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Magnetic Properties Analysis of Ferromagnetic Materials using Cavity-FMR Devices
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We introduce the Cavity-FMR devices measuring the ferromagnetic resonance (FMR) signals, and phenomenological description of
FMR signals measured in ferromagnetic thin films. The effective magnetization and g-factor can be obtained from the FMR field
(H,.s) measured at out-of-plane angle of ferromagnetic thin films and the anisotropy fields can be obtained from the H,,, measurement
at in-plane angle. We also present the analysis method of FMR linewidth (AHpp) due to the Gilbert damping factor, inhomogeneous
magnetic properties and spin wave scattering, respectively.
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Fig. 1. (Color online) Schematic diagram for ferromagnetic resonance.

A Azl Qrishs vlo|mgg) Al #d3 A1 3
dS HH3lslal Alge] =S el sl nlolazy)
CavityS ARESIE. ol#fst 2] 3% XS Cavity-FMR
Ax|ear it

B =FoM= Cavity-FMR &X]9] A9 Brukerrle] X-
band& Xepr[9] ARIZ A3 A ¥ Alse] 54, 1
g A T AEE o83t AR ket A8 2]
4 B4 S aNgith

II. Cavity-FMR Z&X|

A T Ase A AR AE sk A

Cavity-FMR A= wlola=zue} 37 23105 JA3H] 9
st 2 A1 HE Vel AR, FEE rlela
23} AqUAIE Z783H7] ste] A1 Wak sdek ek
o] & wR AV dHS VIshe ZYo] ARE-HT). Wt
A] Cavity-FMR ZXZ 7% 2 39 A A5 2
718 HE QYL WA wi A1 drell W F5EE
v)4 vlo]a23} W JPE Lock-in Amplifiers ARE3}]
%t wEbd A 39 Alse F5EE rlelazs)
g vERl dPidHeIY. SrEE wlolaEg MY pe
H.2 S92 22 $l(Lorentzian function)s W=2H2Z
Cavity-FMR A= Z78%F 24 31 Alse 2R
£ "lEst FHE S8ETH10).

Microwave(MW)

source MW Detector
)
@.ﬂ.r\n\ﬁuw. o] ® J oot
N—1
(.
Sample Quartz
rod
Out-of-plane
In-plane
(Huw) AC magnet
(dH)

Fig. 2. (Color online) Block diagram of an Cavity-FMR apparatus.
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Table 1. Resonance field H,., for g =2 signal at selected microwave

frequency.
Microwave band Frequency (GHz) Hees (Oe)
L (0.5~1.5 GHz) 1.1 390
S (2~4 GHz) 4.0 1430
X (8~10 GHz) 9.75 3480
Ka (26~40 GHz) 34.0 12100
W (75~111 GHz) 94.0 33500
4
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Fig. 3. (Color online) Typical FMR signal (X-band).

W A7 Table 1A 2D A 2ol FMR ZX= vl
olFRI} FUGTL HETE I A e] TlklRE 1A}
71 AAo] BashH, FMR AHlY] Blgo] 7)sFrHe
2 Z71eth

Fig. 32 Cavity-FMR F*]¢] 321 Bruker’}e] X-band
%. Xepr zl-u] = Z}Gfﬂ- XJ?‘H&]O] 71—;(}%4 Sll:ﬂ ATE E?l
otk A 39 Alse wlo|a2a F5 3¢ pol vl
el dPldHE. S, A 39 Ase H.E T4
o2 IR FFE vliEs FEHE BRItk A 39 Al
SollN He= vlolZ=29 S o9 p7F Hdivt He A7)
oo}, T3k AHppe= A 3 Alse] HEOF ARR-E
< 3k AVIRHIES] 712} AT

Fig. 4= Cavity-FMR FX2 A3 tjk3lt AR R
(DPPH, 2FFd B4}, NiFe BHhe] ESR ¥ FMR AlE
£ H2l Aot} DPPH(Diphenyl-l’icryl-Hydrazyl)h 9y &
AS Zke A AEE B duR] o] 23o] w2
o] A2 Holdh= ESR Nﬁ TEEM, B35 AHF
u- zke T o] EALS W-H3kaL o] Cavity-FMR %
o] BAe]| AREHITH 7&%1-* 585z Ak eesint
(NP, nano particles)= &/ o4 5Ao] gle== ESR
Ase] T AP ZAA A T Alsrt veRdt
Ty YiedRtel =7] S7HD =4.67 nmollA] D =6.34 nm

— 55 —
) X-band (f=9.88 GHz)
> DPPH ’ ESR
5 0
g |
T .24
-4 T T T T
0 1000 2000 3000 4000 5000
Magnetic field (Oe)
4
Iron Oxide NP
2] FMR
5
5 T
24 ~ D=4.
2 8ty D=4.67 nm
-4 . T T T T T T T T
4 0 1000 2000 3000 4000 5000
Iron Oxide NP
5 ,/\
k=
o
k=]
6.34 nm
-4 T T T T
0 1000 2000 3000 4000 5000
Magnetic field (Oe)
4 - -
J NiFe thin film
2 4
5 0
s (
T .2
-4 T T T T
0 1000 2000 3000 4000 5000

Magnetic field (Oe)

Fig. 4. (Color online) ESR and FMR signals for various magnetic
samples.
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Fig. 5. (Color online) Coordination system for FMR analysis of
ferromagnetic thin film.
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Fig. 6. (Color online) Angular dependence of FMR signals, H,., and
AHpp in NiFe(20 nm) thin film.
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AoE A A5 weh H)"1“)‘ﬂfé}(exchange stiffness) A<=
=740l o] &AL ItH21-23]. B3, AR S
nlo]T 23} F(LFMA, lo field microwave absorption)

AsE A Azl A5 v Al olgd 4 it
[24-26]. ©]#3F Cavity-FMR A= A4 A5 ot
4 o] 7hesiEE A Alm ATellA Bol E8Ea
At
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Iv. 4 =

= ifowt BA) BB (FMR) AEE SR zoa]_q
shi=z 543 H}O]ELEJ} Z.I—]-—,—— /\]-Q—o]—OE] A58

AMES] FMR Al5E H|wale], FMR 2139] x}y] 24 o=
43S AT Cavity-FMR ZAE ARgaslo] 243 737}
4 T A5 TS BAL WS ARSI

A whake] Z=Fm Ziwold 248 AR 2 2|
G H.& olgdlel Az S& A5l M, 2 Aste) Al
252 A= gfactors THIATE B3 =W Zhwo
A 248 JA T AN HL,S o)gsle] viEke] 44
W oo A1 =EETE Age] A, BidEA 2
2Hue] 2kt 58 widsle ] 3 AE AHRE

7.

O

m .

S Bt ].]4{4 vhale

Cavity-FMR W= 7324 39

Agsle 29t I 2ls A= 7]——3}04 ATARSIP =T
% Wi Sk(exchange stiffness) 5] 4900 o831 Q)

w3, AR SAE= nlo]Zg2y9 E(LEMA,
w field microwave absorption) AZE= A A7 A}

t&{ 574 A7l o8& 4 Slrk o3 Cavity-FMR
Hle A ARe) teret 24 BAol PsaE A4 A
ATellA Bel] &85 ik

\:H.ION_\?L’C_J‘._Q,

#Ale| 2

o] =R-& okzEthdtul 7)1 AT Y ARl sl A
HYFUh A Uiegda @ 2 Bk Az ARtk
FMR 215 340 =55 F4A 48 =55 o)
Takahashi W5~H7 2Ao 2 Zxl=du o)
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