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Part Il. Phenomenological Damping

A. Some references

B. Physics versus Phenomenology
Roadmap to physical mechanisms. Spin-lattice and spin-spin.
Is the magnetization conserved?

C. Historical View of Phenomenological Damping
Landau-Lifshitz (LL) damping — the original and the perverted form.
Damping parameter o1 | as a magnetic loss tangent.
Bloch-Bloembergen (BB).

Codrington-Olds-Torrey (COT) — a vectorized BB equation.

Gilbert (G) damping. Modified Bloch-Bloembergen (MBB).

D. Landau-Lifshitz and Gilbert Compared
Gilbert decay spiral - a geometric view. Critical damping.
LL decay spiral - no critical damping. Conversions.

The so-called "LLG" equation.

E. Drive to Equilibrium Revisited
Equations are inconsistent. Which one(s) is (are) most fundamental?
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Some useful (perhaps) references:

L. Landau and E. Lifshitz, "On the Theory of the Dispersion of Magnetic
Permeability in Ferromagnetic Bodies," Phys. Z. Sowjetunion 8, 153 (1936).
(in English!)

F. Bloch, "Nuclear Induction," Phys. Rev. 70, 460 (1946).

N. Bloembergen, "On the Ferromagnetic Resonance in Nickel and Supermalloy,”
Phys. Rev. 78, 572 (1950).

R. K. Wangsness, "Magnetic Resonance for Arbitrary Field Strengths,"
Phys. Rev. 98, 927 (1955).

T. L. Gilbert, "A Lagrangian Formulation of the Gyromagnetic Equation of the
Magnetization Field," Phys. Rev. 100, 1243 (1955).

T. L. Gilbert, "Formation, Foundations, and Applications of the Phenomenological
Theory of Ferromagnetism,"” Ph.D. Thesis, lllinois Institute of Technology,
Chicago, lllinois, June, 1956.

T. L. Gilbert, "A Phenomenological Theory of Damping in Ferromagnetic Materials,"
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A. Some Useful References

Some more useful (Perhaps) references:

R. K. Wangsness, "Magnetic Resonance and Minimum Entropy Production -
Macroscopic Equations of Motion," Phys. Rev. 104, 857 (1956).

R. K. Wangsness, "Effective Parameters in Ferrimagnetic Resonance,” Phys. Rev.
111, 813 (1958).

H. B. Callen, "A Ferromagnetic Dynamical Equation,” J. Phys. Chem. Solids 4, 256
(1958).

B. Lax and K. J. Button, Microwave Ferrites and Ferrimagnetics (McGraw Hill, New
York, 1962).

J. C. Mallinson, "On Damped Gyromagnetic Precession," IEEE Trans. Magnetics 23,
2003 (1987).

B. Physics versus Phenomenology 5

Patton's roadmap (separate talk!) to physical mechanisms:

| Field drive (microwave, pulse, noise) |

“Uniform mode” fer resonance (or modes, or standing spin waves, or
prop: waves, or p magnons, etc.)
“Degenerate Electron -
spin waves M magnon
(twomagnon| | .. ... .- | scattering
scattering) T (metals)
h 4 A h 4
Other spin waves Impurities
(three magnon splitting slow relaxers
and confluence) (not fast)
H [y
Phonon and magnon in,
magnon out
(Kasuya-LeCraw)
A A

The “lattice” and the “thermal bath” (even more magnons, phonons, electrons, etc.)
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Patton's roadmap (separate talk!) to physical mechanisms:

| Field drive (microwave, pulse, noise) ]

“Uniform mode” ferr (or ic modes, or standing spin waves, or
propagating waves, or magnons, etc.)

“Degenerate”
spin waves e A
(two magnon
scattering)

Electron -
magnon
-t

THESE ARE ONLY THE
Other spiff LINEAR PROCESSES. Edm

(three magn, curr,
and T [T

The “lattice” and the “thermal bath” (even more magnons, phonons, electrons, etc.)




B. Physics versus Phenomenology

Patton's roadmap (separate talk!) to physical mechanisms:

| Field drive (microwave, pulse, noise) |

ic modes_or standing snin waves, or

“Uniform made” o
THERE IS NO oo MECHANISM HERE!
PHENOMENOLOGICAL DAMPING IS

NOT
A MECHANISM.

ONE CAN NEVER "MEASURE" a!

I —

| The “lattice” and the “thermal bath” (even more magnons, phonons, electrons, etc.)

C. Historical View of Phenomenological Equations

LANDAU LIFSHITZ 1936 (LL)

In original form

" fflu
S/, = [fSH-’~( ] [Eq. (21), p. 163]

Paper is in English (please read it).

Developed to analyze domain wall motion. ”“'!'r‘“"’”m,'].'“”fl!

dM (H-M)M
In modern form: 7=_‘7e‘ MXH)+ALL|:H_ Mf

(Gaussian units)

|M| = M, = saturation magnetization (emu/cm®)
H = total effective magnetic field (Oe)
7. =electron gyromagnetic ratio (negative!)
A, =Landau-Lifshitz damping "constant”
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B. Physics versus Phenomenology

Some processes conserve the

Additional important point:
magnetization M. Some do not.

Moment = Mg+ Volume -2 ug & nkl
k0

Spin-Lattice: T, process

> M conserving process:
T, =2T, in small signal limit )

Spin-Spin: T, process

M (Start)

The HOLY GRAIL of some (most) phenomenological equations
is to CONSERVE THE MAGNETIZATION.

C. Historical View of Phenomenological Equations - Landau - Lifshitz

11

What they really said:

" There are two kinds of the intersction between the mag.

petle meoments 18 the orystal: exchange.intsrsction and
pelativistlc interaction. The latter b 1o genersl much weaker
than the former. The exchange Interaction cannot change the

Sty -
with p=e'me (004 ROt effme, because the moments s

frrromagnetic bodies are spin-moments). The l% an
g f s S: n%ﬁ 5 the ullllvlﬂlr. Interaction. wl
(interaction ls er than the exc! Interaction, we
axame that tb! coafficlent before ﬁe wm [fs] Is MWM.
ldd a term fatol

and
ﬂnw come loan equation

\7

itther the varistion of the sbaolute valus of 5

magoetic moment. Tharefore fn the preseace of the fleld

the magoetie moment would act as & free moment, L & would Torque equation
raiate around ¢ sed we sheuld have for 5 (- denotes differsa. (not even numbered)
tatlon by time) the equation

PRI D
nd tarm here ls & vector d.lnd.d from s to N
1..
the relativistie interaction s weak Wndlnpn!mm
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7. is negative. Precession is counterclockwise.

C. Historical View of Phenomenological Equations - Landau - Lifshitz 10
E fs)s| dM (H-M)M
Sty = 15143 (1 L92) - Gk -0

s
Landau and Lifshitz did not start with the familiar: ~ Mx(MxH)
Look at: (H-M)M _ H~MM =H, Component of H
M2 M, M parallel to M
All Landau-Lifshitz is really saying is: = —\ye (MxH)+4, H,
I have it on "good authority™ that
Landau wrote this equation with one
simple idea in mind:
TO CONSTRUCT ASIMPLE
PERPENDICULAR DRIVE TERM.
WHAT COULD BE SIMPLER?
Lev Landau was 27
years old
C. Historical View of Phenomenological Equations - Landau - Lifshitz 12
Original (“modern”) aM _ —[yel(MxH)+4, |H _(H-MM N;)M
form: dt M?
Cross product form: ?:-‘yﬁ‘(MxH)—%[Mx(MxH)]
s
o form: dM ‘72‘ (MxH)- a”“n‘[Mx MXH)]
This is the famous (infamous) a _ _ /1,_,_
everyone seems to be seeking A =a, ‘ye\ Mg, = ‘}, ‘ M
these days. el
a is “like” a magnetic loss tangent.
7. . electron gyromagnetic ratio
Remember:




C. Historical View of Phenomenological Equations - Landau - Lifshitz
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Original form: _‘7e‘(MXH)+4LL[H—(H;\ANPM]
s

Cross product form: dLl":—\ye\(MxH)—%[Mx(MxH)]
s

am _
dt

aform: . |(MxH) aLL‘n‘[Mx(MxH)]

This is the famous (infamous) @~ , _ ‘ ‘M . = Ay
everyone seems to be seeking w = F |7 M LL ‘}’ ‘ M
these days. el s

. . tic loss tangent.
There is a unit problem here! 9

These are Gaussian unit equations.
[7.|M, is NOT a frequency. kwise.
So 4, is not a bonafide relaxation frequency.
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C. Historical View of Phenomenological Equations

14

BLOCH BLOEMBERGEN 1950 (BB)

dM

1
gl ~lrel(Mx H)‘x‘y T Mxy
Xy 2 N. Bloembergen,
Transverse components
nickel and Supermalloy,”
Phys. Rev. 78, 572 (1950).
Equation 1, page 572.

M) _
dt |,
Longitudinal component

1
_‘7e‘(MXH)‘z_-|Tl(MZ_Ms

“On the ferromagnetic resonance in

1. These are small signal limit equations.
. Static field He and static magnetization in z-direction.
. Adapted from NMR (Bloch equations).
T2 = spin-spin relaxation time.
T1 = spin-lattice relaxation time.
. Magnetization is NOT conserved.
. In the small signal limit, one can MAKE M conserved
by setting T, =2 T,.

w N

(SN

C. Historical View of Phenomenological Equations - BB

15

BB " designed " for NMR and EPR, not ferromagnets.
BB has a serious physical problem for ferromagnetic systems.

| Equations only relax M toward the z-direction. |

dMm

1
Ix‘y=_‘7e‘(MXH)‘x,y_?zmx‘y
dM 1 Drives M, to M
—=—\ye\<Manl—ﬁ(Mz-Ms)4:Jl :
1. Mis dynamic.

dt |,
“»\THH N AR
n AV
M,
2. Internal fields define the

instantaneous equilibrium direction. hy

| This represents a "false” equilibrium! |

BB can lead to negative loss

around H false
(among other things).

equilibrium

| Precession BB
along z

C. Historical View of Phenomenological Equations
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C. Historical View of Phenomenological Equations - COT

17

H| H| along H
+i (MxH)xH| M component
T Hf perpendicuar to H

|COT solves the BB problem.l

d—MJ——\y (MxH)+2 [[MS\H\—M-HJE] M component]
e —

COT pushes M towards H,
the instantaneous internal H
field direction.
MM
But remember: Hiathe
internal field. Itis a h,
moving target. .
1. Dynamic applied fields ::sﬁﬁfjs}l-:m COT
2. Demagnetizing fields equilibrium
along H
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CODRINGTON, OLDS, AND TORRY 1955 (COT)

dmMm M |H-M-H M component|
= |=—|p[(MxH s
dt ) Vel(MxH)+- |:[ H| J\H\] along H
+i (MxH)xH M component
perpendicuar to H

Tl

I A nice vectorized equation of motion in the spirit of BB.

R. S. Codrington, J. D. Olds, and H. C. Torrey, "Paramagnetic
resonance in organic free radicals at low fields," Phys. Rev. 95,
607 (1954). (abstract only - not archived!)

First discussed and quantified in print by R. K. Wangsness,
"Magnetic resonance and minimum entropy production.
Macroscopic equations of motion," Phys. Rev. 104, 857 (1956).
(nice paper!)

Warning: T, and T, have their traditional meanings
only in the small signal limit.

True longitudinal (along H) and transverse (perpendicular to H) relaxation.

C. Historical View of Phenomenological Equations - COT
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dMJ ‘ \(MxH)+ M|H|-M-H 'H | M component
Yo H| H| along H

+ 1| (MxH)xH M component
T, \H\Z perpendicuar to H

F&. Pnrunlngnutic Resonance in Organic Free Radicals at
Low Fields.® R. 5. C ODRINGTON, J. D. OLps, anp H. C.
Torriey, Rufgers Umiversit
netie resonance line shapes of the solid or
diphenylpicryl hydrazyl, tri-p
sphenylaminium  perchlorate as a
magnetic field at the frequencies 0.8, 1.5, 4, 8, @
At 15 Me all show two Lorentz shaped resonances r.ymmr_-lri.
cally disposed about zero field with full widths between in-
flection points nl‘ 2.0, 0.68, and 0.33 cersteds, respectively. As
the frequency :red, the r merge in each case
to Forln a Hugll.‘ <Ib‘lol’pt|nﬂ ma numum at zn_ru I'm:ld For cnch

rru- radicals:

ns modified 8o (Fnl

Tancous el

Tctely erroncous results at low tru et

Key word is "instantaneous.”
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C. Historical View of Phenomenological Equations - COT 19 C. Historical View of Phenomenological Equations 20
—M- M component] GILBERT 1955 (G
dM)=_‘n‘(MxH)+i M [H-M-HYH p (G)
dt T, H| H] along H dM ag dm
ar =M )+ MG
+i (MxH)xH M component
T| |HP perpendicuar to H [ verysimilar to the LL form: |
F8. Paramagnetic Resonance in Organic Free Radicals at v ‘ ‘
Low Fields.* R. 5. Copmixgron, J. D. Oups, ano H. C. |7=_‘y ‘(MXH)_aLL Ye [MX(MXH)]l
mag- dt ¢ M
feals:
B A A A and
Form is inconsistent with i of i dMm
Landau Lifshitz :\.:: Just replace precessional component of rr —\ye\(MxH),
damping n in-
idha with the total I
T ™= T TR eAth case dt
to form a single nb«or—ptir_m maximum at zero fx::ld. For each
ettt + + oet—at 1. There is an “'exact™ algebraic equivalence
Bloch jons modified so that jon i
. ndicular to the instan- between these two equations (if we jerk y, around).
taneous field -tio e s [och equations give com- R ) R K . More on these
m,{ﬂﬁ,ﬁ“ at low frequencies. In every case the 2. However, there is a drastic physical inequivalence. comparisons
i iti i = shortly.
Key word is "instantaneous." e G gives critical damping at a; =% /4 Y.
e LL gives NO critical damping.
C. Historical View of Phenomenological Equations 21 C. Historical View of Phenomenological Equations 22
MODIFIED BLOCH BLOEMBERGEN 1956 (MBB) MODIFIED BLOCH BLOEMBERGEN 1956 (MBB)
dM 1 M dM 1 M
—  ==p/(MxH) —-=m,, ——>h — ==/(MxH) —-=|m,  ——
R ] G ] G
Transverse components only Transverse components only
|Va|id only in the small signal Iimit!l | Limited to the small signal limit |
Our old friends the stiffness fields: Recall static equilibrium: Our old frie rium:
H,=H.+4xM(N, -N,) meo = Moy H,=H Form is inconsistent with
H,=H, +4zM (N, -N,) UH, Y H,=H Landau Lifshitz Y
damping
The MBB driving term is just our drive to equiibrium:
M M
_[mx‘y_ H 5 hx'yJ _[mx‘y_ H s hx‘y]
Xy Xy
aM|  _ 1 (eq) dM|  _ 1 (eq)
|Kw =—lr/(MxH), , ‘?Z(mx,y - My ) it =—lre/(MxH)| , —-?Z(mx.y - My )
C. Historical View of Phenomenological Equations 23 C. Historical View of Phenomenological Equations 24
Drivwin Drive o
TIFE Equailea TYPFE Equation
L = senllirisn. =
@ Hump 1l T-—hl"“)-%{""(""ﬂ @ o LM T'-hl"*"l-ij{-'t"‘ﬂ
L
» | .ae ﬂ‘--hml,,-gw
1 X
@ Mg lX (ﬂ.--hl"li*gl%-
] a1 %--hkll-llr II-%
L
S i Pt - et 1

If A is aconstant, then
1. Drive terms /

2. Forms are 1/T2 (COT) is field dependent.

amount to mutually
different inconsistent
statements

If AvLis aconstant, then
ther talk :
(@nother talk) \ 1/T2 (MBB) is (a) field dependent
and (b) different for x and y .

of equilibrium:

Patton Session 11l - Magnetics Society
Summer School (New Orleans) 4



C. Historical View of Phenomenological Equations 25
v | Driwh r——
L

G| xemin [ Ftien- By

bt £-diem i'm'é’w
wemiw | (), b, HOREE

e | pwrdiim ?--th]aﬂh#

o e, -

LL? COT? LL? COT?

I

But, even if you can (or choose to) use N
one of these "phenomenological’* forms:
WHICH ONE?

The physics is completely different!

D. Gilbert and Landau-Lifshitz Damping
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dm(t)
Total internal M® X~
field H(t)

dt
(perpendicular|
to trajectory)

Magnetization
ti

ip trajectory /.

Vector dM—(t)

(parallel to

trajectory)
Magnetization

vector M(t)
Consider a decay spiral:

=5

Start with Gilbert: _ly (Mx H)+ %o | mx S
riMxH)+ & mx
. . dMm
Decay is proportional to the total e

26

D. Gilbert and Landau-Lifshitz Damping

Gilbert

dM__ as
=il e

28

dMm
M -
it }l

Total internal

D. Gilbert and Landau-Lifshitz Damping 27
Gilbert dam(t)
o V] Total internal  M® X5~
a, field H(t) ( dicul
hf\mwxn)ﬁ[wﬂ ‘ f oy
tip trajectory " /¥ 3 Vector d$)
Top view of (parallel to X
decay trajectory: trajectory) Top view _of
K Magnetization decay trajectory:
Decay splral vector M(t)
Precession spiral
tangent
dm(t) (total)
e otal
dt .
— dm(t) ~
Precession circle at (precession)
tangent t

D. Gilbert and Landau-Lifshitz Damping

Decay spiral

Top view of Gilbert decay trajectory:

29

*..

g x MO
field H(t) (perpendicular

tip trajectory ‘. f 3

to trajectory)
.......... Vector d%’

(parallel to
trajectory)
Magnetization

vector M(t)

Decay spiral

Yeanneet®

am(®) Giibert)
dm(t)/dt (Gilbert)
tilted slightly in

EY
o =tan (og)
(Gilbert angle!)

‘.”E_f‘) (Gilbert)

-1
pg =tan (og)
dnd1_l(t) (precession) (Gilbert angle!)

Gilbert gives a nice\geometric view.

The TOTAL dm(t)/dt is BOUNDED
BY A DECAY CIRCLE.

dt

<dm(t) A

dm(t)/dt (Gilbert)
tilted slightly
backwards

Decay spiral

D. Gilbert and Landau-Lifshitz Damping

.DECAY CIRCLE

(total) '

For SMALL ag, NO DECAY.

For LARGE ag, (dm/dt ), = 0.

Patton Session 11l - Magnetics Society
Summer School (New Orleans)

Am ) Giipert)
° Tat

-1
9 =tan” (ag)
dn;it(t)(precession) (Gilbert angle!)

30

This geometric view
gives a good "feel" for
the Gilbert decay process.

DECAY CIRCLE

[Gilbert model has a critical damping at ¢, = 45°. @ =1]




D. Gilbert and Landau-Lifshitz Damping 31

Consider Landau-Lifshitz damping

M (xk)- aLL‘y“[Mx(MxH)i

DECAY SPIRAL GEOMETRY IS TOTALLY DIFFERENT!

IRECLET T

NO dm(t)/dt tilt-back.
NO semicircle.
No critical damping.

1
dr’g_it) (precession) PtiT tan (o)

D. Gilbert and Landau-Lifshitz Damping 33

Analytical small signal decay rates

rates: m(t) me™ ac=1
dMJ Gilbert: ]

Gilbert: —= \yg\(MxH)+ (Mx—
_ o (oo,

dt
Landau-Lifshitz:?=—\yg\(MxH)—%w[Mx(MxH)] Cltal 2

Landau-Lifshitz: Bigger
[CETD) and
M = bigger

)

Landau Lifshitz

. Gilbert

Exponential decay rate
[in units of (ex +@y)/2]
-

t T 1
0 1 2
Damping parameter a; of ag

24 May 2011

D. Gilbert and Landau-Lifshitz Damping 35

OK, LL and G are algebraically equivalent!

Fllbert D e l(MxH)+ Ze (Mx—]l

| Q: Are we allowed to jerk y, around?

T o il bl T we must!
from { —==-—"EL(MxH)-—"L ZCMx(MxH)
G | @ 1ead (1\+a§) Ms[ he I ‘79‘2 trick "'solves the
+ag

lack of a critical damping

Solves the

- critical in the "'raw'* LL equation.
But it also damping
slows down problem

the
precession.

Decay spiral

dm(t)/dt (Gilbert)
tilted slightly in

Recall that Gilbert
does, in fact, slow
down the precession.

dm(®) Gilpe
at

........ 1
dm(t) e ¢ =tan (og)
gt (precession) (Gilbert angle!)

Patton Session 11l - Magnetics Society
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D. Gilbert and Landau-Lifshitz Damping 32
dm(t e
—n;T()(LL) Landau-Lifshitz
d t ..... — =tan”
n;—:)(precession) e tan (o)
No bound!
For LARGE ag,
dm/dt just keeps
GETTING BIGGER
AND BIGGER.
This is UNPHYSICAL.

D. Gilbert and Landau-Lifshitz Damping 34
Algebraic am
equivalence? Start with Gilbert: — —\yg\(MxH)+ [Mx?]

Step 1. Do an Mx
am_ o am Tep 1T
Mx prllMx(xr)]+ [Mx(Mx dt )] Use "raw" Gilbert and
Use: Ax (BxC)=B(A-C)-C(A-B) on Mx(ded—M solvefoerddL"'.
M dM)_dm am M _M,[dM
vx| [Mx—) M(M~F)——(M»M) Mf & th—aG[ L rel(MxH)
Xy, [Mx(Mx H)] -,
v
tep .ombine
Mx———‘ye‘[Mx(MxH)] M, Mwnh de‘j—M—%[—ﬂn\(MxH)]
dM  dM(M dm(1 e MS
solate ?( S+zGM] ‘[::G] = ‘7‘ el (MxH) = [y [Mx(Mx H))
[N ™_ bl bl
from Tel_(MxH)- e "G[Mx(MxH)]
{ o [ @ ek (1+aZ)M;
ame FORM as LL (@ —ag). BUT one also needs \n\—)\ye\/(uné)
D. Gilbert and Landau-Lifshitz Damping 36
Useful to compare the decay circle diagrams.
TC
N . dM a. dMm M _ A e
|G||ben. G+ e (Mx dt] frgm o l\r\ (MxH)- (\ )aG[Mx(MxH)

Net effect must
be the same

IConverted
L
diagram:

Shrink precession
by

2

l+a;




D. Gilbert and Landau-Lifshitz Damping
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I think this is what people (those that know) mean
when they say "LLG."

LL
from or "LLG"
G

WM _ el ey el @6 omx
el Gl (1+a§)Ms[ x(MxH),

Really the Gilbert equation in wolf's clothing!
1. Has critical damping.
2. Has LL form (useful for numerics).
3. Appears to jerk around y, (but not really).

One can also go from LL to G (for kicks, call this “GLL").

Landau-Lifshitz: cL—":':—‘ye‘(MxH)—aL’;l‘y“[Mx(Mx H)i

G
dm a dm
eroLn o Irel(1+af ) (Mx H)+M—L:(M x5

D. Gilbert and Landau-Lifshitz Damping

38

"GLL" is bad news!

dm

di
LL

Q
from 4 == —\Ve\(l*' afL)(Mx H)+ﬁ';[M x4

dM
dt

Now you have to
SPEED UP
the precession

term su

Here is what's
happening:

[Expand by factor

Interestingly,the o,

rvives intact.

1. LL "physics
must be maintained
(red arrows)

2. G precession circle
must expand.

amplng dm/dt (now
lgets bigger automatically

D. Gilbert and Landau-Lifshitz Damping
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Recap of LL and G

dM

Landau-Lifshitz: ?=—‘ye‘(MxH)+ALL|:H_Wi|

M?

dM a, lr.
Rt se v URURY)

= X’LL
tlndm

An =aLL‘ye‘Ms &

Driven by

perpendicular
M component
of field.

No critical damping

No bound!

D. Gilbert and Landau-Lifshitz Damping

40
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Recap of LL and G

. dm 23 dm
Gilbert: —=— MxH)+—%| Mx——
er AU [
Critical damping
Nice decay circle picture
am(t)
dt
(total)
dm (A lrel @
" - = MxH Mx(MxH
LLG": dat 1+Hé\ ) (l+aé)MsL ( )]




