rt✉r❜❛t✐♦♥ ❢✉♥❝✲

✷✵
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❋✐❣✉r❡ ✷✳✸✿ ❈❤❛♥❣❡ ♦❢ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s EQ(M) ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛s②♠♠❡tr② ♣❛✲
r❛♠❡t❡r ❛♥❞ r❡s✉❧t✐♥❣ ❝❤❛♥❣❡ ♦❢ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝✐❡s ωn ❝❛❧❝✉❧❛t❡❞ ✇✐t❤
❊q✉❛t✐♦♥s ✷✳✽✲✷✳✶✹✳ ❘❡❢❡r❡♥❝❡ ✈❛❧✉❡ ♦❢ ωQ = 10 ▼r❛❞✴s✱ ♦♥❧② ✈❛❧✐❞ ❢♦r
I = 5/2✳

t✐♦♥ Gkk(η, t) ✇❤✐❝❤ ♠♦❞✐✜❡s t❤❡ ❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✷✳✶✻ t♦

W (θ, t) =
kmax
∑

k=0

AkkGkk(η, t)Pk (cos(θ)) ✭✷✳✶✼✮

Gkk(η, t)✱ t❤♦✉❣❤ ♦♥❧② ✐♥ t❤❡ ❝❛s❡ ♦❢ I = 5/2 ❛♥❞ ❡❧❡❝tr♦st❛t✐❝ ✐♥t❡r❛❝t✐♦♥✱ ❝❛♥
❜❡ ❞❡s❝r✐❜❡❞ ❛s ❛ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝♦s✐♥❡ ❢✉♥❝t✐♦♥s ❜❛s❡❞ ♦♥ t❤❡ tr❛♥s✐t✐♦♥
❢r❡q✉❡♥❝✐❡s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❋♦r♠✉❧❛s ✷✳✶✷✲✷✳✶✹✿

Gkk(η, t) =
3

∑

n=0

skn(η) cos (ωn(Vzz, η)t) ✭✷✳✶✽✮

✇✐t❤ skn(η) ❜❡✐♥❣ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❝♦s✐♥❡ t❡r♠s✳ ❚❤❡ ❡①❛❝t ✈❛❧✉❡s ❝❛♥ ❛❧s♦
❜❡ ❢♦✉♥❞ ✐♥ ♦t❤❡r ❧✐t❡r❛t✉r❡ ❧✐❦❡ ❋r✐❡❞s❛♠✳❬✸✼❪

✷✳✶✳✸ ❉❛t❛ ❆❝q✉✐s✐t✐♦♥ ❛♥❞ ❈♦♠♣✉t✐♥❣

■♥ t❤❡ ♦❜s❡r✈❛❜❧❡ s✐❣♥❛❧✱ t❤❡ ❛♥❣✉❧❛r ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ♥❛t✲
✉r❛❧ ❞❡❝❛② ❝✉r✈❡ ♦❢ t❤❡ r❛❞✐♦❛❝t✐✈❡ ♥✉❝❧❡✉s✳ ❚❤❡ ♣♦✐♥t ♦❢ ✐♥t❡r❡st ♦❢ t❤❡ ♠❡t❤♦❞
✐s t❤❡ ♣❡rt✉r❜❛t✐♦♥ ❢✉♥❝t✐♦♥ Gkk(η, t) ✇✐t❤ ✐ts ❝♦s✐♥❡ t❡r♠s ♦❢ t❤❡ tr❛♥s✐t✐♦♥ ❢r❡✲
q✉❡♥❝✐❡s ωn ❞❡s❝r✐❜✐♥❣ t❤❡ ❤②♣❡r✜♥❡ ✐♥t❡r❛❝t✐♦♥ ❛t t❤❡ ♣r♦❜❡ ♥✉❝❧❡✉s✳ ❉✉r✐♥❣
♠❡❛s✉r❡♠❡♥t✱ t✇♦ ✜①❡❞ ❞❡t❡❝t♦rs ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✉s✉❛❧❧② ❡✐t❤❡r 90◦ ♦r 180◦ t♦
❡❛❝❤ ♦t❤❡r ❝r❡❛t❡ ❛ ❝♦✐♥❝✐❞❡♥❝❡ s♣❡❝tr✉♠

N(θ, t) = N0e

−t

τ W (θ, t) + C ✭✷✳✶✾✮

✷✶

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

s❤♦✇✐♥❣ t❤❡ ❧✐❢❡t✐♠❡ ❝✉r✈❡ ♦❢ t❤❡ ♣r♦❜❡ ♥✉❝❧❡✉s ♠♦❞✉❧❛t❡❞ ✇✐t❤ t❤❡ ❛♥❣✉❧❛r ❝♦rr❡✲
❧❛t✐♦♥ ❢✉♥❝t✐♦♥ W (θ)✳ τ ✐s t❤❡ ❧✐❢❡t✐♠❡ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✱ N0 ✐s t❤❡ ❝♦✉♥t✐♥❣
r❛t❡ ✭s❛♠♣❧❡ ❛❝t✐✈✐t②✮ ❛t t = 0 ❛♥❞ C ❞❡s❝r✐❜❡s ❛ t✐♠❡ ✐♥❞❡♣❡♥❞❡♥t ❜❛❝❦❣r♦✉♥❞
❝♦✉♥t✐♥❣ r❛t❡ ❛r✐s✐♥❣ ❢r♦♠ r❛♥❞♦♠ ❝♦rr❡❧❛t✐♦♥s✳ ❙✐♠♣❧✐❢②✐♥❣ ❋♦r♠✉❧❛ ✷✳✶✼ ✇✐t❤
kmax = 4 ❜✉t ♥❡❣❧❡❝t✐♥❣ A44✱ s✐♥❝❡ ✐ts ✈❛❧✉❡ ✐s s✐❣♥✐✜❝❛♥t❧② s♠❛❧❧❡r t❤❛♥ A22✱ ❧❡❛❞s
t♦

N(θ, t) = N0e

−t

τ (1 + A22G22(t)P2 (cos(θ))) + C. ✭✷✳✷✵✮

❚❤❡ ❝❤♦s❡♥ ❛♥❣❧❡s ❜❡t✇❡❡♥ t❤❡ ❞❡t❡❝t♦rs s✐♠♣❧✐❢② t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ s♦ ❝❛❧❧❡❞
R(t) ✈❛❧✉❡✱ ❛s P2 (cos(180

◦)) = 1 ❛♥❞ P2 (cos(90
◦)) = −1/2✱ t❤❡ ❧✐❢❡t✐♠❡ t❡r♠ ❝❛♥

❜❡ ❡❧✐♠✐♥❛t❡❞ ❢r♦♠ t❤❡ ❡q✉❛t✐♦♥ ❧❡❛❞✐♥❣ t♦

R(t) = 2
N(180◦, t)−N(90◦, t)

N(180◦, t) + 2N(90◦, t)
= A22G22 ✭✷✳✷✶✮

✇✐t❤ A22 ❦♥♦✇♥ ❛♥❞ G22 ❜❡✐♥❣ t❤❡ ♣✉r❡ ♣❡rt✉r❜❛t✐♦♥ ❢✉♥❝t✐♦♥✳ ❚❤✐s s✐♠♣❧✐✜❝❛t✐♦♥
✐s ✈❛❧✐❞ ❢♦r ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡ ❡♥❡r❣② ❧❡✈❡❧ ♦❢ I = 5/2✳❬✸✽❪ ❚❤❡ ✜rst st❡♣s ✐♥
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛♥❛❧②s✐s ✇❡r❡ ❛ t✐♠❡ st❛♠♣ ✜t ♦❢ ❛❧❧ ✸✵ ❝♦✐♥❝✐❞❡♥❝❡ s♣❡❝tr❛ ✭s✐①
❞❡t❡❝t♦r s❡t✉♣✿ ✷✹ 90◦✲s♣❡❝tr❛ ❛♥❞ ✻ 180◦✲s♣❡❝tr❛✮ ✇✐t❤ t❤❡ ■♥t❡r❧✉❞❡❬✸✾❪ s♦❢t✇❛r❡✱
✇❤✐❝❤ ✐♥ ♣r✐♥❝✐♣❧❡ ❡✈❛❧✉❛t❡s ❋♦r♠✉❧❛ ✷✳✷✶✳ ◆♦✇✱ ❛s t❤❡ ♣❡rt✉r❜❛t✐♦♥ ❢✉♥❝t✐♦♥
✇❛s ❡①tr❛❝t❡❞✱ ❛ t❤❡♦r❡t✐❝❛❧ ✜t ❢✉♥❝t✐♦♥ Gfit(t) ✇❤✐❝❤ ✐s ❛ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ♦❢
♠✉❧t✐♣❧❡ ♣❡rt✉r❜❛t✐♦♥ ❢✉♥❝t✐♦♥s Gi(t) ✐♥ t❤❡ ❢♦r♠ ♦❢

Gfit =
∑

i

fiG
i
kk(η, t) =

∑

i

fi

3
∑

n=0

sin(η
i) cos

(

ωi
n(V

i
zz, η

i)t
)

e−δiωi
nt, ✭✷✳✷✷✮

✇❡✐❣❤t❡❞ ❜② r❡s♣❡❝t✐✈❡ ❢r❛❝t✐♦♥s fi ✇✐t❤ t❤❡ ♥♦r♠❛❧✐s❛t✐♦♥ ❝♦♥❞✐t✐♦♥
∑

i fi = 1✳❬✹✵❪
❆s t❤❡ ❧❛tt✐❝❡ ♥❡✈❡r ✐s ♣❡r❢❡❝t ❛♥❞ t❤❡ ♣r♦❜❡ ❡♥✈✐r♦♥♠❡♥ts ✇✐❧❧ s❧✐❣❤t❧② ❞✐✛❡r ❢r♦♠
❡❛❝❤ ♦t❤❡r✱ t❤❡ ❊❋● ✐s ❞✐str✐❜✉t❡❞ ❛r♦✉♥❞ ❛ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡✲
q✉❡♥❝② ωn✳ ❚❤✐s ▲♦r❡♥t③✐❛♥ ❞✐str✐❜✉t✐♦♥ ❝❛✉s❡s ❛♥ ❡①♣♦♥❡♥t✐❛❧ ❞❛♠♣✐♥❣ ♦❢ t❤❡
♣❡rt✉r❜❛t✐♦♥ ❢✉♥❝t✐♦♥ ❛♥❞ t❤❡ ♣❛r❛♠❡t❡r δ ❞❡s❝r✐❜❡s t❤❡ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✲
✐♠✉♠ ✭❋❲❍▼✮ ✇✐❞t❤ ♦❢ t❤✐s ▲♦r❡♥t③ ❞✐str✐❜✉t✐♦♥✳ ❖r❞❡r❡❞ str✉❝t✉r❡s t②♣✐❝❛❧❧②
s❤♦✇ s♠❛❧❧ ✈❛❧✉❡s ♦❢ δ ✇❤❡r❡❛s ✉♥❛♥♥❡❛❧❡❞ s❛♠♣❧❡s ❞✐r❡❝t❧② ❛❢t❡r t❤❡ ♣r♦❜❡ ✐♠✲
♣❧❛♥t❛t✐♦♥ ♠❛② s❤♦✇ str♦♥❣ ❞❛♠♣✐♥❣ ❞✉❡ t♦ ✐♠♣❧❛♥t❛t✐♦♥ ❞❛♠❛❣❡ ❛♥❞ t❤❡ ♣r♦❜❡
♥✉❝❧❡✐ ♥♦t ❜❡✐♥❣ ❛t t❤❡✐r ♣r❡❢❡rr❡❞ ✜♥❛❧ ♣♦s✐t✐♦♥✳ ❚❤❡ ✜♥❛❧ ✜t t❤❡♥ ✇❛s r❡❛❧✐③❡❞
✇✐t❤ ●❋■❚✶✾✱ ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ◆◆❋✐t s♦❢t✇❛r❡ ♣❛❝❦❛❣❡✳❬✹✶❪
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✷✳✶✳✹ P❆❈ s♣❡❝tr♦s❝♦♣② ❛t ❈❊❘◆ ✲ ❚❤❡ ■❙❖▲❉❊ ❋❛❝✐❧✐t②

❙✐♥❝❡ t❤❡ ♠✐❞ ✶✾✼✵s✱ P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥ ✐s ❛ st❛♥❞❛r❞ t❡❝❤♥✐q✉❡ ✐♥
❙♦❧✐❞ ❙t❛t❡ P❤②s✐❝s ✭❙❙P✮ r❡s❡❛r❝❤ ❛t t❤❡ ■❙❖▲❉❊ ✭■s♦t♦♣❡ ❙❡♣❛r❛t♦r ❖♥ ▲✐♥❡ ❉❊✲
✈✐❝❡✮ ❢❛❝✐❧✐t② ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❖r❣❛♥✐s❛t✐♦♥ ❢♦r ♥✉❝❧❡❛r ❘❡s❡❛r❝❤ ✭❈❊❘◆✮✳ ■❙❖▲❉❊✱
❧♦❝❛t❡❞ ✐♥ t❤❡ ❤❡❛rt ♦❢ ❈❊❘◆➫s ❛❝❝❡❧❡r❛t♦r ❝♦♠♣❧❡①✱ ✉s❡s ♣r♦t♦♥s ✇✐t❤ ❤✐❣❤ ❡♥✲
❡r❣✐❡s ✉♣ t♦ 1.4●❡❱ ❢r♦♠ t❤❡ Pr♦t♦♥ ❙②♥❝❤♦tr♦♥ ❇♦♦st❡r ✭P❙❇✮ t♦ ❣❡♥❡r❛t❡ r❛✲
❞✐♦❛❝t✐✈❡ ✐♦♥ ❜❡❛♠s ✈✐❛ s♣❛❧❧❛t✐♦♥✱ ❢r❛❣♠❡♥t❛t✐♦♥ ❛♥❞ ✜ss✐♦♥ r❡❛❝t✐♦♥s ❜❡t✇❡❡♥
t❤❡ ♣r♦t♦♥s ❛♥❞ t❤❡ t❛r❣❡t ❛t♦♠s✳❬✹✷❪ ❚❤r♦✉❣❤ ❞✐✛❡r❡♥t t❛r❣❡t ♠❛rt❡r✐❛❧s ✉s❡❞
❢♦r t❤❡ ✐♦♥ ❣❡♥❡r❛t✐♦♥✱ ❛ ✈❛r✐❡t② ♦❢ r❛❞✐♦❛❝t✐✈❡ ✐♦♥s ♠❛② ❜❡ ❞❡❧✐✈❡r❡❞ ✐♥ ❤✐❣❤ ♣✉✲
r✐t② ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ t❤❡ ❘❡s♦♥❛♥t ■♦♥✐s❛t✐♦♥ ▲❛s❡r ■♦♥ ❙♦✉r❝❡ ✭❘■▲■❙✮ ❛♥❞ t✇♦
♠❛ss s❡♣❛r❛t♦r ❞❡✈✐❝❡s ✭●P❙ ❛♥❞ ❍❘❙✮✳ ❚❤❡ ●❡♥❡r❛❧ P✉r♣♦s❡ ❙❡♣❛r❛t♦r ✭●P❙✮
❞❡✈✐❝❡ ✇✐t❤ ❛ ♠❛ss s❡♣❛r❛t✐♦♥ ♦❢ M/∆M = 2400✱ ❢❡❡❞s t✇♦ ❜❡❛♠ ❧✐♥❡ ♦✉t❧❡ts
♦❢ ✇❤✐❝❤ ♦♥❡✱ ♥❛♠❡❧② t❤❡ ●▲▼ ✭●❡♥❡r❛❧ ▲♦✇ ▼❛ss✮ ❜❡❛♠❧✐♥❡ ✐s ✉s❡❞ ❢♦r ❙❙P
❡①♣❡r✐♠❡♥ts✳❬✹✸✱ ✹✹❪

❋✐❣✉r❡ ✷✳✹✿ ❖✈❡r✈✐❡✇ ♦❢ ■❙❖▲❉❊ ❢❛❝✐❧✐t② ✇✐t❤ t❤❡ ✐♥❝♦♠✐♥❣ ♣r♦t♦♥s✱ t❛r❣❡ts✱ ♠❛ss
s❡♣❛r❛t♦rs ❛♥❞ t❤❡ ✉s❡❞ ●▲▼ ❜❡❛♠❧✐♥❡ ✐♥❞✐❝❛t❡❞✳
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✷✳✷ ❳✲❘❛② ❉✐✛r❛❝t♦♠❡tr② ✭❳❘❉✮

❈♦♠♣❛r❡❞ t♦ t❤❡ P❡rt✉r❜❡❞ ❆♥❣✉❧❛r ❈♦rr❡❧❛t✐♦♥ ▼❡t❤♦❞✱ ❳✲❘❛② ❉✐✛r❛❝t♦♠❡tr②
♠❡❛s✉r❡♠❡♥ts ❛r❡ ♦❢ ❛ ♠❛❝r♦s❝♦♣✐❝ ♥❛t✉r❡✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❜♦t❤ ♠❡t❤♦❞s
❝♦♥✈✐♥❝❡s ❜② t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ✐♥s♣❡❝t t❤❡ ♣❤❛s❡ ♣✉r✐t② ❛s ✇❡❧❧ ❛s t❤❡ ❝r②st❛❧
str✉❝t✉r❡ ❛❧s♦ ❢r♦♠ ❛ ♠♦r❡ ❣❡♥❡r❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✳ ❳❘❉ ✉s❡s t❤❡ ♣❤❡♥♦♠❡♥♦♥
♦❢ ❝♦❤❡r❡♥t s❝❛tt❡r✐♥❣ ♦❢ ①✲r❛②s ❜② ♣❡r✐♦❞✐❝ str✉❝t✉r❡s ❛♥❞ t❤❡ ❝❛✉s❡❞ ❛r✐s✐♥❣ ♦❢
✐♥t❡r❢❡r❡♥❝❡ ♣❛tt❡r♥s

✷✳✷✳✶ ❳✲r❛②s

❳✲r❛②s✱ ❧✐❦❡ γ✲r❛②s ♦r ✈✐s✐❜❧❡ ❧✐❣❤t✱ ❛r❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✇❛✈❡s ❛♥❞ t❤❡r❡❢♦r❡ ♣❤♦t♦♥s✳
❲✐t❤ ✇❛✈❡❧❡♥❣t❤s λ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✐♥♥❡r❛t♦♠✐❝ ❞✐st❛♥❝❡s✱ s♦ ❜❡t✇❡❡♥ 10−3 t♦
101♥♠✱ ①✲r❛②s ❤❛✈❡ ❛ ❤✐❣❤❡r ❡♥❡r❣② t❤❛♥ ✈✐s✐❜❧❡ ❧✐❣❤t✱ ❜✉t ❛r❡ ❧♦✇❡r ✐♥ ❡♥❡r❣② t❤❛♥
γ✲r❛②s✳ ■♥ t②♣✐❝❛❧ ❞✐✛r❛❝t✐♦♥ ♠❡❛s✉r❡♠❡♥ts✱ ❡❧❡❝tr♦♥ ❛❝❝❡❧❡r❛t✐♦♥ ❡♥❡r❣✐❡s ♦❢ ✉♣ t♦
100❦❡❱ ❛r❡ ❝♦♠♠♦♥ ✇❤❡r❡❛s s♣❡❝✐❛❧ ✐rr❛❞✐❛t✐♦♥ t❡❝❤♥✐q✉❡s ♠❛② ✉s❡ ❡♥❡r❣✐❡s ✉♣ t♦
400❦❡❱✳ ❳✲r❛②s ❛r❡ ♣r♦❞✉❝❡❞ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ①✲r❛② t✉❜❡s t❤r♦✉❣❤ t❤❡ ❞❡❝❡❧❡r❛t✐♦♥
♦❢ ❛❝❝❡❧❡r❛t❡❞ ❡❧❡❝tr♦♥s ✐♥ ❛ t❛r❣❡t ♠❛t❡r✐❛❧✳ ❚❤r♦✉❣❤ t❤✐s ♣r♦❝❡ss✱ ❛ s♣❡❝tr✉♠
❝♦♥s✐st❡♥t ♦❢ t✇♦ ♠❛✐♥ ❝♦♥st✐t✉❡♥ts ✐s ❝r❡❛t❡❞✳ ❚❤❡ s♦ ❝❛❧❧❡❞ ❜r❡♠ss♣❡❝tr✉♠ ✐s ❛
❝♦♥t✐♥✉♦✉s s♣❡❝tr✉♠ ✇✐t❤ ❛ ♠✐♥✐♠✉♠ ✇❛✈❡❧❡♥❣t❤ λ0✳

❋✐❣✉r❡ ✷✳✺✿ ❙❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ ❛ ①✲r❛② t✉❜❡✳ ❚❤❡ ❛♥♦❞❡ ♦❢t❡♥ ✐s ✇❛t❡r ❝♦♦❧❡❞ t♦
❞✐ss✐♣❛t❡ t❤❡ ❝r❡❛t❡❞ t❤❡r♠❛❧ ❡♥❡r❣② ✇❤❡♥ ❡❧❡❝tr♦♥s ❛r❡ ❞❡❝❡❧❡r❛t❡❞✳

❚❤r♦✉❣❤ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ❈♦✉❧♦♠❜ ✜❡❧❞ ♦❢ t❤❡ t❛r❣❡t ❛t♦♠s✱ t❤❡ ♠♦♠❡♥✲
t✉♠ ♦❢ ❡❧❡❝tr♦♥s ✐s r❡❞✉❝❡❞ ❧❡❛❞✐♥❣ t♦ t❤❡ ❡♠✐ss✐♦♥ ♦❢ ♣❤♦t♦♥s✳ λ0✱ t❤❡ s❤♦rt❡st
✇❛✈❡❧❡♥❣t❤ ❛❜❧❡ t♦ ❜❡ ♣r♦❞✉❝❡❞ ❜② ❛♥ ①✲r❛② t✉❜❡ ✐s ❛ss✐❣♥❡❞ t♦ t❤❡ st♦♣♣✐♥❣ ♦❢
❛♥ ❡❧❡❝tr♦♥ ✇✐t❤ ✐ts ✈❡❧♦❝✐t② v ✐♥ ❥✉st ♦♥❡ st❡♣✱ ❝♦♥✈❡rt✐♥❣ ❛❧❧ ✐ts ❦✐♥❡t✐❝ ❡♥❡r❣②
✐♥t♦ ①✲r❛② r❛❞✐❛t✐♦♥✳ ■t ❞❡♣❡♥❞s ♦♥ t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ✐♠♣✐♥❣✐♥❣ ♣❤♦t♦♥s ✇❤✐❝❤ ✐s
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❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ✈♦❧t❛❣❡✳ ❋✐❣✉r❡ ✷✳✺ s❤♦✇s ❛ s❝❤❡♠❛t✐❝ ♦❢ ❛ ①✲r❛②
t✉❜❡✳ ❚❤❡ ❡✈❛❝✉❛t❡❞ ❣❧❛ss t✉❜❡ ❝♦♥t❛✐♥s ❛ ❝❛t❤♦❞❡✱ ✇❤✐❝❤ t②♣✐❝❛❧❧② ✐s ❛♥ ❡❧❡❝✲
tr✐❝❛❧❧② ❤❡❛t❡❞ t✉♥❣st❡♥ ✜❧❛♠❡♥t ♣r♦❞✉❝✐♥❣ ❡❧❡❝tr♦♥s✱ ❛♥❞ ❛♥ ❛♥♦❞❡ ♠❛❞❡ ♦❢ t❤❡
♠❛t❡r✐❛❧ ❝r❡❛t✐♥❣ t❤❡ ❞❡s✐r❡❞ ❝❤❛r❛❝t❡r✐st✐❝ ①✲r❛② s♣❡❝tr✉♠✳ ❚❤❡ ❛♥♦❞❡s ♠♦st❧② ❛r❡
✇❛t❡r❝♦♦❧❡❞ t♦ ❛❧❧♦✇ ❛ ❢❛st ❞✐ss✐♣❛t✐♦♥ ♦❢ t❤❡ ❤✉❣❡ ❡♥❡r❣② ❛♠♦✉♥ts ❝r❡❛t❡❞ ❞✉r✐♥❣
t❤❡ ❡❧❡❝tr♦♥ st♦♣♣✐♥❣ ♣r♦❝❡ss❡s✳ ■♥ ♦r❞❡r t♦ ❛❝❝❡❧❡r❛t❡ t❤❡ ❡❧❡❝tr♦♥s ❝r❡❛t❡❞ ❜② t❤❡
❝❛t❤♦❞❡ t♦✇❛r❞s t❤❡ ❛♥♦❞❡ ♠❛t❡r✐❛❧✱ ❧❛r❣❡ ❉❈ ✈♦❧t❛❣❡s ❛r❡ ❛♣♣❧✐❡❞ ❜❡t✇❡❡♥ ❛♥♦❞❡
❛♥❞ ❝❛t❤♦❞❡✳ ❚❤❡ ✐♠♣✐♥❣✐♥❣ ❡❧❡❝tr♦♥s ❛r❡ ❢♦❝✉s❡❞ ♦♥ t❤❡ ❢♦❝❛❧ s♣♦t ♦❢ t❤❡ ❛♥♦❞❡✱
❧❡❛❞✐♥❣ t♦ ❜r❡♠sstr❛❤❧✉♥❣ ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝ ①✲r❛② r❛❞✐❛t✐♦♥ ❡♠✐ss✐♦♥✳ ❈❤❛r❛❝✲
t❡r✐st✐❝ ❡♠✐ss✐♦♥ ✐s ❝❛✉s❡❞ ❜② t❤❡ ✐♦♥✐s❛t✐♦♥ ♦❢ ❛♥♦❞❡ ♠❛t❡r✐❛❧ ❛t♦♠s t❤r♦✉❣❤ t❤❡
✐♠♣✐♥❣✐♥❣ ❡❧❡❝tr♦♥s✳ ❲❤❡♥ ❝♦r❡ ❡❧❡❝tr♦♥s ❛r❡ ❡❥❡❝t❡❞ ❢r♦♠ t❤❡✐r ♦r❜✐t❛❧s✱ ❡❧❡❝tr♦♥s
♦❢ ❤✐❣❤❡r ❡♥❡r❣❡t✐❝ ♦r❜✐t❛❧s ♠❛② t❛❦❡ t❤❡✐r ♣❧❛❝❡ ❧❡❛❞✐♥❣ t♦ t❤❡ ❡♠✐ss✐♦♥ ♦❢ t❤❡
❡♥❡r❣② ❞✐✛❡r❡♥❝❡ t❤r♦✉❣❤ ❛ ♣❤♦t♦♥✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✻✿ ✭❛✮ ❊♥❡r❣② ❧❡✈❡❧s ❛♥❞ ❛❧❧♦✇❡❞ tr❛♥s✐t✐♦♥s s❤♦✇♥ ❢♦r n ≤ 3✳ ✭❜✮ ❚②♣✐❝❛❧
①✲r❛② s♣❡❝tr✉♠ s❤♦✇✐♥❣ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ❝♦♥t✐♥✉♦✉s ❜r❡♠ss♣❡❝✲
tr✉♠ ✇✐t❤ t❤❡ ❞✐s❝r❡t❡ ❝❤❛r❛❝t❡r✐st✐❝ ❡♠✐ss✐♦♥sKβ1 ❛♥❞ t❤❡Kα ❞♦✉❜❧❡t✳

❆s t❤❡ s❡❧❡❝t✐♦♥ r✉❧❡s ♦♥❧② ❛❧❧♦✇ ❝❡rt❛✐♥ ❥✉♠♣s ❜❡t✇❡❡♥ ❡♥❡r❣② ❧❡✈❡❧s✱ ♥❛♠❡❧②
∆n 6= ±0 ❛♥❞ ∆m = ±1 ✭s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✻✭❛✮✮✱ t❤❡ q✉❛♥t✉♠ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡s
❛r❡ ❝❤❛r❛❝t❡r✐st✐❝ ❢♦r ❡❛❝❤ ❡❧❡♠❡♥t ❛♥❞ s♦ ❧❡❛❞ t♦ ❛ ❞✐s❝r❡t❡ s♣❡❝tr✉♠ ✇❤✐❝❤ ✐s
❝❛❧❧❡❞ ❛ ❧✐♥❡ s♣❡❝tr✉♠✳ ❈❤❛r❛❝t❡r✐st✐❝ ❡♥❡r❣✐❡s ❛r❡ ♥❛♠❡❞ ❛❢t❡r t❤❡ ❧♦✇❡st ❡♥❡r❣②
❧❡✈❡❧ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ tr❛♥s✐t✐♦♥ ✭❑✱ ▲✱✳✳✳✮✳ ❚❤❡ ❧♦✇❡r✲❝❛s❡ ❣r❡❡❦ ❛♣♣❡♥❞✐① ❞❡s❝r✐❜❡s
t❤❡ s❡❝♦♥❞ ✐♥❝❧✉❞❡❞ ❡♥❡r❣② ❧❡✈❡❧✳ ■♥ t❤✐s ❝❛s❡ α ❞❡s❝r✐❜❡s ❛ tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ ♥❡①t
❤✐❣❤❡r ❡♥❡r❣② ❧❡✈❡❧ ❛♥❞ β ❞❡s❝r✐❜❡s ❛ tr❛♥s✐t✐♦♥ st❛rt✐♥❣ ❢r♦♠ t❤❡ ❛❢t❡r ♥❡①t ❧❡✈❡❧✳
❚❤❡ ♠♦st ❡♥❡r❣❡t✐❝ ❝❤❛r❛❝t❡r✐st✐❝ ①✲r❛② r❛❞✐❛t✐♦♥ ✐s ❛❧✇❛②s t❤❡ ❑✲r❛❞✐❛t✐♦♥✱ ✇❤✐❝❤
❛♣♣❡❛rs ❛s ❞♦✉❜❧❡ts ♦❢ t❤❡ ❤✐❣❤❡r ❡♥❡r❣❡t✐❝ Kβ1✴Kβ2 ❛♥❞ Kα1✴Kα2 ✭❋✐❣✉r❡ ✷✳✻✭❜✮✮✳
■♥ ❳❘❉ ❡①♣❡r✐♠❡♥ts✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡s✐r❡❞ ✇❛✈❡❧❡♥❣t❤✱ t❤❡ K✲r❛❞✐❛t✐♦♥ ♦❢ t❤❡
♠❡t❛❧s ❈r✱ ❋❡✱ ❈♦✱ ◆✐✱ ❈✉✱ ❆❣ ❛♥❞ ▼♦ ✐s ✉s❡❞✳

✷✺
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✷✳✷✳✷ ❚❤❡♦r②

❚❤❡ ♠♦st ❜❛s✐❝ ♣r✐♥❝✐♣❧❡ ♦❢ ❳❘❉ ✐s t❤❡ s♦ ❝❛❧❧❡❞ ❇r❛❣❣ ❡q✉❛t✐♦♥ ✭❊q✉❛t✐♦♥ ✷✳✷✸✮
✇❤✐❝❤ s❡ts ❛ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ λ ♦❢ t❤❡ ①✲r❛②s✱ t❤❡ ❜❡❛♠s ✐♥❝✐❞❡♥❝❡
❛♥❣❧❡ θ ❛♥❞ t❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥ ❧❛tt✐❝❡ ♣❧❛♥❡s dhkl✳

nλ = 2dhklsin(θ) ✭✷✳✷✸✮

❲✐t❤ ❛ ✜①❡❞ ✇❛✈❡❧❡♥❣t❤ ✭♠♦♥♦❝❤r♦♠❛t✐❝ r❛❞✐❛t✐♦♥✮ ❛♥❞ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❞✐✛r❛❝t✐♦♥
❛♥❣❧❡✱ s♣❡❝✐✜❝ ✐♥t❡r❢❡r❡♥❝❡ ♣❛tt❡r♥s ✇❤✐❝❤ ❛r❡ ✉♥✐q✉❡ ❢♦r ❞✐✛❡r❡♥t ❝r②st❛❧ str✉❝✲
t✉r❡s ❛r✐s❡✳ ❋✐❣✉r❡ ✷✳✼ ❞❡♣✐❝ts ❛ ❝♦♠♣r❡❤❡♥s✐❜❧❡ ❣r❛♣❤✐❝❛❧ ❞❡r✐✈❛t✐♦♥ ♦❢ ❇r❛❣❣➫s

❋✐❣✉r❡ ✷✳✼✿ ❉✐✛r❛❝t✐♦♥ ♦❢ ①✲r❛②s ❛t t❤❡ ❧❛tt✐❝❡ ♣❧❛♥❡ hkl✳

❧❛✇✳ ❚❤✐s ❞❡s❝r✐♣t✐♦♥ ✐s s✐♠♣❧✐✜❡❞✳ ■t ❞♦❡s ❡①♣❧❛✐♥ t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ r❡✢❡❝t✐♦♥s
❜✉t ♥♦t t❤❡✐r ✐♥t❡♥s✐t✐❡s✳ ❆❧s♦ t❤❡ r❡✢❡❝t✐♦♥ ♦♥ ♦♥❧② t✇♦ ❧❛tt✐❝❡ ♣❧❛♥❡s ❛s s❡❡♥ ✐♥
❋✐❣✉r❡ ✷✳✼ ✐s s✐♠♣❧✐✜❡❞ ❛♥❞ ✇♦✉❧❞ ♥♦t ❣✐✈❡ ❛ ❞✐s❝r❡t❡ ❞✐✛r❛❝t♦❣r❛♠✳ ❋♦r ❛ ❞✐s❝r❡t❡
❞✐✛r❛❝t♦❣r❛♠ ❛♥ ✐♥✜♥✐t② ♦❢ ❧❛tt✐❝❡ ♣❧❛♥❡s ✐s ♥❡❝❡ss❛r②✳ ❈♦♥str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡
♦♥❧② ♦❝❝✉rs ✇❤❡♥ t❤❡ ❞✐✛r❛❝t❡❞ ✇❛✈❡s ❤❛✈❡ t❤❡ s❛♠❡ ♣❤❛s❡✳ ❚❤✉s t❤❡ ♣❛t❤ ❞✐✛❡r✲
❡♥❝❡ 2dhkl sin(θ) =| SQ | + | QT | ❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t ❜❡❛♠s 1 ❛♥❞ t❤❡ ❞✐✛r❛❝t❡❞
❜❡❛♠ 1′ ❛♥❞ t❤❡ ✐♥❝✐❞❡♥t ❜❡❛♠ 2 ✇✐t❤ ✐ts ❞✐✛r❛❝t❡❞ ❜❡❛♠ 2′ ♠✉st ❜❡ ❛ ✐♥t❡❣❡r
♠✉❧t✐♣❧❡ n ♦❢ t❤❡ ①✲r❛② ✇❛✈❡❧❡♥❣t❤ λ✳ ❉✐✛r❛❝t❡❞ ①✲r❛②s ❛♥❞ ❢♦❧❧♦✇❡❞ ✐♥t❡r❢❡r❡♥❝❡s
✇✐t❤✐♥ ❛ s♣❡❝✐✜❝ ❞✐✛r❛❝t✐♦♥ ❛♥❣❧❡ ❝❛♥ t❤✉s ❜❡ ❛ss✐❣♥❡❞ t♦ t❤❡ ❛t♦♠✐❝ s♣❛❝✐♥❣ ♦❢ ❛
♠❛t❡r✐❛❧ ✇✐t❤ ❛ r❡❣✉❧❛r ♦r❞❡r❡❞ ❛t♦♠✐❝ str✉❝t✉r❡✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ▼✐❧❧❡r ✐♥❞❡①❡s
hkl ✇❤✐❝❤ s♣❡❝✐❢② t❤❡ ♦r✐❡♥t❛t✐♦♥ ❛♥❞ s♣❛❝✐♥❣ ♦❢ t❤❡ ✧r❡✢❡❝t✐♥❣✧ ❧❛tt✐❝❡ ♣❧❛♥❡✱ t❤❡
❧❛tt✐❝❡ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✳ ❋♦r ❛ ❝✉❜✐❝ ✉♥✐t ❝❡❧❧ ❢♦r ❡①❛♠♣❧❡✱ t❤❡ r❡❧❛t✐♦♥
❜❡t✇❡❡♥ t❤❡ ❛t♦♠✐❝ ❧❛②❡r s♣❛❝✐♥❣ dhkl ❛♥❞ t❤❡ ❧❛tt✐❝❡ ♣❛r❛♠❡t❡r a ✐s ❣✐✈❡♥ t❤r♦✉❣❤

dhkl =
a√

h2 + k2 + l2
. ✭✷✳✷✹✮

✷✻

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❈r②st❛❧ str✉❝t✉r❡s ✇✐t❤ ❧♦✇❡r s②♠♠❡tr✐❡s s❤♦✇ ♠♦r❡ ❝♦♠♣❧❡① r❡❧❛t✐♦♥s❤✐♣s✳ ❋♦r✲
♠✉❧❛s ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ✉s✐♥❣ t❤❡ ♠❡tr✐❝ t❡♥s♦r ❛♥❞ ❛r❡ ❢♦✉♥❞ ✐♥ ❧✐t❡r❛t✉r❡ ❛s
●r❛❡❢✳❬✹✺❪ ❚②♣✐❝❛❧ ❳❘❉ ❡①♣❡r✐♠❡♥ts ❛r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ ♠♦♥♦❝❤r♦♠❛t✐❝ ①✲r❛②
r❛❞✐❛t✐♦♥ ♦❢ s♠❛❧❧ ❧✐♥❡✇✐❞t❤ ✐♥ ♦r❞❡r t♦ ♠❛①✐♠✐③❡ t❤❡ ❛♥❣✉❧❛r r❡s♦❧✉t✐♦♥✳ ❚❤❡ s❝❛t✲
t❡r✐♥❣ ❛♥❣❧❡ ✐s ✈❛r✐❡❞ ❛♥❞ t❤❡ ✐♥t❡♥s✐t✐❡s ♦❢ t❤❡ r❡✢❡❝t✐♦♥s ✐s ❞❡t❡❝t❡❞✳ ❚❤r♦✉❣❤
t❤❡ ❛♥❣✉❧❛r ♣♦s✐t✐♦♥s ♦❢ t❤❡ r❡✢❡❝t✐♦♥s✱ t❤❡ ❧❛tt✐❝❡ ♣❧❛♥❡ s♣❛❝✐♥❣ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞
❜② ❇r❛❣❣➫s ❧❛✇✳ ❳✲❘❛② ❉✐✛r❛❝t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ❞♦♥❡ ✐♥ ❞✐✛❡r❡♥t ✇❛②s✱
♦♥ s✐♥❣❧❡ ❝r②st❛❧s✱ ♣♦❧②❝r✐st❛❧❧✐♥❡ ♠❛t❡r✐❛❧s✱ t❤r♦✉❣❤ ♣♦✇❞❡r ❞✐✛r❛❝t✐♦♥ ♦r ♦♥ ❜✉❧❦
♠❛t❡r✐❛❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡r❡ ❛r❡ ❞✐✛❡r❡♥t ❣❡♦♠❡tr✐❡s ♦❢ t❤❡ s♦✉r❝❡✲s❛♠♣❧❡✲❞❡t❡❝t♦r
❛rr❛♥❣❡♠❡♥t✳ ❚❤❡ ✉s❡❞ ♠❡t❤♦❞ ✐♥ t❤✐s ✇♦r❦ ✇❛s ♣♦✇❞❡r ❛♥❞ ❜✉❧❦ ❞✐✛r❛❝t♦♠❡tr②
✐♥ ❇r❛❣❣✲❇r❡♥t❛♥♦ θ✲θ ❛rr❛♥❣❡♠❡♥t✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t t❤❡ s❛♠♣❧❡ st❛②s ❤♦r✐③♦♥✲
t❛❧❧② ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ①✲r❛② s♦✉r❝❡ ❛♥❞ t❤❡ ❞❡t❡❝t♦r✱ ✇❤✐❝❤ ❜♦t❤ r♦t❛t❡ ❛❧♦♥❣ ❛
❝✐r❝❧❡✳ ❋✐❣✉r❡ ✷✳✽ s❤♦✇s ❛ s❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤✐s ❣❡♦♠❡tr②✳ ❆s t❤❡ ❛♥❣❧❡ ♦❢ ✐♥❝♦♠✲
✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ r❛❞✐❛t✐♦♥ ❛r❡ ❛❧t❡r❡❞ s✐♠✉❧t❛♥❡♦✉s❧②✱ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❢♦❝✉ss✐♥❣
❝✐r❝❧❡ ❜❡❝♦♠❡s s♠❛❧❧❡r ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛♥❣❧❡ θ✳ ❆s t❤❡ s❛♠♣❧❡ ✐s ♥♦t ♠♦✈✐♥❣ ❛♥❞
t❤✉s ❝❛♥ ♥♦t ❜❡ ❛❞❥✉st❡❞ t♦ t❤✐s ❝❤❛♥❣❡✱ ✐t ✐s ♥♦t ✉♥✐❢♦r♠❧② ❢♦❝✉ss❡❞ ❞✉r✐♥❣ t❤❡
♠❡❛s✉r❡♠❡♥t✳ ■❢ t❤❡ ❧✐♥❡ ❢♦❝✉s ♦❢ t❤❡ ❜❡❛♠ ✐s r❡❞✉❝❡❞✱ t❤❡ ❛♥❣❧❡✲r❡s♦❧✉t✐♦♥ ❝❛♥
❜❡ ✐♠♣r♦✈❡❞ ✇✐t❤ ❧♦ss❡s ✐♥ ✐♥t❡♥s✐t✐❡s✳ ❆❧s♦ t❤❡ ✐rr❛❞✐❛t❡❞ s✉r❢❛❝❡ ♦❢ t❤❡ s❛♠✲
♣❧❡ ❝❤❛♥❣❡s ✇✐t❤ t❤❡ ❝❤❛♥❣❡ ♦❢ s♦✉r❝❡ ❛♥❞ ❞❡t❡❝t♦r ♣♦s✐t✐♦♥✳ ❆t ❧♦✇❡r ❛♥❣❧❡s θ✱
t❤r♦✉❣❤ ❣❡♦♠❡tr✐❝ r❡❧❛t✐♦♥s✱ t❤❡ ❜❡❛♠ ✐s ❝♦✈❡r✐♥❣ ❛ ❧❛r❣❡r ❛r❡❛ ♦❢ t❤❡ s❛♠♣❧❡✳
❚❤♦✉❣❤✱ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ t❤❡ ♣❤♦t♦♥s ✐s s♠❛❧❧❡r✳ ❲✐t❤ ❣r♦✇✐♥❣ ❛♥❣❧❡s θ✱
t❤❡ ❛r❡❛❧ ❜❡❛♠ ❝♦✈❡r✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐❧❧ ❞❡❝r❡❛s❡ ❜✉t t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ✇✐❧❧
✐♥❝r❡❛s❡✳ ❙♦✱ ✐❢ t❤❡ s❛♠♣❧❡ ✐s t❤✐❝❦ ❡♥♦✉❣❤✱ t❤❡ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡✲✈♦❧✉♠❡ st❛②s
♥❡❛r❧② ❝♦♥st❛♥t ♦✈❡r t❤❡ r❛♥❣❡ ♦❢ ❞✐✛r❛❝t✐♦♥ ❛♥❣❧❡ θ✳ ❖❢ ❝♦✉rs❡ t❤✐s ❜❡❤❛✈✐♦✉r ✐s
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛t♦♠✐❝ ♥✉♠❜❡r ♦❢ t❤❡ ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥ t❤❡ s❛♠♣❧❡✳

❋✐❣✉r❡ ✷✳✽✿ ❇r❛❣❣✲❇r❡♥t❛♥♦ θ✲θ ❣❡♦♠❡tr② ✇✐t❤ t❤❡ ✐♥❝✐❞❡♥t ①✲r❛②s ❢r♦♠ t❤❡ ①r❛②
t✉❜❡ t♦ t❤❡ ❧❡❢t ❛♥❞ t❤❡ ❞❡t❡❝t♦r t♦ t❤❡ r✐❣❤t✳ ❉✐✛r❛❝t✐♦♥ ✈❡❝t♦r s ✐♥
r❡❞✳

✷✼
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❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❤❛✈✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥ ❢♦r♠ ♦❢ ❛ ♣♦✇❞❡r ❜❡❝♦♠❡s ❡✈✐❞❡♥t ✇❤❡♥
t❤❡ ♣r♦❝❡ss ✐s ❝♦♠♣❛r❡❞ t♦ s✐♥❣❧❡ ❝r②st❛❧ ❞✐✛r❛❝t✐♦♥✳ ■♥ ❋✐❣✉r❡ ✷✳✽ ❤❡❛✈✐❧② ❡♥❧❛r❣❡❞
❞❡t❛✐❧ ♦❢ ❛ ♣♦✇❞❡r ✐s s❤♦✇♥✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❛rr♦✇s ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ ❛t♦♠✐❝
❧❛②❡r s♣❛❝✐♥❣ ✇❤✐❧❡ t❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ ❛rr♦✇s ✐s ♥♦r♠❛❧ t♦ t❤❡ ❝r②st❛❧ ♣❧❛♥❡
(hkl)✳ ❘❡✢❡❝t✐♦♥s ♦♥❧② ♦❝❝✉r ✇❤❡♥ t❤❡ ❞✐✛r❛❝t✐♦♥ ✈❡❝t♦r s✱ ✇❤✐❝❤ ❜✐s❡❝ts t❤❡ ❛♥❣❧❡
❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t ❛♥❞ t❤❡ ❞✐✛r❛❝t❡❞ ❜❡❛♠ ✭✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡s ✷✳✼ ❛♥❞ ✷✳✽✮ ✐s
♣❛r❛❧❧❡❧ t♦ t❤❡ ❧❛tt✐❝❡ ♣❧❛♥❡ ♥♦r♠❛❧ ❛♥❞ ❇r❛❣❣✬s ❧❛✇ ✐s ❢✉❧✜❧❧❡❞✳ ❆ ❞✐✛r❛❝t♦❣r❛♠ ♦❢
t❤❡ ♣♦✇❞❡r s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✽ ❤❡♥❝❡ ✇♦✉❧❞ ♦♥❧② s❤♦✇ r❡✢❡❝t✐♦♥s ♦❢ ❣r❛✐♥s ♠❛r❦❡❞
✇✐t❤ ♥✉♠❜❡rs 1, 2 ❛♥❞ 3 ❛s t❤❡✐r ♦r✐❡♥t❛t✐♦♥ ❛❧❧♦✇s ❞✐✛r❛❝t✐♦♥✳ P❡❛❦s ♦❢ ❣r❛✐♥s
♠❛r❦❡❞ ✇✐t❤ 0 ✇♦✉❧❞ ♥♦t ❜❡ ✈✐s✐❜❧❡✳ ❚❤❡ ❡♥♦r♠♦✉s q✉❛♥t✐t② ♦❢ r❛♥❞♦♠❧② ♦r✐❡♥t❛t❡❞
❣r❛✐♥s ✐♥ ❛ ✜♥❡ ♣♦✇❞❡r ❧❡❛❞s t♦ s✉✣❝✐❡♥t ❛♠♦✉♥ts ♦❢ ❣r❛✐♥s t❤❛t ❛r❡ ♦r✐❡♥t❛t❡❞
✐♥ ❛ ✇❛② s✉❝❤ t❤❛t ❞✐✛r❛❝t✐♦♥ ✐s ♣♦ss✐❜❧❡✱ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡✐r r❡✢❡❝t✐♥❣ ❧❛tt✐❝❡
♣❧❛♥❡s ♦r✐❡♥t❛t✐♦♥✳ ❚❤✉s ✐♥ ♣♦✇❞❡r ❳❘❉ t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ r❡✢❡❝t✐♦♥s ❝❛♥
❜❡ ❛❝❤✐❡✈❡❞ ♠❛❦✐♥❣ ✐t ❛♥ ❛❝❝✉r❛t❡ ♠❡t❤♦❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r②st❛❧❧✐♥❡ ♣❤❛s❡s ❛♥❞
❧❛tt✐❝❡ ❝♦♥st❛♥ts✳

✷✳✷✳✸ ❉❛t❛ ❆❝q✉✐s✐t✐♦♥ ❛♥❞ ❈♦♠♣✉t✐♥❣

❚❤r♦✉❣❤ t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ①✲r❛② t✉❜❡ ❛♥❞ t❤❡ ❞❡t❡❝t♦r✱ ✇✐❞❡ ❞✐✛r❛❝t✐♦♥ ❛♥❣❧❡s
✐♥ t❤❡ r❛♥❣❡ ♦❢ ❛❜♦✉t 2θ = 5✲140◦ ❝❛♥ ❜❡ ♠❡❛s✉r❡❞✳ ❚❤❡ ❞❡t❡❝t♦r ❝♦♥t✐♥✉♦✉s❧②
r❡❝♦r❞s t❤❡ ❞✐✛r❛❝t❡❞ ①✲r❛② ✐♥t❡♥s✐t✐❡s ❛♥❞ t❤❡ ❝♦✉♥t r❛t❡ ❢♦r ❡❛❝❤ st❡♣ ✐s r❡❝♦r❞❡❞✳
❚❤✉s✱ ❛ ❞✐✛r❛❝t♦❣r❛♠ ✇✐t❤ ✐♥t❡♥s✐t✐❡s ❢♦r ❡❛❝❤ ♠❡❛s✉r❡❞ ❛♥❣✉❧❛r ♣♦✐♥t ✐s ❝r❡❛t❡❞✳
❚❤❡ ✐♥t❡♥s✐t✐❡s ♦❢ t❤❡ s✐♥❣❧❡ r❡✢❡❝t✐♦♥s ❛r❡ ♥♦t ♦♥❧② ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢
❣r❛✐♥s ♦r✐❡♥t❡❞ ✐♥ t❤❡ ♣r❡❢❡rr❡❞ ❞✐r❡❝t✐♦♥✱ ❜✉t ❛❧s♦ ❛r❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❧♦❝❛t✐♦♥
♦❢ t❤❡ ❛t♦♠s ✐♥ t❤❡ ✉♥✐t ❝❡❧❧ ❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ s❤♦✇s✿

Fhkl =
∑

✐

f✐T✐❡2πi(x✐h+y✐k+z✐l) ✭✷✳✷✺✮

✇✐t❤ f✐ ❜❡✐♥❣ t❤❡ ❛t♦♠✐❝ s❝❛tt❡r✐♥❣ ❢❛❝t♦r ✇❤✐❝❤ ✐s t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ ❡❧❡❝✲
tr♦♥ ❞❡♥s✐t② ♦❢ t❤❡ ❡❧❡♠❡♥t✱ ✇❤✐❝❤ ✐s ♦❢ ❝♦✉rs❡ ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ❡❧❡♠❡♥ts ❛t♦♠✐❝
♥✉♠❜❡r ❛s ①✲r❛②s ❛r❡ s❝❛tt❡r❡❞ ♦♥ t❤❡ ❛t♦♠ ❡❧❡❝tr♦♥ s❤❡❧❧✳ ✐ r✉♥s ♦✈❡r ❛❧❧ ❛t♦♠s
♦❢ t❤❡ ✉♥✐t ❝❡❧❧✳ ❖s③✐❧❧❛t✐♦♥s ♦❢ t❤❡ ❛t♦♠s ❛r❡ ❝♦♥s✐❞❡r❡❞ t❤r♦✉❣❤ t❤❡ s♦ ❝❛❧❧❡❞
❉❡❜②❡✲❲❛❧❧❡r ❢❛❝t♦r T✐✳ ❚❤❡ ❉❡❜②❡✲❲❛❧❧❡r ❢❛❝t♦r ✐s ❣♦✈❡r♥❡❞ ❜② ♠❛♥② ♣❛r❛♠❡t❡rs
✐♥❝❧✉❞✐♥❣ t❤❡ ❛t♦♠✐❝ ♠❛ss✱ ❜✐♥❞✐♥❣ ❢♦r❝❡s ❛♥❞ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❝❛♥ ❣❡♥❡r❛❧❧② ❜❡
❞❡s❝r✐❜❡❞ ❛s t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ ❛ tr✐✈❛r✐❛t❡ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥✱ ❞❡s❝r✐❜✐♥❣
t❤❡ ❛t♦♠✐❝ ❞✐s♣❧❛❝❡♠❡♥t ❢r♦♠ t❤❡✐r ❛✈❡r❛❣❡ ♣♦s✐t✐♦♥✳ ❚❤r♦✉❣❤ t❤❛t✱ ♥♦t ♦♥❧② t❤❡r✲
♠❛❧ ♦s③✐❧❧❛t✐♦♥s ❜✉t ❛❧s♦ st❛t✐❝ ❞✐s♦r❞❡r ✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❉❡❜②❡✲❲❛❧❧❡r ❢❛❝t♦r✳
■♥ ✷✳✷✺✱ x✐, y✐ ❛♥❞ z✐ ❛r❡ t❤❡ ❛t♦♠✐❝ ❝♦♦r❞✐♥❛t❡s ❛♥❞ h, k, l ❛r❡ t❤❡ ▲❛✉❡ ✐♥❞✐❝❡s ♦❢
t❤❡ r❡✢❡❝t✐♥❣ ❧❛tt✐❝❡ ♣❧❛♥❡✳ Fhkl ✐s t❤❡ s♦ ❝❛❧❧❡❞ str✉❝t✉r❡ ❢❛❝t♦r ❛♥❞ t❤❡ s❝❛tt❡r❡❞
♣❡❛❦ ✐♥t❡♥s✐t✐❡s Ihkl s❤♦✇ t❤❡ ❞❡♣❡♥❞❡♥❝❡

Ihkl ∝| Fhkl |2 . ✭✷✳✷✻✮
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❆❢t❡r ❞❛t❛ ❝♦❧❧❡❝t✐♦♥✱ t❤❡ ❞✐✛r❛❝t♦❣r❛♠ ✐s st♦r❡❞ ❛s ❛ ❧✐st ♦❢ ✐♥t❡♥s✐t② ✈❛❧✉❡s ❜❡✲
❣✐♥♥✐♥❣ ❛t t❤❡ st❛rt ❛♥❣❧❡ ✇✐t❤ ✈❛❧✉❡s ❢♦r ❡✈❡r② st❡♣ ✉♥t✐❧ t❤❡ st♦♣ ❛♥❣❧❡ ✐♥ ❞✐❣✐t❛❧
❢♦r♠✳ ❚♦ ❝♦rr❡❝t❧② ❡✈❛❧✉❛t❡ t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛✱ s♦♠❡ ♣r❡♣r♦❝❡ss✐♥❣ ❛♥❞ ❞❛t❛ ❝♦♥✲
❞✐t✐♦♥✐♥❣ ♠✐❣❤t ❜❡ ♥❡❡❞❡❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡s✐r❡❞ ♦✉t❝♦♠❡✳ ❚②♣✐❝❛❧ ❡✛❡❝ts
✇❤✐❝❤ ❛r❡ ❝♦rr❡❝t❡❞ ❢♦r ❛r❡ ❢♦r ❡①❛♠♣❧❡ t❤r❡s❤♦❧❞ ❡✛❡❝ts t❤r♦✉❣❤ ❜❛❝❦❣r♦✉♥❞ r❛✲
❞✐❛t✐♦♥✱ ♥♦✐s② ❞❛t❛ ✇❤✐❝❤ r❡q✉✐r❡ ❞❛t❛ s♠♦♦t❤✐♥❣ ♦r t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ Kα2 ♣❡❛❦s✳
❇❛❝❦❣r♦✉♥❞ r❛❞✐❛t✐♦♥ ✐s ❝❛✉s❡❞ ❜② ♥❛t✉r❛❧ ♦r ❡①t❡r♥❛❧ ❞❡t❡❝t❡❞ r❛❞✐❛t✐♦♥✱ ❡❧❛st✐❝
s❝❛tt❡r❡❞ r❛❞✐❛t✐♦♥ ❢r♦♠ ❛✐r ♦r ❞✉st ♣❛rt✐❝❧❡s ✇✐t❤✐♥ t❤❡ ✇❛✈❡ ♣❛t❤ ♦r ❢r♦♠ t❤❡
s❛♠♣❧❡ ❤♦❧❞❡r ♦r ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣✳ ❚❤❡ ❜❛❝❦❣r♦✉♥❞ ❧❡✈❡❧ ✐s t②♣✐❝❛❧❧② s✉❜tr❛❝t❡❞
❢r♦♠ t❤❡ ❞✐✛r❛❝t♦❣r❛♠ t❤r♦✉❣❤ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ♣♦❧②♥♦♠✐♥❛❧ ❛❞❥✉st❡❞ ❜❛❝❦✲
❣r♦✉♥❞ ❧✐♥❡ ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ ♥❡t ✐♠♣✉❧s❡ ❤❡✐❣❤ts ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞✳
◆♦✐s② ❞❛t❛ ❝❛♥ ❜❡ t❤❡ r❡s✉❧t ♦❢ ❛♥ ✐♥s✉✣❝✐❡♥t ♥✉♠❜❡r ♦❢ ❝♦✉♥ts ♣❡r ♠❡❛s✉r❡♠❡♥t
♣♦✐♥t✱ ♠♦st❧② ❝❛✉s❡❞ ❜② ✐♥s✉✣❝✐❡♥t ♠❡❛s✉r❡♠❡♥t t✐♠❡s✳ P♦❧②♥♦♠✐♥❛❧ s♠♦♦t❤✐♥❣
♦❢ t❤❡ ❞❛t❛ ♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❧♦✇ ♣❛ss ✜❧t❡rs ♠✐❣❤t r❡❞✉❝❡ t❤❡ ♥❡❣❛t✐✈❡ ❡❢✲
❢❡❝ts ♦❢ t❤✐s ♣❤❡♥♦♠❡♥♦♥✳ ■♥ ❝❛s❡ ❛ ❤❛r❞✇❛r❡ ♠♦♥♦❝❤r♦♠❛t♦r ✐s ♥♦t ❛✈❛✐❧❛❜❧❡✱ ✐❢
❞❡s✐r❡❞✱ t❤❡ ❝✉t ♦✛ ♦❢ t❤❡ Kα2 ♣❡❛❦ ❝❛♥ ❜❡ ❡❛s✐❧② ❞♦♥❡ ♠❛t❤❡♠❛t✐❝❛❧❧② t❤r♦✉❣❤
t❤❡ s♦ ❝❛❧❧❡❞ ❘❛❝❤✐♥❣❡r ❝♦rr❡❝t✐♦♥✳ ▼♦r❡♦✈❡r✱ ♦✇✐♥❣ t♦ ❤✐❣❤ ❝♦♠♣✉t✐♥❣ ♣♦✇❡rs
♦❢ ♠♦❞❡r♥ ❝♦♠♣✉t❡rs✱ t❤✐s ✐s ♥♦t ❛ st❛♥❞❛r❞ ♠❡t❤♦❞ ❛♥②♠♦r❡ ❛s t❤❡ Kα2 ♣❡❛❦ ✐s
s✐♠♣❧② ✜tt❡❞ ❜② t❤❡ ❳❘❉ s♦❢t✇❛r❡ t♦♦✳ ❆❢t❡r t❤❡ ❝♦rr❡❝t✐♦♥s✱ t❤❡ ♣❡❛❦ ❞❡t❡❝t✐♦♥
✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡r❡ ✐s ❛ ♠✉❧t✐t✉❞❡ ♦❢ ♠❛t❤❡♠❛t✐❝❛❧ ♠❡t❤♦❞s t♦ ❛❝❤✐❡✈❡ ❛ ♣❡❛❦ ❞❡✲
t❡❝t✐♦♥✱ t❤♦✉❣❤ t❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ ❝♦✉rs❡ ✐s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ✐♥t❡♥s✐t✐❡s✳ ◗✉❛♥t✐t❛t✐✈❡
♣❤❛s❡ ❛♥❛❧②s✐s ✐s ❞♦♥❡ ✇✐t❤ t❤❡ ♠❡t❤♦❞ ♦❢ ❘✐❡t✈❡❧❞ ❛♥❛❧②s✐s ✇❤✐❝❤ ✉s❡s str✉❝t✉r❛❧
❞❛t❛ ♦❢ ❛❧❧ ✐♥✈♦❧✈❡❞ ♣❤❛s❡s✳ ❚❤❡ str✉❝t✉r❛❧ ❞❛t❛ ✐s r❡✜♥❡❞ t♦ ❛ ♣♦✐♥t ✇❤❡r❡ t❤❡
❞✐✛r❛❝t♦❣r❛♠ ❝❛♥ ❜❡ ✜tt❡❞ ✐♥ ❛ ✈❡r② ❛❝❝✉r❛t❡ ✇❛② t♦ ❞❡t❡r♠✐♥❡ t❤❡ q✉❛♥t✐t❛t✐✈❡
♣r❡s❡♥❝❡ ♦❢ ❡❧❡♠❡♥ts ♦r ♣❤❛s❡s ❛s ✇❡❧❧ ❛s t❤❡✐r ❝r②st❛❧❧♦❣r❛♣❤✐❝ ♣❛r❛♠❡t❡rs✳❬✹✻❪
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✸ ❊①♣❡r✐♠❡♥t❛❧ ❉❡t❛✐❧s

✸✳✶ ❙❛♠♣❧❡ Pr❡♣❛r❛t✐♦♥

❚❤❡ ❇❋❖ s❛♠♣❧❡s ✇❡r❡ ♠❛♥✉❢❛❝t✉r❡❞ ❜② ❉r✳ ▼❛r✐❛♥❡❧❛ ❊s❝♦❜❛r ❛t ❯♥✐✈❡rs✐t②
❉✉✐s❜✉r❣✲❊ss❡♥ t❤r♦✉❣❤ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ♠✐①❡❞ ♦①✐❞❡ s♦❧✐❞ st❛t❡ s②♥t❤❡s✐s✳❬✹✼❪ ❇✐2❖3

❛♥❞ ❋❡2❖3 ✐♥ ♣✉r✐t✐❡s ♦❢ 99, 9% ❛♥❞ 99, 99% r❡s♣❡❝t✐✈❡❧② ✇❡r❡ ❣r♦✉♥❞ ✐♥ st♦✐❝❤✐♦✲
♠❡tr✐❝ r❛t✐♦s ✇✐t❤ s♠❛❧❧ ❛♠♦✉♥ts ♦❢ ❡t❤❛♥♦❧✳ ❆❢t❡r ❞r②✐♥❣✱ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ♠✐①✲
t✉r❡ ✇❛s ❝❛❧❝✐♥❛t❡❞ ❛t 820◦❈ ❢♦r t❤r❡❡ ❤♦✉rs✳ ❚♦ ❜r❡❛❦ ✉♣ ❛❣❣❧♦♠❡r❛t❡s✱ t❤❡
❝❛❧❝✐♥❛t❡❞ ♣♦✇❞❡r ✇❛s r❡❣r♦✉♥❞ t♦ ❛❝❤✐❡✈❡ ❛ ✜♥❡ ♣♦✇❞❡r ✇❤✐❝❤ ✇❛s t❤❡♥ ♣r❡ss❡❞
✐♥t♦ ♣❡❧❧❡ts ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✶✵♠♠ ❛♥❞ ❛ t❤✐❝❦♥❡ss ♦❢ ❛❜♦✉t ✶✱✸♠♠ ✇✐t❤ ❛♥ ✉♥✐
❛①✐❛❧ s✐① t♦♥ ❤②❞r❛✉❧✐❝ ♣r❡ss✳ ❋♦❧❧♦✇✐♥❣ t❤✐s ♣r♦❝❡❞✉r❡✱ t❤❡ ♣❡❧❧❡ts✱ t❤❡ s♦ ❝❛❧❧❡❞
❣r❡❡♥ ❜♦❞✐❡s✱ ✇❡r❡ s✐♥t❡r❡❞ ❢♦r s✐① ❤♦✉rs ❛❣❛✐♥ ❛t 820◦❈✱ r❡❛❝❤✐♥❣ t❤❛t t❡♠♣❡r❛t✉r❡
✇✐t❤ ❛ ❤❡❛t✐♥❣ r❛t❡ ♦❢ 270◦❈/❤✳ ❚❤❡ s❛♠♣❧❡s ✇❡r❡ t❤❡♥ s❤✐♣♣❡❞ t♦ ■❙❖▲❉❊ ❛♥❞

❋✐❣✉r❡ ✸✳✶✿ ❈✉t s❛♠♣❧❡s r❡❛❞② ❢♦r ✐♠♣❧❛♥t❛t✐♦♥✳ ❚❤❡ ❣r❛t✐♥❣ ♦❢ t❤❡ ♣❛♣❡r ✐♥ t❤❡
❜❛❝❦❣r♦✉♥❞ ✐s ✵✱✺❝♠✳

❢✉rt❤❡r ♣r❡♣❛r❡❞ ❢♦r ✐♦♥ ✐♠♣❧❛♥t❛t✐♦♥ ❛♥❞ ♠❡❛s✉r❡♠❡♥ts ♦♥ s✐t❡✳ ❘❡❞✉❝t✐♦♥ ✐♥t♦
s♠❛❧❧ ♣✐❡❝❡s ✇❛s ❛❝❤✐❡✈❡❞ ❜② t❤♦r♦✉❣❤❧② ❝❛r✈✐♥❣ t❤❡ ❇❋❖ ♣❡❧❧❡t ✇✐t❤ ❛ ❞✐❛♠♦♥❞
❜❧❛❞❡ t♦ ❛❝❤✐❡✈❡ t❤❡ ❞❡s✐r❡❞ s✐③❡s✳
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✸✳✷ ❚❤❡ P❆❈ ♣r♦❜❡ ✲ ❈❛❞♠✐✉♠ ✐s♦♠❡r 111mCd

❚❤❡ ♣r♦❜❡ ♥✉❝❧❡✉s ♦❢ ❝❤♦✐❝❡ ✐♥ ♦✉r ❡①♣❡r✐♠❡♥t ✐s t❤❡ r❛❞✐♦❛❝t✐✈❡ ❈❛❞♠✐✉♠ ✐s♦♠❡r
111mCd✳ ◆✉❝❧❡❛r ✐s♦♠❡rs ❛r❡ ❞❡✜♥❡❞ ❛s ♥✉❝❧❡✐ ✇❤✐❝❤ ❞♦ ♥♦t ❞✐✛❡r ❢r♦♠ t❤❡✐r ♠♦t❤❡r
♥✉❝❧❡✉s t❤r♦✉❣❤ t❤❡✐r ♥✉♠❜❡r ♦❢ ♣r♦t♦♥s ♦r ♥❡✉tr♦♥s✱ ❜✉t ❛r❡ ♣r❡s❡♥t ✐♥ ❛ ❞✐✛❡r❡♥t
❡♥❡r❣② st❛t❡✳ ❲✐t❤ ❛♥ ❡♥❡r❣② ♦❢ Ei = 396❦❡❱ ❛♥❞ s♣✐♥ Ii = 11/2 ✐♥ ✐ts ❡①✐t❡❞
st❛t❡✱ t❤❡ ✐s♦♠❡r ❧♦s❡s ✐ts ❡♥❡r❣② t❤r♦✉❣❤ ❛ γ✲γ ❞❡❝❛② ✇✐t❤ ❛ ❤❛❧❢ ❧✐❢❡ ♦❢ ❛❜♦✉t
τ1/2 = 48.54♠✐♥✳ ❆❢t❡r ❡♠✐tt✐♥❣ γ1 ✇✐t❤ ❛♥ ❡♥❡r❣② ♦❢ Eγ1 = 151❦❡❱ ❛♥❞ ❛♥❣✉❧❛r
♠♦♠❡♥t✉♠ L1 = 6/2✱ t❤❡ ♥✉❝❧❡✉s r❡❛❝❤❡s ✐ts ✐♥t❡r♠❡❞✐❛t❡ st❛t❡✳ ❚❤❡ s❡♥s✐t✐✈❡
✐♥t❡r♠❡❞✐❛t❡ st❛t❡ ✇✐t❤ ❛ s♣✐♥ ♦❢ I = 5/2 ♦✛❡rs ❛ ❤❛❧❢ ❧✐❢❡ ♦❢ T1/2 = 84, 5♥s✱ ❞✉r✐♥❣
✇❤✐❝❤ ♣❡rt✉r❜❛t✐♦♥s ♦❢ t❤❡ s♣✐♥ ♠❛② ❜❡ s❡♥s❡❞✱ ❝❛✉s✐♥❣ ❛♥ ❛♥✐s♦tr♦♣✐❝ ❡❥❡❝t✐♦♥ ♦❢
γ2 ✇✐t❤ r❡s♣❡❝t t♦ γ1 ✇✐t❤ ❛♥ ❡♥❡r❣② ♦❢ Eγ2 = 245❦❡❱ ❛♥❞ L2 = 4/2 t♦ ✜♥❛❧❧②
r❡❛❝❤ ✐ts ❣r♦✉♥❞ st❛t❡ 111Cd ✇✐t❤ s♣✐♥ If = 1/2✳

0 keV1/2+
stable

245.4 keV5/2+
84.5 ns

396.22 keV11/2-
48.54 m
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❋✐❣✉r❡ ✸✳✷✿ ❉❡❝❛② s❝❤❡♠❡ ♦❢ 111mCd✱ ❝r❡❛t❡❞ ✇✐t❤ t❤❡ ◆✉❝❧❡✐ s♦❢t✇❛r❡ ♣❛❝❦❛❣❡✳❬✹✽❪

❚❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ 111m❈❞ ❝❛♥ ❜❡ t❤❡ r❡s✉❧t ♦❢ ♠✉❧t✐♣❧❡ ♣r♦❝❡ss❡s✱ ❢♦r ❡①❛♠♣❧❡
t❤❡ ❡❧❡❝tr♦♥ ❝♦♥✈❡rs✐♦♥ ❞❡❝❛② ♦❢ 111■♥✳ 111■♥ ✐s ❧✐❦❡✇✐s❡ ❛ ✇✐❞❡❧② ✉s❡❞ P❆❈ ♣r♦❜❡✳
❚❤♦✉❣❤ ❛s t❤✐s ♣r♦❝❡ss ✐♥ 99, 99% ♦❢ t❤❡ ❞❡❝❛② ❡✈❡♥ts ❧❡❛❞s t♦ ❛♥ ❡①❝✐t❡❞ 111m❈❞
✐s♦♠❡r✐❝ st❛t❡ ✇✐t❤ ❛♥ ❡♥❡r❣② ♦❢ E = 416.63❦❡❱✱ t❤❡ ❡①❝✐t❡❞ st❛t❡s ✇✐t❤ ♦✉r ❞❡s✐r❡❞
❡♥❡r❣② ♦❢ Ei = 396❦❡❱ ❤❛✈❡ t♦ ❜❡ ♣r♦❞✉❝❡❞ ✐♥ ❛♥♦t❤❡r ✇❛②✳❬✹✾❪ ❚❤❡ ❞✐r❡❝t r❡❝❡♣t✐♦♥
♦❢ 111m❈❞ ♥✉❝❧❡✐ ✐s ♣♦ss✐❜❧❡ ♦♥❧✐♥❡ ❛t ■❙❖▲❉❊ t❤♦✉❣❤ t❤❡ ♣r♦t♦♥ ❜♦♠❜❛r❞❡♠❡♥t ♦❢
❛ ♠♦❧t❡♥ ❙♥ t❛r❣❡t ✇❤✐❝❤ ✐s ❤❡❛t❡❞ ✉♣ t♦ 2300❑✳ ❚❤❡ ❣r❡❛t ❛❞✈❛♥t❛❣❡ ♦❢ 111m❈❞ ✐s
t❤❡ ♦♠✐ss✐♦♥ ♦❢ t❤❡ ❡❧❡♠❡♥t tr❛♥s♠✉t❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ❞❡❝❛②✳❬✺✵❪ ■t ✐s ❛❧s♦ ♣♦ss✐❜❧❡

✸✷

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

t♦ ♣r♦❞✉❝❡ 111m❈❞ ❜② ✐rr❛❞✐❛t✐♥❣ ♠❡t❛❧❧✐❝ ❈❞ ♣✐❡❝❡s ✐♥ ❛ ♥❡✉tr♦♥ ✢♦✇ ❛t t❤❡ r❡❛❝t♦r✳
❍♦✇❡✈❡r✱ t❤❡r❡ ✐s ♥♦ r❡❛❝t♦r ✇✐t❤ s✉❝❤ ❛♥ ✐♠♣❧❛♥t❡r ❢❛❝✐❧✐t②✱ s♦ t❤❡ 111m❈❞ ✐♦♥s
❤❛✈❡ t♦ ❜❡ ❞✐✛✉s❡❞ ✐♥ t❤❡ s❛♠♣❧❡s ✭r❛❞✐♦❝❤❡♠✐str② ❛❢t❡r ❞✐ss♦❧✈✐♥❣ t❤❡ ❛❝t✐✈❛t❡❞
❈❞ ♣✐❡❝❡ ✐♥t♦ ❛ s♦❧✉t✐♦♥✮✳ ■♥ s✉♠♠❛r②✱ ✐♠♣❧❛♥t❛t✐♦♥ ♦❢ 111m❈❞ ✐s ♦♥❧② ♣♦ss✐❜❧❡ ❛t
■❙❖▲❉❊✳

✸✳✸ ■♦♥ ✐♠♣❧❛♥t❛t✐♦♥ ❛♥❞ P❆❈ ♠❡❛s✉r❡♠❡♥ts

❚♦ ✐♠♣❧❛♥t t❤❡ ♣r♦❜❡ ✐♦♥s ✐♥ t❤❡ ❇❋❖ s❛♠♣❧❡s✱ t❤❡ s❧✐❝❡❞ ♣✐❡❝❡s ✇❡r❡ ♣❧❛❝❡❞ ♦♥ t❤❡
s❛♠♣❧❡❤♦❧❞❡r ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✸✭❛✮✳ ❚♦ ❡♥s✉r❡ ❡❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t✐✈✐t②✱ ❞♦✉❜❧❡✲
s✐❞❡❞ ❝❛r❜♦♥ ❛❞❤❡s✐✈❡ t❛♣❡ ✇❛s ✉s❡❞ t♦ ❛tt❛❝❤ t❤❡ s❛♠♣❧❡s✳ ❚❤❡ s❛♠♣❧❡❤♦❧❞❡r
✇❛s t❤❡♥ ♠♦✉♥t❡❞ ♦♥ ❛ ♣♦s✐t✐♦♥✐♥❣ ♠❡❝❤❛♥✐s♠✱ ✇❤✐❝❤ ❛❧❧♦✇s t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡
s❛♠♣❧❡❤♦❧❞❡r ✐♥s✐❞❡ t❤❡ ❤✐❣❤ ✈❛❝✉✉♠ ❙❙P ❝❤❛♠❜❡r t♦ ❡♥s✉r❡ ❛ ✇❡❧❧ ❢♦❝✉s❡❞ ✐♦♥
❜❡❛♠ ♦♥ ♦♥❧② ♦♥❡ s❛♠♣❧❡ ♣♦s✐t✐♦♥ ❛t ❛ t✐♠❡✳ ❚❤❡ ♣r♦❞✉❝❡❞ ❤✐❣❤ ♣✉r✐t② ❜❡❛♠ ♦❢
t❤❡ r❛❞✐♦❛❝t✐✈❡ ❝❛❞♠✐✉♠ ✐s♦♠❡r 111m❈❞ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❇❋❖ s❛♠♣❧❡s ✇✐t❤ ❛♥
❛❝❝❡❧❡r❛t♦r ✈♦❧t❛❣❡ ♦❢ 30❦❡❱✱ r❡❛❝❤✐♥❣ ✐♠♣❧❛♥t❛t✐♦♥ ❞❡♣t❤s ♦❢ ❛r♦✉♥❞ 116➴ ❢♦r ❛♥
✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡ ♦❢ ✵◦ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✸✭❜✮✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✸✳✸✿ ✭❛✮ ❙❛♠♣❧❡ ❤♦❧❞❡r ✇✐t❤ ❇❋❖ s❛♠♣❧❡s ♦♥ ♣♦s✐t✐♦♥ ✼ ❛♥❞ ✺✳ ✭❜✮ ■♦♥ ❞❡♣t❤
♣r♦✜❧❡ ♦❢ 111m❈❞ ✐♠♣❧❛♥t❡❞ ✐♥ ❇❋❖ ✇✐t❤ ✸✵❦❡❱✳ ❙✐♠✉❧❛t✐♦♥s ❞♦♥❡ ✇✐t❤
t❤❡ ❙❘■▼ s♦❢t✇❛r❡ ♣❛❝❦❛❣❡✳❬✺✶❪

■♠♣❧❛♥t❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✉♥t✐❧ ❛♥ ❛♣♣r♦①✐♠❛t❡ ♥✉♠❜❡r ♦❢
1011 ❛t♦♠s ♣❡r sq✉❛r❡ ❝❡♥t✐♠❡tr❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✇❛s r❡❛❝❤❡❞✱ ❧❡❛❞✐♥❣ t♦ ❞✐✛❡r❡♥t
✐♠♣❧❛♥t❛t✐♦♥ ❞✉r❛t✐♦♥s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✐♦♥ ✢✉① ❛❝❤✐❡✈❡❞ ❜② t❤❡ t❛r❣❡t✳ ❚❤❡ ♥♦✇
❛❝t✐✈❡ s❛♠♣❧❡s ✇❡r❡ ❞✐r❡❝t❧② tr❛♥s❢❡rr❡❞ ✐♥t♦ t❤❡ ❢✉❧❧② ❞✐❣✐t❛❧ ✻✲❞❡t❡❝t♦r s♣❡❝tr♦♠❡✲
t❡r ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❙❙P ❣r♦✉♣ ❧❛❜♦r❛t♦r② ✇✐t❤✐♥ t❤❡ ■❙❖▲❉❊ ❢❛❝✐❧✐t②✳ ❚❤❡ s♦ ❝❛❧❧❡❞
❉■●■P❆❈ s❡t✉♣✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✹✭❛✮ ✉s❡s s✐① ▲❛❇r3✭❈❡✮ s❝✐♥t✐❧❧❛t♦rs ♠♦✉♥t❡❞
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♦♥ ❳P✷✵✷✵❯❘◗ ♣❤♦t♦♠✉❧t✐♣❧✐❡rs ✐♥ ❝✉❜❡ ❛rr❛♥❣❡♠❡♥t ❛♥❞ ✐s ❛❜❧❡ t♦ r❡❝♦r❞ t❤❡
❝♦✐♥❝✐❞❡♥❝❡ ❡✈❡♥ts ♦❢ ✸✵ ✐♥❞❡♣❡♥❞❡♥t ❞❡t❡❝t♦r ❝♦♠❜✐♥❛t✐♦♥s✳ ❚❤❡ ❞❛t❛ ✐s ❞✐r❡❝t❧②
❞✐❣✐t❛❧✐③❡❞✱ ❢❡❞ t♦ ❛ s♦❢t✇❛r❡ ♣r♦❣r❛♠ r✉♥♥✐♥❣ ♦♥ ❛ ♣❡rs♦♥❛❧ ❝♦♠♣✉t❡r ❛♥❞ t❤❡
❡♥❡r❣② s♣❡❝tr❛ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦✐♥❝✐❞❡♥❝❡ t✐♠❡ ❤✐st♦❣r❛♠s ❛r❡ ❝❛❧❝✉❧❛t❡❞✳❬✺✷❪
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❋✐❣✉r❡ ✸✳✹✿ ✭❛✮ ❚❤❡ ❉■●■P❆❈ s❡t✉♣✿ ❚❤❡ ❞❡t❡❝t♦r ❝✉❜❡ ✇✐t❤ t❤❡ ❢✉r♥❛❝❡ ✐♥ ✐ts
❝❡♥t❡r t♦ t❤❡ r✐❣❤t ❛♥❞ t❤❡ ❞✐❣✐t❛❧✐s❛t✐♦♥ ❛♥❞ ❝♦♠♣✉t✐♥❣ t♦✇❡r t♦ t❤❡
❧❡❢t✳ ✭❜✮ ❱✐❡✇ ♦❢ t❤❡ ❢✉r♥❛❝❡ ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞❡t❡❝t♦rs ❞✉r✐♥❣ ❛
♠❡❛s✉r❡♠❡♥t ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ✭t❤❡r♠❛❧ r❛❞✐❛t✐♦♥ ✈✐s✐❜❧❡✮

❲✐t❤ t❤❡ ✇❛t❡r ❝♦♦❧❡❞ ❢✉r♥❛❝❡ ♣❧❛❝❡❞ ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞❡t❡❝t♦rs✱ ❞❡♣✐❝t❡❞
✐♥ ❋✐❣✉r❡ ✸✳✹✭❜✮✱ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥ts ✉♣ t♦ 850◦❈ ✇❡r❡ ♣❡r❢♦r♠❡❞✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❢✉r♥❛❝❡ ✇❛s s✉♣♣❧✐❡❞ ✇✐t❤ t✇♦ ❉❡❧t❛ ❊❧❡❦tr♦♥✐❦❛ ❙▼✼✵✷✵ ♣♦✇❡r
s✉♣♣❧✐❡s✳ ❚❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧✐♥❣ ✇❛s ❞♦♥❡ ♠❛♥✉❛❧❧② t❤r♦✉❣❤ ✈♦❧t❛❣❡ ❛❞❥✉st♠❡♥ts
✐♥ ♦r❞❡r t♦ st❛❜✐❧✐③❡ t❤❡ t❡♠♣❡r❛t✉r❡ s✐❣♥❛❧ ❣✐✈❡♥ ❜② ❛ ◆✐❈r✲◆✐ t❤❡r♠♦❡❧❡♠❡♥t
✇❤✐❝❤ ✐s ❞✐r❡❝t❧② ♣❧❛❝❡❞ ✐♥s✐❞❡ t❤❡ ❢✉r♥❛❝❡✳ ❆❧❧ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞
✉♥❞❡r ❛✐r ❛t♠♦s♣❤❡r❡ ❛♥❞ ✇✐t❤♦✉t ♣r✐♦r ❛♥♥❡❛❧✐♥❣✳
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✸✳✹ ❳❘❉ ▼❡❛s✉r❡♠❡♥ts

❚❤❡ ♣♦✇❞❡r ❞✐✛r❛❝t♦❣r❛♠s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ ❛✐r ✉s✐♥❣ ❛ P❆◆❛❧②t✐❝❛❧ ❳✬P❡rt Pr♦
▼P❉ θ✲θ ❞✐✛r❛❝t♦♠❡t❡r ❡q✉✐♣♣❡❞ ✇✐t❤ ❛♥ ❆♥t♦♥ P❛❛r ❍❚❑ ✶✷✵✵ ❤✐❣❤ t❡♠♣❡r❛t✉r❡
❝❤❛♠❜❡r ❛♥❞ ❛♥ ❳✬❝❡❧❡r❛t♦r ✶✷✽ ❝❤❛♥♥❡❧ ❞❡t❡❝t♦r✳ ❆❧❧ ❳❘❉ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡
❝♦♥❞✉❝t❡❞ ❛t t❤❡ ❳✲❘❛② ❝❡♥t❡r ♦❢ t❤❡ ❱✐❡♥♥❛ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ✐♥ ❱✐❡♥♥❛✱
❆✉str✐❛✳ ❋♦r t❡♠♣❡r❛t✉r❡ ♣♦✐♥t ♠❡❛s✉r❡♠❡♥ts✱ ✐♥t❡♥s✐t② ❞❛t❛ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡
2θ❂20◦✲70◦ r❛♥❣❡ ✇✐t❤ ❛ s❝❛♥ ❧❡♥❣t❤ ♦❢ 2.122◦ ✇✐t❤ ✺✺✱✷ s ❡①♣♦s✉r❡ ♣❡r s❝❛♥ ❧❡♥❣t❤
r❡s✉❧t✐♥❣ ✐♥ ♦✈❡r❛❧❧ ♠❡❛s✉r❡♠❡♥t t✐♠❡s ♦❢ ❛❜♦✉t ✹✺ ♠✐♥✉t❡s✳ ❉❛t❛ ✇❡r❡ ❝♦♥✈❡rt❡❞
✐♥t♦ st❡♣ s✐③❡ ❜✐♥s ♦❢ 0, 0084◦✳ ❊✈❡r② st❡♣ ✇❛s ♠❡❛s✉r❡❞ ❢♦r ✺✺✱✷ s❡❝♦♥❞s ❧❡❛❞✐♥❣ t♦
❛♥ ♦✈❡r❛❧❧ ♠❡❛s✉r❡♠❡♥t t✐♠❡ ♦❢ ❛❜♦✉t ✹✺ ♠✐♥✉t❡s ❞✉❡ t♦ t❤❡ ❧✐♥❡ ❞❡t❡❝t♦r ✇✐t❤ ✶✷✽
❝❤❛♥♥❡❧s✳ ❚❤✐s ♠❡❛s✉r❡♠❡♥t r♦✉t✐♥❡ ✇❛s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ s❛♠♣❧❡s ♦✈❡r❛❧❧
♣❤❛s❡ ❝♦♠♣♦s✐t✐♦♥ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡ ♣♦✐♥ts ❛r♦✉♥❞ t❤❡ ♣r❡s✉♠❡❞ ❈✉r✐❡
t❡♠♣❡r❛t✉r❡✱ s✉❣❣❡st❡❞ ❜② t❤❡ P❆❈ ♠❡❛s✉r❡♠❡♥ts✳ ❙✇❡❡♣ ♠❡❛s✉r❡♠❡♥ts ❝♦✈❡r✐♥❣
t❤❡ ❛r❡❛ ❜❡t✇❡❡♥ 30◦ ❛♥❞ 35◦ ❛s ✇❡❧❧ ❛s ❜❡t✇❡❡♥ 38◦ ❛♥❞ 45◦ ✇❡r❡ ♣❡r❢♦r♠❡❞ t♦
❞❡t❡r♠✐♥❡ t❤❡ ❡①❛❝t ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ❙❛♠♣❧❡s ✇❡r❡ ❣r♦✉♥❞ ❛♥❞ t❤❡
♣♦✇❞❡r ✇❛s ♣❧❛❝❡❞ ♦♥ ♣❧❛t✐♥✉♠ s❛♠♣❧❡ ❤♦❧❞❡rs t♦ ❛✈♦✐❞ r❡❛❝t✐♦♥s ✇✐t❤ t②♣✐❝❛❧
s❛♠♣❧❡ ❤♦❧❞❡rs ❧✐❦❡ ♠♦♥♦❝r②st❛❧❧✐♥❡ s✐❧✐❝♦♥✳

✸✺

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✹ ❘❡s✉❧ts ❛♥❞ ❈♦♠♣❛r✐s♦♥

✹✳✶ ❙✐♠✉❧❛t✐♦♥ ❘❡s✉❧ts

❆s ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✱ ❝♦♥✢✐❝t✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❛❧♣❤❛✲❜❡t❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥
t❡♠♣❡r❛t✉r❡ ❤❛s ❜❡❡♥ ♣✉❜❧✐s❤❡❞ ❜② ✈❛r✐♦✉s ❣r♦✉♣s✳ ❙✐♥❝❡ ❡❛r❧✐❡r P❆❈ ♠❡❛s✉r❡✲
♠❡♥ts ♦❢ ♦✉r ❣r♦✉♣ ❢r♦♠ ❜❡❛♠t✐♠❡s ✐♥ ❆✉❣✉st ❛♥❞ ❖❝t♦❜❡r ✷✵✶✼ ❛s ✇❡❧❧ ❛s ❆♣r✐❧
✷✵✶✽ s❤♦✇❡❞ ✐♥t❡r❡st✐♥❣ r❡s✉❧ts ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ ❡①♣❡❝t❡❞ tr❛♥s✐t✐♦♥ t❡♠♣❡r✲
❛t✉r❡✱ ❛ ❝❧♦s❡r ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ s✉❣❣❡st❡❞ ✐ts❡❧❢✳ ❚❤❡ ❝r②st❛❧
str✉❝t✉r❡ ♦❢ t❤❡ ♣❡r♦✈s❦✐t❡ ❇❋❖ ♦✛❡rs t✇♦ ❞✐✛❡r❡♥t s✐t❡s ❢♦r t❤❡ ✐♠♣❧❛♥t❡❞ 111m❈❞
♣r♦❜❡ ❛t♦♠✱ ♥❛♠❡❧② t❤❡ ❆✲s✐t❡✱ s✉❜st✐t✉t✐♥❣ t❤❡ ❜✐s♠✉t❤ ♣♦s✐t✐♦♥ ❛♥❞ t❤❡ ❇✲s✐t❡✱
s✉❜s✐t✉t✐♥❣ ✐r♦♥✳ ❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ♠♦st ❢❛✈♦✉r❛❜❧❡ s✉❜st✐t✉t✐♦♥ s✐t❡ ❛s ✇❡❧❧ ❛s
t♦ s❡t ❜❡♥❝❤♠❛r❦s ❢♦r ✈❡r✐✜❝❛t✐♦♥ ♦❢ t❤❡ P❆❈ r❡s✉❧ts✱ ❞❡♥s✐t② ❢✉♥❝t✐♦♥❛❧ t❤❡♦r②
✭❉❋❚✮ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ❛t ❯♥✐✈❡rs✐t② ♦❢ ❆✈❡✐r♦✱ P♦rt✉❣❛❧✱ ✉s✐♥❣ t❤❡ ❱✐❡♥♥❛
❆❜ ■♥✐t✐♦ ❙✐♠✉❧❛t✐♦♥ P❛❝❦❛❣❡ ✭❱❆❙P✮❬✺✸❪ ♣r♦❣r❛♠✱ ✇❤✐❝❤ s✉♣♣♦rts ♠♦❞❡❧❧✐♥❣ ♦❢
❛t♦♠✐❝ ❛♥❞ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡s ♦❢ ♠❛tt❡r✳ ❚❤❡ ✉s❡❞ ❝❛❧❝✉❧❛t✐♦♥ t❡❝❤♥✐q✉❡ ✇❛s
t❤❡ ♣r♦❥❡❝t♦r ❛✉❣♠❡♥t❡❞ ✇❛✈❡ ♠❡t❤♦❞ ✇✐t❤ ❛ ❣❡♥❡r❛❧ ❣r❛❞✐❡♥t ❛♣♣r♦①✐♠❛t✐♦♥✳❬✺✹❪
❚❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❣r❛❞✐❡♥t VZZ ✱ t❤❡ ❛♥✐s♦tr♦♣② ♣❛r❛♠❡t❡r η ❛♥❞ t❤❡ ❢♦r♠❛t✐♦♥
❡♥❡r❣② ∆H ✇❡r❡ s✐♠✉❧❛t❡❞ ❢♦r ❈❛❞♠✐✉♠ s✉❜st✐t✉t✐♥❣ t❤❡ Bi✲✱ ❛s ✇❡❧❧ ❛s t❤❡ Fe
s✐t❡✳ ❲❡ ❝❛❧❝✉❧❛t❡ ❢♦r♠❛t✐♦♥ ❡♥❡r❣✐❡s ❢♦r ❜♦t❤ ❝❛s❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦r♠✉❧❛
∆H = Eimp − Epure − µCd + µFe/Bi ✇❤❡r❡Eimp ✐s t❤❡ ❡♥❡r❣② ♦❢ t❤❡ s✉♣❡r❝❡❧❧ ✇✐t❤
❈❞ ✐♠♣✉r✐t②✱ Epure ✐s t❤❡ ❡♥❡r❣② ♦❢ ❛♥ ❡q✉✐✈❛❧❡♥t s✉♣❡r❝❡❧❧ ♦❢ ♣✉r❡ ❇❋❖✱ ❛♥❞ µCd✱
µFe ❛♥❞ µBi ❛r❡ t❤❡ ❡♥❡r❣✐❡s ✭♣❡r ❛t♦♠✮ ♦❢ t❤❡ ❡❧❡♠❡♥t❛❧ s♦❧✐❞s ❤❝♣✲❈❞✱ r❤♦♠❜♦✲
❤❡❞r❛❧ ❇✐✱ ❛♥❞ ❢❡rr♦♠❛❣♥❡t✐❝ ❜❝❝✲❋❡✳ ❆❝❝♦r❞✐♥❣ t♦ t❤✐s ❡st✐♠❛t✐♦♥✱ ✐♥ α✲❇❋❖ t❤❡
❡♥❡r❣② ✐s ❧♦✇❡r ❢♦r ❈❞ s✉❜st✐t✉t✐♦♥ ❛t t❤❡ ❇✐ s✐t❡ ✐♥ ❋▼ ✭❆❋▼✮ ❝♦♥✜❣✉r❛t✐♦♥s ✇✐t❤
r❡s♣❡❝t t♦ s✉❜st✐t✉t✐♦♥ ❛t t❤❡ ❋❡ s✐t❡✱ ♠❛❦✐♥❣ ✐t t❤❡ ❧✐❦❡❧✐❡st ♣❧❛❝❡ ♦❢ s✉❜st✐t✉t✐♦♥✳
❚❤❡ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝② ω0 ✇❛s t❤❡♥ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❢♦r✲
♠✉❧❛s ✷✳✼ ❛♥❞ ✷✳✶✷ ✇✐t❤ t❤❡ s✐♠✉❧❛t❡❞ ✈❛❧✉❡s ♦❢ VZZ ✱ η ❛♥❞ Q = 0, 641(25)❜❛r♥❬✺✺❪✳
❊✈❡♥ t❤♦✉❣❤ ❇❋❖ ✐s ♣❛r❛♠❛❣♥❡t✐❝ ❛t ♦✉r ♠❡❛s✉r❡♠❡♥t t❡♠♣❡r❛t✉r❡s✱ t❤❡ ♣❛r❛♠✲
❛❣♥❡t✐❝ ♦r❞❡r ✐s ✈❡r② ❞✐✣❝✉❧t t♦ s✐♠✉❧❛t❡✳ ❆s ❛ ✇♦r❦❛r♦✉♥❞✱ ❛❧❧ s✐♠✉❧❛t✐♦♥s ✇❡r❡
❞♦♥❡ ❢♦r ❢❡rr♦♠❛❣♥❡t✐❝ ✭❋▼✮ ❛♥❞ ●✲t②♣❡ ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝ ✭❆❋▼✮ ♠❛❣♥❡t✐❝ s♣✐♥
♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❊❋●s ❞❡♣❡♥❞❡♥❝❡ ♦♥ ♠❛❣♥❡t✐❝ ♦r❞❡r✐♥❣ ✐♥ ❣❡♥❡r❛❧✳ ❙✐♠✉✲
❧❛t✐♦♥ r❡s✉❧ts ❛♥❞ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s ♦❢ ω0 ♦❢ t❤❡ α✲♣❤❛s❡✱ t❤❡ β✲♣❤❛s❡ ❛♥❞ ❛♥
❛❞❞✐t✐♦♥❛❧ t❡r♥❛r② ♣❤❛s❡✱ ❇✐2❋❡4❖9 ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡t❛✐❧❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✷✳✹✱ ❝❛♥ ❜❡
❢♦✉♥❞ ✐♥ t❛❜❧❡ ✹✳✶✳

✸✼
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❙②st❡♠ V DFT
zz [10

21V
m2 ] ηDFT ∆HDFT ❬❡❱❪ ωDFT

0 ❬▼r❛❞✴s❪

α✲❇❋❖ ✭❋▼ ✴ ❆❋▼✮
❈❞ ❅ ❇✐ ✺✳✼✷ ✴ ✺✳✸✼ ✵✴✵ ✽✳✹ ✴ ✷✳✻ ✽✵✳✸✲✽✻✳✽ ✴ ✼✺✳✹✲✽✶✳✺
❈❞ ❅ ❋❡ ✺✳✹✻ ✴ ✹✳✵✼ ✵✴✵ ✽✳✽ ✴ ✺✳✺ ✼✻✳✼✲✽✷✳✾ ✴ ✺✼✳✶✲✻✶✳✽

β✲❇❋❖ ✭❋▼ ✴ ❆❋▼✮
❈❞ ❅ ❇✐ ✲✼✳✺✶ ✴ ✲✻✳✽✽ ✵✳✸✾ ✴ ✵✳✷✻ ✹✳✷ ✴ ✶ ✶✵✺✳✹ ✲ ✶✶✸✳✾✼ ✴ ✾✻✳✺✼ ✲ ✶✵✹✳✹✶
❈❞ ❅ ❋❡ ✷✳✸✼ ✴ ✽✳✹✸ ✵✳✽✼ ✴ ✵✳✶✽ ✲ ✸✸✳✸ ✲ ✸✺✳✾ ✴ ✶✶✽✳✸✸ ✲ ✶✷✼✳✾✸

❇✐2❋❡4❖9 ✭❋▼✮
❈❞ ❅ ❇✐ ✾✳✾✾ ✵✳✶✷ ✲ ✶✹✵✳✷✷ ✲ ✶✺✶✳✻✶
❈❞ ❅ ❋❡ ✼✳✾✾ ✵✳✽✹ ✲ ✶✶✷✳✶✺ ✲ ✶✷✶✳✷✺

❚❛❜❧❡ ✹✳✶✿ ❙✐♠✉❧❛t❡❞ ✈❛❧✉❡s ♦❢ Vzz ❛♥❞ ∆H ❛s ✇❡❧❧ ❛s t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡ ♦❢ ω0✳
❚❤❡ r❛♥❣❡ ♦❢ t❤❡ r❡s✉❧ts ♦❢ ω0 ✐s ❝❛✉s❡❞ ❜② t❤❡ ✉♥❝❡rt❛✐♥✐t② ♦❢ Q✳

❆s t❤❡ r❡s✉❧ts ♦❢ t❤❡ α✲♣❤❛s❡ s❤♦✇✱ t❤❡ ❢♦r♠❛t✐♦♥ ❡♥❡r❣② ∆H ✐s ❧♦✇❡r ✐♥ ❜♦t❤ t❤❡
❋▼ ❛♥❞ t❤❡ ❆❋▼ ♦r❞❡r ✐♥ t❤❡ s✐♠✉❧❛t❡❞ s②st❡♠ ♦❢ ❈❛❞♠✐✉♠ s✉❜st✐t✉t✐♥❣ t❤❡ ❆✲
s✐t❡✳ ❚❤✉s ❛ ❈❞ s✉❜st✐t✉t✐♦♥ ♦♥ t❤❡ ❜✐s♠✉t❤ s✐t❡ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❡♥❡r❣❡t✐❝❛❧❧②
♠♦r❡ ❢❛✈♦✉r❛❜❧❡ t❤❛♥ ❛ s✉❜st✐t✉t✐♦♥ ♦♥ t❤❡ ✐r♦♥ s✐t❡✱ ✇❤✐❝❤ ✐s ❜❛❝❦❡❞ ❜② t❤❡ ✜♥❞✐♥❣s
♦❢ ●❡❜❤❛r❞t ❡t ❛❧✳❬✺✻❪✳

✹✳✷ ❊①♣❡r✐♠❡♥t❛❧ ❘❡s✉❧ts

✹✳✷✳✶ P❆❈ ❘❡s✉❧ts

❋✐❣✉r❡ ✹✳✶ s❤♦✇s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❘✭t✮ ❢✉♥❝t✐♦♥s ❛s ✇❡❧❧ ❛s ❋❛st ❋♦✉r✐❡r ❚r❛♥s✲
❢♦r♠❛t✐♦♥ ✭❋❋❚✮ ❞❛t❛ ✇✐t❤ ✜ts ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❇❋❖ s❛♠♣❧❡s ❛t ♠❡❛s✉r❡♠❡♥t
t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ 800◦❈ ❛♥❞ 850◦❈✳ ❚❤❡ ❋❋❚ ❛♥❛❧②s✐s ✐s ❛ ❤❡❧♣❢✉❧ t♦♦❧ t♦
✈✐s✉❛❧✐③❡ t❤❡ ❘✭t✮ ❢✉♥❝t✐♦♥ t❤r♦✉❣❤ t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝✐❡s ωn ❛♥❞ t❤❡✐r r❛t✐♦✳
❚❤❡ ❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r η ✭s❡❡ ❋✐❣✉r❡ ✷✳✶✮ ♦❢ t❤❡ ❝♦♥t❛✐♥✐♥❣
❊❋●s ✐s ❞✐r❡❝t❧② ✈✐s✐❜❧❡✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥s ✹✳✶ ❛♥❞ ✹✳✷✳✷✱ t❤❡ ❈❞ ♣r♦❜❡
✐♦♥ s✉❜st✐t✉t❡s t❤❡ ❇✐ s✐t❡ ✇✐t❤✐♥ t❤❡ ❇❋❖ s❛♠♣❧❡ ♠❛t❡r✐❛❧✱ ❧❡❛❞✐♥❣ t♦ s❡♥s✐t✐✈✐t②
t♦ ❝❤❛♥❣❡s ✐♥ ✐ts ♥❡❛r❡st s✉rr♦✉♥❞✐♥❣✱ ✇❤✐❝❤ ✐s s❡t ✉♣ ❜② ♦①②❣❡♥ ❛t♦♠s ❢♦r♠✐♥❣
❝♦♦r❞✐♥❛t✐♦♥ ♣♦❧②❤❡❞r❛ ❛r♦✉♥❞ t❤❡ ❇✐✭❈❞✮ ❛t♦♠✳ ❚❤❡ ❝❤❛♥❣❡ ❢r♦♠ ❛ s✐①❢♦❧❞ ❝♦♦r✲
❞✐♥❛t✐♦♥ ✐♥ t❤❡ α✲♣❤❛s❡ t♦ ❛♥ ❡✐❣❤t❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥ t❤❡ β✲♣❤❛s❡ r❡s✉❧ts ❢r♦♠ ❛
❝❤❛♥❣❡ ♦❢ t❤❡ ❇✐✲s✐t❡ s②♠♠❡tr②✳ ❚❤❡ ❇✐ ✐♦♥ ✐♥ t❤❡ α✲♣❤❛s❡ ✐s ❧♦❝❛t❡❞ ♦♥ ❛ t❤r❡❡❢♦❧❞
r♦t❛t✐♦♥ ❛①✐s s♦ s②♠♠❡tr✐❝ ❜② t❤r❡❡❢♦❧❞ r♦t❛t✐♦♥ ✭s✐t❡ s②♠♠❡tr② ✸✱ tr✐❣♦♥❛❧ ♣♦✐♥t
❣r♦✉♣✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ s✐t❡ s②♠♠❡tr② ♦❢ t❤❡ ❇✐ ♣♦s✐t✐♦♥ ✐♥ t❤❡ β✲♣❤❛s❡
✐s m✱ ✇❤✐❝❤ r❡❢❡rs t♦ ❛ ♠♦♥♦❝❧✐♥✐❝ ♣♦✐♥t ❣r♦✉♣✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡ ❇✐ ✐♦♥ ✐s ❧♦❝❛t❡❞
♦♥ ❛ ♠✐rr♦r r❡✢❡❝t✐♦♥ ♣❧❛♥❡ ❛♥❞ s♦ s②♠♠❡tr✐❝ ❜② ♠✐rr♦r r❡✢❡❝t✐♦♥✳ ❚❤✐s ❝❤❛♥❣❡
✐♥ s②♠♠❡tr② ✐s ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❛ ❝❤❛♥❣❡ ✐♥ ❛✈❡r❛❣❡ ❝♦♦r❞✐♥❛t✐♦♥ ❧❡♥❣t❤s ❢r♦♠
dBi−Oα

= 2, 42➴ ❬✺✼❪ t♦ dBi−Oβ
= 2, 64➴ ❬✷✺❪✱ ❜♦t❤ ✈✐s✐❜❧❡ ✐♥ t❤❡ P❆❈ r❡s✉❧ts ❛s

t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛♣t❡r ✇✐❧❧ ✐❧❧✉str❛t❡✳
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❋✐❣✉r❡ ✹✳✶✿ ❚❉P❆❈ s♣❡❝tr❛ ✇✐t❤ ✜tt✐♥❣ ❢✉♥❝t✐♦♥s ✐♥ r❡❞ ❛♥❞ ❋❋❚ s❤♦✇✐♥❣ t❤❡
♠❡❛s✉r❡❞ ❊❋●s
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❚❤❡ ✈✐s✉❛❧✐③❛t✐♦♥ ♦❢ t❤❡ s✐♥❣❧❡ ❊❋●s ✐♥ ❋✐❣✉r❡ ✹✳✶ ❛❧r❡❛❞② ❤✐♥ts t♦✇❛r❞s t❤❡
❝❤❛♥❣❡s ❤❛♣♣❡♥✐♥❣ ❞✉r✐♥❣ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ ❘✸❝ t♦ t❤❡ Pbnm ♣❤❛s❡
❛s ✐t s❤♦✇s ❛ ❝❧❡❛r ❛ss✐❣♥♠❡♥t ♦❢ ❊❋●✶ t♦ t❤❡ α✲♣❤❛s❡ ❛♥❞ ♦❢ ❊❋●✷ t♦ t❤❡ β✲
♣❤❛s❡✳ ❈❧❡❛r❧②✱ t❤❡ ❊❋●s s❤♦✇ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡✐r str❡♥❣t❤✱ ✈✐s✐❜❧❡ t❤r♦✉❣❤ t❤❡
q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝② ✭❝♦♠♣❛r❡ t♦ ❊q✉❛t✐♦♥ ✷✳✼✮ ❛♥❞ t❤❡✐r s②♠♠❡tr②
✭❊❋●✶ ✐s s②♠♠❡tr✐❝✱ ❊❋●✷ ✐s ❤✐❣❤❧② ✉♥s②♠♠❡tr✐❝✮✱ ✈✐s✐❜❧❡ ❜② t❤❡ tr❛♥s✐t✐♦♥ ❢r❡✲
q✉❡♥❝✐❡s r❛t✐♦ ❛s ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✳ ❚❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ✜tt✐♥❣ ❛♥❞
t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❊❋● ✇❡r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ●❋■❚✶✾ s♦❢t✲
✇❛r❡ ♣❛❝❦❛❣❡✱ ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ◆◆❋✐t s♦❢t✇❛r❡ ♣❛❝❦❛❣❡❬✹✶✱ ✺✽❪✳ ❍②♣❡r✜♥❡
♣❛r❛♠❡t❡rs ♦❢ ❛❧❧ ✜ts ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡ ✹✳✷✳
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800°C

❋✐❣✉r❡ ✹✳✷✿ ❚❤r❡❡ ❞✐st✐♥❝t✐✈❡ P❆❈ s♣❡❝tr❛ s❤♦✇✐♥❣ s✐♥❣❧❡ α✲♣❤❛s❡ ♦♥ t♦♣✱ t❤❡ ❞✐s✲
♦r❞❡r❡❞ r❛♥❣❡ ✇✐t❤ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ α ❛♥❞ β ❝♦♦r❞✐♥❛t✐♦♥ ✐♥ t❤❡ ♠✐❞✲
❞❧❡ ❛♥❞ ♣✉r❡ β✲♣❤❛s❡ ✐♥ t❤❡ ❜♦tt♦♠ s♣❡❝tr✉♠ ✇✐t❤ s♣❡❝✐✜❝ ❇✐✭❈❞✮✲❖
♣♦❧②❤❡❞r❛ ✇✐t❤ s②♠♠❡tr② ❡❧❡♠❡♥ts t♦ t❤❡ r✐❣❤t✳

❚❤❡ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❝♦♦r❞✐♥❛t✐♥❣ ♦①②❣❡♥ ❛t♦♠s ✐♥ t❤❡ s✉rr♦✉♥❞✐♥❣ ♦❢ t❤❡ ❈❞
♣r♦❜❡ ❛t♦♠ ✐♥ ❡✐❣❤t✲❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥ ✭β✲♣❤❛s❡✮ ❝❛✉s❡s ❛♥ ✐♥❝r❡❛s❡❞ q✉❛❞r✉♣♦❧❡
✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝② ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ s✐①✲❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥ t❤❡ α✲♣❤❛s❡ ❛s
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✳ ❯♣ t♦ ❛ ♠❡❛s✉r❡♠❡♥t t❡♠♣❡r❛t✉r❡ ♦❢ 804◦❈✱ ♦♥❧② t❤❡
❧♦✇❡r ❢r❡q✉❡♥❝② ❊❋● ✭ω0 ∼ 86 ▼r❛❞✴s✮ ✐s ♣r❡s❡♥t✳ ❈♦♠♣❛r❡❞ ✇✐t❤ t❤❡ s✐♠✉❧❛t✐♦♥
r❡s✉❧ts ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✹✳✶✱ ✇❡ ❛ss♦❝✐❛t❡ t❤✐s ✜❡❧❞ ❣r❛❞✐❡♥t ✭❊❋●✶✮ t♦ α✲❇❋❖ ✐♥
❢❡rr♦♠❛❣♥❡t✐❝ ♦r❞❡r ✇✐t❤ ❈❞❅❇✐✳ ❚❤❡ ♠❡❛s✉r❡❞ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r η ♠❛t❝❤❡s
t❤❡ s✐♠✉❧❛t❡❞ ✈❛❧✉❡ r❡❛s♦♥❛❜❧② ✇❡❧❧✳ ❆s ✐s ✈✐s✐❜❧❡ ♦♥ t❤❡ ❋❋❚ ♦❢ ❊❋●✶ ✐♥ ❋✐❣✉r❡
✹✳✶✱ t❤❡ ❧♦✇ ✈❛❧✉❡ ♦❢ η ❝❧♦s❡ t♦ ③❡r♦ ❧❡❛❞s t♦ ❛ ω1 : ω2 : ω3 r❛t✐♦ ♦❢ 1 : 2 : 3
✭❝♦♠♣❛r❡ t♦ ❋✐❣✉r❡ ✷✳✶✮✳ ❙t❛rt✐♥❣ ❛t 807◦❈✱ ❛❧s♦ t❤❡ ❤✐❣❤✲❢r❡q✉❡♥❝② ✜❡❧❞ ❣r❛❞✐❡♥t
✭ω0 ≈ 100✲120 ▼r❛❞✴s✮ ❛♣♣❡❛rs✳ ❚❤✐s ❊❋● ✐s ❧✐♥❦❡❞ t♦ β✲❇❋❖ ✐♥ ❢❡rr♦♠❛❣♥❡t✐❝
♦r❞❡r ✭❝♦♠♣❛r❡ ✇✐t❤ ❚❛❜❧❡ ✹✳✶✮✱ ❛❧s♦ ✇✐t❤ ❈❞❅❇✐✳ ❚❤❡ ♠✐s♠❛t❝❤ ♦❢ t❤❡ ♠❡❛s✉r❡❞
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❛♥❞ t❤❡ s✐♠✉❧❛t❡❞ ✈❛❧✉❡ ♦❢ η ✐s ❝♦♥s✐❞❡r❡❞ ❧❡ss ✐♠♣♦rt❛♥t t❤❛♥ t❤❡ ♠❛t❝❤✐♥❣ ✈❛❧✉❡s
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❋✐❣✉r❡ ✹✳✸✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝② ω0✳
❚❤❡ ❜❧✉❡ ❛r❡❛ s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡ r❡❞ ❛r❡❛
t❤❡ ♦rt❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛✲
t✐♦♥ ✐♥ ♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡ s②♠♠❡tr✐❝❛❧
❡rr♦r ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳
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]

Measurement Temperature [°C]

❋✐❣✉r❡ ✹✳✹✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r η✳ ❚❤❡ ❜❧✉❡
❛r❡❛ s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡ r❡❞ ❛r❡❛ t❤❡ ♦r✲
t❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥
♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡ s②♠♠❡tr✐❝❛❧ ❡rr♦r ✐s
s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳

❆s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✸✱ t❤❡ ω0✲✈❛❧✉❡s ♦❢ t❤❡ α✲♣❤❛s❡ ❛r❡ ♣r❛❝t✐❝❛❧❧② st❛❜❧❡ t❤r♦✉❣❤✲
♦✉t t❤❡ t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ q✉❛❞r✉♣♦❧❡ ❢r❡q✉❡♥❝② ♦❢
❊❋●✷ ✇❤✐❝❤ ✐s ❛ss✐❣♥❡❞ t♦ t❤❡ β✲♣❤❛s❡ s❤♦✇s ❛ ❞❡❝r❡❛s❡ ❢r♦♠ ω0 = 123.67 ▼r❛❞✴s
❛t 818◦❈ t♦ ω0 = 110.05 ▼r❛❞✴s ❛t 822◦❈✳ ❚❤✐s ❝❛♥ ❛❧s♦ ❜❡ s❡❡♥ ✐♥ t❤❡ ❋❋❚
❢✉♥❝t✐♦♥s ✐♥ ❋✐❣✉r❡ ✹✳✶ ❛s ❊❋●✷ ❝❧❡❛r❧② ❝❤❛♥❣❡s ❜❡t✇❡❡♥ 818◦❈ ❛♥❞ 822◦❈✳ ❚❤✐s
♣r♦♠✐♥❡♥t ❢❡❛t✉r❡ ✐s t❤❡ ✐♥❞✐❝❛t✐♦♥ ❢♦r t❤❡ ❡✈❡♥t ♦❢ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥✳ ❚❤❡
❞✐s❝♦r❞❛♥t ✈❛❧✉❡s ♦❢ ω0 ♦❢ ❊❋●✷ r✐❣❤t ❜❡❢♦r❡ t❤❛t ❞❡❝r❡❛s❡ ✐♥❞✐❝❛t❡ t❤❡ ❢♦❧❧♦✇✐♥❣✿
❲✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ ❛♣♣r♦❛❝❤✐♥❣ ♦❢ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r✲
❛t✉r❡✱ ❧♦❝❛❧ ❝♦♦r❞✐♥❛t✐♦♥ ❞✐s♦r❞❡r✐♥❣ ♦❢ t❤❡ ❇✐✲s✐t❡✱ ✇❤✐❝❤ ❜❡❧♦✇ 820◦❈ ✐s st✐❧❧ ✐♥
✐ts s✐①❢♦❧❞ α✲♣❤❛s❡ ❝♦♦r❞✐♥❛t✐♦♥✱ ❛♣♣❡❛rs✳ ❚❤✐s ♠❡❛♥s t❤❛t ❛ ♣s❡✉❞♦ m✲s②♠♠❡tr②
❝♦♦r❞✐♥❛t✐♦♥✱ ✇❤✐❝❤ ❛❝t✉❛❧❧② ❜❡❧♦♥❣s t♦ t❤❡ ♥♦t ②❡t ❡①✐st✐♥❣ β✲♣❤❛s❡✱ st❛rts t♦
❛♣♣❡❛r ♦♥ t❤❡ ✸ ✲s②♠♠❡tr② s✐t❡ ♦❢ t❤❡ ❇✐ ✐♦♥✳ ❚❤✐s ✉♥❦♥♦✇♥ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛✲
t✐♦♥ ❞✐st♦rts t❤❡ ❊❋● ❛♥❞ ❧❡❛❞s t♦ t❤❡ ❤✐❣❤ ✈❛❧✉❡s ♦❢ ω0✳ ❚❤❡ s❡❝♦♥❞ ♣❛r❛♠❡t❡r
t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ t❤❡ α✲ ❛♥❞ t❤❡ β✲♣❤❛s❡s ✐s t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r η✳
❆s ❝❧❡❛r❧② s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✱ t❤❡ α✲♣❤❛s❡ ❛♣♣❡❛rs ✐♥ ❛ r❛t❤❡r s②♠♠❡tr✐❝ s❡tt✐♥❣
✭ηα ∼ 0.1✮ ❝♦♠♣❛r❡❞ t♦ t❤❡ β✲♣❤❛s❡ ✭ηβ ∼ 0.9✮✳ ❖♥❡ s❤♦✉❧❞ ♥♦t❡ t❤❛t t❤❡r❡ ✐s ❛❧s♦
❛ s❧✐❣❤t ❝❤❛♥❣❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r ✐♥ ❊❋●✷ ❜❡t✇❡❡♥ 814◦❈ ❛♥❞ 822◦❈
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❛s t❤❡ ✈❛❧✉❡ ❞r♦♣s ❢r♦♠ η814 = 0.996 t♦ η822 = 0.828✳ ❚❤✐s ❞②♥❛♠✐❝ ✐s ❧✐♥❦❡❞ t♦
t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞✐s♦r❞❡r✐♥❣ ✇❤✐❝❤ ✇❛s ❞❡s❝r✐❜❡❞ ❜❡❢♦r❡✳ ❚❤❡ s✉rr♦✉♥❞✐♥❣ ♦❢ t❤❡
♣r♦❜❡ ❛t♦♠ t❤✉s ❡①♣❡r✐❡♥❝❡s ❛ ♥♦t✐❝❡❛❜❧❡ str✉❝t✉r❛❧ ❝❤❛♥❣❡ ✐♥ t❤✐s t❡♠♣❡r❛t✉r❡
r❡❣✐♦♥✳ ❆♥ ✐♥❞✐❝❛t✐♦♥ ❢♦r t❤✐s ❞②♥❛♠✐❝ ❛r❡ ❛❧s♦ t❤❡ s❧✐❣❤t❧② ✐♥❝r❡❛s✐♥❣ ✈❛❧✉❡s ♦❢
❞❛♠♣✐♥❣ δ ✐♥ t❤❡ β✲❊❋● ❜❡t✇❡❡♥ 807◦❈ ❛♥❞ 818◦❈ ✭❋✐❣✉r❡ ✹✳✺✮✱ ❛s ✇✐t❤ t❤❡ ✐♥✲
❝r❡❛s✐♥❣ ♥✉♠❜❡r ♦❢ ❞✐s♦r❞❡r❡❞ ❇✐✲❝♦♦r❞✐♥❛t✐♦♥ s✐t❡s t❤❡ ❊❋● ❞✐str✐❜✉t✐♦♥ ✇✐❞t❤
❜r♦❛❞❡♥s✳ ❆ ♥❡❛r❧② ❧✐♥❡❛r ❞❡❝r❡❛s❡ ♦❢ t❤❡ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡
β✲❊❋● ✐s ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡ ✹✳✸ st❛rt✐♥❣ ❢r♦♠ 822◦❈✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ❝❛♥ ❜❡ ❧✐♥❦❡❞
t♦ t❤❡ t❡♠♣❡r❛t✉r❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ✉♥✐t ❝❡❧❧✱ ✇❤✐❝❤ ✐s ❛❧s♦ s❡❡♥ ✐♥ t❤❡ ❳❘❉ r❡✲
s✉❧ts ✐♥ ❋✐❣✉r❡ ✹✳✽✳ ❚❤❡ ❞❛♠♣✐♥❣ δ✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✺✱ ✐s ❣❡♥❡r❛❧❧② ❧♦✇ ❛t ❛❧❧
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Measurement Temperature [°C]

❋✐❣✉r❡ ✹✳✺✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❞❛♠♣✐♥❣ ♣❛r❛♠❡t❡r δ✳ ❚❤❡ ❜❧✉❡
❛r❡❛ s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡ r❡❞ ❛r❡❛ t❤❡ ♦r✲
t❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥
♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡ s②♠♠❡tr✐❝❛❧ ❡rr♦r ✐s
s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳

♠❡❛s✉r❡♠❡♥ts✱ ✐♥❞✐❝❛t✐♥❣ ❛ r❛t❤❡r ♥❛rr♦✇ ❊❋● ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤✉s ❛❧❧♦✇s ❛♥
❛❝❝✉r❛t❡ ❛♥❛❧②s✐s✳ ■t ❛❧s♦ s❤♦✇s t❤❛t t❤❡ ❝❤❛♥❣❡ ✐♥ ❊❋● ❞✉❡ t♦ ✢✉❝t✉❛t✐♦♥s ✐s ❧♦✇✳
❚❤✉s✱ t❤❡ ❝r②st❛❧ str✉❝t✉r❡ ✐ts❡❧❢ ❝❤❛♥❣❡s ❧✐❦❡❧② ❞✉❡ t♦ ❧♦♥❣❡r r❛♥❣❡ ✐♥t❡r❛❝t✐♦♥s✳
❚❤❡ ❞✐s♦r❞❡r✐♥❣ ♦❢ t❤❡ ❇✐✲s✐t❡s ❛♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛♥❣❡s ✐♥ ❝♦♦r❞✐♥❛t✐♦♥ ❛r❡ ❛♥
✐♥❞❡♣❡♥❞❡♥t ❡✛❡❝t✱ ✇❤✐❝❤ ❛r❡ ♦♥❧② ✈✐s✐❜❧❡ ❧♦❝❛❧❧②✳ ❚❤❡ ✈✐s✐❜❧❡ ❝❤❛♥❣❡s ✐♥ ❞❛♠♣✐♥❣
δ✱ ❡✈❡♥ t❤♦✉❣❤ t❤❡② ❛r❡ s♠❛❧❧✱ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ♠❡❛♥✐♥❣✳ ❊❋●✶ ❜② ❝♦♠♣❛r✐s♦♥
s❤♦✇s ❛ ♣❡❛❦ ✐♥ ❞❛♠♣✐♥❣ ❛t t❤❡ 804◦❈ t❡♠♣❡r❛t✉r❡ ♣♦✐♥t✳ ❚❤✐s ❢❡❛t✉r❡ ✐♥❞✐❝❛t❡s
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t❤❡ ❡♠❡r❣❡♥❝❡ ♦❢ t❤❡ β✲♣❤❛s❡ ❊❋●✱ ❝❛✉s❡❞ ❜② t❤❡ ♠❡♥t✐♦♥❡❞ ♣s❡✉❞♦ m✲s②♠♠❡tr②
❝♦♦r❞✐♥❛t✐♦♥s✱ ✇❤✐❝❤ ✐s ❛❧r❡❛❞② ♣r❡s❡♥t ❛t t❤❡ ♥❡①t ♠❡❛s✉r❡♠❡♥t ♣♦✐♥t ❛t 807◦❈✳
❚❤❡ ✐♥❝r❡❛s✐♥❣ δ✲✈❛❧✉❡ ❜❡t✇❡❡♥ 807◦❈ ❛♥❞ 818◦❈ ✐♥ ❊❋●✷ ✇❛s ❛❧r❡❛❞② ❛❞❞r❡ss❡❞
❜❡❢♦r❡✳ ❆t 822◦❈✱ t❤❡ ❞❛♠♣✐♥❣ ❛❣❛✐♥ ❞r♦♣s t♦ ❛ ✈❛❧✉❡ ♦❢ δ822◦C = 0, 68(27)%✳ ❚❤✐s
✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ✐s ❝♦♠♣❧❡t❡❞✳ ❋r♦♠ ♥♦✇ ♦♥ t❤❡ ❇✐ ✐♦♥ s✐ts ♦♥
t❤❡ ♠❡♥t✐♦♥❡❞ s✐t❡ ✇✐t❤ m✲s②♠♠❡tr② ✐♥ ❛♥ ❡✐❣❤t❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥✳ ❊❋●✶ ❡①✐sts
✉♣ t♦ ❛ t❡♠♣❡r❛t✉r❡ ♦❢ 826◦❈✱ ✇❤❡r❡ t❤❡ ❧❛st r❡♠❛✐♥✐♥❣ ♣s❡✉❞♦ ❝♦♦r❞✐♥❛t✐♦♥s ✇✐t❤
✸ ✲s②♠♠❡tr② ✈❛♥✐s❤✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✱ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❊❋●✷ ✐s ✐♥❝r❡❛s✲
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Measurement Temperature [°C]

❋✐❣✉r❡ ✹✳✻✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❢r❛❝t✐♦♥ f ✳ ❚❤❡ ❜❧✉❡ ❛r❡❛
s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡ r❡❞ ❛r❡❛ t❤❡ ♦r✲
t❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛t✐♦♥
✐♥ ♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡ s②♠♠❡tr✐❝❛❧ ❡rr♦r
✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳

✐♥❣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡ ✇❤✐❧❡ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❊❋●✶ ❞❡❝r❡❛s❡s✳ ❚❤✐s✱ ♦♥❝❡
❛❣❛✐♥✱ ✉♥❞❡r❧✐♥❡s t❤❡ ❞②♥❛♠✐❝ ♦❢ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ❝❤❛♥❣❡ ❛s t❤❡ 111m❈❞ ♣r♦❜❡ ✐♦♥
❢♦r❡❝❛sts t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥✳
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✹✳✷✳✷ Pr♦❜❡ s✐t❡ ❛ss✐❣♥♠❡♥t

❙✐t❡ ❛ss✐❣♥♠❡♥t ❢♦r tr❛❝❡r ✐♦♥s ✐s s♦♠❡t✐♠❡s ❛ ❞✐✣❝✉❧t t❛st✳ ❍❡r❡✱ ✇❡ ❝♦❧❧❡❝t ❛r❣✉✲
♠❡♥ts ❢♦r ❆ ♦r ❇✲s✐t❡ s✉❜st✐t✉t✐♦♥✳ ❉❋❚ s✐♠✉❧❛t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ ♦♥❧② str✐❝t❧② ✈❛❧✐❞
❛t ❛ t❡♠♣❡r❛t✉r❡ ♦❢ ✵❑✱ ♠✐❣❤t t♦ s♦♠❡ ❡①t❡♥t ❜❡ ✉♥❝❡rt❛✐♥ ❛t ♦✉r ♠❡❛s✉r❡♠❡♥t
t❡♠♣❡r❛t✉r❡s✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✐♦♥✐❝ r❛❞✐✐ ♦❢ t❤❡ ✐♥✈♦❧✈❡❞ ❡❧❡♠❡♥ts str♦♥❣❧②
s✉❣❣❡sts ❛ s✉❜st✐t✉t✐♦♥ ♦❢ t❤❡ ❇✐ s✐t❡ t❤r♦✉❣❤ t❤❡ ❈❞ ✐♦♥✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦✲
♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ✭❈◆✮✱ t❤❡ ✐♦♥✐❝ r❛❞✐✐ ♦❢ ❛❧❧ ✐♦♥s ✈❛r② ❛s s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡
✹✳✸✳ ❇✐ ❛s ✇❡❧❧ ❛s t❤❡ ❋❡ ❝❛t✐♦♥s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ✐♥ ❛♥ s✐①✲❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥
✐♥ t❤❡ α✲♣❤❛s❡✱ ✇✐t❤ t❤❡✐r ❡✛❡❝t✐✈❡ ✐♦♥✐❝ r❛❞✐✐ ♦❢ ✶✳✵✷➴ ❛♥❞ ✵✳✺✺➴ ✭❧♦✇ s♣✐♥✮ ✴
✵✳✻✹✺➴ ✭❤✐❣❤ s♣✐♥✮ r❡s♣❡❝t✐✈❡❧②✱ ❛❧s♦ t❤❡ ✈❛❧✉❡ ♦❢ ❛ s✐①✲❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥ ♦❢ ❈❞2+

✇❛s t❛❦❡♥ ❢♦r ❝♦♠♣❛r✐s♦♥✳ ❚❤❡ s✐①✲❢♦❧❞ ❡✛❡❝t✐✈❡ ✐♦♥ r❛❞✐✉s ♦❢ ❈❞ ✇✐t❤ ✵✳✾✺➴ ✐s
♠✉❝❤ ❝❧♦s❡r t♦ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ❇✐ ✐♦♥ t❤❛♥ t♦ t❤❡ ❋❡ ✐♦♥✱ ✇❤✐❝❤ ✐s t❤❡ ♠♦st
✐♠♣♦rt❛♥t ✐♥❞✐❝❛t✐♦♥ ❢♦r t❤❡ s✉❜st✐t✉t✐♦♥ ❛t t❤❡ ❆✲s✐t❡❬✻✵❪✳ ❆ s✉❜st✐t✉t✐♦♥ ♦❢ t❤❡
❋❡✲❝❛t✐♦♥ ✇♦✉❧❞ ♥❡❝❡ss❛r✐❧② ❧❡❛❞ t♦ ❛ s✐❣♥✐✜❝❛♥t ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ✉♥✐t ❝❡❧❧✱ ♣♦ss✐✲
❜❧② ❢♦❧❧♦✇❡❞ ❜② ❛♥ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r ❞✐✛❡r❡♥t ❢r♦♠ ③❡r♦✳ ❆ ❝♦✉♥t❡r❛r❣✉♠❡♥t
✇♦✉❧❞ ❜❡ t❤❛t ❢❡rr♦❡❧❡❝tr✐❝✐t② ✐♥ ❇✐❋❡❖3 ✐s ♠❛✐♥❧② ❞✉❡ t♦ t❤❡ ❧♦♥❡ ♣❛✐r ♣♦❧❛r✐③❛t✐♦♥
♦❢ t❤❡ ❇✐ ✐♦♥✳ ❚❤✉s✱ ❈❞ s✉❜st✐t✉t✐♥❣ ❇✐ ♠✉st ❡①♣❡r✐❡♥❝❡ t❤❡ ❧♦❝❛❧ ❡✛❡❝t ♦❢ ❝❤❛♥❣❡s
✐♥ ♣♦❧❛r✐③❛t✐♦♥ ✐♥ ✐ts ✜❡❧❞ ❣r❛❞✐❡♥t✳ ❙♦✱ t❤❡ ❊❋● s❤♦✉❧❞ ❝❤❛♥❣❡ ❛❧s♦ ❜❡❢♦r❡ t❤❡
❝✉r✐❡ ♣♦✐♥t ✐ts❡❧❢ ✭α t♦ β ♣❤❛s❡ tr❛♥s✐t✐♦♥✮ ✐s r❡❛❝❤❡❞✳ ▲❛♥❞❛✉ t❤❡♦r② ♣r❡❞✐❝ts ❛
♠♦❞❡r❛t❡ ❝❤❛♥❣❡ ♦❢ t❤❡ ♦r❞❡r ♣❛r❛♠❡t❡r ❥✉st ❜❡♥❡❛t❤ s✉❝❤ ❛ str♦♥❣ ✜rst ♦r❞❡r
♣❤❛s❡ tr❛♥s✐t✐♦♥✳❬✻✶❪ ❙♦ ✉♥❧✐❦❡ ✐♥ s❡❝♦♥❞ ♦r❞❡r ♣❤❛s❡ tr❛♥s✐t✐♦♥s✱ ✇❤❡r❡ ❛ ❧❛r❣❡
❝❤❛♥❣❡ ✐♥ Vzz ✇♦✉❧❞ ❤❛✈❡ t♦ ♣r❡❝❡❞❡ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥✱ t❤❡ ❥✉♠♣ ✐♥ ♦r❞❡r ♣❛✲
r❛♠❡t❡r ❛t t❤❡ ✜rst ♦r❞❡r ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ❛❧❧♦✇s ❢♦r ♦♥❧② ♠♦❞❡r❛t❡
❝❤❛♥❣❡s ❥✉st ❜❡♥❡❛t❤ Tc✳ ❚❤✉s✱ ✇❡ ♦❜s❡r✈❡ ♣r❛❝t✐❝❛❧❧② ♥♦ ❝❤❛♥❣❡ ✐♥ Vzz ❜❡♥❡❛t❤
t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛ss✐❣♥ t❤✐s t♦ t❤❡ ✈❡r② ❧✐♠✐t❡❞ t❡♠♣❡r❛t✉r❡
r❛♥❣❡ ✇❡ ✐♥✈❡st✐❣❛t❡✳ ■♥ t❤✐s r❛♥❣❡ ♥♦ ❝❤❛♥❣❡ ✐s ✇✐t❤✐♥ t❤❡ ❡rr♦r ❜❛r ♦❢ ❛♥❛❧②s✐s
✇✐t❤ ❛ ✧♠♦❞❡r❛t❡✧ ❝❤❛♥❣❡ ✇❤✐❝❤ ✇♦✉❧❞ ❜❡ ❛ ❢❡✇ ♣❡r❝❡♥t ♦♥❧② ❛s ✇❡ ❦♥♦✇ ❢r♦♠
♦t❤❡r ❞❛t❛ ♦♥ ❇✐❋❡❖3✳ ❚❤❡ 111m❈❞ ♣r♦❜❡ s✐t❡ s✉❜st✐t✉t✐♦♥ ✇❛s ❛❧s♦ ❛ ♣♦✐♥t ♦❢
❞✐s❝✉ss✐♦♥ ✐♥ r❛r❡✲❡❛rt❤ ♦rt❤♦❝❤r♦♠✐t❡ ❝❡r❛♠✐❝s✳ ❈♦♠♣❛r✐s♦♥s ✇✐t❤ 111■♥✭111❈❞✮
P❆❈ ♠❡❛s✉r❡♠❡♥ts ❞♦♥❡ ♦♥ r❛r❡✲❡❛rt❤ ♦rt❤♦❢❡rr✐t❡s ❧❡❛❞ t♦ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t
✐♥ t❤❡ ♣❛rt✐❝✉❧❛r ❝❛s❡ ♦❢ ❙♠❈r❖3 t❤❡ 111m❈❞ ♣r♦❜❡ ❛❧s♦ ♦❝❝✉♣✐❡s t❤❡ ❆✲s✐t❡✳❬✻✷❪
❚❤❡ 111■♥✭111❈❞✮ ♣r♦❜❡ ✉s❡❞ t♦ ❡①❛♠✐♥❡ t❤❡ r❛r❡ ❡❛rt❤ ♦rt❤♦❢❡rr✐t❡s ✭❘❋❡❖3✱ ❘❊❖✮
♦❝❝✉♣✐❡s ❜♦t❤ s✐t❡s✱ ❧❡❛❞✐♥❣ t♦ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ❊❋● ❞❡s❝r✐❜✐♥❣ t❤❡ ❋❡✲♦❝❝✉♣❛♥❝②
❛♥❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ❊❋● ❞❡s❝r✐❜✐♥❣ t❤❡ ❘✲♦❝❝✉♣❛♥❝②✳❬✻✸❪ ❆s s❡❡♥ ✐♥ ❚❛❜❧❡ ✹✳✸✱
111■♥ t❤♦✉❣❤ ❤❛s ❛ ✇❛② s♠❛❧❧❡r ✐♦♥✐❝ r❛❞✐✉s ✭✵✳✼✾➴ ✐♥ s✐①❢♦❧❞ ❝♦♦r❞✐♥❛t✐♦♥✮ t❤❛♥
111m❈❞✱ ✇❤✐❝❤ ♣♦ss✐❜❧② ❧❡❛❞s t♦ ❛♥ ♦❝❝✉♣❛t✐♦♥ ♦❢ ❜♦t❤ s✐t❡s✳ ❘❡❛r✐❝❦ ❡t ❛❧✳❬✻✸❪ ❛❧s♦
♠❡♥t✐♦♥ t❤❛t t❤❡ 111■♥ ♣r♦❜❡ ♣r✐♠❛r✐❧② s✉❜st✐t✉t❡s ✐♥t♦ t❤❡ r❛r❡ ❡❛rt❤ s✐t❡s ✐♥ t❤❡
❤❡❛✈✐❡r ❘❊❖s✳ ❚❤♦✉❣❤ ❜✐s♠✉t❤ ✐s ♥♦t ❛ r❛r❡ ❡❛rt❤ ❡❧❡♠❡♥t✱ ❛♥ ❆✲s✐t❡ ♦❝❝✉♣❛✲
t✐♦♥ ✐s ✐s ♠♦r❡ ❧✐❦❡❧② ❛s ❇✐ ✐s ❛ ❤❡❛✈✐❡r ❡❧❡♠❡♥t t❤❛♥ ❛❧❧ t❤❡ r❛r❡ ❡❛rt❤ ❡❧❡♠❡♥ts✳
❋✉rt❤❡r ❧✐t❡r❛t✉r❡ ❛✣r♠✐♥❣ t❤❡ ❆✲s✐t❡ s✉❜st✐t✉t✐♦♥ ❛r❡ t❤❡ ✇♦r❦s ♦❢ ❇❡❧❧❛❦❦✐✱❬✻✹❪
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❈◆
■♦♥

❈❞2+ ❇✐3+ ❋❡3+ ■♥3+ ▼♥3+

■❱ ✵✳✽✹ ✲ ✵✳✹✾ ✲ ✲

❱ ✵✳✽✼ ✵✳✾✾ ✲ ✲ ✵✳✺✽

❱■ ✵✳✾✺ ✶✳✵✷
✵✳✺✺ ✭▲❙✮

✵✳✼✾
✵✳✺✽ ✭▲❙✮

✵✳✻✹✺ ✭❍❙✮ ✵✳✻✺ ✭❍❙✮

❱■■ ✶ ✲ ✲

❱■■■ ✶✳✵✼ ✶✳✶✶ ✲ ✵✳✾✷✸ ✲

❳■■ ✶✳✸✶ ✲ ✲

❚❛❜❧❡ ✹✳✸✿ ❊✛❡❝t✐✈❡ ✐♦♥ r❛❞✐✐ ♦❢ ❈❞2+✱ ❇✐3+ ❛♥❞ ❋❡3+ ✐♦♥s ✐♥ ➴ ❢♦r ❞✐✛❡r❡♥t ❝♦♦r✲
❞✐♥❛t✐♦♥ ♥✉♠❜❡rs ❈◆✳❬✻✵❪

✇❤✐❝❤ ❛❞❞r❡ss❡s ❈❞✲❞♦♣❡❞ ❇❋❖ ❛♥❞ ■s❤❛q ❡t ❛❧✳❬✻✺❪✱ ✇❤✐❝❤ tr❡❛ts ❈❞✲▼♥ ❞♦♣❡❞
❇❋❖✳ ❇❡❧❧❛❦❦✐ st❛t❡s t❤❛t ❈❞ s✉❜st✐t✉t❡s ♦♥❧② t❤❡ ❇✐ ❝❛t✐♦♥✳ ■s❤❛q ❡t ❛❧✳ ❞❡s❝r✐❜❡
t❤❛t ❈❞ s✉❜st✐t✉t❡s t❤❡ ❇✐ s✐t❡ ✇❤❡r❡❛s ▼♥ s✉❜st✐t✉t❡s t❤❡ ❋❡ s✐t❡✳ ❘❡❝♦♥s✐❞❡r✐♥❣
t❤❡ ✐♦♥✐❝ r❛❞✐✐ ♦❢ ❈❞ ❛♥❞ ▼♥ ✭❚❛❜❧❡ ✹✳✸✮ t❤✐s ✐s ❡①♣❡❝t❡❞ ❛s t❤❡ ▼♥ ✈❛❧✉❡ ✐s s✐❣♥✐❢✲
✐❝❛♥t❧② ❝❧♦s❡r t♦ t❤❡ ♦♥❡ ♦❢ ❋❡ ✇❤❡r❡❛s t❤❡ ✐♦♥✐❝ r❛❞✐✉s ♦❢ ❈❞ ✐s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡
♦❢ ❇✐✳ ❙❛t♦ ❡t ❛❧✳ ❛❧s♦ ❞❡s❝r✐❜❡ 111m❈❞ ❛s s✉❜st✐t✉t✐♥❣ t❤❡ ❘ ❛♥❞ ❆✲s✐t❡s ✐♥ ❞♦♣❡❞
♣❡r♦✈s❦✐t❡ ♠❛♥❣❛♥❡s❡ ♦①✐❞❡s ✭❘1−x❆x▼♥❖3✮✳❬✻✻❪ ❆s ✐♥ ♦✉r ✇♦r❦ ♦♥❧② ♦♥❡ ❊❋● ✐s
❛ss✐❣♥❡❞ t♦ t❤❡ α✲♣❤❛s❡✱ ❛ ❞✐st✐♥❝t✐♦♥ ✐s ♠♦r❡ ❞✐✣❝✉❧t ❜✉t ✇❛s st✐❧❧ ❞♦♥❡ ✐♥ ❢❛✈♦✉r
♦❢ t❤❡ ❆✲s✐t❡ ❝♦♥❝❡r♥✐♥❣ ♦t❤❡r ❧✐t❡r❛t✉r❡✱ ❉❋❚ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛s ✇❡❧❧ ❛s ❜❛s❡❞
♦♥ ✐♦♥✐❝ r❛❞✐✐✳ ❆❧s♦✱ ❛s t❤❡ r❡s✉❧ts s✉❣❣❡st✱ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ❛t♦♠
❡①♣❡r✐❡♥❝❡s ♠❛ss✐✈❡ ❝❤❛♥❣❡s✳ ❆s t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♦❢ t❤❡ ❋❡ ❛t♦♠s st❛②s r❛t❤❡r ✉♥✲
❝❤❛♥❣❡❞✱ ❛ s✉❜st✐t✉t✐♦♥ ♦❢ ❋❡ ❜② ❈❞ s❡❡♠s ✈❡r② ✉♥❧✐❦❡❧②✳ ■♥ s✉♠♠❛r②✱ s✉❜st✐t✉t✐♦♥
♦❢ ❇✐ ❜② 111m❈❞ ♦♥ t❤❡ ❆✲s✐t❡ ✐s ✇❤❛t ✇❡ ❝♦♥❝❧✉❞❡ ❢r♦♠ t❤❡s❡ ❛r❣✉♠❡♥ts✳

✹✼

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✹✳✷✳✸ ❳❘❉ ❘❡s✉❧ts

P♦✐♥t ▼❡❛s✉r❡♠❡♥ts

❋✐❣✉r❡ ✹✳✼ s❤♦✇s ❳❘❉ ♣❛tt❡r♥s ♦❢ ❇❋❖✱ ♠❡❛s✉r❡❞ ❛t t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ 800◦❈
❛♥❞ 830◦❈ ❛s ✇❡❧❧ ❛s ❳❘❉ ♣❛tt❡r♥s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❝r②st❛❧❧♦❣r❛♣❤✐❝ ✐♥❢♦r♠❛t✐♦♥
✜❧❡s ✭❈■❋s✮ ❢♦r α✲❇❋❖ ✐♥ R3c ❛♥❞ β✲❇❋❖ ✐♥ Pbnm s❡tt✐♥❣✳ ❚❤❡ str✉❝t✉r❛❧ ❞❛t❛
❣✐✈❡♥ ✐♥ t❤❡ ❈■❋ ✇❡r❡ ❛❧s♦ ✉s❡❞ ❢♦r t❤❡ s✐♠✉❧❛t✐♦♥s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✹✳✶✳ ❚❤✐s
❣✐✈❡s ❛ ✜rst ✐♠♣r❡ss✐♦♥ ♦❢ t❤❡ ❛❣r❡❡♠❡♥t ♦❢ t❤❡ r❡s✉❧ts ♦❢ P❆❈ ❛♥❞ ❳❘❉ ♠❡❛s✉r❡✲
♠❡♥ts✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✱ t❤❡ ❝❛❧❝✉❧❛t❡❞ ❞✐✛r❛❝t♦❣r❛♠ ❢♦r t❤❡ α✲♣❤❛s❡
❝♦✐♥❝✐❞❡s ♣❡r❢❡❝t❧② ✇✐t❤ t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ✉♣ t♦ 814◦❈✱ t❤✉s t❤✐s t❡♠♣❡r❛t✉r❡
r❡❣✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞ t♦ r❡♣r❡s❡♥t t❤❡ s✐♥❣❧❡ α✲♣❤❛s❡✳ ❘✐❡t✈❡❧❞ r❡✜♥❡♠❡♥t ❜❛❝❦s
t❤✐s ❛s t❤❡ β✲♣❤❛s❡ ❞♦❡s ♥♦t ❛♣♣❡❛r ❜❡❧♦✇ 818◦❈✳ ❚❤✐s t❡♠♣❡r❛t✉r❡ ♣♦✐♥t ❝❛♥ ❜❡
❝♦♥s✐❞❡r❡❞ ❛s t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ♣♦✐♥t s❤♦✇✐♥❣ ❜❡❤❛✈✐♦✉r ♦❢ ❛ ✜rst ♦r❞❡r ♣❤❛s❡
tr❛♥s✐t✐♦♥✱ ❛s α ❛♥❞ β ♣❤❛s❡ ❛r❡ ♣r❡s❡♥t✳ ❚❤✐s ❞✐✛r❛❝t♦❣r❛♠ ✐s ♠♦st❧② ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ β✲♣❤❛s❡✳ ❍♦✇❡✈❡r✱ ♠✐♥♦r ❛♠♦✉♥ts ♦❢ t❤❡ α✲♣❤❛s❡ ❛r❡ st✐❧❧ ♦❜s❡r✈❡❞ ❢♦r
❡①❛♠♣❧❡ ❜② t❤❡ ♥♦t ❝♦♠♣❧❡t❡❧② ✈❛♥✐s❤❡❞ ✶✵✹ r❡✢❡❝t✐♦♥ ❛t 2θ = 31.5◦✳ ❘✐❡t✈❡❧❞ r❡✲
✜♥❡♠❡♥t r❡s✉❧ts ✐♥ ❛ α✲❇❋❖ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ ❝❛✳ ✽%✳ ❍♦✇❡✈❡r✱ t❤✐s ❛s♣❡❝t ❝♦✉❧❞ ❜❡
t❤❡ r❡s✉❧t ♦❢ ❛♥ ❡①✐st✐♥❣ t❡♠♣❡r❛t✉r❡ ❣r❛❞✐❡♥t ✇✐t❤✐♥ t❤❡ s❛♠♣❧❡✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧
r❡✢❡❝t✐♦♥s ❛♣♣❡❛r✐♥❣ ✐♥ t❤❡ ♠❡❛s✉r❡❞ ❞✐✛r❛❝t♦❣r❛♠s ❛r❡ ❡✐t❤❡r Pt ♣❡❛❦s ❢r♦♠ t❤❡
s❛♠♣❧❡ ❤♦❧❞❡r ✭♠❛r❦❡❞ ✇✐t❤ ∗✮ ♦r t❤❡ ❦♥♦✇♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ♣r♦❞✉❝ts ❇✐2❋❡4❖9

✭★✮ ❛♥❞ ❇✐25❋❡❖39 ✭∼✮ ❛s ❇❋❖ ✐s ♠❡t❛st❛❜❧❡ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡s✳❬✻✼❪ ❚❤❡
t✇♦ r❡✢❡❝t✐♦♥s ❧❛❜❡❧❧❡❞ ✇✐t❤ ① ✇❡r❡ ♥♦t ✐❞❡♥t✐✜❡❞ ❜✉t ❝♦✉❧❞ r❡s✉❧t ❢r♦♠ s❛♠♣❧❡ ❝♦♥✲
t❛♠✐♥❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳ ❋♦r ❝❧❛r✐t②✱ t❤❡ ✐♥t❡♥s✐t✐❡s ✐♥ t❤✐s ♣❧♦t ✇❡r❡
♥♦r♠❛❧✐③❡❞ t♦ ❛ ✈❛❧✉❡ ♦❢ ♦♥❡✱ ♠❡❛♥✐♥❣ t❤❛t ❛❧❧ ✈❛❧✉❡s ✇❡r❡ ❞✐✈✐❞❡❞ ❜② t❤❡ ❤✐❣❤❡st
❛♣♣❡❛r✐♥❣ ✐♥t❡♥s✐t② ✈❛❧✉❡ ♦❢ t❤❡ ♣❛rt✐❝✉❧❛r ♠❡❛s✉r❡♠❡♥t✳ ❚❤❡ r❡❧❛t✐✈❡ ✐♥t❡♥s✐t✐❡s
❛♥❞ t❤❡✐r r❛t✐♦ ✇❛s ♥♦t ❝❤❛♥❣❡❞ t❤r♦✉❣❤ t❤✐s✳ ❆♥♦t❤❡r ❢❡❛t✉r❡ t♦ ❞✐st✐♥❣✉✐s❤ ❜❡✲
t✇❡❡♥ t❤❡ ♣❤❛s❡s ✐s t❤❡ ❜❛❝❦❣r♦✉♥❞ ❝♦❧♦r ♦❢ t❤❡ ♣❧♦ts✳ ❚❤❡ ❞✐✛r❛❝t♦❣r❛♠s ✇✐t❤ ❛
♠❛❥♦r✐t② ♦❢ α✲❇❋❖ ❛r❡ ❤✐❣❤❧✐❣❤t❡❞ ❜❧✉❡✐s❤✱ t❤❡ ♦♥❡s ✇✐t❤ ❛ ♠❛❥♦r✐t② ♦❢ β✲❇❋❖ ❛r❡
❤✐❣❤❧✐❣❤t❡❞ r❡❞✐s❤✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ✇❤❡r❡ ❜♦t❤ ♣❤❛s❡s ❛r❡ ❛♣♣❛r❡♥t ✭818◦❈✮ ✐s
❤✐❣❤❧✐❣❤t❡❞ ✐♥ ♣✉r♣❧❡✳ ❚❤✐s ❝♦❧♦r ❝♦❞❡ ✐s ✉s❡❞ t❤r♦✉❣❤♦✉t ♠♦st ❞❛t❛ ♣❧♦ts ✐♥ t❤✐s
✇♦r❦✳
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Pbnm calc.
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#

*

~

# #

# #

#

## x

#: Bi2Fe4O9 ~: Bi25FeO39
*: Pt x: unidentified

❋✐❣✉r❡ ✹✳✼✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❳✲r❛② ❞✐✛r❛❝t♦❣r❛♠s ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥
20◦✲70◦ ✭❣r❛♣❤s ❛r❡ ♦♥❧② s❤♦✇♥ ✉♣ t♦ 60◦ ❛s ♥♦ ✐♥❢♦r♠❛t✐♦♥ ❣❛✐♥ ✐s
❛❝❤✐❡✈❡❞ ❢r♦♠ r❡✢❡❝t✐♦♥s ❛❜♦✈❡ 60◦✮ ❛t ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡s ❛r♦✉♥❞
t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ❣r❛♣❤ s❤♦✇ ❝❛❧✲
❝✉❧❛t❡❞ ❞✐✛r❛❝t♦❣r❛♠s ♦❢ ❇❋❖s R3c ❛♥❞ Pbnm str✉❝t✉r❡ r❡s♣❡❝t✐✈❡❧②✳
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❘❡s✉❧ts ♦❢ ❘✐❡t✈❡❧❞ ❘❡✜♥❡♠❡♥t

❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ✉♥✐t ❝❡❧❧ ❝❤❛r❛❝t❡r✐st✐❝s✱ t❤❡ ❳❘❉ ❞❛t❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡
❘✐❡t✈❡❧❞ r❡✜♥❡♠❡♥t ♠❡t❤♦❞✳ Pr♦♣❡rt✐❡s ❧✐❦❡ ❝❡❧❧ ♣❛r❛♠❡t❡rs✱ ✉♥✐t ❝❡❧❧ ✈♦❧✉♠❡s✱
❡①✐st❡♥❝❡ ♦❢ ♣❤❛s❡s ❛♥❞ ♣❤❛s❡ ❢r❛❝t✐♦♥ ✇❡r❡ ❞❡✜♥❡❞✳ ❆s ❋✐❣✉r❡ ✹✳✽ s❤♦✇s✱ t❤❡
✈♦❧✉♠❡ ❝♦♥tr❛❝t✐♦♥ ❛♣♣❡❛r✐♥❣ ❛t t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥✱ ✇❤✐❝❤ ✇❛s ❛❧r❡❛❞② ❞❡s❝r✐❜❡❞
✐♥ ❙❡❝t✐♦♥ ✶✳✹✱ ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡ ✐♥ ♦✉r ❳❘❉ r❡s✉❧ts✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t✇♦ ❣r❛♣❤s t❤❡
♣✉r♣❧❡ ❛r❡❛✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❜♦t❤ ♣❤❛s❡s✱ ✐s ♠✐ss✐♥❣ ❜❡❝❛✉s❡ ❝♦❡①✐st❡♥❝❡
♦❢ ❜♦t❤ ♣❤❛s❡s ✇❛s ♦♥❧② ♦❜s❡r✈❡❞ ❢♦r ❛ s✐♥❣❧❡ t❡♠♣❡r❛t✉r❡ ♣♦✐♥t ✭818◦❈✮✳
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α-phase
β-phase
 linear fit α-phase
 linear fit β-phase

k=0,0035

❋✐❣✉r❡ ✹✳✽✿ ❚❡♠♣❡r❛t✉r❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♥♦r♠❛❧✐③❡❞ ✉♥✐t ❝❡❧❧ ✈♦❧✉♠❡ ♦❢ t❤❡
α✲♣❤❛s❡ ✐♥ ❜❧✉❡ ❛♥❞ t❤❡ β✲♣❤❛s❡ ✐♥ r❡❞✳ ❆t 818◦❈ t❤❡ ❞❡s❝r✐❜❡❞ ❧❛tt✐❝❡
❝♦♥tr❛❝t✐♦♥ ❛♣♣❡❛rs✳

❚❤❡ ♥♦r♠❛❧✐③❡❞ ✉♥✐t ❝❡❧❧ ✈♦❧✉♠❡✱ ✇❤✐❝❤ ✐s ♣❧♦tt❡❞ ♦♥ t❤❡ ♦r❞✐♥❛t❡✱ ✐s t❤❡ ✉♥✐t ❝❡❧❧
✈♦❧✉♠❡ ❞✐✈✐❞❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❢♦r♠✉❧❛ ✉♥✐ts ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ✉♥✐t ❝❡❧❧✳ ❋♦r
α✲❇❋❖✱ t❤❡ ✉♥✐t ❝❡❧❧ ✈♦❧✉♠❡ ✐s ❞✐✈✐❞❡❞ ❜② s✐①✱ ❢♦r β✲❇❋❖ ✐t ✐s ❞✐✈✐❞❡❞ ❜② ❢♦✉r✳
❚❤❡ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ✐♥ ❜♦t❤ ♣❤❛s❡s ✐s ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡ ✹✳✽✳ ❚❤❡ s❧♦♣❡s ♦❢ t❤❡
❧✐♥❡❛r r❡❣r❡ss✐♦♥s ❛r❡ q✉✐t❡ s✐♠✐❧❛r ✇✐t❤ kα = 0, 0035➴3✴❑ ❛♥❞ kβ = 0, 0039➴3✴❑✳

✺✵

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❚❤❡ ♣❤❛s❡s ♣r❡s❡♥t ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡✐r t❡♠♣❡r❛t✉r❡ ❡✈♦❧✉t✐♦♥ ❝❛♥
❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✾✳ ❚❤❡ ♣❧♦t s❤♦✇s t❤❡ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ t❤❡ α✲♣❤❛s❡ ❛♥❞
t❤❡ β✲♣❤❛s❡✱ ❛s ✇❡❧❧ ❛s t❤❡ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ t❤❡ t❡r♥❛r② ♣❤❛s❡ ❇✐2❋❡4❖9✳ ❚❤❡
♠❛ss ❢r❛❝t✐♦♥ ♦❢ ❇✐25❋❡❖39 ✇❛s s♦ s♠❛❧❧✱ ❜❡❧♦✇ ✶✪✱ s♦ t❤❛t t❤✐s ❢r❛❝t✐♦♥ ✇❛s
✐❣♥♦r❡❞✳ P♦ss✐❜❧❡ ❢r❛❝t✐♦♥s ♦❢ Pt✱ ❝❛✉s❡❞ ❜② r❡✢❡❝t✐♦♥s ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r✱ ✇❡r❡
♥♦t ✐♥❝♦r♣♦r❛t❡❞ ✐♥ t❤❡ r❡✜♥❡♠❡♥t ❛♥❞ t❤✉s ❛r❡ ❛❧s♦ ♥♦t s❤♦✇♥ ✐♥ t❤❡ ♣❧♦t✳
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❋✐❣✉r❡ ✹✳✾✿ ❚❡♠♣❡r❛t✉r❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♣❤❛s❡ ❢r❛❝t✐♦♥s ♦❢ α✲❇❋❖ ✐♥ ❜❧✉❡✱ β✲
❇❋❖ ✐♥ r❡❞ ❛♥❞ ❇✐2❋❡4❖9 ✐♥ ❜❧❛❝❦✳ ❆t 818◦❈ ❜♦t❤ ❇❋❖ ♣❤❛s❡s ❛r❡
♣r❡s❡♥t✳

❋✐❣✉r❡ ✹✳✾ s❤♦✇s t❤❡ r❡✜♥❡❞ ♠❛ss ❢r❛❝t✐♦♥s ♦❢ t❤❡ ❳❘❉ ♣❛tt❡r♥s ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡
✹✳✼✳ ❚❤❡r❡ ❛r❡ ❛ ❢❡✇ ❢❡❛t✉r❡s ✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❜♦t❤ ✜❣✉r❡s✳ ❋♦r ❡①❛♠♣❧❡
t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❜♦t❤ ♣❤❛s❡s ❛t t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ 818◦❈ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦♠♣❛r❛✲
❜❧② ❤✐❣❤ ❛♠♦✉♥t ♦❢ ❇✐2❋❡4❖9 ❛t 829◦❈✳ ❆ r❡❛s♦♥ ❢♦r t❤✐s ✧♣❡❛❦✧ ♦❢ t❤❡ t❡r♥❛r②
♣❤❛s❡ ❢r❛❝t✐♦♥ ✐s ❞✐✣❝✉❧t t♦ ✜♥❞ ❛♥❞ ♣♦ss✐❜❧② ✐s ❛♥ ❛rt✐❢❛❝t✳ ❆s t❤❡ ♠❡❛s✉r❡♠❡♥t
❢♦❧❧♦✇❡❞ t❤❡ s❛♠❡ ♣r♦❝❡❞✉r❡✱ ❤❡❛t✐♥❣ ♦r ♠❡❛s✉r❡♠❡♥t t✐♠❡ s❤♦✉❧❞ ♥♦t ♠❛❦❡ ❛♥②
❞✐✛❡r❡♥❝❡s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡r ♠❡❛s✉r❡♠❡♥ts✳ ❖♥❡ r❡❛s♦♥ ❝♦✉❧❞ ❜❡ ❛ s❛♠♣❧❡ ♦❢
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❧♦✇❡r q✉❛❧✐t② ❝♦♥t❛✐♥✐♥❣ s❧✐❣❤t❧② ♠♦r❡ ❞❡❢❡❝ts ✇❤✐❝❤ ❝❛♥ ✇♦r❦ ❛s ❛ ❝❛t❛❧②st ❢♦r t❤❡
❢♦r♠❛t✐♦♥ ♦❢ t❡r♥❛r② ♣❤❛s❡s✳ ❆ ❢✉rt❤❡r ♣♦ss✐❜✐❧✐t② ✐s t❤❡ ❞❡s❝r✐❜❡❞ ❜❛❝❦ r❡❛❝t✐♦♥ t♦
t❤❡ ♣❛r❡♥t ❢♦r♠ ♦❢ ❇❋❖ ❛❜♦✈❡ ❝❡rt❛✐♥ t❡♠♣❡r❛t✉r❡s✳❬✻✽❪ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ t❤♦✉❣❤
✐s ♥♦t ❜❛❝❦❡❞ ❜② t❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ t❤❡ ♥❡①t ❙❡❝t✐♦♥ ✹✳✷✳✹✳

❙✇❡❡♣ ▼❡❛s✉r❡♠❡♥ts

❆s ❤❛s ❜❡❡♥ ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✱ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ✇❛s ❛❧s♦ ❛♥❛❧②s❡❞ t❤r♦✉❣❤
s✇❡❡♣ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❛ s♠❛❧❧ ❛♥❣❧❡ r❛♥❣❡ t♦ ❛s❝❡rt❛✐♥ t❤❡ ❡①❛❝t ♣❤❛s❡ tr❛♥s✐✲
t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ❆ s✉✐t❛❜❧❡ ❛♥❣✉❧❛r r❛♥❣❡ ❢♦r t❤✐s ❡①❛♠✐♥❛t✐♦♥ ✇❛s ❢♦✉♥❞ t♦ ❜❡
t❤❡ ✶✵✹✲✶✶✵ r❡✢❡❝t✐♦♥ ♣❛✐r ♦❢ α✲❇❋❖ ❛t ❛♣r♦①✐♠❛t❡❧② 2θ = 31.5◦ ❛♥❞ 2θ = 32◦

r❡s♣❡❝t✐✈❡❧②✱ ✇❤✐❝❤ ♠❡r❣❡s t♦ ❛ ♥❛rr♦✇ ♣❡❛❦ tr✐♣❧❡t ♦❢ ✷✵✵✱ ✶✷✶ ❛♥❞ ✵✵✷ ♦❢ t❤❡
♦rt❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ ✇❤❡♥ t❤❡ str✉❝t✉r❛❧ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ♦❝❝✉rs✳ ❚❤✐s ♣❡❛❦
♠❡r❣✐♥❣ ❝❛♥ ❜❡ s❡❡♥ ❝❧❡❛r❧② ✐♥ ❋✐❣✉r❡ ✹✳✶✵✳

31,0 31,2 31,4 31,6 31,8 32,0 32,2 32,4

11
0

 800°C       818°C: α-phase
 820°C: both phases
 822°C       840°C: β-phase
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❋✐❣✉r❡ ✹✳✶✵✿ ❊✈♦❧✉t✐♦♥s ♦❢ r❡✢❡❝t✐♦♥s ✇✐t❤ t❡♠♣❡r❛t✉r❡ ❞✉r✐♥❣ t❤❡ ❤❡❛t✐♥❣ ❝②❝❧❡✳
α✲♣❤❛s❡ ✐♥ ❜❧✉❡✱ ♠✐①❡❞ ♣❤❛s❡ ✐♥ ❣r❡❡♥ ❛♥❞ β✲♣❤❛s❡ ✐♥ r❡❞✳ ❘❡✢❡❝t✐♦♥
❞❡s❝r✐♣t✐♦♥ ♦❢ β ♣❡❛❦s ❛r❡ ✐t❛❧✐❝✳
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❚❤❡ s✇❡❡♣ ✇❛s ♠❡❛s✉r❡❞ ✇✐t❤ t❡♠♣❡r❛t✉r❡ st❡♣s ♦❢ ✷❑ ❜❡t✇❡❡♥ 800◦❈ ❛♥❞ 840◦❈✳
❯♥t✐❧ ❛ t❡♠♣❡r❛t✉r❡ ♦❢ 818◦❈✱ t❤❡ ❞✐✛r❛❝t♦❣r❛♠s s❤♦✇ ❝❧❡❛r ❡✈✐❞❡♥❝❡ ♦❢ ♦♥❧② t❤❡
α✲♣❤❛s❡ ❜❡✐♥❣ ♣r❡s❡♥t✳ ■♥ t❤❡ 820◦❈ ❞❛t❛s❡t✱ s❤♦✇♥ ✐♥ ❣r❡❡♥✱ t❤❡ ❞✐✛r❛❝t♦❣r❛♠
s❤♦✇s ❛ ❞✐st✐♥❝t❧② ✇❡❛❦❡r ✐♥t❡♥s✐t② ❛t t❤❡ ✶✵✹ ♣❡❛❦ ❛♥❞ ❛❧s♦ ❛♥ ❛tt❡♥✉❛t❡❞ ✐♥✲
t❡♥s✐t② ♦❢ t❤❡ ✶✶✵ ♣❡❛❦✱ ❧❡❛❞✐♥❣ t♦ t❤❡ ❝♦♥❝❧✉s✐♦♥ t❤❛t t❤❡ α✲♣❤❛s❡ ✐s ✈❛♥✐s❤✐♥❣✱
r❡♣r❡s❡♥t✐♥❣ t❤❡ r❡❣✐♦♥ ♦❢ ❝♦❡①✐st❡♥❝❡ ♦❢ ❜♦t❤ ♣❤❛s❡s✳ ■♥ ❛❧❧ ❞❛t❛s❡ts ❛❝q✉✐r❡❞
❛❜♦✈❡ 820◦❈✱ ❛❧❧ s❤♦✇♥ ✐♥ r❡❞✱ ♦♥❧② t❤❡ ♠❡♥t✐♦♥❡❞ tr✐♣❧❡t ✭✷✵✵✱✶✷✶✱✵✵✷ ✮ ♦❢ t❤❡ β✲
♣❤❛s❡ ✐s ♣r❡s❡♥t✳ ❚❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ✐s ♠♦st❧② ✈✐s✐❜❧❡ t❤r♦✉❣❤ t❤❡ ✈❛♥✐s❤✐♥❣ ✶✵✹
α✲r❡✢❡❝t✐♦♥✳ ❆❧t❤♦✉❣❤ t❤❡ ✶✶✵ α✲r❡✢❡❝t✐♦♥ ♦❢ ❝♦✉rs❡ ❛❧s♦ ✈❛♥✐s❤❡s✱ t❤❡ ❛♣♣❡❛r✐♥❣
✈❡r② ♥❛rr♦✇ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✷✵✵✱ ✶✷✶ ❛♥❞ ✵✵✷ r❡✢❡❝t✐♦♥s ♦❢ t❤❡ β✲♣❤❛s❡ ❛t s✐♠✐❧❛r
s❝❛tt❡r✐♥❣ ❛♥❣❧❡s ♠❛❦❡s ❛ ❞✐st✐♥❝t✐♦♥ ❞✐✣❝✉❧t✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ♦❢ ✷❑
❜❡t✇❡❡♥ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❜s❡r✈❡❞ ✐♥ t❤✐s s✇❡❡♣ ♠❡❛s✉r❡♠❡♥ts
✭820◦❈✮ ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❝♦✈❡r✐♥❣ t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ 20◦ ❛♥❞ 70◦ ✭818◦❈✮
❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ t❤r♦✉❣❤ ✉♥❝❡rt❛✐♥t✐❡s ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥t ✐♥ t❤❡
❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❝❤❛♠❜❡r✳

31,0 31,2 31,4 31,6 31,8 32,0 32,2 32,4

0
0

2

 840°C      816°C: β-phase
 814°C, 812°C: both phases
 810°C      800°C: α-phase
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cooling cycle

❋✐❣✉r❡ ✹✳✶✶✿ P❤❛s❡ tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ β✲♣❤❛s❡ t♦ t❤❡ α✲♣❤❛s❡ ❞✉r✐♥❣ t❤❡ ❝♦♦❧✐♥❣
♣r♦❝❡ss ✈✐s✐❜❧❡ ❜② s♣❧✐tt✐♥❣ ♦❢ t❤❡ r❡✢❡❝t✐♦♥✳
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❚❤❡ r❡✈❡rs✐❜✐❧✐t② ♦❢ t❤❡ ♣❤❛s❡ ❝❤❛♥❣❡ ✇❛s ♣r♦✈❡♥ t❤r♦✉❣❤ t❤❡ s❛♠❡ ♠❡❛s✉r❡♠❡♥t✳
❉✐r❡❝t❧② ❛❢t❡r r❡❛❝❤✐♥❣ Tmax = 840◦❈ t❡♠♣❡r❛t✉r❡ st❡♣s ♦❢ ✷❑ ✇❡r❡ ♠❡❛s✉r❡❞ ✉♥t✐❧
800◦❈ ✇❡r❡ r❡❛❝❤❡❞ ❛❣❛✐♥✳ ❆s ❋✐❣✉r❡ ✹✳✶✶ s❤♦✇s✱ t❤❡r❡ ✐s ❛ s♠❛❧❧ ❤②st❡r❡s✐s ❡✛❡❝t✳
❚❤❡ ♣❤❛s❡ ❝❤❛♥❣❡ ❞✉r✐♥❣ t❤❡ ❝♦♦❧✐♥❣ ♣r♦❝❡ss st❛rts t♦ ❛♣♣❡❛r ❛t 814◦❈✱ t❤❡ ❢✉❧❧②
r❡❝♦✈❡r❡❞ α✲♣❤❛s❡ ✐s ✈✐s✐❜❧❡ ❛t ❛r♦✉♥❞ 820◦❈✳ ❚❤❡ s❛♠❡ r❡✈❡rs✐❜❧❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✷ ✐♥ t❤❡ r❡✢❡❝t✐♦♥ ❜❡❤❛✈✐♦✉r ♦❢ t✇♦ r❡✢❡❝t✐♦♥s ❝❧♦s❡ t♦
2θ ∼ 39◦✳ ❚❤❡ ❋✐❣✉r❡ ✐♠♣r❡ss✐✈❡❧② ❞❡♠♦♥str❛t❡s ❤♦✇ t❤❡ ✵✵✻ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ α✲
♣❤❛s❡ ❞✐s❛♣♣❡❛rs ✇❤❡♥ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ 822◦❈ ✐s r❡❛❝❤❡❞✳ ❚❤❡
✷✵✷ α✲r❡✢❡❝t✐♦♥ ✐s s✉❜st✐t✉t❡❞ ❜② t❤❡ ✷✷✵ β✲r❡✢❡❝t✐♦♥ ❛♥❞ t❤❡ ✵✷✷ β✲r❡✢❡❝t✐♦♥
❛♣♣❡❛rs✱ ❝❧♦s❡ t♦ t❤❡ Kα2

✲s❤♦✉❧❞❡r ♦❢ t❤❡ ✷✵✷ α✲♣❡❛❦✳

38,4 38,6 38,8 39,0 39,2 39,4 39,6 39,8 40,0

800°C: no Bi2Fe4O9 reflex visible

800°C

B
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e 4O
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21
2

heating cycle

800°C      820°C: α-phase
822°C      840°C: β-phase
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❋✐❣✉r❡ ✹✳✶✷✿ ❘❡✢❡❝t✐♦♥ ❜❡❤❛✈✐♦✉r ❜❡t✇❡❡♥ 38, 4◦ ❛♥❞ 40◦ ❞✉r✐♥❣ t❤❡ ❤❡❛t✐♥❣ ❝②❝❧❡✳

❚❤❡ r❡✢❡❝t✐♦♥ ♦♥ t❤❡ ❢❛r r✐❣❤t ♦❢ t❤❡ ❞✐❛❣r❛♠ ✐s t❤❡ ✶✶✶ r❡✢❡❝t✐♦♥ ♦❢ ♣❧❛t✐♥✉♠✱ t❤❡
s❛♠♣❧❡ ❤♦❧❞❡r ♠❛t❡r✐❛❧✳ ■♥ t❤✐s ♣❡❛❦✱ t❤❡ t❡♠♣❡r❛t✉r❡ s❤✐❢t ♦❢ r❡✢❡❝t✐♦♥s ✐s ✈✐s✐❜❧❡
❛s t❤❡ ♣❡❛❦ ♠❛①✐♠✉♠ ♠♦✈❡s t♦ s♠❛❧❧❡r 2θ ❛♥❣❧❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡
❝❛✉s❡❞ ❜② ❧❛tt✐❝❡ ❡①♣❛♥s✐♦♥✳ ❆♥♦t❤❡r ❢❡❛t✉r❡ ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡ ✹✳✶✷ ✐s t❤❡ ❡♠❡r❣✐♥❣
♦❢ t❤❡ ✷✶✷ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❇✐2❋❡4❖9 ❞❡❝♦♠♣♦s✐t✐♦♥ ♣❤❛s❡✱ ❛❞❞r❡ss❡❞ ❝❧♦s❡r ✐♥ s❡❝✲

✺✹

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

t✐♦♥ ✹✳✷✳✹✳ ❚❤❡ ♣❡❛❦ ✐♥t❡♥s✐t② ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡✱ st❛rt✐♥❣ ✇✐t❤
♥♦ ♣❡❛❦ ❛t 800◦❈ t♦ ✐ts ♠❛①✐♠✉♠ ❛t 840◦❈✳ ❚❤❡ r❡✢❡❝t✐♦♥ ❜❡❤❛✈✐♦✉r ❞✉r✐♥❣ t❤❡
❝♦♦❧✐♥❣ ❝②❝❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✸✳ ❆s ❡①♣❡❝t❡❞✱ ✐t ❢❡❛t✉r❡s t❤❡ s❛♠❡ ❜❡❤❛✈✐♦✉r
♦♥❧② ✐♥ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ✵✵✻ α✲r❡✢❡❝t✐♦♥ ❛r✐s❡s ❛t ❛ t❡♠♣❡r❛t✉r❡ ♦❢ 816◦❈
✇❤✐❧❡ t❤❡ ✵✷✷ ✲r❡✢❡❝t✐♦♥ ♦❢ t❤❡ β✲♣❤❛s❡ ✈❛♥✐s❤❡s ❛t ❡①❛❝t❧② t❤✐s t❡♠♣❡r❛t✉r❡✳ ❚❤❡
s✐♥❣✉❧❛r ❜❧✉❡ ❝✉r✈❡ ✇❤✐❝❤ s❡❡♠s t♦ ❜❡ ♣❛rt ♦❢ t❤❡ r❡❞ ✵✷✷ ♣❡❛❦ ✐♥ ❋✐❣✉r❡ ✹✳✶✸
❜❡❧♦♥❣s t♦ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛t 814◦❈✱ t❤✉s ❛❧r❡❛❞② t♦ t❤❡ α✲♣❤❛s❡✳ ❆s ♦♣♣♦s❡❞
t♦ ✐ts ❛♣♣❡❛r❛♥❝❡✱ t❤✐s ✐s t❤❡ Kα2

s❤♦✉❧❞❡r ♦❢ t❤❡ ✷✵✷ r❡✢❡❝t✐♦♥✳ ❆♣♣❛r❡♥t❧②✱ t❤❡
♠❡❛s✉r❡♠❡♥t ❛t 814◦❈ s❤♦✇❡❞ ♥♦t✐❝❡❛❜❧② ❤✐❣❤❡r ✐♥t❡♥s✐t✐❡s t❤❛♥ t❤❡ r❡st ✇❤✐❝❤
❧❡t t❤✐s s❤♦❧❞❡r ❛♣♣❡❛r ❛s ❛ s✐♥❣❧❡ ♣❡❛❦✳ ❚❤❡ 814◦❈ ♠❡❛s✉r❡♠❡♥t ✐s ❞❡♥♦t❡❞ ✐♥
❋✐❣✉r❡ ✹✳✶✸✳ ❚❤❡ Pt ✶✶✶ ♣❡❛❦ ❛❣❛✐♥ ✐s ✈❡r② ❞✐st✐♥❝t✐✈❡✱ ♠❛❦✐♥❣ ✐t ❝❧❡❛r t❤❛t t❤❡
❇❋❖ ❡①♣❡r✐❡♥❝❡s ❤❡❛✈② ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥ts t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ✇❤✐❧❡ t❤❡
♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❧❛t✐♥✉♠ r❡✢❡❝t✐♦♥ ✐s ✈❡r② ❝♦♥st❛♥t✳ ❆♥♦t❤❡r ✈✐s✐❜❧❡ ❢❡❛t✉r❡ ✐s t❤❡
❡①✐st✐♥❣ ✷✶✷ r❡✢❡❝t✐♦♥ ♦❢ ❇✐2❋❡4❖9 ✇❤✐❝❤ ✐s ♣❡r♠❛♥❡♥t❧② ♣r❡s❡♥t ❛❢t❡r t❤❡ ♣❤❛s❡
❞❡✈❡❧♦♣❡❞ ❞✉r✐♥❣ t❤❡ ❤❡❛t✐♥❣ ❝②❝❧❡ ✭❋✐❣✉r❡ ✹✳✶✷✮✳
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814°C

❋✐❣✉r❡ ✹✳✶✸✿ ❘❡✢❡❝t✐♦♥ ❜❡❤❛✈✐♦✉r ❜❡t✇❡❡♥ 38, 4◦ ❛♥❞ 40◦ ❞✉r✐♥❣ t❤❡ ❝♦♦❧✐♥❣ ❝②❝❧❡✳
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✹✳✷✳✹ ❚❡r♥❛r② ♣❤❛s❡s ❇✐2❋❡4❖9 ❛♥❞ ❇✐25❋❡❖39

❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✱ r❡✢❡❝t✐♦♥s ♦❢ t❤❡ t❡r♥❛r② ♠✉❧❧✐t❡ ❇✐2❋❡4❖9 ❛♥❞ t❤❡ s❡❧❡♥✐t❡
❇✐25❋❡❖39 ♣❤❛s❡s ❛r❡ ✈✐s✐❜❧❡ ✐♥ ❛❧❧ ♠❡❛s✉r❡❞ ❞✐✛r❛❝t♦❣r❛♠s✳ ❚❤❡s❡ ❞❡❝♦♠♣♦s✐t✐♦♥
♣r♦❞✉❝ts✱ ✇❤✐❝❤ ❛❧s♦ ❢♦r♠ ✉♥❞❡r ✈❛❝✉✉♠ ❛♥❞ ✐♥❡rt ❣❛s✱ ✇❡r❡ ♥♦t ♣r❡s❡♥t ✐♥ t❤❡
s❛♠♣❧❡s ❜❡❢♦r❡ t❤❡② ✇❡r❡ s✉❜❥❡❝t❡❞ t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s✳
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❋✐❣✉r❡ ✹✳✶✹✿ P❡❛❦ ❣r♦✇t❤ ♦❢ t❡r♥❛r② ♣❤❛s❡s ❇✐25❋❡❖39 ✭✐t❛❧✐❝✮ ❛♥❞ ❇✐2❋❡4❖9 ✇✐t❤
t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ❝♦❧♦r ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠❡❛s✉r❡♠❡♥t t❡♠♣❡r❛✲
t✉r❡s ❛s s❤♦✇♥ ✐♥ t❤❡ ❧❡❣❡♥❞✳

■♥ ❢❛❝t✱ ❝♦♠♣❛r✐s♦♥s ♦❢ ❞✐✛r❛❝t♦❣r❛♠s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✹ r❡❝♦r❞❡❞ ❛t t❡♠♣❡r✲
❛t✉r❡s ❜❡t✇❡❡♥ ✻✵✵❈ ❛♥❞ 800◦❈ s❤♦✇ t❤❛t t❤❡ ✐♠♣✉r✐t② ♣❤❛s❡s st❛rt t♦ ❛♣♣❡❛r
❛t ❛❜♦✉t 650◦❈ ✇✐t❤ ❇✐25❋❡❖39 ❛❧r❡❛❞② ❜❡✐♥❣ ♣r❡s❡♥t ❛t ❛❜♦✉t 650◦❈✱ ✇❤❡r❡❛s
❇✐2❋❡4❖9 ❛♣♣❡❛rs s❧✐❣❤t❧② ❧❛t❡r ❛r♦✉♥❞ ✼✵✵✲✼✷✵◦❈✳ ❖❜✈✐♦✉s❧②✱ t❤❡s❡ s❡❝♦♥❞❛r②
♣❤❛s❡s ❛r❡ ♠♦r❡ st❛❜❧❡ ✇✐t❤ r❡s♣❡❝t t♦ ♣✉r❡ ❇❋❖ ✐♥ t❤✐s t❡♠♣❡r❛t✉r❡ r❛♥❣❡✳❬✻✽❪
❇❋❖ ❞❡❝♦♠♣♦s❡s ✐♥t♦ t❤❡ ♠✉❧❧✐t❡ ❛♥❞ s❡❧❡♥✐t❡ ♣❤❛s❡s ❢♦❧❧♦✇✐♥❣ t❤❡ ❢♦r♠✉❧❛
✹✾❇✐❋❡❖3 ⇄✶✷❇✐2❋❡4❖9 ✰ ❇✐25❋❡❖39✱ ❧❡❛❞✐♥❣ t♦ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❛♠♦✉♥ts ♦❢
t❤❡ ♠✉❧❧✐t❡ ❝♦♠♣♦♥❡♥t✱ ✇❤✐❝❤ ✐s s✉♣♣♦rt❡❞ ❜② ♦✉r ❘✐❡t✈❡❧❞ r❡✜♥❡♠❡♥t✳❬✻✾❪ ❆♣❛rt
❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥t t❡♠♣❡r❛t✉r❡ ❛♥❞ t✐♠❡✱ ❛❧s♦ t❤❡ ♣✉r✐t② ♦❢ t❤❡ s❛♠♣❧❡s ❤❛s ❛
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❜✐❣ ✐♠♣❛❝t ♦♥ t❤❡ ❢♦r♠❛t✐♦♥ r❛t❡ ♦❢ t❤❡ t❡r♥❛r② ♣❤❛s❡s✳❬✼✵❪ ❚❤✐s ♠✐❣❤t ❜❡ ❛♥ ❡①✲
♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ✈❛r②✐♥❣ ❛♠♦✉♥ts ♦❢ t❡r♥❛r② ♣❤❛s❡ ♣r♦❞✉❝ts ✐♥ ♦✉r ♠❡❛s✉r❡♠❡♥ts✱
❛s ❞✐✛r❛❝t♦❣r❛♠s ♦❢ s❛♠♣❧❡s ✇✐t❤ ❤✐❣❤ ❛♠♦✉♥ts ♦❢ ♠✉❧❧✐t❡ ❛♥❞ s❡❧❡♥✐t❡ ♣❤❛s❡s ❛❢✲
t❡r t❤❡ ♠❡❛s✉r❡♠❡♥t s❤♦✇❡❞ ❛❧r❡❛❞② s♦♠❡ ♠✐♥♦r✱ ✉♥✐❞❡♥t✐✜❡❞ ♣❡❛❦s ❜❡❢♦r❡ t❤❡
❤✐❣❤ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥ts✳ ❆s t❤❡ ♠❛①✐♠✉♠ ♠❡❛s✉r❡❞ t❡♠♣❡r❛t✉r❡ ✐♥ ♦✉r
r❡s❡❛r❝❤ ✇❛s 840◦❈✱ ❛ ❤❛❧t✐♥❣ ♦❢ t❤❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ♣r♦❝❡ss❡s ❛s ✇❡❧❧ ❛s t❤❡ r❡✲
✈❡rs❡ r❡❛❝t✐♦♥ ❢r♦♠ t❤❡ s❡❝♦♥❞❛r② ♣❤❛s❡s ❜❛❝❦ t♦ ❇✐❋❡❖3 ❛s ♦❜s❡r✈❡❞ ❜② ❙❡❧❜❛❝❤
❡t ❛❧✳❬✻✽❪ ❝♦✉❧❞ ♥♦t ❜❡ ❝♦♥✜r♠❡❞✳ ❍♦✇❡✈❡r✱ ❋✐❣✉r❡ ✹✳✶✹ s❤♦✇s t❤❛t ❛t 840◦❈ t❤❡
✵✶✸ r❡✢❡❝t✐♦♥ ♦❢ ❇✐25❋❡❖39 ✐s s✐❣♥✐✜❝❛♥t❧② ✇❡❛❦❡r ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣❡❛❦ ✐♥t❡♥s✐t✐❡s
❛t ❧♦✇❡r t❡♠♣❡r❛t✉r❡s✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤✐s ❝♦♠♣♦♥❡♥ts
♣r❡s❡♥❝❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛❧❧ ♣❡❛❦s ♦❢ ❇✐2❋❡4❖9 s❤♦✇ str♦♥❣❡r ✐♥t❡♥s✐t✐❡s ❡✈❡♥
❛t 840◦❈✳ ❚❤✉s✱ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ st❛❜✐❧✐t✐❡s ♦❢ t❤❡ t✇♦ t❡r♥❛r② ♣❤❛s❡s ♠✐❣❤t
♥♦t ❜❡ ❡q✉❛❧✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✹✳✶ ✇❡r❡ ❞♦♥❡ ✐♥ ♦r❞❡r t♦ tr② ❛
✜tt✐♥❣ ♦❢ t❤❡ P❆❈ r❡s✉❧ts ✐♥❝❧✉❞✐♥❣ ♣❤❛s❡ ❢r❛❝t✐♦♥s ♦❢ ❇✐2❋❡4❖9 ✇✐t❤ t❤❡ ❝❛❧❝✉❧❛t❡❞
♣❛r❛♠❡t❡rs✳ ❍♦✇❡✈❡r✱ ♥♦ ♣❤❛s❡ ❢r❛❝t✐♦♥s ♦❢ t❤❡ ♠✉❧❧✐t❡ ♣❤❛s❡ ✇❡r❡ ♣r❡s❡♥t ✐♥ t❤❡
P❆❈ s♣❡❝tr❛✳ ❚❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ t❤❡ t❡r♥❛r② ♣❤❛s❡s ✐♥ t❤❡ ❳❘❉ ♠❡❛s✉r❡♠❡♥ts✱
✇❤✐❝❤ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛❢t❡r t❤❡ P❆❈ ♠❡❛s✉r❡♠❡♥ts✱ ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ t❤r♦✉❣❤
t❤❡ s❡❝♦♥❞ ❤❡❛t✐♥❣ ♣r♦❝❡ss ❛t t❤❡ ❳❘❉ ♠❡❛s✉r❡♠❡♥ts ✇❤✐❝❤ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡
♦❢ ❢r❛❝t✐♦♥s ♦❢ t❤♦s❡ ♣❤❛s❡s✳ ❱✐s✐❜❧❡ t❡r♥❛r② ♣❤❛s❡ ❢r❛❝t✐♦♥s ✐♥ s❛♠♣❧❡s ✇❤✐❝❤ ✇❡r❡
♥♦t ❡①♣♦s❡❞ t♦ ❛ ♣r✐♦r P❆❈ ♠❡❛s✉r❡♠❡♥t ♠✐❣❤t ❜❡ ❝❛✉s❡❞ ❜② t❤❡ s✐❣♥✐✜❝❛♥t❧②
❧❛r❣❡r s✉r❢❛❝❡ ❛r❡❛ ♦❢ ♣♦✇❞❡r❡❞ s❛♠♣❧❡s ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❜✉❧❦ s❛♠♣❧❡s✱ ✐♥❝r❡❛s✐♥❣
t❤❡ ✈♦❧❛t✐❧✐t② ♦❢ ❇✐ ❛♥❞ t❤✉s t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ♣r♦❞✉❝ts✳
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✹✳✷✳✺ ❉✐✣❝✉❧✐❡s ❡♥❝♦✉♥t❡r❡❞ ❞✉r✐♥❣ ❳❘❉ ♠❡❛s✉r❡♠❡♥ts

❙✐ ✼✼✶ s❛♠♣❧❡❤♦❧❞❡r

❚❤❡ ✜rst✱ ♣r❡❧✐♠✐♥❛r② ❳❘❉ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❇❋❖ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ ❛ st❛♥✲
❞❛r❞ ❙✐ s✐♥❣❧❡ ❝r②st❛❧ s❛♠♣❧❡ ❤♦❧❞❡r✱ ✇❤✐❝❤ ✇❛s ❝✉t ♣❛r❛❧❧❡❧ t♦ t❤❡ ✭✼✶✶✮ ♣❧❛♥❡ t♦
❛✈♦✐❞ s❛♠♣❧❡ ❤♦❧❞❡r r❡✢❡❝t✐♦♥s✳

20 30 40 50 60

+: Bi4Si3O12

++

+

++ ++

++

+
Bi2Fe4O9 and Bi4Si3O12 

50°C after heating to 840°C

pure α-BFO

25°C before heating to 850°C

771 Si sampleholder
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Degrees 2θ

+

❋✐❣✉r❡ ✹✳✶✺✿ ❉✐✛r❛❝t♦❣r❛♠s ♦❢ ❜✉❧❦ ❇❋❖ ♦♥ ❛ ✼✼✶ ❙✐ s❛♠♣❧❡❤♦❧❞❡r✳ ❚♦♣ ♣❧♦t
♠❡❛s✉r❡❞ ❛t ❘❚ ❜❡❢♦r❡ ❤❡❛t✐♥❣✱ ❜♦tt♦♠ ♣❧♦t ❛t 50◦❈ ❛❢t❡r ❤❡❛t✐♥❣✳

❇❡✐♥❣ ✉♥❛✇❛r❡ ♦❢ t❤❡ r❡❛❝t✐✈✐t② ♦❢ ❇❋❖ ✇✐t❤ ❙✐ ❝♦♠♣♦✉♥❞s✱ t❤❡ r❡s✉❧ts ✇❡r❡ s✉r✲
♣r✐s✐♥❣✳ ❆s ❋✐❣✉r❡ ✹✳✶✺ s❤♦✇s✱ t❤❡ ♣r❡ ❤❡❛t✐♥❣ r♦♦♠ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥t
❛♥❞ t❤❡ ♣♦st ❤❡❛t✐♥❣ 50◦❈ ♠❡❛s✉r❡♠❡♥t ❛r❡ ❢✉♥❞❛♠❡♥t❛❧❧② ❞✐✛❡r❡♥t ❛❧t❤♦✉❣❤ t❤❡
❞✐✛r❛❝t♦❣r❛♠s s❤♦✉❧❞ ❜❡ s✐♠✐❧❛r ❛♣❛rt ❢r♦♠ ♣♦ss✐❜❧❡ r❡✢❡❝t✐♦♥s ♦❢ ❡♠❡r❣✐♥❣ ❞❡✲
❝♦♠♣♦s✐t✐♦♥ ♣r♦❞✉❝ts✳ ❚❤❡ ❞✐✛r❛❝t♦❣r❛♠s t❤♦✉❣❤ s❤♦✇ t❤❛t t❤❡ ♦r✐❣✐♥❛❧ α✲❇❋❖
♣❤❛s❡ ✐s ♥♦t ♣r❡s❡♥t ❛♥②♠♦r❡✳ ❚❤❡ r❡s✉❧t✐♥❣ ❞✐✛r❛❝t♦❣r❛♠ s❤♦✇s ❛ ♠✐①t✉r❡ ♦❢ t❤❡
♠✉❧❧✐t❡ ♣❤❛s❡ ❇✐2❋❡4❖9 ❛♥❞ t❤❡ s✐❧✐❝❛t❡ ❇✐4❙✐3❖12✳❬✼✶❪ ❖❜✈✐♦✉s❧② ❙✐ r❡❛❝ts ✇✐t❤
❇❋❖ ②✐❡❧❞✐♥❣ ❇✐✲s✐❧✐❝❛t❡s ❛♥❞ ❧❡❛✈✐♥❣ ❜❡❤✐♥❞ t❤❡ ❇✐✲♣♦♦r ❇✐2❋❡4❖9✱ ✇❤✐❝❤ ✐s ❛❧s♦
❢♦r♠❡❞ ❛s ❞❡❝♦♠♣♦s✐t✐♦♥ ♣r♦❞✉❝t ✇❤❡♥ ♥♦ ❙✐ ✐s ✐♥✈♦❧✈❡❞✳
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. ❋✐❣✉r❡ ✹✳✶✻✿ P✐❝t✉r❡ ♦❢ t❤❡ r❡❛❝t❡❞ s❛♠♣❧❡ ❤♦❧❞❡r ❛♥❞ t❤❡ ❞❡str♦②❡❞ s❛♠♣❧❡ ❛❢t❡r

t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ❖❜✈✐♦✉s❧② ❛ ♠❡❧t✐♥❣ ♣r♦❝❡ss t♦♦❦ ♣❧❛❝❡✳

❋✐❣✉r❡ ✹✳✶✻ s❤♦✇s t❤❡ ✼✼✶ ❙✐ s❛♠♣❧❡ ❤♦❧❞❡r ✇✐t❤ t❤❡ s❛♠♣❧❡ ❛❢t❡r t❤❡ ♠❡❛s✉r❡♠❡♥t✳
❆s ❝❛♥ ❜❡ s❡❡♥✱ ❛ ♠❡❧t✐♥❣ ♣r♦❝❡ss ♦❝❝✉rr❡❞✱ ❞❡str♦②✐♥❣ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ❛s ✇❡❧❧
❛s t❤❡ s❛♠♣❧❡✳ ❚❤✐s ✜rst ♠❡❛s✉r❡♠❡♥t ✇❛s ❞♦♥❡ ✇✐t❤ ❛ ❜✉❧❦ s❛♠♣❧❡✳
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❋✉s❡❞ s✐❧✐❝❛ ✭q✉❛rt③ ❣❧❛ss✮ s❛♠♣❧❡❤♦❧❞❡r

❚❤❡ ❢✉s❡❞ s✐❧✐❝❛ s❛♠♣❧❡❤♦❧❞❡r ✇❛s tr✐❡❞ ❛❢t❡r s✉❝❝❡ss❢✉❧ ♣♦✇❞❡r ❳❘❉♠❡❛s✉r❡♠❡♥ts
✐♥ ❛♥ ❛tt❡♠♣t t♦ ❣❡t r✐❞ ♦❢ t❤❡ ❛❞❞✐t✐♦♥❛❧ Pt ♣❡❛❦s ♦❢ t❤❡ ♣❧❛t✐♥✉♠ s❛♠♣❧❡ ❤♦❧❞❡r✳

20 30 40 50 60

Bi2Fe4O9 and Bi4Si3O12 

+++ +
+

++

+
+

25°C before heating to 840°C
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Degrees 2θ

50°C after heating to 840°C

+

+: Bi4Si3O12

SiO
2
 Quartz sampleholder

pure α-BFO

❋✐❣✉r❡ ✹✳✶✼✿ ❉✐✛r❛❝t♦❣r❛♠s ♦❢ ♣♦✇❞❡r❡❞ ❇❋❖ ♦♥ ❛ q✉❛rt③ ❣❧❛ss s❛♠♣❧❡❤♦❧❞❡r✳
❚♦♣ ♣❧♦t ♠❡❛s✉r❡❞ ❛t ❘❚ ❜❡❢♦r❡ ❤❡❛t✐♥❣✱ ❜♦tt♦♠ ♣❧♦t ❛t 50◦❈ ❛❢t❡r
❤❡❛t✐♥❣✳

❆s t❤❡ P❆❈ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❛❧❧ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ q✉❛rt③ ❣❧❛ss s❛♠♣❧❡❤♦❧❞❡r ❛♥❞
♥♦ r❡❛❝t✐♦♥ ✇❛s ♦❜s❡r✈❡❞✱ ♥❡✐t❤❡r ♠❛❝r♦s❝♦♣✐❝❛❧❧② ♥♦r ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✱
t❤❡ ❡①♣❡❝t❛t✐♦♥s ✇❡r❡ t❤❛t ♥♦ r❡❛❝t✐♦♥ ✇✐❧❧ t❛❦❡ ♣❧❛❝❡ ❜❡t✇❡❡♥ t❤❡ ♥♦✇ ♣♦✇❞❡r❡❞
s❛♠♣❧❡ ❛♥❞ t❤❡ s❛♠♣❧❡❤♦❧❞❡r✳ ❖♥❡ ❝♦✉❧❞ ❡①♣❡❝t t❤❛t t❤❡ ♦①♦♣❤✐❧✐❝ ❙✐ ✐s ❧❡ss r❡❛❝t✐✈❡
✐♥ ❙✐❖2 ❢♦r♠ t❤❛♥ t❤❡ ❡❧❡♠❡♥t✳ ❍♦✇❡✈❡r✱ ❛❧s♦ ✐♥ t❤✐s ❝❛s❡ ❛♥ ❛♥❛❧♦❣✉♦✉s r❡❛❝t✐♦♥
t♦ t❤❡ ♦♥❡ ✇✐t❤ t❤❡ ❙✐ s✐♥❣❧❡ ❝r②st❛❧ ✇❛s ♦❜s❡r✈❡❞✳ ❚❤❡ ❞✐✛r❛❝t♦❣r❛♠ ✐♥ ❋✐❣✉r❡
✹✳✶✼ s❤♦✇s t❤❛t t❤❡ ♣♦st ❤❡❛t✐♥❣ s❛♠♣❧❡ ❞♦♥❡ ❛t 50◦❈ ❛❧s♦ ♠❛✐♥❧② ✐s ❝♦♠♣♦s❡❞ ♦❢
❇✐2❋❡4❖9 ❛♥❞ ❇✐4❙✐3❖12✳
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❙✐◆ s❛♠♣❧❡❤♦❧❞❡r

❆ ❧❛st ❛tt❡♠♣t t♦ ✜♥❞ ❛ s❛♠♣❧❡❤♦❧❞❡r ✇✐t❤♦✉t Pt r❡✢❡❝t✐♦♥s ✇❛s ♣❡r❢♦r♠❡❞ ✉s✐♥❣
❛ ♣❧❛t❡ ♦❢ s✐❧✐❝♦♥ ♥✐tr✐❞❡ ❙✐◆✳

20 30 40 50 60

complex Bi, Si and N compounds
50°C after heating to 835°C

pure α-BFO
25°C before heating to 835°C

SiN sampleholder
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Degrees 2θ

x

x: unknown reflex

❋✐❣✉r❡ ✹✳✶✽✿ ❉✐✛r❛❝t♦❣r❛♠s ♦❢ ♣♦✇❞❡r❡❞ ❇❋❖ ♦♥ ❛ ❙✐◆ s❛♠♣❧❡❤♦❧❞❡r✳ ❚♦♣ ♣❧♦t
♠❡❛s✉r❡❞ ❛t ❘❚ ❜❡❢♦r❡ ❤❡❛t✐♥❣✱ ❜♦tt♦♠ ♣❧♦t ❛t 50◦❈ ❛❢t❡r ❤❡❛t✐♥❣✳

❆s ❙✐◆ s❤♦✇s ❣♦♦❞ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ st❛❜✐❧✐t② ❛♥❞ ❛ ❤✐❣❤ ♠❡❧t✐♥❣ ♣♦✐♥t ♦❢ ❛❜♦✉t
1900◦❈✱ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❡①♣❡❝t❡❞ t♦ ♣r♦❝❡❡❞ ✇✐t❤♦✉t r❡❛❝t✐♦♥s✳ ❍♦✇❡✈❡r✱
❤❡r❡ ❛❣❛✐♥ t❤❡ s❛♠♣❧❡ s❤♦✇❡❞ ❛ r❡❛❝t✐♦♥ ✇✐t❤ t❤❡ s❛♠♣❧❡❤♦❧❞❡r ❧❡❛❞✐♥❣ t♦ ❝♦♠✲
♣❧❡① ❇✐✲❙✐✲◆ ❝♦♠♣✉♥❞s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✽✳ ❚❤✉s✱ ✉❧t✐♠❛t❡❧② t❤❡ ❞✐s❛❞✈❛♥t❛❣❡
♦❢ ♠❡❛s✉r✐♥❣ ✇✐t❤ ❛ Pt s❛♠♣❧❡❤♦❧❞❡r ✇❛s ❛❝❝❡♣t❡❞✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ Pt✱ ✐ts ✐♥✲
❡rt♥❡ss✱ ✇❛s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ t❤❡ ♣♦ss✐❜❧❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ✐ts
r❡✢❡❝t✐♦♥s ✐♥ t❤❡ ❳❘❉ ♣❛tt❡r♥s✱ ❡s♣❡❝✐❛❧❧② ❜❡❝❛✉s❡ t❤❡r❡ ✇❡r❡ ♦♥❧② ✷ Pt r❡✢❡❝t✐♦♥s
✭✶✶✶ ❛♥❞ ✷✵✵✮ ✇✐t❤✐♥ t❤❡ s❝❛tt❡r✐♥❣ ❛♥❣❧❡ r❛♥❣❡✱ t❤✉s t❤❡② ✇❡r❡ ✇❡❧❧ ❦♥♦✇♥✳ ❚❤❡
❞✐s❛❞✈❛♥t❛❣❡ ✇❛s t❤❛t t❤❡s❡ r❡✢❡❝t✐♦♥s ❛r❡ ✈❡r② ❝❧♦s❡ t♦ ❝r✉❝✐❛❧ r❡✢❡❝t✐♦♥s t❤❛t
✇❡r❡ ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥✳ ■❢ t❤❡ Pt r❡✢❡❝t✐♦♥s ✇❡r❡ t♦♦ ❤✐❣❤
✐♥ ✐♥t❡♥s✐t②✱ t❤❡② ♦✈❡rs❤❛❞♦✇❡❞ t❤❡ r❡✢❡❝t✐♦♥s ♦❢ ✐♥t❡r❡st ♦❢ ❇❋❖✳ P❧❛t✐♥✉♠ ♣❡❛❦s
❛r❡ ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡ ✹✳✼✱ ♠❛r❦❡❞ ✇✐t❤ ❛ ∗✳
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▼❡❛s✉r❡♠❡♥ts ♦♥ ❜✉❧❦ s❛♠♣❧❡s

❆ ❢✉rt❤❡r ♠❡❛s✉r❡♠❡♥t ✇❛s ❛tt❡♠♣t❡❞ ✇✐t❤ ❜✉❧❦ s❛♠♣❧❡s ✐♥ ♦r❞❡r t♦ ♥♦t ❤❛✈❡ ❛♥②
Pt r❡✢❡❝t✐♦♥s ✐♥ t❤❡ ❞✐✛r❛❝t♦❣r❛♠s✳ ❚❤❡ ✐❞❡❛ ✇❛s t❤❛t t❤❡ ✶✱✸♠♠ t❤✐❝❦ s❛♠♣❧❡s
✇♦✉❧❞ ❛❜s♦r❜ ❛❧❧ t❤❡ ①✲r❛②s ❜❡❢♦r❡ t❤❡s❡ r❡❛❝❤ t❤❡ t❤❡ ♣❧❛t✐♥✉♠ s❛♠♣❧❡ ❤♦❧❞❡r✳
❆❧s♦ t❤❡ Pt s❛♠♣❧❡ ❤♦❧❞❡r t❤✐s t✐♠❡ ✇❛s r❡❛❧✐③❡❞ s♠❛❧❧❡r t❤❛♥ t❤❡ s❛♠♣❧❡ ✐ts❡❧❢✱
t❤✉s ✐t r❛t❤❡r ❛❝t❡❞ ❧✐❦❡ ❛ ❞✐st❛♥❝❡ ❤♦❧❞❡r✳ ❚❤✐s ✇❛s ❞♦♥❡ t♦ ❡♥s✉r❡ t❤❛t ♥♦ Pt
✇❛s ✈✐s✐❜❧❡✱ ❛❧❧ ❝♦✈❡r❡❞ ❜② t❤❡ ❇❋❖ s❛♠♣❧❡✳

20 30 40 50 60
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Degrees 2θ

Bulk measurements

❋✐❣✉r❡ ✹✳✶✾✿ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❳✲r❛② ❞✐✛r❛❝t♦❣r❛♠s ♠❡❛s✉r❡❞ ♦♥ ❜✉❧❦
❇❋❖ s❛♠♣❧❡s ❜❡t✇❡❡♥ 20◦✲70◦ ✭❣r❛♣❤s ❛r❡ ♦♥❧② s❤♦✇♥ ✉♣ t♦ 60◦ ❛s ♥♦
✐♥❢♦r♠❛t✐♦♥ ❣❛✐♥ ✐s ❛❝❤✐❡✈❡❞ ❢r♦♠ r❡✢❡❝t✐♦♥s ❛❜♦✈❡ 60◦✮ ❛t ✐♥❝r❡❛s✐♥❣
t❡♠♣❡r❛t✉r❡s ❛r♦✉♥❞ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡✳

❋✐❣✉r❡ ✹✳✶✾ s❤♦✇s t❤❡ ♥♦r♠❛❧✐③❡❞ ❞✐✛r❛❝t♦❣r❛♠s ♦❢ t❤❡ ❜✉❧❦ ♠❡❛s✉r❡♠❡♥ts✳ ❆s
❝❛♥ ❜❡ s❡❡♥✱ ♠❛♥② ♦❢ t❤❡ ♣❛tt❡r♥s s❤♦✇ ❜❛❞ st❛t✐st✐❝s ❛♥❞ t❤✉s ✇❡r❡ ❞✐✣❝✉❧t t♦
r❡✜♥❡ ✇✐t❤ t❤❡ ❘✐❡t✈❡❧❞ ♠❡t❤♦❞✳ ❆ r❡❛s♦♥ ❢♦r t❤✐s ✐s t❤❡ ❣❡♦♠❡tr② ♦❢ t❤❡ ❇r❛❣❣✲
❇r❡♥t❛♥♦ ♠❡t❤♦❞✱ ✉s❡❞ ❢♦r t❤❡ ❳❘❉ ❛♥❛❧②s✐s✳ ■ts ❛❞✈❛♥t❛❣❡✱ t❤❡ ✐rr❛❞✐❛t✐♦♥ ♦❢
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❝♦♥st❛♥t ✈♦❧✉♠❡s ❝❛✉s❡❞ ❜② t❤❡ ✇✐❞❡♥✐♥❣ ♦❢ t❤❡ ❜❡❛♠ ❛t ❧♦✇❡r ♠❡❛s✉r❡♠❡♥t ❛♥❣❧❡s✱
❜❡❝❛♠❡ ❛ ❞✐s❛❞✈❛♥t❛❣❡ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧✐♠✐t❡❞ s✐③❡ ♦❢ ♦✉r s❛♠♣❧❡s✳ ■♥❞❡❡❞✱ t❤❡r❡
❛r❡ ♥♦ Pt ♣❡❛❦s ✈✐s✐❜❧❡ ✐♥ t❤❡ ❳❘❉ ♣❛tt❡r♥s ❞♦♥❡ ✇✐t❤ t❤❡ ❜✉❧❦ s❛♠♣❧❡s✳ ❍♦✇❡✈❡r✱
t❤❡ ♣♦✇❞❡r s❛♠♣❧❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♠✉❝❤ ❜❡tt❡r ✐♥ t❡r♠s ♦❢ st❛t✐st✐❝s ❛♥❞ t❤❡
❝♦✉♥t r❛t❡s ✇❡r❡ ✇❛② ❤✐❣❤❡r✱ ✇❤✐❝❤ ❧❡❞ t♦ t❤❡ ❞❡❝✐s✐♦♥ t♦ ✉s❡ t❤❡♠ ❢♦r t❤❡ ❘✐❡t✈❡❧❞
r❡✜♥❡♠❡♥t✳
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✺ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❖✉t❧♦♦❦

❚❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ♦❢ ♠✉❧t✐❢❡rr♦✐❝ ❇✐❋❡❖3 ✇❛s ✐♥✈❡st✐❣❛t❡❞ t❤r♦✉❣❤ t✇♦ ✈❡r②
❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s✳ P❆❈✱ ✇❤✐❝❤ ✐s ❛♥ ❡①tr❡♠❡❧② s❡♥s✐t✐✈❡ ♠❡t❤♦❞
♣r♦❜✐♥❣ t❤❡ s❛♠♣❧❡ ♦♥ ❛ ❧♦❝❛❧ s❝❛❧❡ ❛♥❞ ❳❘❉✱ ✇❤✐❝❤ ✐s ❛ ♠❛❝r♦s❝♦♣✐❝ ♠❡t❤♦❞✳
❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❜♦t❤✱ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❉❋❚ s✐♠✉❧❛t✐♦♥s ♦✛❡rs ♥❡✇ ♣♦ss✐❜✐❧✐t✐❡s
✐♥ t❤❡ ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ ♠❛t❡r✐❛❧s✱ ❧✐❦❡ t❤❡ ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ ❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥
✐♥ ♦✉r ✇♦r❦✳ ❚❤❡ r❡s✉❧ts ♦❢ ❜♦t❤ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s ♣r♦✈❡ ❛ ♣❤❛s❡ tr❛♥s✐t✐♦♥
❢r♦♠ r❤♦♠❜♦❤❡❞r❛❧ α✲❇❋❖ ✐♥ R3c s❡tt✐♥❣ t♦ ♦rt❤♦r❤♦♠❜✐❝ β✲❇❋❖ ✇✐t❤ ✐ts Pbnm
s♣❛❝❡ ❣r♦✉♣✳ ❋♦❧❧♦✇✐♥❣ t❤❡ P❆❈ r❡s✉❧ts✱ t✇♦ ❝❧❡❛r❧② ❞✐st✐♥❣✉✐s❤❛❜❧❡ ♣r♦❜❡ ❡♥✲
✈✐r♦♥♠❡♥ts✱ ❛❧s♦ s❡♣❛r❛t❡❞ t❤r♦✉❣❤ t❤❡✐r ❛♣♣❡❛r❛♥❝❡ ♦♥ t❤❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡✱
❛r❡ ❞❡t❡❝t❡❞✳ ❖♥❡✱ t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝②✱ s②♠♠❡tr✐❝ ❢r❛❝t✐♦♥ ✐s ✐♥❞✐❝❛t✐♥❣ t❤❡ α✲
♣❤❛s❡ ❛♥❞ t❤❡ ♦t❤❡r✱ t❤❡ ❤✐❣❤❡r ❢r❡q✉❡♥❝② ❛s②♠♠❡tr✐❝ ❢r❛❝t✐♦♥ ✐s ✐♥❞✐❝❛t✐♥❣ t❤❡
β✲♣❤❛s❡ ❛s ❝♦♠♣❛r✐s♦♥s ✇✐t❤ t❤❡ s✐♠✉❧❛t❡❞ ✈❛❧✉❡s ♦❢ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❡❧❡❝tr✐❝
✜❡❧❞ ❣r❛❞✐❡♥t Vzz ❛♥❞ ✐ts ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r η s❤♦✇✳ ❚❤❡ ✜rst ♦r❞❡r ♣❤❛s❡
tr❛♥s✐t✐♦♥ ✐s ❢♦r❡❝❛st ❜② t❤❡ ❈❞ ♣r♦❜❡ ✐♦♥ ❛s t❤❡ ♣r❡❝❡❞✐♥❣ s②♠♠❡tr② ❝❤❛♥❣❡ ♦❢
❇✐✲❝♦♦r❞✐♥❛t✐♦♥ ✐s s❡♥s❡❞✳ ❚❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ♣♦✐♥t ❛t 820◦❈ ✐s ✈✐s✐❜❧❡ t❤r♦✉❣❤
❛ ❞r♦♣ ✐♥ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝② ω0 ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❡ s✐t❡ s②♠♠❡✲
tr② ❝❤❛♥❣❡ ♦❢ t❤❡ ❇✐ ♣♦s✐t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❢♦❧❧♦✇✐♥❣ t❤❡ ❳❘❉ r❡s✉❧ts✱
t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❤❛♣♣❡♥s ❛t ❛ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ❛t 818◦❈ ❛s t❤✐s ✐s t❤❡
♦♥❧② t❡♠♣❡r❛t✉r❡ ♣♦✐♥t ✇❤❡r❡ ❜♦t❤ ♣❤❛s❡s ❛♣♣❡❛r s✐♠✉❧t❛♥❡♦✉s❧②✳ ❘✐❡t✈❡❧❞ r❡✜♥❡✲
♠❡♥ts ♦❢ t❤❡ r❡❝♦r❞❡❞ ❳❘❉ ♣❛tt❡r♥s ❛❧❧♦✇ t❤❡ ✈✐s✉❛❧✐s❛t✐♦♥ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝
✈♦❧✉♠❡ ❝♦♥tr❛❝t✐♦♥ ✇❤❡♥ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ t❛❦❡s ♣❧❛❝❡ ❛s ✇❡❧❧ ❛s t❤❡ ♣❤❛s❡
❢r❛❝t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t ♦✈❡r t❤❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡✳ ❳❘❉ s✇❡❡♣ ♠❡❛s✉r❡♠❡♥ts ❝♦✈✲
❡r✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ ♣❡❛❦ ❝❤❛♥❣❡ ❜❡❤❛✈✐♦✉r ✐♥❞✐❝❛t✐♥❣ t❤❡ ♣❤❛s❡ ❝❤❛♥❣❡✱ r❡s✉❧t❡❞
✐♥ ❛ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ 820◦❈ ✇❤❡♥ t❤❡ t❡♠♣❡r❛t✉r❡ ✇❛s ✐♥❝r❡❛s❡❞ ❛♥❞
❛ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ 816◦❈ ✲ 812◦❈ ✇❤❡♥ t❤❡ t❡♠♣❡r❛t✉r❡ ✇❛s ❞❡❝r❡❛s❡❞✱
t❤✉s ✐♥❞✐❝❛t✐♥❣ ❛ s♠❛❧❧ ❤②st❡r❡s✐s ❡✛❡❝t ♦❢ ❛❜♦✉t ✹✲✽❑✳ ❚❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ t❤❡
t❡r♥❛r② ♣❤❛s❡s ❇✐2❋❡4❖9 ❛♥❞ ❇✐25❋❡❖39 ✇❛s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❳❘❉ ♠❡❛s✉r❡♠❡♥ts
❛♥❞ s❤♦rt❧② ✐♥✈❡st✐❣❛t❡❞✳ ❚❤❡ r❡s✉❧ts ❛❣r❡❡ ✇✐t❤ ♠♦st ✜♥❞✐♥❣s ♦❢ ❛❧r❡❛❞② ❡①✐st✐♥❣
❧✐t❡r❛t✉r❡✳ P❤❛s❡ ❢r❛❝t✐♦♥s ♦❢ t❤❡ t❡r♥❛r② ♣❤❛s❡s ✇❡r❡ ♥♦t ✈✐s✐❜❧❡ ✐♥ t❤❡ P❆❈ r❡✲
s✉❧ts✳ Pr♦❜❧❡♠s ✇✐t❤ t❤❡ ❝❤❡♠✐❝❛❧ st❛❜✐❧✐t② ♦❢ ❇❋❖ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡s ♣♦✐♥t
♦✉t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✇❡❧❧ ❛❞❥✉st❡❞ ❳❘❉ ♠❡❛s✉r❡♠❡♥t ♣r♦❣r❛♠s ✐♥ ♦r❞❡r t♦ ❦❡❡♣
♠❡❛s✉r❡♠❡♥t t✐♠❡s ❛s s❤♦rt ❛s ♣♦ss✐❜❧❡✳ ❆❧s♦ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ r✐❣❤t ♠❛t❡r✐❛❧ ♦❢ t❤❡
s❛♠♣❧❡ ❤♦❧❞❡r✱ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ ♦♥❧② ❤❛✈✐♥❣ ❛ ❧✐♠✐t❡❞ ❛♠♦✉♥t ♦❢ s❛♠♣❧❡s ❛✈❛✐❧❛❜❧❡✱
❛♣♣❡❛r❡❞ t♦ ❜❡ ❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ❢♦r ❛ s✉❝❝❡ss✐✈❡ ♠❡❛s✉r❡♠❡♥t✳
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❋✉t✉r❡ r❡s❡❛r❝❤ ♦♥ t❤❡ α✲β ♣❤❛s❡ tr❛♥s✐t✐♦♥ ♦❢ ♠✉❧t✐❢❡rr♦✐❝ ❜✐s♠✉t❤ ❢❡rr✐t❡ ❝♦✉❧❞
✐♥❝❧✉❞❡ P❆❈ ♠❡❛s✉r❡♠❡♥ts ✉s✐♥❣ ❞✐✛❡r❡♥t ♣r♦❜❡ ✐♦♥s✱ ✇❤✐❝❤ ♣♦ss✐❜❧② ✜♥❞ ♦t❤❡r
❡q✉✐❧✐❜r✐✉♠ ♣♦s✐t✐♦♥s ✇✐t❤✐♥ t❤❡ ❝r②st❛❧✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ✐♥t❡r❡st✐♥❣ t♦ ✐♥✈❡st✐❣❛t❡
t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ❛♥♦t❤❡r ♣♦✐♥t ♦❢ ✈✐❡✇✱ ♦r ❜❡tt❡r s❛✐❞✱ ❢r♦♠ t❤❡ ✈✐❡✇ ♦❢
❛♥♦t❤❡r ❛t♦♠ ♣♦s✐t✐♦♥ ✇✐t❤✐♥ t❤❡ ❝r②st❛❧ ❧❛tt✐❝❡✳ ❙✉♣♣♦rt❡❞ ❜② ❳❘❉ ♠❡❛s✉r❡✲
♠❡♥ts✱ ■ ❛♠ ❝❡rt❛✐♥ t❤❛t✱ ❛❧s♦ ✇✐t❤ ❞✐✛❡r❡♥t ♣r♦❜❡s✱ t❤❡ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❝❛♥ ❜❡
✐♥✈❡st✐❣❛t❡❞ ✐♥ ❛ s✐♠✐❧❛r ♣r❡❝✐s✐♦♥✳
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▲♦♣❡s✳ ▲♦❝❛❧ ✐♥❤♦♠♦❣❡♥❡♦✉s st❛t❡ ✐♥ ♠✉❧t✐❢❡rr♦✐❝ s♠❝r♦ ✸✳ ❙❝✐✳ ❘❡♣✳✱
✶✵✭✶✮✿✶✕✶✷✱ ✷✵✷✵✳

❬✻✸❪ ❚♦❞❞ ▼ ❘❡❛r✐❝❦✱ ●❛r② ▲ ❈❛t❝❤❡♥✱ ❛♥❞ ❏❛♠❡s ▼ ❆❞❛♠s✳ ❈♦♠❜✐♥❡❞
♠❛❣♥❡t✐❝✲❞✐♣♦❧❡ ❛♥❞ ❡❧❡❝tr✐❝✲q✉❛❞r✉♣♦❧❡ ❤②♣❡r✜♥❡ ✐♥t❡r❛❝t✐♦♥s ✐♥ r❛r❡✲❡❛rt❤
♦rt❤♦❢❡rr✐t❡ ❝❡r❛♠✐❝s✳ P❤②s✳ ❘❡✈✳ ❇✱ ✹✽✭✶✮✿✷✷✹✱ ✶✾✾✸✳

❬✻✹❪ ▼❇ ❇❡❧❧❛❦❦✐ ❛♥❞ ❱ ▼❛♥✐✈❛♥♥❛♥✳ ❙②♥t❤❡s✐s✱ ❛♥❞ st✉❞② ♦❢ ♠❛❣♥❡t✐❝
♣r♦♣❡rt✐❡s✱ ♦❢ ❜✐ ✶✲ ① ❝❞ ① ❢❡♦ ✸✳ ❏✳ ▼❛t❡r✳ ❙❝✐✳✱ ✹✺✭✹✮✿✶✶✸✼✕✶✶✹✷✱ ✷✵✶✵✳

❬✻✺❪ ❇ ■s❤❛q✱ ● ▼✉rt❛③❛✱ ❙ ❙❤❛r✐❢✱ ▼ ❆③❤❛r ❑❤❛♥✱ ◆❛❡❡♠ ❆❦❤t❛r✱ ■● ❲✐❧❧✱
▼✉rt❛③❛ ❙❛❧❡❡♠✱ ❛♥❞ ❙❤❛❤✐❞ ▼ ❘❛♠❛②✳ ■♥✈❡st✐❣❛t✐♥❣ t❤❡ ❡✛❡❝t ♦❢ ❝❞✲♠♥
❝♦✲❞♦♣❡❞ ♥❛♥♦✲s✐③❡❞ ❜✐❢❡♦✸ ♦♥ ✐ts ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❘❡s✉❧ts P❤②s✳✱
✻✿✻✼✺✕✻✽✷✱ ✷✵✶✻✳

❬✻✻❪ ❲ ❙❛t♦✱ ❙ ❑♦♠❛ts✉❞❛✱ ❍ ❙❤✐♠✐③✉✱ ❘ ▼♦r✐✐❝❤✐✱ ❙ ❆❜❡✱ ❙ ❲❛t❛♥❛❜❡✱
❙ ❑♦♠❛ts✉✱ ❚ ❚❡r❛✐✱ ❙ ❑❛✇❛t❛✱ ❛♥❞ ❨ ❖❤❦✉❜♦✳ ❉②♥❛♠✐❝ ♠♦t✐♦♥ ❛♥❞
❢r❡❡③✐♥❣ ♦❢ ♣♦❧❛r♦♥✐❝ ❧♦❝❛❧ str✉❝t✉r❡s ✐♥ ❛ ❝♦❧♦ss❛❧✲♠❛❣♥❡t♦r❡s✐st✐✈❡
♣❡r♦✈s❦✐t❡ ♠❛♥❣❛♥✐t❡ ❧❛ ✵✳✼ ❝❛ ✵✳✸ ♠♥♦ ✸ ❞❡t❡❝t❡❞ ✇✐t❤ r❛❞✐♦❛❝t✐✈❡ ♥✉❝❧❡✐✳
P❤②s✳ ❘❡✈✳ ❇✱ ✶✵✵✭✶✽✮✿✶✽✹✶✶✶✱ ✷✵✶✾✳

❬✻✼❪ ❆♥t♦♥✐♦ P❡r❡❥♦♥✱ P❡❞r♦ ❊ ❙❛♥❝❤❡③✲❏✐♠❡♥❡③✱ ❏♦s❡ ▼ ❈r✐❛❞♦✱ ❛♥❞ ▲✉✐s ❆
P❡r❡③✲▼❛q✉❡❞❛✳ ❚❤❡r♠❛❧ st❛❜✐❧✐t② ♦❢ ♠✉❧t✐❢❡rr♦✐❝ ❜✐❢❡♦✸✿ ❦✐♥❡t✐❝ ♥❛t✉r❡ ♦❢
t❤❡ β✕γ tr❛♥s✐t✐♦♥ ❛♥❞ ♣❡r✐t❡❝t✐❝ ❞❡❝♦♠♣♦s✐t✐♦♥✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧
❈❤❡♠✐str② ❈✱ ✶✶✽✭✹✺✮✿✷✻✸✽✼✕✷✻✸✾✺✱ ✷✵✶✹✳

❬✻✽❪ ❙✈❡rr❡ ▼ ❙❡❧❜❛❝❤✱ ▼❛r✐✲❆♥♥ ❊✐♥❛rsr✉❞✱ ❛♥❞ ❚♦r ●r❛♥❞❡✳ ❖♥ t❤❡
t❤❡r♠♦❞②♥❛♠✐❝ st❛❜✐❧✐t② ♦❢ ❜✐❢❡♦✸✳ ❈❤❡♠✐str② ♦❢ ▼❛t❡r✐❛❧s✱ ✷✶✭✶✮✿✶✻✾✕✶✼✸✱
✷✵✵✽✳

❬✻✾❪ ❚❚ ❈❛r✈❛❧❤♦ ❛♥❞ P❇ ❚❛✈❛r❡s✳ ❙②♥t❤❡s✐s ❛♥❞ t❤❡r♠♦❞②♥❛♠✐❝ st❛❜✐❧✐t② ♦❢
♠✉❧t✐❢❡rr♦✐❝ ❜✐❢❡♦✸✳ ▼❛t❡r✐❛❧s ▲❡tt❡rs✱ ✻✷✭✷✹✮✿✸✾✽✹✕✸✾✽✻✱ ✷✵✵✽✳
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❬✼✵❪ ▼❛t❥❛③ ❱❛❧❛♥t✱ ❆♥♥❛✲❑❛r✐♥ ❆①❡❧ss♦♥✱ ❛♥❞ ◆❡✐❧ ❆❧❢♦r❞✳ P❡❝✉❧✐❛r✐t✐❡s ♦❢ ❛
s♦❧✐❞✲st❛t❡ s②♥t❤❡s✐s ♦❢ ♠✉❧t✐❢❡rr♦✐❝ ♣♦❧②❝r②st❛❧❧✐♥❡ ❜✐❢❡♦✸✳ ❈❤❡♠✐str② ♦❢
▼❛t❡r✐❛❧s✱ ✶✾✭✷✷✮✿✺✹✸✶✕✺✹✸✻✱ ✷✵✵✼✳
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▲✐st ♦❢ ❋✐❣✉r❡s

✶✳✶ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ❤②st❡r❡s✐s s❤♦✇✐♥❣ ❝♦❡r❝✐✈❡ ✜❡❧❞ str❡♥❣t❤s Hc ❛♥❞
Ec✱ ❝♦❡r❝✐✈❡ str❡ss σc ❛s ✇❡❧❧ ❛s r❡♠❛♥❡♥t ♠❛❣♥❡t✐s❛t✐♦♥ Mr✱ ♣♦❧❛r✲
✐s❛t✐♦♥ Pr ❛♥❞ str❛✐♥ ǫr✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✶✳✷ ❚❤❡ tr✐❛♥❣❧❡ s❤♦✇s ❛❧❧ t❤r❡❡ ♣r✐♠❛r② ❢❡rr♦✐❝ ❢♦r♠s ❛♥❞ t❤❡✐r ❝♦♥✲
♥❡❝t✐♦♥s t❤r♦✉❣❤ ♠✉❧t✐❢❡rr♦✐❝ ❡✛❡❝ts✳ ❚❤❡ ♠❛❣♥❡t♦❡❧❡❝tr✐❝ ❡✛❡❝t ✐s
❤✐❣❤❧✐❣❤t❡❞ ✐♥ r❡❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✶✳✸ ❇är♥✐❣❤❛✉s❡♥ ❢❛♠✐❧② tr❡❡ s❤♦✇✐♥❣ t❤❡ ❣r♦✉♣✲s✉❜❣r♦✉♣ r❡❧❛t✐♦♥s ♦r
t❤❡ ♣❡r♦✈s❦✐t❡ ❛r✐st♦t②♣❡ ❛♥❞ t❤❡ ❝r②st❛❧ str✉❝t✉r❡s ♦❢ α✲❇❋❖ ✭R3c✮
❛♥❞ β✲❇❋❖ ✭Pbnm✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✶✳✹ ✭❛✮ ❚❤❡ Pm3m ❛r✐st♦t②♣❡ str✉❝t✉r❡ ✈✐❡✇❡❞ ❞♦✇♥ ❬✶✵✵❪✳ ✭❜✮ ❉✐s✲
t♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ♦❢ α✲❇❋❖ ✇✐t❤ ❤❡①❛❣♦♥❛❧ ✉♥✐t ❝❡❧❧ ✈✐❡✇❡❞
❞♦✇♥ ❬✹✷1❪✳ ✭❝✮ ❉✐st♦rt❡❞ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ♦❢ β✲❇❋❖ ✇✐t❤ ♦r✲
t❤♦r❤♦♠❜✐❝ ✉♥✐t ❝❡❧❧ ✈✐❡✇❡❞ ❞♦✇♥ ❬✶✶✵❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✶✳✺ ❉✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r②st❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ♣❛r❛✲
❡❧❡❝tr✐❝ β✲♣❤❛s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✶✳✻ ❙t❡r❡♦✲✐♠❛❣❡ ♦❢ t❤❡ ❝r②st❛❧ st✉❝t✉r❡ ♦❢ α✲❇❋❖ ✐♥ R3c s❡tt✐♥❣✳ ✳ ✳ ✳ ✳ ✶✸
✶✳✼ ❙t❡r❡♦✲✐♠❛❣❡ ♦❢ t❤❡ ❝r②st❛❧ st✉❝t✉r❡ ♦❢ β✲❇❋❖ ✐♥ Pbnm s❡tt✐♥❣✳ ✳ ✳ ✶✸

✷✳✶ ❈❤❛♥❣❡ ♦❢ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s EQ(M) ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛s②♠♠❡tr② ♣❛✲
r❛♠❡t❡r ❛♥❞ r❡s✉❧t✐♥❣ ❝❤❛♥❣❡ ♦❢ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝✐❡s ωn ❝❛❧❝✉❧❛t❡❞
✇✐t❤ ❊q✉❛t✐♦♥s ✷✳✽✲✷✳✶✹✳ ❘❡❢❡r❡♥❝❡ ✈❛❧✉❡ ♦❢ ωQ = 10 ▼r❛❞✴s✱ ✈❛❧✐❞
♦♥❧② ❢♦r I = 5/2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✷ ✭❛✮ γ✲γ ❝❛s❝❛❞❡ ❞❡❝❛② ❢r♦♠ ❛♥ ❡①❝✐t❡❞ st❛t❡ ✇✐t❤ s♣✐♥ Ii t♦ t❤❡
❣r♦✉♥❞ st❛t❡ If ✈✐❛ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st❛t❡ I✳ ✭❜✮ ❆♥❣✉❧❛r ❝❤❛r❛❝✲
t❡r✐st✐❝ ♦❢ ❞✐♣♦❧❡ r❛❞✐❛t✐♦♥ ✇✐t❤ l = 1,m = 0 ✭❞❛s❤❡❞ ❧✐♥❡✮ ❛♥❞
l = 1,m = ±1 ✭s♦❧✐❞ ❧✐♥❡✮✳ ❙♣✐♥ I ✐♥ ❤♦r✐③♦♥t❛❧ ❞✐r❡❝t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸ ❈❤❛♥❣❡ ♦❢ s✉❜❧❡✈❡❧ ❡♥❡r❣✐❡s EQ(M) ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛s②♠♠❡tr② ♣❛✲
r❛♠❡t❡r ❛♥❞ r❡s✉❧t✐♥❣ ❝❤❛♥❣❡ ♦❢ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝✐❡s ωn ❝❛❧❝✉❧❛t❡❞
✇✐t❤ ❊q✉❛t✐♦♥s ✷✳✽✲✷✳✶✹✳ ❘❡❢❡r❡♥❝❡ ✈❛❧✉❡ ♦❢ ωQ = 10 ▼r❛❞✴s✱ ♦♥❧②
✈❛❧✐❞ ❢♦r I = 5/2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✹ ❖✈❡r✈✐❡✇ ♦❢ ■❙❖▲❉❊ ❢❛❝✐❧✐t② ✇✐t❤ t❤❡ ✐♥❝♦♠✐♥❣ ♣r♦t♦♥s✱ t❛r❣❡ts✱
♠❛ss s❡♣❛r❛t♦rs ❛♥❞ t❤❡ ✉s❡❞ ●▲▼ ❜❡❛♠❧✐♥❡ ✐♥❞✐❝❛t❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
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✷✳✺ ❙❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ ❛ ①✲r❛② t✉❜❡✳ ❚❤❡ ❛♥♦❞❡ ♦❢t❡♥ ✐s ✇❛t❡r ❝♦♦❧❡❞ t♦
❞✐ss✐♣❛t❡ t❤❡ ❝r❡❛t❡❞ t❤❡r♠❛❧ ❡♥❡r❣② ✇❤❡♥ ❡❧❡❝tr♦♥s ❛r❡ ❞❡❝❡❧❡r❛t❡❞✳ ✷✹

✷✳✻ ✭❛✮ ❊♥❡r❣② ❧❡✈❡❧s ❛♥❞ ❛❧❧♦✇❡❞ tr❛♥s✐t✐♦♥s s❤♦✇♥ ❢♦r n ≤ 3✳ ✭❜✮
❚②♣✐❝❛❧ ①✲r❛② s♣❡❝tr✉♠ s❤♦✇✐♥❣ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ❝♦♥t✐♥✉♦✉s
❜r❡♠ss♣❡❝tr✉♠ ✇✐t❤ t❤❡ ❞✐s❝r❡t❡ ❝❤❛r❛❝t❡r✐st✐❝ ❡♠✐ss✐♦♥s Kβ1 ❛♥❞
t❤❡ Kα ❞♦✉❜❧❡t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷✳✼ ❉✐✛r❛❝t✐♦♥ ♦❢ ①✲r❛②s ❛t t❤❡ ❧❛tt✐❝❡ ♣❧❛♥❡ hkl✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✷✳✽ ❇r❛❣❣✲❇r❡♥t❛♥♦ θ✲θ ❣❡♦♠❡tr② ✇✐t❤ t❤❡ ✐♥❝✐❞❡♥t ①✲r❛②s ❢r♦♠ t❤❡ ①r❛②

t✉❜❡ t♦ t❤❡ ❧❡❢t ❛♥❞ t❤❡ ❞❡t❡❝t♦r t♦ t❤❡ r✐❣❤t✳ ❉✐✛r❛❝t✐♦♥ ✈❡❝t♦r s
✐♥ r❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✶ ❈✉t s❛♠♣❧❡s r❡❛❞② ❢♦r ✐♠♣❧❛♥t❛t✐♦♥✳ ❚❤❡ ❣r❛t✐♥❣ ♦❢ t❤❡ ♣❛♣❡r ✐♥
t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐s ✵✱✺❝♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✸✳✷ ❉❡❝❛② s❝❤❡♠❡ ♦❢ 111mCd✱ ❝r❡❛t❡❞ ✇✐t❤ t❤❡ ◆✉❝❧❡✐ s♦❢t✇❛r❡ ♣❛❝❦❛❣❡✳❬✹✽❪ ✸✷
✸✳✸ ✭❛✮ ❙❛♠♣❧❡ ❤♦❧❞❡r ✇✐t❤ ❇❋❖ s❛♠♣❧❡s ♦♥ ♣♦s✐t✐♦♥ ✼ ❛♥❞ ✺✳ ✭❜✮ ■♦♥

❞❡♣t❤ ♣r♦✜❧❡ ♦❢ 111m❈❞ ✐♠♣❧❛♥t❡❞ ✐♥ ❇❋❖ ✇✐t❤ ✸✵❦❡❱✳ ❙✐♠✉❧❛t✐♦♥s
❞♦♥❡ ✇✐t❤ t❤❡ ❙❘■▼ s♦❢t✇❛r❡ ♣❛❝❦❛❣❡✳❬✺✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✹ ✭❛✮ ❚❤❡ ❉■●■P❆❈ s❡t✉♣✿ ❚❤❡ ❞❡t❡❝t♦r ❝✉❜❡ ✇✐t❤ t❤❡ ❢✉r♥❛❝❡ ✐♥ ✐ts
❝❡♥t❡r t♦ t❤❡ r✐❣❤t ❛♥❞ t❤❡ ❞✐❣✐t❛❧✐s❛t✐♦♥ ❛♥❞ ❝♦♠♣✉t✐♥❣ t♦✇❡r t♦
t❤❡ ❧❡❢t✳ ✭❜✮ ❱✐❡✇ ♦❢ t❤❡ ❢✉r♥❛❝❡ ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞❡t❡❝t♦rs ❞✉r✐♥❣
❛ ♠❡❛s✉r❡♠❡♥t ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ✭t❤❡r♠❛❧ r❛❞✐❛t✐♦♥ ✈✐s✐❜❧❡✮ ✳ ✳ ✸✹

✹✳✶ ❚❉P❆❈ s♣❡❝tr❛ ✇✐t❤ ✜tt✐♥❣ ❢✉♥❝t✐♦♥s ✐♥ r❡❞ ❛♥❞ ❋❋❚ s❤♦✇✐♥❣ t❤❡
♠❡❛s✉r❡❞ ❊❋●s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✷ ❚❤r❡❡ ❞✐st✐♥❝t✐✈❡ P❆❈ s♣❡❝tr❛ s❤♦✇✐♥❣ s✐♥❣❧❡ α✲♣❤❛s❡ ♦♥ t♦♣✱ t❤❡
❞✐s♦r❞❡r❡❞ r❛♥❣❡ ✇✐t❤ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ α ❛♥❞ β ❝♦♦r❞✐♥❛t✐♦♥ ✐♥
t❤❡ ♠✐❞❞❧❡ ❛♥❞ ♣✉r❡ β✲♣❤❛s❡ ✐♥ t❤❡ ❜♦tt♦♠ s♣❡❝tr✉♠ ✇✐t❤ s♣❡❝✐✜❝
❇✐✭❈❞✮✲❖ ♣♦❧②❤❡❞r❛ ✇✐t❤ s②♠♠❡tr② ❡❧❡♠❡♥ts t♦ t❤❡ r✐❣❤t✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✸ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ q✉❛❞r✉♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❢r❡q✉❡♥❝②
ω0✳ ❚❤❡ ❜❧✉❡ ❛r❡❛ s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡
r❡❞ ❛r❡❛ t❤❡ ♦rt❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞
❝♦♦r❞✐♥❛t✐♦♥ ✐♥ ♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡
s②♠♠❡tr✐❝❛❧ ❡rr♦r ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✹ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ♣❛r❛♠❡t❡r η✳ ❚❤❡ ❜❧✉❡
❛r❡❛ s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡ r❡❞ ❛r❡❛ t❤❡ ♦r✲
t❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛t✐♦♥
✐♥ ♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡ s②♠♠❡tr✐❝❛❧
❡rr♦r ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸
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✹✳✺ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❞❛♠♣✐♥❣ ♣❛r❛♠❡t❡r δ✳ ❚❤❡ ❜❧✉❡
❛r❡❛ s❤♦✇s t❤❡ r❤♦♠❜♦❤❡❞r❛❧ α✲♣❤❛s❡ r❡❣✐♦♥ ❛♥❞ t❤❡ r❡❞ ❛r❡❛ t❤❡
♦rt❤♦r❤♦♠❜✐❝ β✲♣❤❛s❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❛r❡❛ ♦❢ ❞✐s♦r❞❡r❡❞ ❝♦♦r❞✐♥❛✲
t✐♦♥ ✐♥ ♣✉r♣❧❡ ✐♥ ❜❡t✇❡❡♥✳ ■❢ ♥♦ ❡rr♦r❜❛rs ❛r❡ ✈✐s✐❜❧❡✱ t❤❡ s②♠♠❡t✲
r✐❝❛❧ ❡rr♦r ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛r❦❡r s✐③❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✹✳✻ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❢r❛❝t✐♦♥ f ✳ ❚❤❡ ❜❧✉❡ ❛r❡❛
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