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On the theory of electromagnetic fields radiated by an elastic wave in a ferromagnet
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The generation of electromagnetic oscillations by a sound wave in a substance having magnetic
order is investigated under conditions of the normal skin effect. The amplitude of the

electric field and the phase difference of the electromagnetic and sound waves are calculated as
functions of the saturation magnetization, anisotropy energy, magnetostriction constants,

and other parameters characterizing the magnetic materidd0@ American Institute of Physics.
[DOI: 10.1063/1.1925367

Interest in the theoretical study of the interconversion of 1 oM oM HM™LE.D
electromagnetic and sound waves in ferromagnetic metals Wy =Wg(M?)+w4(M)+ > —
has heightened in the last decade in connection with the dis-
covery of a family of rare-eartiR) nickel borocarbides _ en, L o 1
(RNi,B,C),**a significant number of which have magnetic M-HETH 5 U 2 TiamUicUim + i (M) Ui
order. With the same crystal structure, the borocarbides can
exhibit a transition to the superconducting state=(R Lu),
possess heavy-fermion properties=Rb), or demonstrate

coexistence of supercondut.:tlwty apd magnetisme=(IRn, ropy energy, the third term is the exchange energy due to the
Er, Ho, Dy o_r only magngtlc ordering (RTb, Gd. The nonuniformity of the magnetic moment densiiy. The
superconducting borocarbides are among the so-called Ufsyrth and fifth terms are the energy of the electromagnetic
conventional superconductors, the order parameter in whicfleld and the energy of the magnetic moment in an external
corresponds tg+g symmetry"~’ in contrast to the isotropic  yniform magnetic fieldH(®; H(™ is the magnetic field pro-
s-wave pairing in ordinary metals. Experimental and theoretduced by the magnetizatioit, and D are the electric field

ical study of the magnetoacoustic processes in magnetic band electric displacement, respectively. The next three terms
rocarbides in the normal state can elucidate the influence afetermine the elastic and magnetostriction energiés;the

the magnetic order on their kinetic and thermodynamic chardensity of the ferromagnet is the displacement vector of
acteristics. Besides the mechanisms of interconversion of tH&e lattice points with coordinatesat timet, U is the time
boson branches of the spectrum which are inherent to norm&€rivative, 7im is the tensor of elastic constantsy is the

metals®® magnetic materials have specific mechanisms Oftratup ;ensor, andi is the tensor characterizing the magne-
ostriction.

excitation and interaction of sound, spin, and electromag- . .
. _ . The energy of the system of conduction electrons with a
netic waves. Because of the magnetoelastic interaction, th&S

. . . . ispersion relatior:o(p) can be written in the forf?
propagation of elastic waves in ferromagnets and antiferro-
magnets is accompanied by oscillations of the magnetization. 2d%p
Although magnetoacoustic oscillations have been widely 5(r,t)=fﬁg[go(p)+5g(r,p,t)]f(r,p,t), 2
studied theoreticallysee, e.g., Refs. 10 and)lthose studies (2mh)
were limited to the approximation of magnetostatics, and the - .
electric fields were not considered in them. In the presen\f\'here 9&(r,p,1) =N i(p) Ui~ (p=Mdzo/dp) U s the addi-

. . .. tional energy of an electron in the field of a sound wave,
paper we study the generation of electromagnetic oscnlatlonﬁ . . 4P .
by a sound wave in substances having magnetic order (p) s the deformation potentiah, andm is the free elec-

) - ) i : on mass. The distribution functiof(r,p,t) of the elec-
consider the case realized in practice wherein the electrongynic system perturbed by alternating fields is conveniently

responsible for the magnetic properties are localized in 'atrepresented as the sum of an instantaneous equilibrium dis-
tice atoms, and the mean free time of the conduction eleGyipution function and a nonequilibrium admixture:

trons 7, is short in relation to the frequencies of the alternat-
ing field.s apd the electron cyclotron frequency in the external  f(r p t)="f(eo(p)+ Se(r,p,t) — Su)
magnetic field.
We start from the following expression for the energy _ foleo)
. #(r,p,t) , ()
density of a ferromagnet: deg

e
ik (9Xi ﬂXk 8

+&(r,t). 1)

Herew,(M?) is the exchange energy,(M) is the anisot-
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wherefy(eo(p)) is the Fermi functiongu=u; (N )/(1) is  and Maxwell’s equations
the variation of the chemical potential determined from the

it ; i A 1B
condition of conservation of electron density, and the angle curl H('”)z?j, curl E=— =

brackets cat’
()= f 2dp [ dfy divB=0, divj=0. (10)
(27'rﬁ)3 (980
Here
denotes averaging over the Fermi surface.
The equation of motion of the magnetic moment density  j=e(vy) (11
has the forn*1 _ . : . .
is the current densitg=H("+47M is the magnetic induc-
dM(r,t) off tion,Aik=)\ik—(7\ik)/<l>, andV=(780/(7p.
dt =gIM(r,hxXHT]+R, ) The system of equations of the problem is closed by the

kinetic equation in ther approximation for the equilibrium

whereg=—y2ug/h, ug=|e|#i/2mcis the Bohr magneton, component of the distribution function:

and vy is the gyromagnetic ratio of the ferromagnet. The ef-

fective magnetic fieldH®f(r,t) is written as a functional de- ay  dY e Y Y
rivative of the energy of the ferromagnet with respect to - TV_-+ [V B]—+ —e—evE Ajly, (12)
M(r,t):
SW where E=E+ 1/c[uUXB]— (m/e)li— Vdule is the effec-
Hef(r,t)=— MO W=f wsd3r. (5) tive electric field.

In the local limit we can easily obtain from Eq4.1) and
The relaxation terniR, according to Ref. 10, can be writ- (12) an expression for the current density:
ten in the form _ 5
j1= 7e€%(v Vi) Ex— 7e(v  Aj) Uik = o Ex + ¥iik Ui, (13)

1 1
R= 7_2( Hef Ecurl u) which is a sum of the electronic current and the deformation
current due to the lattice displacement.
] ©6) The system of equation®), (7), (9)—(12) together with
the boundary conditions determines the electromagnetic and
where m=M/M, and 7, and 7, are the temperature- acoustic fields :_;lrising in an elasticalily straingd ferromagr_1et.
dependent relaxation time of the direction and magnitude of Letus consujer a(fetitr)romagn%tex;mh a CUb'.C crystal lattice
the magnetic moment. in a magnetic fieldH'**”=(0,0H'**") occupying the ha]f
It follows from expressiongl) and (5) that spacez>0. In the case when the, v, and_z axes are di-
rected along the edges of a cube, the anisotropy energy can
Wa(M) *M; be written in the form

1

1

mXx|mX

1
He+ —curl U)
29

eff__ (|n) _ w! 2
H &Mi 2M|We(M )+a|kt9X|L9Xk .
A (M) , Wa(M)= =5 B(Mz+My+M3) (14
U|ka—Mi, (7)

, (we have neglected the influence of the magnetostrictive
HW=HE4+ H™ js the field inside the ferromagnet. strains on the crystal structyreFor >0 the crystal has
The equilibrium state corresponds to a minimum of thethree equivalent directions of easy magnetization along the
energy of the ferromagnet, and therefore the equatioR, y, andz axes, and the equilibrium magnetizatibhy, will
Hefi(r)=— 8W/SM(r)=0 together with the equations of pe parallel to the vectad ©Y We set
magnetostatics determines the equilibrium values of the )
magnetizationM (r) and fieldH™(r). We shall ignore ef- M(r,t)=Mo+M7(r,t), H(r,t)=Ho+h(r,t),
fects deriving from the existence of domain structure, assum- (15
ing that the equilibrium magnetization is uniform and is

) where M~ (r,t) and h(r,t) are small deviations from the
found from the equation

equilibrium values. Noting that for a cubic crystal;,

(in) w,(M) 5 = ad;, one can easily obtain from formuldg) and (8) a
T oM 2Miwe(M%)=0. (8)  linearized expression for the effective magnetic field:
I
Equation(4) must be supplemented by the equation of off 2 f oo
motion of the elastic mediutt'? H =hi+a X2\ My vt 2BMS Mi” = 4Mowe(Mg)
Ui, 5f|k(M) oM, &Heﬁ of (M )
i ! . - k(Mo
P = Mikim™ oy, Xy + (9M| Xy +M X X(M MO)_ulk—ﬁM . (16)
i
1 1 1%
+ —(curI R)+ — [] XB];— . %‘f‘ §<Aik¢> Under experimental conditions the elastic wave usually
k

propagates along the normalto the surface, and the dis-
(90  placement at the boundary is assumed to be specified:
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u(0)=upe ", ugLln. (17 aM7(0)

=0. 24

The character of the processes occurring over a suffi- 9z (24
ciently extended time interval is determined by the boundaryn the case when the inequality ma§Emps?, f1 M2/ ps?)
regime, since the influence of the initial conditions is weak-<1 holds, the nondissipative terms on the right-hand side of
ened because of the dissipation inherent to all real systemgquation(21) constitute a small correction. Taking them into
For steady-state oscillations the time dependence of all thgccount leads to renormalization of the sound velocity and
alternating quantities has the form'e'. rotation of the plane of polarization of the vector If over

Assuming that the elastic and magnetostriction properthe time of passage of the wave through the sample the angle
ties of the ferromagnet are isotropic, we use the followingof rotation of the amplitude of the displacement vector is
expressions"*for the tensorsyiq, and fi: small, then in neglect of dissipative effects the acoustic field

Nikim= P(SP— 252) 51 Bim+ pSA( 81 Sem+ Simdict) can be assumed equal to the external field

fic="F1M M+ M28, (18) Uy (z,t)=uo e ' "%, a=g; (29

wheres; ands; are the velocities of transverse and longitu- and Eqs(20), (22) and(23) can be regarded as independent
dinal sound, andf; and f, are the magnetostriction con- of Eq. (21).

stants. Neglecting effects due to anisotropy of the charge The solution of the inhomogeneous system of differen-

carrier dispersion relation, we can write the conductivity ten-a| equationg20), (22), (23) should be sought in the form of
soroy and the renormalized deformation potentigd inthe 5 ym of the solution of the corresponding homogeneous
form system and an induced solution describing the field induced
Ti=T€3(V,0) = 08, by the sound wave. The induced solution szequatl(ﬁﬁ)
and (22) is a plane waveM’(z,q)=M7q€e" h,(zq)

1 =h, (q)€9% with wave numbery and amplitudes
Aik:A(80)<UiUk__025ik)1 19 ’ _
° Al FLogMot o )
where A (gq) depends only on the electron energy. Under _ QUo, | — T\ Ta@oMo 297
these conditionsy,;; =0, and the strain contribution to the h.(q)= D Bot d; ' (26)
current is equal to zero, while the circular componeants
=uy,+iuy, h, =h,+ih, of the vectorsu, h, E, andM~ N _quo+ wo— [ _ )
satisfy the equations M7 ()= d, D Bo~l fl“’OMO’LE
_ [ Ho ) MY Aoy
o M_0+2:8M0 —0|M{ ~woa P X| 1+i aD || (27)
=1 f =M iw | du, 20 where
=woh4 199 O+E 97 (20 He
dlzdl(a),q):ao M—+2BMS+aq2)—w,
2 Z&ZU+ flMO &M: BO w &h+ 0
— 0’ —S{——5 = + — _
Jz p dz  4dmp wg/ 9z _ ATwg
D=(qdé)%—i|l 1+ ,
+ |_9R, (21) .
2pg 9z’ s=clJAmow is the depth of the skin layeB,=B(1
2h 4 + w/ wg).
+ Amow _ e : P
——r =i (hy+47M?7) From EQgs.(23) it |§ easy to find the ac electric field
E.(z,0)=E.(q)€%,
Amow B o\ Jdu, 22
LW Bo 47wy
0 _ _ E+(CI):_|EU0+ B + dl
E.=—i_ B, Bi=h.+47M]. (23)
_ iw
Herea():wo—irfl, wongo, 7'71:7'271"‘ TIl, BOIHO .47T<fleMo+ E)
+47My, andwg=|€|Bg/mc. —I d
The boundary conditions for the electric and magnetic !
fields satisfying syster(20)—(23) reduce to continuity of the
componentd, andE, at the boundary of the ferromagnet i 47wy
with free space. Continuity of the normal component of the X1+ 5(1+ a; ) : (28

energy flux density at the surface of the ferromagnet and o _
formula (1) imply the following boundary condition for the induced by the sound wave. In the limjd—0 we obtain
magnetization: EQ(q)=u.Byw/c, and the effective field
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E.=E,- ~u,B, 30 E ISR

= ——Uu = — +

T e EO= " a7+ ((+am?r 7]

goes to zero. The conduction current and the fielis pro- X1 Q[Bo(wol— »)+4mf woMo]

duced by the following term in the expansion (f8) in
powers of §6)2: _ 27w
+(§+4w)72( Bol+4mfiMy— T)

§0d1+477

o iw
flwoM O+ —

— 1 w
~ . 2 @ 29t —idmor Y Bo—| f1+ = ({+47) Mo+ =—| ¢,
E.(q)=-1(a8)"Uo, 0+ Amay : 2 29
(31 (32)
we find the phase difference of the electromagnetic and
Separating Eq(31) into real and imaginary parts, sound waves:
|
= 1 [0)
- AdmwTr *|Bo—| f1+ §(§+47T) MO+E
p=— ——arctan : (33
2 _ — 2T
Q[Bo((l)og_ (1))+47Tf1(1)0M0]+ (§+ 477)7'2< Bog+4’ﬂ'flM0_ T)
|
Here Applying the boundary conditioi24) and using Max-

Q= wy(£+47)— 0=Re(d +4), wgll's equ.ations, we can easily express the amplitudes of the
skin solutions,
(= $+25M3+aq2. q
0 M3 (k,a) =~ M (a),
For the asymptotic representation of the magnetic field
and magnetization forgd)2<1 it is sufficient to consider

imation i : qdi(w,k)
only the zeroth approximation in the sméll parametes)@: hs (k,q)=— = M (q), (39)
_ i
Bod1+ 47T( flaoMo'f' %_
O (q)=i g di(0,K)+47Tog
(@) =1quo, d,+ 4 B Bk M@

— _ )
Bowo— ( frogMo+ E) in terms of the amplitude of the displacement at the bound-

(35) ary of the ferromagnet. Her®l [ (q) is determined by for-
mula (27). It follows from expressiong38) for q=w/s;

The solutions of the homogeneous system of differential<|k|~ &~ * that the amplitudes of the skin-effect modes are
equations corresponding t20), (22), and (23) describe small compared to the amplitudes of the forced oscillations.
modes which are damped at distances of the order of the skin The electromagnetic waves radiated by the sound wave
depth. Assuming that the spatial dependence of all the vari25) in a ferromagnetic insulator are determined by the equa-
able quantities is of the form'*&, we obtain from(20), (22),  tion of motion of the magnetizatiof20) and the wave equa-
and(23) the dispersion relation giving the wave number as dion, which for a ferromagnetic insulator with dielectric con-

MO~ (@) =iquo. drame,

function of frequency: stante becomes
47750 2 2
- 2_; — a°h ) _
D(w,k)=(8k)*—i| 1+ d (oK ) 0. (36) _ (92+:8€2-(h++477M+)- (39)
In the casea§?< H0/M0+2,8M3 equation(36) takes
the form It follows from this equation that the magnetic field excited

(024 7 2) (= wow+iwr L by a sound wave with wgve.numbqr: wls; is significantly
0 0 (37) less than the ac magnetization:

(wof— )2+ &7 2

[
k2 (w)= §<1+4w
. 2 :
where é=Hy/My+28M3. From the two roots it is neces- _ St - 9. = o
sary to choose the solution for which the mode is damped at "+~ 478 zMy <M. =i d; f10Mo+ 297"t
Z— 00, (40)
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