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MAGNETIC RESONANCE 
OF METALS AND PARAMAGNETIC IONS IN SOLUTION 

- 	
Judith Brown 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

December 13, 1961 

ABSTRACT 

Several methods of conducting electron spin resonance experiments at 
temperatures up to 6000 C are described. The system lithium in lithium 
iodide was studied in an attempt to observe the resonance of lithium metal 
dissolved in molten lithium iodide. No resonance was observed, from which 
it is deduced that T 2  <2 . 10-10 sec.. The relaxation times and g values 
of lithium metal in lithium iodide were measured at temperatures below the 
lithium iodide melting point. There was no variation of g value, but the 
relaxation time at 4250C is greater than its room-temperature value by 
approximately. 20%.. The line shape was found to vary with temperature and 
to depend upon sample treatment prior to measurement. 

Electron spin resonance measurements of the line width of ultraviolet-
irradiated lithium hydride at temperatures.greater than 250 C were made in 
order to test the hypothesis that the line arises from colloidal lithium metal. 
The intensity of the line was drastically reduced at 950 C, and the line had 
disappeared completely at 17 0°C. 

Electron spin resonance studies were conductedfrom 250 C to 5000 C 
on the systems MnC1 2 , MnC12  4H20, MnC1 2  in ZnCl 2 , MnCl 7  in LiCl-KC1, CrC13, CrC1 3  in ZnC12 , CrC13 in LiCl-KC1, NiCl 2  in LiCl-Kfl, FeCI 3 , FeCl 3  in 
L1C1-KC1, and VOC12 in LiCl-KC1. In the solutions resonances were ob- 
served only in Mn(II) and Cr(III). For Mn(II) solutions the line width de-
creases with increasing temperature and increasing concentration. The 
concentration effect is due to exchange narrowing, and it is shown that the 
exchange phenomenon is still significant at a concentration of 0.3 M. Our 
results in Mn(II) solutions are compared with several theories of relaxation 
in liquids, with poor agreement. No variation of line width with temperature 
was observed in solutions of Cr(I]J). In addition, the line width was found 
to be the same for the Cr(III) solutions as for the mixed powders of the same 
concentration. Some interesting temperature effects encountered in the 
solids are reported. 	.. 	 . 
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Although the problem is chemically appealing, a more, careful considera-
tion of the resonance properties to be expected from such a system indicates 
quite a number of unfavorable conditions.. For the most part these ions 
would not be in S states, which implies a line broadening due to both the 
dipole -dipole interaction and the spin-orbit interaction, which would shorten 
the spin-lattice relaxation time. This, of course, assumes that the orbital 
angular momentum would not be "quenched." Probably the orbital con-
tribution would be small, but even so it could provide an effective relaxation 
mechanism. The viscosity of most molten salts is slightly greater than that 
of water. This means that the correlation time 3  would be increased, also 
leading to a broader line. There is in addition the problem of the rapidly 
fluctuating electric (and, therefore, magnetic) fields seen by an ion because 
of its ionic environment. These would almost certainly have Fourier com- 
ponents at the proper frequency to cause spin flips and again decrease the 
spin-lattice relaxation time. 

However, even in view of the above observations, the most convincing 
argument against success with this type of system lies in the fact that the 
susceptibilities have been measured by the Guoy method and found to be 
Iiamagnetic for all cases of sufficient solubility for measurement. This 
would imply a small amount of paramagnetism, if any. The lead system 
given as an example above is predicted, on the basis of an early EMF meas-
urement, 4 

 to be paramagnetic, but here the solubility (only 0.024 mole % 
at 438 0C) would be insufficient for detection except in the case of an ex-
tremely sharp resonance line. 

In view of these difficulties, it was decided that solutions of alkali 
metals in their metal halides offered greater possibilities for successful 
resonance experiments. Although much more difficult from the point of 
view of sample. preparation and temperature required, these solutions would 
contain s electrons and would almost certainly be paramagnetic. One 
might even predict the type of results to be obtained from the different species 
speculated. 

Consider, for example, the system Li in Lii. This was chosen for 
experiments because of the relatively low Lii melting point.. For isolated 
lithium atoms with a localized electron on each atom, one would expect to 
see four lines arising from the hyperfine interaction with the Li nuclear 
spin I = 3/2. 	(This isotope is 93% abundant. ) The subhalide species would 
here involve Li 2+, and one should find seven lines arising from the inter-
action with the two nuclei. The species Li would be diamagnetic. Finally, 
electrons in a conduction band would give rise to a single line, as would a 
chemical exchange of 

Li+Li 	Li.+Li 

were it more rapid than the hypèrfine -interaction frequency (2.5 . 10 

The coupling constant is predicted to be 145 gauss from atomic beam 
measurements. See W. D. Knight, Solid state Physics 2, 93 (1956). 

/1; 
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Previous work on alkali metal—alkali halide systems has consisted 
chiefly of phase diagrams and has been carried out by Bredig and co-workers 
at Oak Ridge. A typical phase diagram, this for the system K-KC1, may 
be found in Fig. 1. 

In our opinion the most interesting papers have been those on the 
electrical conductivity of potassium and sodium metal in their metal halides 6  
and of the metal-rich KI-in-K system. 	The results of the former (see Fig. 
1) were discussed in terms of the equivalent conductance of the metal in 
solution; A 	K Ve, where A is the equivalent conductance, K the specific 
conductivity, and Ve the volume in milliliters containing 1 equivalent of 
solute. 

To calculate the equivalent conductivity, additivity of volumes and 
additivity of equivalent conductances were assumed. The latter has not 
been observed in mixtures of molten salts reported in the literature and is 
therefore a poor approximation; however, it does give an indication of the 
effect of the addition of the metal and is a useful concept in this sense. 

It was felt that the variation of conductivity with temperature wpuld 
offer a greater insight into the nature of the solutions. Therefore, we have 
made a very rough estimate of the temperature coefficient of conductivity, 

AK 	1 
A 100, 

K 

from Bredig' s data at 760 0 C and 87 0 ° C for the system K-KBr. This we 
plotted against the reciprocal concentration, assuming a linear variation of 
conductivity with temperature over this range. This is a fairly good approxi-
mation for ionic conductivity, although an examination of Bredig' s curves 
indicates that it is b>,r  no means exact. The results are compared with those 
for K in liquid NI-I3, 0  where the rapid decrease of the temperature co-
efficient of conductivity at a concentration of approximately 1.5 M corre-
sponds to the establishment of a metallic conduction band. (See Fig. 2. ) 
The obvious conclusion is that even with a concentration of 20 mole % K in 
KBr we are not yet in the region of metallic conduction. In fact, an exam-
ination of Fig. 1 of Ref. 7 indicates that the establishment of metallic 
conduction is verygradual, beginning at a concentration of approximately 
65 mole % K for the K-KI system and not becoming truly predominant until 
approximately 95% K. 

For completeness and to give an idea of the orders of magnitude in-
volved we include Table I. 
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Fig. 2. Temperature coefficient of conductivity for 
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Soc. 45, 2551 (1923) by permission of The 
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Table I. Conductivities and equivalent conductances. 

Temperature 	 1< 	 A 
0 	 -1 	 .2 C) 	 .(mho cm ) 	 (mho cm 

NaC1 	 800 355a 1332 a 

Na 	 300 5.78 • 	10 	b 1.02 . 

800 . 3.08 	14 b 191 . 	106 d 

8% K-KBr 	800 22 C 
14900 (A of metal) 

K 	 00 3.54 	104 b 	 . ziz 	106d 

800 1.86 	1-0 	
b 

1.12 	106 d 

KBr 	 800 1.74 a 100.5 a 

LiF 	 850 148a 

950. 248a 

B. E. Conway, Electrochemical Data (Elsevier Publishing Company, 

Amsterdam, 1952). . 	. 

N. Cusack and J. E. Enderby, Proc. Phys. Soc. 75, 395 (1960). 	The 

values at 800 0
C represent an estimate which was made from equations 

in this reference outside the range of validity quoted. 

Estimated from Ref. 6. 

Calculated from data in (b) by using molar volumes of Na and K equal 

to 33 ml and 60 ml respectively. . 	 . 
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B. Experimental Method 

The most obvious requirement for execution of this problem was a 
means of conducting electron spin resonance measurements at temperatures 
of at least 450 0C, with still higher temperatures of great advantage. Several 
methods were worked out; these are discussed in order of application. 

TE 102 .cavity 

Initially a simple full-wave rectangular stainless steel cavity was 
constructed of Type 304 stai1 iless steel wave guide obtained from Pacific 
Tube Company. The, heater 7  was a quartz tube wrapped noninductively with 
lO-mil-diameter platinum—lO% rhodium wire. The wires were held in 
place bya cement of ZnO and water glass. In designing this cavity it was 
discovered that several well-known high-temperature cements are para-
magnetic. This cavity had a Q of only 2000, but the principal difficulty lay 

b in'rda.d falsesignal centered at g = 2. This is now believed to have 
arisen from iron in the stainless steel wave guide and an imperfect plating 
job, which was only slightly improved after several plating attempts. 

TE 011. cavity 

The TE 011  cylindrical cavity was constructed in an attempt to attain 
greater sensitivity; in general, cylindrical cavities have a higher Q, as the 
ratio of volume to surface upon which Q depends is greater. Also, some 
other minor problems encountered with the earlier apparatus were corrected. 

This cavity (see Figs. 3 and 4) consistedof a quartz cylinder silvered 
with Du Pont de Nemours Product No. 4545, with the top and bottom of 
conventionally silver-plated brass plates held together by 4/40 screws. An 
adaptor, which could be used to hold coupling windows in place, fitted into 
the upper plate. This was pressed down firmly by a piece of wave guide, 
and these parts were screwed into tapped holes in the upper plate. The 
choice of quartz for the cavity was due to its low coefficient of thermal 
expansion. A slight inconvenience had arisen in the rectangular cavity from 
the change of dimensions with temperature, causing a drift off the resonance 
frequency. There was the additional advantage that this system could be 
used with high-frequency modulation where skin depth considerations prohibit 
the use of a metal cavity. However, thistechnique was not employed here. 

The relationship between the resonant frequency and cavity dimensions 
for a TEj mn  cylindrical cavity is'° 

(_Sn) (fD)2 = (cxi)2 + 	2 () 

where L is the length of the cylinder, D the diameter and 1, m, and n are 
defined as follows: 

I = number of full-period variations of Er  with respect to 0, 
m = number of half-period variations of E 0  with respect to r, 
n = number of half-period variations of Er  with respect to z. 
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Further, Xem  is the mth root of J'(X) = 0 with values tabulated in 
Montgomery. This is simply an equation for the position of the nodes in the 
z direction in a piece of cylindrical tubing, and can be derived by solving 
the wave equation obtained from Maxwell' s equations and the relationships, 
B = p.H, etc. , imposing metallic boundary conditions. See Townes and 
Shawlow for a clear discussion. 11 

The beater consisted of a quartz tube platinized in two strips with 
Hanovia Chemical Company' s Liquid Bright Platinum No. 5; this was similar 
to an arrangement described recently by Singer. 12  A current of 5 ampfrom 
a regulated dc power supply gave a temperature of approximately 500 0 C. 
This heating method was advantageous in that microphonic nise due to 
vibration of the wires in the previous apparatus was eliminated. Temper-
atures were measured by a platinum—platinum- 10% rhodium thermocouple 
inserted into the sample-containing quartz tube just outside the cavity. A 
calibration of sample temperature vs temperature measured was made by 
using two thermocouples, one in a glass capillary at the normal sample 
position. 

The only real problem encountered with this apparatus was in coupling 
microwave power into the cavity. In general with a cylindrical cavity of 
this type one couples from the center of the wave guide where the power is 
a maximum into the side of the cylinder. However, the use of quartz 
necessitated coupling into the top; and the position of the side arm which held 
the heater and the side of the cylinder determined the position of the coupling 
hole, which.was off center for the wave guide. It was found that when the 
heater, the inner quartz tube to hold the sample, and the sample itself were 
in place, an insufficient amount of power was coupled into the cavity. This 
difficulty was solved by use of a piece of wave guide tapered to 0.72 in. (see 
Fig. 5), which is just over the cutoff wave length at 8300 Mc, placing the 
coupling hole more nearly in the center. 

The unloaded Q of this cavity was too high to measure accurately with 
a wave meter, ' but is estimated at 10,000 at a resonant frequency of 9512 Mc. 
With the heater in place this decreases to v 0  = 9380 Mc and Q > 6000. 

3. Terminated Wave Guide 

It was discovered that a cavity system is not well suited to the study 
of very lossy samples such as molten salt solutions. In such a case of large 
energy dissipation the cavity Q, which is defined as (Zir Energy stored/ 
Energy dissipated per cycle), and therefore the resulting sensitivity are 
drastically reduced. 

The quantity measured is v 0/v, where v o  is the resonant frequency and 
zv is the width in frequency between the points at which the power absorbed 
is 0.707 of its value at resonance. 
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Accordingly, a much simpler system*  consisting of a section of wave 
guide terminated by a copper block was constructed. This copper block 
could be heated by a circular ceramic furnace -outside the magnet gap. See 
Fig. 5.. The lower portion of the wave guide, containing the sample at the 
bottom, was of brass, as stainless -steel was found to give rise to a broad 
false signal. The upper ,  portion,. hbwever, was of stainless steel wave guide 
because of its lower coefficient of thermal conductivity. Owing to the ex-
treme reactivity of the sample, it was necessary for the system to be air-
tight; this was accomplished by means-of a pressure window (Microwave 
Associates Inc. ) soldered into the upper flange.. The sample could be 
introduced by means of the side arm positioned one -half wave length above 
the termination. The inside of the apparatus was silver-plated a thickness 
of approximately 5 mils to prevent reaction with the extremely corrosive 
samples. 

Temperatures were measured by means of ,  a platinum—platinum-l0% - 
rhodium thermocouple inserted into a small hole in the copper block just 
below the sample. The temperature measured was found to be approximately 
equal to the sample temperature. The error is estimated as ± 5 °C as an 
upper limit, and is probably less. 

Almost all the experiments with this apparatus were conducted at a 
frequency of 9400 Mc and at maximum klystron power estimated as 200 to 
250 milliwatts. - 

Electron Spin Resonance Spectrometer 

A conventional X-band spectrometer with the usual balanced bridge 
arrangement was used for these measurements. A block diagram of the 
apparatus, which is largely self-explanatory, can be found in Fig. 6. The 
microwave source was a Varian V 58 klystron stabilized by a Laboratory 
for Electronics unit. The magnetic field was provided by a Varian 6-inch 
magnet and associated stabilized power supply. 

Line widths and:g values were measured with a proton resonance probe 
and marginal oscillator-detector. The output of the oscillator was fed into 
a Hewlett-Packard frequency counter and an oscilloscope on which the proton 
resonance was observed. By varying the oscillator frequency it was possible 
to mark the proton resonance frequency at regular intervals while varying 
the dc field, yielding an absolute field measurement. A correction for the 
difference in probe position and sample position was made by comparison 
to the resonance frequency of DPPH, taking GDPPH = 2.0036. 

Sample Preparation 

Preparing samples for the measurements with the TE01 1  cavity was 
in itself quite a formidable task. Ordinarily electron spin resonance meas-
urements are made upon samples contained in glass capillaries. However, 

We should like to thank Professor Rollie S. Myers for this suggestion. 
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the alkali metals attack glass, bycor, and quartz. Lithium metal is par-
ticularly difficult to work with, as it also attacks Be0 2  and A103  or 
sapphire. In addition, all work must be done in an inert atmosphere or 
vacuum. 

Initially, an attempt was made to distill the metal into a thick-walled 
capillary, add the salt, and conduct measurements before the metal had 
eaten through the wall. As might be expected, this method proved un-
successful. However, it was foundpossible to distill lithium metal from a 
tantalum crucible contained in a glass tube; and this preparation actually 
gave the sharpest resonance line, indicating the highest degree of purity 
encountered in this work. 

A more successful procedure involved loading the Li and Lii onto a 
silver foil boat, which was then sealed in a quartz tube. This procedure 
was carried out in a dry box under a nitrogen atmosphere and worked ade-
quate ly. 

The sample preparation for the terminated wave guide apparatus in-
volved more difficulties in terms of seemingly ubiquitous water vapor. This 
was easily detected during the course of an experiment, as the balanced 
bridge became rapidly unphased on passing through the boiling point of water. 
Eventually, an evacuatable argon box was employed; this system was pumped 
down to approximately 60 fi. Hg withall necessary equipment inside. Argon 
(Linde Company) was passed in and the actual loading of the sample accOm-
plished. 

Lithium metal obtained from the Lithium Corporation of America and 
purified anhydrous Lii obtained from City Chemical Corporation were used 
in these experiments. The Lii was, in addition, dried in vacuum at 400 0 C 
until a pressure of less than 10 mm of mercury was reached. The lithium 
metal was stored under an organic solvent and then evacuated before being 
placed in the dry box for preparation of the samples. 

C. Experimental Results and Discussion 

l TE 11  Cavity 

Experiments .conducted upon Li in Lii before formation of the metal-
metal halide solution yielded line shapes characteristic of particles greater 
than the skin depth. 	The relaxation time Tz was estimated as 7(±2) 10 9  sec. 
Feher and Kip reported relaxation times ranging from 3. 10 9  to 2.5. 10 -8  sec, 
depending upon the purity of the sample. 13 This indicates that our metal was 
of less than the attainable purity, but this was not considered of drastic 
importance for the purposes of this experiment. 

Thee Appendix for a discussion of the line shape in conducting media. 
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After formation of solution (i.e. heating to 500 0C) and subsequent 
cooling to room temperature, the line shapes had the symmetric Lorentz 
form usually encountered in ESR experiments (see Fig. 7). This is inter-
esting in that it implies solution formation followed by a precipitation of 
colloidal metal particls of dimensions less than the skin depth (1.6 10 cm) 
upon cooling. To our knowledge there has been no study of this phenomenon 
for alkali metal—metal halide solutions, although it is known to occur for the 
nonalkali metal systems. 2 

The lithium metal resonance, easily observable at room temperature, 
could be followed (with greater difficulty at higher temperature) to the melting 
point of the lithium iodide (438 0 C). Here, unfortunately, a very lossy solution 
was formed with a resulting loss of sensitivity, as mentioned earlier. And, 
as the salt-rich metal—metal halide solutions were of primary interest in this 
work, a novel approach was necessitated. 

2. Terminated Wave Guide 

The experiments and results described herein are essentially the same 
as those above. However, the experiments were more carefully executed, 
and these latter results are believed due to the inherent properties of the 
system under study rather than a lack in sensitivity of the apparatus. 

Examples of the line shape as a function of temperature are found in 
Fig. 8. It is evident that the asymmetry parameter A/B (defined in Fig. 33) 
decreases with increasing sample temperature. At 266 0c the value 2.3, 
expected in the limit of slowly diffusing dipoles, is found; whereas at 390 0 C 
the line shape is actually symmetric, implying that the sample dimensions 
are less than the skin depth. 

This reduction in TD  could be explained in two ways. Either the conduc-
tivity is drastically reduced owing to the dissolution of Lii in the Li metal, 
or the lithium metal diffuses into the salt to yield particles of dimensions 
less than the skin depth. If we make an analogy with the Nal-Na system, the 
solubility of Lii in Li would be less than 1 mole % at the highest temperatures 
studied. However, even a small amount of Lii might be very effective in 
reducing the conductivity of the lithium metal. We shall await further data 
from Bredig and co-workers to elucidate this point. 

Our data on TD  as a function of temperature could be utilized more 
completely if the phase diagram of the system and conductivity as a function 
of temperature and concentration were known. Dyson' s theory (see Appen- 
dix) predicts 

TD ccL2 , 0. 

and with suitable conductivity data one could determine if this equation is 
obeyed. The phase diagram of the system would make it possible to calculate 
the conductivity as a function of concentration and temperature from our data 
on TD. 
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Ii 

MU.25fl9 

Fig. 7. Li in Lii at room temperature. Sample had 
previously been heated to 50 0°C. 
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I 	 I I 

Fig. 8. Li in Lii before solution formation. Interval 
between frequency markers = 11.7 gauss. 
Temperatures: above, left, 25 0C, right, 170° C; 

below, left, 266 0 C, right, 3900C. 
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The results of the measurements of g values*  and relaxation times are 
found in Table II. The error quoted in each case is the average deviation 
from the mean. This could be somewhat misleading for the g values, since 
the field at resonance measured differs from the truvalue by the magnitude 
of the field swept during a time equal to the time constant. Therefore, it 
would have been more accurate to calculate the deviation from the mean of 
the average of each two successive measurements. (These involve a re-
versal of field. ) However, the error due to changing the position of the 
frequency probe during the course of an experiment was neglected and is 
estimated as ± 0.001. Therefore it is felt that the errors quoted are rep-
resentative of the experimental accuracy. 

It can be seen that the g  values are temperature-independent and agree 
quite well with Feher' s more accurate measurement of 2.0023 (± 0.0001), the 
free-electron value. The relaxation times are somewhat more difficult to 
interpret. At temperatures upto 28000  there is no real change in T 2  for 
the samples in which no Li-LiT solution had been previously formed. How-
ever, at higher temperatures and for samples which had been heated above 
the Lii melting point prior to measurements, there is an apparent increase 
in T 2 . In this case there is probably a small amount of Lii dissolved in the 
lithium metal which could quite conceivably alter the relaxation. However, 
it is the increase in T 2  which is surprising. According to Elliott' s generally 
accepted theory of relaxation in metals, lo  the relaxation is the result of a 
scattering mechanism. Thus one would expect the introduction of the salt as 
an impurity to lead to more effective scattering and a decrease in relaxation 
time. It would seem that our results call for an alternative explanation. 
However, it is possible that the heating procedure simply resultedin driving 
off volatile impurities from the lithium metal. Feher and Kip reported that 
in the purification of this metal the first distillate had the shortest relaxation 
time. 13 

At temperatures over the Lii melting point no resonance was observed. 
An estimate of the relaxation time made from a consideration of the sensi-
tivity of the apparatus determined with other molten salt solutions (see 
Chapter III)., the solubility of lithium rrjtal in lithium iodide (1.2 mole % at 
5500C 14),  and the skin depth of the solution estimated from the conduc-
tivity of Na-NaBr at the same concentration 6  indicates 

T < 2 . 	sec. 
2 

This value is not at all surprising and could be explained in a number 
of ways. Experiments on transition-metal ions in molten salt solutions (Cf. 
Chapter III) indicate that the intrinsic line width is so broad as to be un-
observable except for exchange narrowing in concentrated solutions. There-
fore it would seem that the relaxation time to be expected in molten salt 
solutions is small relative to that encountered in media of high dielectric 
constant. This is probably due to the ionic nature of the solvent and mo-
tional effects at the greater temperatures involved. (Cf. p.  2.  ) 

* 
These values are relative to 

gDPPH= 
 2.0036. 
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Table II. Li in Lii. 

Temperature 	Number of 	 T • l0 

Sample 	range ( ° C) 	measurements 	g 	 sec) 

25to 100 10 2.001±0.001 6.5±0.8 

100 to 170 12 2.002± 0.001 6.8±1.0 

229 to 280 9 2.004± 0.002 5.5± 0.6 

336 to 447 6 2.003±0.002 

9 8.4±1.5 

25 5 2.002±0001 

7 8.7±0.7 

29to 100 5 2.002±0.001 

9. 8.2±0.4 

100 to 206 7 2.002±0.00 

6 8.8±1.2 

25 3 8.2± 0.5 

2 	25 4 2.003±0.001 6.8±0.1 
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II. TEMPERATURE EFFECTS IN ULTRAVIOLET—IRRADIATED 
LITHIUM HYDRIDE 

A. Introduction 

This experiment was conducted primarily to test the apparatus described 
on page 7 ff. Also, it was hoped that the study of colloidal lithium metal 
would be of value in the subsequent study of Li in Lii. 

In 1959, Ingram et al. discovered an extremely narrow ESR line 
(0.1 gauss) in uv-ijradiated LiH, which was attributed to colloidal lithium 
metal on the basis of constant intensity of the line at room temperature and 
900K. 15• 

 This is expected in a metal, since the population at the Fermi 
surface is proportional to T while the excess population of the lower spin 
state varies as l/T. The properties of irradiated LiH have since been 
studied extensively by Pretzel and co-workers. 16 

An earlier stud.y of ESR line width vs temperature had indicated that 
when a metal was heated over its melting point, there was a discontinuity; 17 
e.. g., for lithium metal above and below 186 1 C the line width was found to be 
3.1 gauss and 1.9 gauss, respectively, for the full width at half maximum. 
This was predicted by Elliott' s theory of spin-orbit coupling effects in 
magnetic resonance of conduction electrons, 18 according to which 
LH Oc (zg)2  p. Here Ag is the g shift and p the resistivity of the metal, 
which is, of course, discontinuous at the melting point. 

On the basis of these two experiments it was felt that it would be 
interesting to determine whether the discontinuity in line width could be 
observed on heating an irradiated LiH sample above the melting point of 
lithium metal. This would corroborate the existence of colloidal lithium 
metal. 

B. Experimental Method 

Powdered lithium hydride obtained from the Maybeck Chemical 
Company was sealed in quartz capillaries in a vacuum of approximately 
105 mm Hg. The sample was then irradiated for 30 minutes with the 
2537 A line from a mercury lamp. ESR measurements were made with 
the apparatus described on p.  7 and the spectrometer of p.  12. 

C. Experimental Results and Discussion 

The intensity of the line was found to be drastically reduced at 95 0 C 
and the line had disappeared completely at a temperature of 17 0 ° C. At the 
same time the original black color of the sample had bleached out o white. 

These results are somewhat surprising in view of Pretzel' s bbservation 
that the intensity of the lithium colloid band increases markedly in the op-
tical region after a 19-hour thermal bleach at 27 to 72 0 C. See Fig. 7 of 
Ref. 19. The history of this sample was, of course, quite different from 
ours, having been repeatedly x-irradjated. Even so, the, apparent paradox 
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isunresolved unless the higher-energy irradiation yields larger and, there-
fore, more stable colloidal centers. 

Apart from this disparity with Pretzel' s results, the bleaching that 
was encountered at elevated temperatures might not have been totally un-
expected. F centers formed by irradiation are known to bleach Out upon 
heating 20  This is presumably due to mutual annihilation of electrons and 
holes, and could be applicable to our case. However, it might be necessary 
to postulate an intermediate step, such as diffusion of lithium colloid to 
form interstitial lithium atoms or F centers. 
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III. TEMPERATURE EFFECTS IN MOLTEN SALT SOLUTIONS AND 
POWDERS CONTAINING TRANSITION-METAL IONS 

A. Introduction 

Molten salt solutions have been investigated by a wide variety of 
techniques, including more recently the tools of spectroscopy. 21  Spectro-
scopic techniques usually give more detailed information regarding the exact 
state of the species studied, as they involve direct measurement of micro.- 
scopic properties. Thus the additional information obtained from any new 
type of spectroscopic measurement is of fundamental importance. 

The present work in electron spin resonance of paramagnetic ions in 
molten ZnC1 2  and in LiC1-KC1 eutectic (chosen for its relatively low melting 
point) is of twofold interest. First, the measurement of g values should 
give an indication of the species present. For example, a marked change 
in g value as a function of concentration or temperature would imply a change 
in complex formation.. An the line width in some cases is. an indication of 
the environment of the ion. Second, these solutions offer a vastly different 
medium from any heretofore investigated for relaxation studies. The vis- 
cosity, especially in the case of ZnC1 2 , is much greater than that for water 
solutions,and the ionic nature of the solvent would make a priori an entirely 
new relaxation mechanism co:nceivable. 

It is hoped that the author' s greater interest in the relaxation phe-
nomenon and consequent emphasis t1reuponwill not obscure the relevance 
of the results for those more interested in the chemistry of molten salt 
solutions. 

The temperature effects encountered in the solids were somewhat 
incidental with respect to the general scope of this work. However, some 
interesting effects were observed which are discussed and compared with 
previous results in Part D. 

A fairly complete discussion of the literature on relaxation in liquids 
has been given recently by R. G. Hayes. 22  Therefore, we shall for the 
most part only briefly recapitulate the theories which have relevance to our 
work. 

It was first shown by the work of Bloembergen, Purcell, and Pound 3  
that the Brownian motion in a liquid averages out the dipolar Hamiltonian, 
giving rise to a much narrower nuclear resonance line width than that found 
in solids. This averaging procedure was later employed by McConnell 23  
with a slightly different mechanism. In his "microcrystallite theory" 
McConnell assumed that a transition-metal ion is surrounded by ligands in 
such a manner as to give rise to magnetic anisotropies in the first coor-
dination sphere. It is thus the averaging of these anisotropies which 
determines the relaxation. 

McGarvey 24  extended the McConnell theory to systems possessing 
zero-field splittings and thus attempted to interpret his observed line widths 
in C r + 3 , Mn+Z, and Fe+3 in aqueous solutions. 
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The effect of the exchange interaction 25
was included byKivelson ' 

in a rather sophisticated treatment. This calculation is essentially a 
derivation of the McConnell parameters using the formalism developed by 
Kubo and Tomita. 27  Included are the: effects of the nuclear quadrupole 
moments, zero-field splittings, anisotropic Zeemanterms, electronic-
electronic and nuclear-electronic dipolar interactions, Fermi contact 
interaction, and motional Hamiltonian, as well as the exchange forces. He 
neglected the effect of spin-orbit coupling. 

Russian workers 28  have considered the adaptation of the Van Vieck 
mechanism 2 9 as an explanation of relaxation in liquids. This would involve 
an electron spin-phonon interaction via the spin-orbit coupling. However, 
the validity of their calculations is questionable, according to Hayes. 22 

Finally, Bloembergen and Morgan have concluded that -electron spin 
relaxation is determined by a collision mechanism resulting in the dis-
tortion of the solvated transition-metal ion complex. 30  Here it is prin-
cipally by means of the spin-orbit coupling that relaxation occurs. 

It can be concluded from these papers that there is no unified treat- 	- 
ment of relaxation which can be applied to a variety of ions even in aqueous 
solution, and the applicability of any of these theories to molten salt solutIons 
remains to be tested by experiment. In a later section our experimental 
results are compared with several of these theoretical predictions. 

B. Experimental Method 

1.. Sample Preparation 

The solid compounds were weighed on a torsion balance and ground 
together with a mortar and pestle; they were then placed in 5-mm i. d. glass 
tubes and heated at 2000C  in vacuum until a pressure of less than 	mm 
of mercury was reached (6 to 12 hours). At this point the heater was re-
moved and the tube sealed approximately 2 cm from the end, the sample 
occupying about 1 cm of this length. Some of the samples were then melted 
at 4000 C prior to measurements. 

All chemicals were reagent grade and were obtained from the following 
companies: 

MnC1 2 	 K and K Laboratories, Inc. 

LiC1 	 Merck and Company, Inc. 

KC1 	 Allied Chemical Company. 

CrC1 3 	 Fisher Scientific Company 

MnC1 2  4M 2 0 	Allied Chemical Company 

NiC1 2 • 6H2 0 	Allied Chemical Company 

FeCl 3 	 Matheson, Coleman and Bell 

VOC1 2 	 United Mineral and Chemical Company 
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The hydrated NiC1 2  was heated at 200 0 C in vacuum to give NiC1 2 . An k-ray 
analysis of the dried MnC1 2  powder indicated that no hydrate was present. 

The VOC12 was in the liquid state as received from the manufacturer. 
It was dri,ed in vacuum to give a blue-black solid which was then mixed with 
LiC1-KC1 and dried as described above Some of the solid was dissolved in 
water, and the ESR spectrum of the solution was taken to test this starting 
material. We did indeed find the characteristic VO spectrum; but we still 
cannot be absolutely certain that the solid compound was anhydrous VOC1 2 . 

2. Measurement of Line Widths 

All measurements were made with the terminated-wave_guide apparatus 
and the spectrometer described in Chapter I, Part B. This apparatus re-
quired approximately 45 minutes to come to thermal equilibrium; cons e-
quently, the line widths were usually measured while heating with temper-
ature increments of 50  to 10 0 C during a single measurement. Temperatures 
quoted are averages of initial and final sample temperatures. 

The sample temperature as a function of temperature measured was 
calibrated by means of two thermocouples, one inthë usual position (see 
Fig. 5) and the other in a sample tube with L1C1-KC1 eutectic mixture in the 
usual sample position. This temperature difference was appreciable ( 100 0 C) 
at the higher temperatures, and, therefore, an upper limit of ± 5 0C is set 
upon the temperatures reported. There was not this great a variation within 
the, calibrat.ioncurves, but the potentiometer itself introduces an additional 
uncertainty, which is included in the above error, as well as the temperature 
increment during measurement. 

C. Experimental Results 

The experimental results for paramagnetic ions in both the powders 
and liquids are found in Figs. 9 through 29 and Table III, which summarizes 
the results in solids. See also Table IV for values of hype rfine-coupling 
constants and hype rfine component line widths of the MnC1 2 -LiC1-KC1 system. 
Figures 21 through 29 are reproductions of observed spectra, while Figs.. 9 
through 20 are graphs of line width measurements. The melting points are 
not marked on these graphs as they are not accurately known. The melting 
points of the 1-nixtures are slightly lower than those of the pure solvents, 
which are 

TM 3 18° C for ZnCl 2 , 

TM = 3520 C for LiC1-KC1. 

The concentrations are given both in mole percent, as is conventional 
• 	for solids, and in approximate volume molarity. These values were calcu- 

lated by using LiCl KCI = 1.885 g/cc, 31  and PZnCl = 2.481 g/cc. 32  Line 
widths represent the full width between points of mdimum slope on the ab-
sorption curve. The errors can be estimated from the scatter of points in 
Figs. 9 to 20. The line widths for the solids are believed to be good to ± 1 0%; 
however, the results in liquids are good only to ±15% at best. This is due to 
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the difficulty in determining the maximum for broad lines, the asymmetric 
line shape which makes the determination of one of the maxima even more 
difficult, and the limited signal-to-noise ratio. The scatter of points en-
countered in a few of the graphs of solids at elevated temperatures is due to 
an unbalance of the microwave bridge which was caused by an excess tem-
perature increment during the time of measurement. 

1. MnC12  In ACl-KCl (Figs. 9 to 12 and 21 to 25) 

The line width is very much dependent upon the sample hlstory. If the 
sample was simply dried before measurement, a sharp line (approx 26 gauss) 
was obtained for all concentrations. That this line was due to the drying 
procedure was ascertained by a line-width measurement of a sample not 
subjected to this procedure, (See Tables III and IV. ) On the other hand, if 
the sample was dried and then melted before measurernnt, a relatively broad 
line (approx 170 gauss) was found. Only the 0,3 mole % sample showed clearly 
defined hyperfirxe structure at room temperature In addition to the usual narrow 
and sharp lines. * The disappearance of the latter lines upon heating may be 
seen In FIg. 21. For the sample which had not been melted, the center line 
had entirely disappeared at 300 0C (not shown). Figures 22 to 24 show the 
appearance of hype nine structure as a function of temperature for all con-
centrations, and are largely self-explanatory. 

No resonance was observed In the 0.3 mole % sample In the liqu11 state 
The line width can be estimated from FIg. 11 to give a value of C/H > 10 
for the limiting sensitivity; C Is the molar concentration and LH the line 
width in gauss. 	The 6.1 mola 1'qp sample gave a single line at all temperatures 
and 10 not included. In Fig. 25 may be found examples of the line shapes 
encountered in the liquids. See discuoijion In the Appndlx, The latter two 
;reaaur.en)ents were of samples In 2-mm I. d. tubes rather than the usual 
5-mm ones, and the line shapes are accordingly found to be more symmetric. 
Unfortunately, the smaller sample size also led to a poorer signal-to-noise 
ratio and even poorer line-width measurements. t Therefore, these meas-
urements are not Included In Fig. 10, but are shown here in an attempt to 
justify the large experimental error quoted for the liquids. The asymmetry 
was found to increase with Increasing MnCl 2  concentration. Cf. Fig. 22. 
This point will not be commented upon further, 

A summary of the experimental line widths for all concentrations and 
temperatures may be found in Fig. 12. Notice the decreasing line width as 
a function of concentration. A comparison of line width vs concentration for 

MThere is very faintly perceptible hyperfine structure in the 0.9 and 1.4 
n-iole% samples. 

Experinients with various sample sizes for concentrated Mn In H 2 0 
Indicated that the line widths were the same for symmetric and asymmetric 
line shapes. It was simply more difficult to determine the maximum In the asymmetric case for equal signal to noise. Theory predicts a difference of 10%. 
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MnC1 2  in LiC1-KC1 at 400 0 C and Mn (MnC1 2 ) in water is given in Fig. 11. 
Also included is Fig. 26, which shows the difference in the appearance of 
hype rfine structure upon dilution in the Mn-water system and upon heating 
the solid MnCl2-LIC1-KC1 system. 

MnCl2  in ZnCl 2  (Figs. 13, 14, 27 and 28) 

No hyperfine structure was observed at any concentration or temper-
ature studied. The increasing asymmetry of the line with increasing con-
centration and temperature can be seen in Figs. 27 and 28. The line, width 
measurements are summarized in Fig. 14. It would appea-'r that the line 
widths in the liquid decrease with increasing concentration; however, the 
measurements are insufficiently accurate for certainty. This decrease, if 
it is real, is only about 6 %. 

MnC1 2  in MnCl 2  . - }-j 4 22 (Fig. 15) 

At 1050 C, MnC1 2 . 4H20 loses two of its waters of hydration and there 
is apparently a slight increase in line width with temperature beginning at. 
this point. Here again, the data are insufficiently accurate for certainty. 

The g  value of Mn in the solids was found to be 2.00. In the liquids 
we found g =2.03±0.02 for 1 M MnC1 2  in LiCl-KC1 and g = 2.013±0.004 for 
2 M MnC1 2  in LiC1-KC1; therwas no temperature variation. The g  values 
were not measured for the MnCl 2  - ZnCl 2  solutions. 

CrC1 3  and CrC1 3  in LiC1-KC1 and in ZnC1 7  (Figs. 29 and 16 to 18) 

A summary of t1ese data is found in Fig. 18. Figure 29 demonstrates 
the increase in line width with temperature that. was observed in sublimed 
CrCl3 and.the line shapes encountered in the spectra of the Jiquids. 

The, g value of CrC1 increases gradually from a room-temperature 
value of 1.975± 0.005 to 2.080± 0.005 at temperatures in the neighborhood of 
3250 C. In 5.5 mole % CrC1 3  in ZnC1 2 , there is a very slight decrease in g 
value from 1.988±0.002 at room temperature to 1.983±0.002 at 280 0C. In 
the liquid state there is again an apparent decrease from g = 2.006±0.002 at 
3400 C to g = 1.993± 0.002 at 37,5 0 C. These values were determined by the 
method described in the Appendix. There was no variation in g values for 
CrC1 3  in LiC1-KC1 in the liquid or solid. These were found to be' 	, 
g = 1.985±0.002 (solid) and g = 2.006±0.003 (liquid). 

NiC1 2  in LiC1-KC1, FeCl
3  in LiCl-KC1, and VOC1 2  inLiC1-KC1 (Figs. 19-20) 

No resonance was observed in the liquid state for any of these samples. 
The.NiCl 2 -LiCl-KC1 system (see Fig. 19) gave the largest temperature 
variation of line width (1090 gauss to 590 gauss) encountered, in this work; 
this was accompanied by a decrease'in g value from 2.35±0.03 to 2.23±0.01. 

An attempt was made to observe the FeC1 3  resonance in the gaseous 
state by heating the sealed tube of FeC1 3  over the boiling point (3 15 ° C); no 
resonance was observed. 
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Table III. Summary of Results in Solids 

Compound Concentration AH at room Qualitative behavior 
temperature 

Molarity Mole% (gauss) on heating 

MnC1 2  in 0.1 0.3 Central line 28; Central line 
hyperfine com- disappears 

LiC1-KC1 ponent 20 

0.1 (m) 0.3 Broad background Background line 
line = 200 gauss; disappears 
hype rfine compon- 
ent 20 

0.3, 	0.5, 0.9, 1.4, 28 Appearance of 
1 2.8 hyperfine structure 

0.3, 0.5, 0.9, 1.4, 170 Appearance of 
1(m) 2.8 hyperfine structure 

2 6.1 26 No change 

MnC1.-. in 1 2.8 456 
LiC1-KC1 
(not dried) 

Mn Cl 2  in 1 3.8 23 
KC 1 

MnCl 2  in 1 2.1 21 
LiCl 

MnC12  in 0.5 2.74 570 Slight decrease of 
ZnC12 zH 

1 5.4 675 Decrease of AH 

1(m) 5.4 475 

MnC12  860 Decrease of LH 

MnC1 2  4H2 0 485 Only slight change 

CrC13 in 0.5(m) 1.5 137 No change 

LiC1-KC1 1(m) 2.8 120 No change 

CrC1 3  in 1(m) 5.5 - 	 72 No change 

ZnC1 2  

CrCl 3  77 Increase of zH be 
ginning at 240 0 C 

NiC1 2  in 1(m) 3.0 1090 Decrease of g  values 
and almost linear 

LiCl-KC1 decrease of AH 

FeC1 3  in 110 Rapid increase of 
LiC1-KC1 AH at 240 0 C 

FeC1 3  435 Slight decrease of AH 

VOC1 2  in 1 2.9 29 No change 
LiC1-KC1 1(m) 2.9 29 No change 

(m) 	indicates that the sample had been melted prior to measurement. 	There 
are no comments in the last column for cases in which no heating experiments 
were performed. 
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Fig. 9. MnC12  in LiC1-KC1. 
Above: 0.3 mole% (0.1 M). 
Below: 0.9 mole% (0.3 M). 
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Fig. 10. MnC1 2  in LiC1-KC1. 
Above: 1.4mole% (0.5M). 
Below: 2.8 mole% (1.0iT). 
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Fig. 11. MnC12 in LiG1-KC1 and a comparison of the 
MnG12LiC1KC1  and Mn-HzO systems as a 
function of concentration. 
Above: 6.1 mole% (2 M). 
Below: • MnCl2 in LfCl-KC1 at 4000  C, 

Mn in H20 at 250C. 
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Fig. 12. Summary of line widths of MnC1 2  in LIC1-KC1. 
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Fig. 14. Summary of line widths of MnC1 2  in ZnC12. 



-34- 	 N UCRL-9944 

90( 

80( 

701  

60 
(I) 
U) 

-50 

40 

100 	200 	300 

I °C  

600 - 

- 500 -: 

400 	... 

300 
0 	100 	200 

T°C 

MU -25126 

Fig. 15. MnC12  (left) and MnC1 2 -4H20 (right). 
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Fig. 16. CrC1 3  in LiC1-KC1. 
Above: 1.5 mole% (0.5 M). 
Below: 2.8 mole% (1.0 M). 
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Fig. 17. Above: CrC13 in ZnC1 2, 5.5 mole% (1 M). 
Below: GrC1 3. 
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Fig. 18. Summary of Gr(ilI) measurements. 
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Fig. 19. Left: NiC1 2  in LiC1-KG1, 3.0 mole% (1 M). 
Right: YOG1 2  in LiG1-KG1, 2.9 moie% (1 M) 
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Fig. 20. Left: FeCI 3  in LiC1-KC1. 
Right: Fed3. 
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MUB -860 

Fig. 21. MnC12 in LiC1-KG1, 0.3 mole% (0.1 M). 
Distance betweenfreqUeflCYmar'e15 = 23.5 gauss. 
Above: left, AH = 31 gauss, T = 25 1C; 
right, AH = 23 gauss, T = 277

0 C. 
Below: left, (m), T = 35 0 C; right, (m), T = 2420C. 
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* 	 MUB-861 

Fig. 22. MnC12  in L1C1-KC1, 0.89 mole% (0.3 M). Above: left, AH = 

21 gauss; T = 1940C. 11.7 gauss betweefrequency markers. 

right, AH = 19 gauss; T = 280 0C. 47.0 gauss between frequency 

markers. Below: left, (m); AH,= 235 gauss. T = 250C. 117.5 
gauss between frequency markers. center, (m); T 307 0C. 
right, AH = 450 gauss. T 385 0C. 117.5 gauss between frequency 
markers. 
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MU B-862 

Fig. 23. MnC1 2  in LiC1-KC1, 1.1 mole% (0.5 M). 
Distance between frequency markers = 70.5 gauss. 
Above: left, (m); iH = 155 gauss; T = 25 ° C; right, 
(m); iH = 146 gauss; T = 118 °C. Below: left, 
(m); AH = 113 gauss; T = 277 0 C; right, AH = 
390 gauss; T = 3520C. 
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MUB-864 

Fig. 24. MnC12  in LiG1-KC1, 2.8 mole% (1 M). 
Above: left, AH = 26 gauss; T = 25 0Crilght, 

H (center) = 28 gauss; T = 298 1C. 
Below: left, (m); iH = 159 gauss; T = 25° C; 
right, 2H = 132 gauss; T = 290°C; 47.0 gauss 
between frequency markers. 
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MU 8-863 

Fig. 25. MnC1 2  in LiC1-KC1, 2.8 mole% (1 M). 
Interval between frequency markers = 70.5 gauss. 
Samples contained in 2-mm i. d. tubes in lower spectra. 
Above: left, AH = 267 gauss; T = 379 0 C; AH = 194 gauss; 
T = 4180C. Below: left, AH = 350 gauss; T = 421°C; 
right, AH = 300 gauss; T = 4950C. 

P 
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MU B-865 

Fig. 26. Mn (MnC.. ) in H 0. 
Below: left, l.5 2M; rig2ht, 

Above: left, 1 M; right, 1.25 M. 
2 M. 
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MU-25132 

Fig. 27. MnC12 in ZnC12, 2.7 mole% (0.5 M). Interval between 
frequency markers = 70.5 gauss. LTft: MI = 399 gauss; 
T = 36 1 ° C. Right: AH = 330 gauss; T = 4620C. 
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Fig. 28. MnC1 2  in ZnC1 2, 54 mole% (iM). Smallest interval 
between frequency markers 70.5 jauss. Left: AH = 421 

gauss; T = 3720C. Right: iH = 370 gauss; T = 4420C. 
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MUB-866 

Fig. 29. Line shapes of Cr(III). Above: left, 1.5 mole% (0.5 M); 
CrC13 in LiC1-KC1; zH = 1.61 gauss; T = 355°C; 47.0 giiss 
between frequency markers. Center, 2.8 mole% (1 M) 
CrC1 3  in LiCl-KC1; iH = 129 gauss; T = 333 0 C; 70.5jauss 
between frequency markers. Right, 5.4 mole% (1 M); 
CrC1 3  in ZnC1 2; zH = 97 gauss; T = 348 0 C; 23.5 giss 
between frequency markers. 
Below: left, AH = 81 gauss; T = 25 0C. Right, AH = 112 gauss; 

T = 17 3°C. 23.5 gauss between frequency markers. 
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D. Discussion 

1. Liquids 

Resonances were observed only in solutions of Mn and Cr+3.  A 
possible explanation is that the ground state is an orbital singlet for ,  these 
ions. Thus 'there would be only a small broadening effect from the spin-
orbit coupling and dipole-dipole interaction, which would be due to mixing 
of the ground-state wave function with far removed excited states. An 
exception to this hypothesis is Ni+Z, whose ground state in a cubic crystal 
field is also an orbital singlet. However, no resonance has been observed 24  
in water solutions of this ion, presumably because of the large axial term. 

The line width in solutions of MnC1 2  in ZnCl 2  is approximately the 
same above and below the melting point. This is consistent with the prop- 

	

erties of ZnC12 reported by Mackenzie and Murphy. 	The viscosity just 
above the melting point was found to be greater by a factor of 500 than that 
of most other metallic halide melts. Thus it was concluded that there is a 
much greater degree of association in liquid ZnC1 2 , and it is structurally 
similar to the solid at the melting point. 

The continuity of the line width vs temperature in passing through the 
melting point is more difficult to interpret for.the solutions of CrCl in 
LiCl-KC1 eutectic. It is possible that colloidal suspensions rather tl-iaii true 
solutions were formed. This would also explain the constancy of the line 
width in the liquids with decresing viscosity (increasing temperature). We 
can only say that the liquid samples appeared to be homogeneous violet 
solutions. If, indeed, true solutions were formed, the relaxation mechanism 
in the liquids must be the same as that for the solids. 

The temperature dependence of the line width or relaxation times is 
compared with theoretical predictions in Figs. 30 through 32 for the man-
ganese systems. The line widths were taken from Figs. 12 and 14, and the 
relaxation time T2 was calculated from H = (2/..13) (1/yT2). This assumes 
a Lorentzian line shape, which is approximately what was observed. 

The Al' tshuler and Vaiiev theory predicts 

H cc ---- for kT <<, 	 (1) 
iT 	

v 

where W
v

is an average vibrational freque:ncy.From Fig. 30 it is apparent 
that the agreement with this theory is rather poor, especially in the case of 
MnC1 2 -LiC1-KC1. At higher temperatures the MnC1 2 -ZnGl 2  data do seem to 
fall upon the theoretical straight line. However, this appears a bit strange 
to us, for it is in this region that the liquid ZnC1 2  is becoming more ionic, 
making a vibrational relaxation mechanism improbable. 

The seven-fold orbital degéne racy of Cr...is split by a cubic crystal 
field with an orbital singlet lying lowest. 
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Fig. 30. Comparison to theories of Al'tshuler and Valiev (left) 
and Bloembergen and Morgan (right). 
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Bloembergen and Morgan predict an electron spin relaxation time 

2-2 
1ZC .

2  h 
	 T 

5S 	+ 1) 	2 	
2 . + 	

2 	z 	(2) 
(S 

S 	 l+) 
S  T 
	 1+4 	,T 
V 	 S V 

Here 	is the correlation time for the impact of the solvent upon the 
solvated ion and W is the electron spin, resonance frequency. For 

C = 	
(2S+l)S 2 (S+1) 2  l-[S(S+l)]}[2 (D 2)A +3(E 2)A ], 

which is temperature-independent if we assume that. the crystal fiel.d param-
eters D and E do not vary appreciably with temperature. 

If we further üsume w T <<li 
* 

then the line width should be 
directly proportional to T. 	 This quantity is expected to be of 
the form 

v 0 	i(v 
 ) . 

TV T 

Thus, a plot of ln l/T 2  against l/T should give a straight line of slope 
VV/R. . It can be seen in Fig. 30 that the agreement is not especially good. 
However, an estimate of V from the data for 1 M MnCl 2  in LiCl-KC1 at 
3949C and 442 °C gives 3.3 kcal/mole, which is irprisinglyclose to 
Bloembergen and Morgan' s value of 3.9 kcal/mole found for aqueous solutions. 

According to the early work of BPP, thegeneral formula for spin-
lattice relaxation is 

= 342J(I+1) [1 1 (v 0 ) + 	12 (2v 0 ) 

where J 1 (v 0 ) and J2(2v0 ) are spectral densities, and all other symbols have 
their usual meanings. Since J i , and J are Fourier transforms of correlation 
functions, it can be shown that 

r 	 2T 
J 1 (v 0 ) 	 and 	J (2v0) 	 c 2 

	 (5•) 
T 	. 	 2 	

1+40 T 

Here Tc  is the correlation time and is a measure of the time over which the 
value of a function is related to its value at an earlier time. For the ro-
tational averaging of a sphere of radius a in a viscous medium 

Tc = 4,r a 3/3kT, 	 (6) 

-12 Bloembergen and Morgan predict TV = 2. 10 	sec at room temperature. 

(3) 
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where r7 is the viscosity. We find from Eq (6) that for ZnCl 2  and 
LiCl-KCl at 400 0 C, r takes on the values 6.6 10 0  sec and 2.3-10 -12  sec, 
respectively. Thus at microwave frequencies for the LiCl-KC1 system, we 
have 

T 2  << 1, 

and it can be seen from Eq. (5) and Eq. (4) that a plot of log T 1  against log .Q, 
should yield a straight line of slope -.1. 

For the averaging of the local field due to translation of neighbors one 
finds 

1 	1 cc 

where D is the diffusion constant. Stokes s relation gives 

kT 
6irfla 

so this mechanism predicts a similar relationship between T 1  and 

We have plotted log TZ(Ti z T 2 ) vs log- for the MnCl 2 -LiCl-KC1 
system in Fig. 31, and find that the agreemen'  is better at higher tempera-
tures. At the lower temperatures (Tc)2  is larger; however, it is only 
0.032 at the lowest temperature includ'ed (350 0 C). Thus, it is doubtful that 
we are approaching the region in which T 1  increases with 	Cf. Ref. 3, 
Fig. 14, 	 c 

For the ZnC1 2  system W O 2 T Z  1500 at 400 0 C, so that the line width 
parameter T 2  approximately equals T 2 , the relaxation time due to spin-
spin interactions unmodified by spin lattice interactions. From Fig. 31 it 
can be seen that T 2  is approximately constant at lower temperatures, in 
agreement with the behavior predicted by Fig. 14 of Ref. 3. 

The comparison of our results with Kivelson?  s Theory is slightly more 
difficult to make owing to the large number of parameters involved and 
complicated functional form of the expression for the line width. It is 
believed that for our case the most appropriate of his expressions is 

- {A2T1 + A 2 T '  

+ or 

	

T 	- (l-T 

{s 	
5 

cZ 	c 

U 	
2 

T SS(l -T IS 	c 	c 2 

2 ) e 2 } S(S+1) 

e2)} (-
S,) 

J(J+l) 

(7) 

The viscosity of the eutectic mixture.is estimated from data in C. J. 
Smitheils, Metals Reference Book, Vol II (Interscience Publishers, Inc. 
New York, 1955). These data on other alkali halides at equal increments 
above their melting points had only a small variation among themselves. 
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The quantities appearing in this expression are defined as follows: 

A = hype rfine coupling constant = 95 gauss for Mn++  in aqueous solution, 

(3)l/ 
T - 	 / 	

, where. J is the exchange integral, 
zJ[s(S+lfl /

1/2 
T 	

= 	 exp[-3y2i2/4S(S+l)J2], 
n.2[S(S+l)] ' J 

= second moment arising from the nuclear-electronic dipolar is 	 interaction, 

T = the correlation time, 
C 

= 4S(S+1)JZ ,  

= second moment arising from the electronic-electronic dipolar 
SS interaction. 

The effects of the exchange interaction, the hyperfine interaction, the 
nuclear-electronic and electronic-electronic dipolar interactions, and the 
motional Hamiltonian are included. We find upon exressing Eq. (7) as a 
function of J. that only the first term is significant, )jC  which would be ex-
pected with strong n-iotional narrowing. Thus the line width is predicted 
to be inversely proportional to the exchange integral. 

This behavior is equivalent to that derived by other workers for the 
narrowing of a resonance line by molulation of the perturbing term which 
determines the line width. That is, Anderson found 

AW = 
	

(8) 

where 	is the half width at half power, ,, 2  the second moment of the line, 
and We  is proportional to J. 	BPP predicte% the same behavior with (A)p 

representing the frequency amplitudes of the perturbations and We  the rate 
of motion. 

- Although we cannot test meaningfully the validity of Kivelson' s 
calculation, we shall use his and, a fortiori, Anderson and Weiss' s pre-
diction of the inverse proportionality of line width and exchange integral to 
estimate the concentration dependence of the exchange integral. Equation 
(8) is equivalent to 

T 2 BJ, 	 (9) 

The first two terms are identicl to Kivelson' s Eq. (7.3) in his 1960 paper 
for the case of high concentration and strong exchange and motional effects. 
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where. B is a proportionality constant. At a given temperature the ex-
change integral should be a function of concentration alone. We find (see 
Fig. 32) that a plot of log T 2  vs concentration for the MnC1 2 -LiCl-KC1 
system gives a straight line over the concentration. range 0.3 M to 1 M. 
We can thus predict 

0.796C 
J- - De 

where C is the molar concentration and D is a constant which is a function 
of B. Apparently, the exchange integral has ceased to vary rapidly with 
concentration in the range 1 M to 2 M, indicating that the maximum exchange 
contribution is being made. Tn addition, it should be mentioned that a linear 
dependence of J on concentration also gives a fairly good fit to the experi-
mental data over this concentration range; however, it is not so good as the 
exponential dependence. 

The exchange integral between a pair of nearest neighbors can be 
written 

- 2s[ 1 b 1 	 S2 JfL(l )b(2)b(1)a(2)
R

dT1++ dT1dT2 

	

al ab 	
r12 

where S is the overlap integral and a(1) and b(1) are nonorthogonal electron 
orbitals centered on nuclei a and b respectively. From this it can be 
seen that J is a sensitive function of the interelectronic and interionic 
distances involved and of the overlap ofthe wave functions. 

What we should like to know is the concentration depe.ndence of J. 
But the only term that can be easily estimated is Rab  This 9istance between 
neighboring nuclei would be proportional to (concentration)* 3  if the ions 
occupied sites on a simple cubic lattice. However, even if the entire calcu-
lation were performed, assuming some interionic distances fixed at a given 
concentration, it would not be of any significance owing to the Browian motion 
in a liquid. We are therefore unable to make any sort of theoretical estimate 
of J (concentration) to compare with our experimental results. 

The comparison of the MnCl 2 -LiCl-KC1 and MnCl2-H 2 0 systems (see 
Fig. ll)is quite interesting in view of the great difference in line widths at 
various concentrations. At low concentrations the relaxation in water 
solutions is determined by the spin-orbit coupling according to Ref. 30; in 
any case the interactions are weak, since the line is narrow. In contrast, 
the line width in the molten salts is increasing rapidly with dilution at a 
concentration of 0.3 M. It is difficult to ascribe a definite relaxation 
mechanism; howeverT the interaction with oscillating magnetic fields due to 
the ionic environment (Cf. Chap. I Part A) seems most plausible to us. 
We might also postulate a relaxation mechanism via the impinging solvent 
ions. These could form short-lived complexes with the paramagnetic ions,. 
with a decrease in relaxation time due to uncertainty-principle broadening. 
From LE At Z h it can be easily shown that a lifetime of approx 1011  sec 
would give rise to a line width of 1000 gauss. 
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In the concentrated molten salt solutions there is obviously a strong 
exchange interaction which narrowsthe line considerbly.. The line width 
in the concentrated water solutions is probably due to Spin-spin interactions 
with neighboring Mn++ ions. The weaker exchange interaction in the water 
solutions might be explained by differences in complex formation. The 
manganese is probably in the form of Mn(H 2 O) 6  in water Solutions, whereas 
it is likely that lvin(II) is only weakly coordinated, if at all with Cl -  ions in 
the molten salts. The coordination sphere of water molecules might thus 
prevent the exchange integral from taking on.an appreciable value. 

We. do not believe that any of the present theories of relaxation in 
liquids give an adequate explanation for our results. Our use of the pro-
portionality of T 2  and J was not intended to imply any confidence in 
Kivelsont s treatment. Since deviations from g = 2.00 were observed, an 
applicable theory of relaxation would almost certainly have to include the 
spin-orbit coupling interaction. The only mechanism which we can definitely 
identify from our studies is that of exchange narrowing at high concentrtions. 
The temperature dependence at a given concentration might be described by 
the simple BPP theory. However, this decreasing line width as a function 
of temperature might also be explained by a more effective exchange inter-
action with lower viscosity. 33 

It is our belief that the BPP treatment of relaxation in liquids, even 
with its restriction to a consideration of the dipolar interaction alone, is 
still as good as (or better than) any of the more sophisticated papers pub-
lished in the literature in the past decade. 

We believe that the prinipal value of, this work is in indicating amethod 
of attack and the order of magnitude of the results to be expected in future 
more detailed studies of molten salt solutions. 

2. Solids 

Data on the crystal structures of these various compounds and the 
results of previous ESR measurements on the undiluted powders are found 
in Tables V and VI. These data are compared with our results in the follow-
ing discussion. Also, cf. Table III in Part C. 

a.. MnCl 2 inLjCl-KC1 

ESR studies of single crystals of NaCl, KC1, and LiCl doped with 
Mn++ have been reported by several workers. It has been found that Mn 
exists in different environments which depend upon the sample treatment 
prior to measurement and on the concentration of M n++. We mention here 
only the most pertinent of these results. 

The original work was performed by F.rester and Schneider, 	who 
found a single line of width 26 to 35 gauss for Mn inKCl crystals grown 
from the meli. If the crystals were grown from aqueous solution six 
hyperfine lines were observed each having a width of 29 gauss. Upon 
annealing at 500 0C these lines disappeared irreversibly to give the single 
line characteristic of crystals grown from the melt. This line, was identified 
with MnC1 2  aggregates near an internal boundary and it was believed that 
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Table V. Crystal structures 

Compound 
Structural 
type 

Symmetry of 
metal ion wrt 
anions Reference 

MnCl 2 Hexagonal Octahedral R. W. G. WyckofL 
(Rhombohedral) Crystal Structure I 

(Interscienáe Publishers, 
Inc., New York, 	1948). 

ZnC1 2  Hexagonal Octahedral U 

(Rhombohedral) 

FeC1 3  Hexagonal Octahedral 
(Rhombohedral) 

CrC1 3  Hexagonal Octahedral It 

(Rhombohedral) 

NiC1 2  Hexagonal Octahedral H 

(Rhombohedral) 

MnCl 	4H20 Monoclinic - Ibid, Volume .111 

LiC1 Face-centered Octahedral 
cubic 

KC1 Face-centered Octahedral 
cubic 
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Table VI. Summary of previous ESR measurements 

Frequency 
Compound (gauss) g (Mc) Reference 

CrCl 3  79 1.997 10,000 Y. Ting, L. D. Farringer, 
and D. Williams, Phys. 
Rev. 	97, 1037 (1955). 

NiCl 682 • 2.25 10,000 J. W. Leech and A. J. 
Manuel, Proc. Phys. Soc. 
(London) B69, 210 (1956). 

MnCl2  4H2 0 400 2.00 24,120 F. 	W. Lancaster and 
W. Gordy, J. Chem. Phys. 
19, 	1181 	(1952). 

VOC1 2  72 2.00 24,138 F. W. Lancaster and 
W. Gordy, J. Chem. Phys. 
19, 	1181 	(1952). 

MnC1 2  723 - - H. Kumagai, K. Ono, and 
J. Hayashi, Phys. Rev. 
85, 	925 (1952). 

el 
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the hype rfine structure was suppressed by exchange effects. The orientation- 
independent hyperfine lines were believed to arise fom the m 5  i/a 	-1/2 
transitions of isolated Mn 	ions in,the cubic lattice. 

Fukuda found three types of behavior in KC1/Mn grown from the melt: 35  
werlapping lines with AH =30 gauss and 100 gauss after annealing, 
a single line with zH = 30 gauss after quenching from 3009C to 500°C, * 
six hyperfine lines each of zH = 30 gauss after quenching from 500 0 C. 

A very thorough and direct study of temperature effects in doped 
36 crystals of LiC1, KC1, and NaCl grown from the melt was made by Watkins. 

He observed the transformations of the spectra upon heating the sample in 
situ to a temperature of 600 0 C. The species were identified as follows: 

iH = 130 gauss -- This arises from exchange-narrowed clusters. 

Six orientation-independent hyperfine lines - - These are due to 
isolated Mn ions. 

11Iand I11. Complex orientation-dependent spectra -- Species Iii 
was identified as aMn ion associated with a positive ion 
vacancy in the nearest cation site, while 111 2  is supposedly an 
association of Mn with a vacancy in the next nearest cation site. 
These species were identified by symmetry considerations. 

IV. Complex orientation-dependent spectrum of low intensity - - This 
was said to arise from Mn associated with a doubly charged 
negative impurity in one of the nearest Cl -  sites. 

Only species I1I  and III were studied in LiC1 and KC1. In KC1 Watkins 
observed, in addition, a 26-gauss line which was identified as Mn in 
K4MnC16 crystals. The basis of this identification was that.this narrow 
line was observed with high intensity only in cloudy portions of the crystals. 
We should like to see this hypothesis substantiated by an x-ray analysis. 

We shall now attempt to interpret our results in view of the previous 
analyses. The species that contribute to the hyperfine structure appearing 
at approximately 1800 C certainly include II described above. We have 
averaged Watkins' s spin Hamiltonian over angles as is appropriate for a 
powder and find that III  and 111 2  would also contribute to the six-line 
hype rfine pattern. Thus the temperature effects are easily understood. 

The concentration-independent 27-gauss line in the unmelted powders 
and 170-gauss line in the sampies melted prior to measurement at room 
temperature are more difficult to identify. One would expect the mixed 
powder (unmelted) to give rise to a spectrum identical to that of MnCl 2 . 
However, it was found to differ in line width by more than an order of 
magnitude. The 27-gauss line width is almost identical to that identified 
by Watkins as arising from K4MnC16. But we believe it improbable that 
the drying procedure could yield mixed crystals. Also, this narrow line 
was observed in a sample of MnCl2 in LiC1 alone. We could find no reference 
to mixed crystals formed from these laftur:two qo.m.pounds.9..and concflde. that 
they do not exist. This makes the mixed-crystal hypothesis even more im-
probable as an explanation for our results. 

*Thi s  has also been observed by H. Yoshimura, J. Phys. Soc. Japan 15, 
435 (1960). 
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We believe that this 27-gauss-wide line with no observable hyperfine 
structure must arise from exchange-narrowed clusters. However, the 
disparity with the pure MnC1 2  results would have to be explained by postu-
lating a different structural arrangement such that the MnMn distance 
is smaller. This would increasethe exchange integral and thus decrease 
the line width. We have verified that it is the drying procedure which is. 
responsible for the narrow line (cfTable III).. Therefore it is probably vi 
a diffusion mechanism that the above arrangement occurs. We might even 
postulate that the MnC1 2  diffuses onto the surface of the LiC1 and KC1 
crystals to occupy positions such that the interionic distances between 
manganese ions are small. 

Since the 170-gauss line in the melted samples at room temperature 
was concentration-independent (except for the 0.3 mole % sample), it must 
also arise from exchange-narrowed manganese clusters which are not 
uniformly distributed in the host lattice. Apparently, the melting procedure 
results in some mixing of MnC1 2  with the host lattice which increases the 
Mn_Mn++ distance relative to that in the dried powders. The faintly,  
perceptible hyperfine structure in Figs. 22 and 23 implies that a small 
amount of Mn++ exists as species II, I1I, and (or) 11121 

b. MnCl 2  in ZnCl 2  

It is likely that the disparity of the unmelted samples from those above 
simply reflects a difference in the properties of ZnG1 2 . This compound is 
very delique scent. . The 'efore, the grinding procedure probabl.y resulted in 
the absorbtion of waters of hydration by MnCl 2

1 
This water would have been 

drivenoff during the drying procedure, leaving the Mn" in a rather un-
symmetrical environment as evidenced by the excess line width. The 
narrower line in the melted samples probably indicates that the Mn++ was 
incorporated in octahedral sites in the ZnC1 2  lattice.. 

C. MnC1 2  and MnC1 2  •4H2 0 	 . 	. 

Our room-temperature value of LH = 860 gauss for MnCl 2  exceeds 
that of Kumagai' s previous measurement. See Table VI. The decrease in 
line, width with increasing temperature is probably due to motional narrowing 
by modulation of crystal-field parameters. 

For MnCl2  4H2 0 at room temperature we found H480 gauss, in 
contrast to Gordy' s value of 400 gauss at 24120 Mc. The small variation in 
line width with temperature found for this hydrated compound is probably 
due to its being shielde.d from the crystal field by its waters of hydration. 
This shielding might also account for the small value of the room-temperature 
line width of MnG1 2 • 4H2 0 relative to MnC1 2 .' In this case the shielding 
would decrease the effectiveness of the spin-spin interactions as a broadening 
mechanism. 

d'. CrC1 3  and CrCl 3  in LiC1-KC1 and in ZnC1 2  

The mixed compounds show ,  the expect.ed behavior if it is assumed that 
the CrC1 3  is homogeneously incorporated into the .host lattice. The decreasing 
line width as a function of increasing concentration is, of course, due to ex-
change narrowing 
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Our room-temperature value of AH77 gauss for CrC1 3  compares 
quite well with Williams' s previous measurement. However, his g value 
of 1.997 exceeds our room-temperature measurement of 1.975± 0005. The 
increase in line width beginning at approximately 240 0 C could be due to 
spin-phonon interactions. A linear dependence of line width on temperature 
is predicted for the direct processes. 37 

e. NiCl 2  in LiCl-KC1 and FeCl 3  in LiC1-KC1 

These are the only remaining compounds in which the relaxation properties 
appeared strongly temperature-dependent. The line widths at room tern-
perature are probably due to spin-spin interactions as modified by the ex- 
change interaction. 

Powdered NiCl 2  was previously studied by Leech and Manuel, 38  who 
found variations in the line width and g value as a function of temperature 
from 20 0K to room temperature. We might therefore have expected to find 
variations in these quantities in our experiments on NiCl 2  in the LiC1-KC1 
lattice at temperatures of 2500  and above. 

For 10 mole % NiC1 2  in LiC1-KC1, the rapid decrease in line width 
as a function of increasing temperature might again be due to rnotional 
narrowing, as for MnC1 2 . The reduction in the g shift over this temper-
ature range offers a mechanism for this decrease in line width The g 
shift is determined by the spin-orbit interaction, which must here be de-
creasing. Thus the spin-phonon interaction would become less effective as 
a relaxation mechanism and could lead to a decrease in line width such as 
we observed. 

Actually Ni is in the same valence state as Mn++  and has a radius 
of 070 A compared to 080 A for Mn* We might therefore have a com-
plicated situation involving Ni ions in different environments similar to 
that which was observed for Mn. 

The very marked increase in line width at 240 0C for the FeC1 3 -LiCl-KC1 
system is puzzling to us, especially in view of the, small variation exhibited 
by the undiluted FeC1 3 . We are tempted to say that the sample was pre-
melting even though it appeared to be solid at this temperature Apart from 
this highly speculative hypothesis, we can offer no explanation. 

The above discussion of the temperature effects in solids is admittedly 
incomplete. As was mentioned earlier, these effects were somewhat inci-
dental to the main purpose of this work. We.should therefore prefer that 
this section on solids be considered primarily as a report of our experi-
mental results, 
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APPENDIX 

DISCUSSION OF THE ESR LINE SHAPE IN CONDUCTING MEDIA 

To facilitate an understanding of the results of Chapters I and III, 
some discussion of the magnetic resonance phenomenon in conductors is 
necessary. Ordinarily, ESR measurements are made upon samples of 
dimensions less than the skin depth, and, the power absorbed per unit volume 

is 

p = 2H 1  WX 

where H 1 . is the rf field, w  the frequency, and .x ' . the imaginary part of the 
susceptibility. Thatis, the power absorbed.is directly proportional to 
and the experimentally observed quantity is 

dP . 	d' 
ar or  

where ' H isthe dc magnetic.field. 

The 'problem of .condi.cting media was. first considered. .b Bloembergen. 39 
The losses, for an.infinite plane sheet of thickness d (where d < . )..in.the 
presence of a tangential rf magnetic, field were found by a solution of 
Maxwell s equations subject to the appropriate boundary conditions.' It was 
thus shOwn that, for'the case d >> 6, where 6 is.the skin depth, the mag -

netic resonance absorption is proportional.to (X +x). . Here x and.X' 
are the real and imaginary parts of the frequency-dependent susceptibility. 
This leads to. an asymmetric absorption line and is applicable -forthe case 
of slowly diffusing dipoles. 

A very elaborate theory taking spin diffusion into account has:-'since 
been worked out by Dyson 40  for the cse of aJlat metal plate of arbitrary 
'thickness. A relationship between M. and H 1  where both are functions of 

11 was obtained; then a self-consistent set of solutions of MaxelV s equations 
with.this relationship was found. Here M. is the macroscopic magnetization, 
il l  the rf magnetic field, and R the static field. From the power absorbed 
by the metal, the line-shpe function was obtained .fqr different values of.the 
parameters in Dyson s.theory:. TD =time required for an electron.to  diffuse 
through.the skin depth, T1 = electron spin relaxation..time, and TT = .tjme 
required for an electronto traverse the sample. * 

Feher and Kip 13  brought Dyson s. equations..to a more usable form and 
made extensive comparisons with their own experimental results, which were 
in quite good agreement.. It was also shown (see Fig. 33) how the theory can 
be utilized to obtain accurate g values and relaxation times from an observed 
resonance curve. 

*Th.i,s notation follows that of Ref.. 13, 
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We found this figure somewhat ambiguous in our initial attempts to 
extract information from it. Accordingly, a more detailed analysis was 
performed for the case 

7
2 >> 1, TT >> TD and  TT >> T 2 . 

This is, the d > 5: case with slowly diffusing dipoles. 

Here 

and 

c, H 1 2  
p= (SA) w o  x 0  T 2  

l-T 2 (- 0 ) 

1 + T 2 2 (- 0 ) 

- 	= 	
(SA) 	x T2 \Z 	 2 	2 2 [1+T 2  (-) } 

P is the power absorbed by the sample and A the sample area; all other 
symbols have their usual definitions. 

The results are found in Fig. 33 together with Feher's Fig.. 5. The 
difficulty in utilization of his graph lies in the fact that it is drawn for the 
particular case in which the resonance point coincides with the half-power 
point. On our graph it seems clearer to what quantities the definitions of 1/2 

H and 5H actually refer. Included in Fig. 33 is a plot of A/B vs (TD/Tz) ' 
which in turn yields 	HT 2  and 6HT 2 . These values and the experimentally 
determined quantity AH then give oH, which makes it quite simple to.obtain 
T 2  and the g value. 	 / 

For reference in Chapter III a comparison of the line width 
between points of maximum slope on the derivative curve for samples greater 

See. Ref.. 13, Eqs.. (3.7) and (3.8). Equation (3.7) is identical to Bloernbe.rgen' s 
Eq.. (8) using the definition of the Bioch susceptibilities except for a ëonstant 
term (Ref. 39); this term was not investigated, as the experimentally observed 
quantity is the derivative of power absorbed. 

to Feher these values are not in exact agreement with the result 
of a calculation of T from resistivity data; but in the absence of the latter, 
e. g., for the case or.a molten salt dissolved in a metal, the above procedure 
must befoflowed. . . 

We use the notation.H 	(peak to peak) to avoid conusion with the AH 
above, the line width at 	lf-power points.. This notation is followed only 
in this appendix. 
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than and less than the skin depth is included. For slowly diffusing dipoles, 
the situation encountered in a molten salt, the graph in Fig. 33 is applicable, 
and we see 

AH pp 
= 1,27/y 2 T 	(for d > 6), 

whereas for a Lorentz line, 

AH pp = (2/'.T) (11yT 2 ) = 1,16/yT 2  (d <6), 

a difference of less than 10%. 

X4 
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Fig. 33. Power absorbed at resonance by thick metal plates in 
the limit of slowly diffusing dipoles (left). Figures at right 
reproduced from Ref. 13. 
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