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Theory of the undulating magnetic ground state of cylindrical cobalt nanowires
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In cylindrical Co nanowires it is possible for the easy axis to lie in the plane perpendicular to their symmetry
axis. The ground state realized is then the result of the competition between shape anisotropy, which favors
ferromagnetism with moment parallel to the symmetry axis and anisotropy along the easy axis. Recent experi-
ments show an undulating state of magnetization can then result. We discuss the magnetic phase diagram of
such nanowires, and we present a theory of the undulating state, which we refer to as the snake state.
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I. INTRODUCTION

The study of magnetic nanostructures has been a very
active topic of research for many years now. In such struc-
tures, one encounters new physics not present in bulk
materials,! and at the same time magnetic nanostructures are
utilized in devices. The development of giant magnetoresis-
tance read heads” have revolutionized magnetic data storage
technology, for example.

The nature of the ground state realized in ferromagnetic
nanostructures can be varied or controlled by means not re-
alized in bulk magnetic materials. For instance, consider ul-
trathin ferromagnet films. In such films of Ni grown on
Cu(100), whether the magnetization lies in plane or perpen-
dicular to the film surfaces can be controlled by the film
thickness.? Also, by tuning the temperature in ultrathin films
for a given film/substrate combination one may also realize
either perpendicular or parallel orientation of the film
magnetization.4 In ultrathin films, surface and interface an-
isotropy can be so strong that it overwhelms the shape an-
isotropy, with origin in the dipolar interactions. The latter
favors the in-plane state. Through variation in the substrate
on which the film is grown, or the growth conditions, one
may realize either perpendicular of parallel orientation of the
magnetization in a film formed from a particular material.
The frequencies of the dynamic response of the spins in such
materials can be varied over a considerable range as well
since these are influenced strongly by material properties
such as surface and shape anisotropy in addition to the nature
of the ground state itself. Thus, in ultrathin films one can
design magnetic materials with a wide range of desirable
properties.

Ferromagnetic nanowires have been explored extensively
as well. High-quality nanowires of cylindrical cross section
can be fabricated by growing them in materials that contain
cylindrical channels.” Shape anisotropy aligns the magneti-
zation parallel to the symmetry axis of the nanowire in such
samples, though application of an external magnetic field can
cant the magnetization with respect to the symmetry axis. In
fact one can orient the magnetization perpendicular to the
symmetry axis by such an external field.’

A number of groups have recently grown and character-
ized long Co nanowires of cylindrical cross section,®'?
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through electrodeposition into pores in membranes.'3 These
wires have fascinating properties. If their radius is suffi-
ciently small, below approximately 20 nm, atomic force mi-
croscopy studies show the ground state consists of a single
domain, with moment aligned parallel to the symmetry axis
of the wire.!9 In the thicker wires, the hcp crystal structure is
found with ¢ axis in the plane perpendicular to the symmetry
axis. This suggests the easy axis associated with magneto-
crystalline anisotropy lies in this plane, parallel to the ¢ axis.’
In a number of studies in such wires, AFM images reveal
domain patterns.

In a recent experimental study of a Co nanowire with a
radius of 45 nm, AFM images!'? show the ground state to be
a periodic, modulated structure with the rather long period of
700 nm. Bergmann and collaborators'# suggested that an un-
dulating state is the ground state, and by means of a varia-
tional calculation they demonstrated that such a state has
lower energy than a simple ferromagnetic state. Suppose the
z axis is the symmetry axis of the wire, and the easy axis lies
perpendicular to this, in the x direction. These authors pro-
posed that in the ground state, the magnetization has the
form M,=Mg cos[ 6, sin(kz)], M =M, sin[ 6, sin kz], and
M ,=0. Their variational procedure demonstrated there is an
energy minimum for appropriate values of 6, and k. The
period that emerges from their analysis is roughly three times
the wire radius, for parameters characteristic of bulk ferro-
magnetic Co. This is much smaller than the experimental
value of the ground-state period, which is 15.5 wire radii, it
might be noted. In what follows, we shall refer to such a
ground state as a “snake state” since the ground-state mag-
netization undulates in a snakelike manner as one proceeds
down the symmetry axis of the wire.

The ground state suggested by the authors of Ref. 14 is
intriguing. For example, if this is indeed the state realized in
Co nanowires with radii in excess of 20 nm or so, then it
should be possible to tune or alter the period or character of
the state by application of a modest magnetic field. Spin-
wave propagation in such a periodic structure should be of
great interest since its periodic character will introduce gaps
in the spin-wave dispersion relation; it is quite possible that
the dispersion relation and nature of the gaps could be tuned
through application of an external magnetic field. Such a
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possibility should be of great interest from the point of view
of device applications.

The purpose of this paper is to present an exact descrip-
tion of the snake state, within the framework of the assump-
tion that the magnetization per unit volume depends only on
the coordinate z introduced above. We derive a rather simple
form for the energy functional that describes the state in
which the magnetization is defined by M.=Mg cos[6(z)],
M, =My sin[6(z)], and M,=0, where 6(z) is periodic with
period L. A variational procedure leads us to an integrodif-
ferential equation (an Euler Lagrange equation) satisfied by
those forms 6(z) that produce an extremum in the energy
functional. We can prove that the Ansatz for 6(z) proposed in
Ref. 14 emerges from our analysis in the near-threshold re-
gime. A linearization procedure leads us to a criterion from
which one can obtain the critical value of the anisotropy
required to render the simple ferromagnetic state unstable
with respect to the snake state, along with its period at the
onset of the instability. We then proceed to describe the
snake state well beyond threshold, through numerical solu-
tions of the integrodifferential equation. We find that the An-
satz employed in Ref. 14 applies only very near threshold;
beyond this our picture is very different. One realizes do-
mains inside of which the magnetization is canted with re-
spect to the symmetry axis, separated by domains whose
character is outlined below. Physically reasonable values of
the anisotropy can produce periodic ground states whose pe-
riod is as long as found experimentally in Ref. 12.

This paper is organized as follows. In Sec. II, we derive
the basic Euler Lagrange equation which forms the core of
our analysis, discuss the information we can extract from it
near the instability threshold, and also comment on the nu-
merical methods we have used to solve it. In Sec. III we
discuss the results of our numerical studies and Sec. IV is
devoted to concluding remarks.

II. THEORY

We shall consider an infinitely long ferromagnetic nano-
wire of cylindrical cross section, with radius R. The z axis
coincides with the symmetry axis of the wire. We assume
that the wire is sufficiently thin that, to good approximation,
the magnetization per unit volume M(7) in the ground state
can supposed to depend only on the coordinate z. The x axis,
perpendicular to the symmetry axis of the wire, will be as-
sumed to be the easy axis, from the point of view of the
magnetocrystalline anisotropy. We follow the authors of Ref.
14 by assuming that in the ground state, the magnetization
lies in the xz plane. Thus, we write the ground-state magne-
tization in the form

M(7) = M([# sin 6(z) + % cos 6(z)]. (1)

Our task will be to find the form of 6(z) which minimizes the
ground-state energy. For the moment, we let 6(z) be general,
though later on we will assume it is periodic with a period L,
also to be determined by requiring the energy to be a mini-
mum. When 6(z) is periodic, the magnetization undulates in
a snakelike manner as one moves down the wire. For this
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reason we refer to this state as a snake state, as mentioned in
Sec. L.

The ground-state energy functional of the nanowire will
be written in the form

E(M(P}) = fd3{

K,
- =M () -
M A7)

Y VM, (F (»)|2—JM (7?

a—xyz S
1. oo .
EHdip(V)'M(V)—Ho'M(V)

2)

The first term is the exchange energy, the second and third
terms are the magnetocrystaline anisotropy, the fourth term is
the dipolar energy, and the last term is the interaction of the
magnetization with an externally applied Zeeman field. We
shall assume that Hy=H{% sin 6,+Z cos 6,}. We also sup-
pose that K; >0 and K, >|K,| so the x axis is an easy axis.
The reader should note that the convention we use here to
describe the magnetocrystalline anisotropy differs from that
employed in Ref. 14. These authors write the crystalline an-
isotropy in the form (k;/M3)M.(7)>+(ky/ MM (F)*. Tt is
easy to see that one has the correspondence K < k;+2k, and
Kz g —kz.

Our attention will be directed toward the dipolar field.
There are two contributions to I:Id,-p(F), one from surface
magnetic charges and one from volume charges. We refer to
these as I:Ig;(r*) and I?i,‘g(r*), respectively. One has, in nota-
tion appropriate to a cylindrical coordinate system,

b M(F')
A =-7 | as M
2 . ’ ’
sin 6(z")cos
:-RMSVf dzf o' —— fzz) i
o |ﬁ—Rp’| +(z-2")
(3a)
and
=3 [ oD
7=
R +0o0 R 21
=—MSVJ dz'f dp’p'f d¢'
—00 0 0
6(z')sin 6(z'
/_)(Z_))Szl (z') N (3b)
V[p=p'[P+(@-2")
where 6(z)=d#(z)/dz. We shall use the identity
! lfdzk Liky- (5—p")
a— T A I €XpLIK - \p—p
Up=p'P+(-2)? 2m
—kH|Z_Z,|]- (4)

After some algebra, this identity allows us to write the dipo-
lar fields in the form
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H)(7) =- ZWMsRﬁ{COS ¢J dkyJ(kiR)J, (kip)
0

—00

+00
Xf dz’ sin 6(z")exp[— k||z—z’|]} (5a)
and

-~ - (7 dk
H&Y[Z(F) =- 27TMSRV{f k_H.Il(k”R)Jo(ka)
0 I

Xf dz' 6(z")sin 6(z")exp[— k|||z—z’|]}.

(5b)
An integration by parts in Eq. (5b) leads to

o0

HY) == 2aM RV f dkJ, (kyR)Jo(kyp)
0

+00
Xf dz' cos 6(z')sgn(z —z")exp[— k|||z—z'|]}.

(5¢)

When these forms are inserted into the dipolar contribution
to the energy functional in Eq. (2), we find, changing nota-
tion a bit,

o0

E[6(z)] = mR* J dz{A6(2)* - K, sin® 6(z) - K, sin* 6(z)

—00

= MH, cos[6(z) = O]} + Ep;,[ 6(2)], (6a)

where the dipolar contribution to the energy functional can
be written as

Epip[0(z)]= ﬂ'szMgfw dz{z cos® 6(z)
- f+°° dz'D(z—-7":R)[2 cos O(z)cos 6(z)
—sin 6(z)sin ﬁ(z’)]} (6b)
with
D(x;R) = J ’ dkJ,(kR)%e™, (6¢)
0

Our task is to seek functions 6(z) that minimize the energy
functional in Eq. (6). We shall proceed by generating an
Euler Lagrange equation obtained by setting the functional
derivative SE[6(z)]/ 86(z") to zero. This is a straightforward
exercise. However, if we proceed with Eq. (6) as it stands,
the task of solving the Euler Lagrange equation numerically
is challenging. It has the form of an integrodifferential equa-
tion with a nonlocal term that contains the kernel D(z
—z';R). This has a logarithmic singularity as z' approaches
z. We can remove this difficulty as follows. We introduce a
new function I'(z—z';R) defined by the statement
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" d'D(E".R). 7)

-
I'z-z":R)=

—o0

which means that we may also write dl'(z—z';R)/dz'=
-D(z—z';R). One finds

IN'z-7";R)=0(z-7")-g(z-7";R),

where O(x) is the Heaviside step function and
’ ’ N du 2 !
gz—7":R)=sgn(z-2z') IJ] (u)*exp[—ulz - z'|/R].
0

(8)

Note that the integral in g(z—z';R) is finite as z’ —z. An
exercise in partial integration yields the identity

f D(z—-z":R)f160(2),0(z")]dz’'

glz—72' ;R)wé(z’)dz’,

=f60(z),0(z)] - B a6(z")

)

where again 6(z')=d6(z')/dz'. The dipolar contribution to
the energy functional now has the form

Ep,[0(x)]= wiRzMﬁf dz {sin2 6(2) —f dz'g(z—2';R)
X[2 sin 6(z")cos O(z)
+cos 0(z')sin 0(1)]9(z')}. (10)

The Euler Lagrange equation associated with the energy
functional derived above can be written as

. 1
Af(z) + 5(1(1 — mM3)sin 26(z) + K, sin® 6(z)sin 26(z)

+00

1
_ EMSHO sin[ 0(z) — O] + wMéj dz'g(z—7";R)

—oo

X[2 sin 6(z)sin 6(z) + cos 6(z')cos 6(z)]0(z') = 0.
(11)

Our interest will be centered on the case where 6(z) is peri-
odic with period L; in our numerical studies the period will
be determined by minimizing the energy per unit length of
the system. We conclude by quoting the form of the energy
functional and the Euler Lagrange equation for this case. We
center a unit cell around z=0 so it extends from z=-L/2 to
z=+L/2. We measure length in units of x=2z/L. We also
suppose the nanowire consists of a very large number of unit
cells whose number is N+1. It is then possible to reduce all
integrals in Egs. (10) and (11) to integrals over just the unit
cell that surrounds the origin of the coordinate system. Of
interest will be the energy per unit length per unit area of the
system. We introduce the dimensionless energy density
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e[ 0(x)]=E[6(z)1/27M3R?L(N+1), which may be cast into
the form

+1
e[6(x)]= f_l dx{ ;—;é(x)z - }%([1 + K sin? 6(x)]sin’ 6(x)

+ ‘1—tsin2 6(x) — hy cos[ 6(x) — aH]} +e,[0(x)],

(12a)

where the nonlocal term is
1 +1 +1
e, 0(x)]= Zf de dx'g(x—x";1)[2 sin O(x")cos 6(x)
-1 -1

+sin A(x)cos 6(x')]6(x"). (12b)

All quantities in Eq. (12) are dimensionless. We have /iy
=2A/ 7TR2M§ as a measure of the strength of the exchange,
[=L/R, hK=K1/27TM§ as a measure of the first-order aniso-
tropy, k=K,/K, and hy=H,/4mMy. Recall that the dimen-
sionless measure of length is x=2z/L. Finally the nonlocal
kernel, once this term is reduced to an integral only over the
unit cell surrounding the origin, is

sinh[%(|x| - l)]
T (13)
sinh(—”)
2

The Euler Lagrange equation generated from the energy
functional as written in Eq. (12) has the form

70 = sen(x) f D
0 u

%é(x) + %{h,([l + 2k sin 6(x)] - %}Sin 26(x)

+1

1
— hy sin[ 8(x) — O] + Ef dx'g(x—x";1)

-1

X[2 sin 6(x')sin 6(x) - cos B(x")cos (x)]O(x") = 0.
(14)

In Sec. III we turn to our numerical studies of the nature of
the ground state generated from the formalism developed in
this section.

III. NUMERICAL STUDIES OF THE GROUND STATE

In this section, we describe our numerical studies of the
nature of the ground state of the system, based on the use of
Eq. (14) and also the energy functional stated in Eq. (12).

We begin our discussion with comments on the analysis
presented earlier by Bergmann and his colleagues in Ref. 14.
As discussed above, these authors carried out a variational
analysis of the nature of the ground state. This was done
within a framework, in the present notation, that assumes
6(z)=6, sin(27z/L). Both 6, and L are treated as variational
parameters, chosen to minimize the total energy. Their com-
putation proceeds by a very different mathematical approach
from ours, we should remark. It is our view that the energy
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functional in Eq. (12) above is far more compact and easier
to employ than that used in Ref. 14. Bergmann et al. chose
two parameter sets for their analysis, based on the properties
of bulk ferromagnetic Co metal. When we employ their An-
satz and carry out a variational analysis using the energy
functional in Eq. (12), we reproduce the results quoted in
their paper.

The next question is whether the Ansatz introduced in
Ref. 14 is a reasonable description of the snake state. We can
prove that their form for 6(z) can be derived from our analy-
sis in the limit that the angular deviation from the ferromag-
netic state (with magnetization parallel to the symmetry axis)
is small. To see that this is so, we employ the form of the
Euler Lagrange equation displayed in Eq. (11). When this is
linearized for small-angle deviations from the ferromagnetic
state one finds

+0o0
Ab(z) +[K, — mM36(2) + T J dz'g(z-7';R)6(z") = 0.

(15)

It is easy to see that 6(z)= 6, sin(27z/L) is a solution of Eq.
(15) provided that the period L is determined from the im-
plicit relation

2m\? ,— (27R\- (27R
A T =K, -27MK, T I, T , (16a)

where I,(x) and K,(x) are the modified Bessel functions of
the first and second kind, respectively. We can write Eq.
(16a) in terms of the dimensionless variables introduced in
Sec. II, just above Eq. (13). One has

b e o)
N e W A A

Notice that the second-order anisotropy constant K,, or
equivalently «, does not enter Eq. (16). The onset of the
instability of the ferromagnetic state is controlled only by K,
ie., hg.

If we use the value of the experimental exchange stiffness
for bulk Co quoted by the authors of Ref. 14, see below, then
our parameter s,=0.0542. For this value of the exchange
strength, a numerical solution of Eq. (16b) then shows that
the uniform ferromagnetic state with moment parallel to the
symmetry axis of the wire becomes unstable for sz >0.27.
Right at the transition, one finds /=2.57. At the transition, the
period of the snake state is not so far from the value deter-
mined in Ref. 14.

We next turn to our numerical studies of the solutions of
the full Euler Lagrange equation. Before we turn to the re-
sults, we discuss our choice of numerical parameters. We
follow the authors of Ref. 14 for many of these. Little is
known about the magnetic properties of the Co nanowires in
which the easy axis is perpendicular to the symmetry axis of
the nanowire so it is reasonable to use numbers appropriate
to bulk Co. Thus, we choose 4mM¢=1.73 T so that 4’7TM§
=2.39X10° J/m>. For bulk Co, the experimental value of
the exchange stiffness D=6.96x 10" J m?, and we have
D=2gupA/Mg so that A=2.59X 107" J/m. In all of our

(16b)
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calculations, again following Ref. 14, we take the radius of
the wire to be R=40 nm. Then our parameter /4,=0.0542, as
mentioned in the previous paragraph. This value is used in
all calculations reported below. As mentioned in Sec. I, our
anisotropy constants K, K, are related to those k;,k, used in
Ref. 14 by K,=k;+2k, and K,=—k,. For bulk Co, k;=4.1
X 10° J/m?3, and two values for k, are quoted in Ref. 14,
ky=1.0X10° J/m? and k,=1.5X10° J/m3. Thus for these
two choices K;=6.1X10° J/m? and K;=7.1X10° J/m?>.
For these choices of K, our dimensionless parameter /iy as-
sumes the values 0.510 and 0.594, respectively. Both values
lie well above the threshold for the transition to the snake
state, as deduced from Eq. (16b). Then « assumes the values
—0.164 and —0.211 for the two choices of the fourth-order
anisotropy k,.

We first examine the solutions for the ground-state mag-
netization deduced from Eq. (14) by setting the Zeeman field
to zero and also we set K, to zero for the moment. With /4
set to 0.0542, we then have only one free parameter, hg. We
proceed by solving Eq. (14) for various values of /, and then
we search for the value of / which minimizes the free energy
per unit length as given in Eq. (12).

In Fig. 1(a), we show the maximum angular deviation of
the magnetization from the z axis as a function of Ay in the
snake state, and the dimensionless period /=L/R is illus-
trated in Fig. 1(b). We see the onset of the snake state at
hg=0.27 as deduced earlier from Eq. (16b), and right at the
onset of the instability the period /=2.57 as discussed above.
As hg increases, the period lengthens. Clearly the uniaxial
anisotropy in the nanowire will have to be substantially
larger than in bulk Co for the period reported in Ref. 12 (I
=L/R~15) to be realized.

In Fig. 2, we show the spatial variation in the magnetiza-
tion for three choices of the dimensionless parameter /. Just
above threshold, as demonstrated above, the solution is very
similar to the Ansatz set forth in Ref. 14. We see that this is
so in the example displayed in Fig. 2(a). However, as we see
from Fig. 1(a), the maximum deflection angle in the snake
state increases very rapidly to assume large values not far
from threshold. As we see from Fig. 2(b), by the time we
reach values of hg in the range appropriate to bulk Co, the
state has a very different character than that envisioned in
Ref. 14. We have domains in which the magnetization is
canted from the z axis at close to a constant angle, separated
by domain walls. As we see from Fig. 2(c), as hg increases,
the domains lengthen while the thickness of the walls
changes little. The energy per unit length of the domain state
is lower in energy than a state in which we have uniform
canting of the magnetization, with 6(z) constant everywhere.

However, for the larger values of /g, when the free energy
is plotted as a function of /=L/R the minimum is very broad
indeed. This suggests that the snake state is a very soft and
easily deformable state at the larger values of hg. High ac-
curacy is required to locate the minimum. For instance, when
hg=1, the minimum is at L/R=8.89. The dimensionless free
energy per unit length, when compared to that in the ferro-
magnetic state assumes the value of —0.53029 at the mini-
mum. For L/R=9.5, the free energy per unit length is only
very slightly larger, —0.53018 whereas for L/R="7.5 the free
energy per unit length is —0.52927. It should be noted that
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FIG. 1. (Color online) As a function of the dimensionless pa-
rameter hg=K;/ 2’7TM§, we plot (a) the maximum angular deviation
from the z axis realized in the snake state and (b) the period L as a
function of this parameter. The calculations are for a nanowire with
radius R=40 nm and exchange strength discussed in the text.

the authors always found magnetic dipoles of opposite polar-
ity at the ends of the wires they probed. This suggests the
snake state adjusts itself so such a configuration may be re-
alized. This is compatible with the notion that the minimum
in the free energy per unit length is broad and shallow, for
wires which exhibit a long period. Earlier experimental stud-
ies reported complex domain structures in these wires but not
the periodic structure displayed in Ref. 12. Possibly the do-
mains are easily pinned by defects of various sorts.

Addition of the fourth-order anisotropy as described by
our parameter K, does not greatly change the spatial form of
the magnetization realized in the snake state. However, it
does decrease both the maximum canting angle and also the
period. We illustrate this in Fig. 3, for the case where hyg
=0.594. With parameters appropriate to bulk Co in mind, we
have confined our attention to the case where K, <0.

An interesting question concerns the influence of an ex-
ternally applied Zeeman field on the snake state. Can one
modify its properties through application of only a modest
field? This would be highly desirable. One may envision
devices based on the propagation of spin waves down a
sample in which the snake state is present. If the amplitude
of the magnetization or the period can be altered by applica-
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FIG. 3. (Color online) For the case where the second-order an-
isotropy K 1/27TM§=hK=0.594, we show (a) the maximum deflec-
tion angle in the snake state and (b) its period as a function of the
strength of the quartic anisotropy K.

tion of a modest field, then the propagation characteristics of
the spin waves could be easily altered. The fact that the free
energy has the very shallow minimum when calculated as a
function of L/R, as discussed above, suggests the state is
“soft” and easily modulated by application of an external
magnetic field.

In Fig. 4, we show the maximum angle realized in the
snake state, as a function of the strength of a Zeeman field
applied parallel to the axis of symmetry of the wire (the z
direction). We have chosen hg=0.594 for this calculation;
this is a reasonable estimate of the second-order anisotropy
one might expect in Co nanowires. Also we have taken K,
=0. A field whose strength is in the range of 0.32 that of
4mM g is sufficient to suppress the snake state, and return the
system to a uniform ferromagnetic state. This, for Co, is a
field of 0.55 T, which is quite modest. In zero field, for the
parameters used in this calculation, one has L/R=4.85 and
the period decreases with magnetic field so that L/R is about
2.6 before the system returns to the ferromagnetic state. This
suggests that application of a modest field parallel to the
symmetry axis has a large effect on the snake state. For a
field of magnitude of only 0.1 that of 47Mg (0.173 T for Co),
the maximum angle in the ground state changes from 74° to
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FIG. 2. (Color online) The magnetization profile in the snake
state, for three choices of the parameter /. In these calculations,
the fourth-order anisotropy described by K, has been taken to zero.
We show the magnetization profile for (a) hg=0.28, just above the
threshold value of 0.27, (b) hg=0.594, appropriate to the case
where the nanowire is described by anisotropy in the range of bulk
Co values, and (c) hg=1.0.

57°, a change of 23%. Such a field decreases the period from
L/R=4.85 to 3.65.

The soft nature of the snake state can be appreciated
through its response to a magnetic field applied perpendicu-
lar to the symmetry axis of the wire, and thus parallel to the
easy axis. We find that very small applied fields induce a
substantial transverse magnetization. The mechanism is
field-induced displacement of the domain walls, which leads
to an asymmetry in the domain pattern and thus a large trans-
verse moment. For the case where hx=0.594 and k=0 we
illustrate this point in Fig. 5. For this choice of anisotropy
field, in zero applied field of the ground state, one has L/R
~5.

If we suppose for the nanowire that 47M¢=1.73 T as in
bulk Co, then the calculations in Fig. 5(a) correspond to an
applied field that is only 173 G and we see a substantial
modification of the domain pattern. In Fig. 5(b), the applied
field is 865 G. Thus the ground state responds quite dramati-
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FIG. 4. (Color online) The maximum deviation of the magneti-
zation from the symmetry axis in the snake state, as a function of
magnetic field applied parallel to the symmetry axis of the nano-
wire. For these calculations we have taken hx=0.594 and K,=0.

cally to an applied field of very modest strength. When
Hy/4wM=0.01, we find for the transverse moment M,
=0.15M while for Hy/47M ¢=0.05, we have M ,=0.46M.
The transverse field decreases the moment parallel to the
symmetry axis of the wire. When H,/47M¢=0.05, the net
longitudinal moment is reduced to 0.88My. The very large
weak-field transverse susceptibility will serve as a signature
of the snake state.
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FIG. 5. (Color online) We illustrate the influence of an external
magnetic field on the nature of the ground state, for the case where
the magnetic field is applied perpendicular to the symmetry axis of
the nanowire and parallel to the easy axis. In (a), the strength of the
field is Hy/4mM=0.01 and in (b) the strength is Hy/4mM¢=0.05.
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IV. CONCLUDING REMARKS

In this paper, we have developed the theory of the nature
of the ground state of a ferromagnetic nanowire in which the
easy axis lies within the plane perpendicular to the symmetry
axis of the wire. The motivation for our analysis is the syn-
thesis of Co nanowires where such a geometry is realized, as
described in Refs. 6—12. The theory presented here, like that
also found in Ref. 14, is valid in the limit of small wire radii,
by virtue of the assumption that the canting angle € depends
only on the coordinate z, where the z axis is the symmetry
axis of the wire.

For the limit just described, we have obtained a compact
representation of the energy per unit length of such a nano-
wire, for a ground state described by an arbitrary angular
deviation 6(z) of the magnetization from the symmetry axis.
From this functional, we derived an Euler Lagrange equation
whose solution yields a description of the ground state. In
Sec. III, we discussed the nature of the solutions of this equa-
tion, with the assumption that in the ground state 6(z) is
periodic with L, found by minimizing the energy per unit
length.

The authors of Ref. 14 have also explored this issue in the
thin-wire limit examined here, for the case where 6(z) is
assumed to have the special form 6, sin(27z/L). Here we
show analytically that this form emerges from our Euler
Lagrange equation just above the threshold value of the
transverse anisotropy required to render the ferromagnetic
state unstable with respect to the snake state, wherein 6(z) is
nonzero and periodic. Our numerical work shows that the
Ansatz employed in Ref. 14 describes the ground state only
very close to threshold. Save for this near-threshold region,
the picture of the ground state which emerges is very differ-
ent. We have domains inside of which the magnetization is
canted away from the symmetry axis; the canting angle al-
ternates in sign as one moves from one domain to the next.
The domains are then separated by domain walls also of
alternating sign, as one moves down the z axis.

The snake state is a very soft state, most particularly when
the transverse anisotropy is sufficiently large that the ratio
L/R is large; the energy per unit length associated with the
solution of the Euler Lagrange equation, plotted as a function
of L/R displays a very broad, shallow minimum. A conse-
quence is that the state responds strongly to very small ap-
plied magnetic fields. Particularly striking is the large trans-
verse moment induced by a very weak magnetic field applied
perpendicular to the symmetry axis of the wire. The state is
thus easy to deform with very small fields. A measurement of
the low-field transverse susceptibility of the state will be of
great interest, in our view.

We shall be interested in the nature of spin waves which
can propagate in the snake state. This will be examined in
future work. One may expect gaps in the spin-wave disper-
sion relation, of course, for wave vectors equal to the
reciprocal-lattice vector of the ground state. What is intrigu-
ing to us is that it should prove easy to modify the spin-wave
propagation characteristics in the ground state through appli-
cation of a very weak field perpendicular to the symmetry
axis of the wire. This should prove very interesting from the
device point of view.
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It is the case that the period we calculate, normalized to
the radius of the wire, is considerably smaller than found in
the experiments reported in Ref. 12. That this is so is the case
if the system parameters are close to those realized in bulk
Co metals. We can see from Fig. 1(b) that if the anisotropy in
these nanowires is somewhat stronger than that in bulk Co,
we can obtain rather large values of L/R. Thus the measure-
ment of the magnetic properties of these very interesting ma-
terials is highly desirable. It is also the case that the details of
the ground state realized in any particular sample may be
controlled by physics not contained in our analysis. Since the
energy minimum is so very shallow for large values of L/R,
the state realized may be very sensitive to defects or, as
suggested by the observation of strong magnetic dipoles in

PHYSICAL REVIEW B 80, 214410 (2009)

the samples, by end effects. Of course, the use of the thin-
wire limit in our description of the ground state may be open
to question as well. Further experiments on Co nanowires
and hopefully on other materials in which the easy axis is
perpendicular to the symmetry axis can provide tests of the
basic picture set forth in this paper.
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