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Abstract

Ferromagnetic materials have important application in spin electronic devices primarily in
developing electronic memories. Measurement of ferromagnetic resonance(FMR) is useful in
studying spin properties of ferromagnetic thin films and characterizing magnetic materials.
Here we discuss a theoretical model given by Landau, Lifshitz and Gilbert to explain this
phenomenon. Further we focus on developing a setup to detect ferromagnetic resonance

(FMR) in thin-films using microwave circuits.
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Chapter 1

INTRODUCTION

Spintronics is a field of research that aims to use the spin degree of freedom of electrons
to create new electronic devices, especially in the memory domain. The intrinsic angular
momentum of a particle, which produces a magnetic dipole moment, is defined from spin.
Without an external magnetic field to align the spins, there is no large-scale spin order in
most materials. In ferromagnetic and ferrimagnetic materials, however, due to the presence
of an exchange interaction which aligns neighbouring spins, a spontaneous magnetic order

occurs even in the absence of an applied magnetic field.

Since the switching current of a spintronic magnetic memory cell is proportional to the
damping of the spin dynamics of the magnetic material, a small magnetization damping
is preferred for fast writing and reading speeds as well as low energy consumption. As a
result, a thorough understanding of the dynamic response of small magnetic elements to
high frequency magnetic fields will be required to push device performance closer to fun-
damental limits. Ferromagnetic resonance (FMR) is an important technique for measuring
the bulk spin properties of ferromagnetic materials and thin films, and the primary focus
of this report is the development of techniques for measuring FMR and characterising a

multifaceted experimental FMR setup.

The mutual excitation of an ensemble of electron spin magnetic moments in a mag-
netic solid is known as ferromagnetic resonance (FMR). During experiment, the sample
is exposed to a fixed frequency microwave field as well as a static field. The reflected or

absorbed power from the solution is recorded at each field value. This can produce one



or more minima and maxima, corresponding to ensemble resonance modes. The resonance
field, also known as the resonance field, is determined by a collection of magnetic param-
eters. Since magnetic moments in ferromagnets experience not only the applied field, but
also dipole-dipole coupling between moments, direct exchange interactions, and spin-orbit
interactions. Demagnetizing forces, exchange fields in the case of non-uniform magnetic
moment orientations, magneto-crystalline anisotropy torques, magneto-elastic torques, and
dissipative torques are all generated as a result of these processes.Torque or effective field
can also be contributed by a magnetic interlayer coupling. Since the overall effective field,
and hence the resonance field, is dependent on these conditions, FMR is a valuable method

for determining the related magnetic parameters.

1.1 Interactions in ferromagnets

In ferromagnets, the domain structure is produced by the combination of several inter-
actions. In order to explain the dynamics, it’s also necessary to understand the energy
landscape formed by these interactions. The magnetization (M) is given by the magnetic

moment per unit volume.|[Alex Hubert, 1998]

e Exchange interaction: The exchange interaction is based on the Coulomb inter-
action in conjunction with the Pauli exclusion rule, which states that two fermions
cannot be in the same quantum state. In solids, total energy due to spins (S) of N

atoms is given by the Heisenberg model,

N N

Beo=— Y JSiS;=-2>_ J;S:S; (1.1)
4,3 1<j

where J;; is exchange integral. For ferromagnetic materials, energy is lower in parallel

alignment of spins due to positive sign of J;;. In mesoscopic-level, the exchange encrgy

density is given by,

nJS?
Eox = v /dV(Vm) (1.2)

where m = M/ M; is normalized magnetization, M, being the saturation magnetiza-

tion, a is the lattice constant and n is a factor dependent on crystal structure.

e Zeeman interaction: The energy resulting from interaction of the magnetization
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(M) with the external magnetic field (He,+) is given by,

— [0

/ dVM.H,,, (1.3)

Ezee =

Anisotropic interactions: The energy of a magnetic sample is generally determined
by the direction of magnetization. The spin-orbit coupling explains shape anisotropy:
the spins are bound to the orbital angular momentum, whose energy is linked to its
orientation relative to the crystal lattice. For solids having cubic lattice structure,

magnetocrystalline anisotropic energy density is given by
Eani = K1 (mimi + mimf +m2m?) + Kgmgmzmz (1.4)

here m; are the components of normalized magnetization m and K;,Ks are the
anisotropy constant of first and second order. Energy density due to uniaxial magne-

tocrystalline anisotropy is given by
Cumi = fKumf. (1.5)

here K, is the uniaxial anisotropy constant describing the preferred axis of magnetiza-
tion in the material. In thin films, apart from volume anisotropies, surface anisotropy

is also significant. It is described using perpendicular anisotropy constant (K )

Esur = _%mg (16)

Demagnetization field interaction: The dipolar interaction between magnetic
moments has a very long range. Each magnetic moment interacts with the dipolar
field of every other magnetic moment, resulting in a non-local demagnetizing energy
contribution.

—Ho
Edem — W/dVMHdem (17)
For uniformly magnetized ellipsoid, demagnetizing field is given by

Hyern = —N.M (1.8)

where N is demagnetizing matrix given by

N, 0 O
N=|0o N, O (1.9)
0 0 N

z
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here, (N,,Ny,N.) are demagnetizing factors. The equation (1.7) can also be rewritten
in a simpler form,

Edem = %M.N.M (1.10)

1.2 Magnetization dynamics

The effective magnetic field on thin-film can be calculated by taking functional derivative

of total energy density due to various interactions with respect to magnetization
1
Heff - _M_DVM(Ee:L’ + Ezee + Eani + Euni + Esur + Edem) (111)

Landau and Lifshitz(LL) introduced a model in 1935 describing the precession of mag-

netization M vector in presence of effective magnetic field H.s:

dM

where v = 92|e|
m

is the gyromagnetic ratio, g is the Landé g-factor, e is the electronic charge
and m, is the rrelass of electron.

The LL equation predicts undamped precession of M around H,;; at a constant cone
angle. However, it was observed experimentally that magnetization aligns with Hy, after

a finite time. To account for this inconsistency, Gilbert in 1955 proposed adding a damping

term to the LL equation. The Landau-Lifshitz-Gilbert(LLG) equation is given by,

dM a dM
N M x Hopr 4+ — [ M x &2 1.13
dt THOAE X 'ff+Ms< x dt) (1.13)

The LLG equation can also be equivalently written in a form similar to LL equation.

dM THo
S P M xH e —
dt A +a2) et

TYHo

TiraM” (M x Hgyp) (1.14)

The final solution for the precession freuency is given by Kittel’s euation,
w'rz‘es = WZM%)(Hext + Humj + (Nz - NJJ)MS)(Hext + Hunz + (Ny - NZ)MS) (115)
For two common orientation of film, in-plane field(i.e. N, =1, Ny, N, =0)

)

Wres = ’VMO(He:L‘t + Huni - M&) (116)
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Figure 1.1: (a) The magnetization M precesses with respect to effective magnetic
field H.s; according to Landau-Lifshitz equation (b) Change in the precession of

magnetization after introducing Gilbert’s damping parameter.

and for out of plane field(i.e. N,, N, =0, N, =1),

Wres = 'Y,U/O\/(Hext + Huni)(Hext + Hyni + Ms) (117)

J_hT He:r,t 'J_>(L.

Y Y

. Huni
(a) Ny, N, =0, N, = 1 (b) N, =1. N,,N. =0

Figure 1.2: Common thin film configurations

To compensate for damping loss, an AC magnetic field perpendicular to the static bias field
may be applied to drive the magnetization precession. At resonance, the microwave fre-
quency matches the magnetization precession frequency, and maximal power is transmitted
from the microwave to the sample. This is FMR condition, and the combined activity of

the sample can be determined by analysing the microwave power absorption profile.

Section 1.2 MAGNETIZATION DYNAMICS 5
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Chapter 2

FMR MEASUREMENT TECHNIQUES

2.1 VNA-FMR

One of the broadband FMR measurement method having high signal to noise ratio is VNA-
FMR . In this setup, vector network analyzer is connected to co-planar wave guide (CPW)
of impedance 50¢2 which is used to excite the ferromagnetic sample. The sample is placed

over the CPW with the magnetic film facing the CPW.

VNA

Port 2 Ferromagnetic film

Stripline

SMA connectors

Electromagnet

Current source

Figure 2.1: Schematic of VNA-FMR setup

[Kalarickal et al., 2006] analyzed the data using effective microwave permeability parameter

of the form




10F H

ext =
3.22 kA/m
(40.5 Oe)

0.6

0.2

0.0

-0.2
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1.0 1.5 2.0 25 3.0
Frequency (GHz)

L L

Figure 2.2: Representative VNA-FMR data showing the normalized permeability
parameter U of a 50 nm thick NiFe film [Kalarickal et al., 2006]

here, f denotes the frequency of measurement, Sz;_p and Spi_,ef are respectively the
scattering parameters So1 at a given value of static external magnetic field of interest and

at a reference field.

2.2 Interferometric FMR

2.2.1 High-sensitivity VNA-FMR

Here, the sensitivity of the FMR measurement is increased by combining the high sensi-
tivity of the VNA-FMR measurement, and the improvement in signal-to-noise ratio of a
microwave interferometer via background subtraction. Figure 2.3 shows the block diagram
of the apparatus. Here, abbreviations of components are as follows, PR are probes, PD is
power divider, PS is phase shifter, VA is variable attenuator, LNA is low-noise amplifier,
EM is electromagnet, CS is current source for EM, SG is signal generator and AWG is

arbitrary waveform generator. The signal is split in two parts, one is passed through CPW

8 Chapter 2 FMR MEASUREMENT TECHNIQUES




exciting the ferromagnetic sample and other part passes through phase shifter and variable
attenuator. Phase shifter and variable attenuator are adjusted such that when there is no
FMR, signal is of the same amplitude as path 1 and has a phase difference of 180°. Ideally,
without any FMR, there is no signal after PC since signals from path 1 and 2 interfere

destructively forming a Mach-Zehnder type interferometer.

Trig Trig. Sig
VNA in out AWG 2“_‘_
CPLR RCVR
Theu py 8 :)gtMHZ :\:ef‘ sG HF
(P (P Q L out
|
Path 2
e VAN | |
PD PC |
HMFCPW Dot
Path 1 PR1 PR2
> =
Hir Hs c
ur. =
EM Out cs In

Figure 2.3: Block diagram of High-sensitivity VNA-FMR measurement apparatus

employing microwave interferometer for magnetic nano-dots [Tamaru et al., 2014]

In FMR condition, due to absorption by ferromagnetic sample, signal in path 1 acquires
phase shift and amplitude modulation thus violating the destructive interferometric condi-
tion. The difference is further amplified by LNA and recorded using VNA. This method
provides significant improvement in SNR since background signals destructively interfere

and get cancelled.

Section 2.2 INTERFEROMETRIC FMR 9




Interferometric FMR

Conventional FMR

200 300 400 500
Hg (Oe)

Figure 2.4: The spectrum showing FMR response of 800 nm diameter and 5 nm thick
CoFeB single dot. Solid and dotted lines are plots of real and imaginary parts of Sa;
respectively [Tamaru et al., 2014]

2.2.2 Michelson-type interferometric method

This setup uses CPW in cross junction with two short-terminal arms of equal length (Figure
2.5(a)). This cross junction forms a Michelson-type microwave interferometer which at
discrete frequencies (determined by arm length L), allows for high sensitivity magnetic
field-sweep measurements as background gets suppressed. Frequencies at which destructive
interference occurs is calculated by solving SL = nm condition, here, f = 2mncssf/c is
the transmission line phase constant, f is the frequency and c is speed of light. At these
frequencies, there is constructive interference at port 1 and destructive at port 2. Sample is
placed on one of the shorted arms of the interferometer which under FMR, condition absorbs

and phase shifts the signal and breaks the interferometric relation.

10 Chapter 2 FMR MEASUREMENT TECHNIQUES




short

Q_Ty

: B : reference

P1

=l

P2 E>0 E<0

Figure 2.5: (a) Schematic of Michelson-type interferometer (b) Schematic depiction

of scattering processes in the interferometer for 5L = nm [Edwards et al., 2017]

S11 Raw Data S21 Raw Data

| 0.0001

S11 (arb. units)
S21 (arb. units)

01T 23 4 5 6 T‘“«\ 9 2 3 4 ¢
poHy (mT) poHy (mT)
(a) (b)
Figure 2.6: (a) Sample-loaded S11 as measured with a two-port VNA as a function
of bias magnetic field. (b) Sample-loaded S21 as measured with a two-port VNA as

a function of bias magnetic field.
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Chapter 3

EXPERIMENTAL SETUP

3.1 Basics of microwave circuits

3.1.1 Microstrip

One of the most common types of planar transmission lines is the microstrip line, which can

be manufactured using photolithographic processes. Microstrip propagates quasi TM-TE

Figure 3.1: Microstrip

mode which is utilized to apply excitation rf magnetic wave.
Characteristic impedance of microstrip of given conductor width W, substrate thickness d
and relative permittivity €, can be calculated for W/d > 1 using

1207

=
07 /e(W/d+1.393 + 0.667 In (W/d + 1.444))
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where €, is effective dielectric constant of the microstrip given by,

1 -1 1
=Tt & ( ) (3.2)

2 2 \\/1+12d/W

In order to reduce power loss reflections from ports connecting to measurement devices,

it is important to match the characteristic impedance of transmission line to that of the
ports(i.e. Zp = 5082). Microstrip was made using FR4-epoxy as a substrate having relative
permittivity €, = 4.4 and thickness d = 1.6mm. Width of central conductor (W = 3mm) is
calculated by substituting Zy, d and €. in equation (3.1).

3.1.2 S-parameters

Voltages and currents cannot be defined uniquely in waveguides that support non-TEM
propagation. It is desirable for these systems to incorporate scattering parameters, also
known as S-parameters, which correlate incident and reflected electromagnetic waves. S-
parameters help one to avoid absolute voltage and current measurements, which become
complicated at high frequencies. The complex wave amplitudes a;,b; at port i is given for

of voltage V;, current I; and impedance Z.; as

Vit Zali b ~ Vi—Z4l;

a;, = —— ; b 3.3
‘ NI ’ N (3:3)
Incident Transmitted
" gy S 72
+
Reflected *g DUT ;5 Reflected
b « a¥ a¥
1
Transmitted Incident
Figure 3.2: Two-port incident and reflected wave
For two-port measurements, the relationship between a1 2 and by 2 is given by
b S S a bs
P ! where S;; = 2 (3.4)
bo Sa1 Sa2| |a2 i
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3.1.3 Vector Network Analyzer

Vector network analyzer(VNA) is used to measure complex S-parameters of the DUT. A

synthesized high-frequency source in VNA provides signal at measurement frequency f.

hf source local oscillator
4 = ("UF—
j Af
g@—»z\f

directional

coupler Af

b1 b2
==+ | DUT |+~

Figure 3.3: Simplified VNA schematic for two-port complex S-parameter measurement

We used Rohde & Schwarz ZVB 14 VNA, which measures phase sensitive complex S-

parameter in frequency range of 10M Hz to 14GHz.

Figure 3.4: Rohde & Schwarz ZVB 14 VNA

Section 3.1

BASICS OF MICROWAVE CIRCUITS
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3.2 Setup

Permalloy sample thin film having 40nm thickness was produced using thermal evaporator.
Film was then placed on microstrip in flip-chip configuration using vacuum grease. We have

used two designs of microstrip for FMR measurement.

3.2.1 Proposed setup 1

In this setup, sample is placed on a two port microstrip transmission line of which scattering
parameters is measured using VNA. External magnetic field is applied using electromagnet
and film configuration is adjusted by placing the microstrip perpendicular and parallel to
the magnetic field. SMA connectors are used to connect the ports of microstrip to coaxial
cable which is then connected to ports of VNA. A schematic representing this setup is shown

in Figure 3.5.

] VNA

Port 2

Ferromagnetic film

Stripline

SMA connectors

Current source

Figure 3.5: Proposed setup 1

3.2.2 Proposed setup 2

This setup consists of 3-port microstrip T-junction (Figure 3.6). Two ports of the T-junction
are connected to 3dB power splitter having 180° phase difference between them and the third

port is used for output signal. Without any FMR output from third port should be close
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to zero since the input signals cancel each other. When in FMR, condition, input signals
fail to cancel out due to absorption of signal by the film. This setup shares analogy with
Michelson interferometer and promises improvements in FMR detection. Figure 3.7 shows

representation of this setup.

Figure 3.6: Microstrip T-junction

"VNA

Port 1 m

Figure 3.7: Proposed setup 2

Section 3.2 SETUP 17
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Chapter 4

PROGRESS

4.1 PCB design and production

Microstrips are designed using KiCAD with width W = 3mm, calculated in 3.1.

I LEE S 9e7 10 2 H0YMH4 I [ls l

L E

|1
k=

©
D r
& FMRO3 ULT Lab §

K uries § 22

n|
= |

OB

D .

qe7 1n

Figure 4.1: PCBs for setup

Figure 4.2 shows a microstrip with sample attatched.

Figure 4.2: Microsttrip T-junction with sample
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PCBs were manufatctured using FR4-epoxy as substrate of thickness d = 1.6mm.

4.2 Application of external magnetic field

For measuring the magnetic field near the sample, gauss probe was used to calibrate mag-
netic field produced by electromagnet with the applied current and the result is shown in
Figure 4.3. Excitation magnetic field of small magnitude is applied by passing AC through

microstrip on which ferromagnetic sample is placed.

e 1990*x +27.2

5600
5200
4800
4400
4000
3600
3200
2800
2400 s
2000
1600 Py
1200
800
400
0 1%
o
[«

B(G)

Y2 T TN 0N e

SR > = o
S OO — — H = — o — NN

< o~
o SIS

ARl Bt At “@ ‘N *®
SCo o o33 I i o

Figure 4.3: Calibration of clectromagnet

4.3 S-parameter measurement

We have measured scattering parameters for proposed setup 1 in in-plane and perpendicular
configuration and for proposed setup 2 in in-plane configuration. Thus far, we have not
detected the FMR absorption in the sample and further measurements and data analysis is
required. S9; is recorded for external magnetic fields ranging from 200G to 5500G. Relative

So1 is calculated by subtracting background from that of S9; at different magnetic fields.
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Figure 4.4: Plots of relative Ss;(a.u.) for different configurations

. f—
yS—
- -
T T T T T T
0 2 1 6 8 10
Freuency(GHz)
(a) In-plane configuration, proposed setup 1
TRt
T T T T T T
0 2 1 6 8 10
Freuency(GHz)
(b) perpendicular configuration, proposed setup 1
T T T T T T
0 2 1 6 8 10
Freuency(GHz)

(¢) In-plane configuration, proposed setup 2

Section 4.3 S-PARAMETER MEASUREMENT
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