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Using only the surface-anisotropy constants and the saturation magnetization as adjust-
able parameters, we have found good agreement between an observed and a calculated
spin-wave resonance spectrum. A uniform magnetization, effects of exchange, conduc-
tivity, and Landau-Lifshitz damping are included in the theory.

The purpose of this paper is to show that the
observed spin-wave resonance spectrum of a
thin metal film ean be fitted quite mell by an ex-
tension of a theory' which takes into account four
factors: exchange, electrical conductivity, an
asymmetric anisotropy at the two surfaces of the
film, and an isotropie Landau-Lifshitz damping
constant A. . We present, for the first time, quan-
titative theoretical and experimental comparisons
of all three important parameters observed in a
standing spin-wave resonance spectrum: reso-
nance field positions, line intensities, and line-
widths. The results of this study, along with
others, ' suggest that, if care is taken in prepar-
ing the film, many of the contributions to the
resonance spectrum as a result of inhomogen-
eities in the sample may be eliminated. Previous
papers on this subject were concerned with study-
ing the intensities of the resonance lines either
alone or in combinat:ion with the positions. ' '.
No reports to date have been given of a considera-
tion of all of the resonance parameters (including
llnewldths) simultaneouslV.

Most of the details of the film deposition and
microwave techniques have been described pre-
viously. v In preparing the film, substrates were
polished optically smooth and thoroughly cleaned,
and the deposition was carried out only after
the meIt had come to thermal equilibrium with

us vapor. A rather fast evaporation rate of 38
A/sec was used assuring that the grains of the
film were randomly spaced and not columnar
across the film thickness. ' During evaporation,
the pxessure Ianged from 3 x 10 ' Torr to a max-
imum of Bx j.0 ' Torr. The oven, which main-
tained a substrate temperature of 250'C during
deposition, was turned off 5 min after the deposi-
tion was completed.

It was necessary to extend previous magnetic-
resonance calculations' in order to account for
realistic boundary conditions applicable to evap-
orated Perma11oy films. The theory permits an
asymmetrical rf excitation of the film for the
following reason. Although the film is placed at
the center of a rectangular cavity, any error in
placement from the cavity center mould result
in an asymmetric rf excitation. In addition, the
calculation permits asymmetrical pinning con-
ditions, between the extreme limits of complete
pinning to no pinning at all, at the two surfaces
of the film. TheIe may be several reasons why
asymmetrical pinning occurs in actual films.
One side of the film is rigidly attached to a sub-
strate while the other side is free. In addition,
the first few layers of the film structure, de-
posited at the beginning of the evaporation, may
be quite different from the last few layers, de-
posited at the end of the evaporation. In both

100



VOLUME 28, NUMBER 2 PHYSICAL REVIE%' LETTERS 10 JANUARY 1972

cases, a difference in pinning conditions at the
two surfaces would exist.

%e can write the boundary conditions at the
two surfaces of the film for the case of the ap-
plied field normal to the film. The first two equa-
tions which follow are simply statements of the
fact that the tangential component of the rf mag-
netic field is continuous across the film surfaces;
the last two equations describe the pinning con-
ditions of the rf magnetization at the surfaces:
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FIG. 1. Spin-wave resonance absorption derivative
for the film with the dc magnetic field perpendicular
to the plane of the film. The numbers above the lines
are the gain settings used.
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Analytical solutions of Z" and Z'"' are prohibi-
tive to employ since the algebra becomes very
involved. Our procedure was to calculate nu-

The quantities k, and k~ are the propagation con-
stants which give rise to magnetic, circularly
polarized field solutions. The propagation con-
stants can be obtained from the secular equation
of Ref. 1. A, and B, are the four unknowns (i = 1,
2) and represent the field strength of the reso
nant, circularly polarized waves; h„and ho are
the surface rf magnetic fields at the two surfaces;
K, " and K, ' are the surface anisotropy con-
stants at the two surfaces. A is the exchange-
stiffness constant and Q, = 1 —2j5~k,.2, where 5 is
the classical skin depth, 5= c/(2wmu)"', d is the
film thickness. The surface impedances Z"
and Z ' at the two surfaces are given by

z~o) = jg ~(A,. -B,.),
c . 2 k.

4mo, ,h,

Z") = jr~[A, exp( —jk,d)- B,exp(jk, d)] .c . 'k
4m', ,h„

If K, =K, "), then we find that Z = Z ") An-
alytical solutions for Z ' have been given pre-

iou sl y
lo for a Gilbert form of damping 11 How

ever, we find that if K, &K, ", then Z 4Z" .
For either case the power absorbed" by the
sample is given as

TABLE I. Resonance parameters, theory and ex-
periment.

&n
(Oe)

Expt. Theory

14780 14780
14569 14580
14390 14392
14151 14147
13481 13466
12536 12525

ZII„
(Oe)

Expt. Theory

52
22
21
22
21
21

59
21

~18
16
13
9

In
Expt. Theory

100
24
0.03
5.2
1.3
0.44

100
23
0.02
6.8
3.3
2.7

merically (by computer) the resonance spectrum
for various values of h~/h„K, ~~1, and K,('I.
The resonance field is defined in a conventional
way as the field for which dP/dH, =0, where H,
is the applied field and the linewidth is obtained
from the peak-to-peak width of the resonance
line. The intensity of each mode is normalized
with respect to the main line and corrected as
described below.

Figure 1 shows the spin-wave spectrum of the
2700-A-thick film (75% ¹

-25% Fe) obtained at
9.44 0Hz and room temperature. The implica-
tions of this spectrum concerning the quality of
the film have been discussed before. ' Table I
shows the fit between theory and experiment for
the resonance fields, linewidths, and intensities
of the various lines. In obtaining the fit, we used
the values of X = 7.5 && 10' Hz and a = 0.7 & 10' 0 '
cm ' obtained from previous studies of the line-
width-film-thickness dependence. 2 The values
used for the exchange-stiffness constant, A = 1.14
&& 10 6 erg cm ', and for the g factor, g=2. 10,
were obtained from the slopes of the H„-vs-n
curves, which were nearly the same in both the
perpendicular and parallel cases. ' Thus there
are only three remaining adjustable parameters
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which we varied for the best fit to the spectrum.
The values were 4m A4, = 11580 Oe, K, o = 0.87
erg/cm2, and K, ("~ = —1.1 ergs/cm . The signs
of the two surface-anisotropy constants imply
that a uniaxial rather than a unidirectional sur-
face anisotropy was needed for the best fit.
Finally, we have taken h, /h, = 1. It is seen that
the theoretical and experimental resonance fields
agree to within 0. 1% or better.

If we let n take the values 0, 2, 3, 4, 6, and
8 and calculate the resonance fields from a sim-
ple quadratic fit to the data, IJ„'=a —bn', we ob-
tain H„' = 14 690, 14 555, 14 387, 14 150, 13 473,
12 535 for n = 0 through 8, respectively. It is
clear that a good quadratic fit is obtained for the
high values of n but not for the low values. By
comparing H„' and H„, one sees that it is mean-
ingless to talk about a departure of the spectrum
field positions from an n' law for small n since
the field positions depend critically on the de-
tails of the boundary conditions at the two sur-
faces, For full pinning on both sides of the film,
the n' law would be obeyed but with n = 1, 3, 5, 7,
and 9; for no pinning, only one line would be ob-
served. In our case, the pinning must be at
some intermediate value as predicted by the
theory given above.

The corrected observed intensities" of the lines
are in reasonable agreement with the theory al-
though the experimental values decrease more
rapidly with n than do the theoretical values.
Better agreement for higher n could be obtained,
of course, if one used smaller values of the sur-
face anisotropies. However, using smaller val-
ues of K, would also reduce the theoretical in-
tensities of the second and third lines as well
as reduce the good fit of the resonance fields.
Thus the best overall fit is obtained with a com-
promise of the values K,",K,'"', and 4&4, .

The observed linewidths as shown in Table I
drop off rapidly as the effects of exchange and
conductivity diminish and then remain constant,
whereas theoretical linewidths continue to de-
crease. This apparent inconsistency may be ac-
counted for by postulating a small variation in the
film thickness across the plane of the film. As
shown previously, ' a variation in the film thick-
ness may broaden the line by an amount

2A n2m' 24d
AIJ„

where Ad is the change in thickness across the
plane of the film. This additional broadening
amounts to jt. 2 Oe for a 4d as small as 8A. If

we plot the difference between the observed and
calculated linewidths (see Table I) as a function
of n' (for n =4, 6, 8), we obtain a linear relation-
ship. This suggests that the discrepancy may
indeed be due to a small nonuniformity in the
film thickness. The film could easily have a

0
thickness variation of 8 A (one or two atom lay-
ers).

The perpendicular resonance spectrum was
obtained also on many other films of different
thicknesses (350 to 2700 A) and for different de-
position rates (10 to 40 A/sec). The spectra for
all the films exhibited similar behavior —that
is, the dependence of H„on n' was linear for all
but t:he first one or two modes if the modes were
labeled n=0, 1, etc. ; there was an alternation
of intensity of the strong and weak modes, and
the intensities of the higher-order modes were
quite weak. Thus, it would be easy to fit the
spectrum of another film of the same evaporation
set from which the film discussed above came.
However, to test the theory critically, we chose
a film at random from another set which had
been evaporated under conditions completely dif-
ferent. This film was 2010 A thick and was de-

0
posited at a rate of 19 A/sec; immediately follow-
ing deposition, the film was annealed at 250 C
in the presence of a planar magnetic field. After
fitting the observed spectrum with the theory for
this film, we found that K, ' = 0.35 erg/cm',
K, ' = —0.5 erg/cm', 4wM, =111500e, andg,
A. , v, and A were the same as for the thicker
film. Again, a uniaxial rather than a unidirec-
tional surface anisotropy must be used to charac-
terize the film.

We have thus shown that the resonance param-
eters can be described quite well by a simple
theory which assumes a uniform static magnetiza-
tion across the film thickness. Any nonuniform-
ity in the magnetization probably occurs at the
film surfaces, and this has been accounted for
by asymmetric surface anisotropies.
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Magnetic specific heat and susceptibility measurements have shown that Na3f. Ce(CVHS"
NO4) &]

~ 15H20 has extremely weak effective spin-spin interactions, suggesting that this
material may be a useful alternative to cerium magnesium sitrate for very low tempera-
ture thermometry.

Since the original work on cerium magnesium
nitrate (CMN), more than eighteen years ago, "
the method used almost exclusively for determin-
ing temperatures below 100 mK has been to mea-
sure the susceptibility of a CMN thermometer.
To a good first approximation this obeys Curie's
law and the magnetic temperature T*= &/)( is
close to the true temperature T, where y is the
susceptibility and A. is the appropriate Curie con-
stant. ' However at the lowest temperatures de-
viations from Curie's law become increasingly
important and there has been a considerable
amount of controversy over the proper T-T~ re-
lation under different conditions. In particular,
there has been much discussion of the effects of
using powdered CMN and nonellipsoidal sample
shapes, the most common being a right circular
cylinder with length equal to diameter, and even
for the case of a single-crystal sphere there are
significant discrepancies in the T-T* relation
for T(3 mK. 4 ' It is clear that another salt
which closely follows Curie's law at very low
temperatures would be quite valuable, either for
establishing a more reliable scale for CMN or as
a thermometric substance useful in itself. In
this Letter we report the first results for a sub-
stance we refer to as CDP, a promising new
material of this kind.

CDP denotes "cerium dipicolinate, "which is
our abbreviation for trisodium tris-(pyridine-2,
6-dicarboxylato) cerate (III) pentadecahydrate,
Na, [Ce(C,H,NO, ),] ~ 15H,O, one of a large class of

complex organic rare earth salts whose struc-
tures have recently been studied by Albertsson. "
Many of these are magnetically very dilute with
atomic volumes V, close to 1000 A'jrare earth
ion, so that one would generally expect quite
weak interactions between the magnetic ions.
We chose CDP specifically for three main rea-
sons: (i) All cerium isotopes have zero nuclear
spin, so that there is no complication from the
hyperfine structure; (ii) Ce" ions, with only one
4f electron, have relatively weak magnetic mo-
ments which should further reduce the magnetic
interactions; and (iii) CDP is readily prepared
and is reasonably stable. These are the same
considerations which first led to the work on
CMN' but in CDP we have the additional advantage
that the average spacing between the Ce" ions
is some 16% larger while the mean square mo-
ment turns out to be some 319o smaller, with the
result that the effective spin-spin interaction is
only about one half of that found for CMN.

To obtain a quantitative estimate of the inter-
actions in CDP we have carried out two types of
experiments: (i) a measurement of the magnetic
specific heat C~ in the region of 1 K using the
Casimir-du Pr(t relaxation method, "and (ii) a
preliminary study of the susceptibility down to 50
mK using a Hes-He dilution refrigerator and a
CMN thermometer. Some additional adiabatic
demagnetization experiments to very low temper-
atures were also carried out.

For relaxation specific heat measurements one
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