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The effect of an inhomogeneous internal magnetic field of ferromagnets with a domain structure on 
their conductivity is determined. The change in the conductivity with respect to the homogeneous 
case is determined in the mean free time approximation at low temperatures. An anisotropy of 
conductivity is observed in a plane perpendicular to the easy axis of the ferromagnet. The influence 
of domain structure on conductivity is related to the presence of a group of electrons near the 
domain waH which execute periodic movement in the field of two neighboring domains, the 
frequency differing from the cyclotron value. 

The effect of the magnetic subsystem in ferromag
nets on their conducti vity is due to an internal magnetic 
field B(r) = 41fM(r) and to collective excitations of this 
subsystem. In a single-domain ferromagnet, the depend
ence of the conductivity on the magnetic subsystem has 
been studied quite thoroughly. In a many-domain ferro
magnet, as compared with a uniformly magnetized one, 
there appear in the spin-wave spectrum new 
branches [1,2], whose influence on the conductivity has 
been investigated by Turov and Voloshinskil[3] and by 
Volkenshteln and Dyakina[4]. Furthermore, in a many
domain ferromagnet the internal magnetic field becomes 
nonuniform. The number of electrons that experience 
the nonuniformity of the magnetic field is at low tem
peratures proportional to the ratio of the mean radius 
R of the cyclotron precession of a conduction electron 
in the magnetic field to the domain width D, and conse
quently the addition to the resistivity because of the 
nonuniformity of the field will have this same order of 
magnitude. Usually R/D = 1 to 10-2 ; therefore it seems 
of interest to investigate the effect of the nonuniform 
internal magnetic field, in a ferromagnetic specimen 
with domain structure, upon its conductivity. 

It is known[5] that the conductivity can be written in 
the form 

cr .. (ro) = e' S dt S dr(r.,/) v,(t) e-'.'. (1) 
o r 

Here (a, b) are Poisson brackets, f = f( r, p) is the 
equilibrium distribution function, r is the phase space, 
dr = 2(21fhr3dpdr, Vi(t) is the electron velocity, which 
is determined from the equation 

;',(t) = (v" de); (2) 

de is the Hamiltonian corresponding to the equilibrium 
distribution function. 

We take account of relaxation in the conduction
electron system in the form of a factor e-t/ T ; T is the 
free-path time of the electrons. We consider the sys
tem of electrons uniform. Then the distribution function 
depends only on the electron energy E, and (rk, f) 
= Vkaf/aE. We assume that the dispersion law is quad
ratic and isotropic; in this case the Hamiltonian can be 
written in the form 

1 [ e ]' de=- P--A(r) , 
2m c 

(3 ) 

where P is the canonical momentum and A is the 
vector potential. We suppose that the electric field in 
the specimen is uniform, E(t) = Eo cos wt. The require-
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ment of uniformity in the case of a nondegenerate gas of 
conduction electrons is satisfied up to high frequencies 
w of the external field; in particular, this requirement 
is satisfied near the cyclotron resonance frequency[6]. 
For a degenerate gas, the electric field in the specimen 
will be uniform only at small w, and in this case we 
shall consider the static conductivity. 

Even under the assumptions made, solution of equa
tion (2) in the general case is difficult. But in the case 
of a single-domain ferromagnet, the magnetic field is 
uniform (B(r) == B, A = (0, Bx, 0)), and this equation 
has a simple solution.' If the z axis is parallel to B, 
then 

vx(t)=V.Lsin(Qt+<p), vy(t)=V.Lcos(Qt+<p), v,(t)=const. (4) 

Here n = I e I B/mc is the cyclotron frequency; m is 
the effective mass of a conduction electron; v~ = v~ + v~; 
and cp is the phase response. 

In the case of a ferromagnet with domain structure, 
the magnetic field B( r) is significantly nonuniform. We 
shall consider a single lBO-degree domain wall. Its 
width /) can usually be neglected in comparison with the 
cyclotron radius. If we now choose the x axis perpen
dicular to the plane of the wall, the y axis in the plane 
of the wall, and the z axis parallel to the easy axis of 
the ferromagnet, then the magnetic field in the speci
men is B(x) = B sign x, A = (0, B Ix I, 0). In this case 
also, equation (2) can be solved. In each domain, x> 0 
and x < 0, we get a solution analogous to (4). On joining 
the solutions of equation (2) for adjoining domains at the 
point x = 0 for electrons crOSSing the domain wall[7J, 

we get the components of velocity vfW) in the form of a 
piecemeal function. The expansion of viW) as a Fourier 
series has the form 

(W)() 2cosa~~ (-1)' 
V;c t =V.l.---

a 1-(n/2a)'(2n+1)' 
11.=0 

(5) 

XSin[ (2n+1);a(Qt+<p)], 

(W)()_ Sina{1+2~ (-1)n [n ]} Vy t-vL--.l..J cosn-a(Qt+<p) , 
. ex n~1 1 - (nla) 'n' 

v:W
) (t) = const. 

The components v~:~ of electrons bound to the walls are 
periodic functions with a period T = 4a/n different from 
the period of cyclotron precession in a uniform mag
netic field. The parameter a is determined by the 
value of the momentum of the electron at the point 
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x = 0 (Py = P 1 COS a) and is equal to half the arc that 
the electron traverses in the uniform magnetic field of 
a domain between two successive passages through the 
wall. 

Thus in this problem two types of electrons are to be 
considered; their motion in the specimen is described 
by the expressions (4) and (5). If the electrons that 
cross the domain wall and exhibit a new periodicity of 
motion occupy a certain volume r 1 of the phase space, 
then we get for the conductivity of a ferromagnet with 
domain structure 

olh=-e'ldt :~exp[-t(~+iW)] (6) 

X{Sdrv~W) (t)vt) (0)+ S drvi(t)v.(O)}. 
r l r_r, 

Conduction electrons in a magnetic field can be charac
terized by two quantities of the dimension of time. 
These are the period of the motion and the relaxation 
time. If an electron, between two successive collisions, 
does not once pass through the wall and consequently 
does not exhibit the new periodicity of motion, then 
there is no reason to assign it to the electrons of r 1. 

The belonging of an electron to r 1 is determined by the 
inequality T ;> T = 4a/n. Hence it is possible to deter-

. mine a limiting value for a: ao = Tn/4. Since the 
parameter a characterizes the trajectory of art elec
tron bound to the domain wall, it can be stated that elec
trons for which O:s a:S ao belong to r 1 • For Tn ~ 41T, 
the parameter a 0 is equal to its limiting value 1T. 

On substituting (4) and (5) into (6), transforming to 
variables of integration E, cp, and a, and integrating, 
we get for a nondegenerate gas of conduction electrons, 
f( E) = exp{ -( E - iJ.)/koTo}, 

Reo,,(w) =oo{(1-LF)G(w, Q) +'f,LU(a.o, wi}. (7) 

Here ao = ne 2T/m, n is the density of the electron gas, 
and 

RT = -c-(2mkoTo)'\ F = i/s(sin ao - Ctocos ao), 
eB 

1 + '{'(Q' + 10') 
G(w,Q)=~[~1~+-'{~'~(Q~'_--w~')~]~'~+-4~'{~'w~' ' 

~ ·S· da. cos'a. sin a. 
U(a.o,w)=.l...J a.[1_(n12a.)'(2n+1),],G(w,w l ), 

n=O () 

WI =Q(2n+ 1)n/2a.. 

(8) 

The expression for a yy has a form analogous to (7) but 
contains instead of the function U 

V( ) 0,5 s··sin'a. d 1:~ S'" da.sin'a G( (9) a.o 10 = ----- -- a. + 10,10,), 
, 1+'{'w' a. [1-(n/a.)'n']' 

() n=1 () 

10, = nQn/ a.. 

The expression (7) applies to ferromagnets with a 
plane-parallel domain structure; the density of walls is 
taken into account by the factor 1/ D in the parameter 
L. The product LF is proportional to the number of 
electrons bound to a wall and exhibiting the new period 
of motion. Consequently the first term in (7) is the 
conducti vity of electrons that are not bound to a domain 
wall; the second term gives the contribution of electrons 
that exhibit the new period of motion. The dependence 
of the components of the conductivity tensor on fre
quency w is shown graphically in Fig. 1. The height of 

120 SOY. Phys.·JETP, Vol. 37, No.1, July 1973 

o.~ 

o.J 

0.2 

U.! 

o 

'l 5 

Z 
uI!J 

FIG. I. Oependence of the conductivity of a ferromagnet with do
main structure on the frequency of the external field (solid line). Dotted 
line: uniformly magnetized ferromagnet. The electric field is applied in 
the plane perpendicular to the easy axis of the ferromagnet: a-perpen
dicular to the plane of the wall; b-in the plane of the wall (RT/D = 0.1; 
Tn = 10). . 

the resistance peak is basically determined by the first 
term in (7). Consequently, if one knows the parameters 
of the domain structure, one can determiJ'.e the number 
of electrons in r 1 from the amount of absorption at 
cyclotron resonance. 

From the expressions for axx and ayy there follows 
an anisotropy of the conductivity in the plane perpendic
ular to the easy axis of the ferromagnet. This effect is 
wholly due to the domain structure. The anisotropy 
shows up most clearly in the static case (w = 0); then 
formulas (7)-(9) simplify: 

d(o, Q) '= (1 + '{'Q')-I, 

and it follows that for Tn » 1 

The expression for axx is the usual one for conductivity 
in a magnetic fie ld. The factor (Tn r 2 describes the 
localization of the conduction electrons by the magnetic 
field. The new part of the expression for ayy is deter
mined by the first term in V, with the factor (1 
+ T2W 2rl. Such a dependence of the conductivity on the 
frequency of the external field occurs in the absence of 
a magnetic field, that is when there is no localization of 
the electronic trajectories. Actually, it is clear from 
(5) that the mean value of v~ w) over a period is differ
ent from zero, and this means absence of localization of 
the electrons in the y direction. The different nature of 
the motion of electrons bound to the wall in the x and 
in the y directions leads to the anisotropy of the conduc
tivity. 

Being alternately in domains with different orienta
tions of the magnetization, the electrons experience 
during a period a certain mean field. In our case of 
domain structure, this field is zero. For this reason 
the Hall current of electrons from r 1 is zero. The Hall 
current of electrons that do not cross a wall will have 
different signs in adjoining domains. The conductivity 
in the z direction remains the same as in a single
domain specimen. 

In the case of a degenerate gas of conduction elec
trons, 

1(8)= [f+exp (- ~~~) r', 
and as was mentioned above, we shall be interested in 
the static conductivity. For the difference Aaxx between 
the conductivity a~~) of a specimen with domain struc
ture and the conductivity of a uniformly magnetized 
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FIG. 2. The solid line shows the 
dependence of 6oxx , the dotted the 
dependence of 6ayy, on the free-path 
time of an electron. (3 = D6axx/ 
R"oxx,1) = D6ayy/Rooyy. 
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specimen, we have 

(j,o=! 0= = -LF + '!2LU(a" 0) (1 + -r'Q'). (10) 

Here L = 9Ro/2D, where Ro is the cyclotron radius of 
electrons from the Fermi surface. The dependence of 
~axx on T for 0 < n1 < 411 is shown in Fig. 2 (solid 
line). The behavior of the curve can be understood by 
comparing G(O, n) and G(O, Wl)' At small T (aD < 11/2), 
among the electrons bound to the wall will be only elec
trons with W l > n; this indicates a larger localization of 
electrons by the magnetic field, as compared with the 
uniform case. This in turn must lead to a decrease of 
conductivity, that is to a negative value of ~axx. With 
increase of T, there appear in the phase volume r 1 

electrons for which W 1 < n (aD> 11/2). Because of them, 
the conductivity of the specimen will increase, and 
~axx will also increase. At aD"" 11, when the number of 
electrons with W 1 < n becomes larger than the number 
of electrons with W 1 > n, the value of ~axx turns posi
tive. 

The expression for ~ayy / ayy can be obtained by 
replacement of U( aD, 0) in (10) by the function V( aD, 0), 
the first term in which basically determines the value 
of this ratio. 

To be noted is the strong dependence of the conduc
tivity of a many-domain specimen on the free-path time 
of an electron for 1 < Tn < 41T. This is due to the fact 
that in this interval of variation of T, the number of 
electrons in the phase region r 1 depends on the free
path time. With increase of T (for Tn > 41T), the value of 
~ axx changes little, whereas 

On the basis of similar ideas about the effect of 
domain structure on the conductivity of ferro magnets , 
Man'kov attempted to explain qualitatively the experi
ments of Semenenko and Sudovtsev[9] on the magneto
resistance of ferromagnetic metals in weak magnetic 
fields at low temperature. 

It is interesting to follow the change of conductivity 
with distance from the domain wall: 

(j,o •• (x) 2 [ 1 ] ---=-[(1) -V(n,0)-r'Q'-1 , 
GIlII n It 

I(1)=}1"'{ II (- 2k',~', ~ )+ [;: K(k)+ ~~ E(k) ] (k' - k' + 1) }, 

k' = '/2(1- '/21). 

Here K(k) and E(k) are the complete elliptic integrals 
of the first and second kinds, respectively; II is the 
elliptic integral of the third kind; k is the modulus of 
the elliptic integrals; ~ ayy( x) is the difference between 
the conductivity of the specimen with domain structure 
and the conductivity of a specimen with uniform mag
netization, at the point x; and y = X/RD. The function I 
"" 2 at x = 0 and decreases monotonically to zero at 
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x = 2Ro. The vanishing of I at this point means that for 
x > 2Ro the conductivity becomes uniform and equal to 
the conductivity in a single-domain specimen. At large 
T, therefore, the conductivity in the y direction is 
basically determined by the electrons in a layer of 
thickness 4Ro. This, in essence, is analogous to the 
static skin effect[lDJ. 

We assume above that the domain-wall thickness was 
zero. Allowance for the structure of the wall gi ves a 
small correction to the conductivity, proportional to 

Il (Il ) 2 Il Il 
0, - - (-rQ) _2 - - - 10-' -- 10-' D ~ , D'~ . 

Thus one of the reasons for an effect of domain 
structure on the conductivity of ferromagnets may be 
the presence, at low temperature, of electrons that 
execute a periodic motion in the nonuniform magnetic 
field of two adjoining domains, with a frequency differ
ent from the cyclotron frequency. A consequence of 
this, in the case of a nondegenerate electron gas, is a 
change of the frequency dependence of the conductivity 
of a many-domain ferromagnet as compared with a 
uniformly magnetized one; in partic ular, the c yc lotron 
resonance curve is deformed. The decrease in the 
height of the peak (increase in line-width) is propor
tional to the number of electrons that exhibit a new 
periodicity of motion, and it can be estimated from the 
ratio RT /D. For RT /D = 0.1, as in Fig. 1 the height 
of the line decreases by about 20%. Such a value of the 
ratio RT/D occurs at 4°K in copper ferrite (B = 1700 
G, Tc = 728°K) at specimen thickness 10-3 cm. 

We remark that our results can be extended to ferro
magnets, since, as was mentioned above, the conduction 
electrons in the specimen are in a magnetic-induction 
field. The static conductivity in the direction of the y 
axis is also proportional to the ratio RT /D. The non
uniform internal magnetic field leads to an appreciable 
change of conductivity of many-domain metallic ferro
magnets. Their reSistivity for 1 < Tn < 411 depends 
strongly on the free-path time of the conduction elec
trons. The presence of domain structure leads to 
anisotropy of the conductivity in the plane perpendicular 
to the easy axis of the ferromagnet. Observation of ef
fects due to domain structure is possible when there 
are a large number of electrons that exhibit a new 
peridocity of motion, and this is so only at large T 

(Tn>!). 
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