PHYSICAL REVIEW B

VOLUME 12,

NUMBER 11 1 DECEMBER 1975

Transmission and magnetoacoustic efficiencies in ferromagnetic conducting films

C. Vittoria, M. Rubinstein, and P. Lubitz
Naval Research Laboratory, Washington, D.C. 20375
(Received 18 June 1975)

We have formulated a unified theory for calculations of magnetoacoustic efficiencies and ferromagnetic
transmission resonance. As specific examples, we have calculated the magnetoacoustic efficiency in thick films
of Ni and Tb-Fe; we have also calculated transmission efficiencies for Ni-Fe thick films.

1. INTRODUCTION

The transmission and the magnetoacoustic con-
version of an electromagnetic (em) wave in passing
through a conducting ferromagnetic film is of
practical interest for microwave device applica-
tions. Although the problems of transmission of
an em wave through a ferromagnetic metal film
and of the conversion of this wave into an acoustic
wave have been previously presented separately in
the literature, we will present a unified treatment
of these cases based on a single phenomenological
theory.! In a previous paper,' a general dispersion
law was obtained for a magnetoelastic, ferromag-
netic, and conductive medium. We now extend the
previous calculations to evaluate the transmission
and magnetoacoustic conversion efficiencies in a
unified treatment by applying boundary conditions
appropriate to specific problems.

The transmission of an em wave through a ferro-
magnetic metal film was first treated theoretically
by Kaganov® and experimentally by Heinrich and
Meshcheryakov.® Transmission resonance in metal
films occurs at fields well below ferromagnetic
resonance. In analogy with other oscillators, the
real part of the susceptibility x is negative for
fields below (corresponding to frequencies above)
ferromagnetic resonance and positive above reso-
nance. Thus, the permeability p of the material
can approach zero for fields below resonance,
since u is defined as

w=1+4ny. (1)

The field for which p -0 has been defined by Kit-
tel* as the antiresonance field, in contrast to the
ferromagnetic resonance field at which Im(u) is
maximum. In magnetic materials, however, u is
not exactly equal to zero, since p is complex.
Thus, as noted by Kaganov,? the skin depth 6 in
a ferromagnetic metal increases near antireso-
nance, since 61y . This allows an em wave to
be transmitted through even a relatively thick
metal ferrémagnetic film near antiresonance.
This transmission resonance was in fact demon-
strated by Heinrich and Meshcheryakov.® The re-
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quired fields for antiresonance or transmission
resonance can be calculated from Eq. (1), putting
=0, as demonstrated by Kittel.* However, one
further requirement, which was omitted in Ref.

4, is that y must be defined as the normal-mode
susceptibility. For example, for the static mag-
netic field perpendicular to the film, the normal
modes are circularly polarized. x would then be
defined as the ratio of m/k, where these quantities
are the circularly polarized wave amplitudes. If,
however, a y is arbitrarily defined (as in Ref. 4)
as the ratio of two linearly polarized quantities, as
ma/ha, an incorrect field dependence is predicted
for the antiresonance. In order to avoid explicitly
calculating y for each angle of the static field ﬁ,

it is simpler to assume that one can write the
equation of motion for all angles of Has (neglecting
damping for the moment)

M/y=MxH, (2)

where H=H,+h. H, is the effective static internal
field and takes into account the static demagnetiz-
ing field. The rf field 1 is the field derived from
the antiresonance condition [(Eq. (1)]

A= 47m.

It follows then that the antiresonance condition for
all angles of H, with respect to the film plane is

w/y=B,=H,+41M, . (3)
We note for the in-plane case

w/y=H, +41M,, (4)
and for the perpendicular case

w/y=H,, (5)

where H, is the external applied field. Maximum
transmission in metals occurs for fields slightly
shifted from the above expressions. The shift will
be calculated later in this paper. A major result
of transmission resonance experiments® is that the
transmission linewidth is directly related to the
magnetic damping, while the ferromagnetic reso-
nance (FMR) linewidth in metals is a combination
of the intrinsic and exchange-conductivity® contri-

5150



12 TRANSMISSION AND MAGNETOACOUSTIC EFFICIENCIES IN... 5151

butions. In a transmission resonance experiment
exchange-conductivity effects are negligible, since
the rf fields near antiresonance are characterized
by very small spatial variations, especially in
comparison with the situation at the ferromagnetic
resonance. Thus, one can measure the intrinsic
linewidth contribution from the transmission reso-
nance experiment as was done by Heinrich and
Meshcheryakov.? Of course, the conductivity still
plays a crucial role in determining the transmis-
sion linewidth and intensity.

Following the work of Kittel,* Kaganov,? and
Heinrich and Meshcheryakov,® theoretical and ex-
perimental work has been directed at estimating
and measuring the effect of conductivity and ex-
change onthe transmission resonance line shape.®”
Calculations of the transmission resonance line
shapes including exchange and conductivity were
done by Phillips® and Horan ef al. only for the case
where H, is perpendicular to the film. In a 10-um
film Phillips® observed that transmission maxima
occur at two fields for H, normal to the plate. This
was interpreted® as the effect of a standing-spin-
wave mode on transmission.

We have included the effects of exchange, con-
ductivity, and spin boundary conditions in our cal-
culation of the transmission resonance line shape
as a function of the angle a and film thickness. We
find for 10- um films that the effect of standing
spin waves is to give rise to a number of transmis-
sion resonance peaks and not just two® peaks. For
thick films (~100 um) only one transmission reso-
nance peak for all angles of H, is calculated, in
agreement with recent experimental findings of
Heinrich and Cochran.?-'° As one would expect,
spin boundary conditions become important for
film thickness less than the skin depth.

These and previous calculations are normally
carried out numerically on a computer. However,
for thick films we derive an approximate analyti-
cal expression for the transmission resonance
field and linewidth.

There are essentially two schemes!! by which a
coherent acoustic wave can be generated in a fer-
romagnetic film. The first method is to excite the
film to ferromagnetic resonance. The magneto-
acoustic coupling of the material induces a lattice
motion whose amplitude depends on the rf magnetic
moment amplitude at resonance and, consequently,
on the conductivity. The acoustic-wave amplitude
is position dependent, since the rf fields attenuate
in the metal film. In order to minimize conducti-
vity losses, the film thickness was chosen!? to be
less than the skin depth. Furthermore, the acous-
tic power at the rod (where the film is attached)
can'? be optimized by choosing the film thickness
to be a half-wavelength of the phonon wave. For

this case conductivity effects can be small. In the
scheme of Kobayashi et al.'? the acoustic imped-
ance of the rod is chosen to be mismatched to the
acoustic impedance of the film so that only part of
the acoustic-standing-wave power in the film is
launched into the rod. We extended calculations of
this first method to consider the case of relatively
thick films in which conductivity effects are impor-
tant, and determine the thickness for which the
transducer ceases to be of practical interest. For
this calculation we consider a Ni film as an exam-
ple.

The second method by which phonons can be gen-
erated is to bias the magnetic field to magnetic and
acoustic resonance simultaneously (crossover
region). This requires that the operating frequency
coincide with the crossover region, where the
spin-wave and acoustic-wave vectors are degener-
ate. At the crossover region the volume spin-wave
branch intersects the two transverse-acoustic
branches. The spin-wave branch couples or ad-
mixes with one of the transverse-acoustic branches
which is polarized in the same sense (see Ref. 1).
The magnetoacoustic conversion depends on the
magnetostriction constant, the acoustic and the
spin-wave damping. In addition, at high frequen-
cies one would expect conductive losses to be im-
portant in reducing the over-all transducer effi-
ciency.

A priovi it is not clear which of the two schemes
should give rise to a higher magnetoacoustic trans-
ducer efficiency. Therefore, we have considered
both schemes of field biasing in our calculation of
transducer efficiencies in films of Ni and in Th-Fe,
where the magnetostriction constant may be large.
The calculations will be compared with the mag-
netoacoustic efficiency measurements of Bommel
and Dransfeld*® in Ni films and of Donoho e? al.!*
in Tb-Fe films.

II. MAGNETOACOUSTIC AND ELECTROMAGNETIC
EFFICIENCIES

We consider the problem of reflection, trans-
mission, and magnetoacoustic conversion of a
plane em wave incident on a magnetic film as in
Fig. 1. The quantities of interest are the ratios of
(a) the acoustic-wave power and (b) the transmitted
em power in medium 3 to the incident em power.
The film is characterized by a spontaneous satura-
tion magnetization M,, exchange stiffness constant
A, electrical conductivity o, magnetic gyromagne-
tic ratio y, Landau-Lifshitz damping parameter
1, magnetoacoustic constants B, and B,, magnetic
cubic anisotropy constants K, and K,, elastic dis-
placement constants C,,, C,,, and C,,, and elastic
relaxation time 7. The film is assumed to be a
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{100} plane. The magnetic field direction may be
arbitrarily chosen with respect to the film surface.
Medium 3 is characterized by an acoustic-wave
impedance Z ,. The geometrical configuration and
the parameters characterizing media 2 and 3 are of
sufficient generality that many configurations can
be evaluated. However, we will restrict our cal-
culations to situations where comparison with ex-
periments'®* can be made.

The procedure for the calculation of the efficien-
cies is straightforward:

(i) For a given frequency and magnetic field
there are seven' allowable propagation constants
k% in a magnetoelastic conductive media. The
functional relation between frequency and each &,
or branch for a fixed bias field is given in Ref. 1.
Four of the branches are predominantly magnetic
and the other three are essentially elastic branch-
es. However, it is important to point out that
magnetic attenuation is greatest at FMR, whereas
the elastic losses are greatest at the crossover
region (for frequency and wave number independent
A and 7).

(ii) For each k, there corresponds an internal-
field solution of the form #,e-*¥, where &, is com-
plex. Since the film thickness d is finite, we must
allow for internal reflections, so that for given
k, the internal-field solution is of the form

+,=iR,d =pik,d
hye*n® +hie’*n?,

where 7} denotes the field amplitude of the wave
traveling in the ty direction. The amplitude and
phase of %} are of course determined by the boun-
dary conditions. The internal fields must add up
50 that both the electric and magnetic rf fields are
continuous at each surface. Besides the electro-
magnetic boundary requirements, we require a
boundary condition on the rf magnetic moment m
and the lattice displacement U at the two surfaces.

(iii) The boundary condition on m at the surface
for a magnetoelastic medium is given as'®

am B
AF§-+Ksm +X/I-lou=0, y=d

am B
2. - —
A—3 -Ksm+MOu—0, y=0

where both m and « are circularly polarized and
the form of the uniaxial surface energy is taken to
be E,=K o3, where a,=sinfsing. These surface
pinning conditions apply only for ﬁa normal to the
film surface. Pinning boundary conditions for arbi-
trary angle will be considered in the transmission
resonance case.

Let us now estimate the coupling term and com-
pare to K. The coupling term for a given &, value

MAGNETOELASTIC
CONDUCTIVE FILM

B

I

Pal

R

X

T eTeTe
RN

KRN

XX

o ® o
FIG. 1. Configuration of the film with respect to the
static magnetic field and the em fields. Arrows associ-

ated with the field point along the propagation direction
of the fields.

is of the order of

r o Bn(By/ M)
S pw’ = Cuky

Assuming typical values of B,~107 ergs/cm?,
M,~500 G, p~9 g/cm?®, C,,~=10" dyn/cm?, w =27
x10'° Hz, and k,~10% cm"!, we obtain

K!>10-1 erg/cm?.

K; is very small compared to typical values of the
magnetic surface anisotropy constant, ~10-!
erg/cm?. However, K; may be important at the
crossover region, since the expression in the de-
nominator can become small. The denominator
cannot become zero since k&, is complex. For
oblique angles of ﬁa the boundary conditions on
m based on uniaxial surface anisotropy are an-
gle dependent.’® The coupling term then depends
both on B, and B,. Nevertheless, K_ arising from
the coupling terms can be neglected for all angles
of H,.

The boundary conditions on U for ﬁa normal to
the film are given as

ou B.

+=Em+Z =0, y=d

C44'é; M,

du B
C44£+M§m =0, y=0.
If one assumes no coupling to the spin motion and
a free surface, there would be no physical con-
straints on the lattice motion. This condition is
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often referred to as the traction-free boundary
condition. Since the films are magnetic and are
usually prepared on substrates, one must introduce
a physical constrain on the lattice motion by intro-
ducing the coupling term and the substrate acoustic
impedance Z ,. For oblique angles of ﬁa the cou-~
pling term would be angle dependent and also de-
pend on B,. We will consider below the boundary
conditions for H, normal to the film. (When we
consider the phenomena of transmission resonance
at oblique angles, we will assume B, =B,=0.) In
the boundary conditions for u, the coupling term
predominates.

(iv) The boundary conditions are written in terms
of 1} and applied surface field quantities so that
unknown rf field variables can be found in terms of
the incident field amplitude 7,.

III. MAGNETOACOUSTIC BOUNDARY CONDITIONS

In writing the magnetoacoustic boundary condi-
tions for H, normal to the film only three branches
are magnetoacoustically active,' while four are
not. For example, two of the branches are “mag-
netic” but are associated with circularly polarized
waves in the opposite sense as the other two reso-
nant magnetic branches.! One of the three elastic
branches corresponds to the longitudinal-acoustic
branch. This branch, as one of the transverse-
acoustic branches, does not couple to the magnetic
rf field.! The branches of interest are %,, k,, and
k, as labeled in Ref. 1 (Figs. 5 and 6). Thus, we
write

Z(h,’;+h;)=h,-+h,, y=0 (6)
n

Z(h;e++h;e_)=hteo, y=d (M
jic

Z];Ean(h;;—h;Fhi—h,, y=0 (8)

n

je o —hee )= iy
mzk"(hne+—hne_)—h,eo, y= (9)
2 Qg +hyp) =0, y=0 (10)
D> Qe +hive)=0, y=d (11)
n

2 Quvolly +1)=0, y=0 (12)
n

D Qu[hi(wo = v,)e, +hi(vo+v,)e 120, y=d.
’ (13)

Equations (6)~(9) represent the usual em boundary

conditions. Equations (10) and (11) represent the
dynamic pinning conditions on the rf magnetic mo-
ment. Equations (12) and (13) represent boundary
conditions on U. In these equations we have

Q,=(1-3j8*k%)/4n, & =c*/2n0w,

eo=e Rl g =g ikl o =ity

ko=w/c, k,=ky,ky, and k, (see Ref. 1),
0,=K® - jk,A, v,=KP+jk A, 14)
v, =K +jk, A, 0,=K -jk, A,

Vo= By[1+Cy}/ (pe? - Cuk2) /M, ,

0,=B,[Z ywk,/(pu? — C k2 /M, .

In deriving v,, v,, v,, and v, we have neglected
the coupling terms in the boundary conditions, for
reasons mentioned above. However, the coeffi-
cients v, and v, require the coupling terms. The
relationship between the lattice displacement am-
plitudes u; and magnetic field amplitudes h? is
given as?!

ut=%j(Qv,/Z qwht, (15)

where the superscript + denotes waves traveling
in the 1y direction. There are eight unknowns
(r%, h,, and &,) and eight equations, where n=2,3,
and 7, 7, is the reflected field amplitude at the
surface, and %, is the transmitted field. The eight
equations are solved numerically in terms of 7,
the incident field amplitude.

The transducer efficiency 7 is defined as

T=P,/Pc,
where
P,=%Z ,*|ul?,
1
JWZ 5

Z ann(h;e-x- - h;l.e -) ’
n

and
Py =(c/8m) [ny]2.

The calculated transducer efficiency 7T is plotted
in Fig. 2 as a function of (frequency field) w/y for
a fixed external field of 9200 Oe. The characteris-
tic parameters are appropriate to that of Ni: 47,
=6080 G, ¥=3.073 X 10° Hz/Oe, A =3.75 %107 Hz,
A=0.9%x10-% erg/cm, 2K,/M,=-220 Oe, K,=0,
C,,=1.22x10" dyn/cm?, C,, =2.46 x10'? dyn/cm?,
B, =17.63 X107 erg/cm®, B,=8.54 X107 erg/cm?, o
=1.42 %X 10° mhos/cm, and 7=10-1° sec. We further
assume that K{* =K =0 so that there are no
physical constraints on the motion of the magnetic
moment at the two surfaces. It is noted in Fig. 2
that (i) maximum efficiency T,,, occurs at mag-
netic resonance, which corresponds to a frequency
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of ~9 GHz. T, decreases with increasing thick-
nesses. The attenuation dependence of T, on
thickness is not a simple function of o or 7. (ii)
The transducer efficiency at the crossover fre-
quency is lower than at resonance for the values
of the parameters we have chosen. The resolution
of the secondary peak in 7 improves with increas-
ing thickness.

One interesting question is whether the subsidi-
ary peak in efficiency observed by Bommel and
Dransfeld'® at low fields may be due to some mag-
netoelastic coupling at the crossover region. It
should be noted that if the frequency is fixed, as
in the Bommel and Dransfeld*® experiment, and
the field is varied, the secondary peak occurs at
fields below ferromagnetic resonance. In Fig. 2
the field difference between the two peaks in T is
about 200 Oe. At 1 GHz this difference should be
smaller. Although it appears doubtful that our
simple model can explain the subsidiary peak!® at
low fields, we have considered modifications of our
model to explain Bommel and Dransfeld’s mea-
surements.

In Fig. 3, the efficiency is plotted as a function
of the applied field H, at a fixed frequency of 1
GHz. We point out that the calculations use single-
crystal parameters, whereas the experimental
data of Bommel and Dransfeld'® were obtained
from a polycrystalline film. However, we would
expect only a few parameters to be different from
the single-crystal parameters, and they are B,,
B,, K,, K,, C,;, C4, and o. It may be possible to

»
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FIG. 2. Magnetoacoustic efficiency as a function of
“effective field” for Ni films of different thicknesses.
A constant bias field of 9200 Oe is applied perpendicular
to the film plane. Parameters are given in the text.

relate!®!” B, and B, to magnetoelastic constants
appropriate to a polycrystalline material. The ef-
fect of changing B, and B, is to change the conver-
sion efficiency but not to change the field positions
of T, .. appreciably. The effect of changing the
shear modulus is to change the crossover frequen-
cy, which means a shift in field position of the
subsidiary peak but not a shift in the main peak.
Generally, the value of ¢ is lower in a polycrystal-
line film than it is in a bulk single crystal. Mag-
netocrystalline anisotropy effects will not shift

the line appreciably but may cause some broaden-
ing in a polycrystalline material. Finally, the
value of A as chosen by us may not be appropriate
for the films used in the experiment. However,
we expect a reasonable value of A to be within 20%
of our assumed value.

We have also considered the effects of variation
of C,, on the field position of the subsidiary peak.
For example, for C,,=1.22x10* dyn/cm?, the
two peaks are nearly overlapping. By lowering
C,, to 0.85x10'2 dyn/cm? and lowering the elastic
damping by the same percentage amount, we ob-
tain a similar separation as before of 100 Oe be-
tween the two peaks but with improved definition.
This is compared to a separation of 1000 Oe as
observed by Bommel and Dransfeld.!* Obviously,
it will require an unreasonable amount of change
in C,, and A to obtain a separation of 1000 Oe.
Spin-wave standing mode resonance coupled to the
elastic motion can be dismissed as a mechanism
to explain the low-field peak, since the film is too
thick (1.8 um) to support standing spin waves.
Because of the low field at which this peak is lo-
cated, the sample cannot be magnetically saturated
and we surmise that the absorption is associated
with some magnetic domain resonance. Our cal-

Cqq=1-22 x10% dyn/cm? _Ig

S
1

ol
T

C44°0.85x10'2 dyn/cm®

n
T
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FIG. 3. Magnetoacoustic efficiency as a function of
applied field for a 1.8-um-thick Ni film. A constant
frequency of 1 GHz is applied. Upper curve is the re-
sult of calculations using the same parameters as Fig.
2. Lower curve shows the effect of choosing a smaller
value for C,, (see scale on the right-hand side).



culations are not sufficiently general to quantita-
tively calculate this effect.

In our calculations it is assumed that the film is
uniformly magnetized for fields below 47M,.
Thus, our calculations are applicable for H,
=4nM,. Conceivably, one could apply the calcula-
tions in the regime of H, < 4nM, provided the aver-
age magnetization is known a priori as a function
of the applied field H,.

It is not necessary to do a full calculation of the
line shape to arrive at our conclusions in regard
to the subsidiary peak at low fields. However, if
quantitative values for efficiency, bandwidth, and
practical limits for transducer applications are
required, one needs to use the full “apparatus” of
the calculation.

As another example, the Th-Fe rare-earth
transition system is often quoted as a plausible
system for transducer application at microwave
frequencies, since the magnetostriction is large
in this system. Donoho'* et al. fabricated and
tested a transducer of Tb-Fe film and found rea-
sonable efficiencies at room temperature and at
a frequency of ~1 GHz. We have calculated the
line shape assuming parameters appropriate to
Tb-Fe: C,, =10"2 dyn/em?, K, =K,=0, A=3.75 X107
Hz, 0=0.7x10° mhos/cm, 47M,=6100 G, B,=-10°
erg/cm®, In assigning a value for B, we have
assumed a conservative (lower) value, since (i) it
is not clear from previous work!* whether the film
was polycrystalline or amorphous, and (ii) the film
composition is not known. In Fig. 4 it is seen that
the calculated maximum efficiency occurs below
magnetic resonance and at the crossover field.
This may result from our choice of magnetic and
elastic damping rather than being intrinsic to Tb-
Fe. Nevertheless, we see that even assuming con-
servative values for B,, good transducer efficien-
cies can be realized in this system. The experi-
mental data is that of Donoho et al.!* Better agree-
ment with this data may be possible through use
of amuchlarger relaxation parameter ». However,

. because the cause of the experimental linewidth in
Fig. 4 is not known, and may more realistically be
related to a distribution of magnetic anisotropy or
magnetostrictive fields, we have not gone further
in attempting to fit the line shape without a more
detailed knowledge of the magnetic properties of
the Tb-Fe films.

IV. FERROMAGNETIC TRANSMISSION RESONANCE

For this part of the calculation we put B, =B, =0
so that we are considering “pure” electromagmetic
effects. Acoustic effects on transmission reso-
nance can be simply considered by making use of

12 TRANSMISSION AND MAGNETOACOUSTIC EFFICIENCIES IN... 5155

321

10% ( MAGNETOACOUSTIC EFFICIENCY)

2 3 4 5 6 7 8 9
APPLIED FIELD (kOe)

FIG. 4. Magnetoacoustic efficiency as a function of
applied field for a 1.8-um-thick film with parameters
chosen to approximate ThFe, (solid curve). Applied
frequency for the calculation is 1 GHz. Experimental
data (dashed curve) was obtained from Fig. 2, of Ref.

14 (the applied frequency is 0.69 GHz). Because no
absolute numbers are given for the efficiencies in Ref.
14, experimental data have been normalized such that the
theoretical and experimental maxima are equal.

the full set of boundary conditions. By neglecting
acoustic effects the number of equations in the
boundary conditions reduce, since #=0. Let us
now consider the boundary conditions for trans-
mission resonance for all angles of H, instead of
only normal to the film:

Z(h;+h;)=hix+hrx’ y=0 (16)
n
Z(h:l‘-*-hr:)pn:htz-i-hrz’ y=0 (17)
n
Z(h,’;e++h;e_)=htxeo, y=d (18)
n
Z(h;e-r"-hr;e-)pn:htzeO’ y =d (19)
n
jc + -y - —_—
4—775 an(hn_hn)_hlx—hrx’ y =0 (20)
n
L S kb= ) =ty =0 (21)
jC ! + - = -
irc D kyhie,~he)=h,e,, y=d  (22)
n

y o )
Z]%Zn:knpn<hne+-hne->-htgeo, y=d (23)
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ZQn[h;(K;‘” cos26 - jk, A)
+h (K cos26+ jk,A)]=0, y=0 (24)
S Qb1 (K L sin?6+ jk, A)
m
+I (K0 sin®0 - jk,A)]=0,  3=0 (25)
ZQ,,[M&(K;“ cos20+jk, A)
+hie (K cos26 - jk,A)]=0, y=d (26)
> Qub,lhte (KD sin?6 — jk, A)
7

+hie (K@ sin?6 +jk, A)]=0, y=d. (27)

The first eight equations require that both the
x and z components of the magnetic and electric
fields be continuous at the two surfaces. For
oblique angles of ﬁa all four! magnetic branches of
k, are required. The dependence of %, on w and H,
are calculated in Ref. 1. For each k&, value the
relationship between the z and x components of
h: is given as'®

(), _ b, sinf
Pn= (h%), d,cos®0+a,sin?6+Q°

where

b,=Hy,+M,/Q,+2Ak:/M,,
a,=MN(H,+2AR2/M,)/M,+1/Q,1/v,
d, =N (Hy+2 AR/ M)/ M+ 4]y .

[In the equations of this section we abbreviated
(%), as ht.] We will assume that the incident wave
is linearly polarized along the x direction so that
h,,=1andhy,=0. Although #,,=0, the transmitted
and reflected waves, h; and 4,, will contain a com-
ponent along the z direction, since they are ellip-
tically polarized for oblique angles and circularly
polarized for ﬁ,, normal to the film. For ﬁ,, in the
plane, there is no reflected and transmitted wave
component along the z direction. Finally, the last
four equations represent the pinning conditions on
m and they are’

om . _
A an""+mszsm26-0,
am, 20=0
A o -m, K cos26=0,

The surface anisotropy constant K, may be chosen
to be different at the two surfaces. We have as-
sumed that the orientation of the static magnetiza-
tion is the same throughout the sample, although
this assumption may not be valid if K is large.
Obviously, this pinning condition is angle depen-

dent, and the angle 6 of the magnetization with re-
spect to the film plane follows from the equilibrium
condition,

H,sin(a— 6)=27M,sin26. (28)

The internal field H, is defined in terms of the ap-
plied field as

H%=H%cos? a+ (H, sina— 47M, sinf)? . (29)

For fixed oblique angles «, the angle 6 varies con-
tinuously as the magnitude of H, is swept. This
presents a situation in which the pinning conditions
change as H, is swept. We have taken this into
account in our solutions. This problem does not
arise for the in-plane and perpendicular cases,

for which the static magnetization remains fixed in
orientation. Finally, the transmitted rf magnetic
fields h,, and i,, are calculated in terms of ,,
using the 12 equations above, as a function of H,
at fixed frequency.

We find from our numerical solutions that the
field position and line shapes for @=0 and 90° are
in essential agreement with those discussed in
Ref. 8 (see Fig. 5). In Fig. 6 we show the results
of our detailed calculations for the position and
width (at 3 of the maximum of h,,) using the param-
eters reported by Heinrich and Cochran.® In our
calculation, the width is seen to increase rapidly
as 90°~ a increases as a result of the “mechani-
cal” rotation of ﬁo. This rapid rotation is a con-
sequence of having H_ only slightly above 47M, and
makes the angular alignment of H, very critical
in the experimental arrangement. Use of higher
frequencies would considerably reduce such broad-
ening. In our calculations, all of the exchange
modes are included and the pinning conditions are
found to be unimportant for thick films. Using the
parameters quoted in Fig. 6, variation of K from
0 to » (including 1, 10, and 1000 erg/cm?) pro-

FIG. 5. Transmitted field amplitudes as a function of
applied field for a 107-um-thick Niy 4o and Fe, 4, film at
a frequency of 23.7 GHz. Constant field is applied at 90°
and 88.5° out of the film plane. Parameters used are
w/y="17170 Oe, 47M,=6950 G, d/6=60, A=10"% erg/cm,
and A =0.27x 107 Hz.
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FIG. 6. Linewidth and field for maximum transmission
as a function of the angle of the applied field from the
filin plane for the Ni-Fe film of Fig. 5. Parameters are
those given by Heinrich and Cochran (Ref. 8).

duces only about 0.001% changes in transmitted in-
tensity. However, in thin films on the order of

10 um, we find a number of transmission maxima
(Fig. T) corresponding to standing modes of long
wavelength. This contrasts to the results of Fig. 1
of Ref. 6, where only two peaks are shown. In
fact, using Eq. (7) of Ref. 6 for the transmittance
with the same parameters given in this reference
we still find a number of transmission peaks in-
stead of only two.

V. APPROXIMATE CALCULATIONS
FOR TRANSMISSION RESONANCE

As pointed out previously,® when the classical
skin depth § is on the order of the film thickness,
the transmission becomes very flat near ferromag-
netic antiresonance (FMAR) except that the dimen-
sional spin-wave resonances can be seen in trans-
mission. In this regime the results are quite sen-
sitive to surface pinning, but the FMAR is poorly
defined. The regime studied in most transmission
experiments is 6 <d. Under these conditions, the
FMAR becomes progressively sharper and the ef-
fects of surface pinning are negligible. The waves
with large wave vectors % are weighted corre-
spondingly less so that only the longest-wavelength
solution of the secular equation is important for
FMAR in thick films. The approximate value of
% near FMAR is given by k= (1/8)(AH/2nM,)*/?,
where AH=2(A/y)(w/yM,) is the FMR half-power
linewidth neglecting exchange effects and A is the
Landau-Lifshitz damping parameter. This thick-
ness regime can be further divided into 6<d
<8(27M,/AH)*/? and 6(2nM,/AH)/2<d. In the
former case the film is still largely transparent

107 1h ¢ 1/ 1h; 1

| | I 1 | | |
12300 12400 12500 12600 12700 12800 12900

Hq (Oe)

FIG. 7. Transmitted field amplitude as a function of
applied field for a 10-um film of permalloy at 4.2 K,
Parameters are those given by Phillips (Ref. 6).

at the antiresonance, and in the latter, the waves
at antiresonance are strongly attenuated in a single
passage, but may still be easily observable. In
the latter case, the transmitted-wave amplitude is
given essentially by e®, where % is the wave
vector evaluated at antiresonance.

We have retained the exact low-order terms in
k from the secular equation,! and have analyzed
the field dependence of k2 near its minimum in or-
der to determine the transmission line shape. In
particular, we make the approximation of neglect-
ing terms of order %* and higher compared to &2
and neglecting reflected waves. The first approxi-
mation is equivalent to neglecting exchange fields,
2 AR?/M,, which are very small near the FMAR.
We then consider the line shape to be determined
by e-?(H#0o) in order to generate a useful approxima-
tion.

We observe first that for oblique angles, the pro-
pagation constant at the transmission maximum is
given by (see Ref. 19)

E=rw(l - sin?0)/my2M2}/2/5. (30)

Thereby, the transmission efficiencies at FMAR
are angle dependent, reaching a minumum for «
=6=0. The FMAR linewidth can be determined
from the field dependence of %2 near the transmis-
sion maximum. Kaganov'® has adapted a similar
approach. However, his approximations omit the
damping terms and are therefore not appropriate
for most of the experiments on thick films except
far from the FMAR. For thick films, i.e., roughly
for d>6(2nM,/AH)'/?, the transmission line shape
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is nearly Gaussian, because k(H,) is in the neigh-
borhood of a minimum, with the predominant field
dependence being % ccH2. However, the odd powers
of H, also appear weakly if %2 is expanded in powers
of H, and they produce a small shift and skewing

of the line shape. The linewidth, which we define
as the separation of the applied dc fields required
to reduce the transmitted field amplitudes by %
from the maximum, is found to be approximately

AHpyar ™ 1.20M[(6,/dAH/M) /212, (31)
where
62 = 8%(1 +sin6) .

We compared the approximate AH ,p expression
for =0 and 90° against our exact solution and we
find it to be accurate to 10%. The transmission
resonance condition is now approximated to be

w/y=By+2AH?/[A1M,(1 +sin?6)].

The first term represents the antiresonance con-
dition for an insulator with no magnetic losses.
By including losses a small but measurable field
shift is introduced in the antiresonance condition.
Equation (31) is independent of the form of damping
assumed. The field width is given in terms of the
internal field of Eq. (29); it is equal to the exter-
nal field width only for =0 or 90°. However,
using Eqgs. (28) and (29), the width can be approxi-
mately corrected for the effects of rotation of the
magnetization.

VI. DISCUSSIONS AND CONCLUSIONS

The calculations contain various degrees of
freedom in the equations of motion and at the sur-
faces so that one can calculate a number of phe-
nomena. In this paper the electromagnetic and
magnetoacoustic transmission in metal films is

calculated. Ferromagnetic resonance in metal
films has been discussed extensively in the litera-
ture and there is no need to calculate this effect
here. Besides the aforementioned effects, it may
be possible to observe the effect of magnetoacous-
tic interaction on FMAR, since both the FMAR
field and the spin waves and elastic branches are
degenerate for fields below FMR. This should be
an interesting effect to observe and calculate from
our formulation.

For our two example calculations we conclude
that:

(i) Although we assumed a conservative value
for the magnetoelastic parameter and conductivity
for TbFe,, practical (~30 dB) transducer efficiency
is realized at microwave frequencies and for a
thickness of ~2 ym. In most materials maximum
transducer efficiency has been observed at FMR.
If the elastic damping is assumed in the calculation
to be unusually small, maximum efficiency would
occur at the crossover region.

In recent?® experiments magnetoacoustic conver-
sion has been observed in TbhFe, polycrystalline
films as thick as ~3—4 um. Maximum conversion
efficiency occurred for a thickness of ~1.1 um.
This thickness corresponds to one-half of the
acoustic transverse wavelength and standing acous-
tic modes are excited in this case. It may be pos-
sible to enhance the magnetoacoustic conversion
by purposely choosing the film and substrate
acoustic impedances to be very different.

(ii) Our exact calculations of the FMAR trans-
mission efficiencies are in good agreement with
the work of Cochran et al.° The approximate ex-
pression for the FMAR field and linewidth should
be very useful for studying directly the intrinsic
damping in thick films. For thinner films there
is considerable structure in transmission, making
them potentially promising for experimental and
theoretical studies.
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