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Àòîìíóþ ñòðóêòóðó âåùåñòâ ìîæíî èññëåäîâàòü ñ ïîìîùüþ äèôðàêöèîííûõ ðåíòãåíîâ-

ñêèõ ìåòîäîâ. Äëÿ ýòîãî èñïîëüçóþò ðåíòãåíîâñêèå äèôðàêòîìåòðû, êîíñòðóêöèÿ êîòî-

ðûõ âêëþ÷àåò äâà ãëàâíûõ êîìïîíåíòà: èñòî÷íèê ðåíòãåíîâñêîãî èçëó÷åíèÿ è ãîíèî-

ìåòð, ñîäåðæàùèé äåòåêòîð ðàññåÿííîãî èçëó÷åíèÿ. Â öåíòðå ãîíèîìåòðà ïîìåùàþò

äåðæàòåëü îáðàçöà (êþâåòó) ñ èññëåäóåìûì ìàòåðèàëîì. Â ïðîöåññå óãëîâîãî ñêàíèðîâà-

íèÿ îáðàçöà è äåòåêòîðà ðåãèñòðèðóþò òàê íàçûâàåìûé äèôðàêöèîííûé ñïåêòð, îòðà-

æàþùèé ñòðóêòóðó èçó÷àåìîãî âåùåñòâà. Èññëåäîâàíèå, îáúåêòàìè êîòîðîãî ìîãóò áûòü

êðèñòàëëè÷åñêèå ïîðîøêè, àìîðôíûå, íàíîêðèñòàëëè÷åñêèå è ÷àñòè÷íî êðèñòàëëè-

÷åñêèå îáðàçöû, îñíîâàíî íà òàê íàçûâàåìîé ñõåìå Áðåããà – Áðåíòàíî (è – 2è-ñêàíèðî-

âàíèå), èñïîëüçóþùåé ðàñõîäÿùèåñÿ ðåíòãåíîâñêèå ïó÷êè, ïàäàþùèå íà ïîâåðõíîñòü

îáðàçöà. Ýòî ïðèâîäèò ê òîìó, ÷òî ÷àñòî âìåñòå ñ îòðàæåíèåì îò èññëåäóåìîãî îáúåêòà

â äåòåêòîð ïîïàäàåò è ðàññåÿííîå èçëó÷åíèå îò êþâåòû. Ïðè èññëåäîâàíèè ïîëèêðèñ-

òàëëîâ ðàññåÿíèå îò êþâåòû íå ñèëüíî èñêàæàåò äèôðàêöèîííûé ñïåêòð îáðàçöà â ñèëó

çíà÷èòåëüíîé èíòåíñèâíîñòè êðèñòàëëè÷åñêèõ ðåôëåêñîâ. Â ñëó÷àå àìîðôíûõ âåùåñòâ,

íàíîêðèñòàëëè÷åñêèõ è ÷àñòè÷íî êðèñòàëëè÷åñêèõ îáúåêòîâ òàêîå ðàññåÿííîå èçëó÷å-

íèå ìîæåò áûòü ñðàâíèìî ñ èçëó÷åíèåì îò èññëåäóåìîãî îáúåêòà, ÷òî çíà÷èòåëüíî çà-

òðóäíÿåò èçó÷åíèå ñòðóêòóðû îáðàçöà. Ïðèâåäåíû ðåçóëüòàòû èñïîëüçîâàíèÿ ñòàíäàðò-

íûõ êþâåò, ïðèëàãàåìûõ ê øèðîêî ïðèìåíÿåìûì ðåíòãåíîâñêèì äèôðàêòîìåòðàì

(D500, D5000 (Ãåðìàíèÿ), D8 ADVANCE (Ãåðìàíèÿ) è ÄÐÎÍ (Ðîññèÿ)). Îñîáîå âíèìà-

íèå óäåëåíî èñêàæåíèþ ðåíòãåíîâñêèõ ñïåêòðîâ êþâåòàìè èç ïëàñòèêà èëè àìîðôíîãî

êâàðöà â ñëó÷àå èçó÷åíèÿ àìîðôíûõ, ÷àñòè÷íî êðèñòàëëè÷åñêèõ è íàíîêðèñòàëëè÷å-

ñêèõ îáðàçöîâ. Ïðåäëîæåíû ñïåöèàëüíûå êþâåòû, íå äàþùèå ñîáñòâåííûõ îòðàæåíèé

è íå èñêàæàþùèå äèôðàêöèîííûå ñïåêòðû èçó÷àåìûõ îáúåêòîâ, — ñâîåãî ðîäà îïòè÷å-

ñêèå çàòâîðû äëÿ ôîíîâîãî ðàññåÿíèÿ. Òàêèå êþâåòû ïðåäñòàâëÿþò ñîáîé ìîíîêðèñòàë-

ëè÷åñêèå ïëàñòèíêè îñîáîé îðèåíòàöèè ñ öèëèíäðè÷åñêèìè óãëóáëåíèÿìè äëÿ îáðàç-

öîâ. Îöåíåíû ïðåèìóùåñòâà ìîíîêðèñòàëüíîé êþâåòû èç êðåìíèÿ â ñðàâíåíèè ñ ïëàñ-

òèêîâîé, ïîñòàâëÿåìîé äëÿ äèôðàêòîìåòðà D500, ïðè èññëåäîâàíèè àìîðôíîãî îáðàçöà.

Êëþ÷åâûå ñëîâà: ìåòîäû êîíòðîëÿ ñòðóêòóðû; ðåíòãåíîâñêèå ìåòîäû èññëåäîâàíèÿ;

äèôðàêòîìåòðèÿ; àìîðôíûå ñòðóêòóðû, íàíîêðèñòàëëû; ÷àñòè÷íî êðèñòàëëè÷åñêèå

ñòðóêòóðû.
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The atomic structure of substances can be studied using X-ray diffraction methods. X-ray

diffractometers contains X-ray source and goniometer with a detector of scattered radiation. A sample

holder (a cuvette) with the material under study is placed in the center of the goniometer. The diffrac-

tion spectrum which represents the structure of the sample under study is recorded upon angular

scanning of the sample and detector. Study of crystalline powders, amorphous substances, nanocrys-

talline and partially crystalline objects is often based on the Bragg-Brentano scheme (è – 2è-scanning)

with divergent X-ray beams irradiating the entire sample surface. Scattered radiation from the cuvette

can also enter the detector and affect the recorded diffraction spectrum. The aforementioned distortion

is rather weak for polycrystalline samples due to strong intensity of crystalline reflections. However,

when studying amorphous substances, nanocrystalline and partially crystalline objects, contribution of

the scattered radiation can be compared with the radiation from the sample and thus interfere with an
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unambiguous determination of the sample structure. The results of using standard cuvettes for X-ray

diffractometers D500, D5000 (Siemens), D8 ADVANCE (Bruker) and DRON are analyzed with a spe-

cial attention paid to distortion of X-ray spectra attributed to the use of cuvettes made of plastic or

amorphous quartz when studying amorphous, nanocrystalline and partially crystalline samples. Spe-

cial cuvettes, being a kind of optical shutters for background scattering, which do not distort the dif-

fraction spectra of the objects under study are developed: single crystal plates of a special orientation

with cylindrical cavities for the samples. The advantages of a single-crystal silicon cuvette compared to

plastic cuvette usually supplied for D500 diffractometer are estimated when studying an amorphous

sample.

Keywords: structure control methods; x-ray analysis; diffraction analysis; amorphous structure;

nanocrystals; partially crystalline structure.

Ðàçðàáîòêà è ñîçäàíèå íîâûõ ìàòåðèàëîâ

(àìîðôíûõ, íàíîêðèñòàëëè÷åñêèõ, ÷àñòè÷íî êðè-

ñòàëëè÷åñêèõ è äð.) òðåáóþò ðàçâèòèÿ è ñîâåð-

øåíñòâîâàíèÿ ìåòîäîâ èõ èññëåäîâàíèÿ.

Êàê èçâåñòíî ïðè ðåíòãåíîñòðóêòóðíîì àíà-

ëèçå ñóùåñòâóåò ïðîáëåìà ðàçäåëåíèÿ âêëàäîâ â

ðàññåÿíèå ðåíòãåíîâñêèõ ëó÷åé îò îáðàçöà è äåð-

æàòåëÿ (êþâåòû). Â àìîðôíûõ è ÷àñòè÷íî êðè-

ñòàëëè÷åñêèõ ìàòåðèàëàõ âåëèêà äîëÿ äèôôóç-

íîãî ðàññåÿíèÿ; â íàíîêðèñòàëëè÷åñêèõ îáðàç-

öàõ, îñîáåííî ïðè ðàçìåðå íàíîêðèñòàëëîâ â íå-

ñêîëüêî íàíîìåòðîâ, äèôðàêöèîííàÿ êàðòèíà

ìîæåò áûòü ÷ðåçâû÷àéíî ïîõîæà íà ñîîòâåòñò-

âóþùèé ñïåêòð îò àìîðôíîé ôàçû [1]. Äàæå ïðè

áîëüøåì ðàçìåðå íàíîêðèñòàëëîâ (5 – 10 íì) íà

ðåíòãåíîãðàììàõ ïðèñóòñòâóþò øèðîêèå îòðàæå-

íèÿ, â ðÿäå ñëó÷àåâ ïðåäñòàâëÿþùèå ñîáîé ñó-

ïåðïîçèöèþ íåñêîëüêèõ ïèêîâ [2], èíòåðïðåòà-

öèÿ êîòîðûõ òðåáóåò çíàíèå ïîëîæåíèÿ, ôîðìû

è ïîëóøèðèíû êàæäîãî èç ðåôëåêñîâ.

Â íàñòîÿùåå âðåìÿ â äèôðàêòîìåòðàõ òèïà

D500, D5000 (ÔÐÃ), D8 ADVANCE (ÔÐÃ) è ñåðèè

ÄÐÎÍ (Ðîññèÿ) èñïîëüçóþòñÿ êþâåòû èç ïëàñòè-

êà èëè ïëàâëåíîãî êâàðöà — àìîðôíîãî ìàòåðèà-

ëà. Ïîýòîìó íà ðåíòãåíîãðàììàõ ïðèñóòñòâóþò

äèôôóçíûå ìàêñèìóìû, ñîîòâåòñòâóþùèå êþâå-

òå. Â çàâèñèìîñòè îò èññëåäóåìîãî îáðàçöà ïðè-

ñóòñòâèå òàêèõ ìàêñèìóìîâ çàòðóäíÿåò (ïðè ÷àñ-

òè÷íîì íàëîæåíèè íà îòðàæåíèÿ îò îáðàçöà) èëè

ïîëíîñòüþ èñêëþ÷àåò âîçìîæíîñòü êîððåêòíîé

èíòåðïðåòàöèè ðåçóëüòàòîâ.

Öåëü ðàáîòû — ðàçðàáîòêà ñïåöèàëüíûõ

äåðæàòåëåé (êþâåò), íå äàþùèõ ñîáñòâåííûõ

îòðàæåíèé è íå èñêàæàþùèõ äèôðàêöèîííûå

êàðòèíû.

Íà ðèñ. 1 ïîêàçàíû ñòàíäàðòíûå êþâåòû, èñ-

ïîëüçóåìûå â ðåíòãåíîâñêèõ äèôðàêòîìåòðàõ

òèïà D500 è ÄÐÎÍ 4-7.

Êþâåòû äëÿ äèôðàêòîìåòðîâ òèïà D500 ñäå-

ëàíû èç ïðî÷íîãî ïëàñòèêà è èìåþò ðàçìåðû

50 × 50 ìì. Äèàìåòð öåíòðàëüíîé óãëóáëåííîé

÷àñòè — 25, ãëóáèíà — 2 ìì. Êþâåòà äëÿ äèôðàê-

òîìåòðîâ ÄÐÎÍ èçãîòîâëåíà èç ïëàâëåíîãî êâàð-

öà, åå âíåøíèé äèàìåòð ñîñòàâëÿåò 36, âíóòðåí-

íèé — 28 ìì, ãëóáèíà ìåíÿåòñÿ â çàâèñèìîñòè îò

äåðæàòåëÿ â ïðåäåëàõ 1 – 2,5 ìì. Íåäîñòàòêîì

ÿâëÿåòñÿ ïðèñóòñòâèå íà ðåíòãåíîãðàììàõ äèô-

ôóçíûõ îòðàæåíèé îò êþâåò. Êðîìå òîãî, ñòàí-

äàðòíûå êþâåòû òðåáóþò áîëüøîãî îáúåìà èñ-

ñëåäóåìîãî ìàòåðèàëà, ÷òî çàòðóäíÿåò àíàëèç íå-

áîëüøèõ îáðàçöîâ.

Äëÿ ðàçðàáîòêè êþâåò, ëèøåííûõ îòìå÷åí-

íûõ íåäîñòàòêîâ, èñïîëüçîâàëè ìîíîêðèñòàëëû

êðåìíèÿ è ïëàñòèí÷àòîãî ñàïôèðà áîëüøîãî äèà-

ìåòðà. Ñíà÷àëà èñõîäíûé ìîíîêðèñòàëë îðèåí-

òèðîâàëè ìåòîäîì Ëàóý òàê, ÷òîáû ñðåç, ïåðïåí-

äèêóëÿðíûé âûâåäåííîé îñè (ïàðàëëåëüíî åìó

ïîòîì âûðåçàëè ïëàñòèíêè äëÿ êþâåò), îáåñïå÷è-

âàë íàèáîëüøóþ ïëîùàäü ïîâåðõíîñòè è èìåë

îðèåíòàöèþ, ìàêñèìàëüíî îòñòîÿùóþ îò äðóãèõ

ðàöèîííûõ êðèñòàëëîãðàôè÷åñêèõ íàïðàâëåíèé.

Â ýòîì ñëó÷àå èñêëþ÷àåòñÿ ïîïàäàíèå â äåòåêòîð

èçëó÷åíèÿ ñîáñòâåííûõ ìîíîêðèñòàëüíûõ îòðà-

æåíèé è «êðûëüåâ» îò áîêîâûõ îòðàæåíèé. Ïðè

âûáîðå îðèåíòàöèè ïîäëîæêè ó÷èòûâàëè òàêæå

ðàñõîäèìîñòü ïàäàþùåãî íà îáðàçåö ïó÷êà

(îáû÷íî ìàêñèìàëüíàÿ ðàñõîäèìîñòü äëÿ îáîèõ

òèïîâ äèôðàêòîìåòðîâ ñîñòàâëÿåò 3°). Çàòåì ñ

ïîìîùüþ ñåòêè Âóëüôà è ñòåðåîãðàôè÷åñêîé

ïðîåêöèè (ðèñ. 2) âûáèðàëè íåîáõîäèìîå íàïðàâ-

ëåíèå ñðåçà è ðàññ÷èòûâàëè âåëè÷èíó îòêëîíå-

íèÿ îò èìåþùåéñÿ îðèåíòàöèè ìîíîêðèñòàëëà.

Íà ñòåðåîãðàôè÷åñêîé ïðîåêöèè ñ îñüþ, ñîîò-

âåòñòâóþùåé îðèåíòàöèè ìîíîêðèñòàëëà, îïðå-

äåëÿëè «ñâîáîäíóþ» îáëàñòü, íå ñîäåðæàùóþ

äðóãèõ ðàöèîíàëüíûõ êðèñòàëëîãðàôè÷åñêèõ íà-
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à á

Ðèñ. 1. Ñòàíäàðòíûå êþâåòû ðåíòãåíîâñêèõ äèôðàêòî-

ìåòðîâ òèïà D500 (à) è ÄÐÎÍ 4-7 (á)



ïðàâëåíèé. Ïîñëå ýòîãî ñ ïîìîùüþ ìåòîäà Ëàóý

âûâîäèëè íóæíóþ îðèåíòàöèþ â ìîíîêðèñòàëëå

è ïåðïåíäèêóëÿðíî åé èç îáðàçöà âûðåçàëè ïëà-

ñòèíêè íóæíîé ôîðìû è ðàçìåðà äëÿ èçãîòîâëå-

íèÿ êþâåò.

Íà ðèñ. 3 ïîêàçàí ïðèìåð âûáîðà îðèåíòàöèè

êþâåòû íà ñåòêå Âóëüôà è ñòåðåîãðàôè÷åñêîé

ïðîåêöèè (ñòðåëêàìè îáîçíà÷åíû òî÷êè îðèåíòà-

öèè êþâåòû ïðè íàêëîíå îñè [001] â íàïðàâëå-

íèÿõ [0 – 10] è [100] è ñ ó÷åòîì äîâîðîòà ãðàíåé

â ñîáñòâåííîé ïëîñêîñòè íà 7° ñîîòâåòñòâåííî.

Åñòåñòâåííî, âîçìîæíû è äðóãèå àíàëîãè÷íûå

îòêëîíåíèÿ è îðèåíòàöèè.

×òîáû ïîëó÷èòü êþâåòû äëÿ ðàçëè÷íîãî îáú-

åìà èññëåäóåìîãî âåùåñòâà, â íèõ âûñâåðëèâàëè

öèëèíäðè÷åñêèå óãëóáëåíèÿ ðàçíîãî äèàìåòðà è

ãëóáèíû. Íà ðèñ. 4 ïîêàçàíà ìîíîêðèñòàëëè÷å-

ñêàÿ êþâåòà ñ óãëóáëåíèåì â öåíòðàëüíîé ÷àñòè

(êþâåòà íàêëååíà íà êâàðöåâóþ ïîäëîæêó, ðàç-

ìåð êîòîðîé îáåñïå÷èâàë ïðàâèëüíîå ïîëîæåíèå

êþâåòû íà ñòîëèêå ãîíèîìåòðà).

Ñ ïîìîùüþ òàêèõ êþâåò äàëåå èññëåäîâàëè

ñòðóêòóðó ðÿäà àìîðôíûõ è ÷àñòè÷íî êðèñòàëëè-

÷åñêèõ ìàòåðèàëîâ. Íà ðèñ. 5 ïðåäñòàâëåíà äè-
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à á

Ðèñ. 2. Ñåòêà Âóëüôà (à) è ïðèìåð ñòåðåîãðàôè÷åñêîé ïðîåêöèè (á) äëÿ êóáè÷åñêîé ñèñòåìû (îñü ïðîåêöèè [001])

à á

Ðèñ. 3. Ïðèìåð âûáîðà îðèåíòàöèè âåðõíåé ïîâåðõ-

íîñòè êþâåòû íà ñåòêå Âóëüôà (à) è ñòåðåîãðàôè÷åñêîé

ïðîåêöèè (á)

Ðèñ. 4. Ìîíîêðè-

ñòàëëè÷åñêàÿ êþâåòà

ñ óãëóáëåíèåì

15 30 45 60 75 90 105 120

2
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Ðèñ. 5. Ðåíòãåíîãðàììà àìîðôíîãî îáðàçöà Fe78Si13B9 íà

ïîäëîæêàõ èç ïëàâëåíîãî êâàðöà (1) è ìîíîêðèñòàëëè÷å-

ñêîãî êðåìíèÿ (2)



ôðàêòîãðàììà îáðàçöà Fe78Si13B9. Äèôôóçíûé

ìàêñèìóì II (2è = 52°) ñîîòâåòñòâóåò àìîðôíîé

ôàçå óêàçàííîãî ñîñòàâà, à äèôôóçíûé ìàêñèìóì

I (2è = 15,5°) — îòðàæåíèå îò êþâåòû — íå ñâÿ-

çàí ñ îáðàçöîì. Âèäíî, ÷òî â ñëó÷àå êþâåòû èç

ìîíîêðèñòàëëè÷åñêîãî êðåìíèÿ (êðèâàÿ 2) íà

ðåíòãåíîãðàììàõ ïðèñóòñòâóþò îòðàæåíèÿ òîëü-

êî îò îáðàçöà.

Òàêèì îáðàçîì, â ðåçóëüòàòå èññëåäîâàíèÿ

ïðèìåíåíèÿ êþâåò ðàçíîãî òèïà äëÿ àìîðô-

íûõ, íàíîêðèñòàëëè÷åñêèõ, ÷àñòè÷íî êðèñòàëëè-

÷åñêèõ è ïîëíîñòüþ êðèñòàëëè÷åñêèõ îáðàçöîâ

óñòàíîâèëè, ÷òî ïðè àíàëèçå ñòðóêòóðû êðèñòàë-

ëè÷åñêèõ îáðàçöîâ ñ ðàçìåðîì êðèñòàëëîâ áîëåå

500 íì âîçìîæíî èñïîëüçîâàíèå êþâåò ëþáîãî

òèïà, ïîñòàâëÿåìûõ ñ ðåíòãåíîâñêèìè äèôðàêòî-

ìåðàìè (çà èñêëþ÷åíèåì ñëó÷àåâ, êîãäà ïàðàìåòð

ðåøåòêè ïðèñóòñòâóþùåé â îáðàçöå êðèñòàëëè-

÷åñêîé ôàçû, èëè ôàç, äîñòàòî÷íî âåëèê, ÷òîáû

÷àñòü îòðàæåíèé îêàçàëàñü â óãëîâîé îáëàñòè,

ñîîòâåòñòâóþùåé îòðàæåíèþ îò êþâåòû èç ïëàâ-

ëåíîãî êâàðöà èëè ïëàñòèêà). Ïðè èññëåäîâàíèè

ñòðóêòóðû àìîðôíûõ, íàíîêðèñòàëëè÷åñêèõ èëè

÷àñòè÷íî êðèñòàëëè÷åñêèõ îáðàçöîâ íåîáõîäèìî

ïðèìåíÿòü ìîíîêðèñòàëëè÷åñêèå êþâåòû, íå

äàþùèå ñîáñòâåííûõ îòðàæåíèé è íå èñêàæà-

þùèõ äèôðàêöèîííóþ êàðòèíó. Ïðåäñòàâëåí-

íûå ïîäëîæêè è êþâåòû èç ìîíîêðèñòàëëîâ

ñïåöèàëüíîé îðèåíòàöèè ïîçâîëÿþò ïîëíîñòüþ

óñòðàíèòü ôîíîâîå èçëó÷åíèå (êðîìå íåêîãåðåíò-

íîãî èçëó÷åíèÿ, ñâîéñòâåííîãî âñåì ìàòåðèà-

ëàì), âûñòóïàÿ â ðîëè îïòè÷åñêèõ çàòâîðîâ [3, 4].
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