
References and Notes 

1. G. D. Snell, Ann. Rev. Microbiol. 11, 439 
(1957), a review containing references to 
earlier work. 

2. This study was aided by grants from the 
American Cancer Society and from the Na- 
tional Cancer Institute, U.S. Public Health 
Service. I am greatly indebted to Drs. R. E. 
Billingham, George Klein, Joshua Lederberg, 
D. L. Lindsley, R. D. Owen, and Tracy M. 
Sonneborn, who read an earlier draft of this 
paper and found errors committed in a foray 
outside my laboratory experience. They are 
obviously not to be charged with those that 
remain still uncorrected. 

3. G. D. Snell, Ann. N.Y. Acad. Sci. 69, 555 
(1957); G. Hoecker, Cold Spring Harbor 
Symposia Quant. Biol. 21, 355 (1956); P. A. 
Gorer, Advances in Cancer Research 4, 149 
(1956); D. B. Amos, Ann. N.Y. Acad. Sci. 
63, 706 (1956); A. D. Barnes and P. L. 
Krohn, Proc. Roy. Soc. (London) 146B, 505 
(1957). 

4. M. K. Barrett and M. K. Deringer, J. Natl. 
Cancer Inst. 11, 51 (1950); ---, ibid. 12, 
1011 (1952); M. K. Barrett, M. K. Deringer, 
W. H. Hansen, ibid. 14, 381 (1953). 

5. T. S. Hauschka, ibid. 14, 723 (1953). 
6. --- , Trans. N.Y. Acad. Sci. 16, 64 (1953); 

---- and A. Levan, Exptl. Cell Research 4, 
457 (1953); T. S. Hauschka and D. B. Amos, 
Ann. N.Y. Acad. Sci. 69, 561 (1957); T. S. 
Hauschka, Proc. Can. Cancer Research Conf. 
2nd Con[. (1956), p. 305. 

7. E. Klein and G. Klein, Transplantation Bull. 
3, 136 (1956); ---, Symposia Soc. Exptl. 
Biol. No. 11 (1957), p. 305; G. Klein, Ann. 
Rev. Physiol. 18, 13 (1956). 

8. G. H. Algire, Ann. N.Y. Acad. Sci. 69, 663 
(1957). 

9. P. B. Medawar, "General problems of im- 
munity," in Ciba Foundation Symposium. 
Preservation and Transplantation Normal Tis- 
sues (1954). 

10. For a recent discussion, see D. L. Nanney, 
Proc. Natl. Acad. Sci. U.S. 44, 712 (1958). 

11. T. M. Sonneborn, Heredity 4, 11 (1950); G. 
H. Beale, Intern. Rev. Cytol. 6, 1 (1957); J. 
R. Freer, Jr., Ann. Rev. Microbiol. 11, 419 
(1957); D. L. Nanney, The Chemical Basis 
of Heredity (Johns Hopkins Press, Baltimore, 
1957), p. 134. 

References and Notes 

1. G. D. Snell, Ann. Rev. Microbiol. 11, 439 
(1957), a review containing references to 
earlier work. 

2. This study was aided by grants from the 
American Cancer Society and from the Na- 
tional Cancer Institute, U.S. Public Health 
Service. I am greatly indebted to Drs. R. E. 
Billingham, George Klein, Joshua Lederberg, 
D. L. Lindsley, R. D. Owen, and Tracy M. 
Sonneborn, who read an earlier draft of this 
paper and found errors committed in a foray 
outside my laboratory experience. They are 
obviously not to be charged with those that 
remain still uncorrected. 

3. G. D. Snell, Ann. N.Y. Acad. Sci. 69, 555 
(1957); G. Hoecker, Cold Spring Harbor 
Symposia Quant. Biol. 21, 355 (1956); P. A. 
Gorer, Advances in Cancer Research 4, 149 
(1956); D. B. Amos, Ann. N.Y. Acad. Sci. 
63, 706 (1956); A. D. Barnes and P. L. 
Krohn, Proc. Roy. Soc. (London) 146B, 505 
(1957). 

4. M. K. Barrett and M. K. Deringer, J. Natl. 
Cancer Inst. 11, 51 (1950); ---, ibid. 12, 
1011 (1952); M. K. Barrett, M. K. Deringer, 
W. H. Hansen, ibid. 14, 381 (1953). 

5. T. S. Hauschka, ibid. 14, 723 (1953). 
6. --- , Trans. N.Y. Acad. Sci. 16, 64 (1953); 

---- and A. Levan, Exptl. Cell Research 4, 
457 (1953); T. S. Hauschka and D. B. Amos, 
Ann. N.Y. Acad. Sci. 69, 561 (1957); T. S. 
Hauschka, Proc. Can. Cancer Research Conf. 
2nd Con[. (1956), p. 305. 

7. E. Klein and G. Klein, Transplantation Bull. 
3, 136 (1956); ---, Symposia Soc. Exptl. 
Biol. No. 11 (1957), p. 305; G. Klein, Ann. 
Rev. Physiol. 18, 13 (1956). 

8. G. H. Algire, Ann. N.Y. Acad. Sci. 69, 663 
(1957). 

9. P. B. Medawar, "General problems of im- 
munity," in Ciba Foundation Symposium. 
Preservation and Transplantation Normal Tis- 
sues (1954). 

10. For a recent discussion, see D. L. Nanney, 
Proc. Natl. Acad. Sci. U.S. 44, 712 (1958). 

11. T. M. Sonneborn, Heredity 4, 11 (1950); G. 
H. Beale, Intern. Rev. Cytol. 6, 1 (1957); J. 
R. Freer, Jr., Ann. Rev. Microbiol. 11, 419 
(1957); D. L. Nanney, The Chemical Basis 
of Heredity (Johns Hopkins Press, Baltimore, 
1957), p. 134. 

12. T. S. Hauschka, Cancer Research 12, 615 
(1952). 

13. R. S. Schweet and R. D. Owen, J. Cellular 
Comp. Physiol. 50, Suppl. 1, 199 (1957). 

14. G. H. Beale and H. Kacser, J. Gen. Micro- 
biol. 17, 68 (1957). 

15o. J. Lederberg and T. Iino, Genetics 41, 743 
(1956). 

16. G. D. Snell, J. Natl. Cancer Inst. 20, 787 
(1958). 

17. E. Klein and G. Klein, personal communica- 
tion. 

18. T. S. Hauschka and Jack Schultz, Transplan- 
tation Bull. 1, 203 (1954); M. Feldman and 
L. Sachs, J. Natl. Cancer Inst. 18, 529 (1957). 

19. N. Kaliss, Ann. N.Y. Acad. Sci. 59, 385 
(1955); --- and B. F. Bryant, J. Natl. 
Cancer Inst. 20, 691 (1958). 

20. R. E. Billingham, L. Brent, P. B. Medawar, 
Phil. Trans. Roy. Soc. (London) 239B, 357 
(1956); R. E. Billingham and L. Brent, Ann. 
N.Y. Acad. Sci. 69, 678 (1957). 

21. R. D. Owen, Science 102, 400 (1945). 
22. R. E. Billingham, L. Brent, P. B. Medawar, 

Nature 178, 514 (1956); L. Brent, Ann. N.Y. 
Acad. Sci. 69, 804 (1957). 

23. P. B. Medawar, Ann. N.Y. Acad. Sci. 68, 255 
(1957); V. Hhskovh and M. Hrubhsova; P. 
B. Medawar, Nature 182, 61, 62 (1958). 

24. R. D. Owen, Federation Proc. 16, 581 (1957). 
25. N. A. Mitchison, ]. Cellular Comp. Physiol. 

50, Suppl. 1, 247 (1957). 
26. H. Koprowski, Federation Proc. 16, 592 

(1957). 
27. D. B. Amos, P. A. Gorer, Z. B. Mikulska, 

Brit. J. Cancer 9, 209 (1955). 
28. The Nature and Significance of the Antibody 

Response, A. M. Pappenheimer, Ed. (Co- 
lumbia Univ. Press, New York, 1953); "Sym- 
posium on antibodies: their production and 
mechanism of action," J. Cellular Comp. 
Physiol. 50, Suppl. 1 (1957); "Antibody for- 
mation following cellular transfer," Federa- 
tion Proc. 16, 638 (1957). 

29. F. M. Burnet, Enzyme, Antigen and Virus 
(Cambridge Univ. Press, New York, 1956). 

30. A. H. Coons, E. H. Leduc, J. M. Connolly, 
I. Exptl. Med. 102, 49 (1955); E. H. Leduc, 
A. H. Coons, J. M. Connolly, ibid. 102, 61 
(1955); R. W. Wissler, F. W. Fitch, M. La- 
Via, C. H. Gunderson, J. Cellular Comp. 
Physiol. 50, 265 (1957); A. H. Coons, discus- 
sion of R. S. Schweet and R. D. Owen, ibid. 
50, 221 (1957). 

12. T. S. Hauschka, Cancer Research 12, 615 
(1952). 

13. R. S. Schweet and R. D. Owen, J. Cellular 
Comp. Physiol. 50, Suppl. 1, 199 (1957). 

14. G. H. Beale and H. Kacser, J. Gen. Micro- 
biol. 17, 68 (1957). 

15o. J. Lederberg and T. Iino, Genetics 41, 743 
(1956). 

16. G. D. Snell, J. Natl. Cancer Inst. 20, 787 
(1958). 

17. E. Klein and G. Klein, personal communica- 
tion. 

18. T. S. Hauschka and Jack Schultz, Transplan- 
tation Bull. 1, 203 (1954); M. Feldman and 
L. Sachs, J. Natl. Cancer Inst. 18, 529 (1957). 

19. N. Kaliss, Ann. N.Y. Acad. Sci. 59, 385 
(1955); --- and B. F. Bryant, J. Natl. 
Cancer Inst. 20, 691 (1958). 

20. R. E. Billingham, L. Brent, P. B. Medawar, 
Phil. Trans. Roy. Soc. (London) 239B, 357 
(1956); R. E. Billingham and L. Brent, Ann. 
N.Y. Acad. Sci. 69, 678 (1957). 

21. R. D. Owen, Science 102, 400 (1945). 
22. R. E. Billingham, L. Brent, P. B. Medawar, 

Nature 178, 514 (1956); L. Brent, Ann. N.Y. 
Acad. Sci. 69, 804 (1957). 

23. P. B. Medawar, Ann. N.Y. Acad. Sci. 68, 255 
(1957); V. Hhskovh and M. Hrubhsova; P. 
B. Medawar, Nature 182, 61, 62 (1958). 

24. R. D. Owen, Federation Proc. 16, 581 (1957). 
25. N. A. Mitchison, ]. Cellular Comp. Physiol. 

50, Suppl. 1, 247 (1957). 
26. H. Koprowski, Federation Proc. 16, 592 

(1957). 
27. D. B. Amos, P. A. Gorer, Z. B. Mikulska, 

Brit. J. Cancer 9, 209 (1955). 
28. The Nature and Significance of the Antibody 

Response, A. M. Pappenheimer, Ed. (Co- 
lumbia Univ. Press, New York, 1953); "Sym- 
posium on antibodies: their production and 
mechanism of action," J. Cellular Comp. 
Physiol. 50, Suppl. 1 (1957); "Antibody for- 
mation following cellular transfer," Federa- 
tion Proc. 16, 638 (1957). 

29. F. M. Burnet, Enzyme, Antigen and Virus 
(Cambridge Univ. Press, New York, 1956). 

30. A. H. Coons, E. H. Leduc, J. M. Connolly, 
I. Exptl. Med. 102, 49 (1955); E. H. Leduc, 
A. H. Coons, J. M. Connolly, ibid. 102, 61 
(1955); R. W. Wissler, F. W. Fitch, M. La- 
Via, C. H. Gunderson, J. Cellular Comp. 
Physiol. 50, 265 (1957); A. H. Coons, discus- 
sion of R. S. Schweet and R. D. Owen, ibid. 
50, 221 (1957). 

31. A. Tyler, Physiol. Revs. 28, 180 (1948); 
, in "The Beginnings of Embryonic 

Development," Am. Assoc. Advance. Sci. 
Publ. No. 48, A. Tyler, R. C. von Borstel, C. 
B. Metz, Eds. (1957), p. 341. 

32. P. Perlmann, Exptl. Cell Research 13, 365, 
454 (1957). 

33. D. W. Talmage, Ann. Rev. Med. 8, 239 
(1957); F. M. Burnet, Australian J. Sci. 20, 
67 (1957); N. K. Jerne, Proc. Natl. Acad. 
Sci. U.S. 41, 849 (1955). 

34. G. J. V. Nossal and J. Lederberg, Nature 181, 
1419 (1958). 

35. P. Weiss, "Specificity in growth control," in 
Biological Specificity and Growth (Princeton 
Univ. Press, 1955), p. 195. 

36. W. Beerman, Chromosoma 5, 139 (1952); 
Cold Spring Harbor Symposia Quant. Biol. 
21, 217 (1956); F. Mechelke, Chromosoma 5, 
511 (1953). 

37. M. E. Breuer and C. Pavan, Chromnosoma 7, 
371 (1955). 

38. G. T. Rudkin and S. L. Corlette, Proc. Natl. 
Acad. Sci. U.S. 43, 964 (1957). 

39. H. F. Stich and J. M. Naylor, Exptl. Cell 
Research 14, 442 (1958). 

40. A. Ficq and C. Pavan, Nature 180, 983 (1957). 
41. T. J. King and R. W. Briggs, Cold Spring 

Harbor Symposia Quant. Biol. 21, 271 (1956). 
42. For a discussion of the implications of these 

findings for the cancer problem, see J. Schultz, 
Ann. N.Y. Acad. Sci. 71, 994 (1958); Exptl. 
Cell Research, Suppl. 2 (1952), p. 17. 

43. K. R. Porter, J. Exptl. Med. 97, 727 (1953); 
G. E. Palade, ]. Biophys. Biochem. Cytol. 1, 
59 (1955); ibid. 2, No. 4, Suppl. 85 (1956); 
G. E. Palade and P. Siekevitz, ibid. 2, 671 
(1956). 

44. H. Gay, Cold Spring Harbor Symposia Quant. 
Biol. 21, 257 (1956). 

45. M. Watson, 7. Biophys. Biochem. Cytol. 1, 
257 (1955). 

46. G. N. Cohen and J. Monod, Bacteriol. Revs. 
21, 169 (1957); A. Novick and M. Weiner, 
Proc. Natl. Acad. Sci. U.S. 43, 553 (1957). 

47. E. Klein, G. Klein, L. Revesz, J. Natl. Can- 
cer Inst. 19, 95 (1957); G. Klein and E. Klein, 
J. Cellular Comp. Physiol, in press. 

48. T. M. Sonneborn, M. V. Schneller, M. F. 
Craig, J. Protozool. Suppl. 3 (8 Aug. 1957). 

49. T. T. Puck, Advances in Biol. and Med. Phys. 
5, 75 (1957). 

31. A. Tyler, Physiol. Revs. 28, 180 (1948); 
, in "The Beginnings of Embryonic 

Development," Am. Assoc. Advance. Sci. 
Publ. No. 48, A. Tyler, R. C. von Borstel, C. 
B. Metz, Eds. (1957), p. 341. 

32. P. Perlmann, Exptl. Cell Research 13, 365, 
454 (1957). 

33. D. W. Talmage, Ann. Rev. Med. 8, 239 
(1957); F. M. Burnet, Australian J. Sci. 20, 
67 (1957); N. K. Jerne, Proc. Natl. Acad. 
Sci. U.S. 41, 849 (1955). 

34. G. J. V. Nossal and J. Lederberg, Nature 181, 
1419 (1958). 

35. P. Weiss, "Specificity in growth control," in 
Biological Specificity and Growth (Princeton 
Univ. Press, 1955), p. 195. 

36. W. Beerman, Chromosoma 5, 139 (1952); 
Cold Spring Harbor Symposia Quant. Biol. 
21, 217 (1956); F. Mechelke, Chromosoma 5, 
511 (1953). 

37. M. E. Breuer and C. Pavan, Chromnosoma 7, 
371 (1955). 

38. G. T. Rudkin and S. L. Corlette, Proc. Natl. 
Acad. Sci. U.S. 43, 964 (1957). 

39. H. F. Stich and J. M. Naylor, Exptl. Cell 
Research 14, 442 (1958). 

40. A. Ficq and C. Pavan, Nature 180, 983 (1957). 
41. T. J. King and R. W. Briggs, Cold Spring 

Harbor Symposia Quant. Biol. 21, 271 (1956). 
42. For a discussion of the implications of these 

findings for the cancer problem, see J. Schultz, 
Ann. N.Y. Acad. Sci. 71, 994 (1958); Exptl. 
Cell Research, Suppl. 2 (1952), p. 17. 

43. K. R. Porter, J. Exptl. Med. 97, 727 (1953); 
G. E. Palade, ]. Biophys. Biochem. Cytol. 1, 
59 (1955); ibid. 2, No. 4, Suppl. 85 (1956); 
G. E. Palade and P. Siekevitz, ibid. 2, 671 
(1956). 

44. H. Gay, Cold Spring Harbor Symposia Quant. 
Biol. 21, 257 (1956). 

45. M. Watson, 7. Biophys. Biochem. Cytol. 1, 
257 (1955). 

46. G. N. Cohen and J. Monod, Bacteriol. Revs. 
21, 169 (1957); A. Novick and M. Weiner, 
Proc. Natl. Acad. Sci. U.S. 43, 553 (1957). 

47. E. Klein, G. Klein, L. Revesz, J. Natl. Can- 
cer Inst. 19, 95 (1957); G. Klein and E. Klein, 
J. Cellular Comp. Physiol, in press. 

48. T. M. Sonneborn, M. V. Schneller, M. F. 
Craig, J. Protozool. Suppl. 3 (8 Aug. 1957). 

49. T. T. Puck, Advances in Biol. and Med. Phys. 
5, 75 (1957). 

CURRENT PROBLEMS IN RESEARCH 

Thermoelectricity 
at Very Low Temperatures 

Kelvin's discovery may be the key today 
to electron transport problems. 

D. K. C. MacDonald 

CURRENT PROBLEMS IN RESEARCH 

Thermoelectricity 
at Very Low Temperatures 

Kelvin's discovery may be the key today 
to electron transport problems. 

D. K. C. MacDonald 

effect (known today as the Thomson 

heat) must exist in a single conductor 
when a current flows through it and the 
conductor is in a temperature gradient. 
The Thomson heat is reversible in the 
sense that a component of heat is evolved 
or absorbed, depending on the relative 
direction of the electric current and tem- 

perature gradient. After his theoretical 

prediction, Thomson then went on to 
show the existence of this effect by a 

painstaking series of experiments. The 
definition of the Thomson coefficient p. 
is given by the following equation: 

effect (known today as the Thomson 

heat) must exist in a single conductor 
when a current flows through it and the 
conductor is in a temperature gradient. 
The Thomson heat is reversible in the 
sense that a component of heat is evolved 
or absorbed, depending on the relative 
direction of the electric current and tem- 

perature gradient. After his theoretical 

prediction, Thomson then went on to 
show the existence of this effect by a 

painstaking series of experiments. The 
definition of the Thomson coefficient p. 
is given by the following equation: 

dT J.r. Q--= ~I- ~d + dT J.r. Q--= ~I- ~d + (1) (1) 

The experimental discovery of ther- 
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last century. The Seebeck potential, or 
thermoelectric force, is the voltage pro- 
duced in a circuit of two dissimilar ele- 
ments when one junction is heated rela- 
tive to the other (Fig. 1). The Peltier 
heat is the component of heat evolved 

10 APRIL 1959 

The experimental discovery of ther- 

moelectricity dates from early in the 
last century. The Seebeck potential, or 
thermoelectric force, is the voltage pro- 
duced in a circuit of two dissimilar ele- 
ments when one junction is heated rela- 
tive to the other (Fig. 1). The Peltier 
heat is the component of heat evolved 

10 APRIL 1959 

or absorbed at the junctions per unit 
time when unit current flows in a cir- 
cuit. It was William Thomson (Lord 
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(1), recognizing that they must be inter- 

related, and who was then led to make 
the remarkable prediction that a third 
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volume per unit time in a conductor; 
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trical conductivity. 
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Fig. 1. Schematic thermoelectric circuit. 
The net thermoelectric power of this cir- 
cuit is given by dV/dT=S1-S2, where 
S1 and S2 are the absolute thermoelectric 
powers of conductors No. 1 and 2. If 
Si > S2, then the polarity of AV is as 
shown in the figure. 

the irreversible scattering of electrons 
by chemical impurities and physical de- 
fects in the lattice tends to dominate 
the situation, and it quickly becomes 
more and more difficult to extract in- 
formation about the scattering of elec- 
trons by thermally activated processes. 
Of recent years, this has been seen to be 
particularly unfortunate because the de- 
tails of thermal scattering of electrons 
are of great interest to the fundamental 
theory at these low temperatures. In ad- 
dition, however, when more than one 
type of scattering process is involved, 
each, acting independently, would have 
to contribute a positive resistivity, since 
we are dealing with irreversible proc- 
esses; put in other words, scattering due 
to physical defects, chemical impurities, 
excited lattice waves ("phonons") of 
high energy, low-energy phonons, or 

other causes must in each case be essen- 
tially positive, and it is not always easy 
to distinguish experimentally between 
these types with certainty. Lastly, the re- 
sistivities being essentially irreversible 
effects, little can be said about their ex- 
pected behavior from a thermodynamic 
point of view (except, as we have said, 
that electrical and thermal resistivity 
must indeed be positive.) 

Not so, however, for the thermoelec- 
tric effects. It is becoming clear that the 
puzzling changes of sign observed in 
some elements, as we vary the tempera- 
ture, may well be a direct consequence 
of the changing predominance of differ- 
ent scattering components. It is indeed 
still true that the thermoelectric power 
(or Thomson heat) is sensitively depen- 
dent, in an almost alarming way in some 
cases, on temperature, on the type of im- 

TEMP ?K 
is assumed that the Thomson heat and 
the Joule heat are independent of one 
another. It is clear that the Thomson 
heat (Li), like the electrical conductivity 
(a) [or thermal conductivity (K)], is a 
bulk property of a conductor, and so 
indeed are the Peltier heat and abso- 
lute thermoelectric power; unfortunately, 
confusion still sometimes occurs today 
when it is implied that the Peltier heat 
and thermoelectric power are "contact" 
phenomena because they have to be 
measured in a circuit composed of two 
different conductors. 

The thermoelectric power is of great 
practical significance, since of course the 
use of thermocouples as thermometers 
depends on the very existence of this 
effect. On the other hand, we might 
perhaps say that thermoelectricity, until 
rather recently, has been to some ex- 
tent the "Cinderella" of conduction phe- 
nomena from the point of view of yield- 
ing fundamental information about elec- 
tron-transport behavior. In particular, in 
the last 30 years, a great deal of work 
has been done on the investigation of 
electrical conductivity at low tempera- 
tures (by which, roughly, we mean liq- 
uid-hydrogen temperatures-say, 20?K 
and below), and since World War II this 
work has grown to be very intensive at 
temperatures down to those of liquid 
helium (say, 1.5? to 4?K). Also, during 
this period thermal conductivity has be- 
come a rapidly growing field of interest. 
However, both of these parameters es- 
sentially measure thermodynamically ir- 
reversible effects. As a consequence of 
this, at sufficiently low temperatures 
(typically, below 4?K in a pure metal) 
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purity present, and so on, but this very 
sensitivity appears now to offer thermo- 
electricity as a rather valuable param- 
eter for testing theories of conduction 
and for obtaining fresh information in 
this field. At the same time, it is a con- 
sequence of the reversibility of the ther- 
moelectric phenomena that the behavior 
is not necessarily limited at low tem- 
peratures by the irreversible scattering 
due to impurities and the like, in the 
way that the electric and thermal resis- 
tivities are. Finally, we can, in some 
cases, usefully appeal to the laws of ther- 
modynamics for some guidance as to 
what behavior we must expect from the 
thermoelectric coefficients. 

Let us turn, then, to consider the sig- 
nificance of recent experimental work on 
thermoelectricity at low temperatures- 
say, 20?K and below. 

Thomson Heat and 

Thermoelectric Power 

William Thomson himself first sug- 
gested that the Thomson heat might be 
regarded essentially as the specific heat 
of electricity. This is not, however, to be 
identified immediately with the familiar 
specific heat at constant pressure or con- 
stant volume; it is a rather special spe- 
cific heat, measured in a temperature 
gradient under conditions of no net elec- 
tric current. Now in order to evaluate 
this properly we must appeal to some 
detailed theory of electron transport, but 
it would certainly be reasonable to as- 
sume that the Thomson heat should be 
fairly close in value to the more conven- 
tional equilibrium electronic specific 
heat. Thus, we should expect 

txLC (2a) 

or 

CJ Cel/e (2b) 

where C is the specific heat per unit 
(free) charge transported [assumed posi- 
tive from the defining Eq. 1]; cel is the 
specific heat per electron; and e is the 
charge of an electron in sign and mag- 
nitude. The relation shown in Eq. 2b 
follows from Eq. 2a of course if we as- 
sume conduction by free electrons. Now, 
the modern theory of metals gives 

_. tk ( T \ 
n'" (T ) (3) 

where To is the electron-degeneracy 
temperature (around 50,0000K for a 
typical metal), and thus we might ex- 

pect 
10 APRIL 1959 

Now k/e is about 10-4 volt/?C and 
we should therefore expect a Thomson 
heat falling linearly with temperature 
and diminishing from about 10-7 volt/ 
C? in the region below about 20?K. Ac- 
tually, one usually measures the absolute 
thermoelectric power (S) of a metal, 
but since we have the Thomson rela- 
tion 

TdS 
t d (5) 

ti and S should be identical if Eq. 4 is 
valid. Actually, few metals seem to be 
"well-behaved"-at first glance, anyway 
-in this temperature region. Perhaps 
most striking are the Thomson heats of 
the alkali metals between 2?K and 20?K, 
shown in Fig. 2. The variation of ther- 
moelectric behavior with temperature in 
most of this group of metals appears 
rather disconcerting, and the magni- 
tudes of the'lThomson heat and thermo- 
electric power, particularly in the 
heavier alkali metals, are often greatly 
in excess of the predicted values as in- 
dicated by the relation of Eq. 4 above. 

"Phonon-drag Effect" 

The tentative theoretical explanation 
today of these results rests on the so-called 
"phonon-drag" effect [or Gurevich effect 

.p 

-20 

-40 A + 'ii +,---- -- 

i-60 C + 

-80 \ \ 

-f-c \ ' i..- _---- 

(2)]. When we think of the Thomson 
heat as a specific heat of electricity, we 
are confining our attention essentially to 
the thermal entropy of the conduction 
electrons themselves. That is to say, 
under a temperature gradient, we may 
expect that the "hot" electrons (since 
they have higher velocities, for one 
thing) will tend to drift more rapidly 
towards the "cold" end than the "cold" 
electrons will drift in the opposite direc- 
tion, and that this will give rise to a 
thermoelectric current. However, if we 
also recall that the electrons collide with 
the excited lattice waves (or "pho- 
nons"), it is not difficult to see that we 
may be able, in this way, to "tap" the 
entropy gradient of the lattice waves as 
well. Perhaps the simplest way to think 
of this process is as follows: When a 
temperature gradient is present, the pho- 
nons will themselves carry a thermal cur- 
rent (the lattice heat flow) and if 
phonon-electron collisions are important 
-as indeed they are in a pure metal at 
low temperatures-then the phonons 
may tend to "drag" the conduction elec- 
trons with them from hot to cold. Thus 
arises the "phonon drag" effect, pro- 
ducing an additional component of ther- 
moelectric power. 

A simple momentum argument (see, 
for example, 3) leads us to expect: 

S tCliatt/Nel (6) 

where Clatt is the lattice specific heat 
per unit volume; Nel is the density of 

53Ff.n---- ------ 4- 

E1. 1+.+ +.Q I -- 

[. ...... ,- 1L . 6'1 
^ 
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Fig. 3. (Left) Absolute thermoelectric force of copper and alloys. (Open circles) Pure 
Cu; (open triangles) pure Cu+ 0.0009 atomic percent Sn; (solid triangles) pure Cu + 
0.0026 atomic percent Sn; (open triangles, inverted) pure Cu + 0.0054 atomic percent 
Sn; (plus signs) pure Cu + 0.026 atomic percent Sn. (Right) Relative electrical resist~ 
ance of these copper and copper-tin alloys. [After MacDonald and Pearson (6)] 
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free electrons; and c is a parameter lying 
between 0 and 1; if phonon-electron col- 
lisions can be neglected, = 0, while if 
phonon-electron collisions are dominant, 
c--> 1. 

As the temperature increases, the lat- 
tice specific heat grows rapidly [with 
(T/J)s]; and so long as c[ remains sig- 
nificant, Eq. 6 can give rise to quite a 
large amount of thermoelectric power. 
More detailed theories, such as J. M. 
Ziman and M. Bailyn are now develop- 
ing, suggest that the behavior of the 
"phonon-drag" effect could be quite 
complicated, depending on the precise 
mechanisms of phonon-electron scatter- 
ing. Now scattering may take place by 
direct interchange of momentum be- 
tween a phonon and an electron (the 
so-called "normal" process), or the ex- 
change may also involve momentum cor- 
responding to one of the reciprocal lat- 
tice vectors. It seems that this latter 
so-called "Umklapp process" (4) may 
yield a component of thermoelectric 
power opposite in sign to a component 
due to "normal" processes; furthermore, 
the relative proportion of these two scat- 
tering mechanisms may depend quite 
sensitively on the temperature. It then 
appears quite possible that a satisfactory 
explanation for the behavior of thermo- 
electric power down to, say, liquid he- 
lium temperatures may be provided in 

this way; indeed Ziman has suggested 
that this may well be one of the most 
sensitive ways of estimating the shape of 
the electron Fermi surface in relation to 
the Brillouin zones, since this is a vital 
factor in determining the relative fre- 
quency of the Umklapp processes. 

Fig. 4. (Left) Cryostat (with vacuum cans removed) for measurements of thermoelectric 
force below 1IK. A, Superconducting reversing switch; B, inner liquid helium bath at 
about 1 ?K; C, Alkali metal specimen; D, "pill" of paramagnetic salt. Over-all dimension, 
about 14 in. between arrows. (Right) Close-up of experimental "cage," showing "pill" Anomalous Minimum of 
of paramagnetic salt and alkali specimen mounted for experiment. Electrical Resistance 

At the same time, we should not for- 
get many other peculiar features found 
in thermoelectric power in the liquid 
helium and hydrogen temperature re- 
gion. It has been known for some time 
(see, for example, 5, 6) that in metals 
such as copper, very small amounts of 
impurity (of the order of 0.1 atomic 
percent) can have a quite violent effect 
on the thermoelectric power in this re- 
gion, and it appears rather certain that 
this behavior is related quite closely to 
the aunearance of an anomalous mini- 
mum in the electric resistance of such 
metals at low temperatures. This is illus- 

,~.f:i` ~ trated in Fig. 3. The anomalous mini- 
i. . - ,mum of electrical resistance has excited 

Fig. 5. Cryostat (inside Dewar vessel) in large electromagnet prior to establishment of mum of electrical resistance has excited 
magnetization cycle for achieving temperatures below 1 K. growing interest since it was first discov- 
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ercd in experiments on gold at Leiden 

(7), but so far no adequate theoretical 
explanation has been found for this be- 
havior. One is sometimes tempted to sus- 
pect that the fundamental explanation, 
when found, might perhaps be compar- 
able in significance for electron transport 
theory to the explanation of supercon- 
ductivity-although the phenomenon is 
of course less dramatic. 

Measurements Below 1?K 

Since experiments have proved so 
fruitful down to liquid-helium tempera- 
tures, one is naturally led to extend the 
work to even lower temperatures. Some 
results below 1?K have now been pub- 
lished (8, 9); apparatus for use in ex- 
periments at these temperatures is shown 
in Figs. 4 and 5. Since the "phonon- 
drag" effect should diminish as T3 
(compare Eq. 6) while the purely elec- 
tronic component should diminish only 
with T (see Eq. 4), we should certainly 
expect that at sufficiently low tempera- 
tures Eq. 4 would become essentially 
valid-and, in fact, temperatures below 
1 ?K, as a general rule, ought to be suf- 
ficient to achieve this. We have now car- 
ried out initial experiments on the alkali 
metals; on copper, silver, and gold; and 
on one or two other metals, such as plati- 
num, nickel, and iron. In the alkalis we 
find that the thermoelectric power has 
indeed now fallen to the order of magni- 
tude predicted by Eq. 4-that is, to 
around 10-8 to 10-9 volt/?C in the 
region below 1?K. On the other hand, 
the temperature-dependence is not al- 
ways linear, as we might expect it to be; 
indeed, in the case of potassium (com- 
pare the two parts of Fig. 6) the tem- 
perature-dependence appears almost 
quadratic, and, so far, we can offer no 
theoretical explanation for this behavior. 
Much remains to be done here, even 
among the alkali metals; in particular 
the dependence of thermoelectric power 
on impurity requires careful investiga- 
tion. 

Perhaps the most striking results be- 
low 1 ?K are those for copper, silver, 
gold, and platinum-particularly those 
obtained on gold. Figure 7 shows experi- 
mental data on two samples of gold- 
one specimen very much purer than the 
other-and Fig. 8 shows some experi- 
mental results on silver. The most re- 
markable feature is the high order of 
magnitude of the thermoelectric power 
in gold, even at 0.5 ?K. At this tempera- 
ture the "phonon-drag" effect should be 
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S 
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5x 10-0 

2x 0-10 

Fig. 6. (Left) The dashed line shows the predicted behavior at very low temperatures 
(irrespective of phonon-drag) ; Wilson (13) gives S = or2kT/3eTo. (Right) Data replotted 
on logarithmic scales; line shows T2 dependence. [After MacDonald, Pearson, and Tem- 
pleton (8)] 

quite negligible, and for the ordinary 
electronic component we should expect 
a thermoelectric power of about -4 x 
10-9 volt/?C; actually, with the purer 
gold specimen, a figure about 1000 times 
greater (about -4 jv/?C) is observed! 
Again, no theoretical explanation for this 
remarkable behavior is yet forthcoming; 
naturally we are most interested to see 
whether any other metals or group of 
metals will show thermoelectric powers 
of this (or perhaps an even greater) 
order of magnitude. 

The very high thermoelectric power 

found in gold at these low temperatures 
makes one consider another question. A 
thermoelectric power of about 10-8 
volt/?C, which we might generally ex- 
pect at 1?K, corresponds to an entropy 
of about 2x10-4 cal/?C per mole of 
electrons transported (that is, 1 fara- 
day-about 105 coul of charge trans- 

ported). On the other hand, a thermo- 
electric power as large as 5 ,uv/?C cor- 
responds to about 0.1 cal/?GC Faraday. 
This suggests at least the possibility of 
thermoelectric cooling even at these 
very low temperatures. 
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Fig. 7. Absolute thermoelectric power of silver at very low temperatures. [From data of 
MacDonald, Pearson, and Templeton] 
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Ideal Limit of Refrigeration 

A detailed analysis (see 10) 
the conclusion that the ideal ] 
refrigeration is given by 

AT/To - So2/2Lo 

where AT is the reduction of ti 
ture obtained; TO is the low temI 
(the cold end of the couple); S 
thermoelectric power at the co 
and Lo is the Lorenz number 
oT) at the low temperature. 

For a metal whose conductivit, 
ited by impurity or defect scatte: 
is generally the case at low tc 
tures) 

Lo =:- (k 2.5 x 10-8 (volt/de 

If, now, SO 10-8 volt/?C, tl 
dently, from Eq. 7, the outlook 
hopeless for thermoelectric cool 
the case of gold, setting SO - 

volt/?C, we would expect A7 
5 x 10-4 at temperatures around 
an amount which of course is stil] 
small to be practically useful. H 
at our present state of knowle 
cannot be sure that a metal or 
not to be found with even high 
m.oelectric power at low tempe 
and if one could be found for w 
was perhaps 10-4 volt/?C, the s 
would become very promisinm 
naturally provides a further ir 
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for experimental work on thermoelec- 
tricity at low temperatures. 

leads to There is another hopeful aspect; the 
limit of data of Fig. 8 show that the largest ther- 

moelectric power was obtained in the 
purer sample of gold. Now, if a metal 

(7) could be obtained which was sufficiently 
pure so that the conductivity was not 

empera- 
limited, at the low temperatures re- perature . 
quired, by impurity or defect scattering 

?0 is the but was limited rather by thermal scat- 
fId end; ld end; tering, then the Lorenz number (L) 

could in principle be very much lower 
. is. lim than the limiting value quoted above. 

This is because, if electrons are scattered 
ring (as by thermal vibrations at low tempera- 
empera- tures, the electrical conductivity (a) in- 

creases much more rapidly (as T-5) 
than does the thermal conductivity (K) 

g)2 (8) (which increases as T-2). Thus it is at 
least possible that a metal might be ob- 

hen evi- tained which would be sufficiently pure 
is quite to have both a high enough value of S 
ling! In and a low enough value of L to be of 
5 x 10-6 use for low-temperature refrigeration. 
'/To~ ̂  If thermoelectric refrigeration could 
1?K- be made a practical possibility at low 

I far too temperatures (say ?K), it would be of 
[owever, considerable benefit to experimental re- 
dge we search. At present the only feasible 
alloy is method is to use the adiabatic demag- 
er ther- netization of a suitable paramagnetic 
?ratures, salt, as first envisaged by Debye and 
zhich SO Giauque, in order to achieve tempera- 
ituation tures below 1 ?K. A number of such salts 
g. This are available-such as iron ammonium 
icentive alum (which is rather popular), with 

T (?K) 

I 1.5 2 2.5 3 

B 

A\ 
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NO o o 

Fig. 8. Absolute thermoelectric power of two specimens of gold at very low temperatures. 
Sample A ("specpure" quality): R4.2oK/R294oK 3.19 x 10-a. Sample B (lower purity), 
unannealed): R^.ax/R2o 6.-39 x 10- 2. [From data of MacDonald, Pearson, and Tem- 
pleton] 
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Fig. 9. Superconducting reversing switch 
designed by Templeton for operation in 
liquid helium. (About 1/2 by 1I4 in.; 
height, about 3/4 in.) 

which one can conveniently work down 
to about 0.05?K, and, say, cerium mag- 
nesium nitrate, with which temperatures 
of a few millidegrees Kelvin can be 
reached. Of course such salts are used as 
refrigerating agents in this work, but 
there are certain serious difficulties that 
are met with. As the temperature is re- 
duced, the thermal conductivity of the 
salts themselves becomes rather poor, 
and the temperature distribution may 
thus become rather inhomogeneous 
through the salt "pill." It is also not easy 
to achieve satisfactory thermal contact 
with the salt itself for the purpose of 
cooling some other material; my co- 
workers and I usually use the method of 
recrystallizing the salt directly from a 
saturated solution onto a silver mesh, 
but we are by no means certain of the 
adequacy of thermal contact below, say, 
0.1?K. 

Another problem of long standing is 
the question of determining the absolute 
temperature below 1?K. An approxi- 
mate temperature is obtained by assum- 
ing that the magnetic susceptibility of 
the salt (x) obeys Curie's law (X oc l/T). 
This is in fact an excellent approxima- 
tion in the liquid-helium region; hence 
a calibration of magnetic susceptibility 
against absolute temperature can readily 
be made in this temperature range. This 
calibration is then extrapolated to pro- 
vide a so-called "Curie temperature" 
down to the low temperatures achieved 
when the salt is adiabatically demagne- 
tized. However, deviations from Curie's 
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law must (and indeed do!) occur at suf- 
ficiently low temperatures, and thus for 
accurate work it is necessary to make an 
absolute calibration in the very low 
temperature region. This, in principle, 
can be done by various methods involv- 
ing the second law of thermodynamics, 
by taking the salt through a reversible 
cycle. However, a difficulty arises in the 
fact that the calibration found does not 
always agree from laboratory to labora- 
tory, or indeed necessarily from one sam- 
ple of a salt to another, since the be- 
havior may depend on the previous 
history of the specimen. One solution is 
to use as a thermometer an auxiliary 
sample of a paramagnetic salt (such as 
cerium magnesium nitrate) which is 
known to obey Curie's law down to 
rather low temperatures, but of course 
this all adds to the experimental diffi- 
culties involved. In principle, a very at- 
tractive solution would be one in which 
use was made of the electrical Brownian 
movement ("thermal noise") in a re- 
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sistor for thermometry, but there are 
many difficult technical problems as yet 
unsolved, not the least of which is that 
of measuring the very small noise volt- 
age with some accuracy. 

Another challenging aspect of the 
measurement of thermoelectric power at 
very low temperatures is the problem of 
measuring the small thermoelectric volt- 
ages involved in many cases. The super- 
conducting reversing switch (see Fig. 9) 
and superconducting modulator devel- 
oped in these laboratories by Templeton 
(11) have proved invaluable, and we 
feel that the limit of sensitivity has by 
no means yet been reached (12). All in 
all, it appears that the study of thermo- 
electricity at very low temperatures is 
full of promise, and "Cinderella" may 
yet turn out to be the "belle of the ball." 
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White House Reports on Scientific Aspects of 
Radiation Belts Created by Argus Experiments 

News of Science 

White House Reports on Scientific Aspects of 
Radiation Belts Created by Argus Experiments 

Three nuclear test explosions, in a 
series called Project Argus, were set off 
300 miles above the earth on 27 and 30 
August and 6 September 1958 by a Navy 
task force in the South Atlantic Ocean. 
These tests, the first such explosions in 
outer space, are reported to have had a 
force measured in kilotons. 

Argus was first announced by the New 
York Times on 19 March. The an- 
nouncement was promptly confirmed by 
the Department of Defense, but Deputy 
Secretary of Defense Donald Quarles, 
speaking at a news conference, was re- 
luctant to go into any details and ex- 
pressed regret that the project had been 
made public. On 25 March the White 
House released a report on the Argus 
experiments prepared under the direc- 
tion of the President's Science Advisory 
Committee and the International Geo- 
physical Year Committen of the National 
Academy ibf Sciences. The text of the 
report follows. 
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Committee's Report 

This report discusses the scientific as 
distinct from the military results and im- 
plication of the Argus experiments. Be- 
cause of the fact that many of the ex- 
periments performed in connection with 
these atomic bursts involved both the 
election trapping phenomenon and clas- 
sified military effects phenomena, it was 
considered advisable to withhold all re- 
sults classified until a proper sorting of 
the information could be accomplished. 
Since reports on relevant military aspects 
have only become available within the 
last two weeks, it has not heretofore been 
possible to release any of this informa- 
tion. 

The scientific aspects of these experi- 
ments, involving three high-altitude small 
atomic bursts over the South Atlantic in 
August-September 1958 are regarded by 
many participants as one of the major 
achievements of the International Geo- 
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sults classified until a proper sorting of 
the information could be accomplished. 
Since reports on relevant military aspects 
have only become available within the 
last two weeks, it has not heretofore been 
possible to release any of this informa- 
tion. 

The scientific aspects of these experi- 
ments, involving three high-altitude small 
atomic bursts over the South Atlantic in 
August-September 1958 are regarded by 
many participants as one of the major 
achievements of the International Geo- 

physical Year. The execution of these 
experiments engaged the coordinated re- 
sources of large segments of the scien- 
tific talent of the nation, and it was ap- 
parent that the effects of the experiment, 
if successful, would be recorded by in- 
struments of the far-flung international 
network of the IGY. The compilation of 
the observational and interpretative con- 
tributions by the many participants will 
doubtless stand as a durable milestone in 
the development of man's knowledge of 
the great natural phenomena of the 
earth's atmosphere which have engaged 
his study for many centuries. 

Christofilos Proposal 

The underlying idea for the Argus ex- 
periments was due to Nicholas C. Chris- 
tofilos, physicist of the Lawrence Radia- 
tion Laboratories of the University of 
California. In October 1957 he called 
attention to the fascinating physical ef- 
fects which might be expected to follow 
an atomic burst in the near-vacuum of 
outer space, high above the earth and 
its dense atmosphere. Of the various ef- 
fects contemplated, the most interesting 
one promised to be the temporary trap- 
ping of high-energy electrons at high 
altitudes in the magnetic field of the 
earth. Following the burst there would be 
thrown off in all directions nuclei of in- 
termediate atomic weight. Most of these 
nuclei, as is well known, are radioactive 
and subsequently decay with the release 
of energetic electrons and gamma rays. 
Most of the decays occur within a few 
minutes. The fission fragments them- 
selves are electrically charged and move 
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