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1. Historical reminiscences
EPR was discovered in 1944. 2004 we celebrated this, here in Kazan.

The resonant microwave absorption in ferromagnetic metals (FMR)
was discovered shortly after (Griffith 1946, Zavoiskii 1947)

Usually the Landau-Lifshitz-Gilbert equation (1935)
is used to analyze and interprete the experimental results

dm dm
_ o mxH IM|=const.
dt 4 off QX IMX Mspiralsona
| _9°MB  Gilbert damp: sphere
with v A Hbert datiping into the z-axis

It was difficult to measure g because
of various contributions to the internal anisotropy field H .

For itinerant ferromagnets (Fe, Co, Ni1) often the g-factor was assumed
to be g~2 and |M|= const (see Section 3) .

Freie Universitat Berlin Al"‘loo R KOZGn 21-25 June 2011

2/21



C. A. AapTiyviaep, B. M, Ko3aslpen
DAeKTPOHHB I MapaMarHMTHBIN pe3oHAaHC

Moskau 1961
Kazan, Juli 1959

Shortly after it was translate
into German

Wissenschaftliche Redaktion;
Prof. Dr. A. Lische und Dipl.-Phys. W. Windsch

Copyright 1963 by B. G Teubner Verlagsgesellschaft in Leipzig

Kazan, Januar 1962
Printed in the German Democratic Republic

Freie Universitit Berlin Al‘l‘lOO, KOZOH 21-25 June 2011

3/21



Orbital magnetism in second order perturbation theory
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Splitting of the 2D term by a tetragonally distorted cubic field.
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The orbital moment is quenched in cubic
symmetry
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but not for tetragonal symmetry
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In the principal axis system of a crystal with axial symmetry, the
A tensor is diagonal with A,z = A, and Az = Ayy = A . Under these
conditions, #” of (3-23) can be simplified, since

2 4 9,2 = 1) — S,2
to give S2+82=8S+1)-S8

H = gn_ﬁHzSz + g, B(HzSz + HySy) + D[S:2 — 3S(S + 1)] (3-25)
where 2 = (1 — )\A,)

g1 = g(1 — A\A)) (3-26)

D= XA, —A)
S " GE. Pake, p.66

Are generated by the same
matrix element
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Magnetic Anisotropy Energy (MAE) and anisotropic p;

1. Magnetic anisotropy energy = f(T)

2. Anisotropic magnetic moment # f(T)
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MAE = | M-dB = %4 AM-AB = % 200 - 200 G2
O

MAE = 2-10* erg / cm3= 0.2 peV / atom

~ lpeV/atom is very small compared to
~ 10 eV/atom total energy but all important

9~ 9.= 9MA-A)

anisotropic i, <> MAE

_ A
D= g. Ag

I
gLS

MAE oc zH_B Al Bruno (‘89)

Characteristic energies of metallic ferromagnets
1 -10eV/atom

10 - 103 meV/atom

binding energy
exchange energy

cubic MAE (Ni1) 0.2 peV/atom

uniaxial MAE (Co) 70 peV/atom

K. Baberschke, Lecture Notes in Physics, Springer 580, 27 (2001)
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2. Orbital- and spin- magnetic moments p; ,pg
in ferromagnetic monolayers

Determination of MAE K. and g-tensor
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1,[001]
: _9-uB
with v = h
W _9g-2
Hg 2
C. Kittel, J.Phys. Radiat. 12, 291 (1951)

0 | I-b (kOe) |

In FMR a large range of frequencies is needed 1 to >200 GHz
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IHe cryostat

In situ UHV-FMR setup 1, 4, 9 GHz
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M. Zomak et al.,
Surf. Sci. 178, 618 (1986)
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YVoLUME 32, NUMBER 11 PHYSICAL REVIEW LETTERS 15 MarcH 1999

Orbital Magnetism and Magnetic Anisotropy Probed with Ferromagnetic Resonance

A N. Anisimov., M. Farle.* P. Poulopoulos. W. Platow, and K. Baberschke
Institut fiir Experimentalphysik, Freie Universitdt Berlin, Amimallee 14, D-14195 Berlin-Dahlem, Germany

P. Isbers." R. Wippling. A. M. N. Niklasson, and O. Eriksson

Department of Physics, Uppsala University, Box 530, 5-75121 Uppsala, Sweden
(Received 27 July 1998)

Via ferromagnetic resonance both the magnetic anisotropy energy (MAE) and the spectroscopic
splitting tensor (g tensor) for a boo Fe,/Vs(001) superlattice are measured independently. The
theoretically proposed proportionality between the anisofropy of the orbital moment wg; and the
MAE is quantitatively checked and its limitations are discussed. From layer-resolved firsi-principles
calculations we find a reduced spin moment ws = 1.62u, for Fe and gy = —0.67up in the first V
laver. The g-tensor elements reveal a 300% enhanced ratio p; /us = 0.133 in comparison to bulk
Fe. The MAE and the orbital moment anisotropy is found to be unusupally small for Fe monolavers.
[S0031-9007(99)08741-4]
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FIG. 1. Analysis of g, according to Eq. (4) at 7 = 205 K.
The solid line is a fit to the experimental H, | (circles).
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Ferromagnetic resonance on Fe /V_(001) superlattices
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Enhancement of Orbital Magnetism at Surfaces: Co on Cu(100)
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M. Tischer et al., Phys. Rev. Lett. 75, 1602 (1995)
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3. spin-phonon, spin-spin dynamics

Freie Universitat Berlin

SESSION 15: Paraelectric and paraelastic relaxation

SPIN-PHONON INTERACTIONS
IN PARAMAGNETIC ION CRYSTALS

S. A. AL’TSHULER

Kazan State University, Kazan, U.5.5. R,

The systematic study of spin-phonon interaction was started some
30 years ago by Gorter ') and his co-workers. Thanks to the well-known
works by Waller ), Casimir and Du Pré?), Kronig*) and, particularly,
Van Vleck *) the fundamentals of the spin-lattice paramagnetic relaxation
theory were laid down.

Later, Zavoiskiy’s discovery of paramagnetic resonance was of major
importance for the development of this field of knowledge ).

In this report we mean, first of all, to outline the development of the
Van Vleck theory in recent years, then, to analyse the difficulties which the
spin-lattice relaxation had to face and dwell on some of the possible ways
of overcoming them, and, finally, to consider various phenomena, caused
by spin-phonon interactions. Naturally, our report will concentrate on the
work done at the Kazan University.
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11
11/21



90% of today’s FMR experiments use

Landau-Lifshitz-Gilbert equation(1935)

dm dm
=—ymxH _; +amx——

dt dt

Bloch-Bloembergen Equation (1956)

dm m. — M
Lt=—y(mxH_), —— S
dt 7/( eff)z T1
dmXy ( H ) m, ,
—=—y( mx ——
dt 7/ eff /X,y T2

Gilbert damping

M spirals on a sphere into z-axis

.

spin-lattice
relaxation
(longitudinal)
spin-spin relaxation
(transverse)
M,=const.

Freie Universitiat Berlin
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Gilbert damping versus magnon-magnon scattering.

1834 IEEE TRANSACTIONS ON MAGNETICS. VOL. 34, NO. 4, JULY 1998

THEORY OF THE MAGNETIC DAMPING CONSTANT

Harry Suhl
Department of Physics, and Center for Magnetic Recording Research, Mail Code 0319,
University of California-San Diego, La Jolla, CA 92093-0319.

DI oo e ee . e Uniform Motion Dissipation in Lattice

Mostly an effective damping
(path 1) 1s modeled/fitted.

uniform motion dissipation to lattice

/7

In nanoscale

3 :
magnetism path 2 Path 3:

magnon-phonon scattering,

has been discussed PR ,
: 4TI see Bovensiepen PRL 2008
very very little. W o
spin waves
Freie Universitat Berlin Al"‘loo R KOZGn 21-25 June 2011

13/21



LIS WILILWLLLL 1+1UUU LU aplll wdve K. 1Vl fcdlisLic llilp{:liﬂ{;‘
tions, the calculation of the p's is non-trivial [6]). All

these processes have one thing in common: they do not All th d t
preserve the magnitude of the uniform mode. Therefore, these PrOCESSES. .. G0 NOL PIeseive

in the desired equation of motion for the uniform mode the magnitude of the uniform mode
alone, they cannot be described by a damping term of o

either Gilbert or Landau-Lifshitz form. Clearly  this
feature must carry over to the case of large motions also.
It follows that this kind of damping, leaving aside the
above mentioned instabilities for the moment, must in

- general give an equation of motion of the form (m now
refers to the uniform component only)

&ﬁ,-=[:ﬁx!?j,— % Adn; 1 =123 Q! Longitudinal T, and

l J=1 -..:}' )
transvers T, - scattering

reminiscent of the equations used in paramagnetic and
nuclear resonance. &m is the deviation of m; from its

equilibrium value. Of course, the relaxation times T;; are

DUULIU, PIVPAZULIULL WALSWLY Swiins wo o sesmsssprosag == -=== - — -

that depends on spatial variation of the magnetization
field. However, for samples of this size, degradation of
the uniform motion by spin wave excitations needs to be
taken into account. Then the damping of the uniform
motion no longer conserves its length, and the GLL  t(he GLL damping term no

damping term no longer applies. Instead,” damping terms )
take forms similar to those found in paramagnetic longer applies. ..

resonance. Finally, an estimate is made of the initial

Freie Universitat Berlin Al"'loo R KOZGH 21-25 June 2011
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FMR Linewidth - Damping

Landau-Lifshitz-Gilbert-Equation 2-magnon-scattering

R. Arias, and D.L. Mills, Phys. Rev. B 60, 7395 (1999);
D.L. Mills and S.M. Rezende in

‘Spin Dynamics in Confined Magnetic Structures ©,

edt. by B. Hillebrands and K. Ounadjela, Springer Verlag
1AM = (MxH, )+ 20 (Mx SH
Y ot M ot
o (k)

viscous damping,
energy dissipation

@~ Pe
Q< P

OmR

Gilbert-damping ~ y
I
Gil G 2Ma — : [(’32+((Do/2)2]1/2' 030/2
= ® AH™" (@) =T
AH ((D) szs (0)) arCSIn\/ [(1)2"'((1)0/2)2]1/2"' (DO/Z

in conventional FMR
o, = 7(2K,.-4nMy), v=(us/h)g

K,, - uniaxial anisotropy constant
M - saturation magnetization

Which (FMR)-publication has checked (disproved) quantitatively this analytical function?
Freie Universitat Berlin AITIOO R KGZGH 21-25 June 2011
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200 1

i? AI_lGiIbert
9’100‘
=
AHG-
0 AHZ-magnOh
AH, o
H'"h(")m inhomogeneous broadening
0 20 40 60

®/21 (GHz)

two-magnon scattering
dominates Gilbert damping
by two orders of magnitude:

J. Lindner et al. PRB 68, 060102(R) (2003)
K. Lenz et al. PRB 73, 144424 (2006)

T,~02ns vs. T,~40ns .
I' = anisotropic spin wave scattering .
G = isotropic dissipation
no anisotropic conductivity is need

I VI G o | AH,

koe) (10°sH |1®sTy (10 | (0e)
FegV; HII[100]| 0.270 500 | 0.26 1.26 | O
® Fe,V,: H|[100]| 0.139 26.1 | 045 259 | 0
Fe4V2;H||[11O] 0.150 27.9 0.22 1.06 0
O Fe4V4;H||[110] 0.045 8.4 0.77 4.44 0

® Fey4Vy; H||[001]( O 0 0.76 4.38 5.8
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Angular- and frequency-dependent
FMR on

Fe,Si binary Heusler structures
epitaxially grown on MgO(001)
d = 40nm
Kh. Zakeri et al.

PRB 76,104416 (2007)
PRB 80, 059901 (2009)

Angular dependence at 9 and 24 GHz
vI[' ~ (26 —53) » 107 sec™', anisotropic
G~ 5+ 107 sec’!, isotropic

A phenomenological effective
Gilbert damping parameter
gives very little insight into the

microscopic relaxation and scattering .
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PHYSICAL REVIEW B 80, 224421 (2009)

Two-magnon damping in thin films in case of canted magnetization: Theory versus experiment
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FIG. 1. (Color online) (a) Angular dependence of the resonance
field for the frequencies of 4.06, 9.8, and 23.82 GHz. The dots are
the expernimental data, whereas the lines are fits obtained from Eq.
(2) with the parameters mentioned in the text. (b) shows the angular
dependence of the FMR linewidth. Note that the x axis is only half
of the one shown in (a). Dashed line is a guide to the eyes. Inset
shows the spectra detected at 9.8 GHz (X band) for #=0 (external
field in-plane) and #5=90" (external field normal to plane).

I. Lindner,* 1. Barsukov, C. Raeder,” C. Hassel, O. Posth, and R. Meckenstock
Fachbereich Physik and Center for Nanointegration (CeNIDE), AG Farle, Universitit Duisburg—FEssen, Lotharstr: 1,
47048 Duisburg, Germany

P. Landeros
Departamento de Fisica, Universidad Técnica Federico Santa Maria, Avenida Espaiia 1680, Valparaise, Chile

D. L. Mills
Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
(Received 19 May 2009; revised manuscript received 17 September 2009; published 18 December 2009)

120
o H';J Out-of-plane (6,=90%)
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FIG. 2. Peak-to-peak FMR linewidth (AB,,) as a function of the
frequency for out-of-plane (open circles) and in-plane (filled
circles) magnetizations.
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PHYSICAL REVIEW B 74, 094436 (2006)

Dynamic approach for micromagnetics close to the Curie temperature

0. Chubykalo—Fesenko.] U. Nowak,2 R. W. Chantrell.? and D. Garanin’
Unstituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid, Spain
’Department of Physics, University of York, York YOI10 5DD, United Kingdom
3Department of Physics and Astronomy, Lehman College, City University of New York, 250 Bedford Park Boulevard West,
Bronx, New York 10468-1589, USA

(Received 30 August 2006: published 29 September 2006} ) . _ )
III. LANDAU-LIFSHITZ-BLOCH EQUATION

The LLB equation following from Eq. (1) in the spatially
homogeneous case can be written in the form'’

(m- H_ )m

The basis of most of theoretical investigations of thermal m=—y{m X Heg] + yey .
magnetization dynamics is a micromagnetic approach which
considers the magnetization of a small particle or a discrete — yar l[m X [m :{ H':ff]]. (2)
magnetic nanoelement as a vector of a fixed length (referred m
to here as a macrospin) with the phenomenological Landau- where m=(s) is the spin polarization and e and «, are
Lifshitz-Gilbert (LLG) equation of motion augmented by a dimensionless longitudinal and transverse damping param-
noise term.” However, contrary to the situation with atomic eters given by
spins, there 1s no reason to assume a fixed magnetization 7T T
length for nanoelements at nonzero temperature. For in- = MFA: DL “[] - Wl (3)
stance, the latter can decrease in time upon heating by a laser IV. CONCLUSIONS AND OUTLOOK

pulse. Hence, from the point of view of modeling of magne-
tization dynamics, there is a general need for further devel-
opment of the micromagnetic theory in terms of its ability to
deal with elevated temperatures.

In conclusion, performing atomistic simulations of ther-
mal magnetization dynamics we observe an increase of the
macroscopic transverse damping approaching the Curie tem-
perature. This increase is determined by the thermal disper-
sion of magnetization and would exist independently fron,
any other possible thermal dependence of internal damping;
mechanisms such as phonon-magnon coupling. This effec:
axplains the broadeping of the resonance linewidth in classi -
cal FMR experiments.!® Furthermore, the magnetization vec -

Freie Universitat Berlin A|1'100, KGZGH 21-25 June 2011
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4. Summary and future

2 magnon scattering in permalloy = f(w, 1) ,
I. Barsukov, Farle-group, unpublished 2011
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*Todays analysis of spin-wave dynamics should not assume
IM| = const, 1. €. T=0 assumption.

g — tensor and spin wave excitations are ignored 1n most cases

*Long wavelength spin-waves relax slowly with G ~ nano sec
2-magnon scattering with I'~ 10-100 pico sec.

All spin wave excitations need a second scattering —d%@ﬁng_
constant. Important for femto sec. relaxatio‘?&s\\

N A
D WQ&’D‘AQ\:E@Q Ht$t. Pvd j

FMR Can bé@c ore powerful in unexplored areas.

A
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Ferromagnetic resonance in nanostructures,

rediscovering its roots in paramagnetic resonance
Klaus Baberschke
Institut fiir Experimentalphysik
Freie Universitét Berlin
Arnimallee 14 D-14195 Berlin-Dahlem
e-mail:
http://www.physik.fu-berlin.de/~bab
In 1944 Zavoiskii discovered the electron paramagnetic resonance (EPR), here in Kazan. Shortly after the resonant microwave
absorption in ferromagnetic Fe, Co, Ni metals (FMR) was discovered (Griffiths 1946, Zavoiskii and Kittel 1947). Surprisingly both
techniques went different routes: The EPR explored an enormous variety of para-magnets in solids, liquids, and gas phase. Already
one decade later Altshuler and Kosyrew published a comprehensive book — the first “EPR-bible” [1]). The focus was to determine
orbital- and spin-magnetic moments (g-tensor), hyperfine interactions, and from the linewidth the spin dynamics (T1, T2 relaxation).
In FMR most of the experi-ments and theory assumed the total value | M | to be constant in the equation of motion and used only one
effective damping parameter (Gilbert). This is an enormous, unneces-sary limitation for today’s analysis of magnetism in
nanostructures and ultrathin films. To assume | M | = const (p.196 in [2]) ignores spin wave excitations, scattering between
longitudinal and transverse components of M. Moreover, in the framework of itinerant ferromagnetism, the magnetic moment/atom p
was assumed to be isotropic with g = 2! That ignores the anisotropy of p in nanostructures and the importance of the orbital magnetic
moments with uL./uS = (g-2)/2. Without finite pL we would have no magnetic anisotropy energy (MAE), no hard magnets. Only
recently the “language” of EPR was adapted to FMR in ultrathin films [3]. A g-tensor is discussed and its interrelation with the MAE
is pointed out. Also recent theory points out, that “...there is no reason to assume a fixed magnetization length for
nanoelements...”[4]. This allows a detailed dis-cussion of magnon-magnon scattering, spin-spin, and spin-lattice relaxation — useful,
for example, for fs spin dynamics.
We will discuss recent FMR experiments using frequencies from 1 GHz up to several hundred GHz, which allow measuring the
proper g-factor components and pL, uS. From the frequency dependent linewidth magnon-magnon scattering can be separated from
dissipative spin-lattice damping.
[1] Paramagnetische Elektronenresonanz S.A. Altshuler, B.M. Kosyrew Teubner Verlag Leipzig 1963 (Moskau 1961)
[2]Ultrathin MagneticStructures 1l B. Heinrich, J:A:C: Bland (Eds.) Springer Verlag Berlin Heidelberg 1994
[3] K. Baberschke in Handbook of Magnetism and Advanced Magnetic Materials, Vol.3 H. Kronmiiller and S.S. Parkin (Eds.) John
Wiley, New York 2007, p. 1617 ff
[4] O. Chubykalo-Fesenko et al. Phys. Rev. B 74, 094436 (2006)
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