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Ìàãí³òíà ñïðèéíÿòëèâ³ñòü (χ) êðèñòàë³â (3HgSe)
1-x

(Al
2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ ìàðãàíöåì, 

äîñë³äæåíà â ³íòåðâàë³ òåìïåðàòóð Ò=77 — 300 Ê ïðè Í=4 êÅ ìåòîäîì Ôàðàäåÿ äî ³ ï³ñëÿ 
òåðìîîáðîáêè çðàçê³â â ïàðàõ ñåëåíó. Âñòàíîâëåíî, ùî îñîáëèâîñò³ χ îáóìîâëåí³ íàÿâí³ñòþ 
â êðèñòàëàõ êëàñòåð³â òèïó Mn–Se–Mn–Se ð³çíèõ ðîçì³ð³â, â ÿêèõ ì³æ àòîìàìè Mn ÷åðåç 
àòîìè õàëüêîãåíà çä³éñíþºòüñÿ íåïðÿìà îáì³ííà âçàºìîä³ÿ àíòèôåðîìàãí³òíîãî õàðàêòåðó. 
Òåðìîîáðîáêà çðàçê³â â ïàðàõ ñåëåíó ñëàáî âïëèâàº íà χ êðèñòàë³â. 

Äîñë³äæåííÿ ê³íåòè÷íèõ êîåô³ö³ºíò³â êðèñòàë³â (3HgSe)
1-x

(Al
2
Se

3
)

x
 (õ=0,1) (ëåãîâàíèõ 

ìàðãàíöåì) ïðîâåäåí³ â ³íòåðâàë³ Ò=77-300Ê ³ Í=0,5-5 êÅ äî ³ ï³ñëÿ òåðìîîáðîáêè çðàçê³â 
â ïàðàõ ñåëåíó. Äî òåðìîîáðîáêè êîåô³ö³ºíò Õîëëà (R

H
) â äîñë³äæóâàíèõ êðèñòàëàõ íå çà-

ëåæèòü â³ä òåìïåðàòóðè, òåðìî-åðñ çá³ëüøóºòüñÿ ç ðîñòîì òåìïåðàòóðè, åëåêòðîïðîâ³äí³ñòü 
êðèñòàë³â ìàº ìåòàë³÷íèé õàðàêòåð ³ ìàéæå ë³í³éíî çàëåæèòü â³ä òåìïåðàòóðè, ùî âêàçóº íà 
ìîæëèâ³ñòü âèêîðèñòàííÿ öèõ ìàòåð³àë³â ÿê äàò÷èê³â (ñåíñîð³â) òåìïåðàòóðè. Òåðìîîáðîáêà 
çðàçê³â â ïàðàõ ñåëåíó ïðèâîäèòü äî çìåíøåííÿ êîíöåíòðàö³¿ åëåêòðîí³â. Îäåðæàíî çàëåæ-
í³ñòü åôåêòèâíî¿ ìàñè åëåêòðîí³â íà ð³âí³ Ôåðì³ â³ä òåìïåðàòóðè. 
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Ìàãíèòíàÿ âîñïðèèì÷èâîñòü (χ) êðèñòàëëîâ (3HgSe)
1-õ

(Al
2
Se

3
)

x
 (õ=0,1) (ëåãèðîâàííûõ 

ìàðãàíöåì) èññëåäîâàíà â èíòåðâàëå òåìïåðàòóð Ò=77 — 300 Ê ïðè Í=4 êÝ ìåòîäîì Ôà-
ðàäåÿ äî è ïîñëå òåðìîîáðàáîòêè îáðàçöîâ â ïàðàõ ñåëåíà. Óñòàíîâëåíî, ÷òî îñîáåííîñòè 
χ îáóñëîâëåíû íàëè÷èåì â êðèñòàëëàõ êëàñòåðîâ òèïà Mn–Se–Mn–Se ðàçíûõ ðàçìåðîâ, â 
êîòîðûõ ìåæäó àòîìàìè Mn ÷åðåç àòîìû õàëüêîãåíà îñóùåñòâëÿåòñÿ íåïðÿìîå îáìåííîå 
âçàèìîäåéñòâèå àíòèôåððîìàãíèòíîãî õàðàêòåðà. Òåðìîîáðàáîòêà îáðàçöîâ â ïàðàõ ñåëåíà 
ñëàáî âëèÿåò íà χ êðèñòàëëîâ. 

Èññëåäîâàíèÿ êèíåòè÷åñêèõ êîýôôèöèåíòîâ êðèñòàëëîâ (3HgSe)
1-õ

(Al
2
Se

3
)

x
 (õ=0,1) 

(ëåãèðîâàííûõ ìàðãàíöåì) ïðîâåäåíû â èíòåðâàëå Ò=77-300Ê è Í=0,5-5 êÝ äî è ïîñëå 
òåðìîîáðàáîòêè îáðàçöîâ â ïàðàõ ñåëåíà. Äî òåðìîîáðàáîòêè êîýôôèöèåíò Õîëëà (R

H
) â 

èññëåäóåìûõ êðèñòàëëàõ íå çàâèñèò îò òåìïåðàòóðû, òåðìî-ýäñ óâåëè÷èâàåòñÿ ñ ðîñòîì òåì-
ïåðàòóðû, ýëåêòðîïðîâîäíîñòü êðèñòàëëîâ èìååò ìåòàëëè÷åñêèé õàðàêòåð è ïî÷òè ëèíåéíî 
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Âñòóï 

Òâåðä³ ðîç÷èíè (3HgSe)
1-x

(Al
2
Se

3
)

x
 [1] ïîâèíí³ 

áóòè äåôåêòíèìè íàï³âïðîâ³äíèêàìè ç³ çì³ííîþ, 
â çàëåæíîñò³ â³ä ñêëàäó øèðèíîþ çàáîðîíåíî¿ 
çîíè (ε

g
). Ö³ òâåðä³ ðîç÷èíè óòâîðþþòüñÿ íà îñ-

íîâ³ áåçù³ëèííîãî íàï³âïðîâ³äíèêà HgSe ³ øè-
ðîêîçîííîãî íàï³âïðîâ³äíèêà Al

2
Se

3
 (ε

g
 =3,1åÂ). 

Çì³íà çîííî¿ ñòðóêòóðè ³ øèðèíè çàáîðîíåíî¿ 
çîíè ç³ ñêëàäîì (õ) äîçâîëÿþòü îäåðæóâàòè íà-
ï³âïðîâ³äíèêè ç ð³çíèìè âëàñòèâîñòÿìè ³ çîí-
íèìè ïàðàìåòðàìè, ùî âèçíà÷àòèìå ìîæëèâîñò³ 
ïðàêòè÷íîãî âèêîðèñòàííÿ öèõ êðèñòàë³â. Êð³ì 
òîãî, òâåðä³ ðîç÷èíè (3HgSe)

1-x
(Al

2
Se

3
)

x
 ïîâèíí³ 

áóòè äåôåêòíèìè íàï³âïðîâ³äíèêàìè, âëàñòèâî-
ñò³ ÿêèõ ñëàáî çì³íþþòüñÿ ï³ä âïëèâîì ðàä³àö³¿. 
Öå ðîáèòü ¿õ ïåðñïåêòèâíèìè äëÿ âèêîðèñòàííÿ 
â óìîâàõ ï³äâèùåíî¿ ðàä³àö³¿ â ÿêîñò³ ð³çíèõ äàò-
÷èê³â (ñåíñîð³â) ô³çè÷íèõ âåëè÷èí. 

Ëåãóâàííÿ òâåðäèõ ðîç÷èí³â (3HgSe)
1-x

(Al
2
Se

3
)

x
 

3d-åëåìåíòàìè, ÿê³ âîëîä³þòü âëàñíèì ìàãí³-
òíèì ìîìåíòîì, ïåðåâîäèòü ö³ òâåðä³ ðîç÷èíè 

â êëàñ íàï³âìàãí³òíèõ íàï³âïðîâ³äíèê³â, ÿê³ º 
íàäçâè÷àéíî ö³êàâèì îá’ºêòîì äëÿ ôóíäàìåí-
òàëüíèõ äîñë³äæåíü ³ ìîæóòü âèêîðèñòîâóâàòèñü 
äëÿ ñòâîðåííÿ ïðèëàä³â ñï³íòðîí³êè. 

Ðåçóëüòàòè äîñë³äæåíü òà ¿õ îáãîâîðåííÿ 

Êðèñòàëè òâåðäèõ ðîç÷èí³â (3HgSe)
1-x

(Al
2
Se

3
)

x
 

òà (3HgSe)
1-x

(Al
2
Se

3
)

x
, ëåãîâàíèõ ìàðãàíöåì, 

îäåðæàí³ íàìè ìåòîäîì Áð³äæìåíà, âîëîä³þòü 
ïðîâ³äí³ñòþ n-òèïó (êîíöåíòðàö³ÿ åëåêòðî-
í³â n ~ 1019 — 1020 ñì-3). Äîñë³äæåííÿ ìàãí³òíî¿ 
ñïðèéíÿòëèâîñò³ (χ) çðàçê³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 

òà (3HgSe)
1-x

(Al
2
Se

3
)

x
, ëåãîâàíèõ ìàðãàíöåì, 

ïðîâåäåíî ìåòîäîì Ôàðàäåÿ â ³íòåðâàë³ Ò=77-
300Ê ³ Í=0,25-4êÅ (ïîõèáêà ïðè âèì³ðþâàíí³ χ 
íå ïåðåâèùóº 1%). Çðàçêè (3HgSe)

1-x
(Al

2
Se

3
)

x
 — 

ä³àìàãí³òí³, ¿õ ìàãí³òíà ñïðèéíÿòëèâ³ñòü íå çà-
ëåæèòü â³ä íàïðóæåíîñò³ ìàãí³òíîãî ïîëÿ (Í) 
³ ñëàáî çàëåæèòü â³ä òåìïåðàòóðè (ïðè Ò=77Ê 
χ = -0,3∙10-6 ñì3/ã, à ïðè Ò=300Ê χ = -0,28∙10-6 

çàâèñèò îò òåìïåðàòóðû, ÷òî óêàçûâàåò íà âîçìîæíîñòü èñïîëüçîâàíèÿ ýòèõ ìàòåðèàëîâ â 
êà÷åñòâå äàò÷èêîâ (ñåíñîðîâ) òåìïåðàòóðû. Òåðìîîáðàáîòêà îáðàçöîâ â ïàðàõ ñåëåíà ïðè-
âîäèò ê èçìåíåíèþ êîíöåíòðàöèè ýëåêòðîíîâ. Ïîëó÷åíà çàâèñèìîñòü ýôôåêòèâíîé ìàññû 
ýëåêòðîíîâ íà óðîâíå Ôåðìè îò òåìïåðàòóðû. 

Êëþ÷åâûå ñëîâà: êðèñòàëë, ýëåêòðîïðîâîäíîñòü, ìàãíèòíàÿ âîñïðèèì÷èâîñòü, êëàñòåð. 

Abstract 

PHYSICAL PHENOMENA AND BAND PARAMETERS OF CRYSTALS 
(3HgSe)

1-õ
(Al
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Se

3
)

x
, DOPED BY MANGANESE 

P. D. Maryanchuk, D. P. Kozyarskyy 

Magnetic susceptibility of (χ) crystals
 

(3HgSe)
1-x

(Al
2
Se

3
)

x
 (õ=0,1) (doped by manga-

nese) is investigated at the interval of temperatures Ò=77 — 300 K at Í=4 kOe by the 
method of Faraday before and after the heat treatment of samples in vapour of selenium. 
It is established, that features χ are caused by the presence in crystals of such clusters as 
Mn-Så-Mn-Så, of different size, in which the indirect exchange interaction of antiferromagnetic 
character between the Mn atoms through the atoms of chalcogenide is carried out. Heat treatment 
of samples in vapour of selenium has a low influence on χ of the crystals. 

Researches of kinetic factors of crystals (3HgSe)
1-x

(Al
2
Se

3
)

x
 (õ=0,1) (doped by manganese) are 

carried out during the interval Ò=77-300Ê and Í=0.5-5 kOe before and after the heat treatment 
of samples in vapour of selenium. Before the heat treatment factor of the Hall (R

H
) in researched 

crystals does not depend on temperature, thermoelectric motive power increases with the growth 
of temperature, electroconductivity crystals has metal character and almost linearly depends on a 
temperature which specifies on possibility to use these materials as sensors of temperature. Heat 
treatment of samples in vapour of selenium results in the change of the electrons concentration. It 
was gotten dependence on temperature of effective mass of electrons at the Fermi level. 

Key words: crystal, electroconductivity, magnetic susceptibility, cluster. 
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ñì3/ã) (ðèñ.1.). Çðàçêè (3HgSe)
1-x

(Al
2
Se

3
)

x
 (ëåãî-

âàí³ ìàðãàíöåì N
Mn

 > 1020 ñì-3) — ïàðàìàãí³òí³ ³ 
¿õ ìàãí³òíà ñïðèéíÿòëèâ³ñòü ìàº âèãëÿä, õàðàê-
òåðíèé äëÿ ïàðàìàãíåòèê³â (ðèñ.1.). 

Ðèñ. 1. Òåìïåðàòóðíà çàëåæí³ñòü ìàãí³òíî¿ ñïðèé-
íÿòëèâîñò³ äëÿ êðèñòàë³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), 

ëåãîâàíèõ ìàðãàíöåì: 1 — N
Mn

=2,5∙1020 ñì-3; 
2 — N

Mn
=1,8∙1020 ñì-3; 2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñ-

ëÿ â³äïàëó â ïàðàõ Se; 3 — N
Mn

=1,4∙1020 ñì-3; 4 — 
(3HgSe)

1-x
(Al

2
Se

3
)

x
 (áåç ìàðãàíöþ). 

Çðîñòàííÿ χ ïðè çìåíøåíí³ Ò îáóìîâëåíî 
çìåíøåííÿì ðîçîð³ºíòîâóþ÷î¿ ä³¿ òåïëîâèõ êî-
ëèâàíü àòîì³â êðèñòàë³÷íî¿ ãðàòêè íà îð³ºíòà-
ö³þ ìàãí³òíèõ ìîìåíò³â àòîì³â Mn â ìàãí³òíîìó 
ïîë³. Çàëåæíîñò³ χ

Mn
-1 = f(T) äëÿ äîñë³äæóâàíèõ 

çðàçê³â ç âì³ñòîì Mn (N
Mn

 ≤ 1020 ñì-3) îïèñóþòü-
ñÿ çàêîíîì Êþð³, ïðè N

Mn
 > 1020 ñì-3 — çàêîíîì 

Êþð³ — Âåécñà ç â³ä’ºìíèìè ïàðàìàãí³òíèìè 
òåìïåðàòóðàìè Êþð³ (θ). Çíà÷åííÿ θ < 0 âêà-
çóþòü íà òå, ùî â äîñë³äæóâàíèõ êðèñòàëàõ ì³æ 
àòîìàìè Mn ïðè N

Mn
 > 1020 ñì-3 âèíèêàº îáì³í-

íà âçàºìîä³ÿ àíòèôåðîìàãí³òíîãî õàðàêòåðó. 
Âñòàíîâëåíî, ùî íà çàëåæíîñòÿõ χ

Mn
-1 = f(T) 

(ïîõèáêà â îäåðæàíí³ ÿêèõ íå ïåðåâèùóº 0,5% 
³ χ

Mn
=χ-χ

0
, äå χ

0
 — ìàãí³òíà ñïðèéíÿòëèâ³ñòü 

(3HgSe)
1-x

(Al
2
Se

3
)

x
) ìîæíà âèä³ëèòè ïðÿìîë³-

í³éí³ ä³ëÿíêè ð³çíîãî íàõèëó (ðèñ.2), ÿê³ îïè-
ñóþòüñÿ çàêîíîì Êþð³ àáî Êþð³-Âåéññà: 

 χ =
− θMn
C
T

,  (1) 

äå θ — ïàðàìàãí³òíà òåìïåðàòóðà Êþð³, ÿêà 
âèçíà÷àºòüñÿ åêñòðàïîëÿö³ºþ ïðÿìîë³í³éíî¿ 

ä³ëÿíêè çàëåæíîñò³ 
1 ( )−χ =Mn f T  äî ïåðåòèíó ç 

â³ññþ òåìïåðàòóð; Ñ — ïîñò³éíà Êþð³: 

 
( ) 22 2

0

0

1
3 3

еф⋅μ+ μ
= =

ρ
MnБ

Б Б

NxN g S S
C

k M k
,  (2) 

äå N
0
 — ÷èñëî Àâîãàäðî, Ì

0
=ÃÌ — ìîëåêóëÿ-

ðíà âàãà (3HgSe)
1-x

(Al
2
Se

3
)

x
, ëåãîâàíèõ ìàðãàí-

öåì; õ àáî N
Mn

 — âì³ñò Mn (x — ñêëàä òâåðäîãî 
ðîç÷èíó ÀII

(1-õ) 
Mn

õ
 ÂVI àáî N

Mn
 — êîíöåíòðàö³ÿ 

àòîì³â ìàðãàíöþ â êðèñòàëàõ (3HgSe)
1-x

(Al
2
Se

3
)

x
, 

ëåãîâàíèõ ìàðãàíöåì); Mn2+ âîëîä³º åôåêòèâ-

íèì ìàãí³òíèì ìîìåíòîì ( 1)μ = ⋅ + ⋅μеф Бg S S  
äå S=5/2 ³ g=2 — ñï³í ³ g — ôàêòîð ³îí³â ìàðãàí-
öþ, μ

Á
 — ìàãíåòîí Áîðà; ρ — çíà÷åííÿ ãóñòèíè 

çðàçê³â; k
Á
 — ïîñò³éíà Áîëüöìàíà. 

Ðèñ. 2. Òåìïåðàòóðíà çàëåæí³ñòü χ
Mn

-1 äëÿ êðèñòà-
ë³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ ìàðãàí-

öåì: 1 — N
Mn

=2,5∙1020 ñì-3; 2 — N
Mn

=1,8∙1020 ñì-3; 
2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñëÿ â³äïàëó â ïàðàõ Se; 3 — 

N
Mn

=1,4∙1020 ñì-3. 

Ìîæíà äîïóñòèòè, ùî íàéá³ëüø éìîâ³ðíè-
ìè â êðèñòàëàõ (3HgSe)

1-x
(Al

2
Se

3
)

x
 (ëåãîâàíèõ 

ìàðãàíöåì) º êëàñòåðè òèïó Mn-Så-Mn-Så, ÿê³ 
çà õàðàêòåðîì îáì³ííî¿ âçàºìîä³¿ ïîä³áí³ ôàç³ 
MnSå, îñê³ëüêè óòâîðþþòüñÿ âîíè â êðèñòàëàõ 
(3HgSe)

1-x
(Al

2
Se

3
)

x
 â ðåçóëüòàò³ ³çîâàëåíòíîãî çà-

ì³ùåííÿ àòîìàìè Mn àòîì³â ðòóò³ (àíàëîã³÷íî, 
ÿê â Hg

1-x
Mn

x
Så [2, 3]). 

Çì³íè íàõèëó ë³í³éíèõ ä³ëÿíîê (çëàìè) íà 
çàëåæíîñòÿõ χ

Mn
-1= f(T) ïðè Ò=Ò

Ç
 (ÿêà âèçíà÷à-

ºòüñÿ ³ç ïîõèáêîþ, ùî íå ïåðåâèùóº ±2Ê) îáó-
ìîâëåí³ ïåðåõîäîì â ïàðàìàãí³òíèé ñòàí ïðè 
ï³äâèùåíí³ òåìïåðàòóðè êëàñòåð³â òèïó Mn-Så-
Mn-Så (ð³çíîãî ðîçì³ðó), â ÿêèõ ì³æ àòîìàìè Mn 
÷åðåç àòîìè ñåëåíó çä³éñíþºòüñÿ íåïðÿìà îá-
ì³ííà âçàºìîä³ÿ àíòèôåðîìàãí³òíîãî õàðàêòåðó 
(àíàëîã³÷íî, ÿê â Hg

1-x
Mn

x
Så [2, 3]). Çá³ëüøåííÿ 

äëÿ äàíîãî N
Mn

 åôåêòèâíîãî ìàãí³òíîãî ìîìå-
íòó àòîì³â Mn (μ

åô.
, ïîõèáêà ó âèçíà÷åíí³ ÿêîãî 

íå ïåðåâèùóº 4%) ïðè ï³äâèùåíí³ òåìïåðàòóðè, 
âñòàíîâëåíå çà äîïîìîãîþ çàêîíó Êþð³-Âåéññà 
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(ôîðìóëè 1, 2) íà îñíîâ³ çì³íè íàõèëó ë³í³éíèõ 
ä³ëÿíîê ïðè Ò=Ò

Ç
 íà çàëåæíîñòÿõ χ

Mn
-1= f(T), 

ï³äòâåðäæóº òå, ùî ïðè Ò=Ò
Ç
 êëàñòåðè ïåðåõî-

äÿòü ³ç “àíòèôåðîìàãí³òíîãî” â ïàðàìàãí³òíèé 
ñòàí (òàáë. 1). Îòæå ê³ëüê³ñòü çíà÷åíü μ

åô
 ³ θ äëÿ 

êîæíî¿ N
Mn

 â òàáë. 1 äîð³âíþº ÷èñëó ïðÿìîë³-
í³éíèõ ä³ëÿíîê ð³çíîãî íàõèëó íà â³äïîâ³äí³é 

ö³é êîíöåíòðàö³¿ (N
Mn

) çàëåæíîñò³ 
1 ( )−χ =Mn f T , 

åêñòðàïîëÿö³ºþ ÿêèõ äî ïåðåòèíó ç â³ññþ òåì-
ïåðàòóð âèçíà÷àþòüñÿ çíà÷åííÿ θ (ç ïîõèáêîþ 
ÿêà íå ïåðåâèùóº ±2Ê), à â³ä ¿õ íàõèëó çàëåæèòü 
çíà÷åííÿ μ

åô
. Â òàáë. 1 ïðè äàí³é N

Mn
 êîæíèé 

âåðõí³é ðÿäîê, ïîð³âíÿíî ç íèæí³ì, â³äïîâ³äàº 
á³ëüø íèçüêîòåìïåðàòóðí³é ïðÿìîë³í³éí³é ä³-

ëÿíö³ íà 
1 ( )−χ =Mn f T  ðèñ. 2. 

Òàáëèöÿ 1
Ìàãí³òí³ ïàðàìåòðè çðàçê³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 

(õ=0,1), ëåãîâàíèõ ìàðãàíöåì 

N
Mn

, ñì-3 Θ, Ê μ
åô.

(μ
Á
) Ò

Ç
, Ê

1,4∙1020 0 
–23

5,49 
5,69

118

1,8∙1020 0 
–13

5,87 
5,89

108

2,5∙1020 0 
–30

5,45 
6,09

115

Åêñòðàïîëÿö³ÿ äî íóëÿ óñåðåäíåíèõ â 
îáëàñò³ âèñîêèõ òåìïåðàòóð çàëåæíîñòåé 
χ

Mn
-1=f(T), ÿê³ îïèñóþòüñÿ çàêîíîì Êþð³–Âåé-

ññà, äàº çíà÷åííÿ θ äëÿ êîæíîãî çðàçêà. Öå 
äîçâîëÿº îäåðæàòè íà îñíîâ³ çàëåæíîñòåé 
χ

Mn
-1=f(T) ³ ôîðìóë (1, 2) (ïðè Ò=300Ê), çíà-

÷åííÿ êîíöåíòðàö³é ìàðãàíöþ (N
Mn

) â êîæíî-
ìó çðàçêó (ïîõèáêà ó âèçíà÷åíí³ N

Mn
 íå ïåðå-

âèùóº 4%). 
Âïëèâ òåðìîîáðîáêè çðàçê³â (3HgSe)

1-x
(Al

2
Se

3
)

x
, 

ëåãîâàíèõ ìàðãàíöåì, â ïàðàõ Se íà ìàãí³òíó 
ñïðèéíÿòëèâ³ñòü êðèñòàë³â ïîêàçàíèé íàâå-
äåííÿì êðèâèõ 2 ³ 2’ íà ðèñ.1 ³ ðèñ.2. ²ç ðèñóíê³â 
âèäíî, ùî â³äïàë â ïàðàõ Se ñëàáî âïëèíóâ íà χ 
äîñë³äæóâàíèõ êðèñòàë³â, íà â³äì³íó â³ä êðèñ-
òàë³â Mn

x
Hg

1-x
Se ³ Hg

1-x
Mn

x
Te

1-y
Se

y
, äîñë³äæåíèõ 

â [4,5]. 
Âåëèêà êîíöåíòðàö³ÿ åëåêòðîí³â â êðèñòà-

ëàõ (n ~ 1019 — 1020 ñì-3) îáóìîâëåíà ìàáóòü òèì, 
ùî àòîìè àëþì³í³þ, ÿê³ çàì³ùàþòü àòîìè ðòó-
ò³ â ï³äãðàòö³ ðòóò³, à òàêîæ âàêàíñ³¿ â ï³äãðàòö³ 
ñåëåíó, º äîíîðàìè. Äîñë³äæåííÿ ê³íåòè÷íèõ 
êîåô³ö³ºíò³â êðèñòàë³â ïðîâåäåí³ â ³íòåðâà-
ë³ Ò=77-300Ê ³ Í=0,5-5 êÅ. Êîåô³ö³ºíò Õîëëà 
(R

H
) â äîñë³äæóâàíèõ êðèñòàëàõ íå çàëåæèòü â³ä 

òåìïåðàòóðè (ðèñ.3), ùî âêàçóº íà âèðîäæåí-

íÿ åëåêòðîííîãî ãàçó. Åëåêòðîïðîâ³äí³ñòü (σ) 
êðèñòàë³â ìàº, õî÷ ³ äóæå ñëàáêî âèðàæåíèé, 
àëå ìåòàë³÷íèé õàðàêòåð (òîáòî äîñèòü ñëàá-
êî, àëå çìåíøóºòüñÿ ³ç çðîñòàííÿì òåìïåðà-
òóðè) (ðèñ.4), ùî îáóìîâëåíî çìåíøåííÿì 
ðóõëèâîñò³ åëåêòðîí³â (μ

Í
) ïðè çá³ëüøåíí³ Ò 

(ðèñ.5). Ïðè÷îìó åëåêòðîïðîâ³äí³ñòü çðàçê³â 
(3HgSe)

1-x
(Al

2
Se

3
)

x
 ï³ñëÿ ¿õ òåðìîîáðîáêè ó âà-

êóóì³ òà çðàçê³â (3HgSe)
1-x

(Al
2
Se

3
)

x
, ëåãîâàíèõ 

ìàðãàíöåì, ìàéæå ë³í³éíî çàëåæèòü â³ä òåìïå-
ðàòóðè, ùî âêàçóº íà ìîæëèâ³ñòü âèêîðèñòàííÿ 
öèõ ìàòåð³àë³â â ÿêîñò³ ôóíêö³îíàëüíèõ åëå-
ìåíò³â íàï³âïðîâ³äíèêîâèõ òåðìîìåòð³â — äà-
ò÷èê³â (ñåíñîð³â) òåìïåðàòóðè. Òåðìî-åðñ (α) 
çá³ëüøóºòüñÿ ç ðîñòîì òåìïåðàòóðè (ðèñ. 6), ùî 
îáóìîâëåíî çìåíøåííÿì âèðîäæåíîñò³ åëåêò-
ðîííîãî ãàçó (âåëè÷èíà α ñÿãàº äåñÿòê³â ìêÂ/Ê 
ïðè ê³ìíàòí³é òåìïåðàòóð³). 

Ðèñ. 3. Òåìïåðàòóðíà çàëåæí³ñòü êîåô³ö³ºíòà Õîëëà 
äëÿ êðèñòàë³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ 

ìàðãàíöåì: 1 — N
Mn

=2,5∙1020 ñì-3; 2 — N
Mn

=1,8∙1020 
ñì-3; 2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñëÿ â³äïàëó â ïàðàõ Se; 

3 — N
Mn

=1,4∙1020 ñì-3. 

Ðèñ. 4. Òåìïåðàòóðíà çàëåæí³ñòü åëåêòðîïðîâ³äíî-
ñò³ êðèñòàë³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ 

ìàðãàíöåì: 1 — N
Mn

=2,5∙1020 ñì-3; 2 — N
Mn

=1,8∙1020 
ñì-3; 2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñëÿ â³äïàëó â ïàðàõ Se; 

3 — N
Mn

=1,4∙1020 ñì-3. 
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Ðèñ. 5. Òåìïåðàòóðíà çàëåæí³ñòü ðóõëèâîñò³ åëåêòðî-
í³â â êðèñòàëàõ (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ 

ìàðãàíöåì: 1 — N
Mn

=2,5∙1020 ñì-3; 2 — N
Mn

=1,8∙1020 
ñì-3; 2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñëÿ â³äïàëó â ïàðàõ Se; 

3 — N
Mn

=1,4∙1020 ñì-3. 

Òåðìîîáðîáêà çðàçê³â (3HgSe)
1-x

(Al
2
Se

3
)

x
, ëå-

ãîâàíèõ ìàðãàíöåì, â ïàðàõ ñåëåíó ïðèâîäèòü 
äî çìåíøåííÿ êîíöåíòðàö³¿ åëåêòðîí³â (êîå-
ô³ö³ºíò Õîëëà |R

H
| çá³ëüøóºòüñÿ ïî àáñîëþòí³é 

âåëè÷èí³ ðèñ. 3). Çíèæåííÿ êîíöåíòðàö³¿ åëå-
êòðîí³â ìîæíà ïîÿñíèòè çìåíøåííÿì ê³ëüêî-
ñò³ âàêàíñ³é â ï³äãðàäö³ ñåëåíó, ÿê³ º äîíîðà-
ìè, âíàñë³äîê çàïîâíåííÿ ¿õ äèôóíäóþ÷èìè â 
êðèñòàë ç ïàðîâî¿ ôàçè àòîìàìè Se ³ ïåðåõîäîì 
àòîì³â ì³æâóçëîâî¿ ðòóò³, ÿê³ º òàêîæ äîíîðàìè, 
ç êðèñòàëó â ïàðîâó ôàçó. Ï³äòâåðäæåííÿì öüî-
ìó ìîæå ñëóæèòè òå , ùî ï³ñëÿ â³äïàëó çðàçê³â 
â ïàðàõ Se ðóõëèâ³ñòü åëåêòðîí³â ñèëüíî çðîñëà 
(ðèñ. 5). 

Òåðìî-åðñ ï³ñëÿ â³äïàëó çðàçê³â â ïàðàõ Se 
ñèëüíî çðîñëà (ðèñ. 6) âíàñë³äîê ñèëüíîãî çìå-
íøåííÿ êîíöåíòðàö³¿ åëåêòðîí³â ³ çìåíøåííÿ 
âèðîäæåíîñò³ åëåêòðîííîãî ãàçó ï³ñëÿ òåðìî-
îáðîáêè. 

Âðàõîâóþ÷è âèðîäæåííÿ åëåêòðîííîãî ãàçó 
â (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ ìàðãàí-

öåì, (Ò=77÷300 Ê), ñôåðè÷íó ñèìåòð³þ ïîâåð-
õí³ ïîñò³éíî¿ åíåðã³¿ íîñ³¿â çàðÿäó àíàëîã³÷íî 
Hg

1-x
Mn

x
Se [6-9], íåïàðàáîë³÷íèé çàêîí äèñ-

ïåðñ³¿ (ïðè õ=0,1 ε
g
 ~ 0, òîìó ùî äëÿ HgSe ε

g
 = 

-0,1 åÂ, à äëÿ Al
2
Se

3
 (ε

g
 = 3,1åÂ)) ³ âèêîðèñòîâó-

þ÷è çíà÷åííÿ σ, R
Í

, α(0), Δα [10], îäåðæàí³ ³ç 
óñåðåäíåíèõ åêñïåðèìåíòàëüíèõ çàëåæíîñòåé 
σ=f(T), R

H
=f(T), α(0)=f(T), Δα=f(T), çà äîïî-

ìîãîþ ñï³ââ³äíîøåííÿ (3): 

 
2 2 / 3 2

*
2 2

(0) (3 )
(1 )ξ

α ⋅ ⋅ π ⋅ ⋅ ⋅
=

⋅ + γ ⋅ ⋅ πrБ

n em
T k

  (3) 

áóëè îáðàõîâàí³ åôåêòèâí³ ìàñè åëåêòðîí³â íà 
ð³âí³ Ôåðì³ *

ξm  äëÿ îáëàñò³ òåìïåðàòóð 90-300 

Ê, ÿê³ äîáðå ïîãîäæóþòüñÿ ç 
*
ξm =f(T), îäåðæà-

íèìè çà ôîðìóëîþ (4) [11]: 

 

2 / 32
*

2

3 1
ξ ∞

∞

⎛ ⎞⋅
= ⋅ ⋅ ⋅ α⎜ ⎟⋅ π ⋅⎝ ⎠Б

em
k T e R

,  (4) 

ÿêà ñïðàâåäëèâà ³ ó âèïàäêó íåïðóæíîãî ðîçñ³-
þâàííÿ åëåêòðîí³â [12]. 

Ðèñ. 6. Òåìïåðàòóðíà çàëåæí³ñòü òåðìî-åðñ äëÿ êðè-
ñòàë³â (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), ëåãîâàíèõ ìàðãà-

íöåì: 1 — N
Mn

=2,5∙1020 ñì-3; 2 — N
Mn

=1,8∙1020 ñì-3; 
2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñëÿ â³äïàëó â ïàðàõ Se; 3 — 

N
Mn

=1,4∙1020 ñì-3. 

Çã³äíî [11], òåìïåðàòóðà ñòâîðþº á³ëüø ñè-
ëüíèé âïëèâ íà åíåðãåòè÷í³ ù³ëèíè (ε

g
), í³æ 

íà ìàòðè÷íèé åëåìåíò ì³æçîííî¿ âçàºìîä³¿ (Ð). 
Òîìó çàëåæí³ñòü åôåêòèâíî¿ ìàñè åëåêòðîí³â 
íà ð³âí³ Ôåðì³ â³ä òåìïåðàòóðè ïîâ’ÿçóâàëàñü, 
â îñíîâíîìó, ç òåìïåðàòóðíîþ çàëåæí³ñòþ 
ε

g
 [11]. 

Îäíàê ïðè ïîÿñíåíí³ çàëåæíîñòåé 
*
ξm =f(T) 

ðèñ. 7, êð³ì ôàêòîðà ⏐ε
g
⏐=f(T), íåîáõ³äíî âðà-

õîâóâàòè çì³íó íåïàðàáîë³÷íîñò³ çîííîãî ñïåê-
òðó ç³ ñêëàäîì ³ òåìïåðàòóðîþ [6-9]. 

Ïðè ïîÿñíåíí³ åêñïåðèìåíòàëüíî îäåð-
æàíèõ çàëåæíîñòåé *

ξm =f(T), êð³ì âïëèâó íà 
âåëè÷èíó *

ξm  øèðèíè çàáîðîíåíî¿ çîíè ⏐ε
g
⏐ ³ 

íåïàðàáîë³÷íîñò³ çîíè ïðîâ³äíîñò³ (ÿê³ çì³íþ-
þòüñÿ ç òåìïåðàòóðîþ) íåîáõ³äíî âðàõóâàòè òà-
êîæ âïëèâ n=f(T) [6-9]. 

Îñê³ëüêè êðèñòàëè (3HgSe)
1-x

(Al
2
Se

3
)

x
 

(õ=0,1), ëåãîâàí³ ìàðãàíöåì, ïîâèíí³ ìàòè 
øèðèíó çàáîðîíåíî¿ çîíè (ε

g
) áëèçüêó äî íóëÿ 

(òîáòî âîíè áëèçüê³ äî ïåðåõîäó áåçù³ëèííèé 
íàï³âïðîâ³äíèê (ÁÍ) — çâè÷àéíèé íàï³âïðî-
â³äíèê (ÇÍ)), òî ¿õ çîíà ïðîâ³äíîñò³ ïîâèííà 
áóòè äóæå íåïàðàáîë³÷íîþ. Êð³ì òîãî, âåëèêà 
êîíöåíòðàö³ÿ åëåêòðîí³â â çðàçêàõ äî òåðìî-
îáðîáêè (n ~ 1020 ñì-3) âêàçóº íà òå, ùî ð³âåíü 
Ôåðì³ ðîçòàøîâàíèé â çîí³ ïðîâ³äíîñò³ âèñîêî 
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â³äíîñíî ¿¿ äíà ³ åëåêòðîíè â çîí³ ïðîâ³äíîñò³ 
çàéìàþòü ò³ ñòàíè, äå çîííèé ñïåêòð äóæå íå-
ïàðàáîë³÷íèé. Ñàìå ôàêòîð ñèëüíî¿ íåïàðàáî-
ë³÷íîñò³ çîíè ïðîâ³äíîñò³ (â îêîë³ ð³âíÿ Ôåð-
ì³) º âèçíà÷àëüíèì â òîìó, ùî åôåêòèâíà ìàñà 

åëåêòðîí³â íà ð³âí³ Ôåðì³ (
*
ξm ) ò³ëüêè çðîñòàº ³ç 

çá³ëüøåííÿì òåìïåðàòóðè (ðèñ. 7) (äëÿ çðàçê³â 
äî òåðìîîáðîáêè). Êîíêðåòíèé ìåõàí³çì öüî-
ãî ïðîöåñó ìîæíà áóëî á ïðåäñòàâèòè, ÿêùî áè 
áóëà â³äîìà òåìïåðàòóðíà çàëåæí³ñòü çàáîðîíå-
íî¿ çîíè (ε

g
 =f(T)) äëÿ öèõ çðàçê³â. 

Ðèñ. 7. Òåìïåðàòóðíà çàëåæí³ñòü åôåêòèâíî¿ ìàñè 
åëåêòðîí³â â êðèñòàëàõ (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1), 

ëåãîâàíèõ ìàðãàíöåì: 1 — N
Mn

=2,5∙1020 ñì-3; 2 — 
N

Mn
=1,8∙1020 ñì-3; 2’ — N

Mn
=1,8∙1020 ñì-3, ï³ñëÿ â³äïà-

ëó â ïàðàõ Se; 3 — N
Mn

=1,4∙1020 ñì-3. 

Çìåíøåííÿ êîíöåíòðàö³¿ åëåêòðîí³â ó çðàçêó 
2 ï³ñëÿ éîãî òåðìîîáðîáêè â ïàðàõ Se äî âåëè-
÷èíè n = 1/e∙R

H
 ~ 1019 ñì-3, ïðè ÿê³é åëåêòðîíè 

â çîí³ ïðîâ³äíîñò³ çàéìàþòü óæå ñòàíè äå çîíà 
ìåíø íåïàðàáîë³÷íà, ïðèâîäèòü äî çàëåæíîñò³ 

* ( )ξ =m f T  (ðèñ. 7, êðèâà 2�) ïîä³áíî¿ äî òèõ, ÿê³ 
îäåðæàí³ äëÿ Hg

1-x
Mn

x
Se â ðîáîòàõ [6, 7], ³ ïîÿñ-

íþþòüñÿ ä³ºþ íà * ( )ξ =m f T  äâîõ êîíêóðóþ÷èõ 
ôàêòîð³â, ðîçãëÿíóòèõ âèùå: çì³íîþ ç òåìïåðà-
òóðîþ øèðèíè çàáîðîíåíî¿ çîíè (ε

g
) ³ íåïàðà-

áîë³÷íîñò³ çîíè ïðîâ³äíîñò³. Âïëèâó ( )=n f T  
íà çàëåæí³ñòü * ( )ξ =m f T  íåìàº, îñê³ëüêè êîí-
öåíòðàö³ÿ åëåêòðîí³â ó çðàçêàõ í³ äî í³ ï³ñëÿ 
òåðìîîáðîáêè íå çàëåæèòü â³ä òåìïåðàòóðè. 

Âèñíîâêè 

1. Äîñë³äæåí³ îñîáëèâîñò³ ìàãí³òíî¿ ñïðèé-
íÿòëèâîñò³ (3HgSe)

1-x
(Al

2
Se

3
)

x
 (õ=0,1) (ëåãîâà-

íèõ ìàðãàíöåì). Íàâåäåí³ ì³ðêóâàííÿ íà êî-
ðèñòü òîãî, ùî âîíè îáóìîâëåí³ íàÿâí³ñòþ â 
êðèñòàëàõ êëàñòåð³â òèïó Mn–Se–Mn–Se ð³ç-
íèõ ðîçì³ð³â, â ÿêèõ ì³æ àòîìàìè Mn ÷åðåç àòî-
ìè õàëüêîãåíà çä³éñíþºòüñÿ íåïðÿìà îáì³ííà 
âçàºìîä³ÿ àíòèôåðîìàãí³òíîãî õàðàêòåðó. 

2. Äëÿ çðàçê³â (3HgSe)
1-x

(Al
2
Se

3
)

x
 (õ=0,1) (ëå-

ãîâàíèõ ìàðãàíöåì) êîåô³ö³ºíò Õîëëà íå çà-
ëåæèòü â³ä òåìïåðàòóðè, åëåêòðîïðîâ³äí³ñòü 
êðèñòàë³â ìàº ìåòàë³÷íèé õàðàêòåð, òåðìî-åðñ 
çá³ëüøóºòüñÿ ç ðîñòîì òåìïåðàòóðè, à çìåí-
øåííÿ êîíöåíòðàö³¿ åëåêòðîí³â ï³ñëÿ â³äïàëó 
çðàçê³â â ïàðàõ Se îáóìîâëåíå çìåíøåííÿì ê³-
ëüêîñò³ âàêàíñ³é â ï³äãðàòö³ Se. 

3. Åëåêòðîïðîâ³äí³ñòü çðàçê³â (3HgSe)
1-x

(Al
2
Se

3
)

x
 

(ëåãîâàíèõ ìàðãàíöåì) ìàéæå ë³í³éíî çàëåæèòü 
â³ä òåìïåðàòóðè, ùî âêàçóº íà ìîæëèâ³ñòü âè-
êîðèñòàííÿ öèõ ìàòåð³àë³â â ÿêîñò³ ôóíêö³îíà-
ëüíèõ åëåìåíò³â íàï³âïðîâ³äíèêîâèõ òåðìîìå-
òð³â — äàò÷èê³â (ñåíñîð³â) òåìïåðàòóðè. 

Ðîáîòà âèêîíàíà ïðè ï³äòðèìö³ Äåðæàâíî-
ãî ôîíäó ôóíäàìåíòàëüíèõ äîñë³äæåíü (ïðîåêò 
¹ Ô25.4/075). 
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