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the values of D have been extrapolated roughly to 
the saturation vapor pressure. 

Figure 3 shows the dependence of the thermal 
conductivity K on T. For comparison, the ther­
mal conductivity of He4, obtained by Zinov'eva8 

from measurements of the attenuation of second 
sound, are shown. The dashed curves are theo­
retical, calculated from the results of Khalatnikov 
and Zharkov. 2 In this calculation the energy gap 
between the ground state of helium II and the low­
est roton level was taken as t::.. = 8.5° K. It can be 
seen from Fig. 3 that the thermal conductivity of 
weak solutions is little dependent on concentration 
in the temperature region between the A. point and 
1.1 o K. The curves for pure He4 and for a mixture 
with C = 0.1% He3 in He4 diverge below 1.1 o K. In 
this temperature region impurities influence the 
conductivity mechanism appreciably, reducing the 
mean free paths of rotons and phonons. 

A more detailed discussion of the results and 
of the method, and the results of extending the 
measurements to lower concentrations will be 
published in the near future. 

PARAMAGNETIC RESONANCE IN SINGLE­
CRYSTAL TIN 

M.S. KHAIKIN 

Institute for Physics Problems, Academy of 
Sciences, U.S.S.R. 

Submitted to JETP editor June 14, 1960 

J. Exptl. Theoret. Phys. (U.S.S.R.) 39, .899-901 
(September, 1960) 

Tr~E paramagnetic resonance of conduction elec­
trons in metals has been investigated by Feher 
and Kip1 on small particles and thin films of lith­
ium, sodium, and beryllium, and was noted also 
in potassium. The theory of the effect was worked 
out by Dyson, 2 Azbel', Gerasimenko, and Lifshitz. 3•4 

Experiments on paramagnetic resonance of large 
single crystals of metal have not yet been de­
scribed in the literature. 

In the present work, electron paramagnetic 
resonance was observed on a single crystal of 
very pure tin with < 6 x 10-5 % of impurities. 5 

The single crystal had dimensions of 11 x 6 x 1 
mm and served as the inner conductor of a strip­
type resonator tuned to 9.35 x 109 cps. The meas­
urements were carried out at a specimen tempera­
ture of 2.3° K by the frequency-modulation method. 6• 7 
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The results of the experiment are plotted in 
Fig. 1, in which are seen three paramagnetic­
-resonance signals. The copper parts of the reso­
nator, prepared from copper of technical purity, 
give the wide line 1. The narrow symmetrical 
line 2 is the signal from "' 10-10 mole of crystal­
line diphenyl picryl hydrazyl, placed in the reso­
nator for calibration. Line 3 is the paramagnetic 
resonance of the tin sample. 

Rotation of the constant magnetic field in the 
plane perpendicular to the high-frequency mag­
netic field permits the observation of an apparent 
small anisotropy of the effect: the peak of the 
resonance moves by an amount which is of the 
order of its width. The significant change of the 
amplitude of the peak, which occurs during rota­
tion of the field, is possibly explained4 by a change 
of the angle of inclination of the field with respect 
to the sample surface. However, these aspects of 
the phenomenon- are still not sufficiently clear 
from the experimental point of view. 

In Fig. 2 is shown, on a larger scale, a record 
of the paramagnetic resonance of the electrons of 
tin (right-side peak) and of the calibration signal. 
The values of the constant magnetic field were re­
corded by a proton magnetometer (as in Fig. 1). 
From this graph it is possible to find the differ­
ence between the factor gSn for conduction elec­
trons in tin and the factor gd = 2.0036 for diphenyl 
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picryl hydrazyl 

FIG. 1. Record of 
the experimental ob­
servation of paramag­
netic resonance. Sig­
nals from three sources 
are seen: 1- from the 
copper parts of the 
resonator, 2- from 
diphenyl picryl hydra­
zyl, 3- from single­
crystal tin. The scale 
of the ordinate axis is 
proportional to the 
logarithmic derivative 
of the impedance of 
the sample with re­
spect to the magnetic 
field, plotted along 
the abscissa. 

(/Zsn- !Zd) I gd = (H d- Hsn) I Hsn =- (4.55 ± 0.15) .JO-~, 

from which gSn = 1.9945 ± 0.0003 (here Hct and 
Hsn are the resonance values of the magnetic 
field). 

The experiments described yield interesting 
data on the electron-spin relaxation times in 
single-crystal tin. Estimating the relaxation time 
T2 after Dyson2 as the reciprocal of width Ll.H of 
the paramagnetic resonance line, which is "'4.5 oe 
(Fig. 2), we obtain T2 "' 1.2 x 10-8 sec. The more 
precise expression found by Kittel and derived in 
reference 1 gives 

T2 = 1.35 I r~H ~ 1.7 .to-s sec 

(y is the gyromagnetic ratio). This value of T2 

is, however, underestimated by 20-30% as are­
sult of the line broadening due to the fact that the 
peak amplitude of modulation of the magnetic field 
was 1. 7 oe. (For this reason the resonance line 
of diphenyl picryl hydrazyl in Fig. 2 is also broad­
ened to "' 2 oe. ) 

Considering the interaction of the spins with 
the lattice vibrations by means of orbital momen-

FIG. 2. Paramag­
netic resonance of 
the conduction elec­
trons of single-crys­
tal tin (on the right), 
recorded simultane­
ously with the cali­
bration signal of the 
paramagnetic reso­
nance of diphenyl 
picryl hydrazyl. The 
variables along the 
coordinate axes are 
the same as in Fig. 1. 

tum, Elliot8 found, that the corresponding relaxa­
tion time T 1 must be proportional to TR I ( Ll.g )2 

where TR is the electron mean-free-path time, 
estimated from the conductivity of the metal, and 
Ll.g is the deviation of the g factor of the electrons 
of the material from its value for a free electron. 
(A relaxation of this character was obtained by 
taking account of the scattering of electrons on 
impurities in the case of semiconductors.) 

A more exact calculation of this effect was car­
ried out by Andreev and Gerasimenko.9 However, 
it is impossible to use their formulae to calculate 
T1, for they took into account only the interaction 
of the electrons with the lattice vibrations, where­
as under the conditions of the experiment the prin­
cipal scattering was by the impurities. It can be 
noted only that T1 must be large because of the 
large value of TR ~ 10-9 sec in the sample inves­
tigated, which indicates weak interaction between 
the electrons and the lattice. The value of TR in 
the experiments of Feher and Kip1 was on the 
order of 10-14 sec. 

The relaxation time T2 ~ 1. 7 x 10-8 sec means 
that the free path of the electron without changing 
spin orientation reaches 1 or 2 em, whereas the 
electron free path determined by the conductivity 
of the metal is l ~ 0.1 em. For a sample thick­
ness of 0.1 em this means that the electron can 
traverse the samples repeatedly, retaining its 
spin direction both as it collides within the metal 
and as it is scattered on its surface. This conclu-
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sion can also be drawn from the results of Feher 
and Kip. 1 

However, for metal particles that are smaller 
than the depth of penetration of the electromagnetic 
field, these circumstances are not of such impor­
tance, whereas in the case of bulk metal they may 
be of decisive importance in polarizing the nuclei 
of the metal by Overhauser's method, 10 as dis­
cussed by Azbel' et al. 3 From their results it 
follows that in paramagnetic resonance of the 
metal electrons significant polarization of the 
nuclei in the bulk metal should take place to a 
depth 

Consequently, in a specimen 0.1 em thick, with a 
high-frequency field applied at both sides, the po­
larization of the nuclei must be practically uni­
form throughout the volume. Since the sample 
thickness is less than the depth of spin diffusion 
6, saturation of the resonance must be achieved 
in high-frequency fields which are significantly 
smaller than in the case of samples with thickness 
large compared to 6. This consideration clearly 
permits a significant reduction in the power rating 
of the generator and the expected Joule heating of 
the sample, which is of considerable experimental 
importance. 

The author thanks P. L. Kapitza for his attention 
and interest in the work and Yu. A. Bychkov for 
useful discussions. 
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