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Resonances are observed in the transmission between two coplanar waveguides coupled by
ferromagnetic CogyTasZrs tubes that wrap around their shorted ends. The resonances are assigned
to the magnetostatic surface waves that counter propagate along the tube perimeter. We use a
model based on an infinite ferromagnetic tube, with elliptical cross section of roughly the same
dimensions as the studied structure. Additional theoretical analysis of the fundamental precession
mode observed in experiment is carried out. Periodic boundary conditions dictated by the tube
perimeter and applied to magnetostatic surface waves quantitatively account for the experimentally
observed bandwidth of excited modes, despite the contorted tubular shape. The tubular topology
appears to be more important than the shape details. © 2012 American Institute of Physics.

[doi:10.1063/1.3672835]

. INTRODUCTION

Potential applications in magnetic memory, sensors,
signal processing and logic devices'™ has stimulated explo-
ration of spin dynamics in microstructured ferromagnetic
materials. Microwave devices based on magnetostatic spin
waves in insulating ferrimagnetic materials like yttrium-iron
garnet (YIG)® have long been explored and developed. How-
ever, future micro- and nanoscale spin wave based devices
may benefit from exploiting ferromagnetic metals that are
more easily deposited, processed and nanofabricated with
advanced fabrication techniques than ferrimagnetic oxides.
Further, ferromagnetic metals like CoTaZr, CoFe, and
CoFeB have nearly an order of magnitude larger saturation
magnetization than typical ferrimagnets.'” As a result, they
support higher and broader bands of spin wave resonances.
Among the metallic ferromagnetic materials CoTaZr exhib-
its the lowest coercive fields of 2—10 Oe which enables using
the shape anisotropy for self-alignment of the magnetization
in the patterned ferromagnetic structures.

Lithographically patterned ferromagnetic films support
shape defined magnetostatic spin wave modes quantized by the
structure dimensions. Stripes and wires of various geometries,
magnetic dots and antidot arrays have been intensively studied.
Quantized spin wave modes,'""'? spin wave “tunneling,”'*'¢
current induced Doppler shifts,'” nonreciprocal spin wave
propagation,'® magnon Bose-Einstein condensation'® and vari-
ous nonlinear effects®**! have been observed in these struc-
tures. Fabrication challenges have limited the number of
experiments on magnetization dynamics in three dimensional
geometries. Here, we describe the fabrication of ferromagnetic
tubes coupled to coplanar waveguides, experimental investiga-
tion and theoretical modeling of their resonant excitations. Fer-
romagnetic tubes are potential building blocks for on-chip
tunable microwave filters and transformers.
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In this work we study quantized surface magnetostatic
oscillations in micron sized ferromagnetic tubes formed by
wrapping a metallic ferromagnetic film around exciting and
detecting coupling loops at ends of coplanar waveguides.
The ferromagnetic tube forms a closed magnetic circuit
which traps the high frequency magnetic flux produced by
the enclosed coupling loops. Analogous to the core in com-
mon transformers these tubes should efficiently, and reso-
nantly, couple signals between coupling loops that share the
same ferromagnetic tube. Resonances are displayed that are
defined by the magnetostatic modes circulating on the inner
and outer tube surfaces and indexed by periodic boundary
conditions around the tubes despite their contorted geometry.

The magnetization ground state of tubular structures is
strongly dependent on the tube length / and external and
internal radii R and r.>>** Long and narrow tubes with / > R
form a simple ferromagnetic ground state with magnetic
moments aligned along the tube axis. The opposite case,
R > [, has the shape of a ring and supports a vortex state
with tangential magnetization circling around the ring.
Magnetization in short ferromagnetic tubes, or thick rings,
can be found in either a vortex configuration or so-called
“onion” state with two head to head vortex domains.

Recent theoretical**2® and experimental”>~*"*® work has
focused on the magnetization dynamics in long ferromagnetic
tubes magnetized along the tube axis. Theoretical models pre-
dict that resonances correspond to magnetostatic surface waves
circulating around the tube and subject to periodic boundary
conditions.”>?® The experiments of Mendach ez al. observed
the spatially uniform ferromagnetic resonance in a Permalloy
tube.”® They did not report on the rich spectrum of magneto-
static spin waves that circulate around the tube. Demokritov et
al. experimentally simulated tube like resonances by artificially
introducing periodic boundary conditions in a ferrite stripe by
providing electrical feedback between the exciting and detect-
ing loops.”’ The most striking results have been obtained by
Balhorn et al. on “self-assembled,” rolled up, ferromagnetic
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microtubes.’® They observed spin wave resonances in the self-
assembled, multilayered, ferromagnetic tube with a circular
cross section. The self-assembled structure produces a simple
test structure, but does not promise a method for integration
into high frequency circuits.

Il. EXPERIMENTAL APPROACH

The ferromagnetic tubes together with coplanar wave-
guide coupling loops were fabricated in the following
manner. (See Fig. 1.) A 200 nm thick amorphous ferro-
magnetic CogyTasZrs film was sputtered onto an oxidized Si
substrate (SiO, thickness of 200 nm). A saturation magnet-
ization of M,=955emu/cm’ and a coercive field H, ~2 Oe
and effective anisotropy field of H, ~20 Oe were measured
on the unpatterned CogyTasZrs film using a vibrating sample
magnetometer. More detailed information on the magnetic
properties of sputtered CogyTasZrs films used in our experi-
ments can be found in the literature.>>"** Using lithographic
techniques, the film was selectively etched in the ICP dry
etch system with chlorine based chemistry to define pairs of
6 um x 10 um rectangles. The longer side of the rectangle,
which later defined the ferromagnetic tube length, was
aligned parallel to the easy axis of the magnetic film. The
patterned ferromagnetic film was then covered with a
100 nm thick insulating SiO, layer. 100 nm thick aluminum
coupling loops were lithographically formed by short-
circuiting the ends of a pair of coplanar waveguides posi-
tioned over the CoggTasZrs rectangles. The structure was
covered with another SiO, insulating layer, 200 nm thick.

FIG. 1. (Color online) The shorted ends of two coplanar waveguides are
coupled by a ferromagnetic “tube.” Top view SEM (a) and SEM micrograph
of structure cross section (b). Schematic of fabricated structure (c).
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1 um x 10 um holes were dry-etched down to the bottom
magnetic layer to allow a subsequent, patterned, layer of
CoggTasZrs to complete the magnetic circuit. The completed
process resulted in two coplanar waveguides with 1 um wide
shorted ends, separated by 1 um but wrapped together by an
electrically isolated CoggTasZrs film (Fig. 1). The
CoggTasZrs film formed a 10 um long ferromagnetic tube-
like structure aligned along the ferromagnetic film easy axis.
It had 200 nm thick top and bottom walls that overlapped by
1 um at the tube sides to close the tube magnetic circuit.

The “tubes” thus formed are of course not circular but
topologically equivalent to a cylinder and provide a closed
magnetic circuit [Figs. 1(b) and 1(c)] that captures the mag-
netic fields produced by the high frequency currents flowing
in the shorted ends of the coplanar waveguides. Focused ion
beam etching exposes the cross section imaged in the SEM
micrograph [Fig. 1(b)].

Transmission and reflection S-parameters were meas-
ured at room temperature using an Agilent 8720ES vector
network analyzer (VNA) operating from 0.05 to 20 GHz.
Standard load-reflect-match calibration using the GGB
Industries CS-5 calibration substrate was carried out. This
procedure placed the VNA reference planes to the tips of the
infinity GSG probes used to contact the fabricated sample.

Only transmission S,;, the ratio of high frequency volt-
age at terminals 2 to the input high frequency voltage at ter-
minals 1, is analyzed in the following discussion. The test
devices were positioned on the narrow gap of a small electro-
magnet that provided magnetic field bias up to 1000 Oe
aligned along the tube axis. By comparing the S-parameters
at disparate bias magnetic fields, the magnetic field inde-
pendent instrument response and electromagnetic coupling
between measurement ports can be effectively removed to
expose the S-parameters related to the magnetostatic mode
coupling of exciting and detecting loops of the coplanar
waveguides. No magnetostatic coupling was detected in this
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FIG. 2. Frequency and magnetic field dependence of IS,,| measured with the
fabricated structure. Insert: I1S>;I(f) measured at H=552Oe. Arrows indi-
cate the peak positions.
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device at bias magnetic fields of H ~ 100 Oe. The measure-
ment at this magnetic field was used as a reference and sub-
tracted from measurements at higher bias fields to remove
the electromagnetic coupling.

lll. RESULTS AND DISCUSSION

Results for |Sy;|(f, H) measured on the fabricated structure
are shown in Fig. 2. At the low bias magnetic fields,
H, <200 0e, directed along the axis of the tube, |S(f)| dis-
played a number of peaks, the frequency position of which was
dependent on the history of the bias magnetic field. With increas-
ing magnetic field bias from H,=0 Oe, the magnitude of these
peaks decreases and related magnetic coupling disappears at
H.~1000e. At H,>?2000e we detect a strong peak followed
by a series of smaller peaks. These peaks shift toward higher fre-
quencies with increase of bias field, H,. Transmission at the low-
est frequency peak reaches |S,;| ~ 0.012 at H, =988 Oe.

The hysteretic low field behavior, 100 < H, < 200 Oe, is
interpreted as follows. The closed magnetic circuit can effec-
tively couple the two shorted ends of the coplanar waveguides
only when the tube magnetization is predominantly oriented
along the axis of the tubes, along the shorting lines of the
coplanar waveguides. Only then can the microwave magnetic
fields effectively induce changes in the magnetization and
couple to the magnetostatic oscillations in the tubes. This
condition occurs above 200 Oe. Below 200 Oe, the tube has
multidomain structure that will produce some coupling,
hysteretic in bias field and dependent on the bias field history.

This interpretation is supported by micromagnetic simu-
lations®® that investigate the magnetization alignment within
our structures at magnetic field values |H.| <2 kOe. The tube
geometry used in the micromagnetic simulations is schemati-
cally shown in insert in Fig. 3(a). The tube is formed by the
200 nm thick top and bottom magnetic layers, overlapping at
the sides. The lateral dimensions of the model tube are the
same as of the fabricated structure (Fig. 1). The following pa-
rameters were used in the simulation: CoggTasZrs with
M,=955emu/cm®, uniaxial anisotropy Kj,= 1200 erg/cm’
with the easy axis aligned along the tube axis (Z direction),
exchange stiffness A = 1.050 x 10~ ®erg/cm®, mesh size 1 nm.

The results of the simulations are shown in Fig. 3. At
magnetic fields H,>2660e the majority of magnetic
moments in the tube are aligned along the tube axis with
some magnetic disorder at the tube ends. When the field is
decreased the magnetization misalignment spreads toward
the tube center and forms the domain wall in the middle of
the tube. At H =0 the magnetization alignment of the tube is
described by a double vortex state.”> The magnetization is
mostly circularly oriented around the tube perimeter pointing
in a clockwise direction on one end and counter-clock wise
direction on the other end of the tube. This is similar to that
was found by Lee et al. for circular ferromagnetic nano-
tubes.”> Ferromagnetic magnetization alignment®>?>® of this
tube cannot be achieved at H = 0 because the length of the
tube is comparable to its other dimensions. As the field
increases in the opposite direction the magnetization reorien-
tation is achieved by forcing the vortices to either side as the
center develops a uniform magnetization [Fig. 3(b)].
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FIG. 3. (Color online) Results of micromagnetic simulations. Top: hystere-
sis curve, insert: tube model schematic; Bottom: schematic of magnetization
alignment at various magnetic fields for the top and bottom walls of the
tube.

The complex magnetic configuration of the tube at
|H.| <2660e is dependent on the tube magnetization
history. Most of the magnetic moments are not perpendicular
to the exciting high frequency magnetic fields produced by
the RF currents in the waveguide. The simulation suggests
that this complex magnetic configuration is responsible for
the low amplitude, bias history dependent, peaks in Sy (f)]
measured at A, <200 Oe in our experiment.

At higher magnetic fields (H,>2660Oe) the magnetic
moments are largely pointing along the tube axis. The high
frequency magnetic field is perpendicular to the magnetic
moments and can effectively excite the various magneto-
static magnetization oscillation modes. Starting from mag-
netic field values of ~2000Oe we detect a series of resonant
peaks in [Sy;(f)| whose frequency increases with increasing
H. (Fig. 2). The development of the systematic reproducible
structure above 2000e shown in Fig. 2 agrees with the
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infinity

FIG. 4. Resonances in 1S5 vs applied
magnetic field. Experiment (circles). (a)
Theory for tubes with elliptical profile
(dashed lines — inner modes, solid lines
—outer modes). Numbers indicate the
outer (0) and inner (i) mode numbers.2®
(b) Theory for MSSW in infinite ferro-
magnetic film with periodic boundary
conditions.** Solid lines — 12 um pe-
rimeter, dashed lines — 8 um perimeter.
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results of the simulation: above 266 Oe, the magnetization of
the tube is mostly aligned with the tube axis; the difference
in the threshold magnetic fields can be attributed to the shape
imperfections of the fabricated tube. The frequency position
of the observed peaks in |Sz;(f)| and their shift with a mag-
netic field H, are displayed in Fig. 4.

We used two theoretical models to analyze experimental
results. First, we theoretically analyzed the experimental
results using the model of the magnetostatic magnetization
oscillations in the elliptical tube developed by Popov and
Zavislyak.26 According to their model the magnetostatic oscil-
lations in the infinite tube with elliptical cross section are
formed by a superposition of the two waves traveling in the
opposite directions along the tube perimeter. The
magnetization (and magnetic field) for these modes can be
written in form A,e™® + B,e "?, where A, and B, are the
precession amplitudes and ¢ — elliptic cylindrical azimuthal
coordinate, n — the mode number. In contrast to the magneto-
static waves in the tubes with circular cross section,”® in
elliptical tubes the wave amplitudes are not equal and both
nonzero (A, # B, A,, B, # 0) and the magnetostatic oscilla-
tion mode (except of n=0) can be expressed as a superposi-
tion of the traveling and standing magnetostatic waves:
A,(e"? + e~"?) 4+ (B, — A,)e”"?. The energy fluxes of the
waves traveling in the opposite directions cancel each other at
some radial coordinate value within the wall of the tube. At
the other radial coordinate values one of the energy fluxes
dominates and forms a traveling wave with larger energy flux
either on the inner or outer surfaces of the tube. Dispersion
relation of these modes is given by the biquadratic equation:

(14 P) o’ — s’ +q =0, ey
where o is the frequency of the magnetization oscillation,
s =1/4a}, (1 —r*) (1 = P)*+20p(1 + P)*(0m + on)
+ Zw%IP(l — 1”2”), ()
q = [op(1+P)+ 1205, (1 — ") + 1/20ywy (" (P — 1)

+P+3)] x [w(1+P)+ 1/205,P(1 —r*")
+1/20ywy (*"(1 — P) + 3P + 1)],

p— (1 _ (c/le)z")/(1 + (c/2R1)2”),

b b
r=Ry/R,, Rl—aler L RzZ%’

400
H (Oe)

600 800 1000

oy = yH, wy = y4nM, y is the gyromagnetic ratio, 7 is the
mode number, and c is the semifocal length of the inner and
outer ellipses. Equation (1) has two positive solutions which
represent two families of spin wave modes in ferromagnetic
tubes of elliptical profile:

:—\/1/2 s—|—

LF __ 1

" 1+P

—4(1 +P) ), (3a)

1/2<s— 52—4(1+P)2q>. (3b)

The high frequency mode ! has larger energy flux on the
outer surface of the tube and the low frequency mode %"
has larger energy flux on the inner. For example, for n=1
mode the Pointing vector amplitudes on the inner and outer
surfaces can be different by factor of 6 for certain geometries
of the ellipsoid.?®

We approximate the fabricated tube with an elliptical
tube with the following dimensions: a;=1.899 um,
a,=1.925 ym, b, =0.350 um, by =0.150 um. The cross sec-
tion of the fabricated tube is shown in Fig. 5 and compared
with the aforementioned elliptical tube. The inner and outer
ellipses are confocal. Results of approximation are shown as
lines in Fig. 4(a). At H>200Oe the mode with n = 0 fits
well the strongest (lowest frequency) peak observed in the
experiment.

FIG. 5. (Color online) SEM image of the fabricated ferromagnetic tube
cross section (a) and schematic of model elliptical tube cross section (b).
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Additional theoretical analysis of the n = 0 mode was
carried out. Following the Popov-Zavislyak model*® and
their notation we can directly solve Maxwell equations in the
magnetostatic limit for n = 0. Magnetic field, induction and
magnetization can be expressed as follows:

Inside the tube:

Bp(pa ¢) = Hﬂ(p7 @) =0,

outside of the tube:
B,(p,p) =Hy(p,p) =0,

within the tube walls:

B(p(p, ®) :H(/)(P; ) =0; 4

By(p,¢) = Hy(p, @) = 0; (5)

—IA %)
mp(m(p):hp, mw(p,q)):hp 1+w—f, (6)
P P
—47A
H,(p,p) = oy H,(p, ) =0, @)
p
—idnA w
Bo(pig) =0, Bolpp) =——=\[1+ 5 ®)
p

where £, = [(1 —c2/4/02)2+(62/p2)sin2 (p]l/z, and (p, ¢)
are the elliptic cylindrical coordinates.

For n = 0 the resonant frequency field dependence is
given by

wo =y H(H +4nM), 9)

which is the same as the expression for the ferromagnetic
resonance (FMR) of an infinite film.

The n = 0 mode has the following features that can be
seen by exploring expressions (8) and (9). The mode fre-
quency does not depend on the tube dimensions. That sup-
ports the good fit of the experimentally measured n = 0
mode despite the distortions in the tube shape. Amplitude of
the magnetization oscillation, m, is maximal on the inner
surface of the tube and decays toward the outer surface;
therefore this mode is a feature of the tube geometry; in
ferromagnetic wires the n = 0 mode will be a volume, not
surface mode.>* The magnetization precession is elliptical
and the ellipticity is not dependent on the position within the
tube walls but is defined by the ratio of tube saturation
magnetization and external magnetic field:

my(p, @) /M (p, @) = ——— . (10)

1+
WH

Magnetic field and magnetic induction vectors are orthogo-
nal within the tube walls. m is maximal when pointing along
the tube perimeter and couples well to the / produced by the
high frequency currents in the exciting wire that short
circuits the end of the coplanar waveguide. Due to the elliptic-
ity of the magnetization precession and the alignment of the
ellipse major semiaxis along the tube perimeter the magnetic
moments precess mostly in the plane of the tube surface and
do not generate magnetic fields outside of the tube. This
makes the n =0 mode immune to the tube surrounding.

J. Appl. Phys. 111, 013905 (2012)

FIG. 6. (Color online) Schematic of the n =0 mode of magnetostatic spin
oscillations in elliptical tube.

In FMR all magnetic moments of the film are precessing
in phase. If one thinks of our tubes as of a folded infinite fer-
romagnetic film with periodic boundary conditions magnetic
moments of the opposite walls of the tube will oscillate 180
degrees out of phase as schematically shown in Fig. 6. As
one can see the lowest frequency mode with n = 0 is not a
FMR of the tube but a resonance in which the magnetic
moments oscillate in phase along the perimeter of the tube.

The higher frequency (outer) mode with n =1 repre-
sents a spin wave with wavelength equal to the tube perime-
ter where m = 0 at the extremal points on the long axis of
the ellipse. For this mode all magnetic moments of the tube
oscillate in phase and therefore this mode is most like the
FMR of the tube and probably is the mode seen in experi-
ments by Mendach er al.*®

Although the fabricated tube has a topology of an ellipti-
cal tube it is obvious, from the cross section shown in Fig. 5
that the tube’s profile is not at all elliptical but has gross
distortions where the CoTaZr film goes over the coupling
loops. Mode indices for the model elliptical tube are prob-
ably not useful here. We may assume that the irregular shape
will allow coupling to nearly all modes albeit with differing
strengths. The highest frequency peak observed in our
experiments coincides with the top of the magnetostatic
magnetization oscillation band in an elliptical tube (n — o0)
which also coincides with a top of the magnetostatic surface
spin wave band of an infinite slab and can be written
as: W = Y(H +4nM /2). As n — oo the spin wave length
becomes very short in comparison to the tube wall-to-wall
distances and despite the distortions from the elliptical shape
the tube behaves as a ferromagnetic film folded into a tube
and supports magnetostatic surface waves circulating along
the tube perimeter. As in the infinite slab, at large k-vectors,
the spin wave outer and inner modes become degenerate; the
confluence of the many modes with large wave vectors to a
single frequency results in a well defined peak at the top of
the spectrum as observed and shown in Fig. 2.

This observation suggests an alternative model that is
more intuitive. We compare magnetostatic surface spin wave
modes in an infinite ferromagnetic film*> with periodic
boundary conditions that match the tube perimeter with the
experimental data. Exchange interaction was not taken into
account. The tube profile was approximated by a 200 nm
thick ferromagnetic film folded into tube with perimeters
equal 12 and 8 um, respectively, which correspond to the
inner and outer perimeters of the fabricated structure. Results
of this approximation for the first 12 modes and n — oo
mode are shown as lines in Fig. 4(b). The modes with n =0
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and n — oo fit the experimental data for lowest and highest
frequency peaks very well. These modes that provide a lower
and upper bound on the band of spin excitations do not
depend on the perimeter of the tube since either all spins are
oscillating in-phase (n=0) or the spin wave wavelength is
small in comparison to the tube perimeter (n — o0). Of
course the contorted shape of the experimental “tubes” pre-
cludes indexing the intermediate frequency peaks as it did
for the more rigorous model based on the elliptic tube.

IV. SUMMARY

In summary, we have measured microwave transmis-
sion through lithographically fabricated coplanar wave-
guides coupled by novel ferromagnetic tubes with distorted
profile. Experimental data was compared with a model cal-
culation of magnetostatic surface oscillations in an infin-
itely long elliptical ferromagnetic tube as well as with
surface spin waves in an infinite ferromagnetic film with
periodic boundary conditions. While we expect to observe
no clear mode indexing due to the irregular shape of the
tube, the frequency band of the observed modes agrees with
the predictions of an elliptical tube and coincides with the
spectral bandwidth of magnetostatic surface waves of an in-
finite slab. We do recognize that the lowest frequency mode
has the largest amplitude because the in-phase oscillation
of the magnetization along the tube perimeter coincides
with the direction of the exciting magnetic fields. A well
defined high frequency limit develops as the circumferen-
tial surface wave lengths become small compared to the
dimensions of the tube and asymptotically approach the
short wavelength high frequency limit of the infinite slab.
Between these limits, the irregular shape allows us couple
to various modes, the strength of which is probably con-
trolled by the details of the shape.

The fabricated structures are potentially important as
high frequency tunable filters. As interesting as the surface
modes are, the strong n =0 mode is probably the most
useful. In order to make the filter work efficiently the input
inductance of the filter should be increased either by increas-
ing the number of exciting wires inside the magnetic tube
(winding) or more conveniently by increasing the tube length
while keeping other dimensions the same. Lengthening the
tubes should introduce strong shape anisotropy. The ground
state will have the magnetization along the tube without
external bias and a strong resonance transmission at H =0.
Resonance could be fine tuned by “on circuit board” fields
and or self-fields produced by DC currents flowing in the
wires encased by the tubes.
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