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ABSTRACT 
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INTRODUCTION 

I.   SOLID STATE DEVICE  RESEARCH 

Laser action in which coherent radiation at 5. 2 \i emanates from the bulk of the semiconductor 

has been obtained from InSb n pp diodes in which an electron-hole plasma has been estab- 

lished. Below threshold, injection luminescence was obtained from the entire 400-fj length of 

the bar-shaped p-type base region to which the n and p contacts had been alloyed. The lu- 

minescence results as well as the I-V characteristic of the diodes indicate the formation, un- 

der forward bias, of a "large" volume injection plasma in the p-region, as was previously 

reported for the "madistor." Above threshold, the angular spread of the beam indicates co- 

herent spots of 50^ measured in the direction of the current. This area is about an order of 

magnitude larger than has been reported for GaAs and InAs lasers. Large, coherently emit- 

ting areas mean smaller beam angles, and the large radiating volume is better suited for light 

amplification, higher output powers, and may possibly lead to lower threshold current densi- 

ties. Thus many of the limitations of laser action, when it is confined to the junction region, 

may be eliminated in this, the first diode bulk laser. 

Laser action has been obtained in PbSe diodes operated at 12°K. The emitted coherent radia- 

tion was at 8. 5^. Thus the wavelength range for diode laser action has been extended beyond 

the previously reported limit of 6. 5^ for PbTe into the 8- to 14-^ "atmospheric window." 

Laser action has been obtained in GaAs at liquid helium temperature by generating electron- 

hole pairs with a beam of 50-kev electrons.    The threshold beam current density was about 
2 

lamp/cm   (beam diameter ~0.5mm).   Assuming that the mean total energy required to pro- 

duce a pair in GaAs is 5ev, and neglecting any backscattering of the 50-kev electron beam, 
4 2 this is equivalent to a threshold current density of 10 amp/cm in a diode laser. Back- 

scattering of the beam may reduce this value by as much as 50 percent. "Snooperscope" 

observation of the sample emission indicates that laser action occurs in filaments along the 

surface on which the electron beam impinges. The beam diameter, although larger than the 

0.21-mm distance between the faces of the Fabry-Perot cavity, was smaller than the 1-mm 

width in the direction perpendicular to the cavity. By sweeping the beam along this width, dif- 

ferent filaments have been preferentially excited. The technique of electron-beam pumping 

will hopefully permit laser action to be obtained in the visible in those wide-bandgap semi- 

conductors in which it is difficult to produce good p-n junctions or in which resistivities are 

so high that series resistance and consequent heating preclude the use of electrical injection. 

A miniature pulsed-laser-diode transmitter has been mounted inside a small copper cylinder 

\ inch in diameter and 1 inch long. This transmitter, which consists of a GaAs diode laser, a 

capacitor, a charging resistor, and a pnpn switching transistor has successfully operated at 

room temperature with l| watts of peak power output for a pulse length of 20nsec. Miniature 

versions of the requisite power supply and low-power trigger source are now being fabricated, 

in 



and the complete transmitter should be much smaller than a two-cell flashlight. This room- 

temperature pulsed-laser system should have many applications in radar and other range- 

finding equipment. 

Single-crystal (In Ga.    )As has been grown by a vapor phase reaction, and diodes have been x     i—x 0 
fabricated from these crystals which lased within the 8750- ± 50-A range required to pump a 

+3 
Nd     laser efficiently.   In addition, the crystal quality has been improved so that the threshold 

2 
current densities are now typically 3000amp/cm    at 77°K, and the power output from these 

mixed-crystal diodes is essentially the same as that from good GaAs diode lasers. 

In order to observe the pattern of infrared radiation from the surface of a diode laser, a sen- 

sitive scanning infrared microscope has been constructed. This image converter, which uses 

a slow mechanical mirror scanning system in conjunction with an InSb photodetector, is able 

to display, on an oscilloscope, images of sources emitting radiation of wavelengths from the 

visible to 5. 4/j. Potentiometers mechanically linked to the mirror position yield voltage to 

drive the x- and y-axes of an oscilloscope, and the output signal from the photodetector suit- 

ably amplified by a phase-sensitive amplifier is used to modulate the intensity of the oscillo- 

scope trace. A magnification of about 25 times with a resolution of about 40y. has been 

achieved for this scanning microscope system. 

Inversion of the {ill} surface occurs in single-crystal regrowth during interface alloying of 

intermetallic compounds, if A{lll} surfaces are mated to A{lll} surfaces or B {l 11} surfaces 

are mated to B {ill} surfaces. Since A {ill} surfaces develop etch pits in oxidizing etchants 

whereas B{lll} surfaces do not, we have used etching studies to detect this diatomic inversion 

in the recrystallized region of the lower-melting-point semiconductor with respect to the un- 

melted portion of this semiconductor. The results indicate that the recrystallized region 

grows as a single crystal which emanates from the surface of the higher-melting-point 

semiconductor. 

The Gunn effect oscillator has been operated CW. All such oscillators have previously oper- 

ated only on a pulsed basis(~l-/jsec pulses) to prevent overheating and burnout of the devices. 

By careful heat-sinking of a 25-JJ- thick, 125-JJ- square, 1-ohm-cm GaAs, continuous room- 

temperature operation was possible with the output predominantly at5Gcps but with substantial 

output at many other frequencies. The 5-Gcps frequency is predicted from the equation origi- 

nally presented by Gunn. It is now necessary to terminate the oscillator with the proper im- 

pedance network so that single-frequency operation can be obtained. 

11.    LASER  RESEARCH 

Stimulated Raman emission at 90° to the ruby-laser beam in CS„ has been obtained, and the 

threshold has been compared with that in nitrobenzene. With mirrors that reflect ruby-laser 

wavelengths placed in the Raman cavity (filled with CS or nitrobenzene), a narrow laser-like 

beam at 6943 A radiates at 90° to the primary laser beam. Presently, etalon photographs are 

being taken to establish that this is a 90° Brillouin laser, down-shifted by 4.25Gcps from the 

pump frequency. 



Effects of enhancement of stimulated Raman emission by a cavity set at angles other than 0° 

and 90° to the ruby-laser direction have been observed. The intensity of the anti-Stokes ra- 

diation AS still peaks at the usual phase-matching angle but is optimized when the cavity an- 

gle is at the phase-matching angle for S. . 

For a variety of solids and liquids, data have been obtained on the number of stimulated 

Stokes, anti-Stokes, and multiple-scattering lines that are achievable with a particular ruby 

laser. 

A study has been made of the time, pressure, and wavelength characteristics of the afterglow 

in a ruby-laser-created breakdown in several gases. Volume electron-ion recombination, 

and not diffusion, appears to be the dominant loss mechanism of electrons in argon and hy- 

drogen.    An argon-afterglow electron temperature of about  5300°K was estimated from the 
I o o 

ratio of spectral line intensities, and the electron density of 2.5 x 10 cm was measured 

from Stark-broadened line widths. There is only a small pressure dependence of the char- 

acteristic time of decay of the afterglow. 

Perturbation of the refractive index of absorbing media due to the propagation of a 1.06-n 

glass laser has been observed in a Mach-Zehnder interferometer. The observed changes of 

index are consistent with the estimated energy deposition, the known temperature coefficient 

of the index, and the heat capacity of each medium. The interferometer is illuminated by a 

very short pulse from an argon laser at varying times after the start of the long-duration 

glass-laser emission. The index changes in the gas deviated the interferometer rays by al- 

most a milliradian, and the considerable turbulence in the liquid obliterated the interference 

fringes. 

III.    MATERIALS RESEARCH 

An electric furnace has been developed for heating samples to 2400°C in oxidizing atmos- 

pheres, as well as in neutral or reducing atmospheres. The furnace employs a tantalum 

split-tube heating element, operated in argon, which is isolated from the sample and sample 

atmosphere by an inner tube of dense zirconia. It has been used successfully forCzochralski 

growth of sapphire crystals and should also find application in such areas as phase studies, 

material testing,  and diffusion experiments. 

Measurements of the Seebeck coefficient and resistivity of polycrystalline CrO„ prepared by 

high-pressure synthesis have been extended to liquid helium temperature' for samples with 

compositions of CrO    „„. and CrO„ „._.   The stoichiometry of these and other samples was 

measured by an analytical method which determines the chromium content to an accuracy of 

about  1  part per  1000.   The electrical   properties of samples  with   compositions between 

CrO.   „,, and CrO„  „„ are similar, as expected on the basis of the Goodenough model used to 
J .07 z. Uz 

explain the metallic properties and ferromagnetism of CrO„. 

The phase diagram for the pseudo-binary InSb-InTe system has been determined by thermal, 

x-ray, and metallographic analysis.    The system contains a peritectic compound,  In.SbTe- 



(roek-salt structure), which forms a euteetie with InSb. In.SbTe, is the primary phase that 

crystallizes from the melt between the euteetie point (15 mol % InTe, 508°C)and the periteetie 

point (40 mol % InTe, 556°C). InTe is the primary stable phase that erystallizes from melts 

containing more than 40 mol % InTe, but the primary crystallization of In .SbTe, as an un- 

stable phase has been observed for melts containing between 40 and 75 mol % InTe. 

Samples of In .SbTe. prepared at atmospheric pressure or below do not exhibit superconduc- 

tivity down to I.3°K, the lowest temperature investigated. Samples prepared at high pressure 

(37kbar) beeome supereondueting at about I.5°K, although x-ray diffraetion measurements 

indieate no difference in structure or lattice constant between the low- and high-pressure 

forms. 

Supereonduetivity measurements have been made on InSb..— /3-Sn alloy samples annealed un- 

der pressure (37kbar) for 20 to 40 hours. Eaeh sample, regardless of composition, exhibits 

only one supereondueting transition, whereas in earlier experiments transitions at two differ- 

ent temperatures were observed in samples containing 0.2 to 0. 4 atom-fraetion tin which had 

been annealed for only one hour under pressure. It is eoneluded that InSb.. and/3-Sn, which 

have the same tetragonal structure, form solid solutions in all proportions, if sufficient time 

is allowed for equilibrium to be reaehed. The supereondueting transition temperature has a 

maximum value of about 5°K at 0. 5 atom-fraetion tin, eompared with transition temperatures 

of 2.1° and 3.7°K for InSb.. and /3-Sn, respectively. 

IV.   BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS 

The experimental investigation of the energy bands in antimony is continuing. Two new sets 

of oscillations have been observed in the magnetorefleetivity. In contrast to the previously 

observed deHaas-Shubnikov magneto-oseillations for whieh the magnetie field associated with 

a particular oscillation is independent of photon energy, the present phenomenon is strongly 

frequency dependent and is associated with interband transitions aeross two different energy 

gaps. The oscillations are more readily observed when appropriately polarized light is used 

for the various erystallographic directions. It is believed that these interband transitions ean 

resolve some puzzling features of earlier measurements on the magnetoplasma and optieal 

deHaas-Shubnikov effeets. 

By using the energy band parameters in graphite obtained from the magnetorefleetion experi- 

ments, the magnetie susceptibility and microwave transmission in graphite are being calcu- 

lated. So far, calculations of cross-seetional areas of the Fermi surface indicate that the 

Slonezewski-Weiss model is eapable of predicting all the observed periods, including the long- 

period oscillations recently observed by Soule. Calculations of the microwave transmission 

yield both Alfven wave and cyclotron resonance behavior. 

Previous measurements of the ultraviolet refleetivity of Mg„Ge have now been complemented 

with similar measurements in Mg„Si and Mg„Sn. The structure in the refleetivity of these 

II-IV compounds is very similar to materials of the zinc-blende structure. A Kramer s-Kronig 



analysis on the data is presently under way in order to facilitate interpretation in terms of 

published band-structure calculations. 

On the basis of optical, magneto-optical, and transport experiments and theoretical arguments 

involving symmetry and continuity, a model has been proposed for the band structure of HgTe 

and Cd Hg. Te alloys. This model, which is similar to that in gray tin proposed by Groves 

and Paul except that it includes overlap of the valence and conduction bands, is consistent with 

the systematics of III-V and II-VI compounds and all available experimental data. 

In collaboration with the M. I.T. National Magnet Laboratory and Bell Telephone Laboratories 

personnel, the nonrelativistic energy bands in gadolinium metal are being calculated. Initial 

results of the augmented plane-wave calculation indicate marked differences from a free- 

electron model and, in fact, indicate some similarity to the situation in transition metals. 

Work on transport problems is continuing. A more general theory of the "collision drag" ef- 

fect on the ultrasonic absorption in metals has been developed. The theoretical description is 

based on a transport theory for inhomogeneous driving fields which had been developed pre- 

viously.   The collision drag effect has been treated only for special cases. 

A formal and systematic treatment of the elastotransport phenomena in one-carrier semicon- 

ductors and metals has been completed. Explicit formulas for the piezoeffects due to the 

electrons have been developed which take into account not only the deformation potential ef- 

fects, but also the effects of strain on the effective mass tensors, intravalley scattering, and 

the Fermi level.   The formulas are developed in terms of the Fermi-Dirac statistics. 

The elastic constants of HgTe have been measured at room temperature by means of the ul- 

trasonic pulse technique. By using the measured values of these constants, a fundamental 

lattice absorption frequency a; , which is in reasonable agreement with far infrared meas- 

urements, and a Debye characteristic temperature at absolute zero, G = 105°K, have been 

calculated. 

A theoretical and experimental study has been made of wave transmission through degenerate 

hole-electron plasmas, emphasizing weakly transmitted waves which have not previously been 

examined in detail.  Two of these waves, the resonance-damped Alfven wave and the so-called 

"branch cut" wave (which is a superposition of single-particle excitations), were studied in 

bismuth at 4.2°K as a function of magnetic field.   At zero magnetic field, the transmitted 
7 

wave has a phase and group velocity of about 7 x 10  cm/sec and appears to be due to electron 

single-particle excitations. 

V.    MAGNETISM AND RESONANCE 

A new high-temperature expansion has been developed which permits calculation of the Curie 

temperature T and provides new insights into the form of the magnetic ordering in the neigh- 

borhood of this temperature. It is hoped that this type of investigation will not only provide 

independent quantitative checks for any exchange-energy formalism, but will also show how to 

handle the disorder in the spiral components that have been observed below T    in CoCr?0.. 



Spin resonance can provide important independent information about spin configurations below 

T and is therefore being used to study several chromium spinels. At low temperatures, the 

spin resonance in MnCr„0. and MnCr„S. shows satellite structure on the uniform mode reso- 

nance. The uniform mode resonance in CoCr.S. splits into two resonances at low tempera- 

ture. It is not yet clear whether the structures observed are related to other modes of the 

system or are due to powder samples that cause averaging over the anisotropies of the 

crystals. 

Investigation of the breakdown of ligand-field theory has been extended to the thiospinels. It 

is shown that a consistent interpretation of their magnetic and electric properties requires the 

assumption that cationic d-orbitals directed toward nearest-neighbor ligands are transformed 

via cation-anion covalence into antibonding cr*-bands. The only exceptions to this generaliza- 

tion may occur when there are four or five unpaired spins per cation. 

In order to obtain materials for the investigation of transport properties, work on methods of 

growing chemically controlled single crystals continues. Vanadium spinels are being grown 

from fluxes by electrolytic reduction, ReO, has been grown by vapor deposition, and suitable 

fluxes for the growth of YAG and InVO. host crystals are being investigated. 

Several of the rare-earth trifluorides have been prepared and their magnetic susceptibilities 

have been studied from 4° to 300°K. The materials are characterized by small Weiss con- 

stants 9 and values of ^ ff close to those expected for free rare-earth ions. 

Studies of the effect of Mn on the crystal chemistry of lithium spinels have continued. Crys- 

tallographic evidence has been obtained to support the idea that, at the critical concentration 

of Mn for the destruction of long-range ordering of Li on the B-sites, there is also a dis- 

continuous change in the distribution of Li   ions over the A- and B-sites. 
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I.   SOLID   STATE   DEVICE   RESEARCH 

A.     LUMINESCENCE AND COHERENT EMISSION IN A  LARGE-VOLUME 
INJECTION PLASMA IN InSb 

Diode injection lasers have been made from several direct-gap semiconductors.    In the 
1 2 lasers for which estimates of the size of the active region have been reported, '    the radiation 

originates from a very thin sheet of a few microns in or near the transition region of the p-n 

junction because carrier lifetimes are very short. 

We have obtained injection luminescence at wavelengths near 5 \± from the entire length of a 

bar-shaped p-type base region about 400 (i long in an n pp   InSb structure with alloyed contacts. 
Coherent emission was observed in parts of the injection plasma in structures with opposite 
sides cleaved to form a laser cavity.    The angular spread of the beam indicates coherent spots 

of 50(i measured in the direction of the current.    This is about an order of magnitude larger 
than has been reported for GaAs (Ref. 1) and InAs (Ref. 2) lasers.    The possibility of obtaining 
large coherently emitting areas implies smaller beam angles,   and the large radiating volume 
is better suited for light amplification. 

The formation of a large-volume injection plasma in forward-biased n pp   InSb structures 
has been noted previously and has been used in magnetic switching and amplification devices 

3 
called madistors.     In these devices,   a forward bias injects carriers into the base,   which gradu- 

-10 -7 ally saturate traps and bring about a large increase of carrier lifetime from about 10        to 10 

to 10     sec,  thus making large-volume injection possible.    The saturation of traps in the base 

manifests itself in a negative-resistance region in the voltage-current characteristic of the struc- 
4 

ture.    Negative-resistance characteristics of related origin have been found in other materials, 
and spontaneous emission has been observed in doubly diffused pp n GaAs diodes from a 30- to 

40-fi wide p   region. 
The InSb diodes were made from a p-type crystal with a resistivity of 10 ohm-cm (N. — N_ = 
13-3 6X10      cm     ) at 77°K.    An alloy of indium with a small percent of tellurium was used for the 

n    contact.    The device was alloyed with one contact to a copper heat sink in a microwave 
package. 

All measurements were made with the diode at about 10°K.    As noted earlier in diffused 
p n diodes at 2°K (Ref. 6),   magnetic fields applied parallel to the current flow increased the 
radiation efficiency.    Radiation patterns at the diode were observed by means of a mechanical 

scanning system used in conjunction with an infrared lens and an InSb photovoltaic detector. 
Figure I-l(a) shows an oscilloscope display of the pattern at a current density of 100 amp/cm 

in a longitudinal magnetic field of 21 kG.    (The negative resistance occurs at about 0.5 amp/cm  .) 
Comparison with the shadow of the diode in Fig. I-1(b) indicates that the radiation is emitted from 
the entire 400-fi-long base.    Figure I-l(c),  taken at zero magnetic field,   shows the radiation con- 

centrated near the two contacts.    These preliminary results indicate the possibility of using such 
patterns to study the carrier distribution in semiconductor plasmas. 

In a longitudinal magnetic field and with high-current pulses (8000 amp/cm  ),   coherently 
emitting areas were observed near the n    contact although the resolution of the image converter 
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(0) (b) (c) 

Fig. 1-1. (a) Spontaneous rodiatian pattern af n+pp+ InSb structure 
with400-u.-long bor-shaped p-region obtained neor 10°K at a 100-ma 
current ond a longitudinal magnetic field of 21 kG. (b) Shadow af 
diode structure obtoined by using visible light, (c) Radiotian pattern 
at 100 mo without magnetic field.    Diode crass section was 10" 3 cm   . 

ANGLE   (cleg) 

Fig. 1-2. Angulor distribution af coherent radiation in a plane perpendicular 
to the junction plone af n+pp+ InSb loser operated near 10°K in o longitudinol 
magnetic field of 16 kG with 100-nsec-long 16-amp pulses. Laser cross sec- 
tion was 1.4 X 10" -3cm2. 
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Fig. 1-3.   Mode structure of the laser af Fig. 1-2 operated near 10°K in a 
field af 16 kG.   Amplitude of 100-nsec current pulses was 17 amp. 

was insufficient to determine their exact size.    The diffraction pattern in most cases consisted 

of multiple beams,   indicating the presence of multiple filaments.    Figure 1-2 shows one of the 
simplest beam patterns obtained in the plane perpendicular to the junction at a current just above 
threshold.    A measurement of the spectrum at this current indicated that most of the radiation 
was in a single  cavity mode.    The angle at the half-power point is 5.3°,   which corresponds to a 

coherently emitting region of 50 ^ in the direction of the current;  the angle in the junction plane 
is 8°,   which corresponds to 40 ^ perpendicular to the current.    This can be contrasted to other 

1 2 junction lasers '    in which the coherent spots may extend along the entire junction but measure 
only a few microns in the direction of the current.    The wavelength of the lines (5.22^ at 21 kG) 

corresponds closely to the wavelength associated with a transition from the lowest energy state 
of the spin-split lowest Landau level observed in p n diffused diodes. '      Figure 1-3 shows mode 
structure at 16 kG.    Radiation was also obtained at a wavelength of 5.085 [i. at 21 kG,   which corre- 

sponds to the highest energy state of the Landau level. ' 

I. Melngailis 
R. J. Phelan, Jr. 
R. H. Rediker 

B.    PbSe DIODE  LASER 
8 9 Diode laser action has previously been observed in III-V compounds    and in PbTe.     In this 

10 section we describe laser action in PbSe diodes,     which occurs at 8.5 \i and extends the wave- 
length range for diode laser action beyond the previously reported limit of 6.5 [L for PbTe. 

The diode lasers were prepared from single-crystal PbSe wafers cleaved from a Bridgman 
grown ingot.    The 1.6-mm-thick n-type wafers were annealed at 659 °± 1°C for 95 hours under 

a selenium vapor pressure produced by pure selenium at 211 ° ± 1 °C.  In order to reduce sublima- 

tion of the wafer, argon at a pressure of 100 torrs was admitted to the system at room tempera- 
17       -3 ture before sealing off.  The annealed wafers were p-type with hole concentration of 4.7 X 10     cm    , 
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Fig. 1-4. Spectro of infrored emission from cleoved surfoce of PbSe 
diode ot 12°K below (3.0 omp) ond obove (6.0 omp) threshold for 
loser oction.    Resolution gouge refers to 6-omp spectrum only. 

Fig. 1-5.   Light emission from cleaved surfoce 
of PbSe diode os o function of current at 12°K. 
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11 somewhat higher than expected from the  results of Igaki and  Ohashi,      and Hall mobility of 
4       2-1        -1 3.6 x 10   cm   v     sec      at 77°K.    The n-p junction was formed by heating a cleaved sample with 

12 a two-phase lead-rich PbSe ingot in an evacuated quartz ampoule at 560°C for one hour.       A 

junction depth of 40 (i below a cleaved (100) surface was obtained.    A Fabry-Perot cavity was 

formed by cleaving two reflecting planes perpendicular to the junction.    Typical laser dimensions 

are 0.40 x 0.18 x 0.18 mm,  the longer dimension being the distance between the reflecting faces. 

Unannealed PbSe has shown no laser action and substantially less injection luminescence than the 

annealed material. 
The diodes were mounted on a conduction-cooled block of a liquid helium dewar with BaF? 

windows.    Forward current was supplied in 4-jisec pulses.    Figure 1-4 shows the spectra above 
and below the threshold for stimulated emission for a diode at approximately 12°K.    The spectra 
have been normalized to illustrate line narrowing.    The average wavelength separation between 

o 
modes is 227 A.     Using the usual expression for the mode spacing in a Fabry-Perot cavity,   a 

13 room-temperature value of 4.8 for the refractive index,      and neglecting the dispersion term, 
o 

the mode separation is calculated to be 187A.    This value is in good agreement with the experi- 
o 

mental result.    The 65-A width of the main peak in Fig. 1-4 is resolution limited. 

Figure 1-5 is a plot of radiation intensity from the cleaved end of the diode as a function of 
forward diode current.    The steep rise at 3.9 amp indicates the onset of laser action at a thresh- 

old current density of 5600 amp/cm  .    Results of observations of the radiation spectrum as a 
function of current confirm this threshold value. 

Laser action in PbSe suggests that this material possesses a direct-gap band structure,   in 
14 agreement with results of Shubnikov-deHaas effect studies.        It is of interest that laser action 

in PbSe occurs at a wavelength well within the 8- to 14-p. "atmospheric window." 

J. F. Butler A. J. Strauss 
A. R. Calawa R. H. Rediker 
R. J. Phelan, Jr. 

C.    ELECTRON-BEAM-PUMPED GaAs LASER 

Recently,   line narrowing in CdS (Ref. 15) and laser action in InSb and InAs (Ref. 16) have 

been reported when electron-hole pairs were generated by means of a beam of high-energy elec- 

trons.    An earlier attempt by others      to obtain population inversion in GaAs and germanium 
was unsuccessful.    We wish to report the observation of laser action in GaAs at liquid helium 

temperature when excited by a beam of 50-kev electrons. 
18 — 3 

The laser sample was prepared from p-type GaAs with a net acceptor density of 9.3X10     cm" 

by cleaving a face perpendicular to the two parallel polished faces of a 0. 21-mm-thick   slice   of 
the material.    It was then soldered with tin on the cold finger of a liquid helium cryostat.    High- 
energy electrons were supplied by an electron gun of the type used in a 7NP4 television projec- 
tion kinescope which was mounted in such a way as to share a common vacuum with the cryostat. 
The electron beam was focused on the cleaved end of the sample,   and the light was emitted per- 

pendicular to the polished faces which formed the optical cavity.    The beam current was supplied 
in 0.2-nsec pulses at a repetition rate of 1000/sec,   and the diameter of the focused beam was ap- 
proximately 0.5 mm.    An artist's representation of the electron-gun cryostat  system  is  shown 

in Fig. 1-6.    The mounting of the laser sample is shown in detail in Fig. 1-7. 
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Fig. 1-6.   Artist's representotion of electron- 
gun cryostot system. 

Fig. 1-7. Artist's representotion showing in detoil 
the mounting of loser sample in electron-gun cryo- 
stot system. 
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Fig. 1-8. Spectro of infrored emission from electron-beom-pumped GoAs ot liquid helium temperoture, 
below (0.5-mo beom current) ond obove (3.0-mobeom current) loser threshold. Width of exponded 
wovelength scole used in (b) to show mode structure of loser diode is indicoted for comporison in (a). 
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18 
Since for 50-kev electrons,  the rms penetration depth      is approximately 5 (i and the extrapo- 

19 
lated penetration depth      is about 10 |JL,  the thickness of the active region will be somewhere be- 

tween these two values.    The electron energy is also sufficiently low so as not to introduce radia- 
20 

tion defects into the lattice. 

Emission spectra of the sample below and above threshold are shown in Fig. 1-8.    Both the 

spontaneous line and the mode structure of the laser line are similar to those reported for GaAs 
21-23 

laser diodes under pulsed operation. The average wavelength separation between the modes 
o 

is 3.5 A.    Using the usual expression for mode spacing in a Fabry-Perot cavity and the value of 
24 5.4 for (n — Xdn/dX) obtained      for lightly doped material at 2°K,  the calculated mode spacing is 

o 25 
3.1 A for the cavity length of 0.21 mm.    As has been observed in GaAs pulsed lasers,     the laser 

emission moved to longer wavelengths with time during a given pulse,   which was presumably due 

to a shifting from one cavity mode to another caused by heating.    This heating effect causes the 
o 

excited cavity mode spacing to be somewhat greater than the 3.1 A predicted by the simple iso- 

thermal theory. 

The intensity of the emitted radiation varied approximately linearly with the beam current 

at low current.    Above 2 ma,  the intensity rose rapidly indicating the onset of laser action.   This 

corresponds to a threshold beam current density of about 1 amp/cm  .    Assuming that the mean 
18 

total energy      required to produce a pair in GaAs is 5 ev and neglecting any backscattering of 
4 /      2 

the 50-kev electron beam,  this is equivalent to a threshold current density of 10   amp/cm    in a 
27 

diode laser.    Backscattering of the beam may reduce this value by as much as 50 percent. 

The sample emission was also viewed through a "snooperscope" and,   as observed in GaAs 

diode lasers,  the emission was very intense at spots along the edge of the crystal,   indicating 

that laser action was probably taking place in narrow filaments along the cleaved surface.   Since 

the beam spot size was smaller than the width of the sample (1 mm) in the direction perpendicu- 

lar to the cavity,  the beam could be swept along the cleaved surface,  thereby preferentially ex- 

citing one or more filaments. 

The technique of electron-beam pumping will hopefully permit laser action to be obtained in 

those semiconductors in which it is difficult to produce good p-n junctions or in which resistivi- 

ties are so high that series resistance and consequent heating preclude the use of electrical 

injection. c  E   Hurwitz      R H   Rediker 
R. J. Keyes P. Youtz 
A. R. Calawa       B. Lax 

D.    ROOM-TEMPERATURE GaAs PULSED-LASER TRANSMITTER 

It has been shown that 4 watts of peak power at 0.91 [i can be obtained from a GaAs laser at 
28 

room temperature during a short pulse (several nanoseconds).       The scheme to be described 

uses a pnpn switching transistor,   a capacitor,   and a GaAs diode laser.    Figure 1-9 shows the 

circuit used. 

While the pnpn switch is in the "off" mode,  the capacitor C  charges up to the applied volt- 

age  E,   by current through the resistor R and the diode laser.     (This constitutes a reverse 

current which may damage the laser unless  R is made sufficiently large.)   A trigger pulse is 

then applied to "turn on" the pnpn switch so that the capacitor discharges quickly through the 

diode laser.    Thus,   it should be possible to make a complete room-temperature solid-state 
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pulsed-laser-diade transmitter (excluding power supply and 
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laser-diode transmitter. 
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pulsed-laser-diode transmitter in a TO-5 transistor header.    As a feasibility test,   one  such 
miniature transmitter has been mounted inside a small copper cylinder | inch in diameter and 

about 1 inch long.    Figure 1-10 shows an artist's representation of this transmitter which has 
successfully operated at room temperature with lj watts of peak power with a pulse length of 

20nsec.   In Fig. 1-11, the transmitter is compared in size with a penny.   This room-temperature 

pulsed-lascr system should have many applications in radar and other range-finding equipment. 

T. M. Quist 
G. F. Dalrymplc (Group 42) 

E.    SCANNING INFRARED MICROSCOPE 

In order to observe the pattern of infrared radiation from the surface of an InSb diode laser, 
a sensitive image converter was constructed.    This converter,   which uses a slow mechanical 
scanning system in conjunction with a synchronous detector,   is able to display,   on an oscillo- 

scope,   images of sources emitting radiation of wavelengths from the visible to 5.4 u..    A magnifi- 

cation of about 25 times with a resolution of about 40 u. was achieved. 

The components of the system for looking at an InSb laser are shown in Fig. 1-12.    The phase- 

sensitive amplifier generates a signal which triggers the pulse generator.    Current pulses from 
this generator yield pulses of infrared radiation from the InSb diode laser.    This radiation is 

focused by an infrared lens,   after reflecting off two front surface mirrors,   onto an infrared de- 
tector.    The two mirrors are mounted 30 that they rotate on two mutually perpendicular axes. 

As these mirrors rock back and forth,   they scan the image from the diode laser across the de- 
tector.    Potentiometers mechanically linked to the mirror positions yield voltages to drive the 
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Fig. 1-12.    Infrored microscope system for disploying pattern 
of rodiotion ot surfoce of electroluminescent diode. 
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x- and y-axes of an oscilloscope,   and the output signal from the phase-sensitive amplifier is 
used to modulate the intensity of the oscilloscope trace.    The complete picture is recorded on 

film by a time exposure of the trace.    The laser was operated in the tail of a helium dewar be- 
tween magnet pole faces as illustrated in Fig. 1-12. 

In order to determine the spatial location of the radiating regions,   shadow images of the 

diodes were also displayed on the oscilloscope by the system illustrated in Fig. 1-13.    The light 
producing the shadow was chopped at about 1 kcps,   and a phase signal for the amplifier was pro- 

duced with a photoconductive detector.    Both systems could be operated simultaneously by prop- 

erly adjusting the intensity of the light source producing the shadow,   and by using the photocon- 

ductor signal to trigger the pulse generator and provide the locking signal for the phase-sensitive 

amplifier. 
The wavelength region for which this system may be utilized is limited only by the detector 

used and the transmission of the infrared lens and dewar windows.    The detector was an InSb 

photovoltaic detector with close to optimum detectivity. 

R. J. Phelan, Jr. 
I. Melngailis 

F.    INVERSION OF {111}   SURFACES IN SINGLE-CRYSTAL REGROWTH 
DURING INTERFACE ALLOYING OF INTERMETALLIC COMPOUNDS 

The technique of interface alloying has been used to produce single-crystal junctions between 
29 dissimilar semiconductors.       Oriented wafers are placed on a carbon heater strip (Fig. 1-14) so 

that semiconductor S.,   which has the lower melting point,   is supported by semiconductor S?. 
Electrical current passed through the heater strip produces a temperature gradient such that S? 

is at a higher temperature than S..    As the temperature is raised,  the lower face of S. begins 

to melt.    However,  before the entire wafer can melt,  the heater strip current is turned off and, 
as illustrated in Fig. 1-14,  the melted portion recrystallizes having alloyed into S-. 

Junctions have been fabricated by the above procedure between several pairs of the III-V 

compound semiconductors,   and for {100}-,   {110}-,   and {ill}-oriented wafers.    Junctions 
formed by mating {ill} faces pose a particular problem due to the polar nature of these zinc- 

30 blende semiconductors.       We have found that junctions produced by mating an A {ill} surface 

with a B{lll} surface have reproducible electrical characteristics.    However,   junctions formed 
by mating A {ill} toA{lll} and B {ill} to B {ill} surfaces exhibit mechanical weakness at the 

boundary x-x (Fig. 1-14) between the nonmelted and recrystallized regions of S..    In this case, 
nonreproducible electrical characteristics are obtained unless the nonmelted region of S. is re- 

moved and an ohmic contact alloyed directly to the recrystallized region. 
The mechanical weakness at x-x and the poor electrical characteristics are caused by an 

inversion of the diatomic layers which has taken place in the recrystallized region of S..    When 

the molten S. surface recrystallizes on the S, surface,   it follows the orientation of this higher- 
melting seed.    Thus for two wafers which originally had their A {ill} faces in contact,  the re- 

crystallized region is inverted with respect to the unmelted portion of S.,   and an A {ill}-A {ill} 
boundary is created at x-x.    A similar reorientation occurs for wafers which are initially B{lll} 

mated. 

11 
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Fig. 1-15. Etched upper surfoce af GoSb. A { 111} foce of GoSb wos in 
contact with A {111} foce of InAs before interface alloying, (a) Original 
unmelted B { 111} surfoce. (b) A { 111} surfoce of recrystollized region 
exposed by grinding off unmelted GaSb.   (250X). 

Fig. 1-16. Etched upper surface af GoSb. B{111} face of GaSb was in 
cantoct with B { 111} face of InAs before interfoce ollaying, (o) Original 
unmelted A { 111} surfoce. (b) B{111} surfoce of recrystallized region 
exposed by grinding aff unmelted GaSb.   (250X). 
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The diatomic inversion in the recrystallized region is evident from etching studies of semi- 
conductor S..    It is well known that A {ill} surfaces develop etch pits in oxidizing etchants, 

30 whereas B{lll} surfaces do not.       An interface-alloy junction was made between 0.25-mm- 

thick wafers of GaSb (S.  in Fig. 1-14) and InAs (S2 in Fig. 1-14) where the A {ill} faces were 

mated.    Figure I-15(a) shows the original B{lll} upper surface of the GaSb after a 15-sec etch 

in a solution of 10 percent bromine in methyl alcohol.    (The same etchant was used in all cases.) 
The GaSb was ground down approximately 0.15 mm to expose the recrystallized region,  polished, 

and etched.    The upper surface of this region shows definite oriented etch pits [Fig. I-15(b)] char- 

acteristic of an A {ill} face,   indicating that the recrystallized region had inverted and had grown 

as a single crystal emanating from the InAs interface. 
A similar set of photomicrographs is presented (Fig. 1-16) for an interface-alloy junction 

between two B{lll} faces of GaSb and InAs.    Figure I-16(a) illustrates the original etched A{lll} 
upper surface of the GaSb.    Figure I-l6(b) illustrates the etched recrystallized B{lll} surface 
of the GaSb approximately 0.20 mm below the original surface.    It is apparent that atomic layer 
inversion has taken place for these B:B mated wafers,   as it did for the A:A case. 

E. D. Hinkley 
R. H. Rediker 
Mary C. Lavine 

G.    CW GUNN EFFECT OSCILLATOR 
31 The Gunn effect oscillator      has been operated with a DC applied voltage.    All such oscilla- 

tors have previously required pulsed voltages of about 1-^sec duration in order to prevent over- 

heating and burnout of the devices.    Figure 1-17 shows an artist's representation of the Gunn 
effect oscillator which has been operated CW at room temperature.    The piece of n-type 25-^ 
thick,   125-^ square,   1-ohm-cm GaAs was alloyed with tin in a forming gas atmosphere between 
two disks of tin-clad molybdenum.    This assembly was then alloyed to the copper stud,   and epoxy 

was applied to provide stability and rigidity.    The device was then mounted in a tunable coaxial 
cavity and a DC voltage of 9 volts was applied.    Oscillations were observed with a spectrum ana- 
lyzer at many frequencies,   but predominantly at 5Gcps.    The 5-Gcps frequency is predicted 

from the equation originally presented by Gunn:   f = v ,/L,   where f is the frequency in cps,  v , 

the drift velocity of the electrons,   and  L the thickness of the GaAs.    It is now necessary to 
terminate the oscillator with the proper impedance network so that single-frequency operation 

can be obtained. T M   Quist 

GaAs . , EPOXY 

Fig. 1-17.   Artist's representation of CW room- 
temperature Gunn effect oscillotor. 

TIN-CLAD 
MOLYBDENUM 

WM\ 
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H.    GROWTH OF (In^Ga^^As SINGLE CRYSTALS BY VAPOR PHASE REACTION 

We have grown,  by vapor phase reaction,   single crystals of (In Ga.     )As from which diodes 
o o 

have been fabricated that lased at 8720 A.    This wavelength is within the 8750- ± 50-A range re- 
+3 quired to pump a Nd      laser efficiently.    Contrary to early results in the mixed crystals,  the 

laser action was readily achieved.    Threshold current densities are now typically ~3000 amp/cm 

at 77°K and in some cases are less than 2000 amp/cm  .    In addition,  the power output of these 

mixed-crystal diodes is essentially the same as that from good GaAs lasers.    Two typical ex- 

amples at 77°K are 1.5 watts at lOamp and 1.2 watts at 7.5amp.    In both cases,  the currents are 

~2 times threshold. 

The improvement in crystal quality that has enhanced the laser action is due in part to care- 
•i ft ^ 

ful doping control (~10      carriers/cm    produced by introducing tellurium into the closed system). 

In addition,  the mechanical properties of the crystals have been markedly improved by careful 
annealing after growth.    This is indicated by the ease of cleaving,  the excellent faces resulting 

from cleaving,   and the low loss of material during cleaving. 
The value of "x" for the indium in the mixed crystal used to produce lasers which radiate 

o . 
at 8720A is SJO.028,   as determined from lattice constant measurementsJ   This mol-fraction of 

0.028 is lower than that actually introduced into the closed system.    Preliminary data indicate, 
in fact,  that for Cl2 carrier gas there is a segregation of the indium during growth,   and a few 

runs with Asl, as carrier indicate a different degree of segregation. 

S. Stopek 

tThe measurements were performed by Mary C.   Finn. 
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II.    LASER   RESEARCH 

A.   RAMAN LASER PROGRAM 

1. Stimulated Raman Emission at 90° to the Ruby-Laser Beam 

Work has continued on stimulated Raman emission at 90° to the ruby-laser beam beyond 

that reported in the last Solid State Research Report'   and in Applied Physics Letters. 

Output from a nitrobenzene-filled cavity with mirrors that reflect over 99 percent from 
o 

6940 to 9000 A has been observed on a Jarrell-Ash photographic grating spectrometer at S,,  S 

S,,   and approximately 6943 A.    All the outputs have the spatial characteristics of a laser beam. 

The output at 6943 A can be seen by the eye as a narrow laser-type beam emerging at 90° from 

the cavity.    In order to see if this radiation has a 90° Brillouin frequency shift (4.25 Gcps) from 

the forward laser pump,   external etalon photographs will be taken which show the radiation and 
o 

the primary pump beam together.    The threshold for S, is 2 Mw,  for S, and 6943 A it is about 
1 L a 

3 Mw,   and for S, it is about 5 Mw.    The power in S, is lOkw,   in S? and 6943 A it is estimated by 

eye to be about 1 kw,   and in S, it is barely detectable. 
o 

Output from CS, in the same setup has also been observed at S,, S,, S,, and 6943 A. The 

threshold for S is 0.5 Mw, for S? it is roughly 1 Mw, and for S it is 5 Mw. The threshold for 

6943 A is not well correlated with the other outputs.    Output at S, was also observed with a 

5-Mw unfocused beam.    This indicates that the S, threshold is 30 Mw/cm ,   if it is assumed 
2 

that the ruby rod is lasing strongly over an area of 0.16 cm ,   and that the cylindrical lens con- 

centrates the beam 10:1 in one dimension. T        TT   „ Jane H. Dennis 
P.M. Eisenberger 

2. Enhancement of Stimulated Raman Scattering by an Off-Axis Cavity 

Effects have been observed of a stimulated Raman scattering cavity which is oblique to the 

ruby-laser cavity.    Placing a liquid-filled cell between two parallel mirrors,   with the perpen- 

dicular to the mirrors at a small angle with the axis of the ruby-laser cavity,   has produced 

oscillation of the stimulated first Stokes component S    between the two mirrors.    Such enhance- 

ment of the S    component has been obtained previously at 90° (Ref. 1) and at 2.4° (Ref. 2).    In 

the present experiment,   AS, Raman scattering is also observed,  which peaks at the phase- 

matching angle with respect to the laser beam,   as is usual,  but whose peak value now depends 

on the orientation of the auxiliary cavity.    The angular peak of the AS, goes through a maximum 

when the enhancement angle is the phase-matching angle for S,,   and falls to zero at zero cavity 

angle,  but falls only slightly for cavity angles up to several degrees above the phase-matching 

angle.    Covering one or both of the mirrors drastically reduces the AS, (or S.) signal. 

D. L. Weinberg 
F. H.  Perry 

11964:2, DDC 606126. 
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TABLE  II -1 

STIMULATED RAMAN  EMISSION SPECTRA 

Romon Shift 

Materiol (cm    ) Stokes Lines Anti-Stokes Lines 

Ethonol (1) 2921 1 - 

Dimethylformomide (2) 2930 1 1 

Methonol (1) 2831 1 

Nitrobenzene (5) 1345 3 2 

Calcite (5) 1084 3 2 

Toluene (4) 1004 3 

Corbon Disulfide (4) 656 3 

Acetone (2) 2922 1 

Chloroform (4) 667 3 

Benzene (5) 992 
3062 

3 
1 _ 

Polystyrene (6) 1001 
3054 

3 
1 

2 

Trichlorethylene (3) 640 3 - 

Trons-dichlorethylene (2) 2956 1 1 

Cyclohexonone (7) 2863 
84 

1 
1 

1 
1 

Dioxane (20) 836 
2856 
2967 

4 
1 
1 

3 
1 
1 

Bromoform (148) 222 
539 

14 

6 

11 

4 
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3.   Stimulated Raman Emission 

In order to determine what parameters were of importance for the production of stimulated 

Raman emission,  several materials were considered for their appropriateness  in such  an 

investigation.    The materials and their observed spectra are noted in Table II — 1.    The number 

in parentheses after each material is the total number of lines that have been observed.    This 

is larger than the number of Stokes and anti-Stokes lines (see Table II-1) when multiple scatter- 

ing processes occur;  the difference is the number of combination frequencies produced.    Com- 

bination frequencies have also been seen for mixtures of liquids.    The measurements were made 

with a giant-pulse-operated three-inch ruby laser and a Bausch and Lomb 1.5-m spectrograph. 

S. Kern 
B. Feldman 

4.   Experiments to Convert Stimulated Raman Excitation into Infrared Radiation 

Experiments are planned to convert the optical phonons produced in stimulated Raman 

scattering into a coherent pulse of infrared radiation of the same frequency,   as has been pro- 
3-5 posed. Any such production of infrared photons will be amplified by the phonon field only if 

the wave-number vector of the phonons is appropriate for photons of the same energy.    This 

can be achieved by using a liquid with suitable dependence of refractive index on wavelength or 

by using crystal anisotropy.    Such an arrangement would be an infrared source of high monochro- 

matic peak power,  with the possibility of operating even at very long infrared wavelengths. 

D. L.  Weinberg 

B.    GASEOUS DISCHARGE  PRODUCED BY A GIANT-PULSED RUBY LASER 

A study is being made of the decay properties of the discharge produced in several different 

gases by a giant-pulsed ruby laser.    This study of the loss mechanisms in the discharge is 

fundamental to the determination of the breakdown mechanism itself.    The time,   pressure,   and 

wavelength dependence of the afterglow radiation were measured for several noble and diatomic 

gases.    From these measurements,   conclusions can be drawn as to the probable dominant loss 

mechanism for each gas and a comparison can be made with the loss mechanism for discharges 

produced by more conventional techniques.     Laser-produced discharges differ from conven- 

tionally produced discharges in several ways: 

(1) The laser pulse decays in about 10 nsec or less,   so that the 
discharge can be studied for times shortly after the excitation. 

(2) The gas pressures are typically 1 atmos or greater compared 
to 1/10 atmos or less for the conventionally produced discharges. 

(3) The excitation mechanism is probably different/ and thus the decay 
properties for short times following the excitation might possibly 
be different. 

(4) The plasma densities produced by the laser pulses are typically 
lO1^ electrons/cm3j  which is several orders of magnitude greater 
than those of conventionally produced plasmas. 

The emphasis of the laser-produced discharges, to date, has been on the argon and hydro- 

gen gases, with some work on helium, nitrogen, oxygen, carbon monoxide, and carbon dioxide. 

Only the preliminary results for argon and hydrogen are given in this report. 
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TABLE  11-2 

PARAMETERS FOR CALCULATING ELECTRON TEMPERATURE  IN ARGON 

(A) 
Et 

(ev) Transition* J f g 

7514.65 

7503. 87 

13.272 

13.479 

2p5-U4 

2P, -> ls2 

1 

1 

0.093 

0.12 

3 

3 

tC. E. Moore, Atomic Energy Levels, NBS Circular 467 (1949). 

TABLE  11-3 

STARK PROFILE PARAMETERS FOR CALCULATING ELECTRON  DENSITIES 
IN ARGON (T = 5000°K) 

X 

(A) 

u 
Full Halfwidth 

(measured) 

u't 
Full Halfwidth 
(theoretical) 

Electron Density 

(Xl018cm"3) 

7724 

7503 

6965 

24.5 A 

24.5 

21.1 

0.0511 A 

0. 0487 

0.0409 

2.4 

2.52 

2.58 

16     -3 
tFull halfwidth for n   = 10     cm    ; ta convert to electron density n   , multiply by 
(H/U1) 1016cm"3.       6                                                                                      e 
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Section II 

1.   Argon 

The emission spectrum of the laser-produced discharge in argon at 1 atmos has been meas- 

ured.    The majority of the spectral lines have been identified as belonging to either the first or 

second spectra of argon,  i.e.,  they are either neutral-argon or singly ionized-argon lines. 

The electron temperature and electron density were calculated from the details of certain 

spectral lines.    The electron temperature was measured from the relative intensities of two 
1 ° 8 

lines of Ar ,   7514.65 and 7503.87 A,   using the relation 

El-E2 
kT =   1 

in  r  
1lXlS2f2 

where 

E. = excitation energy of state  i 

I. = total intensity per wavelength interval 

X. = wavelength 

g. = statistical weight of lower line = 2J + 1 

J = total angular momentum 

f. = absorption oscillator strength. 

This expression follows from the Boltzmann distribution relation.    The values for these parame- 

ters are listed in Table II-2.    The electron temperature is calculated to be T = 5300 °K which is 

reasonable for gases at 1 atmos.    The electron density was calculated from expressions given 
9 

by Griem    for Stark broadening of spectral lines in dense plasmas.    The electron densities 

calculated from the Stark profiles of three spectral lines are given in Table 11-3.    The average 
18 -3 

electron density is n   = 2.5 x 10     cm      and corresponds to about 10 percent of all argon atoms 
e 10 present.    This  large value  of n    is consistent with estimates made by Meyerand and Haught 

11    e 

and by Pedersen andSchlier.       However,  these values of electron temperature and density must 

only be  taken as  tentative because   we assumed the plasma  was optically thin,   and the  effect 

of self-absorption on the line profile was ignored.    It is believed that taking these effects into 

account will alter the n    and T values slightly. 

The decay curves for three different ruby-laser-created discharges in argon are shown in 

Fig. 11-1.    Using a gated photomultiplier for increased sensitivity,  the discharge afterglow has 

been measured to persist for at least 1 msec after the ruby pulse.    The decay mechanism appears 

to change about 1 usec following the ruby pulse.    This portion of the afterglow has not yet been 

investigated in detail. 

The dominant loss mechanism for argon according to the data,   as outlined below,   appears 

to be volume electron-ion recombination with negligible losses due to diffusion and attachment. 

The data do not fit a diffusion loss mechanism.    For electron-ion recombination,  the rate of 

loss of electrons is 

3n 2 

-^ =-«nen+ «-one (1) 
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Fig. 11-1. Time dependence af radiation fram 
ruby-laser-produced spark in organ. Ruby giant 
pulse is shown in upper trace and radiation fram 
spark is shown in lower trace. Spark radiation 
is limited ta a spectral region from about 3000 
ta about 5750 A by a CuS04 solution filter. 
Time scale is lOOnsec/cm far all traces; gas 
pressure is 1 atmas. 

Fig. 11-2.    Electron-density decay as a function af time in argon at 1 atmos. 
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where n   and n   are the electron and ion densities,  respectively,   and a  is the recombination 

coefficient.    Because of electrical neutrality,   n   =* n+. 
Solving for n ,  for a  independent of n ,  one obtains 

^0] + at (2) 

The intensity of the radiation as measured by the phototube (Fig. II-l) is proportional to the 
12 square of the electron density.       This relation is based on the assumption that the recombination 

into an excited argon state is balanced by the radiative decay of that state. 

Rewriting Eq. (2) in terms of light intensity,  we find 

•1/2 I I •1/2  . + a ct (3) 

where  c is the proportionality constant,  n   = cl       .    A plot of I vs t  is shown in Fig. II-2 
for the first 500nsec following the ruby pulse.    The data exhibit the recombination law dependence 

of Eqs. (2) and (3).    The recombination coefficient a  is calculated from the slope of Fig. II-2 to 

be 

-12        3 a = 1.5 x 10        cm /sec 

where  c is evaluated from the electron density (Table II-3) at the peak of the intensity. 
The pressure dependence of the l/e decay time of the argon discharge is shown in Fig. II-3 

for pressures from 1 to about 80atmos.    For lower pressures, the decay time decreases lin- 
early with the logarithm of the pressure at a slow rate.    For the high-pressure region,  i.e., 

p > 30atmos, this rate is about 2.7 nsec/atmos. 
The dominant loss mechanism can be determined by a comparison of our results with those 

12 of Biondi.       He has studied the decay mechanism for microwave-produced discharges in argon 
9       -3 at low pressures (about 10 mmHg) and small electron densities (about 3 X 10   cm     );   however, 

a qualitative comparison should be valid.    Biondi finds that linear recombination of the type 

13 - SS-3 6 501 

-          •—•-—~^. 
•—•                         ARGON 

-^^_^           HYDROGEN 

1 1              1          1         1       1     1     1    1                                   1 1            1          1        1      1     1     1 

GAS PRESSURE   (olmot) 

Fig. 11-3.    Pressure dependence of afterglow decay time in argon and hydrogen. 
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shown in Fig. II-2 requires the presence of molecular positive ions.    The pressure dependence 

of the decay time (Fig. II-3) is opposite to that Biondi found for dissociative recombination. 
From this pressure dependence and the linear recombination of Fig. II-2,  we can conclude that 

the mechanism is not that of dissociative recombination.    The recombination coefficient cal- 

culated from Fig. II-2 (a ^ 1.5 X 10        cm /sec) agrees approximately with the theoretical 

estimate of Stueckelberg and Morse      (a =* 10        cm /sec) but is smaller than that found by 

Biondi (a = 6 x 10     cm /sec) and by Kenty      (a = 2 X 10        cm /sec).    Part of this discrepancy 
10 might be attributed to the wide variation in electron densities (a ratio of 10     :1) and gas pres- 

sures (a ratio of 100:1) for the two experiments.    Further investigations are necessary to 
clarify this point. 

2.   Hydrogen 

The emission spectrum of the laser-produced discharge in hydrogen at 1 atmos has been 

measured.    The spectrograph consists of the Balmer series lines plus continuum.    The electron 
18 -3 density was estimated from the Stark profile of H    to be n    <* 10     cm The continuum was 

too dense on the spectrogram for an accurate determination of the electron temperature.    A 

simple modification of the experimental equipment should rectify this problem. 
The decay curves for hydrogen are shown in Fig. II-4 and are similar to those for argon 

(Fig. II-l).    Here,   however,  the decay is not a simple l/n type of Eq. (2) over the entire time 
range but a composite of at least two decay curves.    This is demonstrated to be the case by 

inserting band-pass filters between the discharge and the photodetector.    When this is done,   it 
o 

is found that the "fast" decay comes from the spectral region A < 5400 A.    Work is in progress 
to indentify these two decay times further. 

Fig. 11-4. Time dependence of radiation from ruby- 
laser-produced spark in hydrogen at 1 atmos. Time 
scale is 100 nsec/cm for all traces. 
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The pressure dependence of the l/e decay time for hydrogen is shown in Fig. II-3.    The 

decay time decreases approximately linearly with the logarithm of the pressure at a slow rate 

for the pressure range investigated. 

The results are incomplete,  but tentative conclusions indicate that the recombination 

mechanism for hydrogen is of the type given by Eq. (2).    Diffusion effects are negligible.    The 

recombination coefficient is estimated (order of magnitude) to be about a =« 10"    /cm    (Ref. 15). 

Here again the discrepancy might be in the fact that we are dealing with high-density plasmas 

and high-pressure gases. „_,_,, 6    v 6 D. F. Edwards 

C.    PERTURBATION OF THE REFRACTIVE INDEX OF AN ABSORBING MEDIUM 
BY A LASER BEAM 

Interferometer measurements have been made of the changes in refractive index associated 

with the heating of an absorbing medium by a laser beam.    The order of magnitude of the change 

in refractive index which is observed can be estimated from the thermal expansion of the 

medium: 

. (n — 1) (volume expansivity)   , ,        ,     , /     ..      , , An = ^—rr—-r1 "; i iK ..   \J    (energy absorbed/unit volume (heat capacity) (density) ^ ' 

where An,  the change in the index n,   ranges from 10      to 10     ,   depending upon whether a solid, 

liquid,   or gas is used.    To measure An,  the apparatus shown in Fig. II-5 has been built.    It 

consists of a neodymium glass laser (1.06 |JL) whose beam is fired into the absorbing medium 

placed in one arm of a Mach-Zehnder interferometer.    The source for the interferometer is a 
o 

pulsed argon gas laser (4880 A).    Provision is made for time-resolved measurements by first 

triggering the neodymium laser (1 to 5 joules output in a spike train of 0.5 to 1 msec) and then, 

at some adjustable later time,   triggering the argon gas laser (1 to 2 watts output in a 50-nsec 

pulse) to photograph the interferometer fringes.    Future modifications will include some type 

of rapid framing or streaking for the camera during a single neodymium-laser pulse. 

The media are chosen so that they absorb enough of the 1.06—M- radiation to perturb the in- 
o 

dex,  but pass essentially all the 4880-A interferometer beam.    Unlike solids and liquids, suitable 

gases with reasonable absorption lengths are difficult to find.    Significant changes have been ob- 

served for several solid,  liquid,  and gas media. 

Figure II-6(a-c) shows the disturbance in the interferometer fringes produced by the ab- 

sorption of between 1 and 2 joules of the 1.06-ji beam in a 22-cm cell of methyl alcohol.    The 

times indicated under the figures are the delays between the start of the neodymium glass laser 

and the photograph of the fringes.    The absorption of energy in this case is so large that tur- 

bulence in the liquid obliterates the fringes.    After 3 msec,  the disturbance has grown to about 

twice the original beam diameter of the neodymium glass laser,  and continues to grow for 

nearly a second when it is dissipated. 

Figure II-7(a-e) shows similar photographs of a 1-m cell filled with monoethylamine gas 

which has a small absorption at 1.04 (j..    It is estimated that the cell absorbs about 1 percent of 

the 1 to 2 joules in the 1.06—|JL beam.    These pictures are taken as before except that the inter- 

ferometer is adjusted for infinite fringes (i.e.,  the two beams are rendered parallel and the 
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Fig. 11-5.    Schematic diagrom af apparatus far measuring changes in refractive 
index of absorbing medio. 
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Fig. Il-6(a-c).    Interferagrams af disturbance af refractive index in 22-cm 
cell af methyl alcahal. 
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Fig. Il-7(a-e).    Interferagrams af disturbance af refractive index in 1-m cell of monoethylamine gos. 
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field is completely light or dark with a fringe spacing of infinity).  When disturbed, the interfer- 

ometer produces fringes of constant index of refraction.   As expected, these fringes are fairly 

symmetric about the beam axis.   The pattern, in this case, is equivalent to an average index pro- 

file which increases almost linearly from the center of the beam and which produces an interfer- 

ometer beam divergence of about 1 mrad.    Studies are under way to separate the effects of a non- 

uniform 1.06-jx beam intensity from those of the transport phenomena in the absorbing medium. 

In addition to these relatively slow changes in index,   rapid changes associated with sonic 

shock waves should be present.    Effects of this nature have not yet been observed because the 

laser energy is being deposited too slowly,  by several orders of magnitude,  to produce strong 

shock waves.    To remedy this,  the experiments will be repeated using a Q-spoiled neodymium 

laser. _  _   T P. R. Longaker 
J. D.  Kuppenheimer, Jr. 
M. M. Litvak 
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in.   MATERIALS   RESEARCH 

A.    ELECTRIC  FURNACE  FOR OPERATION IN OXIDIZING, NEUTRAL, 
AND REDUCING ATMOSPHERES TO 2400° C 

Temperatures above 2000°C can be produced by resistance heating with tantalum, tungsten, 

molybdenum, or graphite heating elements in vacuum or neutral atmospheres.     In oxidizing 

atmospheres, however,  1700°C is about the highest temperature which can be produced by direct 
1 

resistance heating, using platinum or platinum alloy elements.    We have extended resistance 
heating in oxygen (or other atmospheres) to higher temperatures by developing a furnace in which 

a metal heating element that is operated in an inert atmosphere is used to heat a ceramic inner 
tube containing the sample in the desired atmosphere.    This furnace,  which employs a tantalum 

split-tube heating element protected by argon and an inner tube of dense zirconia,  can be used to 
heat samples to 2400°C in an oxidizing atmosphere as well as in neutral or reducing atmospheres. 

Figure III-l is a schematic section view of the assembled furnace, which incorporates the 

base, power leads, and power supply of a commercial tantalum vacuum furnace (Centorr Asso- 
ciates) capable of supplying 8 kw at 600 amp.   Water-cooled base (1) and lid (2) sections surround 

the whole furnace which is about 6 inches in diameter and 7 inches high.    Two water-cooled 

current leads (3) supply current to the split tantalum heating element (4) which is 0.005 inch 
thick, 2 inches in diameter, and 3 inches high, with resistance of about 0.02 ohm at 2000 °C.    The 
element is surrounded on the top, bottom, and sides by tantalum heat shields (5).    A dense zir- 

conia tube (6),   i\ inches OD,  if inches ID,  6 inches long (Zirconium Corporation of America), 

Fig. III-l.    Schematic section view of assembled high-temperature furnace. 
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is mounted coaxially inside the heating element. The ends of the tube are loosely sealed to the 

base and lid sections with fibrous mullite (Fibrefrax) (7), which is also used for sealing around 

the current leads. 

The heat shields contain holes lined up with a sight port (8) through which the temperatures 

of the heating element and zirconia tube can be measured pyrometrically.    This port contains a 

gas inlet (9) for supplying argon to the heating element chamber.    A gas inlet (10) for the zirconia 

tube and additional sight ports are included in the lid.    There is a gas exit (11) in the base through 

which a refractory sample support rod (12) enters the hot zone.    For some applications,  it is 

desirable to place tantalum heat shields (13) inside the zirconia tube in order to reduce the ther- 
mal gradients in the hot zone and along the tube.    The furnace has also been operated with a 

smaller heating element (1^ inches diameter) and a smaller zirconia tube (1 inch OD, j inch ID, 

6 inches long). 

In a typical run, argon is first flushed through the heating element chamber at about 15i/min. 

for 10 minutes,   after which the rate is reduced to about 5i/min. for operation.    The desired gas 

is passed through the zirconia tube at about 5i/min.    The power is then raised gradually over a 

period of | hour until the operating temperature is reached.    After the run, the furnace is cooled 

to room temperature in about | hour. 

Typical data for the temperatures of the zirconia tube and a j-inch-diameter magnesia sample 
pedestal are shown as a function of furnace power in Fig. III-2.    These results were obtained in 

two runs, one with the 1-inch-OD zirconia tube and l|-inch heating element,  and the other with 

the 1^-inch-OD zirconia tube and 2-inch heating element.    The temperatures were measured 

with a calibrated Pyro laboratory optical pyrometer.    The pedestal was observed through a right- 

angle prism mounted on the furnace lid.    The melting point of a sapphire sample observed through 

this prism was measured as 2050 °C,   in good agreement with the published value. 
Use of the zirconia tube in the furnace is advantageous even if the sample to be heated does 

not require an atmosphere harmful to the tantalum,  since the zirconia protects the heating element 

nch ZIRCONIA TUBE 

1-inch ZIRCONIA TUBE 

O    MAGNESIA PEDESTAL 

•     TUBE WALL 

Fig. Ill-2.    Measured temperatures af zirconia tube and sample 
pedestal as a function af furnace power. 
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from any volatile materials which may evaporate from the sample.    In many cases in which tan- 
talum furnaces are normally operated in vacuum,  operation in argon may be more satisfactory. 

Argon decreases the rate of evaporation of both the tantalum heating element and the sample 

being heated,  although it also reduces the rate at which volatile impurities are removed.    Com- 
mercial argon has a nominal maximum impurity level of about lOppm (corresponding to an im- 

_2 
purity partial pressure of 10     torr), but it is effectively gettered by the hot tantalum heat shields 
before it reaches the element or the sample. 

It is expected that this furnace will find application in a variety of operations in the 1700° to 
2400°C region, such as phase studies, material testing, diffusion study, and crystal growth. We 

have used it for the Czochralski growth of sapphire crystals with satisfactory results. 

T. B. Reed 
R. E. Fahey 

B.    ELECTRICAL PROPERTIES OF CrOg 

Measurements of the Seebeck coefficient a  and resistivity p  of polycrystalline CrO~ sam- 
2 pies prepared by high pressure synthesis    have been extended to liquid helium temperature.   The 

stoichiometry of the samples used in these and previous experiments was measured by an ana- 
3 

lytical method   which determines the chromium content with an accuracy of about 1 part per 1000. 
Values of a   and p   measured between 12° and 440°K are plotted against absolute temperature 

T  in Figs. III-3 and 111-4,  respectively,  for samples with compositions of CrO    qq4 and CrO? n .,-• 

For both samples,   a   is almost independent of T  below 250°K,  exhibiting neither the large in- 

crease due to phonon drag which is observed in single crystals of some materials at low tem- 
peratures,  nor the decrease with decreasing temperature observed in the absence of phonon 

drag.    It is suggested that phonon scattering at grain boundaries in these polycrystalline samples 
reduces the phonon drag effect to a level which is too small to produce an increase in  a   but 
sufficiently large to prevent a decrease in a  as the temperature is decreased below 250°K. 

Above 250°K,  the phonon drag effect is so small that a   increases with increasing temperature, 
4 5 as observed in previous measurements on CrO? samples. ' 

As shown in Fig. 111-4,  the resistivities of the CrO. „„. and Cr02 „.,- samples are about 
5 milliohm-cm and change only slightly with temperature,  although a small peak is observed 
in the vicinity of the Curie point (382°K) for the CrO? _.,- sample.    These results are similar 
to those we obtained previously for samples of other compositions, '    but they differ markedly 
from those reported by Kubota and Hirota.     The resistivities observed by these authors are 

about 2 orders of magnitude larger,  decrease by factors of 2 to 3 when the temperature is in- 
creased from 200° to 600°K,  and exhibit much larger peaks in the vicinity of the Curie point. 
We attribute these differences to the fact that our samples were prepared at much higher pres- 

sures than those of Kubota and Hirota. 
The electrical properties of the samples studied in the present investigation,  which have 

compositions ranging from CrO    „_ to Cr02 _2,   do not vary significantly over this composition 

range.    This is consistent with the Goodenough model  '    used to explain the metallic properties 

and ferromagnetism of CrO,,  since according to this model such a change in stoichiometry would 
cause only a small relative change in the electron population of the (a) ir*-band responsible for 

conductivity. j, M. Honig 
J.A. Kafalas 
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C.    InSb-InTe SYSTEM 

1.    Phase Diagram 

The phase diagram for the pseudo-binary InSb-lnTe system,  which has been determined by 

thermal,   x-ray,  and metallographic analysis,   is shown in Fig. Ill-5.    The complete diagram, 
Q 

which differs somewhat from a tentative version reported previously,   includes not only the stable 

diagram (solid lines) but also portions of an unstable diagram (dashed lines).    The data points 

shown give the temperatures of thermal arrests observed in cooling experiments. 

In agreement with the earlier tentative diagram.  Fig. 111-5 shows that the ternary compound 
g 

In.SbTe, with rocksalt structure (first reported by Goryunova,  Radautsan and Kiosse  ) is a peri- 

tectic phase,  unstable above 556°C.    According to the stable diagram,  InTe crystallizes as the 

primary phase when a melt containing more than 40 mol % InTe is cooled below its liquidus 
temperature.    When this occurs,  thermal arrests (indicated by closed circles in Fig. III-5) are 
observed at three temperatures:   liquidus,  peritectic,  and eutectic.    After the samples are cooled 
to room temperature,  they are found by metallographic and x-ray examination to contain InTe, 
In.SbTe,,   and InSb.    Figure III-6 is a photomicrograph which clearly shows all three phases in 
such a sample. 

The stable diagram in Fig. 1II-5 also shows that In .SbTe, is the primary phase which crys- 

tallizes from melts containing between 15 and 40 mol % InTe.    For these samples,  thermal 
arrests (open circles) are observed only at the liquidus and eutectic temperatures,  and after 
solidification the samples contain only In.SbTe, and InSb.    Although inconsistent with the stable 
diagram,   similar behavior has also been observed for many samples containing between 40 and 
75 mol % InTe.    This behavior reveals the existence of the unstable phase diagram shown in 
Fig. Ill-5, which was not included in the earlier tentative diagram.    According to the unstable 

diagram,   In.SbTe, can crystallize as the primary phase from a melt containing more than 
40 mol % InTe if the melt supercools far enough below the stable liquidus.    Whether or not suf- 
ficient supercooling will occur depends on the experimental conditions.    Reducing the cooling 

rate tends to increase the degree of supercooling. 
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Fig. 111-5.    Phase diagram of pseudo-binary InSb-InTe system. 
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Fig. 111-6. Photomicrograph af InSb-lnTe somple 
prepared by solidificotion of melt containing 
55 mol % InTe. Sample consists af dark islands 
of InTe (primary phase), each surrounded by a 
lighter ring of ln4SbTe3, which is surrounded in 
turn by o darker motrix af InSb. 

In their investigations of the InSb-lnTe system,  Goryunova,  Radautsan and Kiosse,   and 
10 Molodyan,  Radautsan and Madan      consistently obtained single-phase In SbTe, by slow cooling 

of melts containing 75 mol % InTe.    (For this composition,   Molodyan,  et al.,  observed a thermal 

arrest at 586°C,  in good agreement with the unstable liquidus temperature of 589°C given in 

Fig. III-5.)   Consequently, they failed to identify In.SbTe, as a peritectic phase.    When Molodyan, 
et al.,  heated a sample of In.SbTe,,  they observed a thermal arrest at 557° to 56l°C,   in good 
agreement with the peritectic temperature of 556°C given in Fig. Ill-5,   which they attributed to 
decomposition of an unspecified character. 

Liquidus temperatures for melts containing less than 15 mol % InTe are indicated by squares 
in Fig. Ill-5.    Samples obtained by solidification of these melts consist of two phases, a solid 
solution of In2Te,  in InSb and a phase containing essentially pure indium which was identified by 

electron microprobe analysis.    These phases do not lie in the InSb-lnTe pseudo-binary section, 
but they are not stable,   since they are no longer observed after the samples have been annealed 

for two to three weeks at 475°C.    The phases present after annealing do lie in the pseudo-binary 

section.    Samples containing up to about 5 mol % InTe are then single-phase solid solutions of 

InTe in InSb.    Samples containing a higher percentage of InTe consist of two phases,   InTe- 
saturated InSb and InSb-saturated In.SbTe,. 4 3 

Small thermal arrests were observed at 410° to 430°C,  as shown in Fig. III-5,   in cooling 

runs on almost every sample containing between 20 and 70 mol % InTe.    In the tentative phase 

diagram reported earlier,  these arrests were attributed to a solid-state transformation in 
In .SbTe,.    Further investigation has failed to confirm such a transformation.    No thermal 

arrests below the eutectic temperature were observed in heating and cooling experiments on 

samples consisting almost entirely of In SbTe, (together with a small quantity of InSb),  which 

were prepared by directional freezing of a melt containing 65 mol % InTe.    Furthermore, 
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high-temperature x-ray diffraction measurements showed that up to 530°C there was no change 

in the crystal structure of In.SbTe, and that the lattice constant increased linearly with temper- 

ature over the entire range.    A monotectic arrest is observed at 423°C in thermal analysis ex- 

periments on samples of stoichiometric InTe.    According to the phase diagram of Grochowski, 
et al.,      for the In-Te system,  this arrest is observed because the composition at the congruent 

melting point of InTe is not stoichiometric.    Consequently,  an initially stoichiometric melt does 
not freeze congruently,   and its stoichiometry changes with decreasing temperature.    The low- 

temperature arrests observed in the present experiments might be similarly associated with the 

formation of a minor phase due to deviations from stoichiometry. 

The compounds InSb,  In.SbTe,,  and InTe are shown as line phases in Fig. III-5 because 
data on their homogeneity ranges are limited.    The annealing experiments described above show 

that the solubility of InTe in InSb (zinc-blende structure) is about 5 mol % at 475°C.    The lattice 
o o 

constant of InSb saturated with InTe is 6.470 ± 0.002A,   compared with the value of 6.478 ± 0.001A 

for pure InSb.    X-ray diffraction data for InSb-InTe samples annealed at 475°C establish upper 
and lower limits of 80 and 70 mol % InTe,   respectively,   for the homogeneity range of In.SbTe,, 
but the actual homogeneity range may be much smaller.    The lattice constant for single-phase 

o 
In.SbTe,,   prepared by annealing samples containing 75 mol % InTe,   is 6.132 ± 0.002 A.    The 

lattice constant for In.SbTe, saturated with InSb,  which was obtained in measurements on a 
number of two-phase samples with average compositions between 10 and 65 mol % InTe,  is 

6.125 ± 0.001A.     The solubility of InSb in InTe (TISe structure) is less than  5 mol % at 475°C, 

according to x-ray diffraction data. 

2.     Superconductivity 
Q 

It was reported previously    that high-pressure samples of In .SbTe,,   prepared by melting 

at 37 kbar and quenching to room temperature before releasing the pressure,   exhibited super- 

conductivity at temperatures below about 1.5°K.    Superconductivity was not observed down to 

1.3°K, however,  in a sample prepared at atmospheric pressure by directional freezing of a 

melt containing 40 mol % InTe.    It was suggested that the difference in behavior resulted because 
the atmospheric pressure sample was saturated with InSb. 

Further investigation has shown that similar differences in superconducting properties occur 
for high- and low-pressure samples even if they have the same composition.    Thus single-phase 
In.SbTe, samples prepared at low pressure by annealing mixtures containing 7 5 mol % InTe in 
evacuated ampoules failed to exhibit superconductivity down to 1.3°K,  but after these samples 
had been annealed for an hour or more at 37 kbar and 475°C they exhibited superconducting 

transition temperatures of 1.5° ± 0.2°K,  the same as observed for high-pressure samples of 
the same composition prepared from the melt.    The samples were then annealed again under 
low pressure.    After 30 hours at 400°C,  the superconducting transition was reduced but still 

detectable,  but after 8 to 26 hours at 475° to 500°C,  superconductivity was not observed down 

to 1.3°K.    X-ray diffraction measurements were made after the initial low-pressure,  the high- 

pressure,  and the final low-pressure anneals.    These measurements showed that throughout 
the experiment each sample remained single.phase,  retained the rock-salt structure,   and had 

o 

the same lattice constant within the experimental error of 0.001 A. 
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The annealing experiments demonstrate the role of high pressure in obtaining superconducting 

In.SbTe,.    These experiments also show that the superconductivity is not due to the presence of 

superconducting InTe(II),  the high-pressure rock-salt phase,   in quantities too small to detect by 

x-ray diffraction.    If this were the case,  it would be unnecessary to anneal for long periods at 

elevated temperatures in order to eliminate superconductivity,  since at atmospheric pressure 

InTe(II) is transformed to the nonsuperconducting low-pressure phase in a few minutes at only 

135°C.    Additional evidence that the superconductivity is not due to InTe(II) was obtained by ex- 

periments on mixtures containing low-pressure In .SbTe, and 5 or 10 weight % InTe(II).    Both 

mixtures exhibited small superconducting transitions at 3.4°K, the transition temperature of 

pure InTe(II),  but no transition at 1.5°K,  the transition temperature of high-pressure In.SbTe,. 

In initial experiments on the superconductivity of high-pressure InSb-InTe samples inter- 

mediate in composition between In.SbTe, and InTe,  data have been obtained for samples con- 

taining 80,  85,   90,  and 95 mol % InTe.    As expected,  all four samples exhibited superconductivity. 

(It should be noted that low-pressure samples in this composition range,  which contain In .SbTe, 

saturated with InTe,  do not exhibit superconductivity down to 1.3°K.)   The transition temperature 

increased monotonically but not smoothly with increasing InTe content,   since it increased quite 

sharply between 85 and 90 mol % InTe.    This preliminary result suggests that the solubilities 

of InTe in In.SbTe, and of InSb in InTe are considerably greater at high pressure than at low 

pressure,  but that even at high pressure a complete series of solid solutions is not formed in 

the range between In.SbTe, and InTe.    Initial x-ray diffraction measurements have confirmed 

the increases in solubility at high pressure,  but they have not established whether or not there 

is complete miscibility. „„   _    „ T ,-,   „ ,, y J M. D. Banus Lynne B. Farrell 
A. J. Strauss        Muriel C. Plonko 
Mary C.  Finn 

D.    SUPERCONDUCTIVITY IN THE HIGH-PRESSURE InSb - /3-Sn SYSTEM 
12 

It was previously reported      that by alloying /3-Sn (body-centered tetragonal) with InSb., 
13 

(body-centered tetragonal),     the superconducting transition temperature T    of InSb.. is raised 

by more than 2°K.    Samples containing 0.20 to 0.40 atom-fraction tin,   annealed at 37 kbar for 

one hour at 300°C after melting and before quenching to room temperature,  showed transitions 

at two different temperatures.    The presence of two transitions in this composition range was 

attributed to a "quench effect" similar to the one observed in the two-phase region of the In-Sn 
14 

system.       On this basis,   it was suggested that the InSb.. — /3-Sn system probably has a two- 

phase region between 0.05 and 0.65 atom-fraction tin even though complete solid solubility 

might be expected,  since the terminal components have the same structures and very similar 

lattice constants. 

A further study of the system has shown that attainment of equilibrium in the solid phase 

requires long periods of time as it does in the case of other similar systems,  for example, 

Si-Ge (Ref. 15).    When the annealing time at 37 kbar was increased from 1 to 20 or 40 hours, 

and the annealing temperature was increased from 300°C to between 320° and 350°C (increasing 

with increasing InSb concentration),  the lower T   was not observed while the single T    increased 

to approximately 5°K in some alloys (Fig. III-7).    These results suggest that a complete series 

of solid solutions is produced by prolonged annealing.    With two phases present (nonequilibrium), 
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Fig. II1-7.    Superconducting transition temperature T   vs nominal composition 
far (InSb..),      (2Sn)   alloys prepared at 37 kbar. 

the lower T    values are apparently due to the InSbTT-rich phase,   whereas the upper T    values 
are due to the Sn-rich phase.  The latter were constant (4.3° ± 0.2°K) between 0.05 and 0.60 atom- 
fraction tin.    Under equilibrium conditions in which only a single transition (presumably a single 

phase) was found,   there is an unmistakable maximum at about 0.50 atom-fraction tin.    This max- 
imum may be associated with ordering of the alloy at 0.50 atom-fraction tin.    In alloys containing 

less than 0.20 and more than 0.60 atom-fraction tin,   the longer heat-treated samples gave the 

same T    as samples heat-treated one hour or quenched directly,   indicating the rapidity of equi- 

librium at these compositions. 
In view of the present results,   it is concluded that the InSbTT — /3-Sn system does not exhibit 

a two-phase region but exhibits complete solid solubility under equilibrium conditions. 

Data on the temperature and time dependence of resistivity of InSbn — /3-Sn alloys at atmos- 
pheric pressure show that at any temperature the rate of transformation to the stable low- 

pressure phases decreases monotonically with increasing tin content      up to at least 0.6 atom- 
fraction tin,  the highest tin content investigated.    These data are therefore consistent with the 

17 18 formation of solid solutions in all proportions.    In recent work,  Darnell and Libby    '      have 
also concluded from the variation of hardness,   thermal stability,   and superconducting transition 
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temperature on three alloys (x = 0.33,   0.5,   and 0.56) that InSbJT and tin are soluble in all propor- 

tions.    However, these authors report that Tr increases monotonically from 2.1°K (InSbTT) to 

3.7°K (Sn).    Thus,  except for the pure 

measured in our more detailed study. 

3.7°K (Sn).    Thus,  except for the pure compounds, their T    values are 0.5° to 1.9°K below those 

M. D. Banus 
Susan N. Vernon 
H. C. Gatos 
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IV. BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS 

A.     INTERBAND TRANSITIONS IN ANTIMONY* 

In addition to the oscillations in the magnetic field dependence of the reflectivity previously 

reported,   a new type of oscillatory behavior has been observed.    Although,  in the former case, 

the magnetic field associated with a particular oscillation in the reflectivity is independent of 

photon energy,  the present phenomenon is strongly frequency dependent.    The frequency- 

independent oscillations have been identified with an intraband optical deHaas-Shubnikov mecha- 
nism,  whereas the frequency-dependent oscillations are identified with interband transitions. 

The identification of these new oscillations with cyclotron resonance is excluded for several 
reasons: 

(1) Such oscillations are energetically unfavorable since for H< 10^ gauss, 
-na)c < 10"2ev. 

(2) For certain fixed photon energies,   the number of these oscillations ex- 
ceeds the number of carrier types that have been previously reported. 

(3) As the magnetic field is decreased, the location of a given oscillation 
maximum shifts to lower photon energies and finally extrapolates to a 
finite energy gap. 

Two sets of interband transitions have been observed.    The interband transitions extrapo- 
lating to a bandgap of e    = 0.100 ± 0.005 ev have been observed with the magnetic field and 

Poynting vector of the light normal to all three principal crystallographic directions.    In the 
case of the binary and bisectrix faces,  these oscillations are enhanced by polarizing the light 
with E  parallel to the trigonal direction.    The perpendicular polarization emphasizes the second 
set of interband transitions for which e    = 0.15 ± 0.01 ev.    These oscillations are expected to 

occur only for H normal to the binary and bisectrix faces and have,  in fact,  only been observed 
under these conditions.    A recorder trace illustrating these oscillations with the magnetic field 

perpendicular to the binary face is shown in Fig. IV-1 for fiw = 0.1968 ev and the light polarized 
with E  parallel to the bisectrix direction. 

The observation of these interband transitions serves to explain certain puzzling features 
1 2 in both the magnetoplasma and optical deHaas-Shubnikov effects previously reported. '      In 

particular,   neglecting the interband transitions led to the wrong sign for the magnetoplasma 
effect in the vicinity of tiw =* 0.10 ev for H normal to the binary and bisectrix directions.    More- 

over,  the free carrier model fails to predict the proper relationship between the amplitude of 
the magnetoplasma effect and its dependence on photon energy.    Finally,  a strongly frequency- 
dependent dielectric constant is needed to obtain the observed amplitude of the deHaas-Shubnikov 

effect and the dependence of this amplitude on photon energy. 

A calculation of the magnetic field dependence of the optical reflectivity of antimony is in 

progress,  which includes the interband transitions and the optical deHaas-Shubnikov effect. 

tThis experiment was performed using the high-field facilities of the M.I.T. National Magnet Laboratory. 
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Fig. IV-1.    Interband magnetoreflectivity oscillations in antimony. 
Photon energy-hu = 0. 1968 ev and T « 4°K. 

The objective of this calculation is to construct a suitable model for the electronic band struc- 

ture of antimony. Mildred S. Dresselhaus 
J. G. Mavroides 

B. MAGNETIC SUSCEPTIBILITY IN GRAPHITE 

Recent measurements by Williamson,   et al..   of the magnetic susceptibility in single-crystal 
4 

and pyrolytic graphite have  confirmed the long-period oscillations first reported by  Soule. 

Using the band parameters obtained from the magnetoreflection experiment of Dresselhaus and 
Mavroides,   the circular cross-sectional area of the Fermi surface about the zone corner has 
been computed,   and the result is in agreement with the observed long-period oscillation. 

At this point in the zone,  there is neither an extremum in the cross-sectional area of the 

Fermi surface nor a stationary value of the cyclotron effective mass,  but there is a twofold 
degeneracy of the energy levels.    A calculation of the temperature dependence of the magnetic 
susceptibility in the low-field limit is in progress to determine (1) whether deHaas-vanAlphen 
oscillations can occur at such a point in the zone,   (2) the relation between the temperature de- 
pendence of x  an<^ the effective mass,  and (3) the anisotropy effect which is observed as the 
magnetic field is rotated from the c-axis to an a-axis. 

Mildred S. Dresselhaus 
G. F. Dresselhaus 

C. ALFVEN WAVES IN GRAPHITE 

Oscillations in the microwave transmission of single-crystal and pyrolytic graphite have 
been recently observed by Surma,   Furdyna and Praddaude    and have been attributed to Alfve"n 

wave propagation through thin samples.    For semimetals with simple parabolic bands,  the 
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velocity of propagation v of these waves depends on the carrier density n. and effective mass 
7 * m* of the holes and electrons through the relation 

2 
v2 = T- (n m* + n, m*)"1 (1) 47r       e    e h    h' v   ' 

in which H  is the 'magnetic field.    In the case of graphite,  both the density of states and the 
cyclotron effective mass depend on the wave vector k  .    By using the band parameters obtained 

z 5 from the magnetoreflection experiment of Dresselhaus and Mavroides,    the products n m* and 
n, m,   have been calculated by suitable integration over k  .    Neglecting trigonal warping of the 

Fermi surface,   the values  obtained are n  m*   =   1.38 x 10       g/cm   and n, m*   =   1.84 x 
-10 3 e    e 6 10       g/cm  ,  in good agreement with the experimental observation.     The effect of trigonal 

warping (y, ^ 0) on the Alfven wave propagation is also being studied. 

In order to obtain the line shape for the transmission experiment,   the expression for the 
high-frequency conductivity in a magnetic field is being evaluated for the graphite band param- 

5 
eters.     The conductivity is used to calculate quantitatively the transmission of microwave power 

through a single crystal of material.    Both cyclotron resonance and Alfven wave behavior are 

obtained. ,„••,,      , ~   TA Mildred S. Dresselhaus 
G. F. Dresselhaus 

D. REFLECTIVITY OF MggSi,  MggGe, AND MggSn 

The reflectivity of Mg2Si,  Mg2Ge,  and Mg2Sn has been measured in the 1- to 11-ev photon 
energy range.    The measurements below 2 ev were made at 300°K,  and those from 2 to 11 ev 

were made at 77°K.    These II-IV compounds are all semiconductors which crystallize in the 

anti-fluorite structure.    The reflectivity,   as shown in Fig. IV-2,   is very similar to materials 
of zinc-blende structure such as the III-V compounds. 

A Kramers-Kronig analysis is being performed on the data to determine the real and imag- 

inary parts of the dielectric constant.    This will facilitate an interpretation based on Lee's pub- 
Q 

lished band-structure calculations.     A comparison of these calculations with other experimental 
9 

evidence  concerning photothreshold measurements    shows  that theoretical energy values for 
the indirect and direct energy gap in Mg?Si and Mg?Ge are in error by about 1 ev.    Reasonable 
interpretation of the reflectivity spectra will require careful adjustment of the calculations to 

fit the complex dielectric constant derived from the Kramers-Kronig analysis. 

W. J. Scouler 

E. BAND STRUCTURE OF HgTe AND HgTe-CdTe ALLOYS 

The gray tin band model of Groves and Paul,     extended to include overlap of the valence 

and conduction bands,  has been applied to HgTe and Cd Hg.     Te alloys.    This model is consist- 

ent with the systematics of III-V and II-VI compounds with zinc-blende structure and with all 

available experimental data.    It accounts for the semimetallic nature of those alloys for which 
x < 0.20.    In this model,  the direct energy gap at k = 0,   E   (x) = E„   ,r   . — E„   .„     .,   is a nearly I i 6u ^      i gu 15> 

linear function of lattice constant, and negative for x < 0.17,  as shown in Fig. IV-3.    The highest 

valence band edge E    lies above E     ,r     . by an energy E    of 0.01 to 0.04ev for x ^ 0.20. 
v i 8U 15> 
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Fig. IV-3. Variation af E, and E. with lattice 
parameter aQ and with composition x in allay 
system CdxHgi Te. Data points, except those 
discussed in text and those listed in Ref. 13, are 
from aur interpretation af published results of op- 
tical transmission measurements at zero magnetic 
field. 

6.4716 

LATTICE   PARAMETER   a„  (A) 

0.4 0.6 

* (mol-fraction CdT«] 

As the mean atomic number Z.„ ,x + Z„ (1 — x) = 48x + 80(1 — x) increases, the energy of 

the r,(r.) Bloch function, which has a Cd Hg. s-like character, is expected to be lowered 

more than that of the r0(r,,-) Bloch function, which has a tellurium p-like character.    From 
o       ID 

this,   one predicts that E.(0) is less than E,(l),   in agreement with observation (Fig. IV-3).   Since 
the Y,  and r„ levels have different symmetry,  they move independently as the potential changes 

b 8 
with alloying and should not exhibit any unusual behavior near the composition where they become 
degenerate.    This picture suggests that E    varies smoothly and monotonically with alloying as 

assumed in the model. 
In constructing Fig. IV-3, we have used for E  (x) the values E  (1) = 1.6 ev (Ref. 11), 

E,(0.17) = 0.006 ± 0.006 ev,   and E  (0) =—0.14 ± 0.05 ev.    The value for x = 0.17 is obtained from 
12 analysis of cyclotron resonance transitions in magnetoreflectivity data.       The very small value 

of the observed cyclotron resonance mass at x = 0.17,   m*  = 0.003 m       is direct evidence for a 
small gap.    The magnitude of the value for E (0) was deduced from the variation of the effective 

mass m* with carrier concentration N.    The sign of E^O) was chosen negative,  because E^x) 

would not be monotonic for E  (0) positive.    A positive value of E^O) can also be ruled out if 
E,(x) is assumed to be a smooth,  but not necessarily monotonic,   function of x,   since E^O) > 0 

is inconsistent with a small E2 for the range 0 < x < 0.2. 
Symmetry and continuity arguments show that for the zinc-blende structure,  a r„ level 

cannot be the valence band edge,   so that E    must lie above the valence band rg level.    Our model 
for the band structure of Cd Hg       Te,  which  is illustrated in Fig. IV-4 for several values 

of x,  provides for E   > E     . and the variation of E    with x shown in Fig. IV-3 (see also v      rgir15) 
Refs. 13-18).    According to this model,  the alloy is a semimetal when E1 < E2. 

Semimetallic behavior in Cd  Hg.     Te has been confirmed by new data which,  for x < 0.20, 
lead to the negative values given in Table IV-1 for the thermal gap Et(x) = Ec - Ev>  where Ec is 
the lowest conduction band edge.    The value E (0) = -0.02 ± 0.01 ev was obtained by detailed 

analysis of the variation in Hall coefficient between 4° and 300°K for various extrinsic n-type 
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Fig. IV-4. Schemotic diogroms of proposed band 
structures of CdxHg^ Te olloy system for key 
values of composition x. (o) x = 0, semimetol 
with E1 =- -0. 14 ev ond Et = -E2 = -0.02 ev. 
(b) x = 0. 17, semimetol with E] 2" 0 ond Et = 
— E2 =• — 0. 02 ev. (c) x = 0.20, semimetol- 
semiconductor tronsition composition with E^ = 
E2 = 0.03 ev ond Et = 0. 0 ev. (d) x > 0. 20, 
semiconductor, Ef > 0. (Our model of volence 
bond structure pertoins only to energies in vicin- 
ity of volence bond edges.) 

TABLE IV-1 

SUMMARY OF SALIENT BAND PARAMETERS FOR Cd  Hg,    Te 
x   Ml-x 

All energies ore in mev.    E   =E     ,     .-E     ,       ,;  E   = E   - E     ,       .;  E   = E   - E  . 
1        VV       F8(ri5)     2      v       r8(ri5)     f       c       v 

X El 
E 

t E2 

m*(k = 0) 
e 1 

m 
0 

m 
0 

0 

0.05 

0.17 

0.20 

1.0 

-140±50a'b'C 

-100° 

6 ±6° 

+ 35 ± 5C 

1600° 

-20 ± 10d 

-20 ± 10e,C 

2±2e'C 

20 ± 10d 

20 ± 10e,C 

33±6e,C 

0.02a'b 

0.009b,c 

0.0006°'b 

0.0035b,C 

o.ia'b 

0.3e'c'b 

From infrared measurements. 

Used conduction band E(k) derived from k •  p approach. 

From E. vs x (Fig. IV-3). 

From R(l/T)data. 

From mogneto-Holl doto. 
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samples.    For x = 0.05 and x = 0.20,   p-type samples have been found for which the Hall coefficient 

R at 4.2°K changes from a negative value to a positive saturation value as the magnetic field in- 

creases from 0.1 to 5kG.   Detailed analysis of the mixed conduction results has yielded values 
of the electron and hole carrier concentrations.    From these results,   along with E,(x) from 

Fig.IV-3,   the other values of E   shown in Table 1V-1 were obtained. 

This work has been accepted for publication in Solid State Communications. 

T. C. Harman J.G. Mavroides 
W.H.Kleiner J.M.Honig 
A.J.Strauss D. II. Dickey 
G. B. Wright 

F. BAND STRUCTURE  OF GADOLINIUM METAL 
19 An augmented plane-wave calculation      has been performed to obtain the approximate non- 

relativistie energy bands in gadolinium metal.    The preliminary results indicate that these bands 
differ markedly from those of free electrons.    This is principally due to the fact that the bands 
originating from atomic 5d and 6s states overlap and are strongly mixed.    This situation is 

similar to that which occurs in transition metals. T   _   „. J. O. Dimmock 
A. J. Freeman i 
R.E. Watsont 

G. THEORY OF THE  "COLLISION DRAG"  EFFECT IN ULTRASONIC 
ABSORPTION IN METALS 

In the theory of ultrasonic absorption in metals,   the details of collision processes with 
thermal phonons or impurities are of fundamental importance.    The primary difference between 

the absorption of electromagnetic and ultrasonic waves in a metal is that the former drives only 

the electrons,  whereas the ultrasonic wave drives,  in addition,  the scattering "centers," whether 
they are local impurities or thermal phonons.    In the description of the relaxation processes of 

the electrons,   these effects have been designated as the collision drag effect.    Specifically,   it 
is assumed that the electrons relax not to a thermal equilibrium distribution,   but to one with mean 

velocity equal to the local velocity impressed by the sound wave. 
20 This effect has been studied theoretically by Holstein      for the case of scattering by thermal 

21 phonons and by Nagaoka      for static impurity scattering.    These authors used different methods 

and considered only special situations with respect to the wavelength of the acoustic wave; e.g., 
Holstein used a wave-packet description of the collision process, whereas Nagaoka used a per- 
turbation expansion,   valid only for wavelengths shorter than the mean free path. 

We have studied this effect on the basis of the transport theories for inhomogeneous driving 
22 fields previously presented by the author.       We have developed the corresponding transport 

equations for both phonon and impurity scattering for arbitrary wavelengths of the acoustic wave. 
In certain limits,   we prove that the collision drag effect may be described as above.    The treat- 

ment is rigorous,   except that the Born approximation was used for the scattering interactions. 
Thus,  the treatment complements and generalizes the previous theories on this topic.    A detailed 

account of the work will be presented in a separate report. 
P. N. Argyres 

t National Magnet Laboratory. 

t Bell Telephone Laboratories. 
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H.    ELASTOTRANSPORT PROPERTIES OF MATERIALS 

A systematic,   formal treatment of elastotransport theory has been provided for one-carrier 

semiconductors or metals in the absence of magnetic fields.    This theory takes into account not 
23 

only the deformation potential model which has been adequately treated in the past,     but also 

the effect of strain on the effective mass tensors,  intravalley scattering,  and Fermi level.    Ex- 

plicit   formulas   for the piezoresistivity,   piezo-Seebeck  coefficient,   and the electronic compo- 

nent of the piezothermal conductivity have been derived for sets of ellipsoids oriented along the 

<100X   Ol0>,  and  0*0 axes in momentum space,   in terms of Fermi-Dirac statistics.   The 

theory,  which is linear in the strain,   is based on the Boltzmann transport equation in the relaxa- 

tion time approximation,  assuming a quadratic dependence of energy on wave-number vector. 

The work will be submitted shortly for publication. ,,,  TT   .,,   . J K W. H. Kleiner 
J. M. Honig 
Lorella M. Jones 

I.     ELASTIC CONSTANTS OF HgTe 

The room-temperature elastic constants of HgTe have been measured by means of the ultra- 
11 2 

sonic pulse technique.    In units of 10      dynes/cm   ,   it is found that c, ,   = 5.08,   c,7 = 3.58,   and 
24 

c .. = 2.05.    Using these values and the Szigeti relation      specialized to the zinc-blende structure 

for the fundamental lattice absorption frequency w   ,   namely, 

( e + 2 \   K_ wo=4M^ 

whe re a    is the lattice constant,   K = (c, .  + 2c,,)/3,   IVI   is the reduced mass per ion pair,   and o '11 12 '    ' t- f      > 
e    and  e  arc the static and high-frequency dielectric constants,  respectively,  a value of w    = 

2.42 x 10      is calculated.    This value is in reasonable agreement with the experimental absorp- 
25 13 

tion frequency      w    = 2.20 x 10      considering that the Cauchy relation,   c,? = c..,  does not hold 

in HgTe. 

By suitably averaging the velocities over possible propagation directions,   a Debye charac- 

teristic temperature   G  can be calculated from the elastic data.    Using the technique worked out 

by deLaunay,      and neglecting the small temperature variation of the constants,   a Debye charac- 

teristic temperature at absolute zero,   6    = 105°K,   is calculated. 

J. G. Mavroides 
D. F. Kolesar 

J.     PLASMA WAVE TRANSMISSION THROUGH BISMUTH 

A theoretical and experimental study has been made of wave transmission through degenerate 

hole-electron plasmas in solids,   emphasizing the weakly transmitted waves which have not been 

previously examined in detail.    Transmission experiments allow the separation of weakly excited, 

lightly damped waves from strongly excited,   heavily damped ones.    An experimental technique to 
27 

accomplish this has already been described,      which uses a very sensitive receiver capable of 

measuring phase or group velocity of transmitted signals attenuated up to 200 db. 

Two of the weakly transmitted waves studied were the resonance-damped Alfven wave and 

the "branch cut" wave,   which   is a superposition of single-particle excitations.    The Alfven wave 
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occurs in a plasma composed of equal densities of oppositely charged carriers. In the limits of 

high magnetic field and negligible collision rate, this wave is strongly transmitted with a propa- 

gation constant   q  given by 

w(KQn) (nij  + m2) 

B„ 
(2) 

where  n  is the carrier density,  m, and m, are the carrier masses,  and B    is the magnetic field. "12 ' o b 

However,  when the magnetic field is reduced enough so that the wave phase velocity v    falls below 

the Fermi velocity v., of either carrier,  the wave becomes strongly resonance-damped,  and the 

propagation constant becomes independent of B    to first order in v  /v^. 

The amplitude and phase delay of a signal transmitted at 8.8 Gcps and 4.2°K along the trig- 

onal axis through an 83-p.-thick slab of bismuth are shown as a function of DC magnetic field in 

Fig. lV-5(a) and (b),   respectively.     In this  geometry,   u>    > u>  for both holes  and electrons 

when B    > 250 gauss.    However,  the Alfven phase velocity is greater than the electron Fermi 
o 7 

velocity (about 7X10   cm/sec  along  the  trigonal axis in bismuth),   only for  B     greater than 

about  1250 gauss;  hence for B    < 1250 gauss,   the wave  will  be resonance-damped.    As seen in 

Fig.IV-5,   both the phase and amplitude of the transmitted signal as a function of B       are less 

dependent on B    for B    less than about  1250 gauss. F o o 6 

The calculation of the electric field excited in a semi-infinite medium by an incident electro- 

magnetic wave involves integration around the various singularities of the complex dielectric 

constant in the q-plane. Mathematically, the Alfven wave arises from a pole, but in addition 

there arc branch-point singularities in the dielectric constant. When B is small enough for 

resonance damping to occur, the contributions to the electric field from integration along the 

branch cuts are comparable to the residue of the pole.    In this case,   the electric field does not 

»<n| 
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Fig. IV-5. ( a) Amplitude of signol tronsmitted through an 83-u.-thick slab af bismuth at 4. 2CK and 8. 8 Gcps 
as a function of magnetic field, (b) Phase of signol tronsmitted through an 83-u.-thick slab of bismuth at 
4. 2°K and 8. 8 Gcps as a function af magnetic field. 
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vary as exp [— iqz] and no simple analytic expression exists.    Numerical computation is now under 
way to determine the electric field as a function of B   . 

At zero magnetic field,   the branch cut integration for a one-component plasma can be eval- 
Z8 uated asymptotically      to yield for the electric field at depths greater than several mean free paths 

vF   exp[-(v + iw) z/v„] 
E(z)=-A—\  ^ — (3) 

U) z 
p 

where  A   is a constant involving the strength of excitation,   and  v  is the collision frequency. 
Measurements at X-band frequencies on several 50- to 100-|x-thick bismuth slabs have yielded 

values of about 7X10   cm/sec for the phase and group velocities of signals transmitted along 

the trigonal axis at zero magnetic field.    These velocities are just equal to the electron Fermi 

velocity,   in agreement with the above expression evaluated for the electron branch cut.    In the 
quantum mechanical expression for the dielectric constant,  the branch cut actually becomes a 

line of closely spaced poles,  each pole corresponding to a dressed single-particle excitation. 
These excitations are the transverse analogs to the longitudinal vanKampen    '      modes. 

W.G. May 
A. L. McWhorter 
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V.   MAGNETISM   AND   RESONANCE 

A.   MAGNETIC ORDERING 

1.   On the Determination of Magnetic Ordering from High-Temperature Expansions 

During this quarter,   we have undertaken an initial investigation of a class of functions 

<p(c, T) = N ~    c * c      \S    •   S    / „,   where  N  is the number of sites,   c   is a set of complex 
nm ? 

numbers,   c    satisfying E  |c   |     = N,   and "(S    •   S    ^„ is the static correlation function between 

— —   n (   ) spins at sites R    and R We have argued that if the set c       maximizes <^(c, T),   then 
t   \ ^ ^^ 

tp\c     (T), T] — °° as T   • T ,   the critical ordering temperature,   whereas </>[c(T), T] is bounded 

as T - T    for c(T) orthogonal to c<o)(T).    Thus a divergence to infinity of <^[c<o)(T), T] indicates 

the location of T  ,   and the form of c      (T  ) contains information about the type of order.     For c c ,   * 
example,   ferromagnetic ordering is predicted for c      (T ) = 1,   and a sinusoidal or spiral or- i   \ n c ,   . 
dering of wave vector k    is predicted for c      (T  ) = explik*    •   R   1.    We have estimated c      (T) o       ^ nc^'on' 
from a finite number of terms in the expansion of <p(c, T) in powers of l/T for several types of 

Heisenberg magnets. The results, particularly interesting for spinels, will be discussed in a 

future report. T. A. Kaplan      K.  Dwight, Jr. 
H. E. Stanley      N. Menyuk 

2.     Ferrimagnetic Resonance in Chromium Spinels 

a.    MnCr204 

Measurements of magnetic resonance as a function of temperature were made on powder 

samples    of ferrimagnetic MnCr?0. at 35 kMcps.    At room temperature,   a single resonance 

having a line width All = 500 gauss and g  ,, = 2.02 was observed.     Upon cooling the sample to 

liquid helium temperatures,   the resonance broadened and the line width increased to 1200 gauss. 

Two small additional resonances superimposed on the main resonance were detected at 13° to 

15 'K and increased in intensity with further decrease in temperature.    The appearance of these 

satellite resonances at low temperatures may be associated with the break in the magnetization 

occurring at  18 °K,   which is attributed to a collinear — defined spiral magnetic transition. 

b.    CoCr,S. 2  4 

1 
The magnetic resonance of CoCr?S4 powder    was studied as a function of temperature at 

35 kMcps.    A single resonance was observed as the sample was cooled below the Necl temper- 

ature of 240 °K.    The peak resonance absorption increased with decreasing temperature pro- 

portional to the sample magnetization.     Below 224 "K,   the resonance split into a high-field 

strong resonance and a low-field weaker resonance,  with the separation between peaks increasing 

to 2 kG at 180 °K.     Further decrease to liquid helium temperatures caused a shift of the reso- 

nance peaks toward lower fields by an amount of 2 kG.    The origin of the splitting is not clear. 

It is not likely that it is associated with spiral ordering,   since neutron diffraction results are 
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consistent with i\'eel ordering.     It is possibly a result of powder samples that cause averaging 

over the anisotropy of the material. 

c.    MnCr-,S. 2  4 

Measurements of magnet   resonance as a function  of temperature  have been  made  on 

MnCr?S. (Ref. 1) powder at 33.2kMcps.    Above 80°K,   a resonance having a line width All = 
200 gauss and g   .. = 2.06 was observed.    As the temperature was decreased below 80°K,   the 
line width broadened and at 20°K,   AH = 1000 gauss.   Two small additional resonances appeared 

at 14°K, and increased in intensity as the temperature was lowered.    These small resonances 

were situated at about 800 gauss on each side of the main peak.    The integrated resonance ab- 

sorption was also measured as a function of temperature and,  above 20°K,   was found to be closely 
proportional to the sample magnetization.    Again,  the origin of the splitting is not clear,   since 

neutron diffraction is consistent with Neel ordering. 

J. J. Stickler 
H. J. Zeiger 

B. MODIFICATION OF LIGAND-FIELD THEORY FOR THIOSPINELS 
4 

In the last Solid State Research Report,    it was pointed out that metallic conductivity in the 
oxides is due to a breakdown of the ligand-field theory,   either as a result of cation-cation cova- 
lence or as a result of cation-anion covalence.    It was also reported that LaNiO,  is metallic 
and Pauli paramagnetic,   which indicates that in this 3d-transition-metal oxide the cationic or- 

bitals directed toward the nearest-neighbor anions have been transformed from localized- 
electron to ir:::-band states by cation-anion covalence.    The metallic conductivity and Pauli 

paramagnetism of LaTiO    indicates that even the 7r-bonding orbitals of this 3d-transition-metal 
oxide are transformed into 7r*-band states.    Since the sulfides are more covalent than the oxides, 

it is natural to anticipate that the transformation of anion-directed cationic 3d orbitals into anti- 
bonding <j*-band states will be even more prevalent.    To test this idea,   two sets of schematic 

energy-level diagrams for the thiospinels have been constructed with the assumptions of 

(1)   ligand-field theory,   and (2)    <j*-band formation.    These two models lead to different qual- 
itative predictions for the magnetic and electric properties of several thiospinels.    These pre- 
dictions were compared with recent unpublished data    on the thiospinels,   and it is found that 

the prediction from the <j*-band model,   in contrast to those from the ligand-field model,   are 
in essential agreement with the data.    However,   the existence of a Jahn-Teller effect in CrS 

and the properties of MnS indicate that when there are four or five unpaired spins per cation, 

intra-atomic exchange may be strong enough to stabilize localized ligand-field states rather 
than <j*-band states. .   ,,   ,-,      , J. 13. Goodenough 

C. SINGLE-CRYSTAL GROWTH 

Several programs of crystal growth of various materials have been continued.    A brief 

summary of some of these in which progress has been made is given below. 
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1. Vanadium Spinels 

It has been previously pointed out    that reduction of pentavalent vanadium in the presence 
+ 2 of Co      leads to the precipitation of Co.,,V?   ,0. from fluxes of Na?WO,-WO,.    By carrying 

out the reduction electrolytically,   crystals up to a centimeter in diameter have been grown. 

Variation of the experimental conditions,   such as flux composition and temperature,   provides 

a means of varying the parameter   6.    Thus far,   6   has been varied only in the limits 0.11 < 
6 < 0.54.    Several attempts have been made to reduce  6 to zero without success.    In view of the 

7 8 difficulty of preparing CoV,0. (6 = 0) even as polycrystalline powders by ceramic techniques, ' 
an extension of this investigation is being made to the system Mg     .V?  fiO..    In the latter 

system,  the end member MgV,0. is expected to be considerably more stable,   and all valence 
problems associated with the A-site ion are alleviated. 

2. Rhenium Trioxide 
4 

As shown in the previous Solid State Research Report,   the preparation of stoichiometric 
ReO, is a formidable problem.    The usual preparative techniques tend to yield products that 
deviate from their theoretical reducing power by several percent.    We have found that these 

products can be purified,   however,   by vapor transport in a two-zone furnace using iodine as 
the transporter.    Since ReO, disproportionates into ReO, and Re,07 at about 400 °C,   it was 
necessary to effect transport below this temperature.    Under conditions of high iodine vapor 

pressure (an excess of iodine was used so that liquid iodine was always in equilibrium with its 
vapor),   transport of ReO, occurred in the direction of the cooler zone.    Optimum temperature 

of the reaction chamber (hot zone) appeared to be in the 360° to 380 °C range. 

Chemical principles underlying vapor transport reactions have been discussed by Schafer, 
9 10 et al.,   and by Nitsche,   et al.       Such reactions are based on the chemical equilibrium estab- 

lished in a closed system between a solid phase and gaseous components.    If the equilibrium is 

disturbed locally (e.g.,   by imposing a temperature gradient on the vessel containing the system), 

transport of the solid phase may occur.     For the transport of ReO,,   a number of possible re- 
action mechanisms exist,   the most probable of which involves the formation of a rhenium oxy- 
iodide.    Perhaps the simplest of these possibilities is the reaction 

Re03(s) + 1/2 I2(g) - Re03Kg)      . 

The direction of transport indicates that the equilibrium constant for formation of the vol- 
atile complex increases with increasing temperature over the experimental range of T. Thus, 

the reaction is endothermic. 
These observations immediately suggest application of the transport technique to growth of 

ReO, single crystals.    Since ReO, disproportionates without melting at a low temperature,   usual 
crystal growth techniques from the melt cannot be applied.    In several preliminary experiments, 
we  have  obtained numerous  bronze-red  single crystals of ReO,   that possess a cubic  habit. 

Maximum size of these crystals has been from 1 to 2 mm on an edge.    Optimum gradient con- 
ditions seem to be those for which the crystallization chamber is about 5 °C below that of the 

reaction chamber. 

53 



Section V 

3.    Yttrium Aluminum Garnet and Indium Vanadate 

The garnet Y,A1.G, , and InVO. arc of interest as laser materials.    Crystal growth of these 

materials from the melt is difficult because of the high melting point of the former and decompo- 

sition of the latter before melting.    Preliminary experiments have been made to determine the 

feasibility of growing these materials from fluxes of polytungstate and V ,0-,   respectively. 

Results of these experiments indicate good crystallization of the desired products,   and attempts 

to grow large single crystals are in progress. n  R   R 

E.J. Delaney 
A.  Ferretti 

D.    PREPARATION AND SUSCEPTIBILITY OF RARE-EARTH TRIFLUORIDES 
AND OXYFLUORIDES 

As a first step toward the preparation and investigation of the magnetic properties of the 

rare-earth oxyfluorides,   we have prepared several of the rare-earth trifluoridcs and measured 

their magnetic susceptibilities from helium to room temperature.    The trifluorides exist in 

either a simple hexagonal or a complex rhombohedral structure. 

The results for the members of the series prepared thus far are given below: 

^th nexp 0 

CeF3 2.54 2.47 49.8 

GdF3 7.94 7.79 -4.1 

TbF3 9.72 9.47 0.2 

DyF3 10.65 10.42 0.1 

HoF3 10.61 10.47 9.7 

ErF3 9.58 9.34 10.7 

NdF3 3.62 3.60 50.0 

The close agreement of the theoretical free-ion magnetic moments |i.,   and the experimental 

u (in Bohr magnetons) and the small Weiss constants   9   [in degrees Kelvin,   where   Y      = *exp 6 i fa . Am 

C    /(T + ©)] not only indicates the purity of the materials but also small crystal field splittings. 

There was no evidence of magnetic order above 4°K. 

P. M. Raccah 
S. Kern 
B. Feldman 

E.    EFFECT OF Mn+3 ON THE  CRYSTAL CHEMISTRY 
OF SOME  LITHIUM SPINELS 

Interest in the effect of the Jahn-Teller ion Mn      on cation ordering in lithium spinels has 
6 4 

been indicated in previous Solid State Research Reports. '      It was shown that only 13 to 15 
+ 3 +3 percent  Mn      on the  octahedral sites  of the spinel   systems Li_ rGa, .     Mn     O.   and 

,-, 0.5      2.5-x      x      4 
Li„ cFe. r.     Mn     O. was sufficient to destroy lithium ordering in these systems.    Since other 0.5      2.5-x      x      4 J E> J 
trivalent cations do not show this effect at such low concentrations,   it was suggested that the 

Mn      tend to order (or cluster) in such a way that a Jahn-Teller stabilization is made possible 
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via cooperative vibrational modes.    This effect provides a mechanism for the local lattice 
11 

inhomogeneities suggested by Bogoslovskiy,   et al.,      as responsible for spontaneous B-H loop 

squareness found in magnesium-manganese ferrite. 

Preliminary evidence indicated that both the iron and gallium systems exhibited anomalous 
+ 3 increases in their lattice parameters at the critical concentration of Mn     .    However,   refinement 

of our data indicates that this is true only for the gallates.    In the series Li„ ,-Fe, r     Mn O., b 0.5      2.5-x      x   4' 
the lattice parameters show a large dependence on the thermal history of the compounds.    This 

effect is illustrated in Fig. V-l.    Samples annealed for five days at 500 °C and rapidly quenched 

to room temperature indicated a distinct change of symmetry at x    = 0.31.    This change corre- 

sponds to the loss of lithium ordering on the B-sites,   and the critical concentration is indicated 

by the vertical line shown in the figure.    This transition is not distinct in samples quenched 

from 800 °C,   and no ordering was found for those quenched from 1000 "C.    This result is con- 
12 sistent with the original work of Braun       on Li..     Fe? _0. and the more recent studies of Brunei 

and deBergevin      who indicate an order-disorder transition for this material at 735 °C.    However, 

each series indicates an inflection in lattice parameter at x   .     For x > x  ,   a linear dependence 

of the lattice parameters is observed for each series;   for 0 < x < x  ,   a positive deviation from 

linearity occurs. 

Fig. V-l.    Compositional and temperature 
dependence   of  unit   cell  edges (a )  for 
Lin rFe- c    Mn O. system. 

0.0    2.5-x      x    4 

8.4 

|3-SS-3HI J' 

8.38 

8.36 

8.34 

-—             / 
*£~ty ^^ 

\    SAMPLES QUENCHED  FROM 1000'C 

8.32 $    SAMPLES OUENCHEO FROM  800"C 

\    SAMPLES  ANNEALED AT 500°C 
FOLLOWED  BY  RAPID OUENCHING 

8.30 1 III1 

Since an increase in lattice parameter is expected for increasing y  in the formulation 
+ 3, Fc,     Li  [Li„ r     Fe. _     ,   Mn '"'] O.,   the divergence of the curves indicates that y is propor- 1-y    y      0.5-y      1.5-x+y      x   '     4 & J        '      ' 

tional both to temperature and to manganese content.    The first dependence is expected from 
+ 3 entropy considerations and the second from the relatively large preference of Mn      for octahe- 

dral sites.    The independence of the inflection point on quenching temperature (and consequently 

on lithium ordering) and the linearity of the lattice parameters for x > x    are consistent with 
+ 3 c +3 

our previous suggestion that Mn      tends to cluster for x > x   .     For x < x  ,   the Mn      ions pre- 
+ 3 c c 

sumably substitute randomly for Fe 

For the gallate series,   x    =0.26.    As previously indicated,   an anomalous increase in 

lattice parameter (apparently independent of quenching temperature) occurs at this composition. 

Since such an increase does not occur for the ferrite,   the anomaly does not appear to be a direct 
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result of lost order.    However,   the common occurrence at x    of both the lattice parameter c v 

discontinuity and disorder suggests that they are indirectly related.    A reasonable possibility 
14 would be a discontinuity in the gallium-site-preference energy.    Schulkes and Blasse      have 

+ 3 +3 shown that for ordered spinels of the type M     [Lin _M    c]0.,   the relative tetrahedral-site- 
+ 3 +3 +3 +3 +3 +3 preference  energies  of Fe     ,   Ga     ,   and Al      decrease   in the  order Ga       > Fe      > Al 

However, the energy terms may not be independent of ordering.     For example,   the tetrahedral- 
+ 3 +3 +3 +3 site preferences observed for MgM,   O. appear to decrease in the order Fe      > Ga      > Al     .A 

+ 3 discontinuity of this type would be reflected in the formulation Ga.     Li   [Li_  .     Ga,  .      ,   Mn      1 O, J J ^ 1-y     y'     0.5-y      1.5-x+y       x.   '    4 
as a discontinuity in y. A direct determination of y as a function of Mn+3 content is presently 

being carried out by comparison of observed and calculated x-ray intensities for lines that are 

largely dependent on tetrahedral-site population. 

R. W. Germann 
R. J. Arnott 
D. B. Rogers 
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