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Abstract. The results of measurements of the field and 
t empera tu re dependences of the magnetores is tance of 
manganese ferrite and several other spinel ferrites are 
presented in a systematic m a n n e r and analysed. In 
magnet ic fields in excess of the technical sa tura t ion and 
at t empera tu res be low the Cur ie po in t these ferrites have 
two physically different componen t s of the isotropic 
negative magnetores is tance . One of them is due to the 
scattering of conduct ion ( 'hopping ' ) electrons on p a r a -
process- induced var ia t ions of the order of the magnet ic 
cat ions. The second componen t is interpreted on the basis 
of a 'magnetoelec t ron sublat t ice ' mode l p roposed by the 
au thor . Mani fes ta t ions of the magnetores is tance in the 
vicinity of var ious phase t rans i t ions in spinel ferrites are 
considered. 

1. Introduction 
Ferr i tes are magnet ic mater ia ls combining insulat ing and 
ferrimagnetic proper t ies , and they have long been used in 
technology. However , a m o n g them there are some tha t 
have specific semiconduct ing proper t ies (a very low carrier 
mobil i ty) . Ou t s t and ing member s of the latter g roup are the 
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oldest magnet ic mater ia l , magnet i te ( F e 3 0 4 ) , and m a n g a 
nese spinel ferrite M n F e 2 0 4 . Mani fes ta t ions of var ious 
t r anspor t p h e n o m e n a (electrical conduct ion , ga lvanomag-
netic effects, etc.) in these c o m p o u n d s are largely u n k n o w n 
and sometimes puzzling. This applies in par t icular to the 
magnetores is tance Ap/p, which is the relative change in the 
electrical resistivity p under the act ion of a magnet ic field 
H. This is an even effect, i.e. it depends quadra t ica l ly on H 
(and on the magnet i sa t ion / ) , and has been studied for a 
long t ime in magnet ic and nonmagne t i c substances [1]. 

Bo th metall ic [1] and semiconduct ing [2] fer romagnets 
exhibit complex dependences of Ap/p on the applied 
magnet ic field / / , magnet i sa t ion / , and t empera tu re T. 
The na tu re of these dependences is influenced by the 
na tu re of the magnet i sa t ion processes tha t a ccompany 
the magnetores is tance [3, 4]. 

The field and t empera tu re dependences of the m a g n e 
toresis tance are even m o r e complex in the case of 
ferr imagnets, including ferrites. The reason for this is the 
influence of the intersublat t ice s t ructure of ferrites [4] and 
the specific na tu re of the electron processes which occur in 
these mater ia ls . 

This review is a systematic account and an analysis of 
the results of measurements of the field and t empera tu re 
dependences of the magnetores is tance of ferrites, carried 
out by the present au thor and his colleagues [ 6 - 1 4 , 21 , 22], 
and also of the publ ished results [ 1 5 - 2 0 ] . 

Invest igat ions of the magnetores is tance of magnetical ly 
ordered substances are no t only of scientific, bu t also of 
considerable pract ical impor tance because informat ion on 
the magnetores is tance is needed in the fabrication of 
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var ious devices and sensors. In par t icular , magnetores i s 
tance heads for retrieval of informat ion stored by magnet ic 
m e t h o d s are being developed. It would be interesting to 
determine the suitability of ferrite mater ia ls for this 
purpose . 

2. Nature of manifestation of the 
magnetoresistance in metallic ferromagnets 
In this section the results of invest igations of the 
magnetores is tance of nickel will be reviewed in order to 
demons t ra t e the differences in the behaviour of the 
magnetores is tance of ferrites, as compared with metall ic 
ferromagnets . The publ ished da ta on nickel are quite 
extensive. 

The magnetores is tance and other even magnet ic effects 
(magnetost r ic t ion, mangeto thermoelec t r ic power , etc.) are 
usually analysed with the aid of A k u l o v ' s p h e n o m e n o l o g i c a l 
relat ionship [3] describing in a unified manne r the changes 
in all the even effects in cubic crystals. Accord ing to Aku lov 
[3], the magnetores is tance Ap/p of a cubic crystal can be 
described by a series expansion of Ap/p in t e rms of the 
direction cosines of two vectors: the magnet i sa t ion 7S and 
the vector g represent ing the direction of measurement of 
the magnetores is tance , identical with the direction of the 
electric current vector j : 
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represents the initial (before magnet i sa t ion) dis t r ibut ion of 
the domain magnet i sa t ion vectors 7S and c o s 2 a cor responds 
to the dis t r ibut ion of the vectors 7S cor responding to a 
certain magnet i sa t ion 7 which appears in a ferromagnet on 
appl icat ion of H. 

E q n (2) can therefore be used to find Ap/p co r respond
ing to ro ta t ion of the domain vector 7S. In this case the 
resul tant magnetores is tance can be called 'or ienta t ional ' . 

The value of cos 2 a 0 for a t ho rough ly demagnet ised 
ferromagnet is ^ and its subst i tut ion in E q n (2) gives the 
following 'rule of t w o ' for (Ap/p)|| and ( A p / p ) ± when a 
sample is magnet ised to sa tura t ion: 

AA =_2(AP 

(1) 

(3) 

which demons t ra tes tha t the longi tudinal and t ransverse 
magnetores is tances of a ferromagnet have opposi te signs 
and tha t the former is twice the latter. 

F o r the major i ty of metall ic fer romagnets measurements 
give opposi te signs for (Ap/p)|| and ( A p / p ) ± , bu t exper
imenta l values are rarely in the rat io of 2. Fig. l a shows 
schematically the room- t empe ra tu r e magnetores is tance 
isotherms (Ap/p)^(H) and (Ap /p ) ± ( / 7 ) of poly crystalline 
nickel. In fields H < Hs the longi tudinal effect is posit ive 
and the t ransverse effect is negative; then 
(Ap/p)|| > ( A p / p ) ± in accordance with a p h e n o m e n o l o g -
ical theory of the even magnet ic effects. This behaviour of 
the or ien ta t ional magnetores is tances (Ap/p)y and ( A p / p ) ± 

will be regarded as no rma l . 
It is evident from Fig. l a tha t if H > 7 / s , i.e. in the 

pa raprocess region, the magnetores is tances (Ap/p)^ and 
( A p / p ) ± are a lmost equal and negative (as demons t ra ted by 
the same slopes of the straight lines in Fig. l a obta ined in 

Here Si,S2,S3, and g\,g2,g3 are, respectively, the direction 
cosines of the spon taneous magnet i sa t ion vector 7S and of 
the electric current vector j relative to the edges of a cube; 
(Ap/p)[1 0 0] and ( A p / p ) j m j are the exper imental values of 
the magnetores is tance in a sa tura t ion field H = Hs a long 
the direct ions [100] and [111]. It is assumed tha t the vector 
7S||77 follows exactly the direction of the field in a crystal. 
The second and third te rms in E q n (1) describe the 
an i so t ropy of the Ap/p effect, whereas the first te rm 
(Ap/p)H>H (H,T) represents the isotropic pa r t ; it appears 
in a field H > Hs when the processes of domain wall 
displacement and ro ta t ion are ' suppressed ' by the field Hs 

and the magnet i sa t ion is the result of the paraprocess . The 
first te rm plays a par t icular ly impor t an t role at t empera 
tures in the region of the Cur ie poin t Tc, where the 
pa raprocess is s t rong. 

In studies of poly crystalline magnet ic mater ia ls it is 
usua l to measure the longi tudinal magnetores is tance 
(Ap/p) 11 (when the current vector j is paral lel to the vector 
77) and the t ransverse magnetores is tance ( A p / p ) ± (when 

/ i f f ) . 
Averaging Eqn (1) over the cosines St and gt yields the 

change in the magnetores is tance of a poly crystalline 
ferromagnet : 

Ap _ 3 /Ap> 
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Here , (Ap/p) s is the magnetores is tance cor responding to 
the sa tura t ion magnet i sa t ion 7 = 7S and the ba r s above the 
cosines denote the average values. The quan t i ty c o s 2 a 0 
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Figure 1. Typical dependences of the magnetoresistance of ferromagnets 
(schematic representation) on an external magnetic field H (a) and on 
temperature (b) in fields above the technical saturation (H > Hs). 
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s t rong fields). These magnetores is tances represent the 
isotropic (for cubic crystals) componen t of the magne to re 
sistance of a ferromagnet [the magni tudes and signs of 
(Ap/p)|| and ( A p / p ) ± are independent of the direct ions of 
the vectors j and / S | | H ] . 

The anisot ropic (or ientat ional) magnetores is tances 
(Ap/p)11 and ( A p / p ) ± reach their m a x i m u m values in 
fields H = / / s , whereas the isotropic negative m a g n e t o r 
esistances increase cont inuously with H (Fig. l a ) . 
Therefore, a quant i ta t ive characterist ic of the isotropic 
magnetores is tance is the magnetores is tance 'susceptibil i ty ' 
(l/p)(dp/dH) [ ( l / p ) ( d p / d / / ) | | - - ( l / p ) ( d p / d / / ) ± for 
cubic crystals]. 

Fig . lb shows schematically the t empera tu re depend
ence of —(l /p)(dp /d / / ) for nickel; this quant i ty rises on 
app roach to the Cur ie po in t Tc and reaches a m in imum 
( 'negative m a x i m u m ' ) at the t empera tu re Tc itself. 

These field and t empera tu re dependences of the magen -
toresis tance of nickel are regarded as no rma l ; it is impor t an t 
to bear them in mind when discussing the behav iour of the 
magnetores is tance of ferrites. 

3. Anomalies of the magnetoresistance of 
manganese ferrite 
The most detailed exper imental da ta on the magnetores is 
tance of ferrites have been obta ined for manganese ferrite 
M n F e 2 0 4 which has the cubic s t ructure of the minera l 
called spinel. 

The magnetores is tance of this par t icular ferrite is 
interest ing for two reasons : (1) its electrical resistivity p 
is no t high (it is close to p of magnet i te) , so tha t wi thout any 
major difficulty the Ap/p effect can be measured in a wide 
range of t empera tu res from liquid ni t rogen to the Cur ie 
po in t (Tc = 570 K ) ; (2) the Verneuil me thod can be used to 
g row M n F e 2 0 4 crystals of sufficient size for measur ing the 
an i so t ropy of Ap/p. 

The magnet ic proper t ies of M n F e 2 0 4 occupy a special 
place a m o n g the proper t ies of other spinel ferrites. M a n 
ganese ferrite is a ' spin ' ferrimagnet, since the M n 2 + ( 3 d 5 ) 
and F e 3 + ( 3 d 5 ) cat ions do no t have orbi ta l magnet ic 
momen t s , so tha t the c o m p o u n d is characterised by a 
weak 'single-ion' magnet ic an i so t ropy and can be m a g n e 
tised to sa tura t ion in weak fields even at hel ium 

1000 2000 3000 4000 H/Oe 

Figure 2. Isotherms of the magnetisation 7 of a single crystal of manga
nese ferrite M n F e 2 0 4 at the following temperatures (K): ( 7 ) 4 . 2 ; 
( 2 ) 7 8 ; ( 3 ) 1 0 9 ; ( 4 ) 1 3 1 ; ( 5 ) 1 5 1 ; ( 6 ) 1 7 5 ; ( 7 ) 1 9 7 ; ( 8 ) 230; 
( 9 ) 253; (10) 269; ( 7 7 ) 280; ( 7 2 ) 292; ( 7 3 ) 304; ( 7 4 ) 3 1 9 . 

t empera tures . This is evident from Fig. 2 which shows 
the magnet i sa t ion curves of an M n F e 2 0 2 crystal deduced 
from the results of measurements [23]. The na tu re of these 
curves (the absence of a slope of the straight line in the 
range H > Hs) demons t ra tes also tha t M n F e 2 0 4 does no t 
have a canted (noncoll inear) magnet ic s t ructure between 
r o o m tempera tu re and 4.2 K. 

This is suppor ted by neu t ron diffraction da ta on this 
ferrite [24]. A s t rong intersublat t ice exchange interact ion in 
this ferrite is the reason for the Weiss type (Q-type, 
according to NEe l ) t empera tu re dependence of the spon ta 
neous magnet i sa t ion IS(T) i.e. of the same type as the 
cor responding t empera tu re dependence of N i and Fe . 
Therefore, manganese ferrite cannot exhibit a low- tempera
ture pa raprocess unl ike typical ferrites with an a n o m a l o u s 
7 s ( r ) curve and a magnet ic compensa t ion poin t (N-type, 
according to NEe l ) [22]. M a n g a n e s e ferrite has one further 
advan tage over other spinel ferrites. Since the magnet ic 
cat ions in this c o m p o u n d do not have orbi ta l magnet ic 
momen t s , E q n (1) can be applied. In the case of ferrites in 
which magnet ic cat ions have orbi ta l m o m e n t s par t ly 
' quenched ' by the crystal field, E q n (1) is either invalid 
or applies subject to restr ict ions, since the par i ty of I is lost 
(this is demons t ra ted in Ref. [5]). 

The first surprising observat ion revealed by a s tudy of 
the even effects in M n F e 2 0 4 is as follows. At t empera tu res 
far from the Cur ie po in t Tc ( ~ 5 6 0 K ) it follows from Fig. 3 
tha t the magnetos t r ic t ion i so therms A\\(H) and A±(H) 
behave 'normal ly ' in the same way as those of nickel, 
i.e. in accordance with the predic t ions of a theory of even 
effects [3]; the signs and magni tudes of the longi tudinal and 
t ransverse magnetos t r ic t ions are different, whereas the 
magnetores is tance isotherms (Ap/p)^(H) and (Ap/p)±(H) 
behave anomalous ly ; the longi tudinal and t ransverse effects 
have the same (negative) sign and their values are similar 
[13, 14]. 

This anomaly can be resolved by measurements of the 
magnetores is tance of M n F e 2 0 4 single crystals. M e a s u r e -

106A 

4 " l ± 

Figure 3. Isotherms of the magnetoresistances (Ap/p)^(H) and 
(Ap/p)±(H), and of the magnetostrictions A\\(H) and Xj_(H) of 
polycrystalline ferrite M n F e 2 0 4 at 80 K. 
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Figure 4. Isotherms of the magnetoresistances (Ap/p)^(H) (a) and 
(Ap/p)±(H) (b) obtained for a single crystal of M n F e 2 0 4 at 300 K along 
different directions in a crystal. 

merits carried out by Zalesskii at 300 K [9, 10] showed tha t 
in fields H < Hs the or ienta t ional magnetores is tance exhib
its a posit ive longi tudinal effect (Ap/p)^ and the 
or ien ta t ional t ransverse effect (Ap/p)± is negative. The 
effects can be determined quite accurately, as demons t ra ted 
in Fig. 4, by ext rapola t ing to zero H the linear isotropic 
componen t s of the magnetores is tance . 

It is evident from Fig. 4 tha t the isotropic (linear) 
magnetores is tance componen t s are extremely high even 
at r o o m tempera tu re . In the case of ferromagnets , such 
as N i , the magnetores is tance susceptibility — (\/p)dp/dH is 
only 3 x l 0 " 8 O e _ 1 at 300 K, whereas for M n F e 2 0 4 it 
reaches an anomalous ly high value of ~ 50 x 10~ 8 O e _ 1 

(Fig. 4), i.e. an order of magn i tude higher t han 
-(\/p)dp/dH for N i . 

Figure 5. Isotherms of (Ap/p)^(H) of polycrystalline M n F e 2 0 4 recorded 
at the following temperatures (K): ( 7 ) 294; ( 2 ) 207; (3) 162; (4) 143; 
( 5 ) 110; (6) 98; ( 7 ) 92. 

Cool ing from 300 K to 80 K increases -{\/p)dp/dH by 
a further order of magni tude . This is demons t ra ted in Fig. 5 
which gives the (Ap/p)^(H) i so therms based on 
Refs [13, 14] and obta ined for a polycrystal l ine sample 
of M n F e 2 0 4 . Moreover , be low r o o m tempera tu re these 
i sotherms become nonl inear . The s t rong rise of the isotropic 
magnetores is tance as a result of cooling from Tc = 570 K 
cannot be a t t r ibuted to the paraprocess , since be low r o o m 
tempera tu re this process is very weak and it increases the 
magnet i sa t ion by a negligible a m o u n t . This is i l lustrated in 
Fig. 6 which demons t ra tes — in accordance with Ref. [6] — 
the change in (Ap/p)^ as a function of the square of specific 
magnet i sa t ion o (at t empera tu res T < Tc). The negative 
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Figure 6. Dependence of the magnetoresistance (Ap/p)|| on the square of 
the magnetisation a2 obtained in the range T <TC, at the following 
temperatures (K): ( 7 ) 533; ( 2 ) 524; ( 3 ) 5 1 8 . 8 ; ( 4 ) 5 1 3 . 
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isotropic magnetores is tance is independent of a . In fields 
H < / / s , where the technical magnet i sa t ion processes occur, 
the posit ive or ienta t ional componen t of the effect (Ap/p)^ is 
observed. 

300 t/°C 

Figure 7. Temperature dependences of the magnetoresistance (Ap/p)|| of 
polycrystalline M n F e 2 0 4 recorded in different magnetic fields (Oe): 
( 7 ) 39.2; ( 2 ) 65.4; (3) 98.0; (4) 196.0; ( 5 ) 392.0; (6) 654.0; ( 7 ) 915.0; 
( 8 ) 1 1 7 8 . 0 ; ( 9 ) 1439.0; ( 7 0 ) 1700; ( 7 7 ) 1960.0. 

80 120 160 200 240 280 T / K 

The isotropic magnetores is tance anoma ly in fields 
H > Hs is i l lustrated very clearly by the t empera tu re 
dependences of this effect. Figs 7 and 8 give also such 
dependences for polycrystal l ine M n F e 2 0 4 . It is shown in 
Fig. 7 h o w the magnetores is tance varies away from the 
Curie po in t [6]; cooling reverses the sign of the derivative 
—(\/p)dp/dH in the range 2 0 0 - 3 0 0 K and further cooling 
increases exponential ly the negative magnetores is tance . At 
r o o m tempera tu res the value of (Ap/p)^ in fields 1 - 2 k O e 
exceeds the value of this quant i ty at the Curie po in t by a 
factor larger t han 4. 

F u r t h e r cooling from r o o m tempera tu re to 80 K results 
in cont inuing exponent ia l increase of the isotropic negative 
magnetores is tance (Fig. 8); this has been repor ted in 
Refs [13, 14]. The same investigations have also revealed 
deviat ions from the m o n o t o n i c exponent ia l dependence of 
the magnetores is tance of manganese ferrite (for details see 
Section 8). 

It follows tha t the field and t empera tu re dependences of 
the magnetores is tance of M n F e 2 0 4 are anoma lous . 

4. Anomalies of the magnetoresistance of other 
spinel ferrites 
In the case of other spinel ferrites the available m a g n e t o 
resistance da ta are not as detailed as those for M n F e 2 0 4 . 
Nevertheless , a systematic app roach to these da ta and their 
analysis shows tha t the field and t empera tu re dependences 
of Ap/p exhibit the same anomal ies as in the case of 
manganese ferrite. 

Some early invest igations [ 1 5 - 2 0 ] of polycrystal l ine 
nickel, copper , and n i c k e l - z i n c spinel ferrites, and of 
magnet i te have revealed the same negative signs of the 
longi tudinal and t ransverse magnetores is tances at ~ 300 K, 
regarded as surprising by the invest igators. 

Fig. 9 shows, by way of example, 300 K iso therms of the 
(Ap/p)||(//) and (Ap/p)±(H) of polycrystal l ine N i F e 2 0 4 

[20]. Similar a n o m a l o u s i sotherms of the longi tudinal and 
t ransverse magnetores is tances have been obta ined for 
polycrystal l ine magnet i te [15]. However , measurements of 
the magnetores is tance of magnet i te and N i F e 2 0 4 single 
crystals repor ted by Zalesskii [11] have established the 
existence (at 300 K ) of a posit ive or ienta t ional magne to re 
sistance (Ap/p) | |. Fig . 10 shows the (Ap/p)^(H) i so therms 
of a magnet i te crystal based on Zalesski i ' s da ta . W e can see 

H/kOe 

Figure 8. Temperature dependences of the magnetoresistance of 
polycrystalline M n F e 2 0 4 in fields H > Hs: (7) (Ap/p)^; (2) (Ap/p)^. 

r / K 

Figure 9. Dependences of the magnetoresistances (Ap/p)± ( 7 ) and 
(Ap/p)|| ( 2 ) on H at 300 K and temperature dependences of the 
magnetoresistance of ferrite N i F e 2 0 4 [20]. 
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Figure 10. Isotherms of (Ap/p)^(H) obtained at 300 K for a magnetised 
single crystal along different axes. 

tha t , as in the case of M n F e 2 0 4 , the isotropic m a g n e t o r 
esistances of magnet i te are very large. In fields Hs > H there 
are or ien ta t ional magnetores is tances: posit ive (Ap/p)^ and 
negative (Ap/p)±. They can be found by ext rapola t ion of 
the linear b ranches of the isotropic magnetores is tance to 
zero fields (Fig. 10). 

The posit ive or ienta t ional magnetores is tance of poly
crystalline magnet i te (and other ferrites) is very small 
because of the averaging of the or ien ta t ional m a g n e t o r 
esistances over different crystal axes and it can be masked 
completely by the isotropic negative magnetores is tance 
creat ing anomal ies of the field dependences of (Ap/p)^ 
and (Ap/p)±. 

Measu remen t s of the magneot res is tance of single crys
tals of magnet i te , and of manganese and nickel ferrites have 
demons t ra ted [10, 11] tha t these anomal ies cannot be 
accounted for by the influence of the exchange te rms in 
the phenomenolog ica l relat ionship given by Eqn (1). This 
has been poin ted out in a discussion of a similar anomaly 
encountered for some magnet ic alloys [28]. 

Fig. 11 gives the t empera tu re dependences of the 
isotropic negative magnetores is tances (Ap/p)^ and 

Figure 11. Temperature dependences of the magnetoresistance obtained 
in a magnetic field of 10 kOe for: ( 1 ) magnetite; ( 2 ) F e 2 . 8 C r 0 . 2 O 4 ; 
(3) F e 2 . 4 C r 0 . 6 O 4 . 

(Ap/p)± (i.e. those obta ined in fields H > Hs) of chromi te 
ferrites F e 3 _ J C C r J C 0 4 (x = 0,0.2,0.6)1 in a field of 10 kOe at 
t empera tu res 1 3 0 - 3 0 0 K. The negative isotropic m a g n e t o r 
esistances of magnet i te (x = 0) and of M n F e 2 0 4 increase 
strongly as a result of cooling, par t icular ly on app roach to a 
low- tempera ture t ransi t ion at Tt = 1 0 0 - 1 2 0 K (not shown 
in Fig. 11). It follows from Fig. 11 tha t chromite ferrites 
with x = 0.2 and 0.6 have similar t empera tu re dependences 
of the isotropic magnetores is tances . A similar dependence is 
also repor ted in Ref. [20] for nickel ferrite N i F e 2 0 4 (Fig. 9). 

5. Two physically different components of the 
isotropic magnetoresistance of spinel ferrites 
The exper imental results reviewed above show tha t ferrites 
have two physically different componen t s of the isotropic 
magnetores is tance . The first is due to the mechanism of the 
scattering of conduct ion electrons by the magnet ic order 
changing as a result of the paraprocess ; the magnetores is 
tance componen t increases on app roach to the Curie po in t 
Tc and reaches its m a x i m u m at the t empera tu re Tc itself. 
The second componen t of the isotropic magnetores is tance 
behaves conversely: it increases away from the Curie po in t 
and reaches high values at low tempera tu res ; it cannot be 
explained by the pa raprocess effects. The in terpre ta t ion of 
the second componen t of the isotropic negative m a g n e t o 
resistance raises a na tu r a l quest ion whether it could be due 
to magnetores is tance mechanisms typical of nonmagne t i c 
semiconductors . These mechanisms and their relevance to 
ferrites are discussed below. 

5.1 Mechanism due to the act ion of the Lorentz force 
This force causes bend ing ( ' twisting') of the pa th s of 
conduct ion electrons and thus increases these pa ths . At the 
same t ime the n u m b e r of collisions with p h o n o n s and 
lattice defects also increases so tha t a posit ive magne to re 
sistance appears . It follows from the na tu re of the Loren tz 
force tha t the t ransverse magnetores is tance is much higher 
t han the longi tudinal effect: (Ap/p)± 5> (Ap/p)^. This 
magnetores is tance mechanism is universal and it applies 
to all the samples, including ferrites; however , it cannot 
account for the second componen t of the isotropic 
magnetores is tance of ferrites in s t rong fields, since this 
gives rise to a posit ive effect. 

5.2 Mechanism of wave function compression by a 
magnetic field H 
This mechanism is used [25] to account for the giant values 
of the magnetores is tance observed for extrinsic (heavily 
doped) and a m o r p h o u s semiconductors (n-type G a A s and 
n- type InSb) . The h o p p i n g conduct ion mechanism applies 
to these substances. A magnet ic field compresses the wave 
functions of the impur i ty a toms (i.e. it reduces their 
overlap) and this slows down or even suppresses electron 
j u m p s giving rise to a giant magnetores is tance (Ap/p > 1). 
A l though ferrites can be regarded as extrinsic semicon
duc tors and they also exhibit the hopp ing mechanism of an 
electrical conduct ion , this mechanism is inapplicable to the 
second componen t of the isotropic magnetores is tance , since 
it gives rise to a posit ive effect. 

f These unpublished measurements were carried out by A N Goryaga 
and L A Skipetrova. 



Anomalies of the magnetoresistance of ferrites 569 

5.3 Mechanism of suppression of quantum corrections by 
a magnetic field H 
These correct ions occur in the D r u d e - L o r e n t z expression 
for the conduct ivi ty a = 1/p = e2Nz/m* ( t is the mean free 
t ime of electrons, and N and m* are their concent ra t ion and 
effective mass) . These q u a n t u m correct ions al low for the 
influence of interference between electron waves tha t 
accompanies the mot ion of conduct ion electrons. The 
appl icat ion of a field H suppresses the interference effects 
and gives rise to a negative magnetores is tance . The 
q u a n t u m correct ion mechanism is usually encountered in 
metals [29, 30]. 

5.4 Mechanism of delocalisation of electrons from the 
Fermi level by a magnetic field H 
One further isotropic magnetores is tance mechanism [33] 
applies to semiconductors with a high concent ra t ion of 
conduct ion electrons (in the case of ferrites such a high 
concent ra t ion is encountered in magnet i te [32]). A field H 
increases or reduces, depending on the direction of the 
electron spin / i B , the F e r m i energy by an a m o u n t ± / i B / / 
and the conduct ivi ty then becomes g(E ± fiBH). Expand ing 
this function as a series gives a correct ion to the 
conduct ivi ty due to the act ion of H (i.e. a negative 
isotropic magnetores is tance because of delocalisation of 
electrons from the F e r m i level by a field / / ) , which is given 
by Aa=\/2(7f\E)(fiBH)2. Accord ing to Ref. [33], this 
expression applies to the convent ional and h o p p i n g 
conduct ion mechanisms . However , the value of Act is 
large only in very high magnet ic fields. 

It t hus follows tha t n o n e of the four magnetores is tance 
mechanisms listed above can account for the second 
componen t of the isotropic negative magnetores is tance 
of spinel ferrites. 

6. Interpretation of the second component of the 
isotropic negative magnetoresistance of spinel 
ferrites on the basis of a 'magnetoelectron 
sublattice' model 
The anomal ies of the magnet isa t ion , magnetoca lor ic effect, 
and magnetores is tance of magnet i te observed in the region 
of a low- tempera ture t rans i t ion (Tt = 1 0 0 - 1 2 0 K ) are 
explained in [34] by a 'magnetoelec t ron sublat t ice ' 
model . In this section it will be shown tha t this mode l 
can account for the second componen t of the isotropic 
negative magnetores is tance of spinel ferrites. Some add i 
t ional informat ion on the magnetoe lec t ron sublatt ice 
model , specifically from the poin t of view of the task in 
hand , will be given first. 

Fig . 12a shows a magnet ic s t ructure of a spinel ferrite 
[34], where ( c r s ) e is the magnet i sa t ion of the magnetoe lec
t ron sublatt ice (which will be called the e sublattice). The 
h o p p i n g electrons (i.e. electrons migra t ing between the F e 2 + 

and F e 3 + cat ions in the oc tahedra of the spinel lattice) 
responsible for conduct ion are concent ra ted in this sub-
lattice. The magnet ic order ing of these electrons in the e 
sublatt ice occurs under the influence of an effective 
exchange field exerted by the magnet ic cat ions (the 
exchange interact ion of the hopp ing electrons within the 
e sublatt ice is ignored, because it is very weak) : 

( # e f f , e x ) B A = ~7sd((7s)BA • 

(ffs)A K)B Me 
• • ^ « • 

A B e 

a 

Figure 12. Explanation of the magnetoelectron sublattice model: 
A represents the tetrahedral sublattice, B is the octahedral sublattice, 
and e the magnetoelectron sublattice of a spinel ferrite; here, (0"s)ba is the 
resultant (ferrimagnetic) spontaneous magnetisation of the ferrite. 

Here , ysd is the pa ramete r represent ing the Vonsovski i 
exchange interact ion [37, 38] between hopp ing electrons 
and magnet ic cat ions; ( c r s ) B A is the resul tant (ferrimagnetic) 
magnet i sa t ion of the ferrite. The pa ramete r ysd is negative 
for ferrites, i.e. this interact ion is ant i ferromagnet ic . 

The magnet ic s t ructure shown in Fig. 12a resembles 
formally the three-sub lattice s t ructure of a rare-ear th iron 
garnet . In such a garnet the magnet ic order ing of ra re ear th 
cat ions (Gd and others) is also created by an effective 
exchange field exerted by the iron cat ions in the garnet ; this 
field is negative, i.e. it is of ant i fer romagnet ic na tu re . At low 
tempera tu res this field creates a long-range magnet ic order 
in the rare-ear th sublatt ice. However , at some t empera tu re 
T = T\ the long-range order changes abrup t ly and a low-
tempera tu re Cur ie poin t is observed for the rare-ear th 
sublatt ice [39]. This occurs when the the rmal mo t ion 
energy Tx becomes comparab le with the energy of the 
exchange interact ion of the F e and rare-ear th cat ions 
[ 3 9 - 4 2 ] . However , since at t empera tu res T > T\ the field 
( / / e f f e x ) B A cont inues to act, a par t ia l magnet ic order is 
retained. The (<r s)(r) curve assumes the shape of a tail (i.e. 
it becomes asymptot ic) , frequently observed for magne t 
ically ordered mater ia ls at t empera tures above the Cur ie 
poin t . This curve is sensitive to relatively weak external 
fields / / , i.e. a s t rong paraprocess appears in the rare-ear th 
sublatt ice. The strength of this process is higher near a 
t empera tu re T\ and it decreases as t empera tu re is increased 
(T > Tx). 

A similar s i tuat ion occurs in the e sublatt ice. F ig . 12b 
shows schematically the asymptot ic dependence of ( c r s ) e 

on T. The appl icat ion of an external field H again induces 
the pa raprocess and at low tempera tu res this process is 
stronger t han at higher t empera tures . However , the mech
anisms of the pa raprocess in the rare-ear th and e sublatt ices 
are different in respect of their physical consequences. In 
the former case the paraprocess magnet i sa t ion is accom
panied by some displacements of the rare-ear th cat ions 
from the crystal lattice sites, i.e. an exchange magne tos t r i c 
t ion is observed. In the latter case the paraprocess 
magnet i sa t ion (i.e. ro ta t ion of the spin of the hopp ing 
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electrons so tha t it becomes aligned a long the field / / , as 
shown in Fig. 12a) is accompanied by an increase in the 
kinetic energy of electrons, so tha t such hopp ing electrons 
become delocalised. This can be called the 'magnetoelec
t r o n ' paraprocess . 

The localisation of the hopp ing electrons in the e 
sublatt ice is due to a negative s - d exchange between a 
magnet ic cat ion and a given electron. Such localisation is 
impossible if the s - d exchange interact ion is posit ive. This 
follows from the following general considerat ions . 

In contras t to ferromagnets , the mo t ion of the hopp ing 
electrons in ant i fer romagnets ( including uncompensa t ed 
ant i fer romagnets , such as ferrites) involving a per iodic 
reversal (flipping) of its spin (which does no t occur in 
ferromagnets) and this requires an addi t iona l act ivat ion 
energy. The result is a reduct ion in the electron mobil i ty in 
the limit of a sufficiently s t rong s - d exchange, which acts 
between the hopp ing electrons and the iron cat ions, leading 
to electron localisation in the e sublatt ice. 

There is however an important difference between the 
mechanism of localisation of electrons in an antiferromagnetic 
structure, discussed for wide-gap semiconductors [35, 36], and 
the mechanism of localisation of electrons in ferrites. In the 
former case such localisation creates magnetopolaron states 
( 'ferrons' [35]), since the effect of the conduction electrons on 
the magnetic cations in such a semiconductor is very strong. 
In ferrites it is very weak and, conversely, the effect of the iron 
cations on the hopping electrons is very strong and this is the 
reason for the appearance of the e sublattice. 

Obviously, the appearance of the second componen t of 
the isotropic negative magnetores is tance is the direct result 
of the 'magne toe lec t ron ' pa raprocess in spinel ferrites. The 
higher the field / / , the stronger the delocalisat ion of 
electrons from the e sublatt ice and the greater the 
cont r ibut ion of these electrons to the isotropic negative 
magnetores is tance . Since at low tempera tu res the n u m b e r of 
localised electrons is large, it follows tha t the number of 
electrons delocalised by a field H is also large, so tha t at low 
tempera tu res the negative magnetores is tance of the second 
componen t is very large. A s t rong field H causes deplet ion 
of the electrons localised in the e sublatt ice. This accounts 
for the t rend in sa tura t ion exhibited by the (Ap/p)^ and 
(Ap/p)± i so therms recorded at low tempera tu res (see 
Figs 3 - 5 ) . 

The electron paraprocess in ferrites need no t be 
accompanied by delocalisation of electrons from the e 
sublatt ice. F l ipping of the electron spins by a field H is 
induced by a pa raprocess of the ant i fer romagnet ic type, 
which is accompanied by an isotropic posit ive magne to re 
sistance. It ha s been shown [34] tha t this electron 
paraprocess appears in magnet i te at low tempera tu res (in 
addi t ion to the electron paraprocess tha t accompanies 
electron delocalisat ion). The occurrence of one or ano ther 
electron pa raprocess depends on the relat ionship between 
( / / e f f e x ) B A , the electron - p h o n o n interact ion in the inves
t igated ferrite, and the value of the applied field H. 

7. Other indirect experimental evidence 
supporting the 'magnetoelectron sublattice' 
model 
In Section 6 it is shown tha t the na tu re of manifes ta t ion of 
the second componen t of the isotropic negative m a g n e t o 
resistance of ferrites can be explained by the concept of the 

'magnetoelec t ron sublat t ice ' . However , spinel ferrites 
exhibit also anomal ies of other physical proper t ies which 
can be explained by the magnetoe lec t ron sublatt ice model . 

7.1 Anomaly (reduction) of the saturation values of the 
magnetic moments at 0 K 
This anoma ly is manifested clearly by manganese ferrite 
M n F e 2 0 4 . It has the following mixed cation dis t r ibut ion: 

( M n 0 + F e 0 J ) [ M n 0 + F e ? J ] o 5 - . 

A B 

This complex cation dis t r ibut ion appears because the 
electron configurat ions and the radi i of the M n 2 + ( 3 d 5 ) 
and F e 3 + ( 3 d 5 ) cat ions are similar and, therefore, they can 
move between the A and B posi t ions . Since these cat ions 
have the same magnet ic m o m e n t s (5 / i B ) , a change in the 
cation dis t r ibut ion between the A and B posi t ions does no t 
affect the sa tura t ion value of the magnet ic m o m e n t n 0 of 
the ferrite at 0 K (i.e. the m o m e n t per M n F e 2 0 4 formula 
uni t ) : 

% = 10/xB(B) 5Hb(a) = 

However , over 30 years ago it has been discovered tha t the 
measured values of n0 are lower and lie in the interval 
( 4 . 4 - 4 . 8 ) / i B . This has been established b o t h by neu t ron 
diffraction [24] and by direct measurements of the 
sa tura t ion magnet i sa t ion ext rapola ted to 0 K [ 4 3 - 4 6 ] . 
All this has been the subject of a long discussion between 
F rench and D u t c h physicists. 

Several reasons have been suggested for this discrep
ancy. F o r example, some of the M n 2 + ca t ions at the B 
posi t ions m a y be converted to M n 3 + ( 3 d 4 ) [45]. However , 
this seems to be unlikely. Other au tho r s have suggested 
[47, 48] tha t the underes t imate of n0 is due to the presence 
of a small number of the F e 2 + ( 3 d 6 ) cat ions at the B 
posi t ions in M n F e 2 0 4 . However , this also fails to solve 
the p rob lem, because the F e 2 + cat ions at the B posi t ions are 
in a triplet orbi ta l state and the spin magnet ic m o m e n t 4 / i B 

should be supplemented by the unquenched pa r t of the 
orbi ta l magnet ic m o m e n t a m o u n t i n g to ~ l / i B , i.e. at these 
pos i t ions the F e 2 + cat ions have a m o m e n t of the order of 
5fiQ. 

Finally, some au tho r s are of the opinion tha t a slight 
cant ing of the magnet ic m o m e n t s of the cat ions at the B 
posi t ions appears at low tempera tu res in M n F e 2 0 4 . 
However , this has no t been confirmed by neu t ron diffrac
t ion [24, 49] or Mossbaue r [50] me thods , or by the 
sa tura t ion magnet i sa t ion measurements [23, 51]. 

Therefore, the p rob lem of the a n o m a l o u s reduct ion in 
the value of n0 of M n F e 2 0 4 ha s no t yet been solved. 

The reduced value of n0 r epor ted for M n F e 2 0 4 can also 
be explained in a different way. As shown in Section 6, the 
spins of the h o p p i n g electrons become oriented opposi te to 
the magnet i sa t ion ( c r s ) B A by the influence of the field 
C^eff,ex)BA which reduces the magnet i sa t ion , i.e. format ion 
of the magnetoe lec t ron sublatt ice in the ferrite M n F e 2 0 4 is 
responsible for the a n o m a l o u s values of n0. The m a g n e 
toelectron sublatt ice also affects n0 of magnet i te [34] and 
other spinel ferrites. The fractional a tomic magnet ic 
m o m e n t s of Fe , Co , and N i repor ted by Vonsovski i and 
Vlasov [52] can also be explained by the cont r ibut ion of the 
magnet ic spin m o m e n t s of the s electrons (i.e. conduct ion 
electrons) to n 0 . 
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7.2 Problem of the low mobility of the conduction 
electrons in ferrites 
A characterist ic p rope r ty of ferrites considered as magnet ic 
semiconductors is an extremely low mobil i ty of the 
conduct ion electrons (hopping electrons). The measured 
Hal l and drift mobili t ies do not normal ly reach 
l c m 2 V _ 1 s _ 1 , which are tens of t h o u s a n d s of t imes less 
t han in semiconductors used in technology. In spite of a 
large n u m b e r of invest igations of this topic, no satisfactory 
reason has been pu t forward to account for the low 
mobil i ty. In some theoret ical t r ea tments the low values of 
the carrier mobil i ty in ferrites and other oxides with the 3d 
cat ions have been a t t r ibuted to a s t rong e l e c t r o n - p h o t o n 
interact ion, which leads to the appearance of small polarons 
[56]. However, the experimental results [57-59] suggest tha t 
this explanat ion does not always apply. 

In 1971 N a g a e v [60] has shown theoretical ly tha t low 
carrier mobili t ies in 3d c o m p o u n d s are due to the inter
action of the conduct ion electrons no t so much with 
p h o n o n s as with the spins of the 3d cat ions. The 
magnetoe lec t ron sublatt ice mode l leads to the same con
clusion. The low mobil i ty of the hopp ing electrons in a 
ferrite is due to their localisation by the negative s - d 
exchange in the e sublatt ice and this can be regarded as an 
indirect suppor t of the existence of the magnetoe lec t ron 
sublatt ice in ferrites. 

8. Magnetoresistance of ferrites in the vicinity 
of magnetic phase transitions 
There are m a n y m o r e magnet ic phase t rans i t ions in ferrites 
t han in ferromagnets . In addi t ion to the magnet ic o r d e r -
disorder phase t ransi t ion at the Cur ie point , there are also 
magnet ic o r d e r - o r d e r t ransi t ions . The following types of 
the o r d e r - o r d e r t rans i t ions can be distinguished [54]: 

(1) at some tempera tu res in certain ferrites the sign of 
the first magnet ic an i so t ropy cons tant K\ is reversed, which 
results in the reor ienta t ion of the vector 7S in a crystal from 
one easy magnet i sa t ion axis to ano ther ( spon taneous 
or ien ta t ional t ransi t ion) ; this t ransi t ion is accompanied 
by an ab rup t change in the physical proper t ies , including 
the magnetores is tance; 

(2) the difference between the intersublat t ice and 
sublatt ice exchange interact ions in ferrites, par t icular ly in 
mixed mater ials , frequently gives rise to a canted or ienta
t ion of the magnet ic m o m e n t s of the sublatt ices; the 
appl icat ion of a field H = Hcr dest roys such a canted 
s tructure, i.e. an or ien ta t ional t ransi t ion induced by the 
field Hcx takes place and this t rans i t ion is accompanied by 
an ab rup t change in the magnetores is tance; 

(3) the na tu re of the changes in the magnet i sa t ion and 
associated physical effects, including the isotropic m a g n e 
toresis tance (first componen t ) , at the magnet ic 
compensa t ion t empera tu re 9k is such tha t the latter can 
be regarded as the t empera tu re of an or ien ta t ional phase 
t rans i t ion in the presence of a field H [22]; the t rans i t ion at 
0 k causes considerable changes in the magnetores is tance 
which are discussed in detail later. 

W e shall begin by considering the characterist ic features 
of the appearance of the magnetores is tance in spinel ferrites 
in the region of their Curie poin t . It follows from Fig. 7, 
which gives the (Ap/p)^(T) curves, tha t a negative 
magnetores is tance m a x i m u m is observed for manganese 
spinel ferrite near the Curie poin t Tc. A m a x i m u m of 

approximate ly the same ampl i tude is observed also for the 
(Ap/p)± effect. This isotropic negative magnetores is tance is 
due to the scat tering of the conduct ion electrons by changes 
in the magnet ic order ing of the cat ions because of a s t rong 
paraprocess in the region of Tc. However , in contras t to an 
o rd inary single-sub lattice ferromagnet , the isotropic neg
ative magnetores is tance (first componen t ) of a ferrite 
measured at Tc generally consists of two cont r ibut ions . 
The first represents the scat tering of the conduct ion 
electrons by the magnet ic m o m e n t s of the cat ions in the 
sublatt ice with the magnet i sa t ion vector coinciding with the 
direction of / / , which gives rise to a negative isotropic 
magnetores is tance , whereas a posit ive isotropic m a g n e t o 
resistance appears in the other sublatt ice with the 
magnet i sa t ion vector ant iparal lel to H. N o r m a l l y the 
magnetores is tances do no t ba lance out at T c , since the 
sublatt ices m a k e different cont r ibu t ions to the electrical 
conduct ivi ty of the ferrite. Usua l ly the oc tahedra l sublatt ice 
makes a greater cont r ibut ion to the electrical conductivi ty, 
because it conta ins the heterovalent cat ions F e 2 + and F e 3 + . 

Measu remen t s have shown tha t small negative m a g n e 
toresis tance max ima , of approximate ly the same ampl i tude 
as in the case of N i , appear at the Curie po in ts of ferrites. 
Fo r example, it has been reported [61] that (Ap/p)Tc ~ 0.2% 
for n i c k e l - z i n c ferrite at Tc in H = 10 Oe. Approximate ly 
the same values of (Ap/p)Tc have been repor ted for 
manganese ferrite [6]. 

A posit ive isotropic magnetores is tance at Tc repor ted 
[58] for iron garnet Y 3 F e 5 0 1 2 doped with S i 4 + , which 
creates the F e 2 + ca t ions in the oc tahedra l sublatt ice, is 
a t t r ibuted to the ant iparal lel or ienta t ion of the magnet i sa 
t ion vector of this sublatt ice and H. 

Exper imenta l invest igations of the magnetores is tance of 
ferrites at the Cur ie po in t have revealed one m o r e inter
esting feature of the ferrites with a magnet ic compensa t ion 
poin t 6k. A s t rong paraprocess appears in these ferrites no t 
only near Tc, bu t also at low tempera tu res (at T < 0 k ) . The 
paraprocess susceptibility Xp •> the magnetoca lor ic effect, 
and even magnet ic effects, including the magnetores is tance 
[26], reach their max ima at some t empera tu re Tx. These 
max ima resemble the max ima of the same proper t ies at the 
n o r m a l Cur ie point , so tha t the t empera tu re T\ m a y be 
called the low- tempera ture Cur ie poin t of a ferrite. It 
appears because these ferrites have sublatt ices with weaker 
exchange interact ions and magnet ic disorder ing begins in 
them already at low tempera tu res [22]. 

However , it has been established [26] tha t the t empera 
ture dependence of the isotropic negative magnetores is tance 
(specifically, the first componen t of this magnetores is tance) 
in the region of T\ differs from the na tu re of the same 
dependence at Tc (Fig. 13). The difference is tha t in the 
region of Tx the left-hand ( low-temperature) b ranches of the 
(Ap/p)y(r) and (Ap/p)±(T) curves fall steeply (almost 
vertically). This fall occurs because an exponential ly falling 
second componen t of the negative magnetores is tance is 
super imposed on the paraprocess cont r ibut ion . 

Let us consider n o w the behaviour of the magne to re 
sistance in the vicinity of magnet ic or ienta t ional (frequently 
called spin-reor ientat ion) t ransi t ions . 

Fig. 14 repor t s the results of measurements of the 
magnetores is tance of a single crystal of the ferrite 
Coo.94Fe2.06 [62] in which a spin-reorientat ion t ransi t ion 
due to a change in the an iso t ropy cons tant Kx occurs at 
r c r w 510 K. At this t empera tu re there are max ima of the 

http://Coo.94Fe2.06
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Figure 13. Temperature dependences of the magnetoresistances (Ap/p)|| 
(1) and (Ap/p)± (2) measured in the region of the low-temperature Curie 
point of ferrite L i 2 0 • 2 . 5 F e 2 0 3 . 2 • 5 C r 2 0 3 (lower part of the figure). The 
figure includes also the temperature dependences of the logarithm of the 
resistance \gR, of the specific magnetisation gs, of the paraprocess 
susceptibility %p , and of the coercive force Hc. 
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Figure 14. Temperature dependences of (Ap/p)|| and (Ap/p)± in a field of 
H — lOkOe and of the factor ft for a single crystal of C o 0 . 9 4 F e 0 . 0 6 O 4 . 

F ig . 14 not only gives the magnetores is tance measured 
in a field / / , bu t also the values of (Ap/p) 0 ( / / ) ext rapola ted 
to zero field in order to separate the isotropic componen t s 
of the magentores is tance , i.e. to obta in the pu re or ienta
t ional magnetores is tance (Ap/p) 0 . This figure gives the 
t empera tu re dependence of the an iso t ropy factor of the 
or ien ta t ional magnetores is tance: 

V P / tf||[100] V P / #||[110] 

W e can see tha t the value of in the region of Tox also 
undergoes ab rup t changes. 

The microscopic origin of the or ien ta t ional magne to re 
sistance lies in a considerable change in the energy spectrum 
of the conduct ion electrons in ferrites as a result of ro ta t ion 
of the vector 7S. This conclusion follows from an investiga
t ion of the magne toop t i c effects. The ' intensi ty ' 
magne toop t i c reflection effects, which accompany reor ien
ta t ion of the vector 7S, have been discovered and 
investigated [63, 64]. 

Some theoret ical invest igations [ 6 5 - 6 7 ] have included 
a t t empts to develop a microscopic theory of the or ien ta
t ional magnetoresistance of metallic ferromagnets. However, 
a satisfactory theory of this magnetores is tance is not yet 
available. In the case of magnet ic semiconductors , including 
ferrites, no ideas have yet been pu t forward abou t the 
microscopic origin of the or ienta t ional magnetoresis tance. 

Let us n o w consider the changes in the magnetores i s 
tance in the region of the magnet ic compensa t ion poin t 0 k 

of a ferrite. It has been demons t ra ted on m a n y occasions 
(see, for example, Ref. [22]) tha t in the presence of a field H 
the compensa t ion poin t 0 k indicates the occurrence of an 
o r d e r - o r d e r magnet ic phase t ransi t ion. 

Fig. 15 shows the results of measurements [26, 27, 68] of 
the isotropic magnetores is tance (i.e. measurements in fields 
H higher t han the technical sa tura t ion field Hs) of l i thium 
chromite ferrite L i 2 0 • 2 . 5 F e 2 0 3 • 2 . 5 C r 2 0 3 in the region 
of 0 k . N e a r 0 k the sign of the isotropic magnetores is tance is 

i o 4 f ^ ) 
V p ) \ 

posit ive and negative magnetores is tance , depending on the 
direction of measurements of the magnetores is tance , i.e. an 
anisot ropic magnetores is tance (or ienta t ional effect) appears 

Figure 15. Reversal of the sign of the isotropic magnetoresistance in 
the region of 0 k of ferrite L i 2 0 • 2 . 5 F e 2 0 3 • 2 . 5 C r 2 0 3 : ( 7 ) 2260 Oe; 
( 2 ) 4500 Oe; (3) 9030 Oe; (4) 1170 Oe. 
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reversed from negative to posit ive. Similar changes in the 
sign of the magnetores is tance have been observed for a 
metall ic ferrimagnet M n G e 2 [70]. 

This has been interpreted by a phenomenolog ica l theory 
pu t forward by T u r o v and Shavrov [69]. Accord ing to these 
au thors , the ga lvanomagnet ic proper t ies of ferr imagnets 
and ant i fer romagnets are governed by two vectors: the 
ferromagnet ic vector M = Mi + M2 (where M , and M2 are 
the sublatt ice magnet isa t ions) and the ant i fer romagnet ic 
vector L =M\ — M 2 , i.e. two ga lvanomagnet ic effects with 
opposi te signs occur in the substances: one cor responds to 
the vector M and the other to L. At the poin t 0 k the vector 
M d isappears , bu t the vector L remains , as repor ted for the 
alloy M n G e 2 (the signs of the magnetores is tance and the 
Hal l emf are reversed by the t ransi t ion at 0 k ) . 

M o d e l representa t ions account for the reversal of the 
sign of the magnetores is tance at the 0 k t rans i t ion in l i thium 
chromi te ferrites [22, 68] as follows. At t empera tu res 
T < 0 k , where the ferrite magnet i sa t ion is due to the 
oc tahedra l sublatt ice exhibit ing a s t rong low- tempera ture 
paraprocess , an external field H orders the magnet ic 
m o m e n t s of the cat ions and this leads to a negative 
magnetores is tance . In the range T > 0 k the magnet i sa t ion 
of the oc tahedra l sublatt ice is reversed relative to H and the 
pa raprocess is of the ant i ferromagnet ic type ( 'fl ipping' of 
the magnet ic m o m e n t s of the cat ions) . This enhances the 
scattering of carriers, i.e. it gives rise to a posit ive 
magnetores is tance . 

A shift of the t empera tu re at which the magnetores i s 
tance sign is reversed (known as the magnetores is tance 
compensa t ion point) , relative to the magnet ic compensa t ion 
poin t 0 k , has been repor ted [27] for the ferrite 
L i 2 0 - 2 . 5 F e 2 0 3 • 2 . 5 C r 2 0 3 (Fig. 15). This is due to a 
superposi t ion of an exponential ly falling negative m a g 
neto-resis tance (second componen t of the isotropic 
magnetores is tance) on the pa raprocess magnetores is tance . 

Devia t ions from a m o n o t o n i c t empera tu re dependence 
of the second componen t of the magnetores is tance have 
been repor ted for the ferrite M n F e 2 0 4 [13, 14, 21]. Small 
/ / - dependen t ' smeared-ou t ' max ima of the negative 
isotropic magnetores is tance occur at ~ 2 0 0 K and M 5 0 -
140 K (Fig. 8). At these t empera tu res the ( lgp) ( 1 / r ) 
curves have k inks and there are small max ima of the 
pa raprocess susceptibility xv • 

It has been suggested [13, 14] tha t the phase t rans i t ions 
at these t empera tu res are associated with the format ion of 
cat ion pai rs in the M n ^ - M n ^ and F e ^ - F e ^ oc tahedra 
as a result of the direct exchange between them. Accord ing 
to G o o d e n o u g h [74], this direct exchange appears at specific 
critical values of the distance between the cat ions in the 
M n j ^ - M n 2 ^ and F e ^ - F e ^ pai rs in the oc tahedra l 
sublatt ice of the ferrite. G o o d e n o u g h predicts tha t the 
format ion of these c a t i o n - c a t i o n pa i rs should be accom
panied by weak addi t iona l localisation of the conduct ion 
electrons in the covalent b o n d s of the cat ions. The 
appl icat ion of a field H should in its tu rn delocalise these 
electrons and this is clearly the reason for the appea rance of 
the smeared-out negat ivemagnetores is tance max ima in 
Fig. 8. 

It is evident from Fig. 11 tha t deviat ions from the 
m o n o t o n i c t empera tu re dependence of the isotropic m a g 
netoresis tance (second componen t ) are exhibited also by 
chromi te ferrites. In the case of magnet i te this is manifested 
by a s t rong increase in the isotropic negative magne to re 

sistance [34] on app roach to a low- tempera ture t ransi t ion at 
Tt = 1 0 0 - 1 2 0 K (this is no t shown in Fig. 11). 

In an earlier review [34] this t ransi t ion in magnet i te is 
a t t r ibuted to a 'magne toe lec t ron ' phase t ransi t ion induced 
by the field (H"ffGX)BA. It is possible tha t the deviat ions 
from the m o n o t o n i c isotropic negative magnetores is tance , 
observed at low t empera tu re for manganese ferrites and 
chromi te ferrites, are of the same origin as the low-
tempera tu re t ransi t ion in magnet i te . 

The reason for the deviat ions from the m o n o t o n i c 
t empera tu re dependence of the isotropic negative m a g n e t o 
resistance in ferrites at low tempera tu res nevertheless 
requires further studies. 

b 

Figure 16. (a) Temperature dependences of the saturation magnetisation 
(Ts in a field H — 100 Oe (curve 1) and of the transverse magnetoresistance 
in a field H = 10kOe (curve 2) , obtained for polycrystalline ferrite 
C u F e 2 0 4 . (b) Temperature dependence of the magnetocaloric effect in a 
field H — lOkOe, obtained for polycrystalline ferrite C u F e 2 0 4 . 
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In connect ion with the above discussion one should no te 
ano ther interest ing exper imental observat ion [ 7 1 - 7 3 ] on 
copper ferrite C u F e 2 0 4 . At 3 3 0 - 3 4 0 K (the Curie po in t of 
this ferrite is Tc ?^ 7 2 0 K ) there is a sharp peak of the 
posit ive isotropic magnetores is tance (Fig. 16a), a peak of 
the negative magnetoca lor ic effect (Fig. 16b), and a j u m p of 
the sa tura t ion magnet i sa t ion (curve 1 in Fig. 16a). These 
effects occuring in C u F e 2 0 4 at 3 3 0 - 3 4 0 K are of the same 
na tu re as those in magnet i te near its low- tempera ture 
t rans i t ion (Tt = 100 - 1 2 0 K ) . The posit ive sign of the 
magnetores is tance , the negative sign of the magnetoca lor ic 
effect, and the j u m p in the sa tura t ion magnet i sa t ion of 
C u F e 2 0 4 at 3 3 0 - 3 4 0 K can be explained quali tat ively by 
the magnetoe lec t ron sublatt ice model , as in the case of 
magnet i te at Tt = 1 0 0 - 1 2 0 K. It follows tha t a m a g n e t o e 
lectron phase t ransi t ion, similar to tha t at Tt in magnet i te , 
occurs in C u F e 2 0 4 at 3 3 0 - 3 4 0 K. 

9. Conclusions 

In spite of the fact tha t ferrites have been discovered long 
ago and have been used widely in var ious b ranches of 
technology, m a n y of their proper t ies are still little known . 
This applies par t icular ly to the t r anspor t p h e n o m e n a and, 
in par t iu lar , to the magnetores is tance . 

This review paper presents a systematic account and an 
analysis of the exper imental t empera tu re and field depend
ences of the magnetores is tances of var ious spinel ferrites, 
obta ined by myself and my colleagues, and also those 
repor ted in the l i terature. In magnet ic fields above the 
technical sa tura t ion value, bu t at t empera tu res be low the 
Curie point , such ferrites have two componen t s of the 
isotropic magnetores is tance . The first is due to the usua l 
magnetores is tance mechanism, which is the scat tering of the 
conduct ion electrons by changes in the magnet ic order 
caused by an external magnet ic field (paraprocess) . This 
componen t is responsible, as in the case of o rd inary 
ferromagnets , for a m a x i m u m of the negative magne to re 
sistance at the Curie poin t . Cool ing reduces this 
magnetores is tance monoton ica l ly in accordance with the 
weakening of the paraprocess . 

On the other hand , the second componen t of the 
negative isotropic magnetores is tance rises s trongly (expo
nentially) when a ferrite is cooled down from the Cur ie 
poin t . 

At r o o m t empera tu re and be low the second componen t 
of the isotropic magnetores is tance masks the posit ive 
longi tudinal and negative t ransverse componen t s of the 
magneto-res is tance, which accompany the processes of 
ro ta t ion and displacement of domain walls (or ienta t ional 
magnetores is tances) . Therefore these ferrites usually exhibit 
anoma lous , compared with o rd inary fer romagnets (such as 
nickel), field dependences of (Ap/p)^ and (Ap/p)±; they 
have the same (negative) signs and similar values. 

The second componen t of the negative magnetores i s 
tance is explained on the basis of the magnetoe lec t ron 
sublatt ice model , p roposed in an earlier review [34]. 
Accord ing to this model , the hopp ing electrons are in a 
magnetical ly localised state [effect of (Heffex)QA\. The 
appl icat ion of an external magnet ic field H delocalises 
these electrons (electron paraprocess) and this induces 
the second componen t of the negative isotropic magne to re 
sistance. Such delocalisation occurs also as a result of a 
change in t empera tu re and it becomes stronger at higher 

t empera tures , leading to an exponent ia l t empera tu re 
dependence of the second componen t of the negative 
magnetores is tance . 

The magnetoe lec t ron sublatt ice concept and pos tu la te of 
magnetical ly localised states of the hopp ing conduct ion 
electrons can account for the anomaly (reduct ion) of the 
magnet ic m o m e n t s of manganese ferrite at 0 K and for the 
low carrier mobil i ty in ferrites. 

The present review deals also with the anomal ies of the 
magnetores is tance in ferrites tha t occur at o r d e r - d i s o r d e r 
and o r d e r - o r d e r magnet ic phase t ransi t ions . 

The results of invest igations of the magnetores is tance in 
ferrites are of considerable interest because the magne to re 
sistance effects can provide informat ion on the electron 
processes tha t have been largely neglected in these mater ia ls 
of pract ical impor tance . 

References 
1. Vonsovskii S V Magnetism 2 vols (New York: Halstead, 1975) 
2. Methfessel S, Matt is D C 'Magnetic semiconductors' , 

in Handbuch der Physik (Ed. H P J Wijn) Vol. 18, Part 1 
(Berlin: Springer, 1968) pp 389-562 

3. Akulov N S Ferromagnetizm (Ferromagnetism) (Moscow: 
Nauka , 1939) 

4. Belov K P Vestn. Most Univ. Fiz. Astron. 34 (1) 6 (1993) 
5. Vedernikov N F , Zvezdin A K, Levitin R Z, Popov A I 

Zh. Eksp. Teor. Fiz. 93 2161 (1987) [Sov. Phys. JETP 66 1233 
(1987)] 

6. Belov K P, Talalaeva E V Zh. Eksp. Teor. Fiz. 33 1517 (1957) 
[Sov. Phys. JETP 6 117 (1958)] 

7. Belov K P, Popova A A, Talalaeva E V Kristallografiya 3 733 
(1958) [Sov. Phys. Crystallogr. 3 738 (1958)] 

8. Belov K P, Nikitin S A Kristallografiya 5 726 (1960) [Sov. 
Phys. Crystallogr. 5 694 (I960)] 

9. Zalesskii A V Anizotropiya Izmeneniya Elektrosoprotivleniya pri 
Nam agnichivanii Monokristallov Ferritov so Strukturoi Shpineli 
(Anisotropy of Changes in the Electric Resistivity Due to 
Magnetisation of Ferrite Single Crystals with the Spinel 
Structure) Thesis for Candidate 's Degree (Moscow: Institute 
of Crystallography, Academy of Sciences of the USSR, 1962) 

10. Zalesskii A V Kristallografiya 7 321 (1962) [Sov. Phys. 
Crystallogr. 7 251 (1962)] 

11. Zalesskii A V Kristallografiya 6 231 (1961) [Sov. Phys. 
Crystallogr. 6 180 (1961)] 

12. Koroleva L I Fiz. Met. Metalloved. 22 574 (1966); Anizotropiya 
Paraprotsessa Geksagonal'nykh Ferritov (Anisotropy of the 
Paraprocess in Hexagonal Ferrites) Thesis for Candidate 's 
Degree (Moscow: Moscow State University, 1968) 

13. Belov K P, Goryaga A N Vestn. Mosk. Univ. Fiz. Astron. 24 
(6) 56 (1983) 

14. Belov K P, Goryaga A N , Pronin V N , et al. Fiz. Tverd. Tela 
(Leningrad) 25 950 (1983) [Sov. Phys. Solid State 25 548 
(1983)] 

15. Grabovskii M A Izv. Akad. Nauk SSSR Ser. Geofiz. (11/6) 71 
(1951) 

16. Komar A P, Klyushin V V Izv. Akad. Nauk SSSR Ser. Fiz. 18 
40 (1954) 

17. Smol'kov N A Fiz. Met. Metalloved. 2 10 (1956) 
18. Parker R Proc. Phys. Soc. London Sect. B 70 249 (1957) 
19. Samokhvalov A A, Fakidov I G Fiz. Met. Metalloved. 4 249 

(1957) 
20. Schroder H Naturwissenschaften 47 175 (1960) 
21. Belov K P, Nikitin S A Kristallografiya 5 726 (1960) [Sov. 

Phys. Crystallogr. 5 694 (I960)] 
22. Belov K P Ferrity v SiVnykh Magnitnykh Polyakh (Ferrites in 

Strong Magnetic Fields) (Moscow: Nauka , 1972) 
23. Belov K P, Nikitin S A Fiz. Met. Metalloved. 9 470 (1960) 
24. Hastings J, Corliss L Phys. Rev. 104 328 (1956) 
25. Shklovskii B I, Efros A L Electronic Processes in Heavily 

Doped Semiconductors (Berlin: Springer, 1984) 



Anomalies of the magnetoresistance of ferrites 575 

26. Goryaga A N , Lin Chang-Ta Zh. Eksp. Teor. Fiz. 41 696 
(1961) [Sov. Phys. JETP 14 502 (1962)] 

27. Belov K P, Goryaga A N , Lin Chang-Ta Zh. Eksp. Teor. Fiz. 
38 1914 (1960) [Sov. Phys. JETP 11 1376 (I960)] 

28. Vonsovskii S V Zh. Tekh. Fiz. 18 143 (1948); Sovremennoe 
Uchenie o Magnetizme (Modern Science of Magnetism) 
(Moscow: Nauka , 1952) 

29. Abrikosov A A Osnovy Teorii Metallov (Fundamentals of the 
Theory of Metals) (Moscow: Nauka , 1987) 

30. Al'tshuler B L, Aronov A G, Larkin A I, et al. Zh. Eksp. Teor. 
Fiz. 81 784 (1981) [Sov. Phys. JETP 54 420 (1981)] 

31. Kul 'bachinskii V A, Kadushkin V I, Kytin V G, et al. Fiz. 
Tverd. Tela (Leningrad) 35 1755 (1993) [Sov. Phys. Solid State 
35 877 (1993)] 

32. Samokhvalov A A, Rustamov A G, Fiz. Tverd. Tela (Lenin
grad) 7 1198 (1965) [Sov. Phys. Solid State 7 961 (1965)] 

33. Mot t N F , Davis E A Electronic Processes in Non-Crystalline 
Materials (Oxford: Clarendon Press, 1971) 

34. Belov K P Usp. Fiz. Nauk 163 (5) 53 (1993) [Phys.-Usp. 36 380 
(1993)] 

35. Nagaev E L Pis'ma Zh. Eksp. Teor. Fiz. 6 484 (1967) [JETP 
Lett. 6 18 (1967)]; Zh. Eksp. Teor. Fiz. 54 228 (1968) [Sov. 
Phys. JETP 27 122 (1968)] 

36. Nagaev E L Physics of Magnetic Semiconductors (Moscow: 
Mir, 1983) 

37. Vonsovskii S V Zh. Eksp. Teor. Fiz. 16 981 (1946) 
38. Vonsovskii S V Izv. Akad. Nauk SSSR Ser. Fiz. 11 617 (1947) 
39. Belov K P Izv. Akad. Nauk SSSR Ser. Fiz. 25 1320 (1961) 
40. Belov K P, Nikitin S A Phys. Status Solidi 12 453 (1965) 
41. Belov K P, Shlyakhina L P Fiz. Tverd. Tela (Leningrad) 11 

975 (1969) [Sov. Phys. Solid State 11 795 (1969)] 
42. Belov K P, Nikitin S A Izv. Akad. Nauk SSSR Ser. Fiz. 34 957 

(1970) 
43. Guillaud C / . Phys. Radium 12 239 (1951) 
44. Pauthenet R Ann. Phys. (Paris) 7 710 (1952) 
45. Gorter E V Usp. Fiz. Nauk 57 279 (1955) 
46. Eschenfelder A H / . Appl. Phys. 29 378 (1958) 
47. Krupicka S, Zaveta K Czech. J. Phys. 9 327 (1959) 
48. Broz J, Krupicka S, Zaveta K Czech. J. Phys. 9 481 (1959) 
49. Sakurai J, Shinio T / . Phys. Soc. Jpn. 23 1426 (1967) 
50. Sawatzky G A, van der Woude F , Morrish A H Phys. Rev. 

187 747 (1969) 
51. Jacobs I S / . Phys. Chem. Solids 15 54 (1960) 
52. Vonsovskii S V, Vlasov KB Zh. Eksp. Teor. Fiz. 25 327 (1953) 
53. Belov K P, Tret 'yakov Yu D, Koroleva L I Magnitnye 

Poluprovodniki, KhaVkogenidnye Shpineli (Chalcogenide Spinels 
as Magnetic Semiconductors) (Moscow: Moscow State Univer
sity, 1981) 

54. Belov K P, Zvezdin A K, Kadomtseva A M, Levitin R Z 
Orientatsionnye Perekhody v RedkozemeVnykh Magnetikakh 
(Orientational Transitions in Rare-Earth Magnetic Materials) 
(Moscow: Nauka , 1979) 

55. Vonsovskii S V, Turov E A (Eds) Dinamicheskie i Kineticheskie 
Svoistva Magnetikov (Dynamic and Transport Properties of 
Magnetic Materials) (Moscow: Nauka , 1986) 

56. Klinger M I Dokl. Akad. Nauk SSSR 183 311 (1968) [Sov. 
Phys. Dokl. 13 1131 (1969)] 

57. Samokhvalov A A Nek. Vopr. Magn. Proch. Tel 96 21 (1968) 
58. Makarov V V Kineticheskie Yavleniya v Okislakh Perekhodnykh 

Metallov (Transport Phenomena in Transition-Metal Oxides) 
Author ' s Abstracts of Thesis for Candidate 's Degree 
(Leningrad: 1974) 

59. Kotel 'nikova A I Issledovanie Mekhanizma Elektroprovodnosti 
Monokristallov Ferritov (Investigation of the Mechanism of 
Electric Conduction in Ferrite Single Crystals) Author ' s 
Abstract of Thesis for Candidate 's Degree (Sverdlovsk: 1978) 

60. Nagaev E L Fiz. Tverd. Tela (Leningrad) 13 1163 (1971) [Sov. 
Phys. Solid State 13 961 (1971)] 

61. Goryaga A N , Koroleva L I Vestn. Mosk. Univ. Fiz. Astron. 1 
(3) 97 (1959) 

62. Svirina E P Izv. Akad. Nauk SSSR Ser. Fiz. 34 1162 (1970) 
63. Krinchik G S Fizika Magnitnykh Yavlenii (Physics of Magnetic 

Phenomena) (Moscow: Moscow State University, 1985) 

64. Shalygina E E Magnitoopticheskoe Issledovanie Magnitnykh 
Struktur (Magnetooptic Investigation of Magnetic Structures) 
Doctoral Thesis (Moscow: State University, 1985) 

65. Vonsovskii S V, Rodionov K P Dokl. Akad. Nauk SSSR 75 
643 (1950) 

66. Campbel I A, Fert A Ferromag. Mater. 3 747 (1982) 
67. Abdurakhmanov A A Kineticheskie Effekty v Ferromagnitnykh 

Metallakh (Transport Effects in Ferromagnetic Metals) 
(Rostov-on-Don: Rostov-on-Don State University, 1978) 

68. Belov K P, Goryaga A N , Gridasova T Ya, Lavrovskaya O I 
Fiz. Tverd. Tela (Leningrad) 12 277 (1970) [Sov. Phys. Solid 
State 12 221 (1970)] 

69. Turov E A, Shavrov V G Zh. Eksp. Teor. Fiz. 43 2273 (1962) 
[Sov. Phys. JETP 16 1606 (1963)] 

70. Novogrudskii V N , Fakidov I G Zh. Eksp. Teor. Fiz. 47 40 
(1964) [Sov. Phys. JETP 120 28 (1965)] 

71. Belov K P, Goryaga A N , Antoshina L G Fiz. Tverd. Tela 
(Leningrad) 15 2895 (1973) [Sov. Phys. Solid State 15 1935 
(1974)] 

72. Belov K P, Goryaga A N , Antoshina L G Fiz. Tverd. Tela 
(Leningrad) 16 2446 (1974) [Sov. Phys. Solid State 16 1596 
(1975)] 

73. Belov K P, Goryaga A N , Antoshina L G Fiz. Tverd. Tela 
(Leningrad) 22 3716 (1980) [Sov. Phys. Solid State 22 2177 
(1980)] 

74. Goodenough J B Magnetism and the Chemical Bond (New 
York: Interscience, 1963) 


