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Introduction to ferrite materials
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Properties of ferrite materials (I)

Nonreciprocal electrical property: the transmission coefficient
through the device is not the same for different direction of
propagation.

Unequal propagation constant: The left and right circularly
polarized waves have different propagation constant along the
direction of external magnetic field By,

Anisotropic magnetic properties: The permeability of the ferrite
is not a single scalar quantity, but instead is a tensor, which can be
represented as a matrix.

Properties of ferrite materials (II)

Ferrites are ceramiclike materials with specific resistivities that
may be as much as 10'4 greater than that of metals and with
dielectric constants around 10 to 15 or greater.

Ferrites are made by sintering a mixture of metal oxides and
have the general chemical composition MO-Fe,O,, where M is a
divalent metal such as Mn, Mg, Fe, Zn, Ni, Cd, etc.

Relative permeabilities of several thousand are common. The
magnetic properties of ferrites arise mainly from the magnetic
dipole moment associated with the electron spin.




Classical picture of the magnetization process
--- By treating the spinning electron as a gyroscopic top.

If an electron is located in a uniform static magnetic field B,
a torque is given by
T=mxB, =—u,ysxH,

_O_~-ldm _ dm__ o
dt  y dt a7 0

eB, .
where @, =— is called the Larmor fequency;
me
/ h
S= ) is spin angular momentum;

e h . L
m= P =—yS is magnetic dipole moment.
m

e

Quantum mechanics’ viewpoint s,=+1/2

In the absence of any damping forces, the actual precession
angle will be determined by the initial position of the magnetic
dipole, and the dipole will precess about B, at this angle
indifferently (free precession).

In reality, however, the existence of damping forces will cause
the magnetic dipole to spiral in from its initial angle until m is
aligned with B,,

This explains why s, equals +1/2 in the Quantum Mechanics.

But where does the damping force come from?

Saturation magnetization

2 "l As the strength of the bias field H,
éE’ is increased, more magnetic dipole
2 moments will align with H, until all
§° are aligned, and M reaches an upper
limit.
0 Applied bias field Ho

The material is then said to be magnetically saturated, and M, is
denoted as the saturation magnetization. M, typically ranges from
4ntM =300 to 5000 Gauss.

Below saturation, ferrite materials can be very lossy at microwave
frequencies, and rf interaction is reduced.

The ferrites are usually operated in the saturated state.

Curie temperature

The saturation magnetization of
a material is a strong function of
temperature, decreasing as
temperature increases.

Magnetic moment M

=3

Temperature T T,

This effect can be understood by noting that the vibrational energy
of an atom increases with temperature, making it more difficult to
align all the magnetic dipoles.

At a high enough temperature a zero net magnetization results. This
temperature is called the Curie temperature, T..




Properties of some ferrite materials

Trans-Tech 4nMs AH T. 4xMr
Material Number G Oe € tan § °C G
Magnesium ferrite  TT1-105 1750 225 122 0.00025 225 1220

Magnesium ferrite
Magnesium ferrite
Nickel ferrite
Nickel ferrite
Nickel ferrite
Lithium ferrite
Lithium ferrite
Yttrium garnet
Aluminum garnet

TT1-390 2150 540 127
TT1-3000 3000 190 129

0.00025 320 1288
0.0005 240 2000

TT2-101 3000 350 128 0.0025 585 1853
TT2-113 500 150 9.0 0.0008 120 140
TT2-125 2100 460 12.6 0.001 560 1426

TT73-1700 1700 <400 16.1
TT73-2200 2200 <450 158
G-113 1780 45 150
G-610 680 40 145

0.0025 460 1139
0.0025 520 1474
0.0002 280 1277
0.0002 185 515

Why use 4nM_?

B=42M+H=, H (Gaussian unit)

The unit of B is Gauss; the unit of H is Oersted. They have same

dimension.

What does AH and M, mean?

Ferrite linewidth and remanent magnetization

HIMAG & Trans-Tech3 {4 v* fia

A Measuring
Item Unit Condition MZ-30
sl e
- 3 7f B i vi 100KHz ) 30000 2500 2400
H I MAG Permeability 0.5mA 25‘% 25‘% 25‘%
25 160 150
:iile wave 60 120 120
L R
Core Loss Pc mW/c.c. 25 300 720
1Rtz w0 650 550
200mT 100 650 480
120 750 600
10KHz
Relative Loss tan /ui 0.5mA 25
Factor (*10-6) 100KHz
0.5mA
Saturation Flux
Density Bms mT 10KHz 430 450 430
Remanence Brms S 2 150 150 150
Coercivity Oe 0.15 0.15 0.15

. Trans—Tecr'fuf;je

5000
+

25%

35

400

130
0.12

>130

M7

7000
+

25%

45

400

130
0.1

>120

Hc
Tc >190 >210 >210
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Anisotropic magnetic properties (I)

If H is the applied ac field, the total magnetic field is H; =Hy2+H ,

where |H_| << H, . The field produced a total magnetization on the
ferrite is given by  M; =M42+M

M, is the dc saturation magnetization and M is the additional ac
magnetization (in the Xy plane) caused by applied field.

—— = —HyMxH,

M, =M.2
H =H dt

M dM
H

I
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Anisotropic magnetic properties (1)

The component equations of motion:

dM,
dt
dMy
T:_NOVMX(HO +Hz)—uoy(Mg +Mz)H,
dMm,

dt

=—tloyMy(Ho +Hy) + 197 (Ms + M )H,

=—poyMyHy + tigyMy Hy




Anisotropic magnetic properties (II)

Omitting higher order terms, the equations can be reduced to

dM, d’M 5 dH,
- My +emHy, 2 FAMy = o = Ek epeinHy
dm
y 2
— Y (@M H d"M
at (ayMy +amHy), 2y+a‘6My:_0)mdgltx +apaHy,
dt
dz/ltz =0, where ) = 1497H¢ and @y, = tpyMs
IfM and H oc e)® the above equtions can be reduced to
the phasor equations:
. I Xy O
() — " )My = i Hy + joonHy, ~ I R
, _ M=[7H=| 2z 2y O|H,
(ay —" )My =—jwmyHy +aponHy. 0o 0 0
jo
where = 7yy = azhwmz and ey =—Zyx=—> a)mz
oy —o apy —w

Anisotropic magnetic properties (III)

To relate B and H, we have

u o gk 0
B=uyM+H)=[u|H = [u]=u(U]+[xD=|-ix u« 0
0 0 y
1= 111+ 2500) = o1+ 2yy) = o (14—
gy —w
. . (0]
K=oy = [ty = Ho— s
Cub—a)

A material having a permeability tensor of this form is called
gyrotropic.

How to apply this concept to a circularly polarized wave?

Forced precession of spinning electron (I)

If a small ac magnetic field is superimposed on the static field H,,
the magnetic dipole moment will undergo a forced precession.

Of particular interest is the case where the ac magnetic field is
circularly polarized in the plane perpendicular to H,,.

A right-hand circularly polarized wave can be expressed in

phasor form as _
H' =H (- J9)

and in time-domain form as

HY = Re{ﬁ*ej“’t }: H*(Xcosawt + §sin at)

Forced precession of spinning electron (II)

propagation constant

Pr=o <9/Ji




Real and imaginary permeability &
propagation and attenuation constant.
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Faraday rotation --- a nonreciprocal effect

Consider linearly polarized electric
field at z = 0, represented as the sum
of a RHCP and a LHCP wave:

=)~ "F0 = 2( -1y ( i) ey

These two polarized waves propagate with different propagation
constants.
Bl = B &= B &+ e

BB

)E ySln(ﬂ+ ﬂ )£:|e j(ﬂ++ﬂ )€/2

= E0|:XCOS(

E _
0= tan‘lE—y = —(%)é. This effect is called Faraday rotation.

X

Microwave gyrator

8o

90° twist
Gyrator with a
twist section.

Gyrator without a
twist section.

Faraday-rotation isolator

45° twist

Resistive
card
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Resonance isolator

Dielectric
loading

Four-port circulator

Dielectric slab for
90° phase shift

Ferrite 9207
(a) 15) - o
(c) ® % —— _le_o_:‘g
NI 22700
OG5
Permanent 0 =2 @
magnets = 7
30° 90°
21 22
Three-port circulator :
Devices

Ground<e\
planes

Tapered transmission-line section

2]
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A
1solator

Resistive
card

Ground<s\

planes
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Circulator

Assembly

Example : Circulator (1)

Fixture
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Circulator Measurement (I1)

Network Analyzer
and Calibration
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Circulator Measured Results (111)
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Circulator Construction (1V)

7EREG i e. cost down?
Ans: 7 E ¥R D RER S T 4 o
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Circulator Configuration (1V)

—>
<«—— ground
magnet garnet/ferrite
X2 x2
—
| «<—— ground
‘ >
stripline

Circulator Simulation (1V)

E Field[¥/m]

5. @808 +aEaY
. 2. 54Z6e+A0Y
1. 2938e+AEY
6, 5753e+0E3
3. 3437e+803
1. 7884 e+863

8. BY4ESe+EE2
4, 3971e+BE2

2, 2361e+0E2
- 1,1371e+882
5.7825e+@@1
2, 9485e+a@1

1. 4353e+@@81
7. BE43e+aE80
I 3. GE7Ae+AE0
1. 9665+
1. 8388 e +AER

>R RBREE AL TR
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Circulator Simulated Results (1V) Example #2 : S EMA BRE (L ES # )
input 1 input 2
output 2 output 3 Rf=18.2mm Optimization for bias field of 500 Oe
Port2 Ferrite Hf= 4.5mm 0 0
Port3 -0.2 -5
- 10
S04 =X 15 oY
A 0.6 -20 5
08 ’Isolation S, 2>
Fea=37.7mm - 7/ —reflection S,] -30
b 35
WR284 3.1 3.2 3.3 34 35
freq (GHz)
2L low insertion loss, high isolation, and low reflection
ps. AR HREMZ B ~ BT A~ REMHER -
31 32




b= #7%* Garnet HALEFE R

* Pacific Ceramics, Inc.

Ferrite Circulator for HFSS Simulation
Analytic solution by Eric Chao

2L low insertion loss, high isolation, and low reflection
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E, = (Ae”+B.e™),(7p)
E,, =0

E(p=R)={-E,. 4=
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HSS Simulation
, K . i , K : i
Hy(p9) =—L,[(Jl(yp)——Jl(yp)j(l—nﬁ)e*’ +[Jl(yp)+—Jl(yp)j(1+ iV3)e ¢j
2V3auJ, () wp 1p . .
. p Simulation Model
J;(X)__XJI(X)ZO J{(Xf)—TJI(X7)=0
X=p= #
’ K ’ + K +
JI(X)+_J1(X)=0 J](X )+_+J1(X )=0
HX X Mirco-strip
’ 'll _K
= X, =R wlzlog(—R:a)no gzueR .z [£]~£
H AT YTN -1 U
R X;l
@10 EHe U "
. Xii - X\t
o\, = & o, =
" R/&x, " R/, he Ferrite
s
osy= s 2/40069-’}_ =H
“ u N 42
Example 1 :
X/
R=—"1—=19.843mm
o ett 28
fo=w, /27 = uyH, / 27 = (2.8 MHz / Oe) x(H, Oe) =10.82GHz 70 E
fo =, /27 = pyM, /27 =(2.8 MHz / Oe)x (47M, Gauss) = 4.9GHz __ 60 E
f =0.945GHz < g)o 50 ;
o 002 - ) 21,60 =0 S 40 -
— 0~"m — j
g _ﬂo(” @} —wzJ_1'4563ﬂ0 001 - Ji<X‘>*TZ~J.<X‘>:0 i 30 3 f, =10.82GHz
P st . <1861 ‘ 20 -
T e 0.039854, : 182184 186 188 190 10 =
(4 -) -001 - 0 -
ye=#T=1.4552y0 00 01 23 45 6 7 8 9 10111213 14 15
003 o (GHz)
. X7 X . X 1.863
oy =— =gy g X g 10056 945GHZ =0.956GHZ siny =—7 Dt 1o -0945GHz & f, =4.9GH:
R"g;ue Xll Xll 1.841 1841\/5 f02 _ f2 + fo fm
_ X\, X/, o X, . 1.820 -
), = =g, = f,=—f,=—x0.945GHz=0.934GHz
110 R\/a Xl,l 110 110 lel 110 1.841
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Material Mame “roject Manager - %
[¥G178045
= B MAKELLA780
- Propetties of the Material View/Edit Material for R Y HFS S Desion
Tuee | Valie N ' Active Desian - Defintans
Rielkative Pemiltivity Simple | [151
g (e
Relative Permeabilty  Simple Tich et
Buk Conductivty Simple @ siemers/m 4l Products
Dislectic Loss Tangent  Simple |0
Magnetic Loss Tangent  Simple |0 .
Magnelic Satustion  Simple | 1780 gauss
Lande G Factor Smple 2 = Themal iodiier Fraject
Deka H Simple |45 Oe
Sroperties - x|
- Measued Fiequency  Simple | 94e+008 | Hz
Name [ [ unit [ Evalat
Validate Material I el 07500
RC 2 mm 19.3mm
Wi 1.081 rm1.05Tmm
D 01 mm O1mm
H 15 mm1.5mm
ol 10 mm 10mm
T 0.00 mm  0.000mm
Set Fraquency Dependency Caloulats Propettiss for 2 AR 19843 il 19.843mm
Angle 1 deg 1.585deg
Fesel | 0C_ | Cencel |

[

S(dB)

i
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E field

0.929GHz

0.941GHz

0.952GHz
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Example 2 :

R=— N — 22 024mm

wllo\/%
f, =@,/ 27 =ty H, | 27 =(2.8 MHz / Oe) x (H, Oe) = 5.65GHz
f,=a,/27=puyM, /27 =(2.8 MHz/Oe)x(47M, Gauss) =1GHz
f =0.945GHz

50 -—-1,00) =0
Wy —@ J;(x*)+:7J,(x’)=0
K= gty 2~ 0.0304554,
@, —
2 2
-
ye=( )=1.1813y0
)
X/+ Xl+ X7+ 1' 1
@Oy =— =Tl = =T = 801, 0.945GHzZ =0.955GHz
Rysu, X, X1 1.841
Xty X7 X7 1.821
oy =—le =T = f =T f110:8—>< 0.945GHz=0.935GHz
Ryey, X, ¢ 1.841
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Material Name
VG357
1 0 3 (22 Definitions
! Properties of the Matenal e /Edit Material for——
9 r \
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[0) 5 L Dielectiic Loss Tangent  Simple i} Project |
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3 - Lande G Factor Sivple |2 7| Themalodfier Name | Yalue [ Uit [ Evaluat
DekiaH Simple 48 e HO @:Q 160576
2 - Measured Frequency  Gimple  |94e+003 Hz RC 2T o 21.475mm
1 . W1 1 i Trom
0 wl D 01 i 0.mm
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W 10 100
01 2 3 456 7 8 9101112131415 - mm__{10mm
mm 0007 mm
fo(GHZ) FR mm o 22.023mm
Angle | 1.55 deg 1.55deg
. T fxf
Smy = = = f=0945GHz & f, =1GHz
18413 f7 = 7+ £, f "
' 0 0'm Set Frequency Dependency Caloulate Popetties for. J | 3l

Pleset | {19 I Cancel | ‘Wariables
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0.927GHz 0.939GHz 0.949GHz
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