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Thus, only local crystal field perturbations which
lower the symmetry will have an effect on the sep-
aration between the levels of the doublet and/or the
transition probability. In other words, hydrostatic
pressure will have no effect on the line shape to
second order. Thus, small perturbations on the
local crystal field symmetry are directly manifest
in terms of the effects on the absorption line shape.

IV. CONCLUSION

The model presented here offers a means for
studying the effect of intrinsic and induced perturba-
tions on the local crystal field symmetry for transi-
tions within a non-Kramers doublet for the three
cases of local crystal-field symmetry considered.
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Using uniaxial stress, the spin-lattice coupling pa-
rameters can be evaluated independently of the con-
centration of the impurity ion to the extent that the
impurity concentration is not so large as to affect
the shape of the absorption line.

The model is applicable to a variety of systems,
among them are MgO: Fe2+, 1 Al,04: Fea*, ? and
CaF,: U*.'3!* For the latter system, the model
has been compared quite favorably with the results
of uniaxial strain measurements. '*
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The use of a linear resonator instead of a microwave resonant cavity increases the sensi-

tivity of any resonance spectrometer when studying electron resonance in metals.

This

technique is used to study the temperature dependence of the line shape of the conduction-elec-
tron spin resonance in a lithium film for thicknesses ranging from 0.3 to 30 skin depths.
Dyson’s theory is found to apply at high temperatures. Deviations below 120 °K due to the
anomalous skin effect provide a method of determining the microwave surface impedance in

the alkali metals.

I. INTRODUCTION

In this paper we discuss a simple modification
of the conventional electron-spin-resonance (ESR)
technique for metals, which results in a sensitivity
gain of five times. We then use this technique to
verify Dyson’s! theory of the conduction-electron
spin resonance (CESR) line shape in lithium films
whose thicknesses range from 0. 3 to 30 skin depths.
Dyson’s theory has previously been verified® for

thick samples and for dispersions or powders whose
grain size is small compared to the skin depth.
Here we study a single film of uniform thickness.
Data were taken from 4. 2 °K to room temperature.
At low temperatures, the anomalous skin effect is
found to modify the line shape in an extremely sim-
ple manner.

The usual reflection technique for studying CESR
in metals is to place the sample in a cavity which is
critically coupled to one arm of a microwave bridge.
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FIG. 1. Experimental setup for mounting the sample
in the waveguide: (1) waveguide, (2) coupling rod, (3)
cylindrical quartz substrate with lithium film, (4) Teflon
sample holder, (5) nylon screw, (6) rotation shaft, (7)
baseplate, and (8) gears.

The modification we use is as follows: The sample,
in the form of a straight wire or film one-half wave-
length long, is suspended in a shorted waveguide.

No resonant cavity is needed since the sample itself
forms a resonant structure (a half-wave dipole).

By proper orientation in the waveguide, the resona-
tor can be critically coupled to the guide. Thus the
resonator is electrically identical to a resonant cav-
ity and can be used in a conventional ESR spectrom-
eter. It could equally well replace a transmission
cavity.

Resonant coils are routinely used in nuclear mag-
netic resonance (NMR) and have previously been used
to detect ESR in insulators at X band® and lower fre-
quencies.? In the present case where the resonator
is the sample, there is no need to deform it into a
coil. Pippard® has used a coaxial linear resonator
at microwave and lower frequencies to measure the
nonresonant surface impedance in metals.

In Sec. II we give the details of the linear resona-
tor, its construction and its sensitivity as compared
to conventional cavities. In Sec. III we give a slight
extension of Dyson’s theory of the line shape to the
case of arbitrary rf excitation of the two faces of the
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sample and discuss several limiting cases including
the modification produced by the anomalous skin ef-
fect. In Sec. IV we compare the theory and experi-
ment.

1II. EXPERIMENTAL DETAILS

A. Linear Resonator

Figure 1 shows the arrangement used to hold the
sample in the waveguide and orient it for critical
coupling. When the sample is exactly parallel to the
broad face of the waveguide, perpendicular to the
electric field, no coupling occurs. As the sample
is rotated in either direction, the component of the
electric field along the wire excites currents in the
wire. Critical coupling occurs at ~+5° depending
upon the @ of the resonator. When resonating, the
electric field lines at the surface of the sample are
along the wire and the magnetic field lines are cir-
cles around the wire, With this arrangement the
rf field is intense near the sample and weak at the
waveguide so that essentially all the power is absorbed
by the sample and there is a gain in sensitivity
over having put the sample in a conventional cavity.
The maximum ESR signal is seen when the external
magnetic field is parallel to the wire axis. When
the field is perpendicular, the signal is reduced by
one-half. The frequency of the resonator is deter-
mined by its length: A film 1.04 cm long on a quartz
capillary tube 1.5 mm in diam held in a Teflon sam-
ple holder has a resonant frequency around 9.0 GHz.
The walls of the waveguide and the sample holder
have only a slight effect upon the @ of the resona-
tor. A lithium film at room temperature typically
has a @ of 900. The arrangement shown gives a
very stable noise-free balance down to liquid-helium
temperatures. Severe microphonic noise occurs if
the sample is not held firmly by the sample holder.

In wire samples where damage to the sample is
not a concern, a simpler sample holder made of
+-in. Teflonrod witha hold drilled through it can be
used. Modulation pickup sometimes occurs with
this holder when the sample is held tightly by the
Teflon, but disappears when the hole is enlarged
and the sample is secured with vacuum grease. A
tapered % ~in. brass rod also works as a holder. The
most trouble free holder for wires was found to be
a Styrofoam block. In all cases considerable care
is required in alignment to prevent poor @ or a shift
in the resonant frequency with coupling. Careful at-
tention to cleanliness is also necessary due to the
sensitivity. A Teflon sample holder can be ade-
quately cleaned by boiling for 5 min in concentrated
NaOH, followed by a thorough rinsing and boiling in
de-ionized water. In the lithium films no unwanted
resonances were observed, but high-purity silver
and copper wires frequently had spurious resonances
presumably due to surface oxide or hydroxide layers.
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B. Sensitivity

In order to compare the sensitivity of the linear
resonator with the conventional resonant cavity, a
resonator was made by drawing molten Li into a
capillary tube and cutting it to a one-half wavelength.
After recording the CESR signal at room tempera-
ture, the sample was cut in half to make it nonres-
onant and placed on the bottom of a silver-plated
half-wave cavity operating at the same frequency as
the resonator and the signal recorded under identical
experimental conditions. The signals (see Fig. 2)
show that the linear resonator increases the sensi-
tivity by a factor of about 5. In order to check that
the proximity of the walls did not affect the signal
in the half-wave cavity, the sample was also placed
at the center of a full-wave cavity. The resonator
signal was better by ten times as expected since the
surface of the full-wave cavity is twice that of the
half-wave cavity.

This gain in sensitivity may be understood by con-
sidering what happens to the power incident on a
microwave cavity. The power goes into Joule heat-
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FIG. 2. Comparison of the derivative of the CESR

power absorbed by a lithium rod1.1cmlong, 1.0 mm in
diam, when (a) placed in a half-wave cavity and (b) usedas a
linear resonator under identical experimental conditions:
4,5 x10~® Wof microwave power, modulation0.06 G peak
to peak at 100 cps, 0.1-sec lock-in time constant, room
temperature. The lock-in gain for (a) is five times the
gain for ().
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ing of the cavity walls, heating of the sample, and
resonance absorption by the sample. The resonance
absorption, which is proportional to the electron
susceptibility, is very small compared to the Joule
heating. Dyson has shown it can be written as the
Joule heating of the sample times some resonant
terms. Then to have an optimum resonance signal
it is necessary to have most of the incident power
dissipated in the sample and not in the cavity walls.
Thus some experimenters place the sample in a cav-
ity wall. Ideally, the entire cavity should be made
of the sample material. We have done the equivalent
thing by making the sample a resonant structure.

To evaluate the theoretical gain in sensitivity we
have integrated the Poynting flux over the area of the
walls of the half-wave cavity and over the sample
and find that zﬁ of the incident power is dissipated
by the sample. Thus, if all the power is dissipated
in the resonator, a gain of about ten would be ex-
pected. We observe a gain of five.

C. Sample Preparation and Experimental Procedure

The starting material for the films was 29.97%
lithium.® An electron beam was used to evaporate
the material from a molybdenum boat. The lithium
was first bombarded until it melted and the nitride
coating broke down leaving a shiny surface. This
step also coated the bell jar with lithium, which
acted as a getter to improve the starting vacuum of
less than 1x10°® Torr. A shutter was then moved
and the sample was evaporated rapidly to obtain a
mirror surface. With 160 W of electron beam
power, a deposition rate of 0.6 u/sec on a flat plate
could be achieved. However, the narrowest CESR
lines, indicating the purest samples, were obtained
with a somewhat slower rate. The substrate was a
1.5-mm-diam quartz capillary tube located 10 cm
above the boat and rotated at 120 rpm. A second
film to be used for measuring the thickness and re-
sistivity was evaporated at the same time on a Pyrex
plate located within 1 cm of the rotating rod. Copper
electrodes were evaporated in a prior pumpdown.
The flat film should be 7 times thicker than the cy-
lindrical film.

After evaporation the films were carried in a dry
helium atmosphere to a dry box. Lithium does not
react with dry air and films could be stored in the
dry box for up to a week without any change in ap-
pearance or resonance properties. Lithium does
react with quartz and Pyrex if the temperature is
raised much above room temperature. We had
some trouble with substrate heating and reaction at
very high evaporation rates.

After the cylindrical film was mounted, the ESR
probe was evacuated, then filled with helium gas.
The line shape was recorded on a chart recorder
using a conventional homodyne spectrometer. A
200-cps magnetic field modulation was used. In or-
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der to get more accurate values of the A/B ratio,
the following procedure was used. A baseline was
first established by moving 100 G below the reso-
nance. Then several sweeps were made through the
peak followed by sweeps through the minimum and
then the peak again, Finally the baseline was mea-
sured above resonance. A/B was determined by
measurement with dividers and a scale. The tem-
perature was stabilized to within 3 °K during the
measurement.

Considerable care was devoted to checking that the
line shape was independent of the manner in which
the spectrometer was balanced or arranged. For
operation with the klystron frequency locked to the
sample cavity, it was found that the only factor that
gave spuriousline snapes was the presence of reflec-
tions in the bridge. When these were eliminated by
removing all bends in the sample arm of the bridge,
it was very ditticult to adjust the spectrometer to
give a spurious line shape. Ditferent shaped sample
holders which held the sample at various distances
from the shortened end of the waveguide, tempera-
ture cycling, and storage of the sample for several
days had no effect. The modulation amplitude was
varied to ensure that it had no effect on the line
shape.

In order to measure the thickness and resistivity,
the flat film was mounted in a four-lead resistance
probe and the resistance was measured as a function
of temperature using a lock-in amplifier operating
at 20 cps. The temperature in both cases was mea-
sured by a copper-constantan thermocouple cali-
brated by a platinum resistance thermometer. The
data were generally taken as the samples were slow-
ly cooled for the tirst time.

An attempt to measure the thickness more accura-
tely than with the resistance technique was made by
using an ac bridge to measure the change in resis-
tance of a known volume of distilled water when the
lithium sample was reacted with it. The technique
easily had enough sensitivity to measure our thinnest
film to 1%. However, the resistance of the cell
drifted rapidly upward, indicating a loss of conduct-
ing ions. The loss was probably due to reaction of
the lithium with dissolved gases such as carbon di-
oxide. The flat films were too thick to use the op-
tical interference method. In very thick films we
found that titration was accurate to 10%.

111. THEORETICAL LINE SHAPE

A. General Case

The experimentally measured quantity is the de-
rivative with respect to field of the power absorbed
by the sample as the magnetic tield is swept through
resonance. Since the power is given by the Poynting
flux into the sample, Maxwell’s equations must be
solved for the rf fields at the surface, subject to the
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boundary conditions imposed by the sample. This

is more complicated than the usual skin-depth cal-
culation since the spin-relaxation time 7, can be
much longer than the orbital collision time 7. Thus
as the electron diffuses away from the surface, the
coherent precession of the spin produces a rf field
far beyond the skin-depth region. The fields in the
metal are then a linear combination of damped waves
described by the propagation constants®?

RE=2i /5%, (1)

kE=2(1+ix)/52 , (2)

where 6 =(c?p/2mw)* /2 is the classical skin depth and
5,=(2DT,)'/? is the spin depth — the distance perpen-
dicular to the surface that a spin can diffuse in one
relaxation time. D is the diffusion constant.

x=(w ~ wy)T, is a dimensionless variable giving the
distance the magnetic field H,=w,/y is from the res-
onant field H=w/y. w/27 is the microwave frequen-
cy and p is the electrical resistivity.

Dyson! has solved for the power absorbed by a
large plate of arbitrary thickness with the external
tield perpendicular to the face and a linearly polar-
ized rf field H, parallel to it. The calculation is
complicated because the relation between the mag-
netization M and H, is nonlocal due to the diffusion
of the electrons. Dyson solved for M by expressing
it as an integral of a Green’s function over the dif-
fusion and relaxation probabilities. Kaplan’ pointed
out that the problem could be solved much more
simply by assuming that M is described phenomeno-
logically by a Bloch equation as modified for diffu-
sion by Torrey. ®

Dyson’s calculation applies to a flat plate. Here
the experimental configuration is a cylindrical rod
with Hj perpendicular to its axis and a coaxial rf
field. Since & and the film thickness are small com-
pared to the radius ot the cylinder, it is a good ap-
proximation to replace the cylinder with a flat plate.
Further, since it is experimentally observed®!® that
the line shape does not depend on the orientation of
Hy, we take H, perpendicular to the plate. Thus
Dyson’s result would apply except that the boundary
conditions are different. He assumed that H; is the
same on both faces of the plate. For a linear res-
onator the rf field at the inside surface is nearly
zero. This is easily seen by placing an Amperian
loop at the inner surface, coaxial with the cylinder.
Since the current through the loop is zero, H, is
zero except for a negligible contribution from the
displacement current. Using Kaplan’s method we
have solved for the CESR line shape of a flat plate
when the rf field is equal to H, on one face and - bH,
onthe other, where bisarbitrary. When comparing
with experiment' we take b=0. Lampe and Platz-
man'® have used Dyson’s technique to solve for the
line shape in a plate where d > & and 6,> 6 subject
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to these same boundary conditions.
We find that the power absorbed by the sample is

P=(c/4n)? H: Re(2), (3)

where H, is the amplitude of the circularly polar-
ized rf magnetic field at the surface of the plate.

A linearly polarized field can be broken up into two
counter-rotating circularly polarized parts. The
component rotating in the antiresonant sense gives
negligible field dependence and is neglected. The
surface impedance Z to first order in the electron
susceptibility x, is given by

Z= (P/d) [F+ (TT’UoTzXo dz/ﬁea) G, (4)
with
F=(1+b) ucotu — (1 =b)® utanu, (5)

G=—il?® - w?) 2{(1 +b) u? cot® [w? - w?)sec?u
— (8% - w®) u! tanu + 2u® w™! tanw]
+(1 -b) u? tan® u [(? - w?) csc®u
+(3u —w?) u! cotu — 2u® w™! cotw]}, (6)

where d is the sample thickness and

u=(1+14)d/25, 7)

w=(¢&+in)d/25,, (8)
where

n=[(1+2)2 4 1]V/2, ©)

£=(sgnx) [(1+x2)/2-1]/2 (10)

When b=~-1, Z reduces to Dyson’s expression.
B. Line Shape for Thin Films

Equation (4) is a general result for arbitrary val-
ues of the parameters and is unnecessarily compli-
cated for most applications. In fairly pure metals
8,6, e.g., in lithium at room temperature 5,/5
~10. If we are interested in films for which d is
comparable to §, then d/5,<<1. Keeping only the
lowest-order term in d/5, in Eq. (4) and dropping
the term independent of x,, we find

P= <£~>2H§ Re <——2——2”p @oTaXod ;1 _ p)e t—rana“ > . (11)
4m o w

This approximation, which is equivalent to assum-

ing that the magnetization is uniform across the

sample, is very good since the next-order term

vanishes when the derivative is taken. Taking the

real part and differentiating,

ar__ ¢ \* 2 4mpwXo Ty 2
dHo__< )Hl )

4m
[EEGHE (R w

where
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2 sin) si
K=—MT2, (13)

(coshA+ cosx
s 2 o2
e sin“A — sinh®A ’ (14)
(coshh+ cosn)?

and A=d/5. We have ignored a term coming from
the nonresonant variation of w, since it is smaller
than the resonant terms by a factor AH/H,, where
AH is the width of the resonance. The line shape is
a mixture of the derivatives of the absorptive and
dispersive parts of a Lorentzian line. The Lorent-
zian line shape is not surprising since it is known
to be the solution of the Bloch equation; nuclei dif-
fusing in a liquid give a Lorentzian NMR signal.
The mixture occurs since the phase of the rf field
changes as it propagates into the metal. Then when
the phase-sensitive detector is set to detect the ab-
sorption of electrons at the surface, it will detect
a mixture of absorption and dispersion by electrons
at greater depths. Notice that only the (1 - b)? term
contributes; the line shape for thin films is the
same for one-sided as for symmetric excitation.
This is easily understood since for antisymmetric
excitation, b=1, H; varies as sinhk,z which is zero
at the center of the film, while for b=-1, H, varies
as coshk z and remains large across the film.

For small A, k~3X% and v=3)*% while for large 1,
k=0 and y=1. Thus for very thin films the line
shape is totally absorptive, while for very thick ones
it is dispersive. Note that at A=7, «k passes through
zero. For 0<X<qg the two signals add together so
that the peak in the signal is on the low-field side
and the minimum is on the high-field side of the res-
onant field as shown in Fig. 3. For m<x<27 the
situation is reversed. Another reversal would occur
at 27 except k is so small it cannot be observed.
Thus the maximum occurs on the high-field side of

X=y(H-Ho) T,
-4

FIG. 3. Superposition of the derivative of a Lorentzian
absorption curve (dashed) and a dispersion curve (dotted)
to give a typical thin-film CESR line shape (solid).
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FIG. 4. Theoretical A/B vs d/6 for the derivative of
the CESR power absorption in samples where 6/6,<1.
The insert defines A and B on a typical CESR line.

resonance only in the range 7<A<27. Note that
when A =7, the phase of the eddy current flowing in
the skin region has been shifted by 7.

A frequently used and very sensitive measure of
the line shape is the A/B ratio, that is, the ratio of
the maximum peak to the minimum peak.'? For a
Lorentzian absorption, A/B=1.0, while for disper-
sion A/B=8.0. The theoretical plot of A/B vs X is
shown in Fig. 4. Accompanying the rise in the A/B
ratio is a shift in the position of the resonant field
from the zero crossing between the peaks to the cen-
ter of the maximum peak and a decrease in the line-
width. These quantities are shown as solid lines in
Figs. 5 and 6. The definitions are shown in the in-
sert to Fig. 4.
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FIG. 5. Theoretical shift from the resonant field of

the peak of the derivative of the CESR power absorption
vs d/6 for samples where 6/6,< 1. The shift 6H is ex-
pressed in units of 1/YT, and is defined by the insert in
Fig. 4.
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C. Line Shape for Thicker Films

In Sec. III B we found for d/6,< 1 that the CESR
line shape made a dramatic change when A =d/5
went from 0 to 7 due to the phase change in the skin
(kl) currents. The simple picture breaks down for
thicker samples where d is large or for very dirty
samples where impurity spin scattering reduces 5, .
We expect additional changes when the phase of the
spin (%,) currents goes from 0 to 7. But the effect
of the k, currents may be considerably different
since by Eqgs. (1) and (2) &, depends resonantly
upon the magnetic field but %, does not. For thick
clean films where §/6, <1, our previous discussion
indicates that the line should be a Lorentzian dis-
persion line with A/B =8.0 independent of d. The
variation due to d/6, should then appear superim-
posed on this plateau. The two variations are not
nicely separated for dirty samples where §=6,.

Rather than consider additional approximations
to Eq. (4), we have programmed the entire expres-
sion and numerically calculated the line shape.m'“
Figure 7 shows the theoretical A/B ratio vs X for
several values of 6/5,. Note that in each case 4/B
rises from 8.0 to a maximum, then drops to another
higher plateau. 15 Once the second plateau has been
reached, the line shape is independent of sample
thickness. Feher and Kip2 have previously calcu-
lated this plateau value for various 6/5, and have
made a comparison with experiment. Note that in
curves A, B, and D where b=0, the peak occurs not
at 7 but at d/5,=1.35 <3m, while in C where b=-1,
d/6,=2.70<7. As anticipated the variation of k&,
with magnetic field shifts the peak from 7. The fac-
tor of 3 difference in d/5, for b=0 and -1 is due,
as discussed by Lampe and Platzman, !° to the fact
that in the thick-sample limit a symmetrically ex-
cited sample must be equivalent to a sample half as
thick excited on only one side. For §/5,=0.2, curve
A, the tail in the d/5, peak extends far enough to

T T LA B N B I I | T T T TTTTT T T T T 1T T
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1.3 ,’,-——/;-___7.___
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FIG. 6. Theoretical linewidth AH in units of 1/YT, vs
d/é for the derivative of the CESR power absorption. AH
is defined by the insert to Fig. 4. Solid line: 6/6,< 1,
b=0 or —1; curve A: 6/6,=0.2, b=0; curve B: 6/8,=0.1,
b=0; curve C: 6/8,=0.1, b=—1; curve D: 6/6,=0.02,
b=0.
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obscure the A peak and the dirty film case is ap-
proached.

At the same time, as A/B rises to a peak, the line
broadens again as shown by the dotted lines in Fig.
6. Note that the broadening is essentially complete
by the time the peak in A/B is reached. There is
only a very small g shift of the resonant field from
the peak field.

D. Anomalous Skin Effect in Thick Films

When d>> §, the surface impedance for spinless
electrons is

Zy=(1+0%) (1-1) p/s. (15)

Taking this limit in Eq. (4) and retaining only the
leading term in w, we find

_, . 1woTox, do? 1z
Z=Zy+ P62 1+6%% w

x[(1 =) cotw - (1+b)? tanw]. (16)

Lampe and Platzman'® have shown that in this limit
the only way that the anomalous skin effect (ASE)
enters into Z is by changing Z,. The variation of
Z, has been calculated by Reuter and Sondheimer!®
for an infinite flat slab. They evaluated X(a) and
R(a), where Z,=R -iX, a=231%/25% and ! is the
mean free path, for two extreme surface condi-
tions, diffuse (p =0)and specular (p=1) scattering
of the electrons, and found that as a increases from
0, X/R starts to deviate from the classical value of
1 near @=0.01, and reaches an extreme value of
V3 for a> 1. The detailed variation of X/R with
a depends on p, but the large a limit does not.

We can easily see the effect of this variation of
Z, on the ESR line shape by taking the limit d/5,
«1in Eq. (16). This is the limit described classi-
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cally by Eq. (12) with k=0 and v=-1, which is a
Lorentzian dispersion line shape with A/B=8.0.

But now the ASE mixes the absorptive and dispersive
signals so that

dP__ (_q_)z i 2mpwoToXy (1-b)? (:;)Z

dH, ~ \4n d 1 +%° \R,
rd (LN 4 [ X%
x [ dx (1+xz> TV ax (l+x"‘ >:|’ (17)
where
k' =(X/R) -1, (18)
V' =-2X/R, (19)

and Ry=p/6. As the ASE increases X/R from 1,
some of the absorption signal is mixed in and A/B
decreases instead of remaining constant. Figure 8
shows the theoretical variation of A/B with a!/8 for
p=0 and 1 using Reuter and Sondheimer’s variation
of X/R with @'/, Note that the large a limit of A/B
is 3.6. For samples where d/§, is not extremely
small, the line shape can be obtained from Eq. (16).
If all the terms dropped by Lampe and Platzman are
to be included, Eq. (4) can be used by multiplying

Z by Z %/Z% where Z =R —iX and Z, is given by
Eq. (15).

IV. COMPARISON WITH EXPERIMENT
A. Thin Samples above 120 °K

Figure 9 compares the experimental line shape
with the theory (circles). Apart from the x and y
scale which were set by normalizing to the peak val-
ue and the half-signal linewidth, the only adjustable
parameter is X which was chosen for each curve to
give the correct A/B ratio. The agreement is good
even far out into the Lorentzian tails.

A more exacting test of the theory is to measure
d and p so that X can be calculated. Then there are

2.0 —p=0
-=p= 1

1 1
00 0 2.0 30 20

alle

FIG. 8. Theoretical A/Bvs al/® using Reuter and
Sondheimer’s values of X/R vs a!/¢ for diffuse (p=0)
and specular (p=1) reflection of the electrons at the sur-
face. a=312/262,
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FIG. 9. Line shapes of the derivative of the CESR
power absorption in lithium films. The solid lines are
traces of experimental curves. Increasing Hjis from
right to left. The x and y scales of different line shapes
are not related. The circles are theoretical points with
5/6e<< 1, Curve A: T=276°K, AH=2.83G, d/6=3.14;
curve B: T=282°K, AH=3.20 G, d/6=2.61; curve C:
T=287°K, AH=1.64 G, d/6=1.28; curve D: T=291°K,
AH=2,71 G, d/6=0.66.

no adjustable parameters. Figure 10 shows typical
dc resisitvity vs temperature data for a flat film
prepared at the same time as a CESR sample. The
resistance ratio R(273)/R(4. 2) is about 440, which
is comparable to the ratio obtained on bulk samples
of comparable purity. A further indication that the
films can be regarded as bulk samples is provided
by the crosses in Fig. 10 which are resistivity data
reported by the other workers.!”*® There is a slight
disagreement in the shape of the resistivity curve
below 30 °K which does not show up on the scale
used. The resistivity is related to the measured
resistance by R =pL/Wd’, where L and W are the
easily measured length and width of the film and d’
is the thickness. d’ was obtained by fitting the re-
sistance data above 120 °K with the straight line
L dp

R=%a ar (T-170)
with dp/dT =0.0385 uQ cm/°K as obtained by Dug-
dale et al.'" on bulk lithium samples. The apparent
intercept T,, which depends on the impurity con-
tent, varied slightly from film to film but was typ-
jcally 52+1 °K.

The thickness d of the cylindrical film should be
related to d’ by d'/d=m. In practice, a much better
fit to the theory is obtained if d is chosen to be about
10% larger than this value. This discrepancy would
occur if the deposition rates on the two substrates
were different, or if the microwave resistance dif-
fered from the dc.

Figure 11 compares the theoretical and experi-
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FIG. 10. Experimental resistivity vs temperature of
a lithium film. The crosses are data taken by other
workers on bulk lithium samples.

mental A/B ratios as a function of X for a number

of thin clean films. Since A/B is uniquely deter-
mined by A, when § < §,, all of these films fall on

a universal curve regardless of the CESR linewidth
or film thickness. d has been adjusted for each film
to give the best fit near room temperature. Data
below 120 °K has been eliminated to avoid departures
from the classical skin effect. This region will be
discussed later. The data shown in Fig. 11 is in
good quantitative agreement with the theory. The
estimated error, shown for one point, corresponds
toan error in measuring B of only 2% of the peak-to-
peak signal. The A/B ratio is extremely sensitive
to the condition of the surface of the sample. Some
of our earlier samples, prepared before the sample
preparation techniques were under proper control,

T T T T T
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d/8

FIG. 11. A/Bvs d/é for the derivative of the CESR
power absorption. The solid line is the theoretical curve
for thin films with 6/6,<« 1. The points are experimental
data taken on lithium films between 300 and 120 °K, The
following films were used: d=0,3 u, AH=11.5 G; d=1.0
U, AH=5,4 G; d=1.45 p, AH=3,5 G; d=1.8 4, AH=0.56
G; d=2.25 4, AH=2,3 G; d=2.55 4, AH=2,3 G;d=5.10 i,
AH=0,52 G; d=7.62 4, AH=1,6 G,
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FIG. 12. Experimental A/B vs temperature for a clean
and a dirty thick film. The thicknesses are about the
same. The solid lines are theoretical fits, The dotted
lines include theoretical corrections for the anomalous
skin effect. Film 1: d=17 u, 6/6, (300 °K)=0,100,
AH=0,80 G (clean); film 2: d=21u, 6/6, (300 °K)=0,252,
AH=4,9 G (dirty).

showed large deviations in the A/B ratio. Feher
and Kip? have observed similar effects on A/B in
very thick samples, which they attributed to surface
roughness.

B. Thicker Films

It is somewhat difficult to compare the thick- or
dirty-sample theory with experiment using films
since for fairly pure metals &/6, is small even at
room temperature. Thus one must prepare a very
thick and quite dirty film in order to get d/6,~1.
Figure 12 compares the A/B ratios as a function of
temperature for two films of roughly the same
thickness. Film 1 was prepared in a clean system
and had a room temperature linewidth of 0.8 G.
Film 2 was dirtied by adding zinc® to the evapora-
tion boat and had a linewidth of 4.9 G. The solid
theoretical curves were obtained from Fig. 7 by
taking into account the temperature variation of
5/8,, but ignoring the ASE. As the temperature de-
creases, X increases as p~'/?, while 5/5, decreases
as p. Thus as A changes one must move from curve
to curve in Fig. 7. At room temperature for film
1, A/B lies part way up one of the peaks. As T is
lowered, the peak moves out faster than 2, so that
A/B moves back down the peak and approaches the
plateau at 8.0, In film 2, A/B lies beyond the peak
so that as T is lowered it rises, reaches the peak
near 100 °K, and then drops in the same manner
as film 1 did.

The theory was fitted to the experiment by choos-
ing both 6/8, and A, Film 2 was very sensitive to
5/8, in the high-temperature region. X was chosen

to make the peaks coincide. In film 2 the fit gave
d=21 u which agreed with titration results within
2%. At 300 °K the fit requires 6/6,=0.252. This
ratio is easily calculated using the free-electron
model where D=$247. Using Fig. 6 to relate T,
to AH, an effective mass of 1. 4m, and the experi-
mental value of p, we find 6/6,=0. 23, in good
agreement with the fitted value. The good quantita-
tive agreement at high temperatures verifies the
existence of the peaks predicted in Fig. 7. The dis-
agreement at low temperature is due for the most
part to the ASE. The dashed lines in Fig. 12 giving
the theoretical correction for the ASE will be dis-
cussed in Sec. IV C.

Schultz, Shanabarger, and Paltzman'® (SSP) have
observed an anomaly in the A/B ratio of the trans-
mission conduction spin resonance®® (TESR) of dilute
Cu:Mn alloys. The anomaly appears quite similar
as a function of 7 to the peak in Fig. 12. It is in-
teresting to inquire whether the anomaly has the
same cause as the peaks we observe. The experi-
mental configuration is somewhat different. In
TESR field modulation is not used. Thus a given
A/B ratio represents a different line shape for the
two cases. A Lorentzian absorption curve has
A/B=1 with modulation and « without, while the
dispersion curve has A/B=8 with modulation and
1 without. In addition, the phase of the TESR signal
is set to give low- and high-field minima of the
same amplitude; while in CESR the phase is set to
give pure absorption if the sample were insulating.
These differences will affect the details of any peak
in A/B but not its presence or absence. The impor-
tant difference is that TESR measures the trans-
mitted rf field, notthe absorbed power, thatis, TESR

measures b. We have taken!! b=0. Thus the peak
will not directly enter into the TESR signal. SSP
have found that the transmitted rf field is propor-
tional to (sinhk,d)"!. The manganese local moment
affects the value of k; but not the functional form of
the field. Numerical calculations show no peak
when d/5,~.

C. Anomalous Skin Effect

In all films we found deviations from Dyson’s
theory below 120 °K due to the ASE. Films which
satisfy the condition 6 < d<<§, are particularly con-
venient to study the ASE since their CESR line shape
should be independent of temperature except for
ASE changes. Figure 13 gives the temperature de-
pendence for two such films. The theoretical curves
in the figure for diffuse and specular scattering are
derived from Fig. 8 using values for a(7) calculated
assuming the free-electron model, from the dc re-
sistivity measured for each sample. The p=1 curve
is in qualitative disagreement with the data, while
the p=0 curve has the correct shape but is displaced
to lower temperature than the data.?
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This displacement is largely due to strains in the
sample which arise since the film is constrained to
a quartz substrate which has a very low thermal
contraction. These strains are also responsible for
the absence of the martensitic transformation which
occurs in bulk lithium near 80 °K. Chambers® has
shown that the surface impedance of an electropol-
ished copper sample increases by an extreme
amount when the surface is severely strained by
mechanical polishing. He also showed that surface
oxidation has a relatively minor effect. The shift
in the data and the disagreement between the two
samples may also be due to roughness and imper-
fections in the films due to variations in the clean-
liness of the substrate, deposition rate, and the
quality of the vacuum during evaporation. Visually
the films appeared identical with bright mirror sur-
faces.

Deviations from the free-electron theory in lith-
ium can also contribute to a shift in the direction
observed. Since the discrepancy between the two
films is almost comparable to the deviation from the
theory, we are unable to extract any information on
deviations from the free-electron theory. It would
be worthwhile to improve the samples, since calcu-
lations by O’Keefe and Goddard?® have predicted the
appearance of gaps in the band structure of lithium
within the first Brillouin zone.

At very low temperatures, when [ becomes com-
parable to d, we expected deviations from the theory
due to a breakdown of Reuther and Sondheimer’s as-
sumption of a semi-infinite sample, but no evidence
is seen for this.

The technique is very sensitive to small deviations
from the classical skin effect. At 100 °K the devia-
tion of A/B from 8.0 is equal to the experimental
error in measuring A/B. This deviation corre-
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FIG. 13. Experimental A/B vs temperature for two
clean lithium films of intermediate thickness. The
theoretical curves are derived from Reuter and Sond-
heimer’s calculation of the anomalous surface impedance
using the experimental dc resistivity. Film 3: d=6.0 u,
AH=1.6 G; film 4: d=7.6 u, AH=1,4 G.
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FIG. 14. Line shape of the derivative of the CESR
power absorption in film 3 at 4.2°K. Increasing H is
from right to left. The circles are theoretical points
including corrections for the anomalous skin effect.

sponds to a 2% change in X/R from its classical val-
ue. The sensitivity is even greater for the dirty
film in Fig. 12. The dotted line shows the ASE cor-
rection to the classical A/B ratio. The disagree-
ment of the data is again probably due to the imper-
fection of the surface, or perhaps is an impurity ef-
fect since the sample was intentionally dirtied with
zinc. At low temperature A/B is much less sensi-
tive to changes in X/R, as seen in Fig. 8.

Finally we emphasize that the deviations we ob-
serve from Dyson’s line shape corrected for the ASE
are very small and the theory is entirely adequate
for determining the true g value or spin-lattice re-
laxation time, even for relatively poor samples.
Figure 14 compares the experimental line shape with
the theory in the extreme ASE region. The reduced
signal to noise is due to the very small skin depth.

V. CONCLUSION

We have shown that the use of a linear resonator
is a simple technique for studying electron resonance
in metals with moderately increased sensitivity.

The small size and simple shape of the resonator
should make the technique useful for studies of alloys
and single crystals. The increased sensitivity
should be useful in the study of surfaces. The in-
tense rf field and the elimination of the closed cavity
should be useful for ENDOR or double irradiation
experiments.

We have applied the technique to verify Dyson’s
theory of the CESR line shape for a thin film of lith-
jum in the intermediate region between extremely
thin and thick samples. We find good qualitative
agreement at high temperatures and also at low
temperatures provided corrections are made for the
anomalous skin effect. All deviations are consistent
with strains or imperfections in the microwave sur-
face of the sample. It is shown that the CESR asym-
metry can be used to measure the microwave surface
impedance in films of proper thickness and purity.
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A general theoretical expression for the resonance-absorption cross section of y rays by par-

ticles in liquids is worked out.

The treatment takes into account the general solution of the

Langevin equation, thereby revealing the important role played by the characteristic time of the
liquid. While the line shape predicted by Singwi and Sj8lander takes care of atomic motion, it

is inadequate for the motion of particles in liquids.

When composite particles are used, the

nuclear lifetimes of the M8ssbauer isotopes may be compared with the characteristic time of

the liquid.
can be considerable.

I. INTRODUCTION

It has been long recognized that the resonance
absorption of ¥ rays, otherwise known as the Moss-
bauer technique, could be used to investigate the
nature of diffusive motion in liquids. Singwi and
Sjélander, ! using the space-time correlation func-
tion of van Hove, have derived an expression for
the resonance-absorption cross section. They

It is shown that, under certain conditions, narrowing of the Singwi-SjSlander line

have predicted a diffusive broadening of the res-
onance line proportional to the diffusion coefficient
of the liquid and the square of the y-ray energy.

In this laboratory, some experiments have been
conducted using a composite particle containing
two Mossbauer isotopes. An FeSnO, suspension in
machine oil was used, and the line broadenings of
1199 and %"Fe were compared. The ratio should
have been the ratio of the squares of the two y-ray



