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I. SOLID STATE DEVICE RESEARCH

l.aser action has been observed at 12 °K in diodes of PbTe which had been prepared by
diffusing lead into appropriately annealed p-type material. The emitted coherent radiation was
at 6.5 microns as comparedto 5.2 microns from InSb diodes, thelongest wavelength semiconductor
laser previously reported. For a diode with a cavity length of 0.62 mm, mode structure has
been observed in the spectrum of the output radiation with a spacing between maxima of 67 A;
this should be compared to a value of 59 A calculated using the room-temperature value of 5.75
for the refractive index and neglecting the dispersion term. The width of the individual modes
is less than the 20- A resolution of the spectrometer used. Lead telluride, a 1V-VI1 compound,
is a direct-gap semiconductor and has its hand extrema at the edge of the Brillouin zone in the
{111) direction (l.-point), rather than at k = 0 as in the 111-V laser compounds. Thus, in
addition to extending the wavelength range of semiconductor lasers to 6.5 microns, we have
demonstrated that laser action is not restricted to I11-V compounds and may be associated with
direct transitions other than those at k = 0. The range of semiconductor materials in which
laser action should be possible has been further expanded.

Interface-alloy junctions between InAs and GaSb have been studied. In particular, results
have been obtained for junctions formed between an A {111} face of n-GaSb and a B{111} face of
p-InAs under an inert gas pressure of 80 atmospheres. Visual microscopic inspection and elec-
tron beam microprobing indicate that the junction itself is single crystal and the transition region
is approximately 5 microns wide. The heterojunctions when forward biased emit considerable
radiation at 0.4ev (the forbidden energy gap of InAs) and a very much smaller amount of
radiation at 0.8 ev (the forbidden energy gap of GaSb). The GaSb acts as a transparent substrate
for the 0.4-ev radiation. The photovoltaic response of these heterojunctions has been investigated
as a function of the energy of the incident photons. A small relatively constant response is
seen for photon energies between that of the two bandgaps and an abrupt increase in photovoltage
is observed as the photon energy reaches the bandgap of GaSb. These electro-optical results
suggest a band model in which there is a barrier in the conduction band at the heterojunction
interface. Such a barrier could be produced by a plane of dislocations in a graded heterojunction
and is also predicted by the Anderson model for an abrupt heterojunction, in which case the
barrier is caused by the bandgap discontinuity.

In the vapor growth of (Gaxln x)AS single crystals, it has been found that 2.75 atomic

percent indium produces matcria]ithat lases at 77 °K at a wavelength of 8700 A which is quite
close to the pumping band of the Nd+3 paramagnetic ion laser. Work is in progress to grow
high-quality crystals of this mixture and decrease the threshold current density from its present
value at 77 °K of 10,000 amp/ cmz.

The spectrum of the instability in the current through samples of n-GaAs at high electric

fields — the Gunn effect — is affected by the value of impedance used to terminate the sampte.

Lo



For high termination impedance the spcctrum is very broad. As the impedance is lowered, a
narrow peak begins to appear in the spectrum at f = vd/L and also at f = 2vd/L. As the imped-
ance is further lowered, the power in the broad-band noise decreases and the pcak at f = vd/L
increases in amplitude with a bandwidth that is apparently limited by the length of the voltage
pulse applied to the samplc. Magnetic effects on the instability have been more carefully
investigated. Neither longitudinal nor transverse magnetic fields have any effect on thc thresh-
old. Above threshold, the amplitude of the instability is reduced considerably by a transverse
field, and to a lcsser extent by a longitudinal field, with the longitudinal effcct possibly due to
misorientation of the sample. The critical electron drift velocity corresponding to the threshold
is higher at 77° than at 300 °K, contrary to what might be expected for most plasma effects in

which there is competition between drift and thermal velocities.

II. LASER RESEARCH

Stimulated Raman emission in nitrobenzene at 90 ° to the ruby laser beam has been obtained.
This is the first step toward constructing a Raman laser which is pumped by an array of ruby
lasers at 90 ° to the Stokes beam and provides further support fcr certain thcoretical models of
the Raman laser action. The previously described cylindrical focusing of the ruby beam into a
Fabry-Perot cavity was used.’ Spectral analysis of the 90 ° Stokes cmission indicates that more
than four axial modes and a continuum of transverse (or walk-off) modes are oscillating in the
Raman cavity. The beam divergence is about 2 mrad, the amount expected for the small cavity
that was used. There are strong indications that a stimulated Brillouin-shifted Stokes emission
exists at 90°. Estimates of the single-pass gain at 90° are close to previous estimates of the
gain at 0°

Stimulated Raman emission in bromoform occurs in a wide spectrum of combination Stokes
and anti-Stokes lines. The data on frequency shifts and emission angles agree with calculations.

Laser properties of grown single crystals of CeF‘3 and the transfer of lattice energy which
leads to stimulated emission from CeF3:Nd+3 have been investigated. CeF3 is an interesting
laser host because of a dircct energy transfer from the lattice to the rare-earth ion, radiative
energy transfer due to the intense fluorescence (d—f) of Ce+3, and the rapid depopulation of the
terminal laser state within the F7/2 lattice absorption. This absorption can also be used to
modulate the laser output.

Laser-created gascous breakdown of air and argon has been studied by means of emission
spectra, frame and streak photographs, and magnctic ficld and pressure effects. The spark
temperature is estimated from the spectral continuum to be about 7000 °K. The luminous front
of the spark grows parallel to the laser beam at about 5 X 105 cm/sec. A DC magnetic field of
about 100 kgauss produced no reduction of the breakdown electric field, in agreement with

theoretical estimates that diffusion and hence magnetic field effects are negligible. The measured

tSolid State Research Report (1964:1), p. 19, DDC 601830.



breakdown threshold in argon as a function of pressure (between 20 and 2000 psi) agrees with that
observed by Meyerand and Haught.

A pulsed laser dosimeter has been developed to warn of dangerously high laser energy being
reflected from surfaces into the eye. The instrument consists of a commerically available
gamma-ray detector, used as an electrometer, which is connected in parallel with a phototube.
When the dosimctcer is held to the eye and is pointed at the illuminated surface, the meter rcads
according to the amount of photocurrcnt produced by the incident laser light. The safety levcl
was set by clinical data on the critical energy density for retinal damage by spiking ruby lasers
with total pulse widths of 175 psec.

Experimental results have been obtained on the statistics of thec photoelectron counts of
photomultipliers illuminated by laser light at 6328 A both above and bclow oscillation threshold.
These rcsults indicate that the mean-square fluctuations of a laser oscillating in a single mode
are those of a Poisson distribution, while the fluctuations of the noise below oscillation thrcsh-
old are those of a few narrow-band Gaussian-distributcd oscillators. The cxperimental curves
for the mean-square fluctuations as functions of the observation time have yiclded estimatcs for
the depth of modulation of the laser output.

L.aser oscillation at 2.02 microns in pure xenon has becn obscrved in a 20-cm triode gas
laser tube. A gain of 50 percent per meter was mcasured. The triode structure provides an
approximately mono-energetic electron current which should produce population inversion
more efficiently than a discharge current. Feasibility of a crossed electron and atom beam
high-gain laser experiment is being determined by how low an atom density will still sustain
oscillation.

Experiments in which attempts have been made to produce laser oscillation in a mercury -
molecule vapor system show promise of output powers at about 5000 »J\ in the kilowatt range.

It is believed that the rapid emptying of the lower state by dissociation yields population inver-
sion during pulsed operation at nearly atmospheric pressure. Power saturation, it is cstimatcd,

would occur at about 1-Mw output power.

III. MATERIALS RESEARCH

It has been found that thc power output of an RF gcnerator can be convcniently measurcd
by detcrmining the equilibrium temperature of a black-body load with an optical pyrometer and
by using the black-body formula to obtain the power radiated by the load. Graphite is an
cxccllent dumimy load for studying the output of generators to such relatively high-resistivity
loads as plasmas and scmiconductors. The pyrometer method has been used to determine the
coupling efficiency of a gencrator as a function of the ratio of load diameter to coil diameter.

Analysis of crystal growth from the vapor shows that constitutional supercooling, which
results in instability of the growth interface, can occur in the gas phase as well as in a melt.
The analysis yields an cxprcssion for the maximum rate of growth from the vapor (vmax) which

is possible without constitutional supcrcooling. Evidence for constitutional supercooling has

been obtained in experiments on the growth of iodine by forced convection. At sufficiently low




growth rates the interface is smooth, but it becomes rough when the growth rate exceeds a value
close to the calculated value of L —

The temperature dependence of the Seebeck eoefficient and resistivity have been measured
for polycrystalline samples of Clr‘O2 and Cr02+y, and for single crystals of Cr‘203 and MnO.

A molecular orbital energy diagram is proposed for Cr‘O2 which aceounts for the ferromagnetism
and metallic conductivity of this compound. An energy diagram is also proposed for Cr203.
According to this diagram, Cr203 is expected to be a semiconductor with hopping-eleetron
conductivity. The observed eleetrical properties are consistent with this prediction.

The heat of transformation for the o -8 transition in AgZSe has been calculated by applica-
tion of the thermodynamic relation (dT/dP) = TAV/AH to previous data for the pressure depend-
ence of the transition temperature. The value obtained is 2.56 keal/mole, which is in fairly good
agreement with the value of 2.19 kcal/mole measured with a differential scanning ealorimeter.

The temperature dependence of the rate at which cubie PrO is transformed into the stable

hexagonal form has been investigated by annealing carefully drié&ssamples of the eubic phase in
a high-temperature x-ray diffraetion camera. The results are consistent with previous data,
obtained by x-ray diffraction measurements at room temperature of samples that had been
anncaled and then queneched, which show that in the range 800° to 850 °C the transformation rate
rapidly increases to high values.

The high-pressure tetragonal phase of InSb (lnSbH) and solid solutions of InSbH-Sn prepared
at high pressure can be retained as metastable phases at atmospheric pressure by cooling them
to 77 °K before the high pressure is removed. Resistivity measurements made as the tempecra-
ture slowly increases above 77 °K have been used to study the temperature dependence of the
rates at whieh InSbII and the solid solutions are transformed into the zincblende phase (InSbI)
stable at atmospheric pressure and into two-phase mixtures of InSbI and tin, respectively. Rapid
transformation occurs for InSb at about 200°K and for the solid solutions at higher temperatures,
whieh increase with inereasing tin eontent.

The room temperature resistance R of Cdng1_xTe samples with x between 0 and 0,20
has been measured as a function of pressure up to 70kbar. For HgTe, R increases abruptly
by four orders of magnitude at about 15 kbar due to a phase transformation from zincblende to
einnabar structure. Similar but smaller increases are observed at somewhat higher pressures
in the samples containing eadmium, presumably because of the same transformation. Below
the transformation pressure, there are significant changes in R which are probably due prima-
rily to the effect of pressure on the band structure.

The partial pressures of Cd(g) and Te,(g) in equilibrium with congruently subliming CdTe(e)
between 780 ° and 939 °C have been determined by measuring the optical density of the vapor
between 2000 and 6000 A with a double-beam spectrophotometer. The partial pressures are
given by log PTe, (atmospheres) = —(1,00 X 104)/’1‘ + 6.346 and Peg © ZpTez' The expression for
the Gibbs free energy of formation calculated from these equations is in good agreement with the
results of eleetrochemical and effusion experiments at lower temperatures.

Manganese in MnO and cobalt in CoO have been determined by automatic potentiometrie
EDTA titrations. Automatic titration methods are being developed for the determination of

indium, antimony, and tellurium in samples containing these three elements as the major



constituents. Satisfactory results have been obtained so far in analyses on samples weighing

0.5 gram or more.

IV. BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS

Several new observations have been made in the magnetospectroscopic investigations of
various materials. Reststrahlen reflection has been observed from the surface of ligTe at low
temperatures. From these data one obtains values for the lattice absorption frequency, the
high-frequency dielectric constant, and the effective eharge which are Bl g = 3.45 X 1012, S = 14,
and g* = 0.6e, respectively. The data also show a broad absorption band in the same region
which may be due to an interband transition.

The magneto-optical reflectivity data from another semimetal, antimony, has also proved
interesting. Two types of magnetic behavior were observed: (1) a large magnetoplasma effect
and (2) an oscillatory term in the reflectivity, smaller in magnitude than the magnetoplasma
cffect, but in the same photon energy region. The oscillatory term, which artses from the
deHaas-Shubnikov mechanism, lcads to results in good agreement with other determinations
of the periods along the single-crystal axes. The features of the oscillatory term can be
understood on the basis of a simple parabolic conduction band. It is believed that this effect
has not previously been observed experimentally.

The indirect transition in germanium has been re-examined using improved measurement
techniques, higher magnetic fields and the Faraday configuration. Magneto-absorption data as
a funetion of wavelength show transitions from the valence band edge to the electronic Landau
ladders in the conduction band. Superimposed on these large intensity effects is a fine structure
due to hole ladders in the valence band. In addition, a spin splitting in the conduction band
was observed corresponding to electronic g-factors of 1.8 and 1.5 in the [100] and [110] orienta-
tions, respectively. These are in agreement with the theoretical predictions. The Zeeman
splitting of the indirect exciton was also observed for various orientations. This effect has
been measured in magnetic fields sufficiently high {at the National Magnet l.aboratory, M.1.T.)
so that the magnetic energy is mueh greater than the electric energy of the exciton, and a linear
behavior is observed. It will be necessary to extend the theory to the high-magnetic-field
region to compare with the experimental data.

Measurements in the ultraviolet of the reflectivity of MgZGe show spectral structure in the
region between 2.5 and 11 ev. Since the available band structure ealculation is limited in
accuracy, positive identification of the spectral peaks is not possible at present. It is expected
that measurements on Mg,Si will make identification casier.

Galvanomagnetic measurements on HgTe have been initiated. Rotational measurements of
the magnetoresistance, with magnetic field perpendicular to the current, indicated little if any
anisotropy. In measurements of the magnetic field dependence of the magnetoresistance and
Hall effects, several interesting effects were observed which are incompatible with a one-band
model of the material. llowever, the experimental results are eonsistent with mixed eleetron

and hole conduction. The data are additional evidence for the semimetal band model of HgTe.

Measurements and calculations are being continued.




A general theory for the Seebeck coefficient tensor in a magnetic field has been developed
in terms of symmetry properties. Tables providing easy access to the results of the theory
including the spatial symmetry properties are being prepared. These results have been useful

in understanding the galvano-thermomagnetic properties of bismuth.

V. MAGNETISM AND RESONANCE

Qur present program includes work on three classes of electrons found in solids: broad-
band electrons, narrow-band electrons, and localized electrons.

Experimental studies on narrow-band electrons have been hindered by a failure to know what
type of material to study. We have shown that there are threc classes of transition-metal
compounds whose physical propertiecs are dominated by narrow-band electrons, and that all
three elasses ean be found among transition-metal oxides. Primarily ionic compounds which
have a cation-cation separation so small that a cation-sublattice d-band is formed are illustrated
by high-temperature VO or VZO3' Covalent compounds having partially filled r* bands are
illustrated by the bronzes NaXW03 or by metallic ReOs. Covalent compounds having partially
filled o* bands are illustratcd by mctallic LaNiOs. High-temperature VO2 contains electrons
in overlapping cation-sublattice and 7% bands. In order to demonstrate the validity of this
explanation of the metallic propertics of NaXW03 as against the two proposals extant in the
literature, pure Re03 and ordcred SngO.SReO.SO_’; havc been prepared and shown to be metallie
and semiconducting, respectively.

In order to study the transport propertics of the vanadium spinels, which illustrate primarily
ionie compounds having a eation-eation separation near the critical separation for collcctive-
cleetron vs loealizcd-electron behavior, a method has been developed for the preparation of
single erystals of eontrolled ehemistry.

The band structure of PbSe is being investigated by cyelotron resonance. A resonance
has been observed in p-type material at 70 Geps and 4.2 °K.

A theoretical study of the six-membered hydrogen ring has led to a one-parameter formula-
tion of the eleetronic wave functions that reduces, for one limit of the parameter, to the
molecular-orbital formalism applicable at very small internuclear distances and, for the other
limit, to atomic Wannier orbitals with near-neighbor spins correlated antiparallel, which is the
correct boundary condition for large separations. A high degree of symmetry makes ealeculation
relatively simple, and the calculated binding energics wcre better for all separations than those
obtained by an alternant-moleecular-orbital calculation. The method can be extended to three-
dimensional lattices containing two sublattiees.

The complex spin configurations of the rare-earth metals ean be derived from a Hamiltonian
that includes a Ruderman-Kittel exchange interaction and magnetie anisotropy. Exechange
strietion has been added to the Hamiltonian, and it is shown that below the Curie tcmperaturc
there should be an obscrvablc sinusoidal variation in the e-axis spacing of the linear and the
high-temperature magnetic phase of erbium.

Spin-wave resonanee provides an important check on the theory of magnctic exchange intcr-
actions. In order to examine some new exehangce effccts and to obtain the greatcr accuracy that

will be required, this technique has been cxtended from 10 to 70 Geps.



Magnetic susceptibility of the compound MnAsO.gPO.1 indicates that with decreasing
temperature there is spin quenching over the 120 °C temperature interval below the B31+" B81
transition temperature.

The Jahn-Teller Mn>t jon has been shown to be unique in its destruction of long-range ionic
ordering in LiO.5M§.+SO3 spinels.

Spin-resonance observations in CoCr,O, have been extended to 315 Geps. The spectrum as
a function of temperature shows a behavior that extrapolates smoothly from lower frequency
data. Although CoCrZO4 and IVlnCrZO4 have complex-spiral spin configurations, neutrondiffraction
and high-field studies reveal that IVlnCrZS4 has a collinear Néel configuration with a MM = 4.7p.B,
rather than a spin-only SpB and a Cr-Cr interaction that is ferromagnetic rather than antiferro-
magnetic.

A calculation of the first-order effect of spin-orbit coupling on a .’:dS unperturbed S-state
ion in a cubic crystal field has given a new anisotropy contribution to the spin density. In
@y = Fcz()3, this new term is the same order of magnitude as the spherical Dzialoshinsky term
that contributes to the parasitic ferromagnetism. This term plus the Dzialoshinsky term can
account for the highly aspherical ferromagnetic spin-density distribution found in recent
neutron-diffraction work.

The temperature dependence of attenuation of 70-Gceps phonons in quartz has been determined.
Attenuation measurements, made chiefly on thc first echo, have led to a fourth-power dependence

with temperature.
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