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Transmission-resonance experiments are described in paramagnetic and ferromagnetic
gadolinium with a Curie point T,=289 °K. In these experiments, utilizing the spin-
transmission-resonance technique, transmission resonance occurs not by diffusion of spins,
but by modulation of the microwave penetration depth under resonance conditions. The ef-
fect is related to “antiresonance” previously observed in some cases of ferromagnetic reso-
nance, but is much more pronounced in the transmission technique. A simple theory, due
to VanderVen, and the solution of the boundary-value problem, due to Alexandrakis, accu-
rately describe the results for paramagnetic gadolinium, and the fitted data yield several
experimental parameters, in particular the relaxation time, as well as the susceptibility
and resistivity. However, preliminary results indicate that these theories are inadequate
to describe the transmission signals in ferromagnetic cases, even though they are adequate
to fit the conventional absorption-resonance signals.

I. INTRODUCTION

The spin-transmission-resonance technique was
originally introduced to aid in the observation of
conduction-electron spin resonance (CESR) in
metals.!? The technique helps to overcome skin-
depth and sample-impurity problems, and is con-
siderably more sensitive than conventional ab-
sorption resonance in certain cases. This tech-
nique, which has been described previously, ® in
experimental detail and in theory in a number of
articles, *® is described, roughly, as follows.
Resonance signals are carried from a microwave-
excitation cavity by diffusing precessing spins
through a sample, which is much thicker than the
normal skin depth, to a receiving cavity connected
to a phase-sensitive homodyne receiver. The line
shape then depends on a fixed diffusion thickness.

However, it is not necessary that the precessing
spins actually be able to diffuse. In this paper we
describe transmission phenomena in paramagnetic
and ferromagnetic resonance in which largeand in-
teresting signals are transmitted by the modula-
tion (particularly the increase) of the normal skin
depth by the magnetic susceptibility of the material.
This effect, which we might call magnetic-disper-
sion skin-depth modulation (MDSDM) and which is
related to “antiresonance” in ferromagnetic res-
onance, ” was discovered in gadolinium in an ex-
perimental search for spin-wave transmission,
and was originally misinterpreted. Subsequent
measurements of the skin depth and assistance from
other sources®!! led to the correct explanation.

A theory for paramagnetic materials correctly
and accurately accounts for line shapes in gado-

linium. If we try to adapt this theory to fit ferro-
magnetic materials by taking the z component of the
magnetization to be M, the saturation magnetiza-
tion, rather than xH,, it does not agree with ex-
periment at all. Thisisdiscussed in Sec. V B, where
the ferromagnetic-resonance situation is reviewed.
Before describing the theory and details of the
experimental results, it is useful to describe the
phenomenon in simple terms. Consider a sample
of paramagnetic material such as gadolinium, which
contains paramagnetic ion cores and conduction elec-
trons. These electrons are assumed to give the sample
a microwave skin depth smaller than its thickness
and yet have negligible paramagnetic susceptibility
of their own. Gadolinium has an atomic number
Z =64 and its electron configuration contains the
terms 4 ]"’501163z outside the xenon-atom configura-
tion (1s%2s22p%3523°37'° 4524 44'°55%5 p%). The
ground state of Gd®* is 8S,,2. According to all facts
known for Gd and the other magnetic rare earths,
the electrons responsible for the strong paramag-
netism'®'?® above the Curie temperature, as well
as for the ferromagnetism!* below this temperature,
are the 41 electrons which almost entirely retain
their localized atomic character. The Gd ferro-
magnetism is sustained through the indirect-ex-
change interaction between the collective 5d* and
6s? electrons and the localized 4f electrons. Cal-
culations have shown!® that the free-electron spin-
relaxation time in ferromagnets is too short to per-
mit any diffusion of polariéed spins through a thick-
ness comparable to the sample’s thickness. The
dynamic skin depth in the material is given by
5=c/(2rowu)~2, The permeability pt=1+4r(x" —ix"),
where x', x'’are the real and imaginary parts
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of the dynamic susceptibility, depends on a fre-
quency-dependent x'(w — wg), and when 1+ 4my’

X (w = wg) <1, the skin depth is increased. From

the causal properties of x'(w — wg), this happens

on the high-frequency side of w,; where w, is the
resonant frequency, and, if the frequency is fixed
and the magnetic field varied, on the low-field

side of Hy= w,/v. In gadolinium, the skin depth

at room temperature is about 4 4. A typical
sample might be 15 skin depths, or 60 u thick.

A typical excitation cavity power of 100 mW in-
cident on one side of the sample will give a skin-
depth leakage into the receiver cavity of about 1013
W, and any variation of the skin depth will produce
a noticeable signal. Moreover, because of exponen-
tial e folding, a small fractional change in the skin
depth will result in a fractional change in transmitted
signal which is greater by the ratio of the thickness
to the skin depth—a factor of 15 in the above ex-
ample.

Another interesting feature of MDSDM is the
changed nature of demagnetization effects. The
torque on a magnetization vector M is given by
M=y (MxB), but because the magnetization, in the
case of absorption, is assumed to comprise part
of the field B and because Mx M= 0, the precession
equation!® is M=y (MxH), where H is the field in-
side the material. From this equation, it is well
known that resonance absorption occurs for a field
Hy=H, - 4tM when H,, the static externally applied
magnetic field, is normal to the sample surface,
and occurs for a field Hy= [H,(H, + 4rM)]*/% when
H, is parallel to the sample surface. Here
Hy= w/v is the field at which resonance would take
place in the absence of demagnetization effects.
These effects are, of course, surface effects aris-
ing from the electromagnetic boundary conditions
and, in the case of the tvansmitted signal, they are
not present because the transmitted MDSDM signal
is not a surface effect. It is a bulk resonance ef-

fect which is indirectly coupled to the applied micro-
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FIG. 1. Schematic representation of transmission
and absorption resonance shifts: (a) perpendicular field
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FIG. 2, Parallel field geometry.
wave field through the eddy currents. As a con-

sequence, the transmitted signal resonance occurs
for a magnetic field related to the B field inside
the sample. When the static magnetic field is paral-
lel to the sample surface, H inside the sample is
equal to H, and transmission resonance occurs
when B, = H,, corresponding to an applied field
much less than H,. When, however, the static
field is normal to the sample, B;,s is equal to the
applied field H,, so the transmission resonance
occurs when H,=H, The situation is shown sche-
matically in Fig. 1.

II. THEORY

A. Determination of Propagation Constants

Since we are interested in describing the propa-
gation of microwaves inside a magnetic material,
we must take into account some equation besides
the eddy-current equation to describe the magnetic
resonance of the electron spins under the influence
of the microwaves. Following VanderVen!! we shall
use the Bloch-Bloembergen equation to describe

the magnetic resonance. We have
- -4 9 = .
V><(V><H)=—~C§£5—t(H+41rM), @)
oM v - M
Pl —t
9t Y(MXH)t T ’ (2)

where the subscript ¢ in Eq. (2) indicates compo-
nents transverse to the direction of the static ap-
plied magnetic field and 7 is therefore the trans-
verse relaxation time. In writing Eq. (1) we have
assumed that J =oE and the contribution of the dis-
placement current is negligible, i.e., o> €w.

The calculations are done for paramagnetic
metals so M,=xH,. We assume H,,and M, ,
~ itk T+ut) ang that the magnitude of the micro-
wave parts of the magnetic field and magnetization
are much smaller than the static components, i.e.,
|H,,, |<H,and [M, ,I<M,.

We start with the static magnetic field parallel
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to the sample surface.
1. Parallel Field Case

Consider that the Gd sample lies in the xz plane
and that the static applied field H, is along the

z axis. Furthermore, take the magnetic component

of the linearly polarized microwaves inside the ex-
citation cavity to be along the x axis as shown in
Fig. 2.

From the boundary conditions on B and H and the
fact that there is no external magnetic field in the
9 direction, we have for the field inside the sample

= HF - 4nM, 3+ H F,

Therefore, Eqs. (1) and (2) in component form give
us the set of equations

(%2 +2i/6%)H, + (874/6%M,= 0, (3a)
(fwT+1)M, —yTH,(1 +4wx)M,= 0, (3p)
YTH, M, —yTXHH, +({iwT+1)M, =0, (3c)

where 6 is the classical skin depth given by
6%=c%/ 2now.

For Egs. (3) to have solutions for H,, M,, and
M,, the determinant of the coefficients must van-
ish. This gives us the following expression for k2

=R (L2t [ ' B )
0% \1+2iyrHy+ [HE(L+4ny) - HE [y%2 )’

where we have used w=yH,. It is clear from the
above equation that k2 will be a maximum for

Hy=H,(1+47x)'2 or w=y(BH)"2, (5)

Since the real part of the surface impedance is
proportional to the imaginary part of 2, when % is
large the microwave absorption will be large. That
is, at w=y(BH)Y2 we shall have absorption reson-
nance in exact analogy with ferromagnetic absorp-
tion resonance.!® On the other hand, when
Hy=H,(1+4ny), k will be small and the transmis-
sion of the microwaves through the sample will be
high. In other words, transmission resonance

will occur at B =H,.

2. Perpendicular Field Case

Let us now take the Gd sample to lie in the xy
plane, the static magnetic field to lie along the
z axis, and the microwave field to oscillate along
the x axis as shown in Fig. 3. Again taking in_tp
acco_tlnt the boundary conditions for the fields B
and H we obtain
B,(out)=B,(in
L(out)=B,(in), ©6)
H,=H,+4nM,.
Assuming M, = xH,, we have

H,=H,(1-4nY). (7)
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The field inside the sample is
ﬁinasz§+Hyf+Ha(1 —41rx)l;. (8)

Equations (1) and (2) for this case give us the set
of four equations:

(k2 + 26/ 6%)H,, + (8mi/0%)M, = 0,
(k% +2i/6%)H, + (87i/6%)M, =0,
(fwT+1)M, —yTH, [(1 - 4nx)M, - xH,]= 0,
(lwT+1)M, —yTH,[xH, - (1 - 4rx)M,]=0.

9)

Defining
H,=%(H,-iH,), H,=5(H,+iH,)

and
M,=%(M,—iM,), M,=+(M,+iM,),

Eqgs. (9) decouple into the two sets
(k%+2i/6%)H, + (81i/6%)M, =0, (10)
(fwT+1)M, - ¢y TH,[(1 - 4nx)M, - xH,]= 0

and
(K% +2i/8%)H, + (8mi/6%)M, =0, (11)
(iwT+1) +iyTH,[(1 - 4mx)M, - xH,]=0.

The determinant of the coefficients of H, and M,
in Eq. (10) and of H, and M, in Eq. (11) must be
zero for solutions to exist. Thus we have the two
solutions for k%

-2( 1+éy7(Hy-H,) )
P 52 (1 +iyT[Hy— Hy(1 - 4ry)] (12)

2_—_21‘( 1+iyr(Hy+H,) )
kp=52 1+iy7[Hy+ H,(1 - 4ry)] (a3)

Looking at Eqs. (12) and (13) we see immediately
that (12) will exhibit resonance behavior while (13)
cannot. k, will have an absorption resonance given



|on

z
A

H
T cavity #2

cavity #1

H exciting cavity #2

FIG. 4. Geometry of cavities and fields in the parallel
field case.

by H,=H,/(1 -~ 47x) and a transmission resonance
at H,= Hy=B.

B. Solution of Boundary Conditions

We wish to determine the amplitude of the micro-
wave magnetic field transmitted through the sample
and detected by the receiver. To do this we use the
fact that the tangential components of E and H must
be continuous across any boundary. Using

-
and our previous assumptions we can express E
in terms of H:

ﬁ:a(l?xﬁ), (14)
where
a=ic/(4no +icw) . (15)

Note that for air o~ 0 and €~ 1 so Eq. (15) becomes
for air

A= C/(U ’ (1 6)
and for most metals, since o> €w, we have
a,=ic/4rnc. m

Now we are ready to treat the two geometries.
1. Pavallel Field Case

The experimental situation for this case is rep-
resented in Fig. 4. The static applied magnetic
field H, is parallel to the surface of a Gd foil which
lies in the xz plane such that the incident micro-
wave field of the exciting cavity makes a 45° angle
as shown. Consequently, the x component of the
incident microwave field is

H, =iv2H,. (18)

The z component is obviously equal to the x com-
ponent.
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To find the field which excites the receiving
cavity (cavity No. 2 in Fig. 4) we must take
the projection of the x and z components of the
transmitted fields H,, and H,, on the long axis of
cavity No. 2. Again the angle is 45°, which means
the total transmitted field is

H,=iv2 (H,,-H,,). (19)

Now we can determine H,, and H,, using the bound-
ary conditions on E and H. Using Eq. (14) we ex-
press E, in terms of H, and obtain the system of
equations

H1x+er=H;+H;!
aOkO(Hlx - er) = amk(H; - Hx-)’

(20)
H, e = HY et , f- okt

agkoHy, e ™0 = a,k(Hy ™ — Hie™™)

for the boundary conditions. H;, and H,, are the

x components of the amplitudes of the incident and
reflected waves; H, and H; are the x components of
the amplitudes of the waves traveling to the right
and left, respectively, in the metal; &, is the
propagation constant of the waveguide; and d is the
thickness of the metal foil. Solving the set of Egs.
(20) for H,, we get

H. = 2a b a ke ol
2= 2a0koH 1x 2agkga,k coskd — (a2kE+aZ k)i sinkd *
(21)
The solution for H,, is the same, but with 2 replaced

by k'. k' is the usual propagation constant for a
metal:
B'=(1-i)/6.

The z component H,, is therefore just the leakage
through the metal foil. Using Eqs. (16)—(19) and the
definition of 8, the total transmitted field is given
by

kl
H,= lHﬂkoe'”‘OdGe- - —) , (22)
X z
where
_ koc 2 <5wk>a] ..
f.=kokcoskd — [( o0 > ~“\%e i sinkd,

with a similar expression for f, with & again re-
placed by k’.

The experimental apparatus amplifies the signal
by a factor A and introduces a phase shift ¢. There-
fore, the measured field amplitude will be given by

14
Ht=Re[§ Hy kge™ gt + 0) 5——k—>] . (23)
x fﬂ

2. Perpendicular Field Case

The geometry of the experimental situation for
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this case is shown in Fig. 3. It is obvious that
H;,,=H, and H;,=0. This means, from the defini-
tions for H, and H,, that H;,=H;,=3 H,.

The equations for the boundary conditions on H,
and H, are essentially the same as those for H, and
H, in the parallel field case. So we have solutions
similar to Eq. (21) for each H, and H,. The re-
ceiving cavity supports oscillations only along the
v axis (crossed cavities) so, again from the defini-
tion of H, and H, we have

H,,=i(H,~ H,). (24)

Again we have amplification and phase shifting by
the apparatus so the measured field amplitude is

H,,=Re [iAH,,koe'“"od * ”’(fﬁ - %)J . (25)
n b

An alternative quantum-mechanical calculation
has been done!” using a Green’s-function approach
assuming only the uniform precession mode (mag-
non wave number k= 0) to be important. Instead of
using the equation of motion [Eq. (2)]for the mag-
netization, the susceptibility tensor is derived. The
results of this magnon theory are identical to the
ones obtained here.

III. EXPERIMENTS IN GADOLINIUM
A. Apparatus and Samples

The heart of the transmission-resonance appara-
tus is the double-cavity structure with the sample
making a common wall between the two cavities.
One cavity acts as an excitation cavity, and the
second cavity acts as an impedance match between
the metallic sample and the receiver. The cavities
and phase-sensitive receiver have been fully de-
scribed inaprevious paper (Ref. 3) and will not be
described here. However, the particular cavity
which was used in these experiments is illustrated
in Fig. 7 of Ref. 3. In this structure the direc-
tions of the microwave magnetic fields in each
cavity are mutually perpendicular, although in the
plane of the sample. Thus leakage is reduced.
When the static field is in the sample plane (the
parallel field case) a component of the exciting
field which is perpendicular to the static field is
transmitted to the other under resonance condi-
tions. When the static field is in the perpendicular
direction, transmission depends on the helicity of
the fields propagating through the sample. That
this occurs for CESR is obvious from the preces-
sion of spins. It also occurs and has been taken
into account in the detailed calculations for the
case of MDSDM.

Gadolinium foil is placed between two brass
plates with circular holes, approximately 1 cm
in diameter, milled in them. Each plate contains
two O-ring grooves made to fit indium wire rings.
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The outer ring seals the brass plate to the cavity
block, and the inner ring, made just slightly larger
than the hole, seals the brass plate to the foil. When
the plates and sample foil are clamped tightly to-
gether the cavities become microwave leak tight
and even liquid-helium tight.

Gadolinium foils of 99. 9% purity were obtained
from the Research Chemical Co.!® A number of
different foil thicknesses were tried, but no sig-
nificant variations appeared in the fitted param-
eters. Consequently, the data presented here is
from 60- u-thickness foils which provided inter-
esting and detailed line shapes characterized by
a large thickness-to-skin-depth ratio, and yet
were thin enough to give an excellent signal-to-
noise ratio. Samples as thick as 75 u produced
weak signals, and samples as thin as 25 u pro-
duced large leakage powers which degraded the
receiver by saturation.

B. Experimental Results

The experimental results for the two orienta-
tions of the external dc magnetic field are shown
in Figs. 5and 6. On the figures, the transmission
signals are denoted by TRA and the absorption or
reflection signals by REF.

1. Pavrallel Field Case

The first striking feature of the data in Fig. 5 is
that for any temperature the absorption and trans-
mission resonances appear at different values for
the external dc magnetic field. We further observe
that even for temperatures above the Curie point,
To=289 °K, the absorption resonance appears be-
low the dc field value which, for our microwave
frequency v=9.2 GHz, corresponds to a g factor
of 2. The resonance field value H; for this fre-
quency and g =2 is 3280 G (see Introduction).

Other features of the experimental results for
this case are that the absorption resonance moves
closer to the Hj field value when the temperature
increases and moves away from it as the tempera-
ture decreases. Also, the profile of the transmis-
sion resonance changes substantially as a function
of temperature.

Comparing the transmission resonance with the
absorption resonance we see that the former has
a larger signal-to-noise ratio as well as a more
complex structure. These two features are in-
dispensable in obtaining a reliable analysis of ex-
perimental data.

Finally, we observe that the transmission reso-
nance in the parallel field case is not attenuated
very drastically below the Curie point, contrary to
previous suggestions.!® Furthermore, the trans-
mission resonance does not begin to appear im-
mediately above H,=0 in the low-temperature re-
gion.
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FIG. 5. Experimental resonances in Gd for parallel
applied field. Transmission (TRA) and reflection (REF)
resonances at various temperatures.

The signal strength with the sample at room tem-
perature was approximately 120 dB below the
klystron power level.

2. Perpendicular Field Case

In Fig. 6 we observe that the transmission reso-
nance starts to appear immediately as H, increases
from zero, while the absorption resonance does
not begin to appear until H, approaches H; or ex-
ceeds it.!® The absorption resonance decreases
its linewidth and moves closer to H, as the tem-
perature increases and, as is indicated above,
suffers strong attenuation below the Curie point.
The resonance transmission profile changes
drastically with temperature. Finally, it is worth
noticing that although the width of the absorption
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resonance increases substantially as the tempera-
ture decreases, the width of the transmission reso-
nance remains essentially constant. The signal
strength for T> T, was about the same as in the
parallel field case.

IV. COMPARISON OF EXPERIMENTAL LINE SHAPE WITH
THEORY

We are now ready to compare the experimental
results with the theory developed in Sec. II.

1. Parallel Field Case

Equation (23) is the theoretical signal expression
for this case. A digital computer, programmed
with a nonlinear least-squares-fitting routine, 2
was used to fit the theory to the experimental data.

o h
/R;F
{ }A/—REF

T=313°K

LA B B B B

TRA
&%
/R:F

TRA, T=290.8°K

LIS B B B B I B e
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TRA, T=287°K

TRA,T=285°K

I 2 3\ 4 5 6 7 8 9
Ho=3.28
H, —=kG

FIG. 6. Experimental resonances in Gd for perpen-
dicular applied field. Transmission and reflection
resonances at various temperatures.
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FIG. 7. Computer-fitted Gd data for parallel applied
field at various temperatures. Crosses are experimen-
tal points from the traces of Fig. 5. The continuous
line is computed from Eq. (22). The best fit parameters
are listed in Table I.

What this routine does, essentially, is to attempt
to minimize the sum of the squares of the differ-
ences between the theoretical and experimental
values at each data point by looking for a minimum

of the hypersurface in the space of the parameters.
It starts with a set of guesses for the parameters
and increments each one until a convergence cri-
terion is satisfied or a given number of iterations
has been performed.

The results for the three temperatures T =327.5,
319, and 310 °K are shown in Fig. 7. The crosses
are the experimental points picked from the re-
corded data of Fig. 5 and the continuous line is the
theoretical signal calculated with the parameters
obtained from the fitting program. The values of
5, X, T, obtained for these temperatures are given
in Table I.

2. Pervpendicular Field Case

Using Eq. (25) for the theoretical signal expres-
sion a procedure similar to the one used for the
parallel case above was used to obtain the curves
shown in Fig. 8 for the temperature 323, 313, and
299.5 °K.

Again, the crosses are the experimental points
and the continuous line is the theoretical signal.
The values of the parameters which gave the best
fit are given in Table I. As can be seen from Fig.
8, the fit between theory and experiment for
T=299.5 °K is not as good as it is for the other
temperatures. This is to be expected because the
assumption that M= xﬁ with x a constant, becomes
increasingly untenable as the Curie temperature
(To~ 289 °K for Gd) is approached. For this reason,
the parameters obtained from the fitting procedure
for this and lower temperatures are rather dubious
and have been omitted from Table I.

V. CONCLUSIONS
A. Paramagnetic Experiments

Table I contains the values of the parameter
x, T, 6, and p (p=216%/c?) obtained for five dif-
ferent temperatures in the paramagnetic tempera-
ture region. They are plotted against temperature
in Figs. 9-11. The susceptibility line in Fig. 9
seems to agree fairly well with the one obtained
by Trombe. 2

The ferromagnetic state of Gd is due to indirect
exchange interactions between the s and d(f) elec-

TABLE I, TFitted values of x, 7, 6, and p for a Gd sample 60 u thick and 99. 9% pure.

T X T 6 P Field
(°K) (107?) (10"1° sec) (10"* cm) (10" @ cm) geometry
310 2,75+0,14 1.08+0,04 4,96+0,21 0.89+0,08 It
313 2.39+0,22 1,02+ 0,02 5.,33+0,14 1.03+ 0,05 L
319 2,14+0,15 1,23+0.06 6,75+ 0,69 1.65+£0,34 Il
323 1,41+0,09 1,13+0,03 6.59+0,26 1,58+0,12 L

1,10+ 0,07 8.16+1,11 2,42+0,66 f

327.5 2.09+ 0,20
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FIG. 8. Computer-fitted Gd data for perpendicular
applied field at various temperatures. Crosses are
experimental points from the traces of Fig. 6. The' =
continuous line is computed from Eq. (25). The best
fit parameters are listed in Table I.

trons. Thus there is a dynamic interaction between
the spin waves in the ion lattice and the conduction
electrons. This interaction effectively determines
the relaxation processes between the two systems.
The s-d(f) relaxation time 7¢_4¢) has been found to
be Tq¢y~ 1071 sec for 7210 °K.# The values for
7 which we have obtained for the paramagnetic tem-
perature region would seem to indicate that relaxa-
tion even in the paramagnetic case is predominantly
due to indirect s-d(f) exchange. It is also possible,
however, that impurities in the sample were re-
sponsible for the low values of 7 that we obtained.
The data for relaxation time versus temperature
for Gd plotted in Fig. 10 is the first of its kind as
far as the authors know.

The values for the resistivity p plotted in Fig.
11 are somewhat lower than the measured dc
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FIG. 9. Susceptibility vs temperature plotted from
the fitted data in Table I.

values reported in Ref. 22, This pointwas also
noted about lithium in Ref. 3.

A general point we would like to make about the
experimental results is that the temperature was
not controlled very effectively. Due to the long
sweep time of the dc magnet the temperatures
usually varied more than % °C during each run.
This fact could be responsible for the spread of
the points in Figs. 9-11.

Summarizing the various aspects of the work
performed so far we can say that the transmission
resonance effect in Gd has been explained by the
theory satisfactorily in the paramagnetic tempera-
ture region. It appears that transmission reso-
nance is a useful tool for studying other ferromag-
netic metals in the paramagnetic state.

B. Ferromagnetic Experiments

Besides the results on ferromagnetic transmis-
sion in Gd contained in Figs. 5 and 6, we have ob-
tained, in collaboration with Manicopoulos, similar
results® on ferromagnetic Fe, Ni, Co, and a high-
permeability alloy with the commercial name Con-
netic AA. The thicknesses of these foils—about
10 p—are somewhat smaller than those used for
Gd. Phillips® has obtained data for Permalloy at
low temperatures and Heinrich and Meshcheryakov?®
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FIG. 10. Relaxation time vs temperature plotted from
the fitted data in Table I. )
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have recently reported results from room tempera-
ture down to liquid-helium temperatures for the
same alloy. The transmission line shapes obtained
for these materials have many qualitative similar-
ities to the results for the paramagnetic case.

Any theory attempting to explain ferromagnetic
transmission resonance should at least contain con-
tributions from demagnetization and exchange ef-
fects to the internal magnetic field “seen” by the
spins. The approximate evolution of the ferromag-
netic-resonance theory has been as follows: After
the classic papers of Landau and Lifshitz, 26 Grif-
fiths, 27 Kittel, }® Herring and Kittel, 2 and Bloem-
bergen, 2 we come to the work of Macdonald. *°
Macdonald was the first worker to calculate the
transmission resonance for the case with the static
field parallel to the sample surface and perpendic-
ular to the microwave field, including anisotropy
as well as exchange effects in his theory. He in-
troduced the antinode boundary conditions on the
magnetization and was the first one to study
transmission resonance effects ferromagnetic
nickel (see following discussion). His pioneer-
ing efforts had somehow escaped our attention
until recently.

Ament and Rado® applied the Landau-Lifshitz
theory, including exchange effects and antinode
boundary conditions on the magnetization, and were
able to obtain a value for the exchange “stiffness”
constant in Permalloy by analyzing the experimental
results of Rado and Weertman, *% who used rather
low values of the external field. Ament and Rado
set the Landau-Lifshitz relaxation constant equal
to zero to obtain the best fit to the data.

After Kittel®® introduced the node boundary condi-
tion for the magnetization, Seavey and Tannenwald®
observed standing spin-wave modes in thin Perm-
alloy films and interpreted their results in terms
of the Kittel boundary condition, Kaganov and Liu,%
on the other hand, have argued that a combination
of the node and antinode boundary conditions should
be used in the analysis of the Rado-Weertman data
because of surface quality effects.

With the discovery of ferromagnetic-transmis-
sion resonance® the transmission theory, including
exchange and Kittel boundary conditions for the
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FIG. 11. Resistivity vs temperature plotted from the
fitted data in Table I.

case with the static external magnetic field perpen-
dicular to the sample surface, #'3¢ has accounted
qualitatively for the experimental results. We are
currently continuing to work along the line of Ref.
36, hoping to establish the temperature dependence
of the exchange constant and relaxation time as
well as clarify the question concerning the boundary
condition on the magnetization.

Finally, a transmission resonance effect similar
to parallel pumping has been discovered® in ferro-
magnetic metals. This occurs when the static mag-
netic field is parallel to both the sample surface and
the microwave field. It appears to be due to the ex-
citation of certain selected spin-wave modes. 3® The
fact that there is no transmission resonance when
the static field is parallel to the sample surface but
normal to the microwave field has been found both
theoretically®® and experimentally.3” This can be
understood from Eq. (4). By setting M = xH we see
that the numerator, which is responsible for trans-
mission resonance, cannot “resonate” because
v(H +4nM) - w,e > 0 for the usual microwave frequen-
cies and M values of magnetic materials.
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Susceptibility Tensor Components for Polycrystalline Ferromagnetic Materials"
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Using the Herring-Kittel macroscopic magnon theory, the Kubo-Tomita resonance theory,
and the Bogoliubov-Tyablikov equations of motion for the Green’s functions of the magnon op-
erators, explicit expressions for the components of the dynamic magnetic-susceptibility ten-
sor are derived. As an example, the uniform precession mode (magnon wave vector k=0) of
a flat polycrystalline ferromagnetic plate is examined in two geometries: the static magnetic

field parallel and perpendicular to the plate’s surface.

I. INTRODUCTION

Herring and Kittel' have shown how to express
the magnetization field M of a ferromagnetic ma-
terial in terms of spin density operators. Kittel?
then extended this work using the usual Holstein-
Primakoff procedure3 and obtained M in terms of
macroscopic ferromagnetic magnon operators.

The behavior of a ferromagnetic material in a
relatively strong dc magnetic field, which defines
the z direction, with a much weaker rf magnetic
field polarized in the xy plane acting as a pertur-
bation, is analyzed using the generalized response

function theory of Kubo and Tomita.% ® In Ref. 5,
Noziéres gives an exposition of the Kubo-Tomita
formula which seems to be clearer than the orig-
inal author’s account.

Section II gives the Hamiltonian of the system
and the equations of motion for the magnon opera-
tors are obtained. In Sec. III the Kubo-Tomita
formula for the susceptibility is introduced and
the Fourier transforms of the magnon operators
are obtained using the Bogoliubov-Tyablikov® equa-
tions of motion for the Green’s function of the
magnon operators. Substituting these into the
Kubo-Tomita formulas the components of the sus-



