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The electromagnetic antowaves in a weakly conductive
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Abstract. Propagation of picosecond electromagnetic video pulses along the easy magmetization
axis of a non-equilibrium weakly conductive ferromagnet located in an external magnetic field
paratlel to this axis has been studied. For magnetic field components, solutions in the form of
two types of autowave dissipative structure have been obtained. It is shown that these autowave
dissipative structures can be formed under the restrictions on the magnetic anisotropy parameter
and the Zeeman splitting frequency.

1. Introduction

Recently it has become possible to generate electromagnetic video pulses, i.e. pulses
containing one period of oscillation (Auston et al 1984, Fork et al 1987, Darrow et al
1990). Besides femtosecond pulses (Auston et a! 1984, Fork et al 1987), the so-called
‘infrared’ video pulses of picosecond duration have been generated (Darrow et al 1990). In
this connection, the study of the non-resonant interaction of such pulses with matter is of
considerable interest. In the theoretical papers of Belenov et af (1988, 1991, 1992), Belenov
and Nazarkin (1990), Maimistov and Elyutin (1991). Sazonov (1991, 1992), Azarenkov et
al (1991), Sazonov and Yakuepova (1992, 1994), Dubrovskaya and Sukhorukov (1992) and
Sazonov and Trifonov (1994) the propagation of femtosecond light pulses in two-level non-
resonant media has been studied. The papers of Nakata (1991a—c), Sazonov (1993) and
Sazonov and Trifonov (1993) were dedicated to the interaction of picosecond video puises
in an isotropic dielectric ferromagnet and paramagnet located in an external magnetic field
H,. In particular, Nakata (1991c) enquires into the propagation of a weakly non-linear
circularly polarized electromagnetic pulse along the magnetic field Hy. At this point, the
propagation is described by the ‘derivative non-linear Schrédinger (DNLS) equation” for
transverse compenents of ferromagnetic magnetization vector M. It is a matter of common
knowledge that this equation is integrable by the inverse scattering transform method.

However, many ferromagnets comprise not only localized magnetic moments but
conduction electrons. These electrons can interact effectively with a pulsed electric field.
Absorbing pulse energy, on collision with the atoms of the lattice, electrons inevitably lose
energy. Therefore, electrical resistance and appropriate energy losses take place.

The present paper is concerned with electromagnetic pulse propagation in a ferromagnet
subject to electron conductivity.

In sections 2 and 3 we derive the coupled set of equations (16), (18) and (19) that
describe the dynamics of the interaction between the magnetization of the ferromagnet and
the pulsed magnetic field. By this means the set of equations is the ‘jumping-off point’ for
the main investigation. Two types of approximate solution of these equations as autowave
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dissipative structures are obtained in section 4. It is shown that these autowaves can be
formed under any restrictions on the magnetic anisotropy parameter and the Zeeman splitting
frequency. This point is the most significant result of the present paper. The term ‘autowave’
is a blanket ore in the physics, biology and chemistry of non-equilibrium systems (see e.g.
Krinsky 1984, Sazonov 1990). An autowave propagating in a non-equilibrium medium
takes the energy accumulated in this medium. The gain process is saturated commonly by
some dissipative mechanism (e.g. by diffusion) and by non-linearity. Autowave solutions
are non-integrable non-linear model ones. Autowaves interact in a non-elastic manner with
similar ones. For example, a collision of two autowaves with amplitudes of opposite signs
will yield a mutoal annihilation. In section 4 we show also that basically the formation
of the first-type autowave is caused by the spin-wave inferaction, whereas the second-type
autowave can be formed due to anisotropic (spin—spin or spin—orbit) interactions. Thus we
finally arrive at the conclusion that only the autowave of the second type can be realized
experimentally in typical parameters of the mediom,

2.. Basic model

Let us direct the z axis along the external magnetic field Hy and investigate the propagation
of an electromagnetic pulse in a ferromagnet along this axis. The Maxwell equations

4 13E

VxH=—134+-— 1

% c'?+c at &
13

VxE=———(H+ 4z M) (2)
cot

V.(H+4nM) =0 3)

will hold.

Here H and E are respectively the magnetic and electric components of the pulsed
field, ¢ is the speed of light and § is the electric current density caused by conduction
electrons. If the average time of free electron propagation satisfies the condition 7, < 7,
then Ohm'’s law is valid:

j=ock& )

where & is the electrical conductivity of the ferromagnet. For simplicity, the electron
conductivity will be considered as a scalar value (i.e. the electrical properties of the
ferromagnet are considered to be isotropic). Also, we fully ignore the electric medium
polarization and assume I} = FE, where I is the clectric induction vector. This
approximation is justifiable under the condition (Sazonov 1993)

(d; - Efhw)* « 1 6))

where d; is the dipole moment of the electric dipole transition from the quantum level under
consideration to one of the nearest quantum levels, and w; is the corresponding transition
frequency.

The dynamics of the magnetization vector M is described by the Landau-Lifshitz
equation (Kosevich et «f 1985):

M /9t = (2B0/m) M x Hesr ©



The electromagnetic autowaves in a ferromagnet 177
where the effective magnetic field Hy is defined by the relationship:
H.; = —3W/oM. N

Here W is the energy functional of the ferromagnet, determined by the following expression
(Kosevich et al 1985):

W = f Ba(VM) — LgM? — (H + Hp) - M1d*r ®)

where « is the exchange interaction constant and 8 is the anisotropy constant. In the case
of an easy-axis-type ferromagnet, 8 > 0, whereas 8 < O in the case of an easy-plane-type

ferromagnet.
We assume that the direction of the magnetic field Hy coincides with the direction of

the easy magnetization axis.

Let us estimate the terms of (8). By the order of magnitude (Akhiezer er al 1967),
e ~ kgTxh’/B;, where kg is the Boltzmann constant, Tx is the temperature of the
ferromagnetic phase transition and % is the distance between the nearest neighbours in

the crystal. Then
la(VM) ~ kg T/ hc*t*

Substituting here Tx ~ 10% K, & ~ 1078 cm and 7 ~ 107" 5, we have Jo(VIM)? ~
10~3 erg cm—2. For the second term (Akhiezer ef al 1967)

IBM? ~ (vs/cY (e* faoh®)

where v, is the velocity of an atomic electron, g is the Bohr radius and e is the electronic
charge. Substituting (ve/c)* ~ 1075, we yield that £ 8M? ~ 10° erg cm™

For the last term in {8), we estimate H + M ~ ByH/h3. The value 7t is defined by
the Rabi frequency BoH/h. Consequently, foH ~ ht~'. Then H - M ~ h/(zh’) ~
10° erg cm—3.

Thus, the first term (the energy of thc exchange interactions) in (8) can be ignored. One
may show that the inequality | VM [? < | H - M| is identical to vy <« ¢. where v, is the
velocity of the free magnons in a ferromagnet. In fact, linearizing (6)-(8), we obtain the
dispersion. relationship e (k) for the spin wave:

= (kpTg /P22,
So,
v_m kBTKhzk kBTK hz OE|VM12
¢ fic APt |H - 1’ - M|

Summarizing the preceding, from (7) and (8) we have
Heyg = (Ho+ BMpe, + H (9)

where e, is the unit vector parallel to the z axis.
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3. The coupled set of non-linear equations: effective tramsverse pulsed magnetic field

Suppose that an electromagnetic pulse propagates along the z axis and its dynamics is
defined by the variables z ang 7. Then the first equation (3) is easily integrated:

H, +4nM, = fi(t) (10)

where f;(¢) is a time function,
From (1), (2) and (4) we obtain

V(V-H)—AH =— 123 —(H + 47 M) -‘“:—“i(HMzM) (1n
Let us write (11) as the projection on the z axis; after integrating, we find that '
H, +4aM; = fo(z) (12)

where fa(z) is an arbitrary function of the z coordinate.
Comparing (10) and (12), we find that f1(#) = fa(z) = const. In the absence of the
pulse we have that M, = Mo, M, = M, = 0. Then f} = f5 = 47z My and, therefore,

H, = 4m (Mo — M,). (13)
After substituting (9) into (6) we find that

M 8t = 128y /R)[(Fp -+ H, + BM, )M, — M H|] (14)

M [0t = (2Bo/RY(HyMx — H My) = (2Bo/R) Im(H, M) (13)

where M) = M, +iM, and H| = H, +iH,.
Taking into account expression (13), we can rewrite equation (14) as

M j8t = —ipyM, +1V M, (16)
where &y = wu(l + 1), A = 8 ByMo/(Rrewy) and
W = 280H) /1 = 2B0[HL — (B — 47 )M L1/A. (17}

Let us note that in the brackets on the right-hand side of equation (15) we can carry
out the following replacement: H, -+ H, ~ (8 —47)M = H,. This replacement has
no effect on the dynamical process, inasmuch as M7 M is real. This is convenient for the
further consideration in a formal manner. Then instead of (15) we will have:

M, /0t = Im(¥MY). (18)

The equations (16) and (18) are the Bloch-like set of equations for the magnetization vector
components.

From (16)-(18) it follows that the magnetization vector evolves under the effect of
the transverse component of an effective transverse magnetic field B . This field is
the superposition of the transverse component of pulsed magnetic field H, and of the
magnetization field that is induced by the relative anisotropic interactions, SAM,. The
component 4w M, results from the contribution of the longitudinal pulse component A,
(see (13)).

The transverse projection (11), subject to (17), can be written as an equation for the
complex function ¥
v 13w _ 2B0B My 28 BZM_L dro B 2808
2 ReE - ne a w P e Tay (lp ¥ _'M*) {19

The set of equations (16), (18) and (19) descnbes the magnetization dynamics of a
ferromagnet and pulsed magnetic field in a self-consistent manner.
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4. Solutions in the form of autowave dissipative structures

Executing the following substitution in (16) and (18)

U = j[W]exp(ig) M, = Sexplip) , (20}
we obtain

35/8t = —i(dy + 89/3)S — | VM, (21)

aM,/8t = |¥[Re §*. ) (22)

Then, following Belenov et al (1988, 1991), Sazonov {1993} and Sazonov and Trifonov
(1994), we assume that a pulse is too short if its duration is

1/t > &y, {9/ /3t ' (23)

Under condition (23) a pulse interacts with a ferromagnet, including its very strong
excitation, if the pulse parameters change rapidly in times wy !. The condition 1/t >
|d@/8r| makes it clear that the pulse polarization plane rotates far more slowly than the
electron spin quantum transition, forming the magnetization field of a ferromagnet, occurs.
Then on the right-hand side of (21) the first term can be ignored. Thereafter the variable
S, as well as M, and | ¥, become real, and we have the obvious solutions

M, = Mycos & (24)
= —M{] sin & (25)

where

9=ft [¥(z, ) dr.

—00

Using (16), (20} and (25), we find in the first approximation:
dM /3t = Mgexp(ip)(idosing — F cos9). (26)

Solutions (24)~(26) generalize the corresponding solutions obtained for the case of
optical pulses of linear polarization (Belenov er al 1988, 1991, Belenov and Nazarkin
1990).

Below we will assume that the pulse velocity is near to the speed of light. Therefore,
on the right-hand side of equation (19) one can find terms of a higher order of smallness
than on the left-hand side. This enables one to reduce the derivative order in (19). For
this purpose we introduce the local time T = t — z/c and the slow coordinate ¢ = pz
(Lamb 1980). Here u is a small parameter corresponding to the ratio of the right-hand and
lefi-hand sides of (19). Then we have

K 9 14 8

8T 9z caT ‘o
9 18 2p&2_132_232
8z2 T c28T? ¢ 38T c?aT: ¢ 9z oT’

2|

27
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In the last expression (27) we ignored the term proportional to u?. Substituting (27) into
(19), upon integrating over T, we obtain
aw 2no 2B0B PodML 2,6’0 8ML
vy, | -2 — 4w 28
( T3 ) e aT A L @8
Substituting (20) and (26) into (28) and separating the real part from the imaginary part of
the equation obtained, we find the following set of equations:

3%  2m0 90 fo
—— M ge
8z arT + ¢ aT + 0 (‘“0 sind — 2¢(f ~ 4} )sme 0 (29)
3T 3z —I—ﬁ My [4:7:0.5 sing + (ﬁ + 2¢(B — 4x) ) c059i| =0 (30

Further we will cancel the set of non-linear equations (29) and (30). In an initial state
Jet the magnetization vector be directed against the magnetic field:

My = —28om (31}

where r is the concentration of electron spins producing the ferromagnet.
We find the solutions for #(z, T) as a running wave:

8 =6(T —z/a) = 6(t — 7/v)

where 1/v = 1/c+-1/a, a is a constant and v is the pulse velocity. Besides, we will employ
the following ansaiz:

6 = (1/7)sin6. (32)

Here the dot above & designates the derivative with respect to T — z/a. Substituting (32)
into (30) we find that

dp/0z = (/cHamo Bt ~ [(2c/a) B — 47) — 1] cos 8} (33)

where Q = 282n/h.
Substituting (33) and (31) into (29), equating the coefficients of siné and sin(26) to
zero after simple algebraic transformation, we find that

1 &o G0 \2 2
)

i:%(l-}- 2p — 4m@? ) (35)

122+ 4(B ~— 4 )22

Integrating (32), using (35), (25), (24), (20), (17) and (13), we will obtain after going
to the motionless framework:

HE = [28on(B — 47) + i1 /(2Byme)] exp(ip) sech[(? — z/v) /7] (36)
Hf = Hy + HF = Hy — 8z6on{1 + tanh[(z — z/v)/72]} (37
M = 28on exp(ie) sech[(t — z/v)/7s] (38)
ME = 2fntanh[(t — z/v)/74] &2

¢+ = Rz + {1/[2(8 — 4m)Q14 ]} log{cosh{(z — z/v}/z:]} (40)
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where ]

Ry = (dnpo /)Ty, (41)
Obviously, from (3} it follows that E, = 0. The two other components of the pulsed electric
field can be found by using (2), (37) and (38).

Solutions (36)—(41) represent a dissipative autowave of the vector fields H (see figure 1)
and M. With regard to M, and H, the autowave is a running front, whereas with respect to
H, and M itis 2 running pulse. The pulses propagating in 2 medium of inverted spins take
the energy accumulated in these spins. The amplification process is saturated by conduction
electrons depriving a pulse of this energy, irreversibly losing it on collision with a crystal.
Thus, a dissipative structure (36)—(41) can be formed.

Note that in a framework moving with the pulse velocity v we have the polarization
plane rotation of transverse components of fields B and M. This rotation is defined by
the first term on the right-hand side of (40). The characteristic scale length at which the
rotation angle is equal to 1 rad is determined by the value RZ!.

As (€ >0and § = || = 7 siné > 0 (0 < & < =), then we have that &y > 0. This
inequality imposes the following restriction on the value of the Zeeman splitting frequency:

wu = gyfoHo/h > (167 /R)Ben. (42)

Putting n ~ 10% em™ we obtain that wy > 5 x 107 57

From (34) we obtain that (@u/4mwo ) = 4B(8 — 4m). It is clear that for this structure
to exist one should meet the condition v < ¢. As follows from (35) this imposes the
restriction on the magnetic anisotropy parameter: 8 > 4w. Surnmarizing we have the
following conditions on the parameter S:

4w < B < 2 + [4n* + (fou /8w o) ]2, (43)

The conditions (42) and (43) are necessary for an electromagnetic autowave to be
formed. Thus, a structure of the type (36)—<41) can be formed only in an easy-axis
ferromagnet. Inequality § > 4 can be fulfilled for any ferromagnetic monocrystals, e.g.
for the cobalt monocrystal (Skrotskii and Kurbatov 1961).

The dynamic parameters of an autowave (velocity, amplitude, width) are defined by the
medium parameters and are fully independent of initial conditions. This is understandable as
the system under study is open and due to dissipation a pulse ‘forgets’ its initial conditions.

From (37) it follows that the value of longitudinal magnetic field changes irreversibly
afier pulse propagation. At 16xfBn/gy < Hy < 16mSon (see (37) and (42)} this field must
have an opposite direction with regard to the direction of the initial field Hf,.

In further considerations the solution with Vs and 74 will be described as an autowave
of first type and the solution with V_ and 7_ as an autowave of second type.

Let (éy/4mo )’ > 48(B —4x). Then from (34), (35) and (41) we obtain approximately

1/7y ~ (u/270)8 (44)

1/7- ~ (870 /om) BB — 4T)D2 (45)
1 - 1 2(8 — 47)

v ¢ (1 * Gnf2mo )+ 4(B _437)2) ¢
1 ' 1

i (1 At (4vwﬁ/crm)21) “n

R, ~ (2no)*28/ckm ) (48)

R_ =~ @y /[2¢(8 — 4m)]. . . (49)
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Figure 1. [Instantaneous profiles of the awtowave governed by equations (36)-(40) at
ArBoQVerafot =2 NV =0,+1, £2,...). Here

FZ, = HE, /1A% (B — 4x)* + (/202 )12

xy = Hxy

FE = HE/Srpon WE,, = ME,  /(2um).

Full (broken) curves are the profiles of magnetic field (magnetization) components. The rotation
phaseshift between transverse components of H and Af is equal to tan"{ﬁ/[f&ﬂ&n(ﬁ —4x)es 1)
At other moments of time the components HZ, HF, M¥ and M3 (but not HF and M)
change their configurations in an accompanying framework due to the polarization plane rotation.
However, in doing so, the area of the pulse localization determined by the scale Vz t. is retained,

Atn ~ 102 em=3, B ~ 10?, 2ro ~ 10% 57! and &y ~ 10! s~!, we have the following
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values of pulse parameters: Q2 ~ 10" s~ 1, ~ 1075, z_ ~ 107125, R, ~ 1073 cm™!
and R_ ~ 102 cm~'. The condition 77’ > |3¢/8¢| is equivalent to the following

inequality (see (40)):
28 —4mQre. > 1. (50)

Substituting these values of the pulse parameters into (50} we conclude that inequality
(50) is fulfilled only for an autowave of second type, whereas for the pulse of first type
this condition is not fulfilled. Therefore, in this case only a second-type autowave can be
realized. Note that parameter R decreases with increase of Zeeman splitting frequency wy;
at the same time parameter R_ increases and practically does not depend on the electrical
conductivity. .

For the first- (second-) type autowave we have: i/ (28p74(y) 3> (L) 28pn(B —4x) (see
(36)). Therefore, in the formation of the first- (second-) type autowave the non-linearity
caunsed by the spin-wave (spin—spin or spin—orbit) interactions has a dominaat role.

5. Concluding remarks

From (34) and (35) it follows that there are two solutions of (36)-(41) type. Probably this
bistability is determined by the medium parameters and also by the initial conditions. At
some initial conditions an autowave of first type can be formed; at the same time with other
initial conditions we can obtain an autowave of second type. A similar situation occurs in
the case of acoustic video pulses in a paramagnet lattice (Sazonov 1992b).

The electrical conductivity o can be estimated by using the following expression:

2
dra ~wiTe

where ¢y, is the Langmuir frequency for the conduction electrons. Cne should bear in
mind that for (6) to be valid the following condition must be met: 7, <« 7. Having
_ ~ 10712 5, 7, ~ 10713 s and 4me ~ 108 571, we find that wy ~ 10! s~!. This value
of Langmuir frequency corresponds to #e ~ 10'* cm™, where 7, is the concentration of
conduction electrons. This very low electron concentration corresponds to slowly conductive
ferromagnets.
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