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MAGNETIC TRANSMISSION RESONANCE IN FERROMAGNETIC GADOLINIUM AND NICKEI *
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A theory of the ferromagnetic transmission resonance is presented for the case where
the static magnetic field is perpendicular to the sample surface. The theory is com-
pared with experiments performed on ferromagnetic gadolinium and nickel. The agree-
ment between theory and experiment is satisfactory. Since the transmission resonance
is a bulk effect it will allow the study of the bulk spin relaxation time and exchange in-
tegral as functions of temperature.

Following the observation, ' identification, '"
and accurate description of magnetic transmis-
sion resonance in Gd, due to microwave skin-
depth modulation (enhancement) under resonance
conditions, similar transmission signals were
observed in ferromagnetic Gd,

' Fe, Ni, Co and
Connetic AA. ' The Gd samples were 60 pm thick
and 99.9$ pure. The Fe, Ni, Co samples were
about IO pm thick and of much higher purities.
The Connetic AA samples had intermediate thick-
nesses. The experiments were done at a frequen-
cy of 9.2 GHz. The apparatus was similar to that
used for spin transmission experiments in Pauli
paramagnetic metals' and utilized a pair of cav-
ities, which when assembled have their H fields
crossed at 90'. As in the case of paramagnetic
Gd we have observed ferromagnetic transmission
signals for the above metals in two geometries:
the static magnetic field being either parallel or
perpendicular to the sample surface. Since the
transmission resonance effect is a bulk effect,
it occurs for both geometries at the field ~ f
= e, q/y and for the perpendicular geometry ap-
pears at applied fields lower than the absorption
resonance does. The transmission in paramag-
netic Gd is described very accurately through the
solution of the Mmcwell and Bloch-Bloembergen'
equations with boundary conditions and no consid-
eration given to the waves reflected back to the
bulk from the second surface of the sample.

Attempts to describe the observed "ferromag-
netic transmission resonances through the same
equations with an exchange term added to the
magnetic field'~ and boundary conditions enforced
on the magnetization'"" failed originally. We
have, however, recently realized that the waves
reflected from the second sample face back to
the bulk cannot be neglected in the ferromagnetic

case, at least for the sample thicknesses we
used, since the ferromagnetic magnetization is
very large compared with the paramagnetic one.
Following these ideas, we developed theories for
both the perpendicular and parallel static-field
geometries. In this paper we present the results
for the first case in connection with Gd and Ni.
The parallel case results are similar to the ones
discussed below but more involved.

The general equations of the problem are

4&& ~H, ~M,V' H] —— +4&

0M, /@= r[MxH, „,],-M, /r,

and H &, ~&, are the transverse B and ~ fields,
o is the conductivity of the metal, H is the applied
static field, H;„, is the total field inside the met-
al, T is the transverse relaxation time, M is the
saturation magnetization, and & is the exchange
stiffness constant. In the following equations &

is the skin depth given by 5' =c'/2&oem.

It is well known that the exchange-field contri-
bution is important in ferromagnets because of
the strong coupling between spins. Thus, chang-
es in the magnetization at any point inside the
metal will influence the internal field "seen" by
the spins throughout the bulk of the metal.

When the static magnetic field is perpendicular
to the sample surface it is easier to work with
the positive and negative helicity fields repre-
sented by lower case letters (e.g. , h =H„+iH~,
e" =E„—iE, ). Since the mathematical treatment
of the two waves is the same we will do the analy-
sis for the positive helicity wave, dropping the
superscripts for the time being.

lf H, , M, ~ exp[i(A. z —et) ] we obtain the following
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equation for k:

Mk'+ —B-4mM-—r

(3)

as defined by Phillips" who has solved this prob-
lem independently and applied the results to
Permalloy resonance at 4.2 K. The expression
for h,„"is the same as (5) with h,~ replaced by
ho" and the solutions to the negative helicity equa-
tion for k

As a result of (3) the incoming wave will, inside
the metal, split into four waves described by the
propagation vectors +k, and +k„solutions of (3).
This is due to the inclusion of the exchange field
which is proportional to k'.

We define the six positive helicity amplitudes
involved in this problem as h,. where j = 0, I, 2.
The + (-) sign represents waves propagating in
the positive (negative) z direction. The surface
of the sample in which the absorption resonance
is excited is taken to be at z =0. The second sur-
face of the sample is at z =L. The index j=0
represents the incoming and reflected waves in
the excitation cavity. The j= 1, 2 indices repre-
sent the k„k2 waves inside the metal. The total
transmitted wave in the receiving cavity is h, .
By applying the boundary conditions on the e and
h fields at the two sample surfaces and imposing
the Kittel boundary conditions, "m +m'), =, z =0,
we obtain the following six equations:

AI +hI +h2 +h2 —ho +ho

k,(h, '-h, )+k,(h, '-h, ) =ak(h, '-h, ),

n, (h, '+h, )+n, (h, '+h, ) =0,

e fkIL+Q -e -gkIL+g +eik2L ~Q -e -ik2L
I I 2 2

Signal = 1m[(h, „~ +h,„")e'~], (9)

where g is any phase shift introduced by the ex-
perimental apparatus. In Fig. 1, (9) is plotted

2i~
k4+ —H-4&M+ —+ ——

2 k
A r rT 6'

23lj ~ i+. 2 B+—+ =0,
SOD. r rT

substituted into (6) and (7).
Since the inclusion of the exchange field gener-

ates extra waves inside the metal the determina-
tion of all the field amplitudes uniquely would be
impossible without the use of an extra boundary
condition. The physical basis of the Kittel bound-
ary condition" is that the lower local symmetry
of a spin at the surface as compared with one in-
side the metal causes a higher anisotropy energy
at the surface. This in turn causes the pinning
of the surface spins. Surface pinning couM also
be caused by a layer of antiferromagnetic oxide
or other surface impurities.

Since our apparatus is phase sensitive, detects
amplitudes, and utilizes crossed cavities, the
theoretical signal must. be

=h~„e ikL

k (h 'e'i h e '" )+k (h 'e'2 h e '"2 )

= akh, „e'

THEO

=0 (4)

where

2akh, 'e -*"(x,+x,)
(x,'+x, '-ak)'-(x, +x,)" (5)

x k ls2

(1-n /n )i sink L

k Is2

(1-n„/n, ,)i tank, P

where we have used m, =n, h, , n, =1+ik, '&'/2

(j= 1, 2), a = 4~o/(u.
Solving the system of Eqs. (4) for h,„we obtain,

for the positive helicity field,
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FIG. 1. Theoretical and experimental results for
Gd at T =287 K. For the parameter values used (see
text) the calculated signal strength is about an order
of magnitude larger than the experimental one.
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with (3) through (8) taken into account, and com-
pared with the experimental result for Gd at T
=287'K. (The Gd Curie point is To=289 K.) The
parameter values used are ~= 925 6, & = 4 pm,
y = 1.77x10' Hz/G, T = 1x10 "sec, & = 1x10
erg/cm, y=0 rad.

In Fig. 2 the signal expression is plotted forI= 485 G, 5 = 1 p, m, y = 1.94 x 10' Hz/G, ~ = 2
x10 "sec, A =0.75x10 ' erg/cm, and p = & rad,
and compared with the experimental result for
Ni at T=300'K. The Ni Curie point is T~=631'K,
The value for & is as quoted by Martin. "

As an indication of the relative magnitudes of
k,L and k,L we found for the positive helicity
wave at B =0, O',I =7.53+6.59i, k,L =4.24x10'
+2.23&10'i for Gd and k,L =7.38+6.96i, k,L =43
+3.03&10'i for Ni.

The theoretical results in Figs. 1 and 2 should,
at this point, be compared only qualitatively with
the experimental ones. The value & = 1X10
erg/cm used for Gd is essentially arbitrary. We
are unaware of any established value for & Gd.
To obtain the accurate values for the parameters
of these metals we have to fit the experimental
results with the theory through the use of an ac-
curate fitting scheme, as was done in Ref. 4 for
paramagnetic Gd. For this it may be necessary
to utilize Landau-Lifshitz damping and/or the
boundary condition of Ref. 11. We intend to in-
vestigate all of these factors in the future when
we plan to pursue the accurate fitting of experi-
mental results with the theory at various temper-
atures.

The strengths of the calculated signal ampli-
tudes for both Ni and Gd are about an order of
magnitude higher than the observed experimental
strengths. The experimental transmitted power
is of the order of 10 ' W.

Because the 4', wave is damped much faster
than the k, wave (see values for k,L and k,1
above) a theory which treats the k, and k, waves
in the metal as independent after they are formed
gives results virtually identical to the theory
described above as long as only one wave (uni-
form precession mode) is excited in the metal.
By treating the waves independently we mean
that the ~, = 0 boundary condition is applied at
z = 0 only and then the waves are treated as two

independent waves in the usual series approach
to transmission through a barrier.

By the systematic study of this bulk resonance
effect as a function of temperature, fitting the
results with experiment accurately, we can ob-
tain 7 and & as functions of temperature. & is
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FIG. 2. Theoretical and experimental results for
Ni at T —= 300'K. For the parameter values used (see
text) the calculated signal strength is about an. order
of magnitude larger than the experimental one.

related to J' by & = &&,'&'J/60„"'" where Z is
the number of nearest neighbors, ~, is the spin
of the electrons responsible for ferromagnetism,
& is the lattice constant, ~, is the atomic volume,
and ~ is the exchange integral. By determining
& as a function of temperature from the experi-
mental data and using the appropriate values for
Z, ~„a, and 00 we can then find 4 as a function
of temperature.
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Differential scattering data have been obtained in bubble-chamber exposures and are
compared with theoretical predictions using the Glauber multiple-scattering theory. The
effect of the quadrupole deformation of the deuteron and the influence of the various or-
ders of multiple scattering are put in evidence. Agreement between theoretical predic-
tions and experiment is very good at the higher energy. At the lower energy, agreement
is good ollly for momentum transfers below 0.2 (GOV/c) . P0881ble reasons for the dis-
agreement above 0.2 (GeV/c) are explored.

Recent experiments' studying the elastic scat-
tering of particles on deuterons have shown the
success of Glauber's multiple-scattering theory
when the quadrupole deformation of the deuteron
is included. However, certain features of multi-
ple-scattering theories can be explored only when

both colliding particles are composite. Deuteron-
deuteron scattering is the simplest example of
such a process. Furthermore, the study of com-
posite nuclear systems of familiar particles may
help in formulating theoretical models which
treat hadron-hadron scattering as collisions be-
tween composite systems of unknown subunits. '

%e have performed a series of experiments on
&-d elastic scattering from 0.68 to 7.9 GeV/c
laboratory momenta. The first experiment' was
a general survey of d-d elastic cross sections
from 0.68 to 2. 12 GeV/c (referred to in this pa-
pel' as Experiment I). The nlalI1 COIlclllsloIls f1'oln
Experiment I were as follows: (a) The total
cross section defects provide an insensitive way
of studying the effects of multiple seatterings
within the deuteron. (b) The forward peak in the
elastic differential cross section is well predict-
ed with the Glauber formalism including only
single- and double-scattering terms. (c) At large

momentum transfer, the flat region of the differ-
ential cross section demonstrates qualitatively
the importance of the simultaneous multiple-scat-
tering processes. (d) The best agreement be-
tween theory and experiment is obtained at the
highest beam momentum.

The two experiments described in this paper
provide data which extend and make more pre-
cise the conclusions reached in Experiment I. In
particular, d1fferentlal cross sections at momen-
tum transfers larger than 0.05 (GeV/c)' are pre-
sented with much larger statistics and up to ap-
preciably higher energies. These data allow us
to make a quantitative comparison between theo-
ry and experiment at lar ge t values and in the
"dip" region where interference between single
and double scattering and the quadrupole defor-
mation of the deuteron are important.

The experiment at 2.2.GeV/c was performed at
the Princeton-Pennsylvania Accelerator (PPA).
The PPA 15-1n. rapid-cycling bubble chamber
was exposed to an electrostatically separated
secondary deuteron beam with a momentum bite
of 0.5%. The contamination of protons in the
beam was 4/0 as indicated by a time-of-flight
spectrum. The flash was triggered only on pic-


