
17

PACS: 75.30. — M. ÓÄÊ 537.61 

ÔÀÇÎÂÛÅ ÏÅÐÅÕÎÄÛ Â ÌÀÃÍÅÒÈÊÀÕ Ñ ÒÅÍÇÎÐÍÛÌÈ 
ÂÇÀÈÌÎÄÅÉÑÒÂÈßÌÈ È ÍÈÇÊÎÒÅÌÏÅÐÀÒÓÐÍÛÅ ÄÀÒ×ÈÊÈ 

ÌÀÃÍÈÒÍÎÃÎ ÏÎËß 

È. Ï. Øàïîâàëîâ, Ï. À. Ñàéêî 

Îäåññêèé íàöèîíàëüíûé óíèâåðñèòåò èì. È. È. Ìå÷íèêîâà, 
42, óë.Ïàñòåðà,Îäåññà, 65000,Óêðàèíà 

e-mail: dtp@onu.edu.ua 

ÔÀÇÎÂÛÅ ÏÅÐÅÕÎÄÛ Â ÌÀÃÍÅÒÈÊÀÕ Ñ ÒÅÍÇÎÐÍÛÌÈ ÂÇÀÈÌÎÄÅÉÑÒÂÈßÌÈ 
È ÍÈÇÊÎÒÅÌÏÅÐÀÒÓÐÍÛÅ ÄÀÒ×ÈÊÈ ÌÀÃÍÈÒÍÎÃÎ ÏÎËß 

È. Ï. Øàïîâàëîâ, Ï. À. Ñàéêî 

Àííîòàöèÿ. Èññëåäîâàíû ôàçîâûå ïåðåõîäû â îäíîîñíûõ ìàãíèòíûõ êðèñòàëëàõ ñ òåí-
çîðíûìè âçàèìîäåéñòâèÿìè. Ðàññìîòðåí ñëó÷àé, êîãäà çíà÷åíèå àòîìíûõ ñïèíîâ S  ðàâíî 
åäèíèöå, à âíåøíåå ìàãíèòíîå ïîëå h  íàïðàâëåíî âäîëü êðèñòàëëîãðàôè÷åñêîé îñè (îñü z). 
Ïðè ýòèõ óñëîâèÿõ â ñèñòåìå ìîãóò ðåàëèçîâàòüñÿ òðè îäíîïîäðåøåòî÷íûå àêñèàëüíî-ñèì-
ìåòðè÷íûå ôàçû: ôåððîìàãíèòíàÿ (ÔÌÔ), êâàäðóïîëüíàÿ (ÊÔ) è ïàðàìàãíèòíàÿ (ÏÌÔ). 
Â êîîðäèíàòàõ òåìïåðàòóðà-ïîëå ïîñòðîåíà ôàçîâàÿ äèàãðàììà ñèñòåìû. Íà äèàãðàììå 
èìååòñÿ òðîéíàÿ òî÷êà, êîîðäèíàòû êîòîðîé çàâèñÿò îò ïàðàìåòðîâ ãàìèëüòîíèàíà. Ïðè 
ôèêñèðîâàííîé òåìïåðàòóðå èíäóöèðóåìûå óâåëè÷åíèåì ìàãíèòíîãî ïîëÿ ôàçîâûå ïåðå-
õîäû (ÔÏ) ïåðâîãî ðîäà èç ÊÔ â ÔÌÔ ïðîèñõîäÿò ïðè îïðåäåëåííîì çíà÷åíèè ïîëÿ ñh  
è ñîïðîâîæäàþòñÿ ñêà÷êîîáðàçíûì âîçíèêíîâåíèåì â ñèñòåìå áîëüøîãî ìàãíèòíîãî ìî-
ìåíòà. Ïðè íèçêèõ òåìïåðàòóðàõ âåëè÷èíà ñh  ïðàêòè÷åñêè íå çàâèñèò îò òåìïåðàòóðû, ÷òî 
ïîçâîëÿåò èñïîëüçîâàòü èçó÷àåìûé êðèñòàëë â êà÷åñòâå íèçêîòåìïåðàòóðíîãî äàò÷èêà, ñèã-
íàëèçèðóþùåãî î äîñòèæåíèè ìàãíèòíûì ïîëåì êðèòè÷åñêîãî çíà÷åíèÿ ñh . 

Êëþ÷åâûå ñëîâà: ìàãíåòèêè, êðèñòàëëè÷åñêîå ïîëå, áèêâàäðàòíûé îáìåí, ôàçîâûå ïåðå-
õîäû, äàò÷èêè ìàãíèòíîãî ïîëÿ 
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Àíîòàö³ÿ. Äîñë³äæåíî ôàçîâ³ ïåðåõîäè â îäíîîñüîâèõ ìàãí³òíèõ êðèñòàëàõ ç òåíçîðíèìè 
âçàºìîä³ÿìè. Ðîçãëÿíóòî âèïàäîê, êîëè çíà÷åííÿ àòîìíèõ ñï³í³â S  äîð³âíþº îäèíèö³, à 
çîâí³øíº ìàãí³òíå ïîëå h  ñïðÿìîâàíå óçäîâæ êðèñòàëîãðàô³÷íî¿ îñ³ (â³ñü z). Ïðè öèõ óìî-
âàõ ó ñèñòåì³ ìîæóòü ðåàë³çóâàòèñÿ òðè îäíî-ï³äãðàòêîâ³ àêñèàëüíî-ñèìåòðè÷í³ ôàçè: ôåðî-
ìàãí³òíà (ÔÌÔ), êâàäðóïîëüíà (ÊÔ) ³ ïàðàìàãí³òíà (ÏÌÔ). Ó êîîðäèíàòàõ òåìïåðàòóðà-
ïîëå ïîáóäîâàíà ôàçîâà ä³àãðàìà ñèñòåìè. Íà ä³àãðàì³ º ïîòð³éíà òî÷êà, êîîðäèíàòè ÿêî¿ 
çàëåæàòü â³ä ïàðàìåòð³â ãàì³ëüòîí³àíà. Ïðè ô³êñîâàí³é òåìïåðàòóð³ ³íäóêîâàí³ çá³ëüøåííÿì 
ìàãí³òíîãî ïîëÿ ôàçîâ³ ïåðåõîäè (ÔÏ) ïåðøîãî ðîäó ³ç ÊÔ ó ÔÌÔ â³äáóâàþòüñÿ ïðè ïåâ-
íîìó çíà÷åíí³ ïîëÿ ñh  é ñóïðîâîäæóþòüñÿ ñòðèáêîïîä³áíèì âèíèêíåííÿì ó ñèñòåì³ âåëè-
êîãî ìàãí³òíîãî ìîìåíòó. Ïðè íèçüêèõ òåìïåðàòóðàõ âåëè÷èíà ñh  ïðàêòè÷íî íå çàëåæèòü 
â³ä òåìïåðàòóðè, ùî äîçâîëÿº âèêîðèñòîâóâàòè äîñë³äæóâàíèé êðèñòàë ÿê íèçüêîòåìïåðà-
òóðíèé äàò÷èê, ùî ñèãíàë³çóº ïðî äîñÿãíåííÿ ìàãí³òíèì ïîëåì êðèòè÷íîãî çíà÷åííÿ ñh . 
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1. Ãàìèëüòîíèàí ñèñòåìû è àêñèàëüíî-
ñèììåòðè÷íûå ôàçû 

Ïðè çíà÷åíèè àòîìíîãî ñïèíà 1S =  â ìàã-
íèòíîì êðèñòàëëå ïîìèìî îáû÷íîãî îáìåí-
íîãî âçàèìîäåéñòâèÿ (ÎÂ) âîçìîæíû äâà òèïà 
òåíçîðíûõ âçàèìîäåéñòâèé: âçàèìîäåéñòâèå 
ñïèíîâ ñ êðèñòàëëè÷åñêèì ïîëåì è áèêâàäðàò-
íûé îáìåí (ÁÎ). Ãàìèëüòîíèàí, ó÷èòûâàþùèé 
íàëè÷èå âíåøíåãî ìàãíèòíîãî ïîëÿ è âñå ïåðå-
÷èñëåííûå òèïû âçàèìîäåéñòâèé, èìååò âèä 
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ãäå ijJ  — êîíñòàíòû ÎÂ, D  — êîíñòàíòà êðèñ-
òàëëè÷åñêîãî ïîëÿ, ijK  — êîíñòàíòû ÁÎ. Êâàä-
ðóïîëüíûé îïåðàòîð 0

2O  ñâÿçàí ñ z-êîìïîíåí-
òîé îïåðàòîðà ñïèíà ñîîòíîøåíèåì 

 ( ) ( )20
2 2 3ZO S I= − ⋅ , (2) 

ãäå I  — åäèíè÷íûé îïåðàòîð. 
Ïåðâûé ÷ëåí â ãàìèëüòîíèàíå (1) — ýòî 

ýíåðãèÿ àòîìíûõ ñïèíîâ âî âíåøíåì ìàã-
íèòíîì ïîëå (çååìàíîâñêàÿ ýíåðãèÿ), âòîðîé 
÷ëåí — ýíåðãèÿ ÎÂ, òðåòèé ÷ëåí — ýíåðãèÿ 
ñïèíîâ â êðèñòàëëè÷åñêîì ïîëå, ÷åòâåðòûé 
÷ëåí — ýíåðãèÿ ÁÎ. 

Â íàñòîÿùåé ðàáîòå ìû îãðàíè÷èëèñü ðàñ-
ñìîòðåíèåì îäíîïîäðåøåòî÷íûõ ñòðóêòóð â 
ëåãêîïëîñêîñòíûõ ìàãíåòèêàõ, ÷òî îáåñïå÷è-
âàåòñÿ óñëîâèåì 0ijJ > , 0ijK > , 0D > . 

Â ñèñòåìå, îïèñûâàåìîé ãàìèëüòîíèà-
íîì (1), ìîãóò ðåàëèçîâàòüñÿ òðè îäíîïîäðå-
øåòî÷íûå àêñèàëüíî-ñèììåòðè÷íûå ôàçû. 
Ïåðâàÿ èç íèõ — ÔÌÔ ñ îñüþ ôåððîìàã-
íèòíîãî óïîðÿäî÷åíèÿ, íàïðàâëåííîé âäîëü 
îñè z. Âòîðàÿ — ÊÔ, â êîòîðîé ïðè íóëåâîé 
òåìïåðàòóðå ( 0T = ) äàæå â ïðèñóòñòâèè ìàã-
íèòíîãî ïîëÿ h  íàìàãíè÷åííîñòü â ñèñòåìå 
ðàâíà íóëþ [1]. Òðåòüÿ ôàçà — ÏÌÔ. Ñïèíî-
âàÿ ñòðóêòóðà â êàæäîé èç ôàç ïîëíîñòüþ îï-
ðåäåëÿåòñÿ äâóõêîìïîíåíòíûì ïàðàìåòðîì 
ïîðÿäêà — ( ),η σ λ , ãäå ZSσ =< > , 0

23 Oλ = < >  
[2]. 

Â ïðèáëèæåíèè ìîëåêóëÿðíîãî ïîëÿ ãà-
ìèëüòîíèàí (1) ïðèíèìàåò âèä 

 ( ) ( ) 0
0 0 23Z

Z i i
i i

H h J S D K O= − + σ + − λ∑ ∑ , (3) 

ãäå 0J  è 0K  ðàâíû: 0 ij
i

J J≡∑ , 0 ij
i

K K≡∑ . 

Â ýòîì æå ïðèáëèæåíèè êîìïîíåíòû ïà-
ðàìåòðà ïîðÿäêà σ  è λ  ïðè îòëè÷íûõ îò íóëÿ 
òåìïåðàòóðàõ îïðåäåëÿþòñÿ ñèñòåìîé äâóõ 
óðàâíåíèé [3]: 

( )( ) ( )( )
( )( ) ( )( )

( )( ) ( )( )

0 0

0 0

0 0

2 exp
,

1 2 exp

3
1 ,

1 2 exp

Z

Z

sh h J K D

ch h J K D

ch h J K D

+ σ θ λ − θ
σ =

+ + σ θ λ − θ

λ = −
+ + σ θ λ − θ

 (4) 

ãäå θ  — òåìïåðàòóðà â ýíåðãåòè÷åñêèõ åäèíè-
öàõ ( )kTθ = . 

Ñâîáîäíàÿ ýíåðãèÿ ñèñòåìû ìîæåò áûòü 
ïðåäñòàâëåíà â âèäå 

PHASE TRANSITIONS IN MAGNETS WITH ÒÅNSOR INTERACTIONS 
AND LOW-TEMPERATURE MAGNETIC FIELD SENSORS 

I. P. Shapovalov, P. A. Sayko 

Abstract. Phase transitions in uniaxial magnetic crystals with tensor interactions are investigated. 
The case of the unity atomic spin values S and where external magnetic field h is directed along the 
crystallographic axis (the z-axis) is considered. Under these conditions in system three single-sub-
lattice axial symmetrical phases: ferromagnetic (FMP), quadrupole (QP) and paramagnetic (PÌP) 
phases can be realised. In the temperature-field coordinates the phase diagram of system is plotted. 
There is a triple point in the diagram, whose coordinates depend on the Hamiltonian parameters. At 
the fixed temperature the phase transitions (PT) of the first kind from the QP to the FMP induced by 
increase of the magnetic field occur at certain value of the field ñh  and are accompanied by an abrupt 
appearance in system of the large magnetic moment. At low temperatures the value ñh  practically 
does not depend on temperature that allows to use a studied crystal as the low-temperature sensor 
signalling about achievement by a magnetic field of critical value ñh . 

Keywords: magnets, a crystal field, a biquadrate exchange, phase transitions, magnetic field sen-
sors 
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   ( )( ) ( )( )

2

3

ln 1 exp exp

F d

h d h d

= − −

⎡ ⎤−θ + − θ + − − θ⎣ ⎦
, (5) 

ãäå h  è d  îïðåäåëÿþòñÿ âûðàæåíèÿìè 

0h h J= + σ , 0d D K= − λ . 

2. ×èñëåííîå èññëåäîâàíèå 

×èñëåííîå èññëåäîâàíèå ñèñòåìû (4) äàëî 
ñëåäóþùèé ðåçóëüòàò. Â ñëó÷àå, êîãäà òåìïåðà-
òóðà ïðåâûøàåò íåêîòîðîå çíà÷åíèå *T , ñèñ-
òåìà (4) ïðè ëþáîì çíà÷åíèè ìàãíèòíîãî ïîëÿ 
h  èìååò åäèíñòâåííîå ðåøåíèå. Ïðè óñëîâèè 

*T T<  äëÿ êàæäîãî çíà÷åíèÿ T  ñóùåñòâóåò èí-
òåðâàë çíà÷åíèé ìàãíèòíîãî ïîëÿ, â êîòîðîì 
ñèñòåìà (4) èìååò äâà ðåøåíèÿ. Îäíî èç íèõ ñî-
îòâåòñòâóåò ÊÔ, äðóãîå — ÔÌÔ. Ïðè ýòîì ëè-
íèÿ ÔÏ ìåæäó ÊÔ è ÔÌÔ ñîâïàäàåò ñ ëèíèåé, 
íà êîòîðîé ðàâíû çíà÷åíèÿ ñâîáîäíîé ýíåðãèè 
â îáåèõ ôàçàõ: 

 ( ) ( ), ,ÔÌÔ ÔÌÔ ÊÔ ÊÔF Fσ λ = σ λ . (6) 

Íà ðèñ.1. ïðèâåäåíà ôàçîâàÿ äèàãðàììà èñ-
ñëåäóåìîé ñèñòåìû â áåçðàçìåðíûõ êîîðäèíà-

òàõ hθ− , ãäå 0Jθ = θ , 0h h J= . Â îáëàñòè a ðå-
àëèçóåòñÿ ÊÔ, â îáëàñòè b — ÔÌÔ, à â îáëàñòè 
c — ÏÌÔ. Ëèíèÿ 1 îïðåäåëÿåòñÿ óñëîâèåì (6). 
Ëèíèè 2 è 3 ÿâëÿþòñÿ ãðàíèöàìè ÏÌÔ ñ ÊÔ è 
ÔÌÔ ñîîòâåòñòâåííî. Òî÷êà À — òðîéíàÿ òî÷-

êà ÊÔ, ÔÌÔ è ÏÌÔ. Åå êîîðäèíàòû *θ  è *h  
ÿâëÿþòñÿ ôóíêöèÿìè ïàðàìåòðîâ ãàìèëüòîíè-
àíà. 

Ïðèâåäåì ñîîáðàæåíèÿ, êîòîðûå áûëè èñ-
ïîëüçîâàíû äëÿ ïîñòðîåíèÿ ãðàíèö ÏÌÔ. Â 
ÊÔ ïðè ôèêñèðîâàííîì çíà÷åíèè ìàãíèòíî-
ãî ïîëÿ h  ñ ðîñòîì òåìïåðàòóðû íàìàãíè÷åí-
íîñòü σ  óâåëè÷èâàåòñÿ, à â ÏÌÔ — óìåíüøà-
åòñÿ. Ïîýòîìó òåìïåðàòóðå ïåðåõîäà ìåæäó ÊÔ 
è ÏÌÔ ñîîòâåòñòâóåò ìàêñèìàëüíîå çíà÷åíèå 
ôóíêöèè ( )Tσ . Â ÔÌÔ ïðè ôèêñèðîâàííîì 
çíà÷åíèè h  ñ ðîñòîì òåìïåðàòóðû êâàäðó-
ïîëüíàÿ ñîñòàâëÿþùàÿ ïàðàìåòðà ïîðÿäêà λ  
óìåíüøàåòñÿ, ïðîõîäÿ ÷åðåç íîëü, à â ÏÌÔ 
óâåëè÷èâàåòñÿ, ñòðåìÿñü ê íóëþ. Ñëåäîâàòåëü-

íî, òåìïåðàòóðå ïåðåõîäà ìåæäó ÔÌÔ è ÏÌÔ 
ñîîòâåòñòâóåò ìèíèìàëüíîå çíà÷åíèå ôóíêöèè 
( )Tλ . Çàâèñèìîñòè êîîðäèíàò òðîéíîé òî÷êè 

îò êîíñòàíò 0K  è D  ïðèâåäåíû íà ðèñ. 2. è 3. 
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Ðèñ. 1. Ôàçîâàÿ äèàãðàììà îäíîîñíîãî ìàãíåòèêà ñ 
òåíçîðíûìè âçàèìîäåéñòâèÿìè. Äèàãðàììà ïîñò-

ðîåíà ïðè 0,5D = ; 0 1,25K =  

1.1 1.2 1.3 1.4 1.5 1.6 1.7 

0.3 
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Ðèñ. 2. Çàâèñèìîñòü êîîðäèíàò òðîéíîé òî÷êè îò 

0K  ïðè 0,5D = . 1 — ëèíèÿ, ñîîòâåòñòâóþùàÿ çàâè-

ñèìîñòè ( )*
1 0f Kθ = . 2 — ëèíèÿ, ñîîòâåòñòâóþùàÿ 

çàâèñèìîñòè ( )*
2 0h f K=  
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Ðèñ. 3. Çàâèñèìîñòü êîîðäèíàò òðîéíîé òî÷êè îò D  

ïðè 0 1,25K = . 1 — ëèíèÿ, ñîîòâåòñòâóþùàÿ çàâè-

ñèìîñòè ( )*
1f Dθ = ; 2 — ëèíèÿ, ñîîòâåòñòâóþùàÿ 

çàâèñèìîñòè ( )*
2h f D=  

3. Äàò÷èêè ìàãíèòíîãî ïîëÿ 

Â îñíîâå ðåãèñòðàöèè ìàãíèòíîãî ïîëÿ ìî-
æåò áûòü ïîëîæåí ñëåäóþùèé ïðèíöèï. Ïðè 
óñëîâèè *T T<  ðåøåíèÿ ñèñòåìû (4) ðàçëè÷íû 
äëÿ ðàçëè÷íûõ ôàç, à óâåëè÷åíèå âíåøíåãî ìàã-

íèòíîãî ïîëÿ èíäóöèðóåò ÔÏ èç ÊÔ â ÔÌÔ. 
Ýòîò ïåðåõîä ïðîèñõîäèò êàê ÔÏ ïåðâîãî ðîäà 
è ñîïðîâîæäàåòñÿ ñêà÷êîì íàìàãíè÷åííîñòè [4]. 
Ïðè íèçêèõ òåìïåðàòóðàõ êðèòè÷åñêîå çíà÷å-
íèå ìàãíèòíîãî ïîëÿ h

c
, ïðè êîòîðîì ïðîèñõî-

äèò ÔÏ, ïðàêòè÷åñêè íå çàâèñèò îò òåìïåðàòóðû 
(ðèñ.1.). Òàêèì îáðàçîì, ôèêñèðóÿ ñêà÷îê íàìàã-
íè÷åííîñòè σ , ìîæíî ñóäèòü î äîñòèæåíèè ìàã-
íèòíûì ïîëåì êðèòè÷åñêîãî çíà÷åíèÿ h

c
 . 
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