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Çàïðîïîíîâàíà ôåíîìåíîëîã³÷íà ìîäåëü åëåêòðîô³çè÷íèõ âëàñòèâîñòåé 
(ïèòîìèé îï³ð ³ òåðì³÷íèé êîåô³ö³ºíò îïîðó) äëÿ ïë³âêîâèõ ãðàíóëüîâàíèõ 
ñïëàâ³â, ÿê³ óòâîðþþòüñÿ â äâî- ÷è áàãàòîøàðîâèõ ïë³âêîâèõ ñèñòåìàõ íà îñíîâ³ 
ìàãí³òíèõ ³ íåìàãí³òíèõ ìåòàë³â ç îáìåæåíîþ ðîç÷èíí³ñòþ â ìàñèâíèõ 
çðàçêàõ.  

ÂÑÒÓÏ 
Â³äêðèòòÿ ó 1988 ðîö³ ÿâèùà ã³ãàíòñüêîãî ìàãí³òíîãî îïîðó â 

ìóëüòèøàðàõ íà îñíîâ³ Fe i Cr ñòèìóëþâàëî äîñë³äæåííÿ ð³çíèõ 
ïë³âêîâèõ ñèñòåì, ùî óâ³í÷àëîñÿ ó 1992 ðîö³ ñïîñòåðåæåííÿì öüîãî 
ÿâèùà â ³íøîìó êëàñ³ ïë³âêîâèõ ìàòåð³àë³â – ò.çâ. ãðàíóëüîâàíèõ 
ñïëàâàõ (á³ëüø äåòàëüíî äèâ., íàïðèêëàä, [1] ³ öèòîâàíó â [2] ë³òåðàòóðó). 

Ãðàíóëüîâàí³ ñïëàâè (ã.ñ.) îòðèìóþòü øëÿõîì îäíî÷àñíîãî îñàäæåííÿ 
íà ï³äêëàäêó äâîõ ÷è òðüîõ ìåòàëåâèõ êîìïîíåíò (îäíà ³ç ÿêèõ 
íåìàãí³òíà), ÿê³ ìàþòü îáìåæåíó ðîç÷èíí³ñòü ó ìàñèâíèõ ìàòåð³àëàõ. Â 
ðåçóëüòàò³ öüîãî ïðè ïåâíîìó ï³äáîð³ êîíöåíòðàö³é óòâîðþþòüñÿ ìàãí³òí³ 
÷àñòèíêè (ãðàíóëè), ÿê³ çàíóðåí³ ó íåìàãí³òíó ìàòðèöþ ³ ìàþòü ðîçì³ðè 
â³ä ê³ëüêîõ À äî äåê³ëüêîõ íì (äèâ., íàïðèêëàä, ðèñ. 1.7 ³ 3.12 å â [2]). Ó 
âèïàäêó ïë³âêîâèõ ñèñòåì íà îñíîâ³ Co i Cu, Ag àáî Au ìàòðèöÿ 
ïðåäñòàâëÿº ñîáîþ òâåðäèé ðîç÷èí (ò.ð.) àòîì³â Co ó Cu, Ag àáî Au. 
Çã³äíî äàííèõ, ïðåäñòàâëåíèõ â [2], ó ïë³âêîâ³é ñèñòåì³ íà îñíîâ³ Co ³ Cu 
ìàº ì³ñöå íåîáìåæåíà ðîç÷èíí³ñòü àòîì³â Co ó Cu ³ç óòâîðåííÿì ò.ð. (Co, 
Cu) ç ÃÖÊ ãðàòêîþ ³ ïàðàìåòðîì, ÿêèé çì³íþºòüñÿ ³ç êîíöåíòðàö³ºþ 
àòîì³â Ñî ó â³äïîâ³äíîñò³ ç ïðàâèëîì Âåãàðäà â ìåæàõ à0(Cu) - à0(ÃÖÊ-
Ñî), äå а0 – ïàðàìåòð ãðàòêè ìàñèâíèõ çðàçê³â. Ó âèïàäêó ïë³âêîâèõ 
ñèñòåì íà îñíîâ³ Co i Ag àáî Au ìàº ì³ñöå îáìåæåíà ðîç÷èíí³ñòü (ó 
ìàòðèö³ Ag – 8 àò. % Ñî, à ó ìàòðèö³ Au – 11 àò. % Ñî) ç óòâîðåííÿì ò.ð. 
(Co, Ag) ³ (Co, Au)ç ÃÖÊ ãðàòêîþ ³ ïàðàìåòðàìè äóæå áëèçüêèìè äî 
à0(Ag) ³ à0(Au) (äèâ. ðèñ. 1.12 â [2]). Ó ðåçóëüòàò³ öüîãî íàäëèøêîâ³  
àòîìè Ñî óòâîðþþòü ãðàíóëè â ìàòðèö³ ò.ð., ùî ï³äòâåðäæóºòüñÿ 
åëåêòðîííî-ì³êðîñêîï³÷íèìè äîñë³äæåííÿìè. Íåîáõ³äíî îñîáëèâî 
ï³äêðåñëèòè, ùî ã.ñ. ìîæíà îòðèìàòè íå ò³ëüêè ó ïðîöåñ³ îäíî÷àñíî 
îñàäæåííÿ êîìïîíåíò, àëå ³ ïðè ïîøàðîâ³é êîíäåíñàö³¿ ïðè â³äíîñíî 
âåëèêèõ øâèäêîñòÿõ êîíäåíñàö³¿ ³ òåìïåðàòóð³ ï³äêëàäêè àáî ïðè 
òåðìîîáðîáö³ ïë³âêîâî¿ ñèñòåìè. 

Íàø³ ïîïåðåäí³ äîñë³äæåííÿ [3] âêàçóþòü íà òå, ùî ãðàíóëüîâàíèé 
ñòàí ïë³âêîâèõ ò.ð. (Co, Cu), (Co, Ag) òà (Co, Au) ïåâíèì ÷èíîì âïëèâàº 
íà ¿õ åëåêòðîô³çè÷í³ âëàñòèâîñò³ (ïèòîìèé îï³ð ρ ³ òåðì³÷íèé êîåô³ö³ºíò 
îïîðó (ÒÊÎ) β). Öå âèïëèâàº ³ç òîãî, ùî çàïðîïîíîâàíà â [3] 
ôåíîìåíîëîã³÷íà ìîäåëü åëåêòðîô³çè÷íèõ âëàñòèâîñòåé äâîøàðîâèõ 
ïë³âêîâèõ ñèñòåì ³ç ïðîì³æíèì øàðîì ò.ð. á³ëÿ ìåæ³ ïîä³ëó øàð³â 
íåçàäîâ³ëüíî óçãîäæóºòüñÿ ³ç åêñïåðèìåíòàëüíèìè ðåçóëüòàòàìè. 

Ó çâ’ÿçêó ç öèì ìåòîþ äàíî¿ ðîáîòè º ïîáóäîâà òåîðåòè÷íî¿ ìîäåë³ äëÿ 
åëåêòðîô³çè÷íèõ âëàñòèâîñòåé, ÿêà áóäå á³ëüø àäåêâàòíà ñòðóêòóðíî-
ôàçîâîìó ñòàíó ïë³âêîâî¿ ñèñòåìè, òîáòî â í³é áóäå âðàõîâàíî 
ãðàíóëüîâàíèé ñòàí òâåðäîãî ðîç÷èíó. 
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1. ÎÑÍÎÂÍ² ÏÎËÎÆÅÍÍß ÌÎÄÅË² 

Ïë³âêîâà ñèñòåìà íà îñíîâ³ ìàãí³òíî¿ ³ íåìàãí³òíî¿ êîìïîíåíò 
ìîäåëþºòüñÿ ÿê øàðóâàòà ñòðóêòóðà òîâùèíîþ d íà îñíîâ³ ïë³âêîâîãî 
ãðàíóëüîâàíîãî ò.ð. (ðèñ.1). Òàêèì ÷èíîì çðàçîê ïðåäñòàâëÿº ñîáîþ 

ïàðàëåëüíå ç'ºäíàííÿ 
02

d
N

r
= îêðåìèõ øàð³â. Ó ñâîþ ÷åðãó, îêðåìèé 

òàêèé øàð ìîæíà çìîäåëþâàòè (ðèñ.2,à) ÿê ïàðàëåëüíå ç'ºäíàííÿ n 
òðóáîê ñòðóìó (ðèñ.2,á). 

 
 
 

Ðèñóíîê 1 – 
Ìîäåëþâàííÿ ïë³âêîâîãî 
çðàçêà ãðàíóëüîâàíîãî 
òâåðäîãî ðîç÷èíó ó 
âèãëÿä³ øàðóâàòî¿ 
ñòðóêòóðè. l, a i d – 
äîâæèíà, øèðèíà ³ 
òîâùèíà çðàçêà; 0r – 
ñåðåäí³é ðàä³óñ ãðàíóëè 
 
 
 

 

 
 

Ðèñóíîê 2 – Ñõåìàòè÷íå çîáðàæåííÿ îêðåìîãî øàðó (à), òðóáêè ñòðóìó 
(1), ¿¿ ïîïåðå÷íîãî ïåðåð³çó (á) ³ç ÷îòèðìà áîêîâèìè (2)  
òà öåíòðàëüíèì (3) ñòåðæíÿìè. ² – ñèëà ñòðóìó 

 
 
×èñëî òðóáîê ñòðóìó â îêðåìîìó øàð³ äîð³âíþº 
 

( )0 0

2
.

2 2òð

a a
n

r l rα
= =

+ ∆ +
    (1) 

 

Î÷åâèäíî, ùî ñåðåäíº ÷èñëî ´ðàíóë ( a
ãn )³ ôðàãìåíò³â ò.ð. ñåðåäíüî¿ 

äîâæèíè òðl∆  ( a
òðn )íà â³äð³çêó (øèðèí³ øàðó) à âèðàæàþòüñÿ îäíèì ³ 

òèì æå ñï³ââ³äíîøåííÿì: 
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0

.
2

a a a
ã òð

òð

a
n n n

r l
= = =

+ ∆
    (2) 

 

Òàêèì ÷èíîì, ñåðåäíº ÷èñëî (êîíöåíòðàö³ÿ) an ãðàíóë ³ ôðàãìåíò³â 

ò.ð. íà îäèíèöþ äîâæèíè ìîæå áóòè ïðåäñòàâëåíà òàê: 
 

( ) ( )1 1

0 02 2 ,.
a

a ã
òð

n
n r l r

a
α

− −
 = = + ∆ = +    (2') 

 

äå 
òð

î

l

r
α

∆
= −  ñòóï³íü ´ðàíóëÿðíîñò³ çðàçêà. 

Îï³ð çðàçêà R ìîæíà ðîçðàõóâàòè, çìîäåëþâàâøè éîãî ÿê ïàðàëåëüíå 
ç'ºäíàííÿ N øàð³â :  

 

                     
1 2

1 1 1 1... .ø
Nø ø ø

R
R R R R R

N
− − − −= + + + ⇒ =                  (3) 

 

Ó ñâîþ ÷åðãó îï³ð øR îêðåìîãî øàðó ðîçðàõîâóºòüñÿ òàêîæ, âèõîäÿ÷è 

³ç ôîðìóëè äëÿ ïàðàëåëüíîãî ç′ºäíàííÿ  n òðóáîê ñòðóìó, à ñàìå: 
 

1 1 1 1
1 2 ... .òñ

ø òñ òñ òñn ø
R

R R R R R
n

− − − −= + + + ⇒ =             (4) 

 
Òðóáêè ñòðóìó (1 íà ðèñ.2á) òñR ìîæíà òàêîæ çìîäåëþâàòè ÿê 

ïàðàëåëüíå ç'ºäíàííÿ ÷îòèðüîõ áîêîâèõ ³ îäíîãî öåíòðàëüíîãî ñòåðæíÿ (2 
³ 3 íà ðèñ. 2 á). Òîä³ îï³ð òñR ìîæíà ïðåäñòàâèòè òàê: 

 

( ) 11 4
,òñ ã òð

ñ

R R R
R

−− = + +  

àáî  

                           
( )

,
4

ã òð
òñ c

c ã òð

R R
R R

R R R

+
= ⋅

+ +
                         (5) 

 
äå ãR  ³ òðR - îï³ð óñ³õ ãðàíóë ³ ôðàãìåíò³â ò.ð., ÿê³ ëîêàë³çîâàí³ ó 

öåíòðàëüíîìó ñòåðæí³; cR - îï³ð ÷îòèðüîõ áîêîâèõ ñòåðæí³â, ôàçîâèé 
ñêëàä ÿêèõ â³äïîâ³äàº ò.ð. 

Âåëè÷èíè ãR ³ òðR  ðîçðàõîâóþòüñÿ, âèõîäÿ÷è ³ç ñï³ââ³äíîøåííÿ äëÿ 

îïîðó äîâ³ëüíîãî ïðîâ³äíèêà 
l

R
S

ρ= , äå ρ - ïèòîìèé îï³ð; l  ³ S  - 

äîâæèíà ³ ïëîùà ïîïåðå÷íîãî ïåðåð³çó ïðîâ³äíèêà. 
 
 

2 ÐÎÇÐÀÕÓÍÎÊ ÂÅËÈ×ÈÍÈ ãR , cR  ³ òñR  

Ïèòàííÿ ïðî åëåêòðîïðîâ³äí³ñòü ìåòàëåâèõ ìàëèõ ÷àñòèíîê ñôåðè÷íî¿, 
åë³ïòè÷íî¿ ÷è öèë³íäðè÷íî¿ ôîðìè ïîñò³éíî çíàõîäèòüñÿ ó ïîë³ çîðó 
äîñë³äíèê³â (â ðîáîò³ [4] ïðåäñòàâëåíà êîðîòêà á³áë³îãðàô³ÿ ðîá³ò, â ÿêèõ 
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íàâåäåí³ ðåçóëüòàòè äîñë³äæåíü öüîãî ïèòàííÿ â ðàìêàõ ê³íåòè÷íîãî 
ìåòîäó). Ó ðàìêàõ íàøîãî ôåíîìåíîëîã³÷íîãî ï³äõîäó îï³ð ãðàíóëè ãR  

ñôåðè÷íî¿ ôîðìè ðîçðàõîâóºòüñÿ, âèõîäÿ÷è ³ç ìîäåë³, ïðåäñòàâëåíî¿ íà 
ðèñ.3. Îñê³ëüêè ïîïåðå÷íèé ïåðåð³ç ãðàíóëè çì³ííà âåëè÷èíà (â³ä 0 äî 

2

0rπ ), òî äèôåðåíö³àë dR  ìîæíà çàïèñàòè, âèõîäÿ÷è ³ç ñï³ââ³äíîøåííÿ 

äëÿ ãR  ó ñàìîìó çàãàëüíîìó âèãëÿä³: 

 

     
( )'

0

2 2
00

1 cos 2 1
2 2 ,

1 cossin
ã

ã ã

rl
R

S rr

θ ρ
ρ ρ

π θπ θ

−
= = =

+
 

 

                          ( )
( )

1

2
0 0

2 2 sin
1 cos

1 cos .

ã ã
ã

r r d
dR d

r r
θ θ

θ
π π θ

−= + =
+

                   (6) 

 
Ï³ñëÿ ³íòåãðóâàííÿ (6) îòðèìóºìî: 

                                
( )

2

2
0 00

2 sin
.

1 cos

ã ã
ã

r d
R

r r

π

ρθ θ
π πθ

= =
+∫                               (6′) 

 
 
 
 
 
 
 
Ðèñóíîê 3 – Äî ðîçðàõóíêó 
åëåêòðè÷íîãî îïîðó 
ìåòàëåâî¿ ãðàíóëè. 0r - 
ñåðåäí³é ðàä³óñ ãðàíóëè; r - 
ðàä³óñ ïîïåðå÷íîãî ïåðåð³çó 
S ; θ - ïîëÿðíèé êóò; 'l - 
âèñîòà ñôåðè÷íîãî ñåãìåíòà, 
ÿêèé îïèðàºòüñÿ íà ïëîùó 

2S Rπ=  
 

 
Âèõîäÿ÷è ³ç ³ç ðèñ.2á, ìîæíà ðîçðàõóâàòè îï³ð cR áîêîâîãî ñòåðæíÿ: 

 

                       
( ) 22 2

00 0

4
4,65 .

4
c òð òð

l l
R

rr r
ρ ρ

π
= ⋅ = ⋅

−
                     (7) 

 
Âðàõîâóþ÷è (5) ³ (7) ³ òå, ùî îï³ð ôðàãìåíòà ò.ð. ñåðåäíüî¿ äîâæèíè 

òðl∆ äîð³âíþº 

2
0

,òð l
òð òð òð

l
R n

r
ρ

π

∆
=  

äå l
òðn - ñåðåäíº ÷èñëî ôðàãìåíò³â ò.ð. íà äîâæèí³ l , ñï³ââ³äíîøåííÿ äëÿ 

îïîðó òðóáêè ñòðóìó ìîæíà çàïèñàòè òàêèì ÷èíîì: 
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2
0 0

2
0

2 2
00 0
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4,65 4
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òð òðã
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òc òð ll
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l nn
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r l nnl

rr r

ρ ρ
π π

ρ

ρ ρ ρ
π π

∆
+ ⋅

= ⋅ =
 ∆

+ + ⋅  
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(8) 
1

,

2
0

2
0

0 0

4,65

4,65 4
òð

òð ll
òðã

ã òð

l

rl
nnr

r r

ρ
ρ

ρ ρ α
π π

−
 

⋅ 
 = ⋅ +
 

+  
 

 

 
äå ãρ - ïèòîìèé îï³ð ãðàíóë Ñî. 

 
3 ÐÎÇÐÀÕÓÍÎÊ øR ,ÎÏÎÐÓ ² ÒÊÎ ØÀÐÓÂÀÒÎÃÎ ÇÐÀÇÊÀ 

Çíàþ÷è òcR ³ âðàõîâóþ÷è (3) ³ (4), ìîæíî çàïèñàòè ñï³ââ³äíîøåííÿ 

äëÿ øR , îïîðó ³ ÒÊÎ äëÿ ïë³âêîâîãî çðàçêà. 

 

    ( ) ( ) ( )2
0

0 0

2
2 2 ,

2
òñ òñ òñ

ø òð òñ

rR R R
R r l r R

n a à da

α
α

+
= = ⋅ + ∆ = ⋅ + = ⋅         (9) 

 
äå òñR âèðàæàºòüñÿ ñï³ââ³äíîøåííÿì (8). 

Çàãàëüíèé îï³ð R øàðóâàòî¿ ñòðóêòóðè ìîæíà ïðåäñòàâèòè òàê: 
 

                ( ) ( )

1

0

4,65
4,65 2 4 òðø

òð a
ã òð

lR l
R

N ad r n

π ρ
α ρ

ρ αρ

−    = = + ⋅ + ⋅  +   

        (10) 

 
²ç ñï³ââ³äíîøåííÿ (10) âèò³êàº, ùî ïèòîìèé îï³ð ρ ïë³âêîâîãî çðàçêà 

ìîæíà ïîäàòè ó òàêîìó âèãëÿä³  (öå ìíîæíèê á³ëÿ êîåô³ö³ºíòà 
l

ad
) : 

 

                    ( ) ( )0

4,65
4,65 2 4

òð
òð a

ã òð

l

r n

π ρ
ρ α ρ

ρ αρ

 
 = + ⋅ + ⋅
 + 

                (11) 

 

Âðàõîâóþ÷è, ùî 
lnd
dT

ρ
β = ³ ñï³ââ³äíîøåííÿ (11), çàïèøåìî âèðàç äëÿ 

ÒÊÎ øàðóâàòî¿ ñòðóêòóðè: 
 

( ) ( )0

4,65
ln 4,65 2 ln ln 4

òð
òð a

ã òð
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dT n

π ρ
β α ρ

ρ ρ αρ

  
   = + + − + =   +  

            

( )0

4,65
ln 4 .

òð
òð a

ã òð

l

T n

π ρ
β

ρ ρ αρ

 ∂  = − +
 ∂ + 

 

 
Ï³ñëÿ äèôåðåíö³þâàííÿ ïî òåìïåðàòóð³ îòðèìóºìî ñï³ââ³äíîøåííÿ 

äëÿ β  ó ñàìîìó çàãàëüíîìó âèãëÿä³: 
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 
   + +   + 

 (12) 

 

äå òðρ ìîæíà ðîçðàõóâàòè çà ôîðìóëîþ äëÿ ïèòîìîãî îïîðó ò.ð. 
 

1 1 2 1(1 ),òð ñ ñρ ρ ρ= + −  
 

äå 1ñ - êîíöåíòðàö³ÿ àòîì³â Ñî ó ò.ð. ; ³íäåêñ «2» â³äíîñèòüñÿ äî ìåòàë³â 

Cu, Ag àáî Au.  
Ôîðìóëó äëÿ îáðàõóíêó êîíöåíòðàö³¿ àòîì³â êîáàëüòó: 
 

1
1 1 1

1 1 1
1 1 1 2 2 2

D d
c

D d D d

µ

µ µ

−

− −
=

+
. 

 
Ïîïåðåäíÿ àïðîáàö³ÿ ñï³ââ³äíîøåííÿ (11) âêàçóº íà çàäîâ³ëüíó 

â³äïîâ³äí³ñòü åêñïåðèìåíòàëüíèõ ³ ðîçðàõóíêîâèõ ðåçóëüòàò³â äëÿ 
ïë³âêîâèõ ìàòåð³àë³â ³ç âåëè÷èíîþ ñòóïåíþ ãðàíóëÿðíîñò³ α â ìåæàõ â³ä 
1 äî 10.  

Ðîáîòà âèêîíàíà ï³ä êåð³âíèöòâîì ïðîô. Ïðîöåíêà ².Þ. â ðàìêàõ 
Äîãîâîð³â ïðî íàóêîâî-òåõí³÷íå ñï³âðîá³òíèöòâî ì³æ Ñóìñüêèì 
äåðæàâíèì óí³âåðñèòåòîì, ²íñòèòóòîì ô³çèêè Ñëîâàöüêî¿ Àêàäåì³¿ íàóê 
(ì.Áðàòèñëàâà) ³ Óí³âåðñèòåòîì Áàðîäà (ì.Âàäîäàðà, ²íä³ÿ). 

 
SUMMARY 

FENOMENOLOGICAL MODEL OF ELECTROPHYSICAL PROPERTIES  

OF GRANULAR FILM ALLOYS  
S.I.Protsenko, L.V.Odnodvorets, I.V.Cheshko 
Sumy State University, Sumy, R.-Korsakov street, 2, 40007 

The fenomenological model of electrophysical properties (resistivity and thermal coefficient of 
resistivity) for film granular alloys which appear in double- or multilayer film systems on the 
basis of magnetic and unmagnetic metals with the limited solubility in bulk samples  was 
proposed.  
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