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Calculation of damping rates in thin inhomogeneous ferromagnetic films
due to coupling to lattice vibrations

R. D. McMichael® and Andrew Kunz
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

This article describes calculations of ferromagnetic resonance damping rates due to coupling
between the magnetization and lattice vibrations through inhomogeneities. The mechanisms we
have explored include generation of shear phonons through inhomogeneous anisotropy and
generation of both longitudinal and shear phonons through inhomogeneous magnetostriction. In
both cases, inhomogeneities couple the uniform precession to finite wave vector phonons. For both
coupling mechanisms, the predicted damping rate is on the ordef af 10n transition metals. The
damping rate by these mechanisms is inversely proportional to the fifth power of the shear phonon
velocity, and may play a significant role in mechanically softer materials such as magnet/polymer
nanocomposites. [DOI: 10.1063/1.1450831

I. INTRODUCTION 2 )

_ | y | F=— 2 [Fidl® dlhwo—fogk)]. @

It is well known that inhomogeneities can cause uniform ks

precession modes to scatter into finite-wave vector spinwavgy proceed with this formulation, we must determine the
excitations in a process described by the two-magnomteraction coefficientsy s in terms of materials properties
model~" The two-magnon process produces an effectiveyng the properties of the excitations.
line width in ferromagnetic resonance experiments, 'but it For small deviations of the magnetization from the equi-
may be regarded as something other than true damping bnrium direction, we write the magnetization 48=M

cause the energy stays Wlthln the magnetization without b_e;L m0f9+m¢fp. The equilibrium magnetization direction is
ing transferred to the lattice. The analogous process was |I-I h it tob: 9 and h o lie al th
lustrated in micromagnetic models of switching without '°N9 the unitvectop, ¢ an ¢ are chosen to lie along the

damping® principal axes of the uniform precessitsee Fig. 1
The inhomogeneities that allow the uniforio=0, pre- We write the energy of the magnetization in a uniform

cession mode to drive nonuniform precession modes witrﬁIIm as

wave vectork#0 will also allow uniform precession to E:MOVf(%hﬂem%+%h¢¢m(2[;)a 3

couple tok#0 sound waves in the film and substrate. The

transfer of energy to sound waves would be a true dampin§/herehy, andh, are normalized fields and; is the vol-

effect, but its measurement by ferromagnetic resonancdme of the magnetic film. For magnetization aligned with an

would be masked by the presence of two-magnon broaderfiPplied fieldH, in the plane of a film,hy,=H,/Ms and

ing. The purpose of this article is to estimate theoreticallyh¢¢:(Ha+Ms)/Ms-

whether the inhomogeneities that enable two-magnon pro- [N terms ofa and a’, m, andm, are given by

cesses within the magnetic subsystem also enable a signifi-

cant amount of true damping to sound waves in the lattice.
We consider a Hamiltonian that includes the uniform

mode of precession, a manifold of phonons and interaction

terms of the form

4

H
_ T T
% = wOaTa+ kE; ws(k)ck,sck,s+ kz; (Fk,sack,s

+Fra'cys), (1)

wherea,a’ andckys,clvS are the lowering and raising opera-
tors for the uniform precession mode and for phonons, re-
spectively. Phonon modes are identified by wave vektor
and polarization indes.

The decay rate for the uniform precessibhjs given by
the golden rule of time dependent perturbation theory,

FIG. 1. Coordinate system used for the calculations. The film and substrate

lie in the x—z plane. Unit vectors?)k and f[;k are chosen as polarization
¥Electronic mail: rmcmichael@nist.gov vectors for shear phonons.
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[ fhawg ‘ Assigning the polarization vectois and &, to 6, and
My0= 2M0vfh¢¢(a+a )- (5) fﬁk, respectively, the double cross product in Ep) can be
itt
The displacement of atoms in the film and substrate ca|)1NrI en A A

be written a3 M X kX 6= —M kco ¢— ¢) 0, (12)

h . S i h— b )T

UN=3 5 aCetchaoe, @ MXKXAT MKt fising = g6

k,s 2pVswg(K) . ~

+sin(6,) ¢]. (12

wherep is the substrate density, is the substrate volume, h i

and o (k) is the angular frequency of a phonon with wave The perturpatlon energiEq. (8)] can now be expanded

vectork and polarization vectok, . in terms of raising and lowering operators for magnons and
In Sec. II, we calculate the damping rate with the anisotPhonons. Using Eqs1l) and(12), the § and ¢ components

ropy as the spin lattice coupling, and in Sec. Ill, we calculate® Mp [EQ. (10] can be identified and substituted for,

the direct-to-lattice damping rate due to magnetostriction. andm,, and Eqs(4) z_and(S) can be substitutgq fan,o and
my 0. For each polarization index, the coefficientd=, ¢ of

terms containing:ﬁa can be identified by comparison with
Eqg. (1). The result is

e,y kyRMY)?
The phonon-generating process can be described clas,;S |Ficsl *= poVs 4pV 0wy
cally. Imagine a small grain of anisotropic material in a uni-
form host. The precessing magnetization and the lattice in X{[If go.kl*Nggt [T o4,k %h 0]
this grain will experience equal but opposite, time-dependent _ : _
torques due to the local anisotropy. The relaxation of the x[cos(¢ d)krm)ﬂ:()s'2 6krm3m2(¢ d’krm)]
lattice in response to these torqugs leads to the dissipation of +[|f¢¢]k|2h00+ |f9¢,k|2h¢¢]sin2 0krm}' (13)
magnetic energy by this mechanism.
For a material with an inhomogeneous anisotropy, thdn this expression we have assumed that the material has
local energy density can be expanded in a Taylor seriegin  symmetry such thatf;;(r)f,,(r+r"))=(fj;(r)fiu(r—r"))
and m,. The first order terms give rise to magnetizationwhere(f) is the spatial average dfandi, j, k, andl stand

II. COUPLING VIA ANISOTROPY

ripple’® and the second order terms are for 6 and ¢. With this assumptionf;; f§, . is real. Terms
odd in ¢— ¢, have also been dropped because they will
IL’LOVf 1 2 ! rm
Ep=—n 2 [2N0s(n)my(r)?+hg(r)my(rymy(r) cancel in the sum ovek.
r

To proceed further, the properties [6f; /> must be de-
termined. As an example, we assume

+ %h¢¢(r)m¢(r)z]. (7)
. ) ) . fiy(rp) | 0<y<t;
Written in terms of Fourier coefficients fii(r)= , (14)
0 | thf
Epz,uovfz [f 0, —kMg kMot fyp —kMykMyo wherer| is a vector in the plane of the film, and we assume
K that f;;(r) is correlated over a distand such that
44, —k(Mg kMg 0t My My o), tS) <fij(r”)fij(rH+rli)>:<fi2j(r‘|)>e*|ru"/D_ (15)
where only those terms involving the uniform precession arg nder these assumptions
kept and the uniform and inhomogeneous parth;dfr) are
separated I |2_Vf sin(kyt;/2) | 2 27D t,(f (1)) (16)
VL kt2 ) [1+(kD)Z
(r=h: ek
i (1) =hij +k§0 Fij €™ ©) wherek is the in-plane component ¢f.

. To calculatel’, the sum ovek in Eq.(2) is converted to

In Eq. (7), and in what followsm, andm, are small 5 integral s, — V. /(27)3/dk for proper evaluation of the
magnetization changes due to rotationsVbfrelative t0 the  yoiia function. We assume a linear, isotropic dispersion rela-
lattice. The magnetization with respect to the direction of the; ., tor the shear phononsy = c|k|:
local crystal axes becomes=mgy+m,, wheremy is the
magnetization due to uniform precession magnons only ang_
m, is the effective magnetization due to local rotation of the™
lattice which is described by the rotation vectoX u:

oMg( YoM S)zwg
4pc®

Sin(kytf/Z)r

! f dcostyd e dk
27 | dcostde kt/2

2t
><Wﬁ(lkl — 0ol (T2 s+ (12,00 ]

X[coS(¢p— i, )+00Sby SiM(d— ¢y )]
[ &
=i W(ckdciks){l\ﬂ[kx &K1} (10 +H[(F5 0 Ngat ()N gglsint oy 1. 17
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For high frequencies, when the delta function in Eb. se- 1(ou;  du

lects large values dk such thatk|t;>1 and|k|D>1. The &= o x| (20)
terms on the second line of E(L7) decrease wittk, so the ! '

damping rate will decrease liked? for large w. Because the directions of the crystallographic axes vary

For smallk such thatk|t;<1 and|k|D<1, the terms on  from grain to grain in the film, we define a unitary coordinate
the second line of Eq17) are approximatelyD2t;, and the transformation matriXy(r) such thata;==;U;;(r)M;/Ms.

damping rate can be approximated by The next step in the calculation would be to use E45s.(5),
s by 5 and(6) to expand Eq(19) in terms of magnon and phonon
_ oMD ti(yuoMe)“w ho ((F2 V4 (F2 raising and lowering operators. Becausgis a linear com-
- 8mpc® [hoo((Foa +(Fas)) bination of Mg, m,, andm,, productse;a; will contain

cross terms proportional tm,/Mg andm /Mg with coeffi-
+h¢¢(<f§9>+<f§¢>)]' (18 cients on thg oerder of unitg?/ th;t depedﬁd SnWith these
For low w, the damping rate is proportional to the square ofsubstitutions, the coupling energy takes a form similar to Eq.
the frequency. We expect maximum damping when the cor¢8) with termng,k/(,qug) in place off;; _, whereg_ is
relation length and/or film thickness are on the order of aa Fourier component of coefficients of thelependent coor-
phonon wavelength. dinate transformation from local crystallographic axes to the
Note that the damping rate depends sensitively on dab coordinates.
number extrinsic materials parameters including the correla-  For transition metals with magnetostriction on the order
tion lengthD, and the thickness of the film. If we use order- of 105, B is typically of 1 J/m, the same order of mag-
of-magnitude magnetic parameters typical of Permalloynitude as woMZ2. Based on this estimate, damping to
films, (M¢=8X10° A/m, and D=t;=50 nm mechanical phonons via magnetostriction and damping to phonons via
properties typical of silicon, {(=2.3x10° kg/m?®, c¢=3 magnetocrystalline anisotropy are similar in magnitude. Per-
X 10° m/s) andw= 27X 10 GHz, and if we allow for a very haps the similar damping rates predicted for these two
large perturbation field on the same orderMs, such that mechanisms should not be surprising since both magneto-
(fizj)=1, the damping rate due to generation of phonons istriction and magnetocrystalline anisotropy have their origins
still only on the order of 19s™*, much smaller than rates of in spin-orbit coupling.
10° s™! that are typically observed in ferromagnetic reso-  In conclusion, the results of these calculations indicate
nance experiments. Note that E47) depends on the speed that inhomogeneous coupling between the magnetization and
of sound for transverse waves @s°. For a magnet/polymer lattice vibrations may be strong enough to give measurable
composite with a lower speed of sound, the damping by thislamping in transition metal thin films. For magnet/polymer

mechanism may be large enough to be dominant. nanocomposites or other materials with low sound speeds,
damping by phonon generation may play a much more sig-
I1l. COUPLING VIA MAGNETOSTRICTION nificant role.
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