
ʇʘʚʝʣ ɺ. ɿʠʥʠʥ  

ʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚ 

 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ: ʧʨʠʥʮʠʧʳ ʨʘʙʦʪʳ 



Resolution of SEM 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

(ʊʕʄ) - ʵʪʦ ʤʝʪʦʜ ʤʠʢʨʦʩʢʦʧʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʧʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʫʣʴʪʨʘʪʦʥʢʠʡ ʦʙʨʘʟʝʮ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʥʠʤ 

ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʥʝʛʦ. ʀʟʦʙʨʘʞʝʥʠʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʦʚ, ʧʨʦʭʦʜʷʱʠʭ ʯʝʨʝʟ ʦʙʨʘʟʝʮ; 

ʠʟʦʙʨʘʞʝʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʬʦʢʫʩʠʨʫʝʪʩʷ 

ʥʘ ʫʩʪʨʦʡʩʪʚʝ ʚʠʟʫʘʣʠʟʘʮʠʠ, ʪʘʢʦʤ ʢʘʢ 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʵʢʨʘʥ, ʥʘ ʩʣʦʝ ʬʦʪʦʧʣʝʥʢʠ 

ʠʣʠ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʜʘʪʯʠʢʦʤ, ʪʘʢʠʤ ʢʘʢ 

ʇɿʉ-ʢʘʤʝʨʘ. 

ʇʝʨʚʳʡ ʊʕʄ ʙʳʣ ʧʦʩʪʨʦʝʥ ʄʘʢʩʦʤ 

ʂʨʦʣʣʦʤ ʠ ʕʨʥʩʪʦʤ ʈʫʩʢʦʡ ʚ 1931 ʛʦʜʫ, 

ʧʨʠʯʝʤ ʵʪʘ ʛʨʫʧʧʘ ʨʘʟʨʘʙʦʪʘʣʘ ʧʝʨʚʳʡ ʊʕʄ 

ʩ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʙʦʣʴʰʝ, ʯʝʤ 

ʫ ʩʚʝʪʘ, ʚ 1933 ʛʦʜʫ ʠ ʧʝʨʚʳʡ ʢʦʤʤʝʨʯʝʩʢʠʡ 

ʊʕʄ ʚ 1939 ʛʦʜʫ. 

ʇʝʨʚʳʡ TEM ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ(  at 

I. G Farben-Werke) ʁ ɺʳʩʪʘʚʣʝʥ ʚ 

Deutsches Museum in Munich, 

Germany 



ʉʨʘʚʥʝʥʠʝ ʩʚʝʪʦʚʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʦʚ 

ʉʄ: ʘ) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ 

ʥʘʙʣʶʜʝʥʠʝ ʠʟʦʙʨʘʞʝʥʠʷ; ʙ) 

ʠʟʦʙʨʘʞʝʥʠʝ ʬʦʨʤʠʨʫʝʪʩʷ 

ʧʨʦʭʦʜʷʱʠʤ ʩʚʝʪʦʤ 

TEM: (ʘ) ʚʠʜʝʦʠʟʦʙʨʘʞʝʥʠʝ (ʕʃʊ); (ʙ) 

ʠʟʦʙʨʘʞʝʥʠʝ ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʝʜʘʚʘʝʤʳʤʠ 

ʵʣʝʢʪʨʦʥʘʤʠ, ʫʜʘʨʷʶʱʠʤʠʩʷ ʦ ʧʦʢʨʳʪʳʡ 

ʣʶʤʠʥʦʬʦʨʦʤ ɻ ʢʨʘʥ 

¶ʂʘʢ ʩʪʝʢʣʦ, ʪʘʢ ʠ ʕʄ-ʣʠʥʟʳ 

ʧʦʜʚʝʨʞʝʥʳ ʦʜʠʥʘʢʦʚʳʤ 

ʠʩʢʘʞʝʥʠʷʤ ʠ ʘʙʝʨʨʘʮʠʷʤ 

 

¶ʉʪʝʢʣʷʥʥʳʝ ʣʠʥʟʳ ʠʤʝʶʪ 

ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʬʦʢʫʩʥʦʝ 

ʨʘʩʩʪʦʷʥʠʝ, ʜʣʷ ʵʪʦʛʦ 

ʪʨʝʙʫʝʪʩʷ ʩʤʝʥʠʪʴ ʦʙʲʝʢʪʠʚ, 

ʯʪʦʙʳ ʠʟʤʝʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝ. 

ʄ  r ʧʝʨʝʤʝʱʘʝʤ ʦʙʲʝʢʪʠʚ 

ʙʣʠʞʝ ʢ ʦʙʨʘʟʮʫ ʠʣʠ ʜʘʣʴʰʝ 

ʦʪ ʥʝʛʦ, ʯʪʦʙʳ 

ʩʬʦʢʫʩʠʨʦʚʘʪʴʩʷ. 

 

¶ʕʄ ʣʠʥʟʳ ʢ ʦʙʨʘʟʮʫ 

ʨʘʩʩʪʦʷʥʠʝ ʬʠʢʩʠʨʦʚʘʥʥʦʝ, 

ʬʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ 

ʠʟʤʝʥʷʝʪʩʷ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ 

ʪʦʢʘ ʯʝʨʝʟ ʣʠʥʟʫ 



ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʕʣʝʢʪʨʦʥʥʘʷ ʄʠʢʨʦʩʢʦʧʠʷ: ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ 

ʃʫʯʝʚʘʷ ʜʠʘʛʨʘʤʤʘ ʦʙʳʯʥʦʛʦ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ (ʚʝʨʭʥʠʡ ʧʫʪʴ) ʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʥʠʞʥʠʡ ʧʫʪʴ). ʋʢʘʟʳʚʘʝʪʩʷ 

ʚʳʙʨʘʥʥʘʷ ʦʙʣʘʩʪʴ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ (SAED) ʘʧʝʨʪʫʨʘ (AP) 

ʠ ʦʙʨʘʟʝʮ ʠʣʠ ʦʙʨʘʟʝʮ (Spec), ʘ ʪʘʢʞʝ ʦʙʲʝʢʪʠʚ (Obj) ʠ ʧʨʦʝʢʪʦʨ 

(Proj) ʠʣʠ ʢʦʥʜʝʥʩʘʪʦʨ (Cond) ʣʠʥʟʳ. 

ʇʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ 

ʜʝʪʝʢʪʦʨʦʚ ʩʠʛʥʘʣʦʚ ʚ 

ʢʦʣʦʥʢʝ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ. 



ʈʘʟʨʝʰʝʥʠʝ ʚ ʉʕʄ ʠ ʇʕʄ 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʉʕʄ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʷʪʥʘ, ʢʦʪʦʨʦʝ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʵʣʝʢʪʨʦʥʦʚ, ʪʘʢ ʠ ʦʪ ʵʣʝʢʪʨʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, 

ʧʨʦʠʟʚʦʜʷʱʝʡ ʩʢʘʥʠʨʫʶʱʠʡ ʣʫʯ. ʈʘʟʨʝʰʝʥʠʝ ʪʘʢʞʝ ʦʛʨʘʥʠʯʝʥʦ ʨʘʟʤʝʨʦʤ ʦʙʲʝʤʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʠʣʠ ʩʪʝʧʝʥʴʶ, ʚ ʢʦʪʦʨʦʡ ʤʘʪʝʨʠʘʣ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ. 

ʈʘʟʤʝʨ ʧʷʪʥʘ ʠ ʦʙʲʝʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʝʣʠʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʩʩʪʦʷʥʠʷʤʠ ʤʝʞʜʫ ʘʪʦʤʘʤʠ, 

ʧʦʵʪʦʤʫ ʨʘʟʨʝʰʝʥʠʝ ʉʕʄ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦ ʜʣʷ ʠʟʦʙʨʘʞʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ, ʢʘʢ ʵʪʦ 

ʚʦʟʤʦʞʥʦ ʧʨʠ ʙʦʣʝʝ ʢʦʨʦʪʢʦʡ ʜʣʠʥʝ ʚʦʣʥʳ (ʪ. ʝ. ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʠ) (ʇʕʄ). ɺ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʘʧʧʘʨʘʪʫʨʳ, ʨʘʟʨʝʰʝʥʠʝ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ  1 ʥʤ ʠ 20 ʥʤ. ʂ 2009 ʛʦʜʫ ʩ ʧʦʤʦʱʴʶ Hitachi 

S-5500 ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩʘʤʦʝ ʚʳʩʦʢʦʝ ʚ ʤʠʨʝ ʨʘʟʨʝʰʝʥʠʝ ʉʕʄ ʧʨʠ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʷʭ ʧʫʯʢʘ 

(0,4 ʥʤ ʧʨʠ 30 ʢʚ). 

ɺ ʇʕʄ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʡ ʧʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ ʫʩʢʦʨʷʝʪʩʷ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣ ʦʪ 40 ʜʦ 100 

ʢʠʣʦʚʦʣʴʪ (ʢɺ) ʠ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʩʠʣʴʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʢʦʪʦʨʦʝ ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʣʠʥʟʘ. 

ʈʘʟʨʝʰʝʥʠʝ ʩʦʚʨʝʤʝʥʥʦʡ ʇʕʄ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,2 ʥʤ. ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ 

ʜʚʫʤʷ ʘʪʦʤʘʤʠ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ. ʕʪʦ ʨʘʟʨʝʰʝʥʠʝ ʚ 1000 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʩʚʝʪʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, 

ʠ ʧʨʠʤʝʨʥʦ ʚ 500 000 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʛʣʘʟʘ. 

ʉʦʚʩʝʤ ʥʝʜʘʚʥʦ ʧʨʦʛʨʝʩʩ ʚ ʨʘʟʨʘʙʦʪʢʝ ʢʦʨʨʝʢʪʦʨʦʚ ʘʙʝʨʨʘʮʠʡ ʧʦʟʚʦʣʠʣ ʫʤʝʥʴʰʠʪʴ 

ʩʬʝʨʠʯʝʩʢʠʝ ʘʙʝʨʨʘʮʠʠ ʠ ʜʦʩʪʠʯʴ ʨʘʟʨʝʰʝʥʠʷ ʥʠʞʝ 0,5 ¡ngstrºms ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʙʦʣʝʝ ʯʝʤ ʚ 

50 ʤʠʣʣʠʦʥʦʚ ʨʘʟ. ʋʣʫʯʰʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʙʦʣʝʝ ʣʝʛʢʠʝ ʘʪʦʤʳ, 

ʢʦʪʦʨʳʝ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʩʝʠʚʘʶʪ ʵʣʝʢʪʨʦʥʳ, ʥʘʧʨʠʤʝʨ ʘʪʦʤʳ ʣʠʪʠʷ ʚ ʤʘʪʝʨʠʘʣʘʭ 

ʣʠʪʠʝʚʳʭ ʙʘʪʘʨʝʡ. ʉʧʦʩʦʙʥʦʩʪʴ ʦʧʨʝʜʝʣʷʪʴ ʧʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ ʚʥʫʪʨʠ ʤʘʪʝʨʠʘʣʦʚ ʩʜʝʣʘʣʘ 

ʇʕʄ ʥʝʟʘʤʝʥʠʤʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʥʘʥʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʦʢ ʚʦ 

ʤʥʦʛʠʭ ʦʙʣʘʩʪʷʭ, ʚʢʣʶʯʘʷ ʛʝʪʝʨʦʛʝʥʥʳʡ ʢʘʪʘʣʠʟ ʠ ʨʘʟʨʘʙʦʪʢʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʨʠʙʦʨʦʚ 

ʜʣʷ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʬʦʪʦʥʠʢʠ. 



ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʕʣʝʢʪʨʦʥʥʘʷ ʄʠʢʨʦʩʢʦʧʠʷ 

Å ʋʚʝʣʠʯʝʥʠʝ: X 50 to X 1,000,000 

Å 1.4 ¡ngstom ʨʘʟʨʝʰʝʥʠʝ (LaB6 source) 

Å ʜʝʪʝʢʪʦʨʳ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ  

Å Gatan Digi-PEELS Electron Energy Loss Spectrometer, ʧʨʦʛʨʘʤʤʥʦʝ 

ʦʙʝʩʧʝʯʝʥʠʝ ʠ ʚʥʝʦʩʝʚʘʷ ʢʘʤʝʨʘ ʚʠʟʫʘʣʠʟʘʮʠʠ  

Å Kevex Quantum 10 mm2 X-ray ʜʝʪʝʢʪʦʨ (ʦʙʥʘʨʫʞʠʚʘʝʪ ʵʣʝʤʝʥʪʳ ʚʧʣʦʪʴ 

ʜʦ ʙʦʨʘ), ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚʩʝʛʦ ʜʦ 20 ʥʘʥʦʤʝʪʨʦʚ (ʥʘ 

ʪʦʥʢʠʭ ʫʯʘʩʪʢʘʭ) 

Å IXRF X-ray ʘʥʘʣʠʟʘʪʦʨ ʩʦʚʤʝʱʝʥʥʳʡ ʮʠʬʨʦʚʦʡ ʢʘʤʝʨʦʡ, X-ray 

ʢʘʨʪʠʨʦʚʘʥʠʝ 

Å Gatan Be double-tilt analytical holder for quantitative X-ray work  

Å Gatan cryo-TEM specimen holder (to -150ÁC)  

Å $700,000 as currently configured at current prices 

JEOL 2000-FX ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ (200 000 ʚʦʣʴʪ) 

ʩʢʘʥʠʨʫʶʱʠʡ ʧʨʦʩʚʝʯʠʚʘʶʱʠʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʵʣʝʢʪʨʦʥʥʳʡ 

ʤʠʢʨʦʩʢʦʧ (ʩʢʦʥʬʠʛʫʨʠʨʦʚʘʥʥʳʡ ʢʘʢ ʜʣʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʜʣʷ 

ʬʠʟʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ) 

ʉʝʪʢʘ ʜʣʷ ʧʦʜʜʝʨʞʢʠ 

ʦʙʨʘʟʮʘ ʚ ʇʕʄ (Wikipedia, 

2010). 



ʕʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʦʙʨʘʟʝʮ 

ʂʦʥʪʨʘʩʪ ʩʚʝʪʣʦʛʦ ʧʦʣʷ: ʂʦʥʪʨʘʩʪ-ʦʙʨʘʟʫʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 
ʧʫʪʝʤ ʦʢʢʣʶʟʠʠ ʠ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʙʨʘʟʮʝ. ɹʦʣʝʝ ʪʦʣʩʪʳʝ 
ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ ʠʣʠ ʦʙʣʘʩʪʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʘʪʦʤʥʳʤ ʥʦʤʝʨʦʤ 
ʙʫʜʫʪ ʢʘʟʘʪʴʩʷ ʪʝʤʥʳʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʙʣʘʩʪʠ ʙʝʟ ʦʙʨʘʟʮʘ ʥʘ ʧʫʪʠ 
ʣʫʯʘ ʙʫʜʫʪ ʢʘʟʘʪʴʩʷ ʷʨʢʠʤʠ ï ʦʪʩʶʜʘ ʠ ʪʝʨʤʠʥ çʩʚʝʪʣʦʝ ʧʦʣʝ". 

 

ɼʠʬʨʘʢʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ:  ʂʦʥʪʨʘʩʪ ʦʙʨʘʟʫʝʪʩʷ ʫʧʨʫʛʦ 
ʨʘʩʩʝʷʥʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ-ʧʘʜʘʶʱʠʤʠ ʵʣʝʢʪʨʦʥʘʤʠ, ʢʦʪʦʨʳʝ 
ʨʘʩʩʝʠʚʘʶʪʩʷ (ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʩʚʦʝʛʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʧʫʪʠ) 
ʘʪʦʤʘʤʠ ʚ ʦʙʨʘʟʮʝ ʫʧʨʫʛʠʤ ʦʙʨʘʟʦʤ (ʙʝʟ ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ). ʆʙʨʘʟʮʳ 
ʤʦʛʫʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 
ʵʣʝʢʪʨʦʥʥʳʡ ʧʫʯʦʢ ʧʦʜʚʝʨʛʘʝʪʩʷ ɹʨʵʛʛʦʚʩʢʦʤʫ ʨʘʩʩʝʷʥʠʶ, ʢʦʪʦʨʦʝ ʚ 
ʩʣʫʯʘʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʨʘʩʩʝʠʚʘʝʪ ʵʣʝʢʪʨʦʥʳ ʚ 
ʜʠʩʢʨʝʪʥʳʝ ʤʝʩʪʘ ʚ ʟʘʜʥʝʡ ʬʦʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʋʪʠʣʠʟʘʮʠʷ-
ʵʣʝʢʪʨʦʥʳ, ʧʨʦʭʦʜʷʱʠʝ ʯʝʨʝʟ ʥʝʛʦ ʧʦʜ ʦʜʠʥʘʢʦʚʳʤ ʫʛʣʦʤ, 
ʨʘʩʩʝʠʚʘʶʪʩʷ, ʠ ʵʪʠ ʵʣʝʢʪʨʦʥʳ ʟʘʪʝʤ ʤʦʞʥʦ ʩʦʧʦʩʪʘʚʠʪʴ ʩ ʧʦʤʦʱʴʶ 
ʤʘʛʥʠʪʥʳʭ ʣʠʥʟ, ʯʪʦʙʳ ʩʬʦʨʤʠʨʦʚʘʪʴ ʫʟʦʨ ʠʟ ʧʷʪʝʥ; ʢʘʞʜʦʝ ʧʷʪʥʦ 
ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʘʪʦʤʥʦʤʫ ʨʘʩʩʪʦʷʥʠʶ (ʧʣʦʩʢʦʩʪʠ). 
ʕʪʦʪ ʧʘʪʪʝʨʥ ʤʦʞʝʪ ʟʘʪʝʤ ʜʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʦʨʠʝʥʪʘʮʠʠ, 
ʨʘʩʧʦʣʦʞʝʥʠʠ ʘʪʦʤʦʚ ʠ ʬʘʟʘʭ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʠʩʩʣʝʜʫʝʤʦʡ 
ʦʙʣʘʩʪʠ. 

 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ 
ʵʣʝʢʪʨʦʥʘʤʠ:  ʂʦʥʪʨʘʩʪ ʦʙʨʘʟʫʝʪʩʷ ʥʝʵʣʘʩʪʠʯʥʦ ʨʘʩʩʝʷʥʥʳʤʠ 
ʵʣʝʢʪʨʦʥʘʤʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ: ʥʝʫʧʨʫʛʘʷ ʧʦʪʝʨʷ ʵʥʝʨʛʠʠ ʧʘʜʘʶʱʠʤʠ 
ʵʣʝʢʪʨʦʥʘʤʠ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʵʣʝʤʝʥʪʦʚ, ʩ ʢʦʪʦʨʳʤʠ ʦʥʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣʠ. ʕʪʠ ʵʥʝʨʛʠʠ ʫʥʠʢʘʣʴʥʳ ʜʣʷ ʢʘʞʜʦʛʦ 
ʩʚʷʟʫʶʱʝʛʦ ʩʦʩʪʦʷʥʠʷ ʢʘʞʜʦʛʦ ʵʣʝʤʝʥʪʘ ʠ ʧʦʵʪʦʤʫ ʤʦʛʫʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʢʘʢ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ, ʪʘʢ ʠ 
ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚ. 

Ultra-small super paramagnetic iron oxide 

particles imaged by high resolution transmission 

electron microscopy. (Dr Jeremy Skepper. 

http://www.pdn.cam.ac.uk/staff/skepper/index.h

tml) 



ʇʕʄ ʩʚʝʪʣʦʛʦ ʧʦʣʷ  



 
 

 

(c) 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʚʝʨʪʠʢʘʣʴʥʳʝ ʩʢʘʥʳ ʯʝʨʝʟ ʧʨʦʟʨʘʯʥʫʶ ʩʬʝʨʫ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ 

1,4 ʠ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʞʠʜʢʦʩʪʠ 1,33  (ʘ) ʦʪʨʘʞʘʪʝʣʴʥʳʡ 

ʤʠʢʨʦʩʢʦʧ ʩ ʫʛʣʦʤ ʘʧʝʨʪʫʨʳ 30o; (ʙ) ʧʨʦʧʫʩʢʘʶʱʠʡ ʤʠʢʨʦʩʢʦʧ ʩ ʫʛʣʦʤ ʘʧʝʨʪʫʨʳ 30o. 



ʀʟʦʙʨʘʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

ʆʪʢʨʳʪʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

S. Iijima, Nature 354, 56 (1991). Pt nanoparticles 



ʇʕʄ ʧʦʣʠʤʝʨʥʳʭ ʚʝʟʠʢʫʣ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʣʠʤʝʨʥʳʭ ʚʝʟʠʢʫʣ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʩʢʦʧʠʠ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʤʝʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠʟʦʙʨʘʞʝʥʠʷ ʢʨʠʦʛʝʥʥʦʛʦ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʧʦʩʢʦʣʴʢʫ ʨʝʛʫʣʷʨʥʘʷ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʣʠʷʶʪ ʥʘ ʩʪʨʫʢʪʫʨʫ ʥʘʙʣʶʜʘʝʤʳʭ 

ʧʫʟʳʨʴʢʦʚ. (ʘ) ʂʨʠʦʛʝʥʥʘʷ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ 

ʧʫʟʳʨʴʢʘ ʧʦʣʠʤʝʨʘ ɸʚʘ. (b) ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʩʢʦʧʣʝʥʠʷ ʚʝʟʠʢʫʣ.  

(ʚ) ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʚʝʟʠʢʫʣ ʥʘ ʩʣʶʜʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘ 

ʛʠʜʨʦʬʠʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʶʜʳ ʦʙʨʘʟʫʝʪʩʷ ʧʣʝʥʢʘ ʧʦʣʠʤʝʨʘ ʩ 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʥʝʡ ʚʝʟʠʢʫʣʘʤʠ.  

http://www.phys.rug.nl/mk/research/98/hrtem_localprobe.html 



ʇʕʄ: ʚʠʟʫʘʣʠʟʘʮʠʷ 

ʂʦʥʪʨʘʩʪ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʣʫʯʘʝʪʩʷ 

ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ ʩ ʦʙʨʘʟʮʦʤ. ɿʜʝʩʴ ʠʛʨʘʶʪ ʩʚʦʶ 

ʨʦʣʴ ʥʝʩʢʦʣʴʢʦ ʵʬʬʝʢʪʦʚ. ʅʘ 

ʧʦʣʫʯʝʥʥʦʤ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʠ ʙʦʣʝʝ 

ʧʣʦʪʥʳʝ ʦʙʣʘʩʪʠ ʠ ʦʙʣʘʩʪʠ, 

ʩʦʜʝʨʞʘʱʠʝ ʙʦʣʝʝ ʪʷʞʝʣʳʝ ʵʣʝʤʝʥʪʳ, 

ʢʘʞʫʪʩʷ ʪʝʤʥʝʝ ʠʟ-ʟʘ ʨʘʩʩʝʷʥʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʙʨʘʟʮʝ. ʂʨʦʤʝ ʪʦʛʦ, 

ʨʘʩʩʝʷʥʠʝ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʧʣʦʩʢʦʩʪʝʡ ʚʥʦʩʠʪ ʜʠʬʨʘʢʮʠʦʥʥʳʡ 

ʢʦʥʪʨʘʩʪ. ʕʪʦʪ ʢʦʥʪʨʘʩʪ ʟʘʚʠʩʠʪ ʦʪ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ 

ʚ ʦʙʨʘʟʮʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʤʫ 

ʨʘʟʨʝʰʝʥʠʶ ʇʕʄ ʘʪʦʤʥʳʝ ʩʣʦʠ,  

ʨʘʩʧʦʣʦʞʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨʘʭ ʤʦʛʫʪ ʙʳʪʴ ʠʟʦʙʨʘʞʝʥʳ ʚ 

ʙʦʣʴʰʠʭ ʜʝʪʘʣʷʭ 

ʊʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʤʥʦʛʦʩʪʝʥʥʦʡ ʫʛʣʝʨʦʜʥʦʡ 

ʥʘʥʦʧʨʦʚʦʣʦʢʠʠ. ʇʨʦʚʦʣʦʢʘ ʩʦʩʪʦʠʪ ʠʟ ʩʝʛʤʝʥʪʦʚ, ʦʛʨʘʥʠʯʝʥʥʳʭ ʚʥʫʪʨʝʥʥʠʤʠ 

ʛʨʘʥʠʮʘʤʠ (From 2008, Koninklijke Philips Electronics N.V.).  



ʅʘʥʦʩʬʝʨʳ CeO2 ʣʝʛʠʨʦʚʘʥʥʦʡ Ti 

(ʘ) ʀʟʦʙʨʘʞʝʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʩʬʝʨ (ʦʢʩʠʜʘ ʮʝʨʠʷ) CeO2, ʣʝʛʠʨʦʚʘʥʥʳʭ Ti 

ʠ ʧʦʣʫʯʝʥʥʳʭ ʚ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. (b) ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʥʘʥʦʩʬʝʨʳ CeO2, ʟʘʢʣʶʯʝʥʥʦʡ ʚ ʪʦʥʢʫʶ ʦʙʦʣʦʯʢʫ ʠʟ ʘʤʦʨʬʥʦʛʦ 

TiO2. c) ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʩʬʝʨʳ CeO2 

ʣʝʛʠʨʦʚʘʥʥʦʡ Ti  (Science 312 (2006) 1504) . 


