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Abstract

Electron-photon interaction

In the present paper, influence of photon on resistance of non-180° domain wall in metallic magnetic nanowires
has been studied using the semiclassical approach. The analysis has been based on the Boltzmann transport
equation, within the relaxation time approximation. The one-dimensional Néel-type domain wall between two
ferromagnetic domains with relative magnetization angle less than 180° is considered. By increasing this angle, the
contribution of the domain wall in the resistivity of the nanowire becomes considerable. It is also found that the
fundamental contribution of the domain wall in resistivity can be controlled by propagating photon. These results
are valuable in designing spintronic devices based on magnetic nanowires.
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Background

Spintronics is an emerging technology with a great
promise to provide a new generation of electronic de-
vices where spin of carriers would play a crucial role in
addition to or in place of their charge [1,2]. The design
and manufacture of such new spintronic devices require
a proper understanding of spin-dependent transport espe-
cially in magnetic systems [1,2]. In recent years, investigat-
ing the unique spin transport property and determining the
magnetoresistance (MR) of magnetic nanostructures such
as nanowires have attracted much attention. Results indi-
cate that MR as a characteristic property of the magnetic
nanostructures can be modified significantly by the pres-
ence of non-collinear magnetization regions named domain
walls (DWs) [3]. From both scientific and technological
points of view, understanding the resistance caused by
DWs and determining the effect of different scattering
sources on the DW resistance (DWR) are essential. For that
reason, many research efforts have been made to under-
stand the role of DW in resistivity [4-15]. Experiments on
iron whiskers demonstrate that DWs are a source of elec-
trical resistance [4]. Contrary to bulk samples, it has been
found that the MR associated with nanosize DWs can be
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significantly large [4,5]. Theoretically, Levy and Zhang, by
studying MR effect due to the magnetic DW scattering,
found that the DWs are a source of spin channel mixing
and MR enhancement [6]. In addition, investigation of the
effect of Rashba spin orbit interaction on the resistance of
DW indicates that this interaction causes an increase in the
DWR [7,8]. The temperature dependence of the resistivity
of DWs has been also studied. The results clarify that the
positive contribution of DWs in increasing the resistivity
is enhanced by increasing temperature [10-12]. In recent
years, applying an external magnetic field or propagating a
photon to control the DWR has been investigated [13-15].
It should be mentioned that most of the present studies
[4-15] have focused on the ideal 180° DWs despite the fact
that DWs with a magnetization rotation of less than 180°
appear in artificial materials [16,17]. Meanwhile, realization
of spintronic devices with improved functionality and per-
formance requires controlling DW configurations and un-
derstanding their role in electronic transport. In recent
years, contributions of 90°, 180°, and 360° DWs in the re-
sistivity of samples in the presence of external magnetic
field are compared [18]. It is found that that resistance of
360° DW is more considerable than that of 90° and 180°
DWs. In the present paper, we have studied the influence
of photon on the resistivity of the non-180° DW in metallic
magnetic nanowires.
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Methods
Theoretical considerations
We have studied a metallic magnetic nanowire containing
a Néel-type DW. For this DW, the angle between the local
direction of the magnetization and the z-axis can be ex-
pressed as 0(z) = ¢ z/d, where ¢ is the magnetization rota-
tion angle of the DW and considered less than 180°. It
means that the DW is confined between two magnetic do-
mains with relative magnetization angle of ¢, and in such
DW, 6 changes smoothly from zero to ¢ over the DW
width, d. In Figure 1, the 180° DW with ¢ = 180° and non-
180° DW with ¢ < 180° are shown.

The following Hamiltonian has been used to describe
the DW in the presence of photon:

H = Hy + Hex + Hel—ph- (1)

The first term, Hy, contains kinetic energy and non-
magnetic periodic potential. The second term, H,,, rep-
resents the exchange interaction between the spin of
conduction electrons and the localized magnetic mo-
ments. These terms are given by

W od?
Hy = _%d—zz—’— V(z), (2)
Hex = —Aexd.M(2), (3)

in which V(z) is the lattice periodic potential, Aoy repre-
sents the exchange interaction strength, ¢ denotes the
Pauli spin matrices, and M (z) is the unit vector along
the direction of local magnetization.

The third term, H_,h, which represents the electron-
photon interaction is determined by

N =3 —, e - -
Ha-pn = g0 (V x 4) -~ 4P
e,
A 4
T (4)

where up is the Bohr magneton, and A is the vector
potential of the electromagnetic field. In the present
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Figure 1 The (top) 180°DW (bottom) non-180° DW.
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study, we have focused on photons propagating in the
z-direction. For these photons, the second term which
includes A-P, is zero. Moreover, our results indicate
that the contribution of term A®is negligible. Hence,
the electron-photon interaction can be simply deter-
mined by the Zeeman interaction of conduction elec-
tron spin in the magnetic field induced by the photon,
namely,

Hel—ph = _/436" (V X 2)» (5)

in which the vector potential of the electromagnetic
field is given by

74 = ZA‘I (aqséqseiqz + ﬂ;séi;se_iqz) 9 (6)
s

where A, =./(27hc?)/(Vw), w = qc is the photon

frequency, and V is the volume where photon is propa-
gating. a;s and a4 are the photon creation and annihi-
lation operators which create and annihilate a photon
with wave vector ¢ and polarization s, respectively.
The unit vector of polarization é,, represents the direc-
tion of the electric field vector, and so, the unit vector

bys is parallel to the induced photon magnetic field

which can be written as Eqs = X &4 . For photon
along the z-direction, the unit vector of polarization
can be specified by two vectors along the x-axis and y-
axis (& and é,) as é; = eé, + eé, where e, =
1,0,1/+/2 and e, =0,1, i/\/2 for x-linear, y-linear, and
circular polarizations, respectively.

The eigenstates of Hy + H,, for a one-dimensional sys-
tem can be determined as follows:

|l//T(k)> :i\/lgeikZRg(z)<i;C>7 (7a)
‘Wl (k)> = i\/I:—i) eikZRQ(z) ( ll;C> ) (7b)

where a(k)=(1+ /(24“2)71/2 and (= (qo2 hz)/(SmAede)
are the normalization and perturbation parameters, re-
spectively, in which k is the electron wave vector. Finally,
Rg(z) = exp(—if(z)G.i1/2) is the spin rotation operator,
and 7 denotes the direction of the DW rotation axis
which in this case, is assumed to be along the y-axis
(Figure 1).

As mentioned in our previous works [10,15], the
Boltzmann equation with relaxation time approximation
can be employed to calculate the spin-dependent relax-
ation times and, consequently, the other spin transport
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quantities. The spin-dependent relaxation times, 7(k),
are as follows [10,15]:

[7°(k / dk' |V (K k)| [ TT"((/;;:::/]
g (Ska — &)
(8)

where the elements of the scattering matrix related to
the electron-photon interaction are given by

VK K) = (37 (K)ot 97 (). (9)

According to Equations 5, 6, 7a, and 7b, V(K k)
terms are found to be

V(K K) = —us(K) 2 4,
[a(k +a) (k=K +aq)c k=K +2q) + (5))

exp(i(k — k' +2q)d) + 1 .
(k— K +29)* + (9)2 ’

d
~alk—q)((k— K —a)Ck— K —2q) + (%))
exp(i(k — k' —2q)d) +1 |

e
2 (P\% 7Y
9+ (d)
exp(i(k — k' +2q)d) — 1 .
i(k — K +2q) *

(k—k —2

+alk +q)(k + Kk +q)¢

ik -k K - g SRR 2D L
(10a)

ViK' k) = —ppa(K) 2 4,

[&(k +a) (k=K +20) = (k+ K + )2 (2))
exp(i(k — k' + 2q)d) .
(k — k' +29)* — (g)2 ’
q)
)

+a(k - )((kfk’f —(k+ K —
exp(i(k — k' — 2¢q)d

ot ()

7¢(3))

~ ’ X K=k 20)d
k) (1K (ko)) ST,
- / 2\ €X] i(k — k' — d)
@k =) (1= Kk - a)c?) pi((lg K- 2‘21;]) <l

(10b)

the terms VA (K,k) and VAT (K k) are obtained with inver-
sion of spin in Equations 10a and 10b, respectively.
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The resistivity of the DW per unit length can be
expressed as

a4y

where ¢ is the Fermi energy.

-1

/dk szU(k)(s(gka - SF) )

(11)

Results and discussion
We have calculated the resistance corresponding to the
non-180° DW in metallic magnetic nanowires. The pa-
rameters have been chosen in such a way that the condi-
tion for validity of the semiclassical approximation, kgd
> > 1, will be applicable.

In our study, the {-dependent parts of Equations 7a
and 7b describe the deviation from the adiabatic regime
and the non-adiabaticity in the up- and down-spin elec-
tron transfer through the DW. The non-adiabaticity
causes the mixing of the spin channels within the DW
and consequently increases the resistance of the DW.
Therefore, without considering the spin dependence of
the resistivity, the extra resistivity of the DWs is not
understandable. The DW width and the exchange energy
are two main parameters that determine the adiabaticity
of the transport. For very wide DW and strong exchange
interaction, the spin adiabatically follows the local mag-
netization direction. In contrast, for narrow DW and
weak exchange interaction, the spin of electrons is not
directed along the local magnetization direction, and the
transport is non-adiabatic. In Figure 2, the resistance
per unit length of the 120° DW versus the DW width
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Figure 2 The DWR per unit length versus DW width for different
values of exchange interaction strength. It was calculated for 120°
DW in the presence of x-linearly polarized photon with A = 100 nm.
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in the presence of x-linearly polarized photon for differ-
ent strength of the exchange interaction is shown. We
have found that increasing the DW width and the ex-
change interaction strength leads to reduction of the
non-180° DWR.

Besides the role of the DW width and the exchange
interaction strength, the non-adiabatic transport inside
the DW can be attributed to the relative magnetization
angle between two ferromagnetic domains, ¢. In Figure 3,
the resistance per unit length of the DW as a function of
¢ in the presence of x-linearly polarized photon with dif-
ferent wavelengths is presented. As ¢ increases, the resis-
tivity of the DW becomes more considerable. This can be
explained by the fact that the spin can follow adiabatically
the local magnetization direction which changes smoothly
over the DW with small relative magnetization rotation
angle. By ¢ enhancement, the non-adiabaticity and conse-
quently the contribution of the DW in the resistivity of
the magnetic nanowires are increased.

To clarify the role of the photon, the dependence of
the DWR on the photon wavelength and polarization is
demonstrated. The DWR versus the wavelength of the
x-linearly polarized photon is shown in Figure 4. As shown,
increasing the wavelength of the photon with x-linear
polarization leads to the reduction of the DWR. This can
be explained by the fact that the x-linearly polarized photon
causes an effective magnetic field perpendicular to the DW
and changes the DWR same as a transverse external mag-
netic field. Therefore, increasing the photon wavelength
which decreases the effect of the Zeeman interaction leads
to DWR reduction. The similar DWR reduction by decreas-
ing the external magnetic field [8] and increasing photon
wavelength is reported in our previous studies [15] for 180°
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Figure 3 The DWR per unit length versus magnetization rotation
angle of the DW. It was calculated for d = 25 nm and Ag, = 1 meVin
the presence of x-linearly polarized photon with different wavelengths.
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Figure 4 The resistance of 30°, 60°, and 180° DWs versus
wavelength of x-linearly polarized photon. It was calculated for d =
25 nm, Ay = 1 meV.
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DWs. To compare non-180° DWs with 180° DW, the re-
sistance of 30°, 60°, and 180° DWs in the presence of x-
linearly polarized photons is also shown in Figure 4. It is
clear that the resistance of non-180° DW is smaller than
that of 180° DW.

We have also shown that the polarization of the pho-
tons has significant effect on the DWR [15]. Repeating
the calculations for non-180° DW indicates that the
electron-photon interaction have no contribution to re-
sistance, and resistance of the nanowire remains invari-
ant in the presence of y-linearly polarized photon. For
the circularly polarized photon, the effect of the Zeeman
interaction and DWR is smaller than that in the x-
linearly polarized photon due to the reduction of the ef-
fective magnetic field [15]. The resulting resistance ori-
ginating from a photon with circular polarization is
smaller than that of the x-linear polarization at a special
photon wavelength.

Conclusions

We have used the semiclassical approach to study how
the photon affects the MR of the non-180° DW in metallic
nanowires. The results indicate that the non-adiabaticity
and consequently the DWR becomes significant by in-
creasing ¢. It is also found that the effectiveness of the
photon on the resistivity of the DW with ¢ about 180° is
not negligible. In addition, polarization and wavelength of
the photon play a significant role in the contribution of
DW in the resistivity of magnetic nanowires. Therefore,
understanding the effect of both photons and mag-
netization rotation angle is essential for providing spin-
tronic devices based on metallic magnetic nanowires.
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