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of such group seems to be rather general in view of measu re­
ments done at this laboratory on the copper ( II ) a nd silver 
(II) derivati \"1!s of the pyridine-monocarboxylic and ·dicar­
boxylic acids. 'Strong differences in the spin-lattice relaxation 
time of dilTerellt compounds have been observed. 

* Based on wort performed under the auspices of the U . S .. -\(olllic Energy 
Commission. 

tOn lea\°t! of absence from IllstilulO Venezolano dt! In \"cstigaciones 
Cientificas. Car""...,. 

1 D. I..::ivelson and R. :-Ieiman. J. Chem. Ph}"s.35. 149 (1961). 
2 A. H. Maki 2nd 13. R. McGarvey. J. Chelll . Phys. 29 • .35 (195S). 

E13. Electrochromism (Stark Effect) in Solids Due to 
Isolated Absorbing Centers. j. KUMAMOTO, ]. C. POWERS, 
AND ..... V. R. HELLER , IB.lI ThOll/as 1. ~Vatscl~ Research Center, 
Yorktown Heighis.-A study has been made of the effect of 
applied electric lields upon the ab~orption spectrum of a dye 
molecule (methyl red) dissolved in a relati\'ely incrt. trans· 
parent matrix of high dielectric strength (polystyrene) . Theory 
indicates that the existence of a large dipole moment in either 
ground or excited state (or in both, if the moment ditTers in the 
two states) should lead to a broadening of the absorption band. 
In contrast, t he existence of excited states of appropriate type 
lying close to that involved in the transition should produce a 
shift to the red. In the present instance, the second elrect 
dominates, and one observes, with a field of about 1 million 
v/cm, a shift cf around 10 A of the principal band which is 

centered near 5000 A. Possible uses of this technique are iI, 
evaluating the local field at a n absorbing molecule and iI, 
e'i t illiating dipole moments of various states. 

E14. Preparation and Electrical Conductivity of Cu-tetra_ 
2,3-pyridino-porphyrazine and Cu-tetra-2,3-pyrazino-porphy. 
razine. iVI. j. DANZIG AND C. Y. LIANG, American Vim", 
Corporatio1!..-In order to relate semiconduction of org..!II i, 
substances to structure, copper tetra-2,3-porphyrazines 11 ('1,· 
made containing pyridine a nd pyrazine rings. These 11"'1' 
prepared from the correspond ing dinitriles and copp"r. '1 h, 
electrical conductivity of the sam ples in pressed disks 11.' . 
measured with a vibrat ing-reed electrometer. Conductill , 
glass was used as front electrode of the sandwich cell. The Ct·I : 
was placed in a metal container which could be evacuated alld 
heated to a higher temperature. At room temperature, the fI ' 

sistance is in the order of 109 ohm s for Cu-tetra-2,3-pyridi ll" 
porphyrazine and 10' Oh ll15 for Cu-tetra-2,3-pyrazino-pol 
phyrazine mono-hydrate. Similar measurement for a saillp i, 
of Cu-phthalocyanille is in the order of 1011 ohms. The II' 

sistance for each sample was found to follow the equati,,, 
R = Ro exp (tJ.E/2KT) with activation energy tJ.E being 1.17 CI 

for Cu-tetra-2 ,3-pyridino porphyrazine and 0.69 for Cu-telr.l. 
2,3-pyrazino-porphyrazine. With tungsten-la mp illuminatioll . 
the photocurrents were found to be proportiona l to the appli,·" 
voltage across the samples at various temperatures. 
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EAl. Free-Carrier Magneto-Optic Phenomena in Semiconductors. E. BURSTED" The University 
of Pennsylvania. (30 min.) 

EA2. Cyclotron Resonance in Diamond. C. ROUCll, Li1/coln Labora/ory 11£ IT. (30 min.) 

Band Structure and Excitons in Diamond-Type Crystals 

EA3. Faraday Rotation in p-Type GaSh. H. PILLER AND 
V. PATTO~. [. S. Naval Ordna1lce Laboratory, Corona (intro­
duced by R. F. Potter) .-The Faraday rotation in p·type 
GaSb has beeu measured in the wa\'elength region 1.5 to 5 /10. 

Magnetic fields up to 20 kgauss were obtained by a Varian 
4-in. magnet. The Faraday effect corresponding to direct 
transitions takes on negati \'e yalues for wavelengths shorter 
than 1.9 /10 and has positive values corresponding to indirect 
transitions for larger wavelengths. The Faraday effect was 
measured at 297° and nOK. The \'erdet coefficients have 
values betweel1 -1.7)(10 .... at 1.7 /10, 1.7X1O- s a t 2.2 /10 , and 
3X10- 6 at 3.6p. in unit; of radian / ce ntimeter gauS5. The shift 
of the rotation \\'ith temperature is 4.5X 10- 3 de~cl a t 1.7 p.. 

t'\o rotation \\'as observed in the free·carrier range. 

EM. Polarized-Radiation Studies of Magnetoplasma Re­
flection in InSb. E. D. P.\LIK, 13. W. HE;-';\lS, AND S. TEITLER, 
U. S. Naval Research Laboralory.-i\[agnetoplasma reOection 
at room telllpera~ure was measured on a sample of II·type 
InSb with IOU carriers/ cm3 using left and right, circularly 
polarized, infrarcd radiation propagating parallel to t he mag· 
netic field (Faraday orientation ). The plasma edge ~hi fts to 
higher or 100x'cr freC]uency as given by W.lo,",w p ±(1/2)we 
+ (I/8)w; /w,.. The Kerr elTect was measured wh en plane· 
polarized radi.ltion incident in the Faraday orientat ion 
e.xhibited rota.tion due to the rlilTerential phase sh ift s on reflec­
tion for the left and right circular cOlllponen ts and an ellip­
ticity due to the difierentia l-reflectivity alllplitudes. The 

frequency dependence of the ellipticity was characterized by 1111 
extrema separated by We. Simila rly, rotation and ellipticit , 
measurements were made for incident plane· polarized radi .1 
tion with electric vector oriented at 45° with respect to lia 
magnetic field a nd propagating perpendicular to it (\'oi,1 
orientation). The rotation is due to the differential·reflecti\"il \ 
amplitudes of radiation with elec tric vector parallel and pcr 
pend icuiar to the magnetic rleld, and the ell ipticity is due I 

the differential phase shifts upon reflection. All experiment .. 
results were in reasonab le agreement with theoretical result · 
l btained using a Drude-Zener model for carrier motion. 

EAS. Resistivity of Gray Tin as a Function of Pressur~ . 

S1 . VEN H . GROVES A!'iD WILLIAM PAUL, Harvard Unit'ersit)'. ­
The variation of rc~istance of n-type gray tin with hytil ':' 
~Iil tic pressure has been measured between 77° and 233°h 
:\car 2.i3°K, the increase ill intrinsic resisth 'ity with pressull 
if left uncorrected for (small) dimensional changes and II I' 
bili ty chang-es, gi\'es a pressure coefficient of the energy ~:., 
of +5X IO-& ev/kg/cm2, identical with the coeHicient for t l:< 
L, -r~: ga p in Ge. Between 173 ° and j7 °K, we observe wr · 
large changes of resist ivity (60% decrease in 2800 kg/clII' .,' 
125 °K) that are inexplicab le in terms of changes of the parall il 
ters of a single band, whell Ge and Si are used as typic .. , 
exalllpies. These results, however, arc qualita tively reason.I! " 
if the electron sca tteriug depends upon the hole popul,lt'" 
(which decreascs rapidly as the application of pressure i,. 
creases tl)e energy gap). If, at these temperatures, the ellen;' 
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~.lp is of the order of phonon energies, electron scattering may 
;.c predominantly from conduction band (s) to valence band. 
t, 1e<'tron scattering uy holes would a lso show this strollg pres­
'.Ire dependellce. 

EA6. Pressure Dependence of Refiectivity Peaks in Ger­
manium and Related Materials. R. ZALLE:-i, \\'ILLlAM P,\UL, 
\~o J. TAUC, * Harmrd Universily.-The identification of the 
,.k,.,;u-onic transitions responsible for the reflecti,·it~ · peaks in 
l:C and related >emiconductors pro"ides a method for im'esti­
,.\ling the sh ifr " 'ith hydrostatic pressure of energy-ba nd 
" trema lying in the deeper regions of the band structure. The 
.u!!gestion that correspond ing' transitions haye about the 
,line pressure dependence in the cubic group 4, group 3-5, a nd 
.roup 2-6 semiconductors may be tested. :\leasuremenls ha \'e 
'-cen made to 9000 kg/ cm' using an a rrangement in,'oh-ing 

• [tlltr successi"e reflections fro III etched surfaces. In Ge, the 
. pin-orbit split peaks due to L3 to L, transitions occur at 
'llt'rgies of (2. \1 + i,S X 1O-6P) ey and (2.3 1 +8.3 X 10- 6P) e"; 
in GaSb the corrl'Sponding peaks occu r a t (2.03+6.S X 1O-6P) 
I I ' and (2.48+8.2 X 10- 0P) ey, where P is the pressure in 
.,,/cm2• A small increase of the La' spin-oruit splitting with 
nressure is indicated , The accuracy of the pressure coefficient s 
IS about 5%. For Ge we can deduce, from these data and other 
j" fonnation, the following pressure shifts (in units of 10- 0 

tl'/kg/cm2):r2S', -3.6;Llo +1.4;L3, -6.1 and -6.9. 
• UNESCO fello .... on leave from Institute of Technical Physics, 

Czechoslovakian Academy of Sciences, Prague. 

EA7. Exciton and Impurity Absorption in GaSb,· E. J. 
jU[l.'i:SON AND H. Y. FA:-<, Purdue University.-The absorption 
Itlge in GaSb shol\"s a slopin~ tail due to impurity excitat ion 
J; is indicated by photoconductivity studies of Habegger. In 
the purest samples (p-type), the tail is " ery weak at helium 
:emperature. T hree sharp exciton peaks ha"e been observed 
on the steep edge by using high resolution. At l.i oK , the peak 
• is at the top of the absorp tion edge at 0,8100 ev and corre­
<ponds to the first peak observed pre"iously' under app lied 
:llagnetic field. The other peaks, {J (0.80-!9 ev) and")' (0. 7960 ev), 
are apparently e. ... citons bound to impurities. Under magnetic 
field, the a peak shifts to higher energy, about linearly 
( ..... 0.12 Mev/kg) abo"e 10 kg, The peak is broadened by the 

\ presence of 11I0re than one cOll1ponent, th e positions differillg 
!ur EIIH and EJ.H. :\ number of oscillations in absorp tioll 
.Ias observed at higher energies which agree substant ia lly 

I . ith the results of Z\\"erdling et al. The (3 and "Y peaks spl it into 

I 
I"ublets under magnetic field a nd shift to higher energies, The 
·hift a ppears to be quadratic in 1I up to 20 kg. Both compo-
.,uts a re little alTected b~' the polarization of the rad iat ion, 
rhese results are useful for the understanding of exci lon for­
I.ltion and energy-baml structure. 
• Work supported by aU. S. Signal Corps contract and by a General 

: elephone fellowship.. 
's. 4werdling. B. Lax, K. Button, and L. 11. Roth, J. Pbys. Chem. 

>.>Iids 9, 320 (1959), 

EA8. Recombination Radiation in GaSb.· I. FILI~SKI A ' 0 

!1. Y. FAN, Pllrdlie Unit1crsity.-Recombination radia tion in 
I~.JSb has been studied u ~i ng electrical and opt iral injections. 

Electron-hole recombination emission has a peak close to the 
energy gap: 0.72 ev at 300°1( and 0.798 ev at 77°1(, the sh ift 
being associated with the increase of energy gap. At 300 °1( a 
second peak was observed at ",0.67 ev, and a t 77 c f( a second 
peak was seen at 0.778 e\'. These peaks were apparently pro­
duced by electron recombinalion with impurity levels which 
are estimated to be ~O.OS an d ",0.025 e\' above the valence 
band. At liquid-He temperature, two pea ks were observed a t 
0.778 and 0.796 ev. The 0.ii9-ev peak corresponds to the 
0.778-ev peak at 77°K. The 0.796-ev peak does not, however, 
correspond to the hole-electron recombination emission which 
peaks at 0,798 e\' a t 77 °K. It is interpreted as exciton re­
combination a t some impurity; a sharp pea k at 0.796 ev has 
been obser\"Cd a lso in infrared a bsorption as reported in the 
companion paper. Degenerate p-type, compensa ted p-type, 
a nd lI-type samples haye been studied a lso, in which emissions 
im'oh-ing various impurity levels are obsen·ed . 

• Work supported by the U. S. Army Signal Corps. 

EA9. Exciton-Recombination Radiation and Phonon Spec­
trum of lSR SiC. W. ], CHOYK E, D. R. HAMILTO:-1, AND LYLE 
PATRICK, Westinghouse Research Laboratories.-The optical 
transitions in 15R SiC are indirec t,' and the low-temperature 
exciton-energy gap is about 2.99 ev (1 % less than that of the 
more-common poly type, 6H). \Ve have observed a photo­
luminescence spectrum in 15R SiC consisting of about 50 re­
solvable narrow lines with photon energies falling between 
2.85 and 2.98 ev. The lin e~ can all be attributed to exciton re­
combination at un-ionized nitrogen (donors), both with and 
without phonon emission. The complexity of the spectrum is 
due to the large unit cell of ISR SiC, which has two significant 
effects. (1) There are fi,'e inequi"alent carbon sites on which 
nitrogen may substitute, thus giving rise to five series of 
emission lines. (2) The la rge unit cell generates a complex 
phonon spectrum which makes each series of lines complex . 
Examination of a single series of lines yields a phonon spec­
trum. The binding energies of excitons to the different nitrogen 
centers ha"e been determined. The largest binding energy is 
about twice the smallest, 

1 Lyle Patrick, W . J . Choyke. and D . R. Hamilton, Bull. Am. Phys. Soc 
6, 148 (1961) , 

EAIO. Comparison of 6H SiC and lSR SiC Exciton­
Recombination Radiation. LYLE PATRICK, D . R, H.UULTON, 
A~D \\'. J. CHOYK E, lVestillgho'lIse Research Laboratories.-At 
the -"ew York mceting,' we reported observation of an exciton­
rccomhination radiation spectrum for 6H SiC. In many 
respec ts it is similar to the lSR SiC spectrum described in the 
previous abstract. One oU"ious difTerence is that there a rc ollly 
three series of lines in the 6H SiC spectrulll inslcad of the !i"e 
in 15R SiC. (There a re three crystallographica lly ineq ui,'a lellt 
sites available to nitrogen in 6H SiC.) I t is 1l 0W possible to 
compare the two polytypes with respect to cnergy gaps, 
phonon energies, and binding energies of the exciton-to­
nitrogen donors, Extended k-space plots are used to classify 
the phollons. 

I W. J. Choyke and Lyle Patrick, Bull. Am. Phys. Soc. 7, 77 (1962). 
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Radiation Damage in Semiconductors and Insulators 

Fl. Distribution of Electron-Bombardment-Induced Radia­
'ton Defects with Depth in Silicon. H, FLlC"ER A:-IO J. j. 
I.OFERSKI,· RCA Laboratories.-The density of recombination 

centers introd uced illto silicon by 0.50-:-'lev e lcc lron bom­
bardment has been mca sured as a fun ction of pellctr:tlion 
dista nce by monitoring the decrease of 5hort-circuit electron-
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