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Abstract—The change in the low-temperature resistance of iron single-crystal whiskers during magnetization
reversal form asingle-domain state to a state with a plane-parallel domain structureis studied theoretically. The
negative magnetoresi stance (~45%) is calculated from the Kubo formulawith due regard for the changein the
trajectories of conduction electrons in a magnetic induction field of domains. The magnetoresistance thus cal-
culated is of the same order of magnitude as the magnetoresistance obtained in the experiment performed by
Isin and Coleman. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Inrecent works[1, 2], new attempts have been made
to interpret the negative magnetoresistance (up to
—20%) in pureiron polycrystals[3] in terms of electron
scattering by domain walls. As in earlier works per-
formed by Cabrera and Falicov [4], the theoretical val-
ues were found to be several orders of magnitude
smaller than the experimental magnetoresistance.

Earlier [5, 6], we showed that the negative magne-
toresistance is caused by the change in the trajectories
of electrons in a magnetic induction field near the
domain walls. Taking into account the triple-domain
states of electrons whose trajectories encompass a har-
row domain, we obtained a negative magnetoresi stance
of up to —22%. The purpose of the present work was to
demonstrate that our approach makes it possible to
explain the negative magnetoresistance not only iniron
polycrystals [3] but also in iron single-crystal thin
whiskers[7].

The effect of a decrease in the electrical resistance
of aferromagnetic sample upon its magnetization in a
transverse magnetic field was first revealed in the
experiments performed with an iron polycrystal at
4.2 K by Sudovtsov and Semenenko [3] (the decrease
observed was 20%) and in the experiments carried out
with iron single-crystal whiskers by Isin and Coleman
[7] (the resistance decreased to —60%). In our previous
work [6], the experimental results obtained in [3] were
theoretically interpreted as follows. During magnetiza-
tion of a sample with the initial plane-paralel domain
structure, the trgjectories of conduction electronsin a
magnetic induction field of the domains change as a
result of displacements of the domain walls. When the
width 2d of a decreasing domain becomes comparable
to the cyclotron diameter 2R, the size effect manifests
itself and there appears a new type of electron states

whose classical trgjectories encompass three domains.
The contribution from the other mechanisms responsi-
blefor theinfluence of the domain structure on the el ec-
trical conductivity of ferromagnetic metals turns out to
be negligible. In [6], we calculated the electrical con-
ductivity with allowance made for single-, double-, and
triple-domain electron states and achieved quantitative
agreement with the experimental data obtained in [3].

However, the situation observed in the experiments
carried out by Isin and Coleman [ 7] was not considered
and, hence, no explanation for the large negative mag-
netoresistance revealed in their work was offered. Cole-
man and Scott [8] performed detailed experimental
studies of the domain structures of iron single-crysta
whiskers upon magnetization reversal of samplesin a
transverse magnetic field. According to the results of
powder experiments carried out in [8], samples in the
initial state have a nearly single-domain structure,
whereas the magnetization reversal in atransversefield
brings about the formation and development of dagger-
like and plane-parallel domain structures throughout
the samplein magnetic fields up to 2 kOe. It isin these
fields that the maximum negative magnetoresistance
was observed by Isin and Coleman.

2. THEORETICAL BACKGROUND

In order to interpret the results obtained in [7], we
considered the magnetoresistance of a multidomain
sample. This sample had a single-domain structure in
the initial state and involved narrow plane-parallel
domains upon magnetization reversal (Fig. 1). Within
this model, we obtained the dependence of the magne-
toresi stance on the transverse magnetization M. In our
case, the relative value of M is determined by the
width of new domains and the domain period is taken
to be 2D.
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Fig. 1. Schematic diagram illustrating the formation of a
domain structure in the course of magnetization reversal of
a single-domain sample (the model corresponds to the
experiment performed in [8]).

The calculation was performed with the use of the
Kubo formula for the electrical conductivity of a com-
pensated metal in the T approximation [6]:

N L
0y = ~&[dr SE[TVi(t)v, ('~ ep(-tn)dt. (1)
0

Since the velocity correlators for different types of
states differ from each other, the integration over the
Fermi sphere is divided into integrations over the areas
occupied by different electron states. This subdivision
varies with a change in the coordinate x. The areas
occupied by different electron states can be found from
the relationship between the canonical and kinematic
momenta and the condition that determines whether or
not the domain walls are attained by the classical elec-
tron trajectories. This makes it possible to calculate
analytically the averages of the velocity correlators of
single-, double-, and triple-domain states and to per-
form the integration alowing for the collisions. As a
result, the electrical conductivity across the new
domains (along thewhisker) intherange 0< x< 2D can
be represented in the following form:

o S[1+ Dg(X) + Dg(2D = X) + Dy(x + d)
1+s )
+ (X —d]) +8,(2D +d—x) + A(|12D —d = )],

where s = 1w (w is the cyclotron frequency in the mag-
netic field of the domain). The quantities A,(X) and
A4(X) are the additional contributions (as compared to
the single-domain states) made to the electrical conduc-
tivity by the double- and triple-domain states localized
at the domain walls and in the narrow domains, respec-
tively. These quantities represent the integrals over the
Fermi surface area occupied by conduction electronsin
the corresponding states. In the casewhen d < R< D/2,
the quantity A,(X) is the additional contribution from
the double-domain states, which istruncated because of
the presence of triple-domain states:

Oxx(X) =

Ao,(X) =

g
F,(a)dd, O 2d
élﬁ({ (a)dd <x< 3

D, 2d<x.
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Here,

s 2cosa tanh(a/s)
1+¢ a

Fa(a) =
(4)

2 .
_1+3s sina cosa
1+¢ a

The parameters a and ¢ are related by the equation
cosd + cosa = —x/R, because the expression is written
for the domain wall located at x = 0 and the distance x
to this domain wall is assumed to be positive in sign.
The angle ¢, is determined to be as follows: ¢, =

arccos[((2d —x)/R-1)].
The relationship describing Aos(x) for a domain

centered at x = O takes the following form at any posi-
tive x:

[

[l

EﬁIFg(a,B)dcp, 0<x<d<2R
03

Acy(x) = N (5)
O

Lo, d+2R<x.
The integrand has the form

1+3s°
B(1+5")
+ 4s’
(1 + s”)sinh(26/s) (6)
X [coszasinh(a/s)sinh((ze —a)/s)
+ cosZBsinh(B/s)sinh((ZG— B)/s)
+ 2cosa cospsinh(a/s)sinh(f/s)].

Thelimits of integration ¢, and ¢, depend on the range of
definition of x. In particular, for 0 < x < d, we have ¢; =
arccos[((x—d)/R+ 1)] and ¢, = arccos[((x + d)/R—-1)].
In the case when d < x < 3d, the angles ¢, and ¢, are
determined as follows. ¢, = arccos[1 — (x — d)/R] and
¢, = arccos[((3d —x)/R—1)]. Intherange3d<x<d +
2R, these angles are found to be as follows: ¢; =
arccos[1 — (x —d)/R] and ¢, = Tt. The parameters a, f3,
and ¢ are related by the expressions
cos¢ + cosa = —|(x—d)|/R, .
cosf3 + cosa = —2d/R. @)

Next, we performed the numerical calculation of the
magnetoresi stance according to the formula

Ap/p = [p(m) —pol/po, (8)

where p(m) = o (1/o(x))dx is the resistance for the

relative transverse magnetization m = M/M, and p, is
the resistance of the samplein theinitial state.

Fs(a,B) =

cosfsin(6—-2a)
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Fig. 2. Magnetoresistance of asingle-domain samplein the
course of transverse magnetization reversa at 2R/D =
(1) 0.4 and (2) 0.8 for s=10.
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Fig. 3. Depth of the negative magnetoresistance minimumin
the course of transverse magnetization reversal of thesingle-
domain sample as afunction of theratio I/Rat 2R/D = 0.8.

3. RESULTS AND DISCUSSION

The magnetoresistance is cal culated with respect to
theinitial single-domain state. Since the single-domain
state is characterized by a higher resistance than the
state with a periodic domain structure, the negative
minimum in the magnetoresistance for asingle-domain
sample is deeper. Figure 2 presents the magnetoresis-
tance curves obtained in our calculations for two values
of theratio 2R/D. For example, at 2R/D = 0.8, the depth
of the magnetoresi stance minimum reaches —45%.

The above expressions for electrical conductivity
make it possibleto cal cul ate the magnetoresistance as a
function of the quantity s=tw = I/R (I isthe mean free
path of electronsin a metal). The depth of the magne-
toresi stance minimum changes most abruptly at thefol-
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lowing ratio of the mean free path to the cyclotron
radius: I/R = 1-2. A typical dependence of the depth of
the magnetoresistance minimum is shown in Fig. 3. It
can be seen that, when the ratio I/R is relatively large,
there occurs saturation. This result demonstrates that
sampleswith aratio I/R= 1 will sufficefor observations
of the negative magnetoresi stance effect due to changes
in the electron tragjectories.

The negative magnetoresi stance (—45%) obtained in
our calculations does not coincide with the value
(—60%) observed in the experiment performed by Isin
and Coleman. This difference can be explained by the
fact that we did not take into account the contribution
of quintuple-domain and consecutive multidomain
electron states created upon magnetization reversal fol-
lowed by the formation of a narrow daggerlike domain
structure (2R/D > 1).

ACKNOWLEDGMENTS

We would like to thank Yu.l. Man'kov and
S.G. Ovchinnikov for their continuous interest in our
work.

REFERENCES

. B. A. N. van Hoof, K. M. Schep, P. J. Kelly, and
. E. W. Bauer, J. Magn. Magn. Mater. 177-181, 188
998)

. Tatara and H. Fukuyama, Phys. Rev. Lett. 78, 3773

997)

3. A. l. Sudovtsov and E. E. Semenenko, Zh. Eksp. Teor.
Fiz. 35, 305 (1958) [Sov. Phys. JETP 8, 211 (1958)]; Zh.
Eksp. Teor. Fiz. 47, 486 (1964) [Sov. Phys. JETP 20, 323
(1964)].

4. G. G. Cabreraand L. M. Falicov, Phys. Status Solidi B
61, 539 (1974); Phys. Status Solidi B'62, 217 (1974).

5. Yu.V. Zakharov, Yu. |. Mankov, and L. S. Titov, J. Magn.
Magn. Mater. 54-57, 1549 (1986).

6. Yu. V. Zakharov, Yu. |. Man'’kov, and L. S. Titov, Fiz.
Nizk. Temp. 12, 408 (1986) [Sov. J. Low Temp. Phys.
12, 232 (1986)].

7. A.lsin and R. V. Coleman, Phys. Rev. [Sect. A] 137,
1609 (1965); Phys. Rev. 142, 372 (1966).

8. R. V. Coleman and G. G. Scott, Phys. Rev. 107, 1276
(1957).

ﬁ@ﬁou

Trandated by I. Volkov



