The Open Magnetic Resonance Journal, 2008, 1, 29-31 29

Saturation Effects in the Magnetic Resonance of Paramagnetic Impurities

in Metals
David L. Huber*
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Abstract: The saturation of the magnetic resonance of paramagnetic impurities in metallic hosts is investigated. The ear-
lier work of N. Bloembergen is extended to metallic films of finite thickness. The absorption line shape and its derivative
with respect to the static applied field are calculated. Comparison is made with the corresponding results for an insulating
host, and suggestions are given as to the way in which saturation effects might be identified.

INTRODUCTION

Saturation effects in cw (continuous wave) resonance
studies of paramagnetic impurities in insulating hosts have
been observed and understood for many years. In this case
the power absorbed by the magnetic system is given by the
standard expression

_ V xoH 0T, Q)
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where V is the volume of the sample, y, is the static suscep-
tibility, H; is the amplitude of the oscillating field at fre-
quency w, wq is the resonance frequency and Aw = w — w.
The symbol y denotes the gyromagnetic ratio, and T, and T,
are the longitudinal and transverse relaxation times, respec-
tively.

The purpose of this letter is to develop and analyze a
corresponding expression for the power absorbed by sta-
tionary paramagnetic impurities in a conducting medium.
Saturation effects in the magnetic resonance of immobile
impurities in metallic hosts were first investigated by N.
Bloembergen [1]. In this reference, equations were pre-
sented for the absorption on resonance (Aw = 0) in both the
thin and thick film limits. In this paper we extend Bloem-
bergen’s analysis to metallic films of finite thickness and
present detailed results for the absorption line shape and the
field derivative of the line shape as a function of the static
applied field for fixed yH;(T:T»)"? and as a function of
yH1(T:T2)"? when the system is at resonance.

To the best of our knowledge, there have been no sys-
tematic studies of saturation effects associated with the
magnetic resonance of paramagnetic impurities in metals. It
is hoped that theory presented here will stimulate efforts in
this direction.

ANALYSIS

The essential step in the analysis is the identification of
(6H4/6z)? as a first integral of Eq. (24) in Ref. [1]. In our
investigation of the effects of film thickness, we use a plane
wave or ‘radar’ model in which electromagnetic wave
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propagates in a direction normal to the surface of a film of
thickness d. The amplitude of the magnetic component of the
wave at the incident surface is H;, and the amplitude at the exit
surface is Hiexp[-d/3], where & denotes the skin depth This
being the case, the power absorbed by a metallic film of thick-
ness d can be expressed as the difference between Eq. (25) of
[1] evaluated at z = 0 and the identical expression evaluated z
=d. We obtain the result

P = (wwyx,T, /8)8 A(l— AwT,)(y*T,T,)™
2
In 1+ (AwT,)* +(YH)™TT, @
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where A is the area of the film.
In the low-intensity limit, (yH,)’T,T, << 1, Eq. (2) be-
comes
P = (wawyx,T,/8)8 A(l- AwT,)H,’ @A)
x(L—exp[-2d / S][L+ (AwT,)’]™

When d/3 >> 1, this expression has the has the form
P = (0w,,T,/8)5 Al—AwT,)H, [L+ (AwT,)*]" (4)

Equation (4) is in agreement with the results obtained by
Dyson in his analysis of conduction electron spin resonance in
a thick film in the slow diffusion limit [2,3].

For arbitrary intensities in the thick film limit, Eq. (2) be-
comes

P = (0w, x,T,/8)0 A(l— AwT,)
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while for arbitrary intensities in the thin film limit we find

P = (wwyx,T,/ 4)dA(L- AwT,)H,? ©6)

X1+ (A0T,)” +(YH,)*TT, I
In. Eg. (6), it is evident that the absorbed power does not
depend explicitly on the skin depth. Nevertheless, the skin

depth does enter implicitly in the assumption that the film has
finite conductivity.
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DISCUSSION

In typical paramagnetic resonance experiments, the fre-
quency is held fixed, and the static field is varied. Usually
the data are obtained in the derivative mode where dP/dH is
recorded as a function of the static field H with « held con-
stant. In applying the equations, in the preceding section,
one makes the transcription Aw = — y(H-Hp) = —yAH [3].
For narrow lines, |Aw|/wo << 1, one can replace wq by  in
the prefactor in Egs. (2 — 6) thus obtaining an expression
that is a function of the static field only through its depend-
ence on AH.

In Fig. 1 we show the results for dP/dH vs yAHT, for
yH1(T:T2)Y? = 0.1, 1.0 and 10 in the thin film limit (Eq. (6)).
Fig. 2 shows the corresponding results for a film of inter-
mediate thickness where d/d = 1.0. The numerical data were
obtained from Eq. (2). Fig. 3 shows dP/dH vs yAHT, in the
thick film limit for the same three values of yH,(T,T,)*2:
0.1, 1.0 and 10 (Eq. (5)). All curves have been normalized

to unity at AH = 0.

Comparing the three figures, it is evident that when
yH(TiTo)Y? >> 1, the effects of saturation are more pro-
nounced in thin films than in thick films, and that in all
three cases, the line shape becomes more symmetric with
increasing values of this parameter.
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Fig. (1). dP/dH (arbitrary units) vs yAHT, in a thin film. The
curves are calculated using Eq. (6). (red) yH1(T:T2)¥? = 0.1; (blue)
yH1(T.T2)Y2 = 1.0; (green) yH(T1T»)*? = 10. All curves normal-
izedto 1 at AH =0.
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Fig. (2). dP/dH (arbitrary units) vs yAHT, in a film of intermediate
thickness where d/3 = 1.0. The curves are calculated using Eq. (2).
(red) yngTsz)m = 0.1; (blue) yHy(T:To)*?* = 1.0; (green)
yH1(T1T2)"? = 10. All curves normalized to 1 at AH = 0.
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Fig. (3). dP/dH (arbitrary units) vs yAHT, in a thick film. The curves
are calculated using Eq. (5). (red) yHy(T:T)¥2 = 0.1; (blue)
yH1(T1T2)Y2 = 1.0; (green) yH,(T1T2)Y? = 10. All curves normalized to
latAH=0.

As pointed out in Ref. [1], a particularly sensitive tech-
nique for detecting saturation effects is to measure the absorp-
tion at AH = 0 divided by H,? as a function of yH,(T;T,)"2 In
Fig. 4 we show the results of such a plot for the thin and thick
film limits and for the intermediate case d/o = 1.0, with all
curves normalized to unity at H; = 0. From this figure, we see
that when AH = 0, the normalized plots of H;“P have de-
creased by 30% - 50% when yH,(T,T,)* = 1, thus providing a
strong signature of saturation similar to what is seen in insula-
tors.
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Fig. (4). Hy 2P vs yHy(T;T2)*? with AH = 0. The blue curve is for d/s
=1.0 The red curve is the limiting result for thin films, 1/(1+x?), with
X = yHy(T{T,)Y2, that was obtained in Ref. 1 The green curve is the
result for infinitely thick films, x2In(1+x?), also given in [1].

Note that the plots of H,2P for finite values of d/s are al-
ways bounded by the curves for the thick and thin film limits.
It should also be mentioned that when AH = 0, the normalized
curves for H, 2P and Hy2dP/dH vs yH.(T,T,)"? are predicted
to be identical for the same value of d/s.

In summary, we have outlined a theoretical framework for
interpreting saturation effects in the magnetic resonance of
paramagnetic impurities in metals. The theory, which also
applies to nuclear magnetic resonance, interpolates between
earlier results [1] for the absorption in the thin film and thick
film limits. At this point, there are several comments that need
to be made relating to the detection of saturation effects. First,
it is necessary that the g-factors of the paramagnetic ions be
significantly different from those of the conduction electrons
in order to avoid a “spin bottleneck” where the paramagnetic
ions resonate in phase with the conduction electrons. This
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means one must have a distinct paramagnetic resonance
well separated from the conduction electron resonance. The
analysis of the coupled conduction electron spin — paramag-
netic ion resonance remains a challenging but distinct prob-
lem with progress continuing to be made [4].

Second, the impurity resonance must be homogeneously
broadened to avoid the “blurring” of the line shape caused
by a distribution of resonance frequencies. As noted, a de-
finitive demonstration of saturation follows from analyzing
the absorption on resonance (AH = 0). By comparing plots
of H, 2P (or H,dP/dH) vs H, against the theoretical
curves (Fig. 4) it will be possible to infer the values of the
product T;T,. Since T, can be extracted from the resonance
line shape in the unsaturated regime, one can determine the
value of T;.
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