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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

A Fabry-Perot interferometer, in which the effective spacing between the plates has been
varied about 7mm (by varying the pressure of the gas in the interferometer), has been used
to obtain more information concerning the linewidth and output stability of CW GaAs diode
lasers at 4.2°K operation. By observing the intensity of the center fringe as a function of
gas pressure, the linewidth has been determined to be less than the 0.016-A resolution of the
instrument. With the Fabry-Perot set for one-half maximum transmission, the stability of
the laser was observed over a period of 5 minutes. The stability was excellent, particularly

when compared to that of a commercial gas He-Ne laser.

The far-field pattern from CW InAs diode lasers at 4.2°K has been measured. The observed
beam angle of 7° x 30° is consistent with coherent emission from a filament of 6 microns
perpendicular to the junction, and of 26 microns in the plane of the junction. This filament
size is of the same order as that reported for GaAs diode lasers. External quantum efficien-
cies as high as 11 percent have been measured for these diodes. External quantum efficiency
has been further increased, by about a factor of two, by the application of a magnetic field of
4kgauss perpendicular to the direction of current flow. The output spectrum from sponta-
neously emitting InAs diodes shows an additional peak 28 mev below the main emission peak
corresponding to radiation associated with the emission of one longitudinal optical phonon.
The spectrum also shows a knee about 60 mev below the main peak corresponding to radiation

associated with the emission of two longitudinal optical phonons.

Studies of the intensity of the spontaneous radiation from InSb luminescent diodes and the
linewidth of the radiation, both as a function of longitudinal magnetic field, have been corre-
lated with the reduction of the threshold current for laser action in a magnetic field. The re-
sults are consistent with published theory that the threshold should be inversely proportional
to the intensity of the spontaneous (inverted) line at the lasing wavelength. The magnetic field
also causes a splitting of the spontaneous line, which can be explained on the basis of spin

splitting of the lowest Landau level.

The attenuation of the injection luminescence from PbSe and PbTe diodes has been measured

in sapphire, CaF,, and LiFZ. From these results, the luminescence peaks can be placed be-

2’
tween 6 and 7 microns for PbTe and 8 and 9 microns for PbSe.

The problem of designing high-power laser diodes with optimum power efficiency has been
considered. The results indicate that it should be possible to achieve 1-kw (pulse) output with

50-percent efficiency in GaAs.
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II. LASER RESEARCH

The Raman laser program has received additional emphasis, in view of possible applications
to high-power laser technology. Experiments have been set up to observe off-axis and right-
angle, stimulated Raman emission. A large number of up- and down-shifted stimulated out-
put lines have been obtained from a variety of organic liquids. On the theoretical side, the

parametric interactionbetween stimulated Stokes and anti-Stokes radiation has been analyzed.

Spectral narrowing of the emission line has been observed in GaAs when optically pumped by

a ruby laser.

An explicit quantum-mechanical expression for the photon detector correlation function has

been derived.

Data concerning spectral and spatial properties of a laser-induced spark in air have been

obtained.

Giant-pulse and conventional laser properties of Nd-doped glass have been examined. Wave-
length and polarization data have been obtained for neodymium in several different host

crystals.

Experiments are under way to observe magnetic-field-induced second-harmonic generation.

III. MATERIALS RESEARCH

The apparatus for growing refractory crystals with the induction plasma torch has been im-
proved in several ways. Modification includes replacement of the quartz powder feed tube
by a water-cooled stainless-steel tube extending through the hottest part of the plasma to
within about an inch of the growing crystal. The modified apparatus is being used to grow
crystals of the divalent oxides of the transition metals between titanium and nickel. In initial
experiments, single crystals of MnO and CoO and large-grained boules of NiO have been

prepared.

An oxide of chromium with spinel structure (ao =8.379 10\) has been prepared by arc-melting
equimolar quantities of chromium and Cr203 under argon. No structure of this type has been
previously reported for any chromium oxide. Since Fe30 4 has a spinel structure with nearly
the same lattice constant, it is likely that the new material is closer in composition to Cr304

than to CrO.

Samples with nominal compositions of CrO 1.87 and CrO 1.94 have been prepared by reacting
CrO3 and Cr203 in suitable proportions under high pressure. The Seebeck coefficients and
resistivities of these samples are quite similar to those of CrO2 prepared in the same

manner.

The pressure dependence of the temperature at which o -AgZSe is transformed into B-AgZSe
has been determined by measurements of resistivity vs temperature at various pressures.
The transition temperature increases with pressure from 130°C at 1atm to 300°C at 47 kbar.

This is consistent with crystallographic evidence that B-AgZSe is the less dense form.
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The temperature dependence of the rate at which cubic PrOl. 5 is transformed into the stable
hexagonal form has been investigated. Samples of the cubic phase were prepared under con-
ditions designed to exclude residual gases, annealed at elevated temperatures, quenched, and
examined by x-ray diffraction. Only a small fraction of the material had transformed after
heating for 96 hours at temperatures up to 775°C; most of it had transformed after only
6 minutes at 825° to 860°C.

Preliminary results indicate that In4SbTe3 prepared at high pressure exhibits superconduc-
tivity below 1.5°K. Samples prepared at atmospheric pressure, either by freezing from the
melt or by annealing pressed powders, failed to become superconducting down to 1.3°K. The
discrepancy is probably due to differences in composition. Investigation of the pseudo-binary
InSb-InTe system by thermal analysis shows that 11145b’1“e3 is a peritectic compound that

probably undergoes a solid-state transformation at about 420°C.

Partial pressures of Tez(g) and GeTe(g) in equilibrium with condensed phases in the Ge-Te
system have been determined as a function of temperature, by measuring the optical density
of the vapor. The value of pp,_ over GexTel_x(c) depends strongly on the composition of the
solid phase, but PGeTe is independent of this composition within the limits of experimental
error. Values of the standard Gibbs free energy for the dissociation of GeTe(g) into Ge(g)

and Te,(g) have been obtained from the partial-pressure data for Te-saturated Ge(c).

5
Analytical methods have been developed for determining chromium in chromium oxides and
A1203 (ruby) by oxidizing the chromium to the +6 state with ammonium persulfate and then
titrating it with ferrous ammonium sulfate. The titration end points in the chromium oxide
and A1203 analyses are found by potentiometric and amperometric techniques, respectively.
Methods based on EDTA titrations have been developed for determining magnesium and tita-

nium in MgTiO3 and nickel in NiO.

The technique described earlier for mass spectrographic analysis of insulating materials, in
which electrodes are prepared by pressing a powdered mixture of the sample and a conduc-
tor, is being investigated further. Preliminary data indicate that better results can be ob-
tained if graphite, the conducting powder originally used for electrodes, is replaced by sil-

ver of sufficient purity.

IV. BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS

A new, more general equation has been proposed for the dispersion relation for electrons in
bismuth. It is pointed out that the models currently used involve unjustified assumptions re-

garding the interactions which can be neglected.

Magnetoreflection studies of antimony have been initiated. The observed magnetoplasma
effects in this semimetal cannot be accounted for on the basis of the three, tilted, ellipsoidal

conduction bands alone.

Diagrammatic methods for the interpretation of magneto-optical data have been developed.
Experiments involving free-charge carriers in a magnetic field can be analyzed by tracing a

path on a diagram showing the behavior of the index of refraction.



In the studies of HgSe it has been confirmed that the conduction band is non-parabolic, and
that the primary scattering mechanism for electrons is polar scattering by optical phonons.
Excellent agreement between experiment and calculation has been achieved for transport

phenomena in this material.

The theory of magnetic resonance saturation in crystals is being investigated. Difficulties
in previously published work are pointed out. Effects such as the time evolution of a mag-
netic resonance system and its approach to a steady state have been investigated, and a paper
on this work will be submitted for publication. More work is needed in this area, since the

experimental results are not in agreement with any known theory.

In agreement with theory, it has been shown that the addition of impurities to bismuth re-
duces the Nernst coefficient but does not change the sign. The prediction has been verified
for both n- and p-type impurities in various amounts. For example, the addition of 0.05
atomic percent of lead reduces the Nernst coefficient by a factor of five. The magnitude of
the effect varies with the amount of the impurity as well as with the particular type of

impurity.

V. MAGNETISM AND RESONANCE

The Landau-Lifshitz symmetry arguments for second-order phase transitions have been ap-
plied to the special case of Heisenberg exchange in the molecular-field approximation. It is
shown that this method has the same region of validity, and gives results identical to those
obtained by Bertaut's method of calculating spin configurations just below a transition tem-
perature. Unlike Bertaut's method, however, it does not require a specific form for the ex-
change energy. The usefulness of this approach is illustrated by applying it to several ma-

terials, including f-MnS and a—FeZOB.

Spin resonance has been observed in the cubic spinel Co [Cr2]O4 in the frequency range 24 to
125kMcps from 4.2°K to the Curie temperature of ~100°K. Two types of resonance have
been observed: one, a uniform mode accompanied by a number of satellites; and another,
which has been identified tentatively as a kind of exchange resonance. The resonance be-
havior seems to be different in three different regions of temperature. A Heisenberg
Hamiltonian in the molecular field approximation shows that the spins order first in a Néel
configuration going down in temperature. This is followed by a region of complex spiral or-
dering which persists to low temperatures. However, neutron diffraction shows that the
transverse-spin correlation does not appear just below the Néel spiral ordering temperature
(though the z-component moments do follow the molecular field predictions). At low temper-
atures, the neutron diffraction results show transverse spin correlation. The three temper-
ature regions in the spin-resonance data seem to be related to those of the neutron diffrac-

tion observations.

Work on the MnAs-MnSb and MnAs-MnP systems has continued. Procedures for chemical
analysis have been worked out, a magnetometer sensitive to magnetic-moment variations of

~0.01 percent of the saturation value of nickel has been checked out, and much of the x-ray
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work has been completed. The data continue to support our hypothesis of partial spin
quenching in MnAs and total spin quenching in MnAsl_XPX (if x > 0.04).

The Jahn-Teller ions Mn3+ and Cu2+

BH-loop squareness in ferrite memory cores. Direct observation of clustering, which would

are known to be important because of spontaneous

produce magnetic inhomogeneities, has never been found. However, we have now obtained

indirect evidence for such clustering by observing that Mn3 is unique in its ability to de-
. . e

stroy ionic order in spirals where one-fourth of the octahedral sites are occupied by Li and

3+ 4+

the other octahedral sites are occupied by M™ or M~ .

Electrolytic reduction and the construction of a low-temperature x-ray unit have produced

significant results in our program of vanadite crystal growth.

Much improvement, due primarily to the employment of a pulse integrating technique, has
been obtained in the signal-to-noise ratio of 70-kMcps phonon echoes in quartz. This has

permitted a more accurate determination of the temperature dependence of the attenuation.

Accepted for the Air Force
Franklin C. Hudson, Deputy Chief
Air Force Lincoln Laboratory Office
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I. SOLID STATE DEVICE RESEARCH

A. SPECTRAL LINEWIDTH AND FREQUENCY STABILITY OF GaAs LASER

The spectral width of the CW GaAs laser line at 8374 f\ has been found to be narrower than
the resolution obtainable by grating spectrometer techniques. We have used a gas-driven Fabry-
Perot interferometer to obtain a better indication of the true linewidth of the radiation from a
GaAs diode laser at liquid-helium temperature. By observing the intensity of the center fringe
with a 7102 photomultiplier, as a function of gas pressure, the spectrum in the vicinity of
8370 A was obtained (Fig.I-1). The linewidth measured by this technique was less than 0.016 10\
the limit of resolution of this particular interferometer. At present we do not understand the
origin of the small weak line which is displaced approximately 0.04 A from the main peak.

With a constant current through the laser and the Fabry-Perot set for one-half maximum
transmission, as shown in Fig.1-1, the stability of the laser output was observed. Figure [-2
shows a plot of the output for a period of approximately five minutes. The variations in the out-
put shown in Fig. -2 are due to fluctuations in the total experimental setup including, in addition
to those of the laser, the fluctuations in the optical alignment, power supply, photomultiplier,
and the remainder of the recording electronics. Taking all this into account, Fig. -2 does indi-
cate a stable laser output. In fact, if one were to compare this stability with that of the 6328-A
line of a commercial gas He-Ne laser, he would conclude that the GaAs laser output stability
was excellent.

Independent measurements by Engeler and Garfinkel,1 using standard interferometer tech-
niques with a 6-cm cavity, have yielded a resolution limited halfwidth for the GaAs laser emis-
sion line of about 0.007 A. The particular Fabry-Perot cavity used in our experiment had a
plate spacing of 7mm. By using a longer cavity (1 meter) one can hope to obtain resolutions
approaching 0.0001 /D\ or 6 Mcps. If yet higher resolution is required, beat frequency measure-
ments between the laser line and a doppler-shifted line seem to be most appropriate.

F. Zernike, Jr.T

T. M. Quist
R. J. Keyes

B. InAs LASER CHARACTERISTICS

The spatial distribution and intensity of the coherent radiation from InAs injection lasers at
4.2°K has been measured. The diodes were made by diffusing zinc into a cleaved (110) crystal
plane and by cleaving along two other (110) planes perpendicular to the first to form the reflect-
ing planes of the laser cavity. In order to provide good thermal contact the diodes were mounted
on a copper stud. In this way, threshold current densities of about 300 amp cm-2 at 4.2°K have
been obtained, and continuous operation with currents of several amperes achieved. All of the
measurements were made at 4.2°K, i.e., where the lasers can be operated with continuous

currents.

T Optical Maser Department, Perkin-Elmer Corp.
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The angular spread of the emission was measured by moving a photovoltaic InSb detector
across the beam. Figure I-3 is the beam pattern in the plane of the junction for a diode at a
current about 50 percent higher than the 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 of the beam pattern in Fig.I-3 is about 7°. The width of a slit which would produce
a diffraction pattern of such an angle for 3.1-micron radiation is 26 microns. This means that
only about one-fifth of the 125-micron wide junction is emitting at this current. By comparison
(for GaAs laser diodes), one of the smallest angles in the junction plane which has been reportedZ
is about three-fourths of a degree, corresponding to an emitting region of 40 microns for the
0.84-micron radiation. The fraction of the diode width emitting uniformly is probably related to
the uniformity of the structure.

As the current is increased the spectrum, in most cases, shows multi-moding, and the
diffraction pattern in the junction plane consists of multiple beams. Figure [-4 is a pattern for
a diode operated at six times the threshold current. Such a pattern can result from multiple
filaments in the junction. As Fenner and Kingsley have shown,‘Z variations of phase and ampli-
tude of the radiation along the junction width can produce very complex beam patterns (which
they also observed in GaAs lasers).

The angular spread in the plane perpendicular to the junction, shown in Fig.[-5, is consid-
erably larger than in the junction plane. If we disregard the superimposed structure, whose
origin is uncertain, the beam is about 30° wide. This corresponds to an emitting region of
6 microns perpendicular to the junction. The emitting region is determined by the total penetra-
tion depth of the wave perpendicular to its direction of propagation inside the diode. The active
region, where the population is inverted, is contained in the emitting region, and hence must be
less than 6 microns. For GaAs lasers an angle of about 10°, corresponding to a 5-micron region,

has been reported.
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Fig. 1-3. Radiation pattern in junction plane of InAs Fig. |-4. Radiation pattern in junction plane of InAs
laser at 4.2°K with diode current 30 percent above laser at six times the threshold current. Laser was op-
threshold. Zero of angle scale has been arbitrarily set.  erated at 4.2°K.
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The absolute power emitted in the beam from one end of the diode was measured using a
calibrated thermopile. Figure [-6 is a plot of total power in the beam and external quantum
efficiency as a function of current. The efficiency, defined as the number of photons emitted
per carrier crossing the junction, was computed assuming that all the radiation is concentrated
in two beams of equal intensity, one emitted from each end of the diode. To prevent heating,
the solid curves were obtained with pulsed currents. The power output obtained with DC is in-
dicated by the dotted curve which shows the onset of heating, at about 1amp. For currents above
threshold, the efficiency first increases rapidly and then levels off. The highest efficiency is
about 11 percent, compared with the highest value of 60 percent reported for GaAs lasers.3

We have previously noted that a magnetic field of a few kgauss applied perpendicular to the
current flow in the diode reduces the threshold.4 We believe this to be associated with the de-
crease of carrier diffusion due to Lorenz forces. Since the magnetic field produces an increase
of intensity of the spontaneous radiation below threshold, but does not reduce the spontaneous
linewidth, the concentration of carriers apparently increases the conversion efficiency at the
junction. In diodes with lower threshold current densities, the percentage decrease of thresh-
old caused by the magnetic field is less than in diodes with higher thresholds.

The magnetic effect also enhances the power output above threshold. The efficiency at
4 kgauss (Fig.1-7) is about a factor of two higher than at zero field but has nearly the same cur-
rent dependence. From this value of efficiency in the saturation region, an effective absorption
coefficient in the diode bulk adjacent to the active region can be calculated.5 Assuming a 100 per-
cent conversion efficiency at the junction, the coefficient is about 50 cm_i. Free carrier absorp-
tion in the n-type crystal has been measured6 and found to be less than 10 cm_i. Hence, it cannot
account for this number (50 cm_i). A greater absorption is expected on the p-type side, but this
is difficult to estimate because the impurity density varies with distance and is not accurately
known. Because of a longer wavelength in InAs, a higher free carrier absorption is expected

in comparison to GaAs. This may account for the somewhat lower efficiency of InAs lasers.

I. Melngailis

C. RADIATION FROM InAs DIODES INVOLVING OPTICAL PHONON EMISSION

In the previous Solid State Research r‘epor‘t,7 we reported that in the emission spectrum ob-
tained from InAs diodes at 2°K an additional peak occurs at 0.372 ev, 28 mev below the main
emission peak, and that a knee is observed at 0.34ev. The 30-mev energy difference between
the first satellite and the main peak agrees, within experimental error, with the energy of
29.5 + 0.5 mev measured for a longitudinal optical phonon in InAs tunnel diodes by Hall, et a_l.8
A value of 28.8 mev has been determined for the phonon from optical-reflectivity data by Picus,
et gl.g The second weaker satellite (60 mev below the main peak) corresponds to the energy of
two longitudinal optical phonons, also observed in tunnel diodes,8 at 59 + 0.5mev. The emis-
sion of these phonons can be expected in InAs, since it is a strongly polar compound and has a
strong coupling of electrons to the lattice.

R. H. Rediker
I. Melngailis



Section |

RELATIVE INTENSITY

E P B

[3-85-3144-1

30 22 19
kgauss

v

0.2 0.4 0.6 0.8 1.0
CURRENT (amp)

Fig. I-8. CW emission from InSb diode laser at 2°K for three values
of longitudinal magnetic field showing reduction of threshold current
with increasing magnetic field.

RELATIVE INTENSITY

[3-85-3145-1]

30 25 /20 15 10
kgauss
5
0
L /
0.l 02 03 04 0.5

CURRENT (amp)

Fig. -9 Emission intensity vs diode current below threshold for various
values of longitudinal magnetic field.



Section |

D. MAGNETIC EFFECTS ON SPONTANEOUS EMISSION
AND LASER THRESHOLD IN InSb DIODES

We have previously r‘eporied‘10 the reduction of the threshold for laser action in InSb diodes
using magnetic fields. Using a monochromator with greater resolution and a more sensitive
detector system, the effect of the magnetic field on the luminescence and on the threshold for
laser action has been studied in more detail.

With InAs diodes, a threshold reduction was repor‘ted“ using magnetic fields perpendicular
to the injected current. This reduction was attributed to a decrease in the diffusion length and
a consequent concentration of the inverted region. For InSb diodes, the transverse magnetic
field enhanced the luminescence for fields up to about 2 kgauss but then caused a decrease for
greater magnetic fields. This decrease has been assumed to be due to an increase in the diode
temperature caused by the large transverse magnetoresistance. However, using a magnetic
field parallel to the current the radiation continues to rise with the magnetic field to the point
where continuous laser radiation is possible.

Figure I-8 shows an effect of the magnetic field on the threshold for laser action. The diode
was in contact with a helium bath at less than 2°K. Threshold currents for this diode and these
magnetic fields are clearly defined. We can see that as the magnetic field is increased the
threshold current is decreased.

The effect of the magnetic field on the diode emission below threshold is illustrated for the
same diode in Fig.-9; additional data are presented to cover the range of magnetic fields from
zero to 30 kgauss. For magnetic fields above 5kgauss, the curves of Fig. -9 can be divided
into two regions. In the first region the detected radiation is the spontaneous emission, and the
output increases approximately linearly with current. In the second region, in which the output
increases super-linearly, there are multiple reflections of the spontaneous emission between
the ends of the cavity. In this region, which has been called the super-radiant region, oscilla-
tions with spacing between maxima corresponding to that expected for adjacent cavity modes
are superposed on the spontaneous spectrum. It should be noted that for zero magnetic field
there is no linear region, but the intensity varies as the 1.7 power of the current for all cur-
rents plotted.

The intensity of the spontaneous emission at 200-ma forward current of the diode of Fig.I-9
is plotted in Fig.I-10 as a function of the longitudinal magnetic field. For magnetic fields be-
tween 10 and 30 kgauss (the maximum field for which data are presented), the emission intensity
at 200 ma is linear with'magnctic field. This linear dependence is predicted for allowed transi-
tions between spherical bands in a direct gap semicondu(‘lor’.“l‘2 The present results, however,
cannot exclude allowed transitions via excitons. The super-linear region below 10 kgauss has
not been explained but can be due, in part, to the reduction in diode-leakage current produced
by fields of this magnitude.

In addition to increasing the luminescence intensity, the magnetic field narrows the emis-
sion spectrum. Figure I-11 shows the linewidth as a function of magnetic field. The linewidth
narrows from about 5 to 2 mev as the magnetic field is increased from zero to 30 kgauss.

Theories for the threshold condition have been published which indicate that the threshold

should be inversely proportional to the intensity at the lasing wavelength.13 Assuming a
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Loorentzian shape for the luminescence spectrum, the threshold current should be inversely
proportional to the total intensity and directly proportional to the linewidth. Figure [-12 shows
how the threshold current is expected to vary as a function of magnetic field, from the measure
intensities and linewidths of Figs.I-10 and I-11. We have matched the threshold with that at

30 kgauss. The advantage of using the magnetic field is clearly indicated. Where the diode
took but 600 ma to lase at 30 kgauss, it would require over 20 amp to lase at zero magnetic
field. Good quantitative data are not available to fit the curve for this range of magnetic fields
since, although this diode operated continuously at 1 amp, pulses of 3-amp amplitude and 0.1-
psec duration caused heating and attenuation of the radiation. However, we previously reported
data10 for a more heavily doped diode in which heating effects are less. The change in the
threshold with magnetic field showed, essentially, the behavior indicated in Fig. I-12.

In addition to increasing the efficiency and narrowing the linewidth, the magnetic field
causes a splitting of the spontaneous line. Guillaume and Lavallard r'eported14 that in some
instances they observed, using pure samples, a splitting of the main line in a field of 8.6 kgauss.
In addition, they noticed that the higher energy line increased its intensity with current. We re-
por‘ted10 laser action from two such lines. By improving our system, we were able to study the
luminescence in more detail and reproduced both lines from diodes made from cyrstals with n-
type concentrations of both 1014 and 1016 per cm3. The observation of the upper line requires a
magnetic field strong enough to split the energy of the peaks greater than a value determined by
the resolution of the monochromator and sufficient current to fill the lowest state and start to
populate the higher state. There is, again, the condition that the heat transfer must be such
that one can inject to the higher current densities without overheating the diode.

Figure 1-13 shows three spectra of the below-threshold emission of an InSb diode. The
sharp dips in the emission lines are due to the absorption by water in the atmosphere. The up-
per two spectra correspond to a magnetic field of 20 kgauss. The current for curve (a) is 1 amp.
By increasing the current to 3 amp [curve (b)] the higher energy state is populated and the two
emission lines are observed. Increasing the magnetic field to 25kgauss [curve (c¢)] shifts both
lines to higher energy and increases the relative amplitude of the lower energy line. This in-
crease in the amplitude is expected because the density of states in the lowest magnetic sub-
band is increased. Comparison of curves (a) and (b) shows that the energy of the peak of the
lower energy line does not shift with increasing diode current. This result is corroborated by
other data which indicate that the individual lines do not shift in energy with increasing current,
although the average energy of the emission does increase. The separation between the two
emission lines is 4.9 mev at 20 kgauss and 5.8 mev at 25 kgauss. This separation can be ex-
plained on the basis of spin splitting with an effective g value of about 40. This g value is lower
than the value of 48 determinedis for the lowest Landau level by extrapolation to zero magnetic
field. To the accuracy of our measurements, since the g value is a decreasing function of
magnetic field, the value of 40 is consistent with the radiative transitions associated with the
spin-split lowest L.andau level. These results should be compared with those of Guillaume and
Lavallard14 who, in order to explain their 5.2 mev splitting at 8.6 kgauss, postulated that the
lower energy line was due to a transition from the donor band m = + 1/2 level, and the higher

energy line was due to a transition from the first Landau m = —1/2 level.
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Fig. I-13. Spectra of luminescence emission from InSb diode below threshold.
Sharp dips due to absorption by water in atmosphere. Diode was operated at 2°K.

The fact that the higher energy line (b) in Fig.1-13 is more intense than the lower energy
line indicates that the transition probability from the higher energy spin state must be larger
than that from the lower energy state. This can be interpreted = in terms of the spin selection
rules and the spin of the terminal state associated with the valence band. The fact that laser
action occurs first in the higher energy line10 also indicated that the transition probability for
radiative transitions from the higher energy state is larger than that from the lower energy
state.

Published theories for the transition probability in a magnetic field for direct band-to-band
allowed transitions (with and without excitons) include a predominant factor which increases
linearly with magnetic field. The luminescent intensity is shown in Fig.[-10 to be a linear func-
tion of the magnetic field. The line narrowing of Fig.I-11 and the behavior of the spectra of
Fig.I-13 are consistent with the expected condensation of states in a magnetic field. The diode
luminescence data substantiate the view that the magnetic field increases the transition proba-
bility for radiative recombination and thereby lowers the threshold current for laser action.

R. J. Phelan
R. H. Rediker
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E. INJECTION LUMINESCENCE IN PbSe AND PbTe

Low-intensity injection luminescence has been observed from forward-biased diffused diodes
of PbSe and PbTe at 4.2°K. The diodes were fabricated by the method described in a previous
report.17 PbSe of both conductivity types was used as starting material and had 77°K carrier con-

centrations ranging from 5 X 1017 to 3 X 1018cm‘3 and 77°K Hall mobilities between 33,000 and

12,000 c:m2 volt-1 sec_1. The single sample of PbTe used was p-type with a room-temperature

1B ™ M) TE G vl sec’

hole concentration and Hall mobility of 3 X 10 1, respectively.
The shallowest junction produced in PbSe was approximately 15 microns deep, and the junction
depth of the single PbTe diode was about 100 microns.

The radiation was observed to emanate from the junction edges and could not be detected at
the broad area faces of any of the diodes. This implies strong absorption by the bulk material.
Because of the low intensity, the spectra have not yet been measured. However, the wavelengths
of radiation have been estimated by measuring transmission through various filters. For PbSe
injection luminescence, 2 mm of sapphire is opaque, 1.25mm of LiFZ allows 10 percent trans-
mission, and 1 mm of CaFZ allows 95 percent transmission. For PbTe luminescence, 2 mm of
sapphire is opaque, and 1.25mm of Lin allows 95 percent transmission. From these results,
the luminescence peaks can be placed between 6 and 7 microns for PbTe and 8 and 9 microns
for Fhde. J. Butler

F. DESIGN OF LASER DIODES FOR HIGH-POWER EFFICIENCY

The principal mechanisms limiting the power efficiency of laser diodes are the series IZR
loss and the internal loss of photons by processes, such as free carrier absorption, that do
not lead to subsequent re-emission. Restricting the discussion to these two types of losses, we
consider the problem of choosing values for the diode dimensions, the current density, and the
p- and n-type doping in order to produce a prescribed output power with as large an efficiency as
possible. Let the junction be of length a in the amplifying direction and of width b in the trans-
verse direction, and assume that the diode has unity internal quantum efficiency and is oscillat-

ing in nonlinear saturation. Then the power balance condition is

J(hw/e) ab= (1 —R) P + a*aP (1)

where J is the current density, P is the power incident on the surface, R is the surface re-
flectivity, P is the average power level in the interior, and a* is an effective absorption coef-
ficient representing the loss due to processes such as free carrier absorption (as mentioned

above). The external quantum efficiency is therefore

1—-R
My
1 —R +ya*a

where y = P/P. Hence, for high efficiency it is clear that both R and a*a must be small;
otherwise, most of the power is lost internally. In the remainder of the discussion it will be
assumed that dielectric coating, or some other method has been used to make R << 1, in which

case it can be shown that y ¥ 1/2 and consequently

My ~(1+ %oz*a)-1 . (3)

11
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If IZR losses are now included the total efficiency of the diode becomes

N I(hw/e)
T~ I(IR + hw/e) Ty (4)

where it has been assumed that the voltage drop (quasi-Fermi level difference) at the junction is
approximately Aw/e (although, theoretically, it must be slightly in excess of this value). Writ-
ing IR = Jpd, where d is the thickness of the diode and p is the average resistivity, and using

(3), we have
-1 -1
Y= [0+ (Jpde/Aw)]™" [t + (a*a/2)] . (5)
If J is eliminated with the aid of (1), it is easily seen that N has a maximum as a function of a.

The value of b should be as large as possible, but cannot exceed a if transverse oscillations are

to be prevented. Setting b = a we find for the maximum value of LR

() . = ((+8/2a0+807" (6)

max

where B = a*a/2 is the root of

ﬁ3—ZBC—Zc=0 ) (7)
with

I e S Y

c = g pda*" P(g=) ; (8)

When ¢ << 1, B ~ (2¢)Y/3 and np - (3/2)(2¢) /3

In order to proceed further we need to know how a* varies with concentration. If a* were
due to free carriers only, then (8) indicates that the doping should be reduced until the corre-
sponding values of a and b have been increased to the maximum that can be achieved technologi-

cally. However, if Turner and Reese's18 interpretation of their optical absorption data is cor-
rect, then a* in n-type GaAs may be nearly constant at !Scm_1 for doping of 1018 cm-3 or less.

In that case, the optimum n-type doping would be about 1018 cm-3. Turner and Reese also found
18

that the free carrier absorption in p-type GaAs was about 3 em™! for 1.6 x 1018 cm™3 doping and

shout 40 cm™? for 1.6 X 1617
For purposes of illustration let us take as a design value P = 1kw and choose GaAs of

1018 em™3 n-type doping and 3 X 108 em™3 p-type doping. The value of d should be as small

crn-3 doping.

as possible; we will assume the low, but feasible, value of 25 microns for the thickness of the
n-type substrate and 5 microns for the p-type diffused layer. Then a* =5 cm_1 and pd = 1.5 X
10_5 ohm, from which one calculates ¢ = 0.04, 8 = 0.5, and Np = 0.5. This in turn gives
a=b=0.2cmandJ=2.5X 104 amp cm-z. Since these numbers are all reasonable, pulsed
outputs of 1kw with 50-percent efficiency should be achievable. It should also be possible to
obtain 100-watt output with 75-percent efficiency.

A. L. McWhorter

12
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II. LASER RESEARCH

A. RAMAN LASER

1. Parametric Interaction Between Stimulated Stokes
and Anti-Stokes Radiation
The onset of stimulated emission of Stokes radiation in a resonant cavity structure has been
previously considered in terms of the rate of stimulated emission of Raman quanta.1 To consider
more general situations, coupled-driven, vibrational-field and Maxwell-field equations must be
considered. Noise-source terms must also be included. The coupled set of equations is of the

form

R ) : L . _>| 1 + _>_>| 1 _’l 1 7._7’| —
i(w* o +il JU (K, @) = Y, gg di' de' ag (6K 0, w) Bk, @) By (k — k', @ — )

e

+NTH K o) (1a)

1

-2 wz - - E _" dei B }—JE' D)
k — 2 i(w,k) = dk w 1Jf ( , K, W, w

v (w) it

—

X B (K, ) U!(f{—l?',w—w') . (1b)
Here, Ui = Ui+ + Ui- is the vibrational-field Fourier component and NiUt is a noise-source
Fourier component representing spontaneous vibrational excitation. The vibrational field U
represents the excitation of either an internal vibration of a molecule in a system of organic
molecules, or an optical phonon in a solid. In an ionic system, it may also represent a wave
of excitation between two crystal field levels on the ions. The nonlinear driving term in (1a)
represents a nonlinearity of the vibrational excitation, due to the presence of higher energy
levels of the system, which appears in perturbation theory. The nonlinear driving term in (1b)
represents a nonlinearity of the polarizability of the Raman-active medium proportional to the
amplitude of excitation of the vibrations of the system.

Since the dispersion term in U is negligible for the usual flat spectrum of weakly coupled
oscillators it has been neglected in (1a), and the vibrational field U can be eliminated in (1a)

and (1b) to give

2 2 - v - - - =

viw) jmn
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At this point it must be noted that the noise term in (2) cannot be considered in a classical way
but must be considered quantum mechanically. The noise-source term will be larger in the
Stokes case than in the anti-Stokes case in the ratio exp [—»hwv/kT]. When (2) is applied to the

case of a Stokes — anti-Stokes system driven by a laser source of sharp frequency Wy, and wave

vector EL’ we obtain
2 - wz = = b %* .. ~* =fe
[k + 2ik y(w) — > ] E(k, w) = K(w) E (k', 0" + N(k, w) (3a)
v (w)
5 . 42 TN — . —
[k‘ — 2ik' y (w) — ;’ l E (k',w") = K (0" E(k,w) +N(k',w") , (3b)
v (w"
where
K+ K :ZEL , w + w' ZZwL . (4)
Yinl@) = % L Xijmn B Kp 0p) By Gk —op) (5)
J,m
and
K, (w)=2 ) Xijmn By kp» 0p) By e wp) (6)

j,m

In Eq. (3a) the 7(0«‘) term acts as a parametric-growth term for the Stokes field Fj(l?, w),
and in (3b) 7 (w) gives a parametric damping term for the anti-Stokes field If(l-(.', w'"). This
corresponds to the fact that the normal thermal population of levels of the Raman-active system
favors emission over reabsorption for a Stokes process, and vice versa for the anti-Stokes
process. The importance of phase matching is apparent in (3b), for a Stokes field which has
been generated by the parametric gain in (3a) will excite a large anti-Stokes field in (3b) only
if the phase matching condition E‘Z ~ [w'z/vz(w')] is satisfied.

Equations (3a) and (3b) also point up the difference between the Raman process for the

generation of anti-Stokes radiation and a so-called four-photon process. In a four-photon
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process, only virtual intermediate vibrational excitation is involved; the parametric terms
involving 7 will be absent in (3a) and (3b). This means that anti-Stokes and Stokes radiation
can only appear in simultaneous, phase-matched rings. This is contrary to the observation of
a distribution of Stokes quanta about the direction of the laser beam in stimulated Raman-
scattering exper‘iments.2

Equations (3a) and (3b) are being applied to a three-dimensional model of the traveling-wave
growth of Stokes and anti-Stokes emission in a Raman-active medium driven by an intense laser
source. In this model, the incoherently emitted Stokes photons induced by the laser beam act
as sources of Stokes noise N(l:, w) to be amplified by the growth term in (3a). The coupling of
the anti-Stokes field to the Stokes field then causes a growth of the anti-Stokes wave.

As an initial approach to the analysis of this model, the growth of the Stokes wave according
to (3a) is considered — neglecting the coupling to the anti-Stokes field which is based on a phys-
ical argument. The Stokes field then acts as a source term for the generation of anti-Stokes
radiation, according to (3b). The physical argument for this decoupling is based on the fact
that each noise source is considered incoherent with respect to the others. As a Stokes wave
grows, it generates an anti-Stokes wave in a narrow cone-shaped region about the source with
an angle corresponding to the Stokes phase matching direction. The anti-Stokes radiation
quickly leaves this cone; therefore, the region of coherent interaction of the anti-Stokes wave
back on the Stokes wave is small. We have examined this model for the following simple sit-
uation. We take the region in which the laser radiation is spherical (as in Fig.II-1) and calcu-
late the growth of the Stokes wave and the resulting anti-Stokes wave. In Fig.II-1, r is the
source point for the anti-Stokes wave and ; is the observation point. In what follows we will,

for simplicity, treat the field as a scalar quantity.

ACTIVE REGION OF RADIUS R

Fig. 1l-1. Simple model for the growth of Stokes and anti-Stokes radiation.

The spatial part of the Stokes field E_ is given by

E0

. eik r
= = i
E_(r) 4 k_r . (7)
where k =ia_+B_, a_ = —y(w ), B_= w_/v(w_), and w_ = wp, T @y Note that we expect
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IK =2 Byl . (8)

Also, E_O is the Fourier transform of the noise-source function N(k_, w_), Substituting (7) as a

source term in the Fourier transform of (3b) we obtain, after integrating over the active region
1

R and assuming Rs™ << 1,
2
K(w,)| |E°]

2 2
sT|EUs)]T = —— z
B_ (B, +4ky — 4k B, cos ©,)

1
X ; (9)
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where the + sign indicates the anti-Stokes radiation. The above equation shows a sharp peak

when

2 2 2
B, —4k{ — B

cos O, -
+ clkLBJr

(10)
and enables us to estimate the constant «_ and o, from experimental measurements of the
angular width of the anti-Stokes peak (provided the spherical model does not oversimplify the
present result for the width of the peak).

We will report further on the detailed calculation of (9) and a method of obtaining }3_0 in
terms of @_using a generalization of the fluctuation dissipation theorem. We can thus connect
the experimental anti-Stokes line width with the radiated Stokes power.

P. L. Kelley

H. A. Hausf
H.J. Zeiger

2. Off-Axis Stimulated Emission Experiments

It is of great theoretical and practical interest to obtain stimulated Raman emission in direc-
tions away from the direction of the incident laser beam. The experimental arrangement shown

in Fig.1I-2 has so far produced negative results. The generally smaller active pathlengths at

3-80-3201

REFLECTORS
RAMAN

MEDIUM "s\
|] ;L

. -
\/Q\‘As “

Fig. II-2. Experimental arrangement for obtaining
off-axis stimulated Raman emission.

t Electrical Engineering Department, M.LT.
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some angle to the incident ruby beam will, of course, make the attainment of stimulated emis-
sion more difficult. But, an inability to overcome the threshold in a given situation may be
attributable to the filamentary nature of the excitation in the Raman medium; the resulting
transverse active pathlength in the Raman medium could thus be greatly diminished compared
with the forward direction. In principle, there exists no reason why stimulated emission at an
angle should not be attainable by a variety of experimental expedients. Therefore, the problem
is being explored further. F.H. Perry

P. E. Tannenwald
H.J. Zeiger

3. Multiple-Pumped Raman Laser

The proposal by W. Culver, of the Institute for Defense Analysis (IDA), that the stimulated
Raman emission from a number of primary ruby lasers incident on a common Raman-active
medium can be added in phase is being investigated experimentally. A convenient configuration
is one in which the Raman radiation is added up perpendicular to the incident ruby beams. This
configuration will require that stimulated emission gain be obtainable at the Raman frequency
perpendicular to the incident ruby beams; consequently, a preliminary experiment is being
carried out with a single ruby laser and a transverse optical cavity. In order to overcome
problems caused by the shorter active pathlength at 90° (compared to the forward direction
when the Raman medium is inside the ruby optical cavity), an external focusing arrangement
is used. Since a long active region is desired at 90°, and since the plane-parallel mirrors of
the optical cavity at right angles favor plane wave modes, use of a cylindrical lens and its at-
tendant focal line provides an optimum configuration.

Jane H. Dennis
P. E, Tannenwald

4. Stimulated Raman Emission in Organic Liquids

Stimulated Raman emission has been observed from a variety of organic liquids such as
toluene, acetone, bromoform, and chloroform.

Acetone gives rise to a Stokes and anti-Stokes line 2923 cm-1 separated from the incident
ruby wavelength. A large vibrational splitting is of interest because the electromagnetic ra-
diation associated with the vibrational excitation, if it is observable at all, will be more easily
detected in the near infrared.

Bromoform yielded a remarkable spectrum, i.e., a total of 23 stimulated emission lines
were observed. The spectrum, photographed on Kodak High Speed Infrared film with a 1.5-
meter Bausch and Lomb spectrograph, is shown in Fig.II-3, Eight Stokes and four anti-Stokes
lines of one family are due to a vibrational excitation at 222 cm-1; two Stokes and one anti-Stokes
line belonging to a second family are due to a vibrational level at 541 cm-i. Eight additional lines
that can be identified on the original film are combination second-generation Raman lines pro-
duced by one family of lines scattered by the vibrational excitation of the other family. The ori-
gin of all combination Raman lines cannot be uniquely determined because a particular line can

arise from either a 541 cm'1 shift followed by a 222 c:m-1 shift, or by the reverse vibrational
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L
AS, AS, ATZAT | s‘} 5’2 s‘ s, |ls; s‘6 7 Sg
‘ ’ \ \ ‘ i‘ SECOND
GENERATION

Fig. 11-3. Stimulated Raman emission spectrum in bromoform. Altogether, 23 Stokes
and anti-Stokes could be identified intwo separate films. The origin of all combina-
tion second-generation lines cannot be uniquely determined; e.g., a 222 em™! Stokes
shift from AS| produces the same line as a 541 cm™" anti-Stokes shift from S, .

scattering order. This observation of the sum and difference of two vibrational frequencies of
one molecule may be contrasted with the experiment of Stoicheff, who observed a similar effect
upon mixing two separate liquids, benzene and carbon disulfide.

S. Kern
B. Feldman

B. EVIDENCE OF SPECTRAL NARROWING FROM RUBY-EXCITED GaAs

The possibility of observing stimulated emission from optically excited Ga As has been
dis(-n:s::ui;l Experimental verification of such an effect by demonstrating line narrowing is
complicated by the subthreshold narrowing action of the absorption edge on the internally gen-
erated radiation. As a result, this report will first discuss the magnitude of the subthreshold
narrowing and then elaborate on several experiments involving the identification of true line
narrowing originating in the band-edge emission of ruby-laser-excited GaAs.

Initially, a model 12-C Perkin-Elmer prism monochromator fitted with an RCA 7102 photo-
multiplier was used to obtain and compare the surface and cleaved-end emission from several
p-type samples of GaAs. In particular, the end emission of the sample to be discussed was
characterized by both a 60-A spectral shift to a longer wavelength than the surface emission peak
and a 20-percent decrease in linewidth (as compared to the surface emission linewidth). This
phenomenon may be explained by considering the effect of the band-edge absorption vuwi'i'ivivan
a(v) on the original lineshape. Qualitatively, since «(v) decreases rapidly with decreasing v,
the short wavelength side of the line is absorbed at a greater rate than the long wavelength

side thereby modifying the fluorescent line. Moreover, a first-order approximation using a
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Lorentzian line and path length 9 >> [0.1/a(u0)] has shown that the new maximum v, may be

written as

oz(uo) Auo

. T exp[—Ot(VO)I‘O] | 4 ’
b 1—G(Vo)ro(i—exp[—OI(VO)I‘O]>

where W is the surface emission peak, ro the distance the radiation has traveled in the sample,

~ P —

v
m (o]

o

o

and Avo the surface emission linewidth. Therefore, when «a(v) decreases due to the initiation
of stimulated emission, the expected experimental data as a function of increasing power should
be typified by a spectral shift back to near the surface emission peak plus the usual narrowing
process.

The first experiment to demonstrate the above conclusion was obtained by immersing the
cleaved sample in a liquid nitrogen bath and then optically pumping the polished surface with a
normal mode, pulsed ruby 1aser.6 The detector used was a Jarrell-Ash f/6.3 plane grating
spectrograph equipped with 1-N spectroscopic plates. Table II-1 summarizes this experiment
and indicates a factor of 2 decrease in the resultant linewidth and a spectral shift in the direc-
tion of the surface-emission peak. However, when the input power was increased the sample
heated up, as evidenced by the shift to longer wavelengths and accompanying line broadening
at a power density of 2 X 104t watts crn-z. Furthermore, since multiple exposures were required
to obtain the spectra, the background emission caused by the ruby spikes that were of too low an
intensity to produce stimulated emission obscured the actual narrowing and made it difficult to
take continuously varying data. As a result, the spectrograph was converted into a monochro-
mator and a point-by-point study was made of the lineshape by simultaneously monitoring both
the total fluorescent power at the entrance slit and the integrated partial powers at the exit slit,
Table I1-2 summarizes the point-by-point data and indicates the same behavior as the spectral
plate data.

Experimental difficulties again precluded the gathering of continuously varying data, and a
decision was made to try junction material in an attempt to enhance the magnitude of the pre-
viously observed effect. This decision was based on the possibility of an increase in the ab-
sorption depth under high intensity illumination,7 the inherent ability of a semiconductor junc-

9 The

experiment was performed on a laser diode chosen from a group of p-type indiffused junctions

tion to guide light,8 and the resulting simplified boundary conditions under reflection.

known to lase. It was prepared for optical excitation by removing the p-side assembly and then
polishing the surface until spectroscopic studies and the expected diffusion behavior placed the
junction depth at between 2 and 5 microns. Using a ruby laser as a source, two 1-N plates were
taken of the cleaved end emission resulting in a background spectrum centered at 8433 A and a
linewidth of 124 13: Superimposed on this spectrum were two distinct 8-/& slit-limited lines at
8406 and 8421 A indicating possible oscillator behavior. Several tests were then conducted to
clarify the origin of the lines, and in all cases the lines did not appear with the sample removed.
However, subsequent testing using a Q-spoiled system permanently damaged the diode's surface.
In this manner, the experiments performed on ruby-excited GaAs have provided some evi-

dence of line narrowing, although continuously varying data are required to substantiate the
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TABLE [1-1

FLUORESCENT EMISSION FROM CLEAVED p-TYPE GaAs
EXCITED BY BOTH A TUNGSTEN LAMP AND RUBY LASERT

Tungsten
(Perkin=Elmer)

Ruby Laser
(spectral plates)

Surface Emission End Emission

Surface Emission

End Emission

Power density -2 -2
(watts cm=2) 10 10
A, (A) 8430 8490
AN(A) 170 140

lO4

8427
176

1 04 2x1 04
8463 8480
92 125

f The data are averaged over at least two measurements and the maximum error is +5A.,

TABLE [1-2

EXCITED BY A RUBY

LASERT

FLUORESCENT EMISSION FROM CLEAVED p-TYPE GaAs

Ruby Laser
(point-by=-point)

Surface Emission

End Emission

Power density 3 3 4
(watts cm=2) 2x10 2x10 10
A (A) 8430 8460 8460
AXN(A) 200 150 75

2x10
8490
100

f The data resolution is + 12 A.
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results. At the same time, the experiments demonstrated the use of a normal mode, pulsed
ruby laser as an expedient spectroscopic vehicle for order-of-magnitude measurements,

As a result of the observed data, new experiments are now in progress which place a
greater emphasis on junction material and at the same time de-emphasize the use of a ruby
pump. Simultaneously, full effort is being exerted toward the development of the noncoherent,
quasi-continuous source described in Ref. 4 and designed for use in conjunction with the Perkin-

Elmer monochromator. 3.7. Sohiliclonan

C. THEORY OF MEASUREMENT OF ELECTROMAGNETIC FIELDS

The general, nonexclusive joint probability function P(t .tl)At Al Atl for ¢

R . 10 1’ tz, N i 2
photoionizations was defined earlier = and used in an expression for the probability PI’1(’I‘) that
n photo-ionization events occur in the time interval 0 to T. An explicit quantum-mechanical
expression for a detector correlation function related to the correlation functionio wi(tlx'x”)
has since been derived.

The counting distribution Pl'_l(T) was found10 to be a compound Poisson distribution when

the density operator for the field p is given in Glauber's P—representation,“ that is, when p
is represented as an incoherent mixture of coherent states. On the basis of this result, P;](’I‘)
and some of its moments have since been evaluated further for possible use in analyzing ex-
perimental counting data. This has been done by making explicit assumptions about the form
of Glauber's P({a}) function1® The following cases have been treated: (1) a coherent state;
(2) an ideally incoherent field; (3) a spread-out coherent state; and (4) a state of the field with
mode phases randomly distributed, mean mode amplitudes nonzero, and squared mode am-
plitudes having a Gaussian distribution. It is anticipated that the last-mentioned distribution
may be particularly useful in describing counting data obtained in an He-Ne laser experiment“
being conducted at the Laboratory. W . Eleiner

P. L. Kelley

D. GASEOUS BREAKDOWN BY A GIANT-PULSED RUBY LASER

A study of the properties of the spark created during breakdown by a giant-pulsed ruby laser
focused in air has been initiated. Shown in Fig.II-4 are oscilloscope traces of both the giant-
pulse output and the spectral output as observed in the blue part of the visible spectrum. The
rise time of the spark is approximately equal to that of the giant pulse, i.e., about 10nsec. The
decay of the spark is approximately exponential with a time constant of about 80 nsec — compared
to the giant-pulse decay of about 10nsec. This spark decay-time appears to be independent of
laser peak power above breakdown threshold. The radiation emitted during this spark was
measured qualitatively and found to be approximately "black body" on top of which was super-
imposed broad line spectra which extended out to wavelengths at least as long as 7 microns, the
present limit of our instrumentation. Photographs of the spark taken with infrared-sensitive
film and with film sensitive only in the visible indicate that the fire-ball, or spark, is nonuniform
and has a definite reproducible structure. The peak power output of the giant-pulsed ruby was
typically 20 to 30 Mw and the pulse width was 20nsec. Sometimes the spark could be created
with giant-pulse peak powers as small as 0.75 Mw.

D. F. Edwards
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Fig. I1-4. Comparison of the light output from the giant-pulsed ruby with that of a
spark in air as observed with a phototube with S1 phosphor and CuSOy filter. The
upper trace in each photograph is the giant pulse and the lower trace is the spark.
The time scale is 100 nsec cm~!. In (a) the laser power output was above breakdown
threshold while in (b) the laser power output was not sufficient for air breakdown.

TABLE [1-3
OPTICAL PROPERTIES OF Nd-DOPED LASER CRYSTALS

Host Crystal L Wavelength of Emission (p) ‘ Polarization

* 1.0586 m

CaWO, | 1. 0654 | o
— s - r - - 1
1. 040 ‘

kary | 1.0634

L | i |

StF, | 1.0437 o

Glass 1. 06 (broad) on
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E. OPTICAL PROPERTIES OF Nd-DOPED LASERS

The giant-pulse and conventional laser properties of an Nd-doped glass rod 1/2-inch
square X 12 inches long, were examined. This rod, furnished by Eastman Kodak, has typical
fluorescence decay times (~65psec) as compared to ~450 usec for one of American Optical laser
glass. During conventional laser operation up to input energies as high as 40 percent above
threshold, the Eastman Kodak rod output consisted of approximately uniformly spaced pulses.
This same rod was operated under giant-pulse laser conditions by using a rotating prism. The
pulse width (typically 40 to 50nsec) was independent of the reflectivity, flashlamp input voltage,
cavity length, and delay time between flashlamp firing and prism lineup. The largest peak power
output measured was 17 Mw, but this does not represent the maximum available from this rod. At
the time when the peak-power outputs were measured we were limited by the amount of energy
that could be stored in the capacitor bank. The efficiency (light output energy/flashlamp input
energy) of this particular Eastman Kodak glass, when operating as a giant-pulsed laser, was
0.014 percent. The energy stored in this rod was about 0.01 joules cm_3. These figures may
be compared with the following reported values for American Optical laser glass: efficiency
~0.3 percent and energy storage about 0,22 joules cm'3.

The optical properties of several Nd-doped laser crystals were examined and compared with
an Nd-doped CaWO4 crystal. The wavelengths and polarizations are tabulated in Table II-3.

Here 7 and o signify radiation which is plane-polarized-parallel and perpendicular,
respectively, to the plane defined by the rod axis and the optical axis. Unpolarized light is
referred to as or. The laser output from Nd-doped glass covers a spectral range that is wide
compared to that of the crystalline host materials. The spectral width depends on the pumping
energy.

D. F. Edwards

F. MAGNETIC-FIELD-INDUCED SECOND-HARMONIC GENERATION

A static magnetic field and the radiation from a Q-spoiled laser were applied to samples
of GaAs and KDP in an effort to observe second-harmonic radiation whose intensity depended
upon the static field. The crystallographic axes of the samples were oriented with respect to
the electric vector of the linearly polarized laser light so that the portion of the harmonic in-
tensity which depended solely upon the laser field would, in principle, vanish,

It was found that this portion of the intensity could only be reduced to about 1 percent of its
maximum value, and the residual intensity was large enough to mask the static-field-dependent
intensity when fields of up to 10kgauss were used. This behavior is consistent with our calcula-
tions which show that the maximum static-field-dependent portion of the second-order dielectric
polarization induced in the samples is smaller than the maximum field-independent portion by
the factor wc/w, where w, is the cyclotron resonance frequency of the electrons and w is the
optical frequency. The experiment will be repeated using phase-sensitive detection of the static-
field-dependent intensity, provided that a CW or high-repetition-rate laser of sufficient output

power becomes available. B. Soref
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III. MATERIALS RESEARCH

A. INDUCTION PLASMA CRYSTAL GROWTH

1. Apparatus and Techniques

The original design1 of the apparatus for growing refractory crystals with the induction
plasma torch has been improved in several ways. The revised apparatus is shown schematically
in Fig. III-1. The original powder feed tube, a quartz capillary which ended above the hottest
part of the plasma (the "fireball"), has been replaced by a water-cooled stainless-steel hypo-
dermic tube (0.030-inch i.d.) which extends to within about an inch of the growing crystal. Since
the powder no longer passes through the fireball, its evaporation is greatly reduced. This in-
creases the uniformity and efficiency with which powder is supplied to the crystal. Use of the
tube also improves the stability of the plasma since, formerly, ionization of the powder affected
the coupling of the plasma to the RF generator. The new arrangement also makes it possible to
use the gas passing through the powder feed tube in orderto change the composition of the ambient
surrounding the crystal without changing the heat-transfer efficiency of the plasma, which is de-
termined primarily by the composition of the fireball. This makes it easier to grow low-melting
crystals which require oxidizing or reducing ambients because the heat-transfer efficiency is
greatly increased by introducing gases other than argon into the fireball. Finally, the presence
of the cold powder feed tube helps to center the plasma in the quartz nozzle which surrounds it.
The outside diameter of this nozzle has been increased from about 1 to 1} inches. This makes
it possible to increas:e the heat transfer without melting the nozzle, although a greater gas
flow is required to achieve the same temperature. The RF-generator circuit has been mod-
ified by the incorporation of a variable capacitor. This was done since the plasma can be ini-
tiated and operated at much lower voltages by substituting a capacitance of 800 pf for the original
value of 500 pf.

Difficulty is still being encountered in obtaining powders suitable for crystal growth. Such
powders must be of high purity, have large enough particles to minimize evaporation in the
plasma, and neither occlude nor release gases when they are melted and frozen. They must also
flow well enough to be delivered at a satisfactory rate by the powder feeder. Many commercially
available powders, particularly those prepared by wet chemical methods, do not meet these re-
quirements. Some of these powders can be used if they are arc-melted in air or argon, de-
pending on their chemical properties, and then reground. In order to use powders which cannot
be delivered by the present powder feeder, but whose other properties are satisfactory, a new

feeder is being constructed.
2. Divalent Transition Metal Oxides

Since the induction plasma torch can be operated over a wide range of gas compositions,
we are investigating its application in growing crystals of the divalent oxides of the transition
metals between titanium and nickel. The first few members of this series must be grown under

neutral or reducing conditions to prevent oxidation to a higher valence, while the last members
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Fig. Il1-1.  Modified induction plasma torch used for growth of refractory crystals.
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Fig. l11-2. Single crystals of MnO grown with induction plasma torch.
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require strongly oxidizing ambients to prevent reduction to the metal. Considerable success has
been achieved in initial experiments on MnO, CoO, and NiO.

Two single crystals of MnO, shown in Fig. III-2, were grown with an argon plasma using a
powder feed gas consisting of 15 percent hydrogen and 85 percent argon. The powder was pre-
pared by reducing very coarse MnO2 powder in hydrogen for 16 hours at 1000°C. Both crystals
grew along the 310> axis. They exhibit two external {100} faces. They cleave on the {100} plane,
as can be seen in Fig.III-2. The as-grown crystals are black, but by transmitted light suffi-
ciently thin sections are dark green and somewhat thicker sections are red.

Several crystals of CoO measuring about 1 X 1 X 4cm were grown with a 20 percent oxygen-
80 percent argon plasma. They exhibit some porosity. No growth flats developed, but the cleav-
age is similar to that for MnO.

A number of NiO boules have been grown with a 20 percent oxygen-80 percent argon plasma
using pure oxygen as the powder feed gas. Although large single-crystal regions were obtained,
no boule is completely single. The material has the rocksalt (face-centered-cubic) structure.
Crystals of NiO grown pr‘eviously2 with oxy-hydrogen flames were monoclinic. X-ray powder
patterns do not reveal any metallic nickel in the majority of each boule. However, free nickel
can be detected in the last-to-freeze portions, in spite of the strongly oxidizing atmosphere used.
This suggests that the melt may have a significantly different composition from the solid.

T. B. Reed
R. E. Fahey

B. OXIDE OF CHROMIUM WITH SPINEL STRUCTURE

Preparation of a form of CrO with rocksalt structure has been reported by L.ux and Illmamn.3
This material, which was obtained by decomposition of Cr(CO)6 at low temperatures, dispro-
portionated to chromium and CrZO3 above about 600°C. The other transition metals between
titanium and nickel also have divalent oxides with rocksalt structure, but these compounds are
all stable to high temperatures.

To determine whether CrO could be prepared by a high-temperature reaction between chro-
mium and Cr203, equimolar quantities of these reagents were melted together under argon in an
arc-melting furnace. A dense, black pellet was obtained. The x-ray powder pattern for this
material contains no lines due to CrZO3 and only one line due to chrorrolium. All the remaining
lines can be indexed on the basis of a spinel structure with ag = 8.379A, as shown in Table III-1.
No structure of this type has (E)een reported for any oxide of chromium. Since Fe3O4 has a spi-
nel structure with a = 8.396 A, it seems likely that the new material is closer in composition
to (Z‘r304 than to CrO, although its stoichiometry has not yet been determined. A tetragonal
form of Cr304 has been r'eported.4

When two powdered samples from the black pellet were heated in air for 64 hours at 1000°C,
their weights increased by an average of 1.6 percent. Further heating for one week at 1100°C re-
sulted in an additional weight gain of 0.8 percent. An x-ray powder pattern taken after this treat-
ment contains some additional lines belonging to the spinel structure, shown in Table III-1. It
also contains some lines due to chromium and Cr203. This observation suggests that some dis-

proportionation occurred.
T.B. Reed
Mary C. Finn
R. E. Fahey
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TABLE 1lI-1

X-RAY DIFFRACTION DATA FOR OXIDE OF CHROMIUM (c:o =8.379A)

As Prepared

After Heating in Airt

dcculc obs dobs
hkl (A) A) 100 (I/Io) A IOO(I/IO)
1 4.84 4.75 40 4.85 50
220 2.962 2.96 10 2.956 10
311 2.526 2.50 100 2.520 100
222 2.419 2.40 10 2.417 §
400 2.095 2.10 40 2.097 80
331 1.922 1.922 5
333;311 1.612 1.61 40 1.609 30
440 1.481 1.48 40 1.481 50
533 1.278 1.273 20
444 1.209 1.213 10
711 1073 1.180 20
731,553 1.091 1.092 40 1.091 20
800 1.047 1.048 10
555 0.966 0.964 5
840 0.938 0.938 5
911 0.919 0.919 S
931 0.878 0.878 5
844 0.856 0.856 5

+64 hours at 1000°C and 1 week at 1100°C.
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C. THERMOELECTRIC PROPERTIES OF CrOy

The preparation of CrO2 by the reaction between equimolar quantities of (‘r()3 and (‘1'2()3

under high pressure has been described previously.5 By adjusting the ratio of (‘r()3 to ('r-z()i,
the same procedure has been used to prepare hot-pressed polycrystalline samples of nominal
composition CI‘OL87 and C1‘01.94. A platinum-foil liner was used in preparing the latter
sample, in order to minimize contamination during the reaction. Both compositions have the
same structure as CrOZ. The x-ray powder pattern for the Cr01.94 sample did not reveal any

second-phase material, but a trace of Cr203 could be detected in the CrO sample.

1.87
The thermoelectric properties of both samples are very similar to those of (‘r‘()).é In

Figs. IlI-3 and I1I-4 absolute values of the Seebeck coefficient are plotted against reciprocal

absolute temperature for CrO1 87 and Cr'O1 94’ respectively. In both cases the data can be

represented by two straight lines which intersect at about 290°K. The resistivity of each sample

-25 b2 i
3o
@
19
< —isf— o
Fig. I11-3. Seebeck coefficient (a) vs reciprocal 2 8\ o
temperature for CrO‘ 87 (nominal). © B\ o
’ —10f—
.
I 286°K
|
o | | |
2 3 a 5
1000/T (°k™")
<
> Fig. [l1-4. Seebeck coefficient (a) vs reciprocal
; temperature for CrO] o4 (nominal).

1000/ T (°k™")
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Fig. Il1-5. Resistivity vs reciprocal temperature for CrO] 87 (nominal).
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Fig. ll1-6. Relative resistance (R/Ro) vs temperature for AgySe at atmospheric
pressure and at 47kbar. At atmospheric pressure, resistivity in ohm-cm is
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generally increases from about 2 to 9 milliohm-cm between —60° and +210°C. Some hysteresis
was observed for Croi.87 and still more for Cr01.94. The logarithm of the resistivity of

Cr01,87 is plotted against reciprocal absolute temperature in Fig. I1I-5. The data can be fitted
by two straight lines intersecting, in this case, at about 300°K. The slopes of these lines cor-

3

respond to activation energies of —6 X 10”~ and —2 X 10'—2ev in the low- and high-temperature

regions, respectively.
D.S. Chapin
J.A. Kafalas
J. M. Honig

D. PRESSURE DEPENDENCE OF AggSe TRANSITION TEMPERATURE

A sharp change in resistivity occurs when AgZSe is transformed from the low-temperature
form (« —AgZSe) to the high-temperature form (B-AgZSe). Under atmospheric pressure, this
transition occurs at about 130°C. Resistance measurements have been used to determine the
pressure dependence of the transition temperature for pressures up to 47 kbar. The samples
were polycrystalline cylinders, cut from an ingot prepared by the horizontal Bridgman technique,
with carrier concentrations of about 2 X 1018 cm_3 at 77°K. Measurements of resistance vs
temperature were made at atmospheric pressure by a 4-lead method, and those at higher pres-
sures were made in the tetrahedral-anvil press by a 2-lead method previously used to investi-
gate the pressure-temperature diagram of InSb.7 (The 4-lead method was also used to measure
room-temperature resistance as a function of pressure. No appreciable change in resistance
was observed up to 40 kbar.)

Typical data for relative resistance vs temperature, obtained as the temperature was in-
creased, are given in Fig. III-6 for atmospheric pressure and for 47 kbar. At all pressures the
resistance increases sharply over a range of 15° to 20°C at the transition point, whereas .Iunod8
and Baer and (:o-wor'ker‘s9 observed a sharp decrease in resistivity in ex'periments at atmos-
pheric pressure (although the resistivities which they measured just before the transition were
approximately the same as in the present experiments). In agreement with the results of these
workers, the temperature coefficient of resistivity at atmospheric pressure is negative for
a-AgZSe and positive for B-AgZSe. This change in sign is also observed for pressures up to
about 15kbar, but at higher pressures the temperature coefficient is negative for both phases.

Transition temperatures obtained from the resistance-temperature curves for increasing
temperature are plotted against pressure in Fig. III-7. For each pressure, the transition
temperature was taken to be the temperature at which the resistance began to rise steeply. The
increase in transition temperature with pressure is consistent with crystallographic evidence

that B—AgZSe10 is less dense than a-AgZSe.“

M. D. Banus

E. RATE OF CUBIC-TO-HEXAGONAL TRANSFORMATION IN PrOy 5

When PI‘O1 5 is prepared by reduction of PrGO“ either the stable hexagonal (A) form or
the cubic (C) form may be produced, depending on the reaction temperature and other experi-
mental conditions. The hexagonal form is generally obtained above 900°C and the cubic form

below 600°C, but in the intermediate temperature region the results of different workers are

33



Section |1l

[3-55-3242 ]

300— TEMPERATURE COEFFICIENT OF RESISTANCE
IS NEGATIVE

TEMPERATURE COEFFICIENT
OF RESISTANCE
200— IS POSITIVE

TEMPERATURE (°C)

TEMPERATURE COEFFICIENT OF RESISTANCE IS NEGATIVE
100 | I | 1

(o] 10 20 30 40 50

PRESSURE (kbar)

Fig. Il1-7. Temperature of a-B transition in AgZSe Vs pressure.

not consistent. In order to investigate the temperature dependence of the cubic-to-hexagonal
transformation rate, freshly reduced samples of the cubic form were sealed under vacuum in
quartz capillaries which had been outgassed at 1000°C. In order to exclude residual gases,
particularly water vapor, the reduction was carried out for several days in a stream of hydro-
gen purified by diffusion through palladium. The apparatus was then evacuated, and the samples
were transferred to the capillaries without being exposed to air. The samples were then an-
nealed at elevated temperatures and quenched, after which their x-ray powder patterns were
obtained without removing them from the capillaries.

According to the x-ray data, only a small fraction of the cubic phase had transformed to
the hexagonal phase after heating for 96 hours at temperatures up to 775°C. Failure of other
workers to prepare or retain the cubic phase at temperatures as high as 775°C is probably due
to the presence of water vapor or oxygen at concentrations exceeding those of the current ex-
periments. Most of the cubic phase had transformed after only 6 minutes at temperatures in

the range 825° to 860°C. No evidence was obtained for a phase of PrO with the same struc-

1.5
ture as the monoclinic (B) form observed for several other rare-earth sesquioxides.

D.S. Chapin
Mary C. Finn
J. M. Honig

F. SUPERCONDUCTIVITY OF In4SbTe3

The pseudo-binary InSb-InTe system contains a ternary compound with rocksalt struc-
ture which contains approximately 75 mol-percent InTe, corresponding to the nominal formula
1
In4SbTe3.

sure, since lattice parameter measurements indicate that samples which were prepared at

This compound has been found to have an appreciable field of stability at high pres-

37 kbar from melts of 75 and 80 mol-percent InTe contain In4SbTe3 as a single phase. Samples

prepared at this pressure from melts of 60 and 85 mol-percent InTe are two-phase. In addition
to In4SbTe3, these contain InSb and high-pressure cubic InTe(II),13

samples with InTe(II) structure were obtained from melts containing 90 and 95 mol-percent InTe.)

respectively. (Single-phase
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According to data obtained by a self-inductance technique,14 In4SbTe3 in the single-phase samples
and in the two-phase sample containing InTe(lI) exhibited superconductivity below about 1.5°K.
The two-phase sample containing InSb failed to become superconducting down to 1.3°K (the lowest
temperature investigated). These results indicate that the transition temperature of In‘leTe3
decreases with decreasing Te content.

The pseudo-binary InSb-InTe system has been investigated at atmospheric pressure by ther-
mal, x-ray, and metallographic analysis. A tentative phase diagram is shown in Fig. I11-8.
In4$b'[‘e3 is a peritectic compound unstable above about 550°C. Thermal arrests observed at
415° to 425°C indicate that it undergoes a solid-state transformation in that temperature region.

The compounds InSb, In4SbTe and InTe are shown as line phases in the diagram, since their

ranges of composition have noi been established. (Thermal analysis and x-ray data indicate
that InSb can dissolve up to 10 to 15 mol-percent InTe, but there is some evidence that the solid
solutions are deficient in indium and actually lie in the InSb—InZTe315 pseudo-binary section.)
Since cooling curves suggest that a second, unstable ternary compound may be formed from the
melt between 50 and 70 mol-percent InTe, the liquidus in this region and a portion of the peri-
tectic line are shown as dashed lines in Fig. III-8.

A single-phase sample of In4SbTe3 has been prepared at atmospheric pressure by direc-
tional crystallization of a melt initially containing approximately 40 mol-percent InTe. Accord-

ing to the tentative phase diagram, In4SbTe is not in equilibrium with melts of higher tellurium
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Fig. I11-8. Tentative phase diagram of pseudo-binary InSb-InTe system.
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content, The sample failed to become superconducting down to 1.3°K — a result which can be
explained by assuming that the sample contains less tellurium than the high-pressure samples
which exhibit superconductivity. This is a reasonable assumption, since the composition of
the atmospheric-pressure sample must lie at the Sb-rich stability limit of In4SbTe3. It should
be noted, however, that this sample has the same lattice constant, within the limits of experi-
mental error, as the superconducting, high-pressure sample prepared from a melt of 75 mol-

percent InTe.
M. D. Banus Lynn B. Farrell
A.J. Strauss M. C. Plonko
Mary C. Finn

G. PARTIAL PRESSURES IN THE Ge-Te SYSTEM

The partial pressures of Tez(g) and GeTe(g) in equilibrium with condensed phases in the
Ge-Te system have been determined by measuring the optical density of the vapor at wavelengths
between 3100 and 4500:&. The partial optical densities due to each species were evaluated and
then converted to partial pressures by assuming Beer's law and published vapor pressure data
for Te(l)16 and GeTe(c).17 The same method has been used previously to measure partial pres-
sures in the Pb-Te18 and Sn—Te19 systems.

The values of pp, and pgeTe measured for sample compositions of 1.00, 49.8, and 52.0
atomic percent tellurium are plotted against reciprocal absolute temperature in Figs. I1I-9 and
III1-10, respectively. Below 722°C, the condensed phases are Te-saturated GeTe(c) and Te-rich
liquid for the 52.0 atomic percent tellurium sample and Ge-saturated GeTe(c) and Te-saturated
Ge(c) for the other two compositions. Above 722°C, the condensed phases for the 1.00 atomic
percent tellurium sample are Te-saturated Ge(c) and liquid, while the condensates for the other
two samples are entirely liquid.

Over GeTe(c) at its maximum melting point, 725°C, pT'32 is 0.6 £ 0.3 torr and PGeTe 18
17 torr. Below this temperature, pTez over GeTe(c) depends strongly on the composition of
the solid phase. At 650°C, for example, the value of pTez over Te-saturated GeTe(c) is about
20 times greater than the value over Ge-saturated GeTe(c). The partial pressure of GeTe(g),
on the other hand, is the same, within experimental error, over both Te- and Ge-saturated
GeTe(c), and the data are represented by log PGeTe (atm) = —[(10.1 ¢ 0.2)103]/’[‘ + 5.96. If
deviations from stoichiometry are neglected, this expression and the equation given below
for AG°[GeTe(g)] lead to a standard Gibbs free energy of formation given by AG°[GeTe(c)] =
(117.8 + 3) + 41.3 (107>
paring the slopes of log PGeTe ~ 1/T plots above and below the melting point of GeTe(c), the

heat of fusion for the compound is found to be 11.3 + 2 kcal mole—i.

)T kcal mole™ ! for the reaction Ge(g) + 1/2 Te,(g) = GeTe(c). By com-
2

The measured values of pTez and PGeTe N equilibrium with Te-saturated Ge(c) have been
used to calculate the equilibrium constant and standard Gibbs free energy of dissociation for
the reaction GeTe(g) = Ge(g) + 1/2 Te,(g). In these calculations pg, was taken to be equal to
pée, the vapor pressure of pure Ge(c). The difference between pge and pge should be much
less than 1 percent, since Te-saturated Ge(c) probably contains less than 0.1 atomic percent
tellurium. Between 657° and 907°C, AG°[GeTe(g)] = (71.5 £ 2) — (14.0 % 1) 10-3'1’ kcal mole_i.
The standard enthalpy change of 71.5 + 2 kcal mole-1 obtained from this equation has been com-

bined with enthalpies calculated from spectroscopic data to obtain Dg[GeTe(g)], the energy
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Fig. 111-10. Partial pressures of GeTe(g)
for the GeTe system plotted against re-

ciprocal absolute temperature.
required to dissociate GeTe(g) into the gaseous monatomic elements at 0°K. The value of

l) obtained in thlb manner is 95 + 4 kcal mole_i, in very good agreement with the value of

95 + 9 kcal mole” obtamed by analyzing the electronic spectra of GeTe (g).ZO

R. F. Brebrick

H. CHEMICAL ANALYSIS

1. Wet Chemical Determination of Chromium, Magnesium, Titanium, and Nickel

Methods have been developed for determining chromium in chromium oxides and as an
impurity in alumina (ruby). In both cases chromium is oxidized to the +6 state with ammonium
persulfate and subsequently titrated with ferrous ammonium sulfate. The amount of chromium
in the chromium oxides is large enough to be determined to an accuracy of within 2 parts per
1000, by using an automatic potentiometric method for finding the end point of the titration.
In determining small quantities of chromium in alumina, the end point is obtained by an am-
perometric method. A hooked platinum electrode polarized at +1.0 volt is used as an indicating
electrode and stirrer. The titration curve is plotted automatically, and the straight line por-
tions are extrapolated in the conventional manner. Since the end point is found graphically, this
method is slightly less precise than the potentiometric method, but it can be used in titrating
solutions 10 to 1000 times more dilute.

In order to analyze MgTiO3 for magnesium and titanium, methods based on EDTA titrations
have been developed for determining these elements in the presence of each other. Magnesium
is titrated directly in an NH OH NH NO3 pH 10 buffer, with triethanolamine used to mask Ti.

The titration is performed automatlcally with the Reilley gold amalgam electrode The titanium
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determination employs a method22 in which titanium is complexed with hydrogen peroxide, and
excess EDTA is added to the peroxy complex buffered at a pH of 4.5 with sodium acetate-acetic
acid. The excess EDTA is then back-titrated with a standard copper solution to a PAN end point.
Because of the hydrogen peroxide added, the potentiometric end point is unsuitable.

Nickel in NiO has been determined to an accuracy of within 2 parts per 1000 by automatic
potentiometric EDTA titration using the Reilley gold amalgam electrode.‘21 The nickel is titrated

directly in an NII40H-NH4NO3 pH 9 buffer.
M. C. Gardels
J.C. Cornwell

2. Mass Spectrographic Analysis of Insulators

The technique described earlier23 for mass spectrographic analysis of insulating materials,
in which electrodes for use in the RF spark ion source are prepared by pressing a powdered
mixture of the sample and graphite, is being investigated further. Preliminary data indicate
that it is advantageous to substitute powdered silver metal for the graphite provided that silver
of sufficient purity can be obtained. Because of silver's superior mechanical properties, the
weight ratio of conductor-to-sample necessary to obtain electrodes of sufficient strength is
smaller for silver than for graphite. For this reason, together with the greater atomic weight
of silver, the total number of ions which must be produced in order to obtain a given number of
sample ions is about 15 times greater for electrodes prepared with graphite than for those con-
taining silver. Therefore, graphite electrodes require much more time for a given sample ex-
posure, and the graphite must be 15 times as pure as the silver in order to achieve the same
limit of detection.

Sufficiently soft insulators can be powdered in plastic vials with a shaking device ("Wig'L'Bug").
If the plastic contains no inorganic fillers, the only foreignlines introduced intothe sample spectra
by this procedure are due to hydrocarbons. The spectrograph has sufficiently high resolution to
separate most of these from the lines due to the sample. Harder materials can be powdered by
grinding with a steel mortar and pestle. If these materials are chemically inert, contamination
from the steel can be dissolved away with suitable acids.

The effect of differences in sample volatility on analytical results has been investigated
by determining the yields of various ions in ten, equal, successive exposures. Results of ex-
periments on MgTiO3, mixed MgO and TiOZ, and mixed CdO, TiOZ, and Zr‘O2 are shown in
Figs. I11-11, III-12, and III-13, respectively. It is seen that the yield of cadmium ions de-
creased strongly with time because of the high volatility of CdO, but the relative yields of the

other ions did not change appreciably.
E. B. Owens
N. A. Giardino
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IV. BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS

A. COMPARISON OF MODELS FOR THE ELECTRON BANDS IN BISMUTH

The form of the dispersion relation E(;) for electrons in bismuth has been the subject of
considerable interest. In 1939, Shoenberg1 proposed a simple parabolic-ellipsoidal model in

which, in the principal axis system of the ellipsoid, the dispersion relation is given by
Sy = 2 2 2
E(p) = (a,py + @,p, +a3p3)/2m . (1)

The values of the components of the reciprocal mass tensor 4;, which is diagonal in this

system, are given approximately by

@, = 202 : a, = 0.83 p @y = 84.2 . (2)

This simple parabolic relation is expected to be valid only in the region where E(E) is much less
than the energy separation between the electron band and the other bands at the same point in the
Brillouin zone. ILax, et a_l.,3-6 observed that the electron bands in bismuth are, in fact, non-
parabolic and proposed a nonparabolic-ellipsoidal dispersion relation which is given, again in

the principal axis system, by
E(p) [4+ E(P)/e_]= (a,p2+a,p’+a,p’)/2m (3)
p Plrey 1P1 2P2 3P3 '

The criteria for the validity of Eq. (3) are that the electron band interact strongly with only
one other band, that the two bands have extrema at the same point in the Brillouin zone, and that
all three principal components of @ are large. Cohen2 has considered the possible forms which
these dispersion relations may take depending on the location of the conduction band minima in
the Brillouin zone. Since there is now considerable exper‘imentals'6 and theoretical7 evidence
that these minima occur at the centers of the pseudo-hexagonal faces of the Brillouin zone
(L. points), we consider only Cohen's case A which treats this situation. In Cohen's model, one
assumes that a single valence band lies immediately below the electron band separated from it
by a gap eg. All other bands are presumed to be far away so that interactions with them need be
considered in lowest order only. One can then show that under the above conditions the disper-

sion relation can be written in the form

L EE) -

‘g

1
2m

o~ 4 = 4

p- a' - p]xX[E()te, +znp-a’-pl=

SU; ) (4)

where @ represents the direct interaction with the valence band. The lowest-order effects of
interactions with other bands and the contribution of the free-electron terms are contained in
@' and a'. Equation (4) represents the most general dispersion relation consistent with the
assumptions made thus far. Since the experimental values of «

1
it is reasonable to assume that they arise primarily through a direct interaction between the two

and @, in Eq. (1) are quite large,

bands. Consequently, we can neglect these components in the @' and @" tensors so that Eq. (4)

can be approximated in the principal axis system by
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6—1g [E(S)‘%1 ainZZ]X[E(E) +eg+ 2r1_n agp;]: 2—r1n (aipf+azp22+a3p32) . (5)
Equation (5) is more general than either the two-band model proposed by Laax or the model
proposed by Cohen. The two-band model can be obtained from Eq. (5) by setting oz'z = aE = 0.
This amounts to completely neglecting the interactions with other bands as well as the free-
electron contribution to the effective mass tensor. This is admittedly unjustified since the ex-
perimental value of a, is of the order of the free-electron contribution. Cohen's model, on the
other hand, is obtained by setting @, = 0, which amounts to neglecting this component of the ve-
locity matrix element in the direct interaction between the two bands. Although experiment in-

dicates that a, must be small, there is no a priori reason to assume that it is identically zero

since there is no symmetry restriction of a, at the L point in bismuth. It may, in fact, be
comparable to, or even larger than, oz’z and ag. Hence, the @, term should not be neglected in
Eq.(5). Therefore, we see that both the two-band model and the Cohen model involve approxi-
mations which are in some sense unjustified, and that a still more general dispersion relation
[Eq.(5)] should be considered. J. 0. Dimmock

B. MAGNETOREFLECTION EXPERIMENTS IN ANTIMONY

Magnetoreflection studies are being carried out in amtimony.:I The initial experiments in-
volve the investigation of the effect of a magnetic field on the plasma structure of the optical
reflectivity of antimony. Measurements have been carried out with the magnetic field parallel
to the Poynting vector. When the magnetic field is directed along the binary direction, both
plasma edges (one associated with E parallel to the bisectrix direction and one with E parallel
to the trigonal direction) exhibit magnetic structures of similar shape, the former of much larger
magnitude than the latter. When the magnetic field is directed along the trigonal direction, the
single plasma edge also exhibits large magnetic structure.

Calculations of the magnetic field dependence of the optical reflectivity of antimony have
been carried out on the basis of three tilted electron ellipsoids. This simple band structure
model of antimony fails to give even qualitative agreement with the magnetoreflection experiment.
We are now trying to explain the experimental results by including the effects of other carriers.

Mildred S. Dresselhaus
J.G. Mavroides

C. DIAGRAMS FOR THE ANALYSIS OF FREE-CARRIER CONTRIBUTIONS

TO THE DIELECTRIC CONSTANT IN A MAGNETIC FIELD

Several diagrams have been developed which are very helpful in analyzing experiments in-
volving free-charge carriers in a magnetic field. For a lossless medium, the real part of the
dielectric constant is given by nZ == kz, where n — ik is the complex index of refraction. Then

for propagation parallel to the magnetic field

T Measurements were carried out at the National Magnet Laboratory, M.I.T.
1 We would like to thank Sidney Fischler for growing the antimony samples and Mary C. Finn for preparing the optical surfaces.




Section IV

W —ww  —w
. = wc
and for propagation transverse to the field
r 4 2y 2 2 4
nz_kZ:K' w —w(wc+2wp)+wp ) (7)
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p &
where @ = eH/m?*, ws = Nez/m*x'eo, aznd x‘zis the dielectric constant of the lattice. Impor-
tant optical phenomena will occur when n” — k™~ =0, 1, and «. The first and third values rep-
resent the zeros and poles of the above expressions and can easily be shown on the diagrams of
Figs.IV-1 and IV-2, where frequencies have been normalized to wp. A given experiment is ana-
lyzed by tracking its path on the diagram and inspecting the behavior of the index of refraction
along the path.

As an example of the use of these diagrams, consider the analysis of a magnetoplasma re-
flection experiment where the magnetic field (wc/wp) is kept fixed and the incident frequency
(w/wp) is varied. The experimental path on the diagram of Fig.IV-1 is then a horizontal trace
which we may choose to be wc/wp = 1 (for illustrative purposes). Recalling that the reflectivity
R is given by R = [(n — 1)2 + k2]/[(n + 1)2 + k2] and that for a lossless case 2nk = 0, we see that
in the crosshatched regions of the diagram n = 0, and R = 100 percent. In the clear regions of
the diagram, R = 0 and R = (n — 1)2/(n + 1)2. As the frequency is decreased from w/wp = 3 to

zero (for example), the experimental point on the diagram will encounter decreasing n, and the
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Fig. IV-1. Poles and zeros of the dielectric Fig. IV-2. Poles and zeros of the dielectric
constant for propagation transverse to the constant for propagation parallel to the mag-
magnetic field. netic field.
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reflectivity will decrease until n = 1 at which point R = 0. The index then decreases until n = 0
at which point R = 100 percent and remains so until n2 = . The reflectivity then decreases
again and goes through the same cycle until it reaches 100 percent for the crosshatched region
at the left. The first region of high reflectivity is the plasma-shifted cyclotron resonance; the
second peak is the so-called magnetoplasma resonance branch. These diagrams clearly show
the interrelation of cyclotron resonance, magnetoplasma reflection, and magnetoplasma reso-
nance. They can also be used to discuss Faraday rotation, Voigt effect, helicon waves, and, in

fact, all free-carrier magnetic effects in lossless media.
G. B. Wright

D. GALVANO-THERMOMAGNETIC EFFECTS IN HgSe

Using the dependence of energy on wave vector calculated by Kane8 for InSb, six basic
galvano-thermomagnetic transport coefficients (GTMTC) were derived in terms of specific

transport integrals .9

The transport integrals have now been evaluated numerically for param-
eters appropriate to HgSe at room-temperature, and various theoretical predictions have been
compared with experiment. Since only a small number of theoretical parameters are involved
and because a large number of effects are experimentally determined, the usual flexibility of
adjusting parameters until theory and experiment are in accord is absent here. Nevertheless,
the agreement between experiment and theory is exceedingly good. These results confirm the
nonparabolic shape of the conduction band of HgSe and, furthermore, show that the dominant

scattering mechanism for electrons in HgSe is polar scattering due to optical phonons.

T.C. Harman

E. MAGNETIC RESONANCE SATURATION IN CRYSTALS

We have considered the theory of magnetic resonance saturation in crystals as given by
Provotorov10 and found it wanting in some aspects.

First, the basic equation of his theory is dimensionally wrong. Although this does not affect
his major conclusions for the steady state, it does make his expression for the function deter-
mining the linewidth and shape incorrect. Secondly, Provotorov's theory ignores "memory"
effects which, although unimportant for the steady state in the rotating frame of reference, are
quite important for the correct time evolution of the system and its approach to the steady state.

Some of these effects have been investigated by a technique analogous to the one proposed
by Argyres and Kelley“ and will be the subject of a future report. Recent experiments with
the time evolution of the system indicate the desirability of such an investigation, as the experi-

mental results are at variance with known theories.
P.N. Argyres

F. EFFECT OF IMPURITY ADDITIONS ON THE NERNST COEFFICIENT
OF BISMUTH

The theory for the Nernst coefficient HyNzx of bismuth in the high magnetic field r‘egionil
shows that maximum values will occur for intrinsic material. Small additions of either p- or
n-type impurities, i.e., lead or selenium, respectively, should reduce the magnitude but not

change the sign of HyN 7% In order to check this theoretical prediction, impurities were added
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TABLE V-1
EFFECT OF ADDITION OF FOREIGN IMPURITIES ON THE NERNST
COEFFICIENT OF PURE BISMUTH AT 85°K AND 5 kgauss
Atomic Nernst Coefficient
Impurity Added Percent Added (pv og-1
none | === 500
Lead 0.005 490
Lead 0.020 154
Lead 0.050 97
Selenium 0.010 90
Cadmium 1.0 182
Mercury 1.0 460

to bismuth during the single-crystal growth process. Measurements of I{erp{ at 5 kgauss and
at 85°K were carried out. These data, along with the percent of impur‘ity‘added, are presented
in Table IV-1. In agreement with theory, it is seen that small additions of both n- and p-type

impurities reduce the magnitude of the Nernst coefficient.
T.C. Harman
S. Fischler
A. E. Paladino
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V. MAGNETISM AND RESONANCE

A. THE SYMMETRY OF SPIN CONFIGURATIONS IN MAGNETIC CRYSTALS

Landau and Lifshitz1 have shown (using symmetry arguments) that if a magnetic crystal
undergoes a second-order phase transition at a magnetic-ordering temperature, the spin con-
figuration of the ordered phase must transform as a basis function for a single irreducible rep-
resentation of the crystallographic symmetry group of the paramagnetic phase. This places a
definite restriction on the possible ordered spin configurations that can occur, without any as-
sumptions concerning the specific interactions responsible for the magnetic ordering. Although
this argument is rigorous only in the immediate vicinity of the transition temperature, it is
satisfied at all temperatures in many crystals and appears to be violated only when a crystal
undergoes a marked first-order phase transition or two separate phase transitions.

For the special case of Heisenberg exchange in the molecular-field approximation, the
Landau-Lifshitz theory has been compared to the spin-configuration determinations of Kaplan,

e_té.,2 and Bertaut.3 It has been shown that in the high-temperature limit T < T where TN

is the magnetic-ordering temperature; the method of Bertaut is rigorous and gi\}\;s the same
predictions as the Landau-Lifshitz theory. These two approaches thus have the same region of
validity, and for this model they yield the same results. The difference between them lies in
the fact that the general derivation of the L.andau-Lifshitz theory does not require a specific
form for the exchange energy; whereas Bertaut's method is based on a Heisenberg exchange.

It has also been shown that the general group-theoretical methods of LLandau and Lifshitz and of
Bertaut cannot be employed in any rigorous solution of the ground-state problem. At low tem-
peratures (T << TN) the more specialized methods of Kaplan, e_ta_l., must be used.

The Landau-Lifshitz theory has been applied to zincblende f-MnS, where it is found that
there is only one ordered spin configuration that is consistent with both the Landau-Lifshitz
theory and the neutron-diffraction results. This is the spiral structure with a 90° turn angle
that has been proposed by Keffer4 on other grounds. This demonstrates, in part, the usefulness
of the general group-theoretical methods.

The Landau-Lifshitz theory is not restricted to crystals having localized atomic moments.
Pickart, e_ta_l.,5 have found that in the temperature interval T < T < Ty, where T is the spin-
flip temperature, the spin density of oz«FezO3 is not centered on the iron-atom positions. There-
fore, to further illustrate the usefulness of the Landau-Lifshitz approach the general spin-density
function of high-temperature (TS <TKL TN) oz-FeZO3 has been considered. The most general
function with the proper transformation properties has very little symmetry and possesses not
only a generalized antiferromagnetic component in the (111) plane, but also a generalized
Dzyaloshinsky component perpendicular to it [also in the (111) plane]. The spatial distribution
of these two components is not required by symmetry to be the same and may be quite different.
The result is compatible with Kaplan's™ theoretical interpretation of the neutron data, which is

based on a ligand-field approach.
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l')zyaloshinsky1 has also applied the Landau-Lifshitz theory to the low-temperature (T < TS)
magnetic phase of a—FeZOB. Since he used the symmetry group of the paramagnetic phase for
this, the argument is not legitimate.

of the Liandau-Lifshitz theory.

This point is made in order to emphasize the limitations

J.O. Dimmock

B. MAGNETIC PROPERTIES OF CoCr204
1. Magnetic Resonance

Measurements of magnetic resonance as a function of temperature have been made on small,
single-crystal samples of ferrimagnetic C0Cr204 using millimeter spectrometers from 24 to
135.5 kMcps.

two distinctive types of resonances were observed.

Over the temperature range from liquid helium to the Curie temperature of 98°K,
One, the uniform-mode resonance, con-

sisted of a number of relatively weak satellite lines grouped about a stronger line near the para-
magnetic resonance field value. The second type, consisting of a strong, broad resonance that
varied considerably in field with temperature, has been identified tentatively as a modified ex-

change mode (see Sec.B-2).
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Figure V-1 shows the measured resonance field at different frequencies as a function of

temperature for the exchange mode.

Near 20° and 77°K, the resonance field was observed to

change discontinuously resulting in three different temperature regions of magnetic resonance.

From 4.2°K to the first transition temperature near 20°K (Region 1), the resonance field was

constant; from approximately 20° to 77°K (Region 2), the resonance field varied with temperature

giving a sharp peak in field near 35°K; from approximately 77° to 100°K (Region 3), the res-

onance field increased uniformly with temperature.

Except for the discontinuous change in the

resonance field near 20° and 77°K, the resonance field appeared qualitatively to vary in an in-

verse manner with the static magnetization over the temperature range of 35° to 98°K. The

resonance absorption was always observed to be strongest near the low-field values and broadened

and decreased in intensity at higher fields.

48



Section V
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Figure V-2 shows recorder traces of the uniform resonance mode taken at two different
temperatures using field modulation. At least four distinct satellite resonances were observed
on the main uniform precession mode at helium temperatures. At higher temperatures (near
40° to 50°K) the weaker resonances had faded, leaving only the main uniform-mode resonance
and one satellite line still visible.

There seems to be a remarkable qualitative correlation between the Spin resonance observa-
tions and the results of theoretical calculations and other experimental observations of CoCrZ(,)4.
Theoretical calculations (see Sec.B-2) indicate that, coming down in temperature, the spin
system should first order in a Néel configuration down to ~87°K. This is observed in neutron
diffraction and seems to correlate with Region 3 in the exchange-mode data. Below ~87°K the
theory indicates that the structure should be an ordered spiral, but no transverse-correlated
spin moment is detected just below this temperature in the neutron-diffraction results. This
transition in the theory seems to correlate with the transition to Region 2 of the exchange-mode
data. Finally, at ~30°K and below, the neutron data appear to show the onset of a correlated
transverse moment, even though the theory indicates no unusual change below this temperature.
This onset of transverse correlation seems to correlate with Region 1 of the exchange-mode
data.

The occurrence of satellites on the uniform-mode line also may be related to the presence
of a spiral-spin structure. The fading of the satellite structure as the temperature rises toward
the transition to the Néel state could then reflect the gradual loss of transverse-spin correlation.

The analysis of the exchange-mode resonance will require a theoretical examination of the
mode spectrum of the spin system over the entire range of observed temperature. The simplest
case to analyze should be the Néel region, where two exchange modes could occur. One of these

modes will have resonance frequency given by (see Sec. B-2)
@ = |=vH + yA [M,(H,T) + GMg(H, T)]| (1)

where A = 12 JAB/yz. If the sublattice magnetizations have a large susceptibility in Region 3
(magnetization measurements show such a susceptibility) and if the change in the M's is assumed

linear in H, we have

@ = [7{A [XA(T) + Txg(T)] = 1} H + yA [M, (0, T) + M5(0,T)]|
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where

M H,T):MA(O,T)+XA(T)H ,

Al

MB(H,T)

MB(O,T) + xB(T) H

To interpret the observed variation of resonance field with T and w in Region 3, in terms of
the exchange mode of Eq. (1), this crude argument indicates that A [xA(T) + ﬁxB(T)] must be
positive and have a value larger than one.

It is not yet entirely clear why the presence of a spiral-spin configuration should produce
satellite lines on the uniform mode. One possible explanation of this is that the spiral structure
is not a pure ko spiral, but has weak sidebands at k-values ko + nk' near ko. This allows coupling
of the microwave field, not only to the uniform mode of precession, but also to spin waves of
k-vector ko + nk'.

There remains the question of what produces the weak sidebands on the spiral k-vector k0‘
One possibility is that these sidebands are produced in domain walls, where the direction of
propagation of ko changes; the satellite structure would then depend on the presence of a cor-
related transverse spiral structure and be due to resonance in domain walls.

J.J. Stickler
H.J. Zeiger

2. Preliminary Considerations of Electron Resonance in Cubic Spinels
with Spiral-Spin Configurations

According to our previous studies,—I—9 cobalt chromite is a (classical) Heisenberg ferri-

magnet. That is, our measurements (at 4.2°K) of its magnetization and neutron diffraction
patterns, together with their successful interpretation in terms of spin-only ionic moments and
a spiral-spin configuration, were consistent with this primary assumption. Furthermore, the
measured paramagnetic diffuse-neutron scattering above its Curie point of 96°K was consistent
with the rigorous high-temperature Heisenberg expansion. In addition, its magnetic anisotropy
appeared to be small so that no other forces were obviously significant.

Given the assumption of the Heisenberg Hamiltonian, the only parameters are the exchange
integrals (or ratios thereof). It was convenient to make a secondary assumption as to which of
these are significant; therefore we assumed that cobalt chromite possessed only nearest-neighbor
A-B and B-B interactions. Except possibly for a 5-percent error in the length of the spiral
propagation vector, our 4.2°K data were consistent with this additional assumption and yielded
u=2.00+0.08, where u = (4/3) (JBB/JAB). In addition, the remaining parameter JAB has been
estimated from the Curie point to within, perhaps, #10 percent by using the rigorous, high-
temperature expansion. Thus, appropriate values for both of the parameters involved in our
model for cobalt chromite have been uniquely determined.

We then used the molecular-field approximation to compute the thermal averages of the spins
at finite temperatures, from the inflexible model predetermined above. The resulting calculated
values for the magnetization as a function of temperature (with the customary renormalization
to the experimental Curie point and with u = 2.03 + 0.03) were in remarkably close agreement

with our actual measurements on cobalt chromite. This agreement was interpreted as a clear
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affirmation of the accuracy of the molecular-field approximation, particularly since its net
magnetization consists of a small difference between large sublattice magnetizations over its
entire ferrimagnetic temperature range. Thus, we concluded that the ferrimagnetism of cobalt
chromite is associated with one of three different types of ordered states (depending on the tem-

perature) as indicated in Fig. V-3. (There is collinear Néel configuration from T(‘ to TZ’ spiral

from T2 down to Ti’ and presumably a modified spiral below Ti')
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However, the azimuthal components in the molecular-field, spiral-spin configuration dis-
cussed above would give rise to sharp satellite peaks in its neutron diffraction pattern from 0°K
to TZ’ whereas, experimentally, such peaks were found to exist only from 0°K to T!, which is

only slightly above T The standard interpretation of this neutron diffraction result required

that the average spin1vectors in cobalt chromite be collinear between T'1 and TZ' Nevertheless,
the diffraction peaks predicted from the axial components of the molecular-field spins were in
excellent agreement with experiment. Thus we were faced with the fascinating question of why
the apparent accuracy of the molecular-field approximation should be different for the axial and
azimuthal components of the average spins. In addition, there was uncertainty as to what con-
stituted the "best" description of the ordered state of cobalt chromite between Ty and T,.

Recently magnetic resonance absorption experiments have been performed0 on single crys-
tals of CoCrZO4 (see Sec.B-1). Besides the usual uniform mode with frequency w = ngH (g was
found to be very close to 2), other modes were found which showed very unusual temperature
variations. Referring to Fig. V-1, which shows resonance field vs T, we see a great deal of
structure to the curves. This suggests that a detailed theoretical understanding of these res-
onance properties will add considerably to our understanding of the physics of the spin system.
One can even hope that some light will be thrown on the interesting conceptual problem discussed
above. We shall discuss here some of our preliminary considerations on the theory of the res-
onance behavior.

First, referring to Fig. V-1 for H (T), we see a general qualitative correlation with pre-

res

vious results. There are two temperatures, Ty ~ 20°K and T, ~ 75° to 90°K, at which “res
seems to suffer a discontinuity. The lower temperature seems to be correlated with either the

kink in the magnetization curve [M(T) of Fig. V-3] or the temperature below which long-range
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spiral peaks (satellites) occur. (Whether or not the two latter temperatures are actually distinct
is experimentally uncertaimr at present.) Particularly interesting is the discontinuity in ”res(T)
at Tos where neither the neutron diffraction intensities nor M(T) shows anything discontinuous.
However, the molecular-field approximation does predict a transition at T2 =~ 87°, below which
the transverse or spiral-spin components increase rapidly (with an infinite initial slope).

To investigate this further we consider the resonance frequencies for the temperature range
TZ—TC, where both the molecular-field approximation and the neutrons say that the ordering is
a simple Néel state. We follow the standard procedure, which has worked well in the past, for
the calculation at T > 0. The spin-wave equations of motion are used, but the spin quantum num-
bers are replaced by the thermal-averaged spins at temperature T. (This is also what is done
in the random phase approximation.) These have already been worked out.11 For our model of

near-neighbor AB and BB interactions and equal g-factors, the three lowest frequencies are

given by
ﬁwo = yH p uniform mode
fo_= |yR— 27, M| 1" mode
u AB vy ’
fw = |yH — 127 M—| "exchange" mode
e AB vy : ’

where y = ghp >0 (g =2),

M:MA+MB B

s _ -

M —MA+uMB 5

ﬁ:EJBB
BJAB

For CoCr204 (SA = SB):

U=0.5u=1.01+0.02 .

as already discussed; MA and MB are the z-components of the sublattice magnetizations per
molecule; and H (>0) is the external field in the z-direction. With an eye toward the temper-
ature region T, <T <T,, we note that the above expressions are also valid for a pseudo-Néel
ordering, where there are two different B-site magnetizations.

As we have said, w, has been observed and behaves properly. Ordinarily wg and @y would
be very high (infrared). However, M and M* are both an order of magnitude smaller than usual
(M =~ 0.1 bR while M , and My
the complicated resonance of Fig. V-1. Before discussing numbers further, we first note an

~ 1 pB), so that we can hope that w, Or w  can be identified with

important qualitative fact. There is good evidence8 that the A-sites dominate, i.e., MA >0,
MB <0, and M > 0. It also turns out that M* > 0. Hence, naively, the above expressions say
that Hr should be linear in M or M* with positive coefficient and, therefore, Hres should
decrease with increasing T for T > T2 (contrary to Fig. V-1). However M and M™* depend on

H; writing
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M=M_+xH , M*=M*+x*H
o o

with MO and M:'; defined as the values for H = 0, we have

12.F ypmX
ﬁwe:‘y(1—%)H—12J M 123

» ABMo| = [VerH — M,

AB

and, similarly, for @ A rough estimate [obtained from the results of Ref.8 in which M(T) was
measured in 1/2 and in 10 kgauss] gives x ~ 0.003 to 0.01 pB/kgauss. Using the result for

CoCrZO4, TC/TM = 0.5 (TC = Curie temperature, TM = Curie temperature in the molecular

field approximation ) which is derived from the first three terms in the sequence defined by
the Kramers-Opechowski method, and using the experimental value TC = 96°K, we obtain JAB =

L2 5% 40 Y ey and

2
12JABx/'y = 2tob

Thus, we can expect Yeff < 0 so that Hr should increase as Mo decreases, i.e., as T increases

es

above T, (in agreement with data presented in Fig. V-1). Also note that Yeff depends on H and

(
T Ourzmechanism for this dependence is different from that discussed by Wangsness,13 where
H, T dependence results from inequality of the various g-factors. We expect the latter effect
to be relatively small in these materials.

Despite this good qualitative beginning, there is a difficulty which appears to be serious.

Referring to Fig. V-1, we see that a zero-field resonance is indicated at T ~ 80° to 90°, v =~

30 kMcps. We have for H = 0 (from our formula), as given above,

12J

B = @ /szﬁ

" By MO = 1800 Mokops (I\/IO in Bohr magnetons)

At T = 86°K, Mo = 0.208 by (giving B = 372kMceps). To compute M;’;, we use MA = 1.60 b and
MB = —1.39 b as given by the molecular-field approximation (which gives very close agreement
with the neutron-diffraction intensities); with u = 1.01, we find By = 347 kMcps. Thus the cal-

culated frequencies are more than an order of magnitude too large.

There are at least two possible sources of this discrepancy. The first is the error intro-
duced in the standard theory of resonance. (The reason for this error is that it involves the
replacement in the equations of motion of thermal averages of spin products by products of
average spins.) The second is error due to the basic simplified model (which neglects all forces
except the nearest-neighbor A-Band B-Bisotropic exchange interactions). The latter error might
be important in view of the high sensitivity of Yy to changes in T, i.e., it is seen from the numbers
above that a 1-percent increase in U gives a 7-percent decrease in Vi alternately, an increase
of only 15 to 20 percent in U is sufficient to decrease Y4 by the required order of magnitude.
Such a change in T is far outside the experimental limits within the model previously studied.
However a change in the model to include second-neighbor B-B exchange interactions, for ex-
ample, gives rise to formulas for the w's of the same form as given above with a new parameter
T' simply replacing . It must be remembered that these extra interactions will also have an
effect on the magnetization and the magnetic ordering as seen by neutrons, so that their choice

will be severely limited by the extensive agreement with experiment previously obtained.
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Because of these discrepancies, both in the resonance and in the neutron diffraction exper-
iments, there are a number of experiments and calculations that obviously should be performed.

We are continuing these investigations.
T.A. Kaplan
K. Dwight
N. Menyuk

C. COMPOUNDS WITH B31 < B81 TRANSITIONS
1. X-Ray Studies

In order to investigate our earlier proposal that the phase transitions found in MnAs are
due to partial spin quenching, we have been studying the crystallographic and magnetic prop-
erties of MnAs-MnP and MnAs-MnSb.

MnAs has the B81
140°C, where it has the B31 (distorted NiAs of MnP) structure. With antimony substitutions,

the high-temperature transition is lowered, the B31 temperature interval disappearing near

(or NiAs) structure at all temperatures except the interval 40°C < T <

15 atomic percent MnSb. With phosphorus substitutions, the high-temperature transitions show
an initial decrease (to ~3 atomic percent MnP) and then a steady increase. The low-temperature
transition remains roughly constant with antimony additions, but shows a decrease of about 15°C
by two atomic percent MnP. For >4 atomic percent MnP, there is no low-temperature transi-
tion — the B31 distortion continuing to increase with decreasing temperature to the magnetic
ordering temperature and remaining to lowest temperatures. These results, and our initial
magnetic measurements, are compatible with spin quenching in the B31 phase that increases

with decreasing temperature to the Curie temperature.
D.H. Ridgley
W.A. Newman
J.B. Goodenough

2. Chemical Analyses

Considerable effort has been required to develop analytical procedures that are satisfactory
for the MnAs-MnP and MnAs-MnSb systems. Standard chemical analysis methods for the ions
involved are either not sufficiently accurate or cannot be applied in standard form because of
interference by other ions present.

After trials with a number of variations on the standard bismuthate method for manganese,

a procedure has been developed which yields an accuracy of 0.1 to 0.2 percent of the manganese
present. The problem of chemical similarities of phosphorus, arsenic, and antimony has not
been completely overcome and satisfactory results have been achieved in the case of phosphorus
with arsenic only. A method which allows for the presence of antimony is under study.

The procedure used for arsenic with phosphorus is as follows: dissolve the sample in bromic
acid, reduce the arsenic with stannous chloride, remove excess stannous ion with mercuric
chloride, reoxidize with standardized permanganate solution. Phosphorus is determined by pre-
cipitation as magnesium ammonium phosphate followed by reprecipitations for purification. This
procedure for phosphorus is accurate to approximately 2 percent but is satisfactory with small
amounts of phosphorus. Arsenic has been determined by the above method to an accuracy of

0.2 percent in known materials.
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One composition in the MnAs-MnP system has been completely analyzed using the procedure
just discussed. The composition sought in preparation was MnAs0 95P
MnAs

0.05° the analyses showed

B .
0.9477 0.047 D. H. Ridgley
E. Whipple

D. EFFECT OF Mn3+ ON CATION ORDERING IN LITHIUM SPINELS

Numerous spinels containing B-site lithium have been found (by x-ray diffraction) to possess
a superstructure similar to that originally reported for lithium ferrite, Fe[Lio'SFei.5]()4.H
Whereas the spinel lattice is normally face-centered cubic, the symmetry in these lithium spinels
is found to be primitive. This indicates an ordering of the lithium ions on the occupied octahedral
sites. The variety of lithium spinels of this type appeared to indicate that such ordering occurs
whenever one-quarter of the B-sites are occupied by Li+, the other B-sites by 1\/[3Jr or ]Vl4+.
However, we have recently found that substitution of ]Vln+3 for Fe+3 on only 15 percent of the
octahedral sites destroys completely the superstructure in LiO.SFeZ.SOz}' Since Mn+3 is a
Jahn-Teller ion known to induce a tetragonal distortion in the spinel lattice at B-site concentra-
tions >60 percent, it was felt that the disordering tendency might be associated with the Jahn-
Teller effect even though the concentration is much too small to induce a long-range cooperative
distortion. The effect may be related to the empirical observation that about 20 to 25 percent
occupancy of the spinel B-sites by a Jahn-Teller ion gives maximum B-H loop squareness for
computer memory cores.

We have begun an investigation to determine both the uniqueness of Jahn-Teller ions in in-
hibiting B-site ordering in lithium spinels and the critical concentration of these ions. The
ordered spinel LiO.SGaZ.504 was selected as a reference base for substitutions because gallium

is primarily trivalent; the question of valence states is thus precluded. Trivalent chromium

+3, have been substituted into the gallate base in order to demon-

+3

and rhodium, in addition to Mn
strate that the effect is not due merely to charge density on the Mn
Table V-1 summarizes the results found to date. For comparison, several ordered spinels
reported by other authors are included in the table. It can be seen that Mn+3 is unique (among
the B-site ions in the table) in its ability to destroy the lithium ordering.
R. W. Germann

R.J. Arnott
D.B. Rogers

E. SINGLE-CRYSTAL GROWTH OF VANADIUM SPINELS

BY ELECTROLYTIC REDUCTION

Considerable progress has been made in the growth of single-crystal vanadium spinels by
electrolytic reduction from fluxes. Work thus far has centered on the cobalt spinel system,
C0V204-C02VO4, which is of gr1e7ater interest and, at the same time, chemically more difficult
than the other vanadium spinels. It is believed that if the experimental techniques for growing
the cobalt system are worked out, the remaining members of the vanadite series will follow
easily.

We have found that reduction of pentavalent vanadium in the presence of Co+2 leads to the

O, (0 £ x < 1) from fluxes of NaZWO4-WO3. The value of x is

precipitation of C01+xV2—x 4
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TABLE V-1
MIXED SPINELS CONTAINING LITHIUM
Lattice
Formula Parameter (A) Remarks Reference

Lio_5Fe2_5O4 with superstructure 14
Lig. 5G9, 504 8.21 with superstructure 15,1
LiO. 5AI2.504 7.93 with superstructure 15
LngO. 5Ti] ) 504 8.37 with superstructure 16
LiCOO.STil .504 8.36 with superstructure 16
S R

G02 2Cr0 304 8.20 with superstructure i

0.5%9 2Rhg 39, 8.20 with superstructure i)
LiO.SGQ Mg, 3O 8.26 no superstructure T
Lig 5G9y 2sMny 50, ~8.20 superstructure, but weok t
Lig 5Gay sMnj O, ~8.18 with superstructure T
T This work.
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dependent upon the basicity of the flux mixture which, in turn, is determined by the ratio of the
Lewis base, NaZWO4, to the Lewis acid, WO3.

Initial attempts to grow single crystals by this technique were made using a ceramic double-
cell of the type described in the last Solid State Research report (1963:4). It was found, how-
ever, that considerable contamination of the product with magnesium from the MgO crucible
occurred. Also, the temperature at which the electrolysis could be conducted was limited by
the increasing rate of reaction between the flux and the ceramic cell. In order to avoid these
difficulties the platinum double-cell, shown in Fig. V-4, has been constructed. This device is
similar to the ceramic cell, except that reduction occurs in the inner chamber. A platinum
barrier is hung from the inner crucible by a platinum screen, in order to exclude oxygen formed
at the anode from entering the cathode chamber. The initial cost of such a cell is considerably
higher than that of a ceramic cell, but it has the advantages of being reusable and is considerably
more versatile. The platinum double-cell has been used under conditions of low current density
to grow crystals of several compositions in the CoVZO4-C02VO4 system under flowing nitrogen.
These conditions are listed in Table V-2.

The approximate composition shown in Table V-2 is based on an analysis for total reducing
power of the vanadium in each sample. The maximum size of the crystals obtained thus far is
about 3 to 4 mm. We are presently conducting experiments to determine the minimum value of
x obtainable from the tungstate fluxes. Since the product crystals are excellent electrical con-
ductors, the use of these as seeds should make possible the growth of crystals of any desired
size.

The last row in Table V-2 gives the results of a single run using a borax-sodium fluoride

flux suggested by Andrieux and Bozon.18 Using considerably lower current density than they,

3-55-3248

Z@AV%M

<—VENT HOLES

CATHODE

INNER CELL

PLATINUM SCREEN

—————QUTER CELL
(anode)

Fig. V-4. Platinum double-cell.
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TABLE V-2

EXPERIMENTAL CONDITIONS FOR GROWTH OF VANADIUM SPINELS
BY FUSED SALT ELECTROLYSIS

g::seim Duration Approximate
r_y2 Temperature | of Electrolysis Product
Flux Composition (ma cm ) (°C) (days) Composition
1Co0: 1 V205: 0. 72W03: 2, 78N<'12WO4 ~130 800 3 Co] ) 54VI _ 4604
|
lCoO:]VZOS:O. 4WO3:3.6N02WO4 ~20 200 10 Co].38V].6204
]CoO:lV2OS:O. 2WO3:3.8N02WO4 ~100 200 1 Co].22V]'7804
~10 900 7
]N023408:0. 5NaF:0.1 IVZOS:O. 5Co0O 250 920 8 see p. 59
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and the platinum double-cell just described, we obtained numerous well-formed spinel octa-
hedra. However, the major phase present consisted of crystal rods (up to about 5mm in length)
which appear to have a crystal structure related to the mineral ludwigite. This would correspond
to an approximate formula ('()z\'li()%. These rod-like crystals appeared to be formed on the in-
ner cell walls and may have precipitated from solution upon cooling. With proper adjustment of
the experimental conditions, the use of borate fluxes appears to provide an alternate to the tung-
states for vanadite crystal growth. Work on these problems is continuing.

D. B. Rogers

A. Ferretti
E.J. Delaney

F. LOW-TEMPERATURE X-RAY DIFFRACTION

The construction of the low-temperature apparatus is almost completed. Figure V-5 shows
the helium dewar mounted on the orienting mechanism and installed on the General Electric Co.
diffraction unit. It seems to be satisfactory except that the sample base has a strong tendency
to vibrate when jarred. Shock-mounting of the entire unit may solve this. Only a sample holder
remains to be constructed.

R.J. Arnott
. Ferretti

G. PHONON ATTENUATION IN QUARTZ AT T70kMcps

Considerable improvement in both the number and amplitude of longitudinal phonon echoes
in x-cut quartz has permitted measurement of the relative phonon attenuation, using the first
five echoes, over the temperature range from 4.2° to 30°K. Figure V-6 shows an echo display
that is typical of the best that has been obtained so far. The sample was prepared so that the
best quality surface possible (roughness <1 micro-inch) would be produced.

The improved attenuation curve is shown in Fig. V-7. The accuracy is limited primarily

by the large (~4db) decrement between successive echoes. The decrement limits the number

(3-D0-1988]
A —e— LINCOLN LABORATORY
-o- OTHER SOURCES
10— 0 3.9kMcps

—=00—1987—1

®
I

ATTENUATION (dbem™)
» n
[ I

(

S —
80

120

TEMPERATURE (°K)

Fig. V=6. Longitudinal phonon echoes excited in a Fig. V-7. Temperature dependence of relative
1/4-inch-long, x-cut quartz rod placed in a micro- attenuation of longitudinal phonon echoes in
wave cavity. Horizontal scaleis 2 psec per division. x-cut quartz at 70kMcps. The other curves,

shown for comparison, are taken from the |it-
erature. All curves normalized to zero dbcm™]

at 4. 2°K.
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of observable echoes, especially at the higher temperatures. The large decrement is attributed
to surface roughness and interference effects.

Employment of a pulse integrating technique has resulted in an improvement of signal-to-
noise ratio of ~ 10 db over the oscilloscope display measurement. With this method the first
echo has been measured over a 30-db range or, equivalently, a maximum change in relative
attenuation of over 30 db cm” | has been determined.

J. B. Thaxter
P. E. Tannenwald
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