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Abstract

The spin excitation for a ferromagnetic wire with a domain wall (DW) is studied in a framework of the random phase
approximation. We show that the excitation energy due to the DW is much smaller than that for the spin wave. In the spin-wave
spectrum, there are lots of peaks or shoulders, which is related to the existence of the DW and the dimension of the leads. Using
the results, the energy dissipation of conduction electrons is also discussed. 2001 Elsevier Science B.V. All rights reserved.
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Recent advances in the microprocessing technology
enable us to fabricate ferromagnetic metals with var-
ious sample structures on nanometer scale. In these
mesoscopic metals, the interplay between the electron
transport and the magnetic object including domain
walls (DWs) has become one of the subjects of current
interest. In particular, a DW nucleation and dynam-
ics are examined experimentally using a magnetore-
sistance (MR) in thin films and nanowires [1–6]. Ever
since the first experiment on the electrical resistivity
due to the DW in ferromagnetic Ni and Fe wires [1],
the negative MR effect has been reported by many re-
searchers [3–5]. Opposed to those findings, a positive
contribution of the DW scattering to the resistance are
reported for an experiment in Co thin films [6]. In or-
der to explain such features, theoretical approaches
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have been done actively by many authors [4,7–11].
Furthermore, over the past years, the conductance in
atomic-scale contacts has also been studied in the
experiments [12–14] and simulations [15–19]. When
magnetic metals are used [13], the spin fluctuation
at the very narrow constriction is expected to affect
the quantized conductivity. So that it is considered to
be important for us to examine the behavior of spins
of the mesoscopic or atomic size in the vicinity of
a DW.

Many theoretical works on the spin excitations
around a DW have been performed for Heisenberg-
type models without taking sample structures into
consideration [20–25]. In this Letter, to understand
basic features of a magnetic wire of sample structures
used in measurements, we calculate the excitation
spectrum for the spin fluctuation laying stress on the
presence of a DW. We present the method to obtain the
Green function for the magnetic wire in a framework
of the random phase approximation (RPA).
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Fig. 1. Schematic illustration of the system. The wire in the region II(1� n�N) connects to the left (region I,n� 0) and the right (region III,
N + 1� n) leads. Spins of the left (right) side are up (down) and a magnetic DW exists at the center of the wire.

We consider a ferromagnetic spin system as illus-
trated in Fig. 1, where a magnetic wire described
by an one-dimensional (1D) Heisenberg model (re-
gion II) connects to left and right leads described by
two-dimensional (2D) Heisenberg models (regions I
and III). The Hamiltonian is given by

Hspin=HL − 2JLWS0,0 · S1 +HW

(1)− 2JRWSN · SN+1,0 +HR,

(2)HW = −2JW

N−1∑
n=1

Sn · Sn+1 − 1

2
AW

N∑
n=1

(
Szn

)2
,

HL = −2JL
∑

n�−1,m

Sn,m · Sn+1,m

− 2JL
∑

n�0,m

Sn,m · Sn,m+1

(3)− 1

2
AL

∑
n�0,m

(
Szn,m

)2
,

whereHW andHL are the Hamiltonians for the wire
and the left lead, respectively. The Hamiltonian for the
right leadHR is written down in the same manner of
HL. The spin sites in the 1D wire are labeled with the
coordinate 1� n�N . Those in the 2D left (right) lead

are labeled with the coordinaten � 0 (N + 1 � n)

and −∞ < m < +∞ (see Fig. 1).Sn (Sn,m) is the
spin operator at thenth site of the wire ((n,m) of
the leads). The quantitiesJW andAW (JL andAL)

are the exchange integral and the anisotropy energy
for the wire (left lead), respectively. The exchange
integrals between the spins at the junctions areJLW

and JRW . We choose thez-direction as the uniaxial
magnetocrystalline easy axis, which is parallel to
the wire. For simplicity, the exchange integral, the
anisotropy energy and the easy axis do not vary for
whole region, i.e.,JW = JL = JLW = JRW = J and
AW = AL = A. The present method can be extended
easily to other parameter regions.

In order to discuss the spin fluctuation of the system,
we calculate the retarded Green functionχ(�)(t) =
−iθ(t)〈[S+(t), (Sz)�S−]〉, with 〈· · ·〉 being a thermal
average andθ(t) being a step function. Since the wire
interacts with each lead only through the junction sites
(0,0) and (N + 1,0), the matrixχ(�)(t) should be
treated by dividing into three sub-matrices, i.e., a sub-
matrix for the left leadχ(�)

L , that for the right lead

χ
(�)
R , and that for the wire and those junction sites

χ
(�)
W . We solve these matrices of Green functions self-

consistently so as to continue at the junction sites.
Using the RPA method,χ(�)

W can be expressed as a
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Dyson-type equation:
〈
n
∣∣χ(�)

W (ω)
∣∣n′〉 = g(�)n (ω)δnn′

(4)

+
N+1∑
n′′=0

g(�)n (ω)Vnn′′
〈
n′′∣∣χ(�)

W (ω)
∣∣n′〉.

Here χ
(�)
W (ω) is a Fourier transform ofχ(�)

W (t) and
we use a simplified suffix;n= 0,1 mean the junction
sites(0,0) and(N + 1,0), respectively. The non-zero
elements ofg(�)(ω) andV are as follows:

(5)g(�)n (ω)=




〈0,0|χ(�)
L (ω)|0,0〉, n= 0,

α(�)n /(ω −A〈Szn〉), 1 � n�N,

〈N + 1,0|χ(�)
R (ω)|N + 1,0〉

n= N + 1,

(6)Vnn′ =




−J, n= n′ ± 1,

J 〈Sz1〉/〈Sz0,0〉, n= n′ = 0,

J
∑

j=±1〈Szn+j 〉/〈Szn〉,
n= n′,1 � n�N,

J 〈SzN 〉/〈SzN+1,0〉, n= n′ =N + 1,

where α
(�)
n = 〈[S+

n , (S
z
n)

�S−
n ]〉. The Green function

matrix for the left leadχ(�)
L (ω) is calculated as

(7)χ
(�)
L (ω)= g

(�)
L (ω)+ g

(�)
L (ω)VLχ

(�)
L (ω),

(8)
〈
n,m

∣∣g(�)L (ω)
∣∣n,m〉 = α(�)n,m

/(
ω−A

〈
Szn,m

〉)
,

(9)
〈
n,m

∣∣VL∣∣n,m〉 = J
∑′〈

Sz
n′,m′

〉/〈
Szn,m

〉
,

where
∑′ means a summation of(n′,m′) over the

neighboring sites of(n,m) inside the left lead. The
off-diagonal matrix elements〈n,m|VL|n′,m′〉 = −J

when(n′,m′)-site is a neighbor of(n,m). The Green
function of the right leadχ(�)

R (ω) is evaluated in
the same manner. The Green functions for the whole
system are calculated self-consistently these equations
and the spectrum theorem

〈(
Szn

)�
S−
n S

+
n

〉 = (−1/π)

+∞∫

−∞
Im

〈
n
∣∣χ(�)

W (ω)
∣∣n〉

(10)× fB(ω) dω,

where fB(ω) = 1/[exp(ω/T ) − 1] with T being a
temperature. The spectrum theorem for the leads can
also be written in the same form.

Here, we describe the calculation briefly. We are
interested in the spin fluctuation in the vicinity of a
magnetic DW in the wire, which comes out of the
boundary condition that spins in the left lead are up
and those in the right lead are down (〈Szn,m〉 → ∓S for
n → ±∞; see Fig. 1). To solve the equations, we use
an approximation that the thermal average of all spins
in each lead is the same as that of the bulk. For the left
lead, averaged values in the bulk are obtained by

(11)

〈(
SzB

)�
S−
B S

+
B

〉 = α
(�)
B

π2

π∫

0

π∫

0

dkx dky fB
[
εB(kx, ky)

]
,

where εB(kx, ky) = 4J 〈SzB〉[2 − coskx − cosky] +
A〈SzB〉. This simplicity is not essential in the following
calculation and discussion for the wire when the width
of the DW(λDW) is less than the length of the wire.

By solving Eqs. (4)–(10) self-consistently, we can
obtain the Green function of the wireχ(�)

W (z), which is

an analytic continuation ofχ(�)
W (ω). Then the Green

function has two poles and two cuts on the real
axis [20], which can be expressed in a form

〈
n
∣∣χ(�)

W (ω)
∣∣n′〉 = r

(�)−
nn′

z+EDW
+ r

(�)+
nn′

z−EDW

(12)+
∫

D

ρ
(�)

nn′ (ω)

z−ω
dω.

The domain of integrationD is E1 < |ω|<E2, where
E1 = A〈SzB〉 andE2 = E1 + 16J 〈SzB〉. Thenρ(�)

nn′ (ω)
is an excitation spectrum of the spin wave in the
wire with a DW. On the other hand, the polesz =
±EDW, which lie in the gap of the spin-wave spectrum
(EDW < E1), correspond to the excitation energy
based on the local spin fluctuation around the DW.
Because the poles do not come out in the case where a
DW does not exist in the wire. It is considered that the
spins in the DW can flip with a small energy(∼EDW)

compared to that in the ferromagnetic ordered state
(�E1), since〈Szn〉 reduces effectively around the DW.

In the following, we consider the case ofS = 1.
Then it is adequate to evaluate above equations for
� = 0,1. In Fig. 2, we show the spin distribution〈Szn〉
and〈(Szn)2〉 of the wire. The site number of the wire
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Fig. 2. Calculated spin distribution (a)〈Szn〉 and (b)〈(Szn)2〉 of the
wire for N = 50 atT = 0. The anisotropy energyA/J equals 0.2
(solid line) and 0.4 (dashed). The vertical line is the center of the
wire (N/2+ 0.5).

N equals 50 throughout this Letter. The center of the
wire is expressed as a vertical line, where〈Szn〉 = 0 and
〈(Szn)2〉 = 1/3. From these figures it is seen thatλDW
is sufficiently small compared to the length of the wire
for these parameters.

Fig. 3 shows the residuesr(�)±nn in Eq. (12). It is
seen that the quantitiesr(�)±nn do not have any sym-
metry around the center (vertical line). The excitation
spectrum of the spin waveρ(0)nn (ω) in the vicinity of the
DW is shown in Fig. 4. The spectrum for just left site
of the DW (n = 25) concentrates aroundω ∼ 0 (but
|ω| � E1). As the distance between the site and the
center of the DW increases, the spectrum inω <−E1
disappears while that inω > E1 grows. This corre-
sponds to that the spin fluctuation of up→ down→
up becomes dominant as the site indexn decreased
in the left side of the wire. As a remarkable feature
in Fig. 4, we can see a lot of peaks, the number of
which is (N − 2)/2 in ω > E1. Moreover, we can see
(n−25) humps in the envelope of peaks (dotted lines),
except forn = 25. Note that, when leads are 1D spin
systems, the spectrum curve at each site is similar to
the envelope of peaks in Fig. 4. Fig. 5(a) shows the ex-

Fig. 3. Calculated residues (a)r(0)±nn and (b) r(1)±nn at the poles
±EDW of the Green functions.

citation spectrum ofn= 10. Around the site, the spins
are up (see Fig. 2). The dotted line denotes the spec-
trum for the ferromagnetically ordered 1D spin chain.
The difference of the spectra is caused by the exis-
tence of the DW and the difference of the dimension
of the leads. The spectra at the junction sitesn = 1,0
are shown in Figs. 5(b) and (c). Forn = 0 the spec-
trum spread overE1 < ω< E2, since then= 0 site is
inside the left 2D lead. The feature can be seen slightly
in Fig. 5(b) forn= 1. The dashed line in Fig. 5(c) de-
notes the spectrum at the surface site of the 2D lead
when the wire does not connect with the 2D lead.
This spectrum has no symmetry, because the lead is a
half-plane. In Figs. 4 and 5, the energies at peaks and
shoulders are the same values. From these results, it is
considered that the discrete excitation energies for the
isolated wire consisting of finite number of sites are
smeared due to the resonance with the 2D leads con-
sisting of infinite number of sites through the junction
sites. These features can be also seen in the spectrum
of ρ(1)nn (ω).

Next, we discuss the energyEDW in Eq. (12), which
can be regarded as a characteristic energy of the spin
fluctuation due to the DW. Fig. 6 shows the tempera-
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Fig. 4. Excitation spectra for the spin wave at the sites (a)n = 25
( just left of DW), (b) n = 23, and (c)n = 21 for A/J = 0.2 and
N = 50 atT = 0. The dotted lines in (b) and (c) are the envelopes
of peaks.

ture dependence ofEDW. It is seen thatEDW is much
smaller than the excitation energy of the spin wave
(EDW ∼ E1/20 for A/J = 0.2 at T = 0). Though
EDW increases monotonically as the temperature in-
creases,EDW ∼ E1/10 even atT/J = 0.015. Using
these results, we discuss the spin-flip scattering of con-
duction electrons by introducing an interaction term
such asHint = −Jint

∑
(c

†
n↑cn↓S−

n + h.c.), wherecnσ
is an annihilation operator of the conduction electron
with spinσ on nth site. According to the fluctuation–
dissipation theorem, the local spin fluctuation with en-
ergyEDW plays a crucial role for the energy dissipa-
tion of the conduction electron. Moreover, the results
of Fig. 3 indicates that the maximum position of the
energy dissipation due to the DW shifts slightly from
the center of the DW. Note that the DW contribution
to the resistivity is positive for the present model. To
elucidate the negative MR, we must take other mech-
anisms into consideration, such as an interaction be-
tween a DW and impurities [7,8].

Fig. 5. Excitation spectra for the spin wave at the sites (a)n= 10 (up
spin regime), (b)n = 1, and (c)n = 0 for A/J = 0.2 andN = 50
at T = 0. The dotted line in (a) is the well-known spectrum for
a ferromagnetically ordered 1D spin chain. The dashed line in (c)
denote the spectrum at the surface site of the 2D lead without a
connection with the wire.

Fig. 6. Temperature dependence ofEDW for A/J =0.2 (solid line)
and 0.4 (dotted) forN = 50.

In summary, we have presented the method to
calculate the Green function for the spin system with
a DW in a framework of RPA and discussed the
elementary excitations. We have shown that the spin-
wave spectrum of the wire has lots of peaks and
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shoulders, which is related to the existence of the DW
and the dimension of leads. It is also shown that the
excitation energy due to the DW is much smaller than
that for the spin-wave excitation. The effects of the
spin system on the conductance can be evaluated with
the use of obtained spectrum, the results of which will
be published elsewhere. The results are regarded as a
base for more improved calculations and the method
presented here can be easily extended to other spin
systems.
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