PHYSICAL REVIEW B 78, 104401 (2008)
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The broadband ferromagnetic resonance (FMR) measurement has been carried out by using a rectifying
effect in two sets of Nig;Fe 9 wires. One wire is deposited on the middle strip line of the coplanar waveguide
(CPW) and another is deposited between two strip lines of the CPW, measuring the FMR induced by in-plane
and out-of-plane magnetic fields, respectively. The FMR frequency is defined by detecting the magnetoresis-
tance oscillation due to the magnetization dynamics induced by a radio frequency (rf) field. The magnetic-field
dependence of the resonance frequency and the rectification spectrum are analytically interpreted based on our
uniform magnetization precession model. These findings reveal that two distinct rectifying signals are antici-
pated by a rf field and a rf current, which can easily be controlled by engineering the ferromagnetic wire shape
and the external field orientation. These fundamental understandings are crucial for future rf device applica-

tions in spintronics.

DOLI: 10.1103/PhysRevB.78.104401

I. INTRODUCTION

Magnetization dynamics of nanoscale and micronscale
ferromagnets in the radio frequency (rf) and microwave fre-
quency regions is of critical importance to fundamental stud-
ies in spintronics. In particular, the ferromagnetic dynamics
in the gigahertz region has been actively explored for the
applications in microwave devices by using various tech-
niques, such as ferromagnetic resonance (FMR),'~> Brillouin
light scattering (BLS),38 and time-resolved magneto-optical
Kerr effect.”!? Each technique, however, has its own advan-
tages and disadvantages for the characterization of the mag-
netization dynamics in the high-frequency region. In particu-
lar, there are two complementary types of experiments, BLS
and FMR. The BLS corresponds to scattering photons from
thermally excited spin waves traveling with a wave vector
and an energy. In this scattering process, the spin wave of the
wave vector can be created or annihilated due to the conser-
vation of an energy and a momentum. In contrast, the FMR
measurement systems and analytical methods are widely
used as compared to the BLS. The FMR excitations transfer
no momentum and generate only modes with the total mo-
mentum satisfying zero, i.e., uniform modes. In addition,
standing spin waves with finite wave vectors are visible in
the FMR for reducing sample sizes, where the exchange and
magnetostatic energies become important, and are evident
pinning conditions at the sample boundaries. When the FMR
measurement is carried out on a single small sample, mag-
netization dynamics with spin waves can be easily obtained.
It is therefore crucial to develop a method to analyze the
magnetization dynamics properties not only for basic scien-
tific knowledge but also for technical applications.

Recently, several electrical measurements''~!° have been
proposed, which are extremely sensitive and suitable for in-
vestigating the magnetization dynamics in submicron-scale
magnets. One of them is a pulse-inductive method,'*> which
can measure the time domain of dynamical properties in an

1098-0121/2008/78(10)/104401(11)

104401-1

PACS number(s): 76.50.+g, 74.25.Ha, 75.75.+a

individual ferromagnetic film and a multilayered spin-valve
stack. This method is especially useful for the characteriza-
tion of intrinsic dynamical properties with recourse to a
state-of-the-art storage oscilloscope for high-speed sampling
and a wideband amplifier. Besides, a broadband spectrometer
is preferable for the FMR studies under a constant magnetic
field. The inductive technique to measure the FMR, using a
vector network analyzer, provides an insight to a modal spec-
trum with respect to both frequency and effective damping in
the various modes.'"1?

Currently, intensive investigation on a spin-polarized cur-
rent has been performed for potential applications to spin-
tronic devices. The spin-polarized current flowing through a
ferromagnet generates spin-wave excitation’*?! together with
magnetization reversal, which is a consequence of spin-
angular-momentum transfer from the spin-polarized current
onto a ferromagnetic moment. One of the most interesting
properties is the rectification of a rf current as have reported
by Tulapurkar et al.'* in a magnetic tunnel junction and
Sakey et al.'® in a spin valve. Such rectification also occurs
in thin ferromagnetic films and wires, and was investigated
by Juretscheke et al.,'® Yamaguchi et al.,'” Costache et al.,'®
and Mecking et al.'® For these structures except for our pre-
vious investigation,'” a direct current (dc) voltage is gener-
ated because the rf current flows through the ferromagnets
due to the multiplication of the rf current and the magnetore-
sistance oscillation, which are induced by spin precession by
the spin transfer torque and the rf driving field, respectively.
Such dc voltage generation by a rf current flowing through a
ferromagnet is called a rectifying effect or rectification of a rf
current.

In our previous papers,'” to the contrary, we have demon-
strated the rectifying effect induced by the direct injection of
a rf current in a submicron ferromagnetic wire. Even so, the
physical origins of the driving terms have not been revealed
since most of the injected rf current flow through the ferro-
magnetic strip only to generate a small driving field. In this
paper, therefore, we compare the rectifying effect induced by
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the direct current injection with that generated by the rf driv-
ing field in two distinct geometries and propose a phenom-
enological model to explain the results obtained from care-
fully designed ferromagnetic wires. To clarify the physical
origin of the driving torque, in particular, we focus on the
in-phase magnetization dynamics induced by the rf driving
field and the rf current. In Sec. II, sample fabrication and
analysis on a conventional magnetic-field mode are de-
scribed. In Sec. III, a mode for the spin dynamics in a ferro-
magnetic wire is proposed under the excitation of both in-
plane and out-of-plane rf driving fields. In particular, we
focus on both a spectrum shape and angle dependence of the
rectification due to the in-phase spin dynamics excited by the
rf current. Experimental results are shown and compared
with our dynamical analytical model in Sec. IV. In Sec. V, we
further discuss our experimental results and the validity of
our phenomenological analytical approach by comparing our
findings with those by the other groups. Finally, conclusions
from our investigation are summarized in Sec. VI.

II. SAMPLE FABRICATION AND ANALYSIS
ON A MAGNETIC-FIELD MODE

At an equilibrium state, a magnetization maintains its ori-
entation by a local effective field H., while the precession
of the magnetization is introduced around the equilibrium
orientation by the application of a weak microwave pumping
field k, in a FMR state. This pumping field exerts a small
perturbative torque M X h, onto the magnetization and, in
consequence, the local effective field exerts a restoring
torque M X H . Therefore, when both in-plane and out-of-
plane rf fields are applied, two different sets of magnetization
dynamics occur with respect to the direction of the applied
torque. In order to understand the rectifying effect of the
FMR in ferromagnetic Nig,Fe,y (Py) wires, we investigate
the spin dynamics individually for the in-plane and out-of-
plane rf fields by fabricating two types of the wire samples.

By using electron-beam lithography and lift-off process-
ing (see Fig. 1), two kinds of Py wires with thickness of 22
and 30 nm are prepared on MgO (100) substrates; the former
is prepared on the top of the coplanar waveguide (CPW)
comprising a Cr (5 nm)/Au (38 nm) conductive strip [Fig.
1(a)], while the latter is prepared in the aperture between the
conductive strip lines of the CPW, comprising Cr (5 nm)/Au
(80 nm) [Fig. 1(b)]. The wire prepared on the CPW strip
lines (3 um wide) is 2 wm in width and 80 wm in length as
shown in Fig. 1(a), while the wire prepared between the
CPW strip lines (5 wm wide) is 2 um in width and
150 wm in length as shown in Fig. 1(b).

The ground-signal-ground (GSG)-type microwave probe
is connected to the CPW, and the dc voltage difference in-
duced by the rf current flowing through the system is de-
tected by a bias-tee circuit and a voltmeter as illustrated in
Fig. 1(c).!” The sinusoidal voltage output of the signal gen-
erator (SG) with a frequency range from 10 MHz to 15 GHz
produces an approximately elliptical field pattern izg around
the middle strip line.?>?3 For the arrangement shown in Fig.
1(a), the rf current flowing through the middle strip gives rise
to the transverse rf field, while for that shown in Fig. 1(b),
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FIG. 1. (Color online) Schematic diagrams and optical micro-
scope images of the devices for the applications of (a) in-plane and
(b) out-of-plane magnetic fields. The external static magnetic field
(H.y,) is applied in the substrate plane at the angle of 6 from the
longitudinal axis of the wire. Schematic diagrams of (c) the electri-
cal measurement circuit and (d) the equivalent circuit for the device
are also illustrated. (e) Schematic projection of the magnetic-
moment precession in the a-b plane.

the rf current across the CPW introduces the rf field perpen-
dicular to the same plane. The external static magnetic field
H_,, is additionally applied in the substrate plane as a func-
tion of tilting angle 6 from the longitudinal axis of the wire.
All these FMR measurements are performed at room tem-
perature.

Figures 2(a) and 2(b) show the rf field distributions evalu-
ated by the high-frequency structure simulator (HFSS) (Ref.
24) for the two cases corresponding to Figs. 1(a) and 1(b),
respectively. The geometries and dimensions for the simula-
tions are the same as those of the present device structures
measured. The calculated rf field distributions, visually
shown in Figs. 2(a) and 2(b), are therefore consistent with
those in real space.

As shown in Fig. 2(a), the in-plane Oersted field along the
y direction, which is produced by the rf current / flowing at
a distance z along the z axis, is defined as H\(I,z) for the
device configuration shown in Fig. 1(a), where the y axis is
transverse to the current direction. At a position in the vicin-
ity of the center of the Py wire on the middle CPW (width
w), the middle wire can be treated as an infinite sheet of a
current, which produces a field %, plane=1/ 2w.!3 Similarly,
for the device arrangement shown in Fig. 1(b), the out-of-
plane field H,(1,y)=hqy of plane=1/2y is generated along the
wire axis [Fig. 2(b)], where y is the distance between the
center of the wire and that of the CPW middle strip line.

III. ANALYTICAL MODEL FOR THE MAGNETIZATION
DYNAMICS

The dynamics of a magnetization under a rf field is ana-
lytically described by the Landau-Lifshits-Gilbert (LLG)
equation. The LLG equation in the coordinate system as
shown in Fig. 1(e) is expressed by
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FIG. 2. (Color online) Calculated rf magnetic-field distributions
on the Py wire on the middle conductive strip line of the CPW,
corresponding to the device in Fig. 1(a), at the phases of (a) 0° and
(b) 180°. Those on the Py wire between the middle strip line and
one of the ground lines of the CPW [see Fig. 1(b)] at the phase of
(c) 0° and (d) 180°. These phases of 0° and 180° correspond to the
directions of the current, i.e., +x and —x directions.

a’t;:t) =— yom(t) X (Hg; + hgp) + am(t) X am(g—:t)’ (1)

where m(t) denotes the unit vector along the local magneti-
zation (m=M/Mg, |m|=1, and My as the saturation magne-
tization), and y,, Hy, hgp, and « represent a gyromagnetic
ratio, an effective magnetic field including exchange and de-
magnetizing fields, a rf field produced by a rf current flowing
through the middle strip of the CPW, and the Gilbert damp-
ing constant, respectively.

As schematically shown in Fig. 1(e), we define the
(x,y,z) coordinate system, in which three components corre-
spond to the vertical wire axis, the longitudinal wire axis,
and the normal to the substrate plane, respectively. The ex-
ternal magnetic field is directed at angle 6 from the
+x-coordinate axis. Subsequently, we also define the (a,b,¢)
coordinate system, where the +a direction corresponds to the
equilibrium direction of m, along the effective magnetic field
H. =H_..+H, (H., as an external field and H, as a shape
anisotropy field). To simplify the analysis and perceive the
essence of the phenomena, the uniform macrospin precession
in the phase with the rf current is assumed to be dominant in
our system because of the strong shape anisotropy.

The magnetization precession around H, g results in a
small time-dependent component of the magnetization per-
pendicular to m, which inclines at the angle ¢ from the +x
axis. Subsequently, we decompose the unit vector m(z) as
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m(1) = [m,(1),m,(t),m.(1)], (2)

where |m(r)|=1, and hence, m,=\1-(m;+m?). The mag-
netic fields, H., H., and Hy, in the (a,b,c) coordinate
system satisfy the following relationship:

Hg=H.+H,. (3)
Here,
Hexl = [Hexl COS(B— lﬁ)’Hexl Sin(a_ lﬂ),O], (4)
and
HA=_MSN’m, (5)

where N is the demagnetizing factor tensor in the (a,b,c)
coordinate system, which is given by

N, cos’ i+ N, sin? (N, - Ny)cos sin g 0
N=| (N,=N,)cos sin ¢ N, sin® ¢+ N, cos> iy 0 |,
0 0 N,

(6)

where N,, Ny, and N, are the demagnetizing factors in the
(x,y,z) system. Equation (6) satisfies the Schlomann sum
rule;:?> Tr N=1.

In the case of the wire prepared on the conductor strip line
[see Fig. 1(a)], the 1f field in the plane hgg is given by

hrﬂl = (hin planeeim sin lﬂvhin planeeiwt cos iﬂ,o), (7)

while for the wires located between the strip lines [see Fig.
1(b)], the rf field perpendicular to the plane hgp, is written
by

hy = (O’O’hout of planeeiwt)~ (®)

Hereafter, N, along the wire axis is assumed to be almost
zero (N,~0) because the long wire is considered in this
study and the easy axis is directed along the x direction, and
hence the precession angle around the direction of the effec-
tive magnetic field H.g is assumed to be very small (m,
=~ 1 and dm,/dt=0). Accordingly, the small perturbation of
the magnetization in the (a,b,c) coordinate system is ap-
proximately given by

om = [0,m(1),m (0] = (0,mye'™,me"), &)

where w is the rf angular frequency of the driving fields, A g
and k. Next, we linearize the LLG equation [Eq. (1)] and
reduce to a partial differential equation with respect to the
dynamic magnetization components mye'® and m.e'”’, by
taking only the linear terms of m; and m, into account. We
consider the following two distinct cases dependent upon the
driving fields; h,g for the Py wire on the middle CPW [Fig.
1(a)] and h,, for that between the CPW [Fig. 1(b)].

A. Driving field in the wire plane: gy

By substituting Egs. (3), (7), and (9) into Eq. (1) and also
by neglecting minor quadratic terms /i, pane/e and
hin plancp by replacing 9/ dt with iw, we obtain
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where

Hj, = Hy, cos(6— ) + Mg(N, — N,)cos 24, (11)

H| = Hey cos(0— ) + M[N,— (N, cos® y+ N, sin” )],
(12)

and
, . 1 .
Hgp= Hey, sin(0— ) — EMs(NX—Ny)Sln 2. (13)

Equation (10) can be solved as

(mb> _ ’)/O(Héfte_iwr + hin plane Cos lzy) ([70H+éiwa] )
m {wi -1+ a?)’w?} +ivaA ’

¢ —lw

(14)

where the FMR frequency wy and the linewidth A are, re-
spectively, given by the following relations:

w; = vH H,, (15)

A=y (Hj+H)). (16)

To simplify the analysis and perceive the essence of the
magnetization dynamics, we focus on the macrospin (uni-
form) precession. Essentially, since the shape anisotropy
loses its importance at high frequencies, the precessional
angle should be given by sin ¢(1) =~ (\Vmj+m?>)/|m|. How-
ever, if the shape anisotropy is decreased, the analysis, using
the macrospin, cannot explain the dynamics. In our measure-
ment, the shape anisotropy is sufficiently maintained because
the resonance frequency wy is confirmed to be dependent
upon the shape anisotropy.!”-?® The out-of-plane component
m, creates the dynamic demagnetizing field and exerts a
torque om X dm on the magnetization, rotating it by angle in
the plane. As a result, the in-plane components dominate the
magnetization precession. In particular, Fig. 1(f) shows the
projection of the magnetic moment in the a-b plane. Here,
we calculate the precession angle of ¢(r) and obtain m,=~ 1
—|m,|?>~1 by neglecting minor quadratic term |m,|>. This
assumption is applicable for the case when the out-of-plane
component m,. is negligibly small due to the strong magnetic
shape anisotropy. Accordingly, m; induces the anisotropic
magnetoresistance (AMR) with a magnetization precession
angle of ¢(r), namely,

. _ |om|, . g |om|,
sin p(1) = —— and sin2¢(1) =2 m|
m

i
In the rectification of the rf current in the device, the
magnetization dynamics induced by the rf current results in
the resistance oscillation and the dc voltage (V;) generation,
originating from the AMR effect in the Py wire.!” For the

(17)
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device, comprising the Py wire prepared on the CPW [see
Fig. 1(a)], the rf current /(¢) flows through both the CPW line
and the Py wire. Accordingly, the rf current is given by

1(t) = Icpw(1) + Ipy(1), (18)

where Icpyw(t) and Ipy(¢) are the current flowing though the
CPW line and the Py wire, respectively. The total resistance
R(z) of the system, consisting of parallel resistances for the
Py wire Rpy(#) and the CPW line Rcpy as shown in Fig. 1(d),
is given by

_ Rpy()Rcpw 19
k@) RPy(t)+RCPW. (19

Since Rpy(t) is derived from the AMR effect,
Rpy(t) = Ry + AR cos’[f+ ¢(1)], (20)

where R, is the resistance independent of the time ¢ and
angle ¢, and AR=R|—R, is the resistance difference be-
tween the magnetizations parallel and perpendicular to the
current. By considering the fact that AR is less than about
2% of R, for the Nig,Fe,q alloy, we can simplify Eq. (19) to
be

Repw

R(1) =
Repw + Ry

{Ry+ AR cos’[+ ¢(1)]}. (21)

Consequently, Icpw(#) and Ipy() are calculated by

Teoi(1) = [(DRpy (1) 1(0)Rpy(1)
VT Repw + Rpy(1)  Repw+Ry’
Iny(1) (ORcpw 1(t)Rcpw (22)

- Repw + RPy(f) Repw + Ry

The rf current /(f)=1I cos wt, which flows through the time-
dependent resistance of R(z), yields time-dependent voltage
difference V(¢)=I1(t)R(z) across R(t).

It should be noted that this rectification acts as the homo-
dyne demodulation as previously measured!® and that the
observable spectrum of the induced dc voltage Vjy(w) is a
function of w, which is equal to the frequency of magnetore-
sistance, independent of the second harmonic term. After
substitution of Egs. (14), (17), (21), and (22) into V(z), we
finally obtain

1
— —sin 2¢cos ¥

RoR AR-P
Vo(w) = A(w)—— = [
(RO + chw) 2W 2
+2(1 -2 cos? )cos wA(w)Héff] , (23)
where, by using an approximation of Il+a’=I(«a
~0.01 for Py), A(w) is given by
H/ 2_ 2

(0 — 0))* + W*?A?

In the case that |H,,|>|H,|, the magnetization aligns al-
most parallel to H, namely, = 6. Then, V,(w) becomes
proportional to sin 26 cos . On the other hand, when |H,|
<|H,|, the magnetization directs along the longitudinal wire
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axis, i.e., =0, and hence V,(w) is almost proportional to
H,, sin 6. Consequently, the field and angle dependences of
Vo(w) are summarized as the following two cases:

(i) Vy(w)oxsin26cos & when |H.|>|H,

s

(25)

(i) Vo(w) < Hyysin @ when |H.| <|H,. (26)

Here, we consider the influence of the inductive voltage
signal (IVS) given by dm,/dt=cos y{(dm,/dr),"> which is
closely related to the transverse magnetization through the
Faraday induction law. In this case, the 6 dependence of the
IVS is given by cos? @ for |H,,|>|H,| and sin 6 for |H_,|
<|H,|. The measured @ dependence of Vj(w) enables us to
determinate whether the IVS contributes the rectifying effect
or not as discussed in Sec. IV A. The shape anisotropy is not
of fundamental importance, however, the FMR frequency of
the rectifying effect is influenced by the shape anisotropy
field.

B. Driving field perpendicular to the wire: k.,

For the Py wire patterned between the middle strip line
and one of the ground strip lines of the CPW, the rf field k
given by Eq. (8) is introduced perpendicular to the wire
plane. Likewise to the previous Sec. III A, after the substitu-
tion of Egs. (3), (8), and (9) into Eq. (1), we obtain the
following solution with respect to m;, and m,. by again ne-
glecting the quadratic terms /gy of planec a0d Aoy of planc/sp
and by replacing d/dt with iw;

(m) _ wol(@f = o) - iwad}

(w,% — )+ 0’ a?A?

% (iwhout of plane + (70H+c’iwa)He,;ffe_iwt )

me

iwt

(YoH, + iwa)h, — iwH e~
(27)

The rf current I(rf)=1 cos wr induced by the injection of a
quasi-transverse electric and magnetic (quasi-TEM) micro-
wave flows through the Py wire located between the CPW
strips. By substituting Eq. (27) into Eq. (20) by using Eq.
(17), we calculate V(¢)=1I(¢)R(z). Similarly to the previous
section for hyp, we obtain the frequency spectrum of the
induced voltage Vy(w);

I/ I,
Volw) = B(a))wzozAR%X
y
X {~ A sin 26+ 2(1 - cos? Y)B(w)(e? — w?)

X{2Ay,H, - (0} - ")} H g}, (28)

where I, and I¢py are the currents flowing through the Py
wire and the middle conductive strip line of the CPW, re-
spectively. Here, B(w) is given by
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FIG. 3. (Color online) Total impedance of the system Z(w) as a
function of the rf w/27 for the Py wire on the middle CPW strip
line.

Yo
(wi - )+ w?a?A?

B(w) = (29)

When |H,,|>|H,|, the magnetization directs along the ap-
plied field (= 6) and the rectifying voltage is simply ex-
pressed as

Ip IcpwARw?> A
V() = B(w)—Pycpwz#sin 26. (30)
y

Therefore, V() becomes proportional to sin 26, which is
consistent with the result by Costache et al.'® Conversely,
when |H.| <|H,|, the magnetization is almost parallel to the
direction of H.y, i.e., 0<iy(=const) <6, indicating that
Vo(w) depends on sin 6.

IV. EXPERIMENTAL RESULTS OF MAGNETIZATION
DYNAMICS

A. Dc voltage induced by the in-plane rf field 7,

In the measured frequency region, the magnetic-field dis-
tribution of the CPW agrees very well with that of the quasi-
TEM mode?>?? as seen in Figs. 2(a) and 2(b), showing that
the magnetic-field pattern becomes an ellipse around the
middle strip conductor. Here, the experimental conditions are
as follows: the microwave power injected into the CPW is
+5 dBm with Repw=55 () and Rpy=600 (). Due to the im-
pedance mismatching among the measurement cables, the
bias tee, the GSG-type microwave probe, and the CPW with
the sample, the rf attenuation itself depends on the frequency.
In order to evaluate the losses due to this impedance mis-
matching, we measure the total impedance of the system as a
function of the frequency by using a vector network ana-
lyzer. For the 2-um-wide wire prepared on the CPW, the
impedance almost monotonically increases with a frequency
up to only 10% within the measured frequency as shown in
Fig. 3. It is, therefore, safe to address that the total system
impedance is almost independent of the frequency within the
operational frequency range below 15 GHz. Within this
range, the rf current density flowing through the middle co-
planar strip line and the Py wire are estimated to be
(6.0-6.2) X 10" and (7.0-7.2) X 10° A/m?, respectively,
both values of which are relatively low to induce rf joule
heating at the input power of +5 dBm. Accordingly, the am-

104401-5



YAMAGUCHI et al.

W:‘2um‘ (c)

’*-—-~\_1—80

b ]

200 800 Oc AV, (00 .
400 600 . 145
30

0 5 10 15
/2w (GHz)

Vo (},LV)

/21 (GHz)

00 0 5 10 150 5 10 15
/21 (GHz)

0 500 10
Magnetic field (Oe)

FIG. 4. (Color online) (a) dc voltage spectra V(w) generated by
the 22-nm-thick Nig;Fe;q wire on the middle CPW strip line in
response to the rf current under the magnetic fields of |H.,|=100,
200, 400, 600, and 800 Oe at 6#=30°. (b) Average frequency be-
tween the peak and the dip of the spectra Vy(w) is plotted as a
function of the applied magnetic field. The line represents a fit with
Eq. (15) to the data. Evolution of Vy(w) with the angles 6 between
the longitudinal wire axis and the magnetic-field direction is also
shown for (c) |H,y|=900 and (d) 30 Oe. Each resonant response is
vertically shifted for clarity.

plitude of the rf field on the middle strip line is estimated to
be 15 Oe without any power loss.'!~!3

A series of magnetic fields are applied in the substrate
plane every 5° from the wire axis. Figure 4(a) shows the field
dependence of the dc voltage, AVy(w), at §=30° for the
2-um-wide Py wire prepared on the CPW. As seen in Fig.
4(a), the peak (dip) positions of the resonance spectrum shift
towards the higher frequency by increasing the magnetic
field. Figure 4(b) shows the average frequency variations be-
tween the peak and the dip for the different frequencies of
the rf fields. The (red) solid squares indicate the measured
points, while the solid line shows the fit with Eq. (15), which
is consistent with Kittel’s equation.' As the rf field induced
by the rf current precesses the magnetization in the wire, the
AMR resistance also oscillates at the same resonance fre-
quency. This resistance oscillation generates V|, combined
with the rf current.

The rectifying spectra for the magnetic field of 900 Oe in
the substrate plane for #=0°, 35°, 95°, 145°, and 180° are
shown in Fig. 4(c). The 0 dependence of the spectra indicates
that the uniform precession is disturbed by 6 and that the
sign of V|, reverses when the sign of the field is reversed (6 to
0+180°). Here, the main resonance frequency w, is defined
as the average frequency between the peak and the dip in V.
The experimental data of both w;, and AV, are analyzed as a
function of 6 by using Egs. (15), (25), and (26) as described
in Sec. III A. Figure 5(a) shows the @ dependence of wy
under |H.,,|=900 and 30 Oe. The fitting with Eq. (15) almost
follows the measured data for |H|=900 O,, while the reso-
nance frequency is almost independent of 6 for the case of
|H.,|=30 O,. This indicates that the magnetization stays al-
most parallel to the easy axis of the wire under a small static
magnetic field. For the case of |H,,|=900 O,, the discrep-
ancy between the experimental and theoretical results in the
6 dependence of w, is considered to be caused by the inho-
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FIG. 5. (Color online) (a) FMR frequency as a function of the
applied field angle 6 under |H,|=900 (solid circles) and 30 Oe
(solid triangles). The (black) solid line represents the corresponding
fit with Eq. (15). Under the magnetic fields of (b) |H|/=900 and
(¢) 30 Oe, the (red) solid circles show the angle 6 dependence of the
dc voltage difference AVy(w;) at the FMR frequency. The (black)
solid lines represent the corresponding fits with the cases for Eq.
(25) and (26).

mogeneity of the magnetization at the edges of the wire.?>2¢

The 6 dependences of AV, under |H.,|=900 and 30 Oe are
shown in Figs. 5(b) and 5(c), respectively. The solid curves
represent (a) sin 26 cos # and (b) sin 6 fits, which are ob-
tained from the calculations for the cases of Egs. (25) and
(26), respectively. As shown in Figs. 5(b) and 5(c), these
fitting curves are in good agreement with the experimental
results. These experimental results can be explained in terms
of the phenomenological analytical model as described in
Sec. IIT A.

To clarify the difference between the mechanism of the
rectifying effect induced by the rf driving field and that by
the direct rf current injection, we compare the individual
spectrum. Figures 6(a) and 6(b) show V;(w) induced by the
rf current directly flowing in the 30-nm-thick and
2.2-pm-wide Py wire and by the in-plane rf field for the
22-nm-thick and 2-um-wide wire attached onto the CPW,
respectively. The (red) solid squares show the measured
Vo(w) data. Reference 17 shows that Vy(w) around the FMR
frequency w; is given by the superposition of a symmetric
Lorentzian line shape and an asymmetric dispersion line
shape. Conversely, V() is expressed only by the dispersion
line shape of Eq. (24), which is due to the disregard of the
contribution from the out-of-plane components of the mag-
netization dynamics. For simplicity, the symmetric (blue
line) and asymmetric (pink line) contributions are separately
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FIG. 6. (Color online) Rectifying spectra Vy(w) generated by
either (a) the rf current directly flowing through the Py wire or (b)
the in-plane rf field. Calculated curves based on our phenomeno-
logical analytical model are also shown in both figures.

shown in Fig. 6(a), while only the dispersion contribution
(black line) is shown in Fig. 6(b). These fits are in good
agreement with the corresponding experimental results.

By comparing the symmetric and asymmetric contribu-
tions shown in Fig. 6(a) with those described in Fig. 6(b), we
find that the ratio between the symmetric and asymmetric
contributions is clearly different. This finding reveals that the
magnetization dynamics induced by these two different driv-
ing forces is distinctively separated. The candidates of the
driving forces for these cases are the spin torque,?*?! the rf
field including the dynamical demagnetizing field,>%28-30
and an inhomogeneous electromagnetic field derived from
the coplanar waveguide structure.?®3! It is natural to consider
that the rf field is induced by the rf current,>30 while it is
necessary to discuss the origin of the spin torque in such a
system. The conduction electrons flowing through the ferro-
magnet with the magnetization distributions may generate
both the spin transfer torque??!' and the field torque with
spatial inhomogeneity.?”3>-3* In particular, the inhomogene-
ity of the magnetization near the ferromagnet edges,?8-30
where the magnetization is not saturated, creates a compli-
cated domain-wall-like structure and plays an important role
on the spin dynamics. According to our previous analysis,!’
the contribution of the spin torque gives the symmetric (ab-
sorptive) line shape in coordinate phase with the rf current.
On the other hand, the in-plane rf field arises from the out-
of-phase magnetization dynamics, yielding the asymmetric
(dispersive) line shape induced by the edge magnetization.
Here, the demagnetizing field directed normal to the plane by
the in-plane rf field forces the magnetization to rotate to-
wards the direction of the effective field. In other words, the
symmetric (absorptive) line-shape contribution arises from
the rf current in phase with the magnetization dynamics in
the FMR state. These understandings and experimental re-
sults are principally consistent with those of the Mecking
study'® and are further discussed in Sec. V.

B. Dc voltage induced by the out-of-plane rf field k¢,

Typical Vy(w) spectra for 6=150° under series of H,,, are
shown in Fig. 7(a). Both the resonance frequency and AV,
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FIG. 7. (Color online) (a) Dc voltage spectra Vy(w) generated in
the 30-nm-thick Py wire prepared between the middle strip and the
ground CPW line in response to the rf current under the magnetic
fields of [H,|=100, 200, 400, 600, and 800 Oe at 6=150°. (b)
Corresponding average frequency between the peak and the dip of
the spectra Vy(w) is plotted as a function of the magnetic field. The
line shows the fit with Eq. (15) to the data. The inset of (b) repre-
sents AVy(w) as a function of the magnetic field. Vy(w) for the
angles 60 between the longitudinal wire axis and the magnetic-field
direction is also shown for (c) |H.,|=600 and (d) 50 Oe. Each
resonant response is vertically shifted for clarity.

increase with increasing the magnetic field. Figures 7(c) and
7(d) show AVy(w) from #=0°—-180° under |H,,|=600 and
50 Oe, respectively. As seen in Fig. 7(c) for |H,,|=600 O,,
the resonance frequency w; shows the minimum at 6=90°
and the maxima at 6=0° and #=180°, while AV,(w) has the
minima at 6=0°, 90°, and 180°.

Minor peaks observed at a higher frequency than wy, in the
traces of Figs. 7(a), 7(c), and 7(d) may be the additional
spin-wave modes. We note, however, only the dominant
mode is employed for the analytical calculations and the data
interpretation. Figure 7(b) shows the static field dependence
of wy. The (red) solid circles are the experimental data, while
the black solid line shows the fitting with the analytical equa-
tion given by Eq. (15). The almost perfect agreement with
the fitting demonstrates that the magnetization vector of the
wire is driven into the uniform precession mode. The inset of
Fig. 7(b) illustrates the variation of AVy(w) with the mag-
netic field, where (blue) open squares are the experimental
data, illustrating that AVy(w) at the FMR frequency mono-
tonically increases with increasing the magnetic field. Ac-
cording to Eq. (30), AVy(w) at the FMR frequency wy is
given by

AVyx wiA = yMgH H)(H, + H.). (31)

When the demagnetizing field is much larger than the ap-
plied field, we obtain H. =~ Mg and AV, H,, indicating that
the dominant mode is the uniform precessional mode, which
is consistent with the model described by Costache et al.'®
Figure 8(a) shows the FMR frequency w, under |H.|
=600 and 50 Oe as a function of . The results in Fig. 8(a)
are almost similar to those in Fig. 5(a), and the fitting agrees
in an unambiguous manner with the measured results. As
have already mentioned in the previous section, the magne-
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FIG. 8. (Color online) (a) FMR frequency as a function of the
applied field angle 6 under |H,|=600 (red solid circles) and 50 Oe
(blue solid triangles). The black solid line represents the corre-
sponding fit with Eq. (15). Under the magnetic fields of (b) |Hy|
=600 and (c) 50 Oe, the (red) solid circles show the angle # depen-
dence of the dc voltage difference AVy(w) at the FMR frequency.
The black solid line in (b) represents the corresponding fit with Eq.
(30).

tization aligns almost along the longitudinal wire axis under
a small static applied field, while the magnetization near the
edges of the wire is not saturated even when the applied field
exceeds its effective anisotropy field |H,|. The 6 depen-
dences of AV, under |H,,,/=600 and 50 Oe are also shown in
Figs. 8(b) and 8(c), respectively. The (red) solid circles are
the experimental data. The (black) solid line in Fig. 8(b)
shows a —sin 26 curve, which fits to the data very well. This
indicates that the uniform precession mode is dominant un-
der the magnetic fields large enough to direct the magnetiza-
tion along to the external field. The angle dependence in Fig.
8(c), however, is difficult to explain using solely the uniform
precession mode generated by the rf field perpendicular to
the plane. The origin of the 6 dependence of AV(w,) for this
case is due to the higher-order spin-wave excitation as ob-
served in shape-controlled ferromagnets,!~1215:17:26.28-30

V. DISCUSSIONS

Before further discussing the rectifying effect of the rf
current in our experiment, we provide the detailed compari-
son of our results with those by the other groups.

Mecking et al.'® have used the TEO1 mode using the Ku
band (12.4-18 GHz) with the WR62 waveguide and have
measured a dc voltage due to the rectification between a rf
electric field and time-dependent AMR induced by the rf
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magnetic field. Their ferromagnetic strip is mounted at the
end of the waveguide. This experimental setup allows the rf
electric field to be parallel to the Py strip, maintaining the rf
magnetic field perpendicular to the Py strip in the film plane.
Here, the rf-induced electromagnetic field, which is the ori-
gin of the driving torque for the magnetization dynamics, is
not fully homogenous at the Py strip due to their device size
and arrangement. Even so, the external-field-angle depen-
dence of AV, is proportional to sin 26 cos # and the spec-
trum shape is separated into the symmetric and asymmetric
contributions, which agrees well with our findings as de-
scribed in Sec. IV A. However, it should be noted that an
inhomogeneous rf driving field does also produce both the
symmetric and asymmetric contributions. Therefore, the
physical origin of the rectifying effect induced by the direct
rf current flowing through a micronscale or nanoscale Py
wire remains as an open question to be discussed below.

Costache et al.'® then presented on-chip resonant driving
of the uniform magnetization precession mode in a single
nanoscale Py strip by the out-of-plane field application. The
rectifying signal is derived from the multiple of the induced
alternating current (ac) in the strip and the time-dependent
AMR. Their analytical model predicts the AV, is propor-
tional to sin 26, and they have demonstrated partial field
angle dependence in their experimental work. Our present
work perfectly complement their experimental result for the
angle dependence of AV,. In order to reach a consensus on
the rectifying effect induced by the rf current, both in-plane
and out-of-plane rf fields onto a Py wire need to be indepen-
dently investigated to evaluate spin dynamics individually
for the in-plane and out-of-plane rf fields. We have therefore
fabricated two types of the wire samples for these corre-
sponding fields to assess the rectification by the rf current in
the Py wire.

Our system presented here is comprised of the un-
grounded CPW, which is directly deposited onto the unclad
substrate. The ungrounded CPW is a transmission line sys-
tem consisting of a middle current currying trace with side
grounds, extending beyond symmetric gap to both sides of
the trace atop of the substrate. The CPW is then connected to
the GSG-type microwave probe. The side grounds of the
CPW provide the only return current paths. The advantage of
using the CPW lies to measure the spin dynamics in a single
micronscale or nanoscale magnet because of its high sensi-
tivities. When the quasi-TEM-mode field is directly injected
into the conductive line by using the GSG-type microwave
probe, the rf electric current only flows through the conduc-
tive line. Here, electromagnetic fields are formed symmetri-
cally to the both sides of the middle trace; an electric field E
induced by each ground line to the trace and vice versa in
phase, and a magnetic field H circulated around the middle
trace with the same phase as well. In our configuration, the
elecromagneitc field distribution perpendicular to the sub-
strate plane axis depends on the substrate thickness, coplanar
waveguide structure, and materials,?® all of which may addi-
tionally induce the rf driving torque. Figure 9 shows the
magnetic-field distribution calculated by the HFSS.?* The de-
vice structure for the calculation is the same as the experi-
ment. The vector magnetic-field distribution and the contour
diagram of the field magnitude are shown in Figs. 9(a) and
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FIG. 9. (Color online) (a) Vector magnetic-field distribution and
(b) contour diagram of the field magnitude calculated by HFSS with
slant electrodes for clarity.

9(b), respectively. As shown in Fig. 9, the magnetic-field
distribution show minor asymmetry at both the top and bot-
tom surfaces of the strip. Such an asymmetric field distribu-
tion may additionally induce the 1f driving magnetic field.
Our systems are short circuited to achieve the one port mea-
surement, which may also provide minor parasitic electro-
magnetic modes. In our setup, we measure the same rectify-
ing effect in different devices with symmetric transmission
lines, confirming the reproducibility of our experiment.
Now, the question we need to answer is how the rf current
rectification is generated in the straight Py wire under a uni-
form magnetization distribution. It is also important to dif-
ferentiate the rectifying signals excited by the rf current and
the rf field, which are coupled with each other according to
Maxwell’s equations. First, the physical origin of the rectify-
ing effect of the rf current flowing through the straight Py
strip is discussed by considering the rf magnetic field, spin
torque, and the other nonlinear effects. To understand the
rectifying effect, we analytically calculate magnetization dy-
namics induced by these torques. Our approach derives both
the angle dependence of AV, and the rectifying signals con-
sisting of the different driving torque contributions. There-
fore, we demonstrate the detection of the FMR in two dis-
tinct systems; a single micronscale Py wire located (i) on the
top of the middle trace line and (ii) between the middle and
one of the ground traces. The former Py wire experiences
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predominantly an in-plane rf field, while the latter feels an
out-of-plane rf field in principle. The distributions of the both
rf-driving fields are designed to be homogeneous at the Py
wires. Here, the phase of the rf field is maintained to be the
same as that of the injected rf current. The former and the
latter device arrangements correspond to the two experimen-
tal setups reported by Mecking et al.'® and Costache et al.,'®
respectively. By comparing these setups, we analytically dis-
tinguish the rf field components in phase with the injected rf
current by focusing on the in-phase components only.

We now evaluate the effective rf magnetic field either
in-plane or out-of-plane, which consists of an external rf
field as well as a rf field induced by the magnetization dy-
namics and drives the magnetization dynamics inside the Py
wire. Here, we assume a uniform magnetization precession
to simplify our analytical model to assess these fields. When
the direction of the driving field is determined, the preces-
sion component is deduced to Egs. (14) and (27), including
the effective field inside the Py wire through the demagne-
tizing tensor. The effective field consists of a static external
field and minor dynamics with both in-plane and out-of-
plane contributions when the higher spin-wave modes are
excited.!=%?-30 If the higher-order spin-wave modes are
taken into account for the effective field, the rectifying spec-
trum is expected to be given by the superposition of the
Lorentzian and dispersion-type curves. To clarify the physi-
cal origin of the driving torque, we focus on the in-phase
magnetization dynamics induced by the rf driving field and
the rf current.®> By assuming that the uniform precession is
driven by either the in-plane or out-of-plane rf fields, we
describe both the magnetization dynamics and the phenom-
enological rectifying effect. This leads to the fact that for the
in-plane-driving rf field, Egs. (25) and (26) ideally have only
the dispersive term, which is consistent with our experimen-
tal results as shown in Fig. 6(b). Conversely, it is clear that
the symmetric contribution dominates the spectrum line
shape for the case of the direct rf current introduction
through the Py wire as shown in Fig. 6(a). This clear distinc-
tion is attributed to the differences in the mechanism to in-
duce the rectifying effects by the rf field and the rf current as
follows.

We first consider the rectification by the rf current flowing
though the Py wire. In our experiment, the rf current in the
form of a sinusoidal constant wave is directly injected into
the Py wire. The rf current flowing in the loop of the CPW
Au electrodes generates an additional Oersted field onto the
Py wire, however, the field perpendicular to the substrate
plane is canceled out at the wire position because of the
symmetrical arrangement of the Au electrode. Even though
we confirm that the homogeneous Oersted field induced by
the rf current flowing through the Py strip cannot excite the
magnetization  precession by using micromagnetic
simulation,?® the small inhomogeneous electromagnetic field
distribution can induce the magnetization dynamics>3! (see
Fig. 9), which we have observed experimentally to be the
rectifying effect excited only by the rf field as shown in Sec.
IV. In addition, the inhomogeneity of the magnetization near
the Py wire edges®®?° and a dynamic dipolar field,>>3° where
the magnetization is not uniform, form complicated domain-
wall-like structures and govern the magnetization dynamics.
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The conduction electrons flowing through the ferromagnet
with the spatial magnetization distribution may also induce
the nonlinear torque including the spin transfer torque and
the field torque with the spatial inhomogeneity,?”32-3* gener-
ating a similar FMR signal.>> In fact, we have previously
confirmed that a complicated rectifying signal due to the
magnetization dynamics is induced by the nonlinear torque
in a single domain wall.!” Paradoxically, spin-wave instabil-
ity theoretically predicted is introduced by a spin current
applied to a uniform ferromagnet, which can also be the
origin of the nonlinear torque.’®

Accordingly, we carefully assess the rectifying effect ex-
cited by both the in-plane and out-of-plane rf fields. Since
our devices are small enough to match the microwave wave-
length, we estimate the in-phase magnetization dynamics
with both rf fields and evaluate the difference between the
experimental results and our phenomenological analytical
model. For our experimental results on the device illustrated
in Fig. 1(a), the asymmetric (dispersive) line shape arises
from the magnetization dynamics contribution due to the in-
plane rf field and the angle @ dependence of AV, is propor-
tional to sin 26 cos 6 and sin 6 for |H,|>|H,| and |H,|
=|H,|, respectively (see Fig. 5). These angle dependences
are consistent with those induced by the rf current as dis-
cussed earlier. On the other hand, the angle # dependence of
AV, induced by the out-of-plane rf-field excitation is in good
agreement with the sin 26 fitting for |H,,| > |H,| as shown in
Fig. 8. These significant differences between the rf-field ori-
entations clearly indicate that the out-of-plane rf field hardly
contributes to the rectifying signal induced by the rf current,
of which the field angle dependence is consistent with that of
the in-plane rf field excitation. This suggests that the rectifi-
cation of the rf current in the Py wires may be caused by the
in-plane inhomogeneous rf field distribution due to the CPW
structure?®3! (see Fig. 9), which may depart from our ana-
lytical model for the ideal case.

As seen in Fig. 6, we find the individual spectrum shape
induced by the in-plane rf field and the direct rf current flow
is different but with minor spin-wave modes, which means
that a dominant direction of the driving torque becomes per-
pendicular to the Py wire and induces the perpendicular mag-
netization dynamics.?” It should be noted that the magnetiza-
tion dynamics induced by the dynamic field distribution of
the higher-order spin-wave modes can also generate an out-
of-plane rf driving field contribution both in-phase and out-
of-phase. If the in-phase out-of-plane rf driving field contrib-
utes to the in-phase magnetization dynamics in the Py wire
on the middle strip line [see Fig. 1(a)], the spectrum shape is
expected to become a superposition of the symmetric and
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asymmetric contributions in a FMR state. According to our
measurement, however, the line shape shown in Fig. 6(b)
holds the asymmetric contribution only. In our systems, the
spectrum shape depends only on the in-plane rf field excita-
tion with the homogeneous distribution, which can be ex-
plained not by the out-of-phase driving field but by the in-
phase field using our phenomenological model as described
in Sec. III A. Therefore, we conclude that the asymmetric
rectifying spectrum is induced by the homogeneous in-phase
in-plane rf driving field, which is uniformly distributed in the
Py strip on the middle strip line of the CPW, while the sym-
metric rectifying spectrum is generated by the in-phase rf
current directly flowing through the Py strip.?*3! Further sys-
tematic investigation is necessary in order to perfectly repro-
duce our analytical model in an ideal sample configuration.

VI. CONCLUSIONS

We have demonstrated the rectifying broadband FMR
spectroscopy for micron-scale ferromagnetic wires induced
by both the in-plane and out-of-plane components of a uni-
form rf field by using the CPW method. We successfully
explain dc voltage spectra Vy(w) measured in the Py wires by
our phenomenological and analytical model based on the
coupling between the rf current and the AMR oscillation
derived from the uniform magnetization precession.

We also find that the characteristic shape of the rectifying
spectrum generated by the in-plane rf field differs from that
induced by the rf current directly flowing through the Py
wire. Similar difference is obtained in the rectifying voltage
with respect to the external field orientations, clearly reveal-
ing that the phase difference between the rf current and the rf
field is 90° by analyzing the in-phase magnetization dynam-
ics induced by the uniform rf driving field.

Such broadband rectifying effect generated by both the
in-plane and out-of-plane components of the rf field offers
highly sensitive measurement of spin dynamics in nanoscale
ferromagnets. The effect can be easily tuned by controlling
the resonance frequency by precisely designing either the
shape of the Py wire or the magnetic-field applications and
hence can facilitate fresh development for future rf spintron-
ics devices.
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