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INTRODUCTION

I. SOLiD STATE DEVICE RESEARCH

Electron beam excitation of CdS crystals grown in an atmosphere of excess Cd has resulted
in laser emission near 4900;\ with 350 W of peak output power and 26.5-percent overalil
(35-percent internal) power efficiency at temperatures as high as 110°K. These values of
power and efficiency represent more than an order-of-magnitude improvement over pre-
viously reported results. Laser action was observed, although at considerably reduced
levels of power and efficiency, at temperatures up to 250°K. By using liquid helium as a
coolant, an average output power of about 0.5W could be maintained. Liquid nitrogen
cooled samples produced up to 0.2 W of average power. The high performance of thesc new
lasers appears to be due to increased crystal uniformity and to the introduction or en-
hancement of highly efficient radiative transitions, both of which result from the Cd-rich

growth conditions.

Infrared photovoltaic response and a quantum efficiency of up to 25 percent have been ob-
served at liquid nitrogen temperature in large areca, [nSb, metal-oxide-semiconductor
structures. These structures consist of an InSb sample on which a 5()()-,2\ oxide layer was
formed on one surface. A 100-A thick semitransparent nickel film was then deposited on
the oxide layer, and the infrared radiation was incident on the InSb through the film and the
oxide layer. Spectral measurements indicate that the photoresponse is due to the genera-
tion of electron-hole pairs in a depletion region of the n-type InSb at the InSb-oxide inter-
face. Pulsed current measurements yield a clear diode characteristic, and the overall re-
sults are equivalent to what one would expect to obtain from a photodiode in series with a

MOS capacitor.

Single crystals of Pbl—xS“xTC alloys have been prepared by the Bridgman technique and by
the vapor growth process. The overall results indicate that very large single crystals of a
predetermined composition can be grown with a high degrec of homogeneity by the Bridgman
technique. However, these crystals possess high carrier concentrations, and must be an-

nealed before useful devices can be fabricated from them.

I‘bi_xSnxTe crystals werealso vapor grownat various temperatures between 700° and 825°C.
For 0.16 < x £ 0.20, p-type crystals were grown using metal-saturated source powders. An
n-type skin, which is believed to form because of the preferential loss of Te (and probably
Sn) from the surface during the cooling process, was observed on the crystals. For x g

0.10, only n-type crystals were grown from metal-saturated sources.

Gunn oscillation waveforms which are consistent with the clectric-field-controltted differ-
ential negative resistivity of the transferred-electron model have been studied in CdTe.
However, a current runaway process has also been observed which competes with the Gunn

effect. During the runaway, band-gap radiation (~9000 A) is emitted in filaments reaching
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from one contact to the other. These latter effects are characteristic of a current-density-

controlled differential negative resistivity.

11. OPTICAL TECHNIQUES AND DEVICES

Further measurements of heterodyne sensitivity have been made at 10.6 .m using Cu-doped
Ge detectors. The results are now in excellent agreement with the theoretically predicted
value of 2hvB/n for the minimum detectable power, where B is the bandwidth and 7 is the

quantum efficiency.

Preliminary measurements have established the feasibility of Pbenl_XTe as a heterodyne
detector for 10.6 pm operating at liquid nitrogen temperature (77°K). Initial measurements
have yielded sensitivities much poorer than theoretical values; however, modifications in

the detector design are expected to improve the performance.

Two stable CO2 laser oscillators have been successfully operated and their frequency sta-
bility measured by observation of the beat frequency. The short-term stability is of the

order of 9 and 20 kHz for observation times of 0.03 and 1 see, respectively.

Further measurements have been made on a sealed-off CO2 laser to determine the proc-
esses presently limiting operating lifetime. Studies of optical emission, power output, ancd
mass spectrum analyses as a function of lifetime indicate that the principal performance

degradation is caused by conversion of the carbon dioxide to carbon monoxide and oxygen.

11I. MATERIALS RESEARCH

A crystal puller has been developed for the Czochralski growth of single crystals from
melts produced by the arc-melting technique. Use of this apparatus eliminates the diffi-
culty of finding crucible materials suitable for high-temperature growth, since the melt is
contained Dby a solid shell of the same substance, which is in contact with a water-cooledl

copper hearth.

Single crystals of Mnlz. a compound with the Cdl, layer structure, have been prepared by
freezing from the melt and by condensation from the vapor phase. Both types of growth
were obtained when helium gas was used to transport Mnl, vapor through a resistance-

heated quartz tube with a suitable temperature profile.

X-ray diffraction and superconducting transition measurements have been made on InSh
samples annealed at 65kbars. The results show that at this pressure the transition from
the room-temperature orthorhombic phase to the high-tempcrature InSb-IlI phase occurs
between 175° and 225°C.

Single crystal films of Pbl_xSnxSe alloys with rocksalt structure have been deposited by
evaporation on cleaved (100) faces of KC1 substrates. The composition and temperature
dependence of the energy gap, as dctermined from infrared transmission data, show that
these alloys exhibit the inversion of conduction and valence bands recently proposed for the

Pbl _XSnxTe alloys.

vi
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Magnetic susceptibility data, which have been obtained for Man254, show that there is no
appreciable magnetic interaction between the Mn2+ and Yb3+ ions. It has been established
by x-ray diffraction measurements that this compound has a normal spinel structure with

+ ) 3 +, ’ L
an ions in the tetrahedral positions and Yb3 ions in the octahedral positions.

IV. PHYSICS OF SOLIDS

Exciton fine structure in the interband magnetoabsorption spectrum of InSb has been ob-
served and studied as a function of magnetic field. Some of the structure cannot be ex-

plained by the theory of Elliot and Loudon.

In the magneto-~optical investigation of GaSe, measunrements on vapor transport grown
samples have yielded sharper lines as well as two additional new series of lines. Pre-
sumably, this improvement in spectra is due to the absence of strain in crystals prepared

by this technique.

The analysis of the HgTe interband magnetoreflection measurements has been completed.
A least-squares fit of the data gives an energy gap E_ = —0.283 £ 0.001 eV and a momentum
matrix element parameter E = 18.1 + 1.0eV, these values are quite different from pre-

vious determinations which were not so direct.

The study of oscillations in the magnetoreflection of arsenic continues. Some of the ex-

perimental results are in contradiction with the Lin-Falicov band model.

The Fourier expansion technique, previously applied to the calculation of the electronic en-
ergy bands and the dielectric constant of silicon and germanium, has now been used to ob-
tain the lattice vibration spectrum for solids which crystallize in the diamond structure.
Because of the availability of a large amount of experimental data, the band parameters for

the phonon problem can be determined to a high degree of accuracy.

The zero field CL‘E’3 nuclear resonance in the ferromagnetic state of the spinel, CdCrZSe4,
has been studied from liquid helium temperature to 115°K. Surprisingly, in the interval
from 4.2°K to liquid nitrogen temperature the hyperfine field decreased linearly with

temperature.

Calculation of the high-temperature expansion of the spin correlation function fqr the clas-
sical Heisenberg model, up to nine coefficients for the loose-packed lattices and to eight
coefficients for the close-packed lattices, has been completed. The results are being ap-

plied to problems in magnetic ordering and neutron diffraction.

Resonant stimulated Raman scattering has been observed at~20°K in a quartz sample cav-
ity with plane, parallel end faces which formed a Fabry-Perot etalon. The measured Stokes
line splittings indicate an index of refraction 10 to 20 percent larger than the usual index —

presumably because of the nonlinear response of the material under high electric field.

The Raman spectra of trigonal, a-monoclinic, and amorphous selenium have been measured
: 3+ 3 K

at room temperature with a YAG:Nd™ laser. For the trigonal form mode, symmetries

have been identified by polarization measurements, and the second-order spectrum has

been explained in terms of two phonon transitions.

vii
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A general technique for calculating Raman scattering from collective clectron waves in
solids has been developed, in which the coupling to the collective wave is expressed in
terms of the thermally fluctuating vector and scalar potentials of the many-body system.
The method can be usedfor longitudinal or transverse plasma waves and for mixed plasmon-

phonon waves, and can also include the effect of magnetic fields.

By using a guiding-center distribution function, an expression for Landau damping of mag-
netoplasma waves has been derived for closed Fermi surfaces of arbitrary shape in the
case where the cyclotron frequency is much greater than the collision frequency. The
strength of the damping is found to be determined by the average over the cyctotron orbit of

the power delivered by the wave to the resonant electrons,

viii
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I. SOLID STATE DEVICE RESEARCH

A. HIGH POWER AND EFFICIENCY IN CdS ELECTRON
BEAM PUMPED LASERS

Electron beam cxcitation of CdS crystals grown in an atmosphecre of excess Cd has resulted
in laser emission near 4900A with 350 W of peak output power and 26.5-percent overall (35-
pcrcent internal) power efficiency at temperatures as high as 110°K, These values of power and
efficieney represent more than an order-of-magnitude improvement over previously reported
results.1 Lascr action was observed, although at considerably reduced levels of power and effi-
eieney, at temperatures up to 250°K., The high performance of these new lasers appears to be
due to increased crystal uniformity and to the introduction or enhancement of highly efficient
radiative transitions, both of which result from the Cd-rich growth conditions.

The thin CdS crystal platclets were grownJr from CdS powder by vapor transport, in approx-
imately 1-atm. pressure of Cd vapor. Reetangular laser samples, 0.5 X {,5mm on a side, were
cleaved from the 25-u thick platelets and mounted on the cold finger of a dewar with vacuum
grcase or purc indium solder. A high-reflectivity aluminum layer was cvaporated on one of the
1.5mm X 25u cleaved faces. The electron beam, 0.5mm in diamcter, was pulsed with 0.05- to
5-usee pulses at repetition rates from 60 to 10,000 Hz,

Although laser emission was obscrved at incident electron energics as low as 11keV, sub-
stantial output power and efficiency wcre obtained only for energies in excess of about 40keV,
This is probably due to the reduccd influence of the surface and to the inerease in active volume
aceompanying the deeper penetration of the higher energy eleetrons. With a 60-keV, 22-mA
beam (the maximum available with the present apparatus), a peak power output of 350 W was ob-
tained. The output power level remained essentially constant over the temperature range from
4,2° to 110°K, while the threshold eurrent, whieh reaehed valucs as low as 50uA at 4.2°K, rose
slowly with increasing temperature, approximately doubling over this temperature interval.

With further increase in temperature, however, the threshold eurrent began to rise very rapidly,
with a corresponding decrease in power output, until at 250°K the full 22-mA, 60-keV beam was
required to reach the laser threshold. At 300°K, superlinearity of the spontaneous emission
intensity as a function of beam current was observed at high currents, indieating that laser action
could probably be achieved at room tempcrature with a more powerful electron beam. The wave-
length of the laser emission peak increased from 4897 to 5185 A at 250°K, eorresponding to the
decrease of the energy gap with temperature.2

By using liquid helium as a coolant, the full 350-W output could be sustaincd for a pulse
width of up to 0.5usec and a repetition rate of up to 3 kHz, resulting in an average output power
of about 0.5 W, Liquid nitrogen-cooled samplcs produced up to 0.2 W of average power. Limit-
ing values for the pulse width and repetition rate were imposed by the instantaneous and average
heating of the sample, respeetively, as evideneed by the faet that reduced beam power input per-

mitted higher duty cycles. Further, the samples mounted using indium solder aehieved higher

t These platelets were grown by D. C. Reynolds of the Aerospace Research Laboratory, Wright-Patterson Air Force Base.



Section |

average power outputs than those mounted with vacuum grease, which has a much lower thermal
conductivity.

The overall power conversion efficiency of the lasers, computed from the above results, is
26.5 percent. From the data of Sternglass3 and Holliday and Sternglass,4 it can be determined
that for 60-keV electrons incident on CdS (average atomic number 32) the fraction of electrons
backscattercd is 0.3 and that the mean fraction of the initial energy retained by these electrons
is very nearly 0.6, with the result that about 18 percent of the incident power is lost by back-
scattering. In addition, there is about 8-percent optical loss in the evaporated aluminum reflec-
tive Coatings; hence, the internal power conversion efficiencies are at least 35 percent., From

the limited experimental data and simple theoretical argument58’9 concerning the mean energy
required to create an electron-hole pair in CdS by electron bombardment, we can estimate that
the maximum expected power conversion efficiency is of the order of 30 to 40 percent. This
would indicate that the present CdS lasers have quantum efficiencies for electron-hole recom-
bination of very ncarly unity.

The effect of the Cd-rich growth atmosphere in inducing the obscrved high powcr and effi-
ciency and low threshold in these CdS lasers appears to be twofold. Whereas previously reported
samples exhibited laser action only in small localized filaments,‘l emission in the present lasers
is uniform and continuous over large portions of the samples, the active area often being limited
in dimension only by the size of the electron beam. This indicates that the cadmium overpressure
during growth promotes a much more homogeneous crystal composition, which contributes signif-
icantly to the improved pcrformance of thc lasers. In addition, the laser emission in the present
crystals results from two emission lines which have been introduced or at least greatly enhanced
by the growth in excess Cd vapor. These lines appcar at 4897 and 4902 [o\ as seen in the typical
spontaneous emission spectrum of Fig. I-1(a). Depending on the particular crystal being bom-
barded, the stimulated emission appears from one or the other of these lines, and sometimes
from both simultaneously.

The rapid risc in intensity and spectral narrowing of the 4897-A line as lasing is achieved is
shown in Figs. I-1(b) and (¢). The other designated lines in the spectra of Fig.I-1 are the more
commonly observed CdS emission lines, most of which have been studied and at least tentatively
identified by othcrs as being due to recombination of various free and bound excitons.“) In par-
ticular, the I‘l line appears to result from the recombination of excitons bound to a neutral accep-
tor, which is probably a Cd vacancy, as evidcnced by the fact that the I1 line is suppressed by
anncaling CdS in a Cd atmosphere.“ The relatively low intensity of the 11 line compared with
that of the 15 (IZB

has at least partially produced the same result.

) line in the present samples indicates that crystal growth in a Cd overpressure

In previous work, thc author‘l"12 and others13 observed laser emission in CdS both from the
11 line and at slightly lower energies, often at wavelengths nearly identical with those of the pres-
ent results. The latter emission occurred within the acoustic phonon wing of the strong 11 line,
and consequently was attributed to recombination of the I1 exciton with phonon cooperation. How-
ever, in light of the relative prominence of the two distinct lines at 4897 and 4902 A from which
laser emission occurs in the present samples, it appears likely that the transitions which produce

these lines are quite separate and distinct from thosc responsible for the 11 line. In support of
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this conclusion, Reynolds and (‘o—wor'kers,14 using similarly grown Cd-rich erystals in which

the I1 line is almost totally absent, have observed in the vicinity of 4900 A several prominent

emission lines, one of whiech (located at 48953) is often very intense. In all likelihood this is
the same line that we observe at 4897& from which laser emission is obtained. Also in earlier
work, Thomas and Hopfield15 noted lines around 2,53 eV (4900 A) which were unrelated to the I,
line.

One further observation which may prove to be of significance in identifying the laser tran-
sition can be seen in Figs. I-1(a) and (b). As the beam current is increased and the 4897-A
line begins to increase rapidly in intensity, a rather broad line at about 4871 A also begins to
increase in amplitude at nearly the same rate, until strongly stimulated emission appears to
occur in the former line, at which point the latter line saturates in intensity. This 4871-A line
could be the IZC 2
donor level, The possible relationship between this line and the 4897-A line remains to be

line tentatively attributed by Handleman and Thomas“ to an exciton bound to a

investigated.
C.E. Hurwitz
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B. InSb MOS INFRARED DETECTOR

We have observed infrared photovoltaic response with a high quantum efficicnecy in large
area, InSb, metal-oxide-semiconductor structures, Spectral measurements indicate that the
photoresponse is due to the generation of electron-hole pairs in the depletion region of the n-type
InSb at the InSb-oxide interface. The photovoltaic response of diffused and grown p-n junctions
of InSb has been studied extensively by other workers; these devices have been utilized as fast,
sensitive, infrared detectors. In addition, there have been numerous reports on the enhanced
photoconductivity of semiconductors subjected to oxidation16 as well as a study of the photovoltaic
response from some metal-insulator-semiconductor str‘ucturcs.17 In the prescnt work, the de-
tector is formed without thc use of the elevated temperatures of diffusion or the required control
and processing of grown junctions. Furthermore, the thin oxide laycr on the n-type InSb provides
a coupling capacitance which is much larger than the junction capacitance and allows one to ob-
serve the large quantum cfficiencies.

The structures studied consist of an InSb sample on which an oxide layer was formed on one

SR80 A semitransparent nickel film was

surface by anodizing the InSb using a 0.1 N KOH solution.
then deposited on the oxide layer, and the infrared radiation was incident on the InSb through the
film and the oxide layer. The anodization can casily be controlled to produce large-area uniform
oxide layers. For these studies, the,oxide film thickness was kept in the neighborhood of 500 A
The evaporated nickel films were about 100 A thick. Small opaque areas of gold were evaporated
on the nickel to allow for spring contacts. The structure was mounted in vacuum with the InSb

side attached to a liquid nitrogen-cooled heat sink.
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These devices have yielded a large infrared photovoltaic response at zero bias due to the
production of electron-hole pairs in the InSb. The response is consistent with a model fér the
band curvature in the InSb near the oxide interface which for n-type bulk material yields a sur-
face p-type inversion region. The surface inversion and accumulation of anodized InSb have
been investigated elsewhere by studying the MOS structure capacitance as a function of applied
bias.zo In the present work, the diode characteristics were obtained by measuring the current
vs voltage using short pulses with a low repetition rate. Pulse lengths of about 1 psec wcre
used such that the current could be measured after the junction capacitance had charged, but be-
fore the oxide capacitor between the metal and semiconductor had charged by more than a few
percent. A low repetition rate was chosen to allow the oxide capacitor to discharge completecly
between pulses.

Resulting current-voltage curves are shown in Figs. I-2(a) and (b) for a samplc with a bulk
n-type concentration of 1.0 to 1.2 X 1014cm_3 and a Hall mobility greater than 7.0 X 105<:m2/
V-sec. Two curves crossing at the origin are shown in cach oscilloscope photograph: onc with
only background room radiation, the other with a constant globar illumination. The results are
equivalent to what one would expect to obtain from a photodiode in series with a capacitor. From
the vertical displacement in the reversc bias region, a photon collection quantum efficiency of
25 percent was obtained. The quantum efficiency appcars to be limited to this value simply by
the reflection and losses in the semitransparent film and the reflectivity of the InSb. With no
applied bias current, a photovoltage is developed which can be obscrved by using a voltmcter
with a higher input impedance than the resistance of the oxide or by using a chopped light sourcc.
The photovoltaic response as a function of wavclength is shown in Fig.I-3. The rcsponse is

given in units of D*, a common figure of merit for infrared detectors defined by

1/2
V(AL Af)

VNP}\

*
D}\
where VS is the rms signal voltage, VN is the rms noise voltage, AD is the detector area, Af

is the electronic bandwidth of the measuring apparatus, and P}\ is the incident power at the wave-

length A. The response curve in Fig.I-3 is characteristic of electron-hole pair excitation across
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the gap in InSb and extends to 5.4 p. The peak detectivity thus far obtained is 4 X 109 cm/W-sec

1/2
for a device with an area of 0.1 cm2 and a field of view of approximately 27 sr.

As mentioned above, the photovoltaic response observed in our MOS devices depends on the
existence of a surface depletion region in the n-InSb. The exact cause of the band bending which
brings about this depletion region has not been determined. Moreover, there is also considerable
variation-in the literature as to whether oxidc surface states tend to bend the conduction and
valence bands in InSb up or down.zo_26 Our present work indicates a depletion region in n-type
material, although we have not eliminated thc possiblec conversion of the surface from n- to
p-type due to room illumination. However, we have also used pyrolytic Si()2 in ptace of the
anodized film and again obtained a depletion region and the same high quantum efficiency. We
have used an etch to restore the surface stoichiometr‘y27 before applying the oxide and obtained
the same results. The n-type material with an extrinsic concentration of 1015 cm-3 yields the
same spectral response, but p-type material of an extrinsic concentration of 101"5 cm_3 did not
yield a measurable long wavelength response at zero bias current. The p-type material did
yield a photovoltaic response characteristic of the oxid(‘.22 This response is limited to short
wavelengths, is observed at room temperature, and, in contrast to the response of the depletion
layer in the InSh, is optimized by chopping the light at low frequencies {the oxide response is
shunted by the MOS capacitor while the InSb depletion layer response is in series with this
capacitor),

Although we have not resolved the exact nature of the surface states in anodized InSb, we
have found that the resulting structure may be used to form large-area MOS infrared detectors
exhibiting a high quantum efficiency and a high detectivity. Since the depletion region is at the
semiconductor surface, the absorption of light occurs in a high ficld region, thereby yielding
high collection efficiencies. These results indicate that MOS structures of InSb, as well as
other low-bandgap semiconductors, should be very useful as highly efficient infrared photovol-
PG e TR R.J. Phelan, Jr.

J. O, Dimmock

C. CRYSTAL GROWTH, COMPOSITION CONTROL, AND JUNCTION
FORMATION IN Pbl_XSnxTe

1. Bridgman Crystal Growth

Single crystals of the PbSnTe alloys have been prepared by the Bridgman technique and by
the vapor growth process. For the Bridgman-grown alloys with x £ 0.2, elcctron microprobe
analysis has shown that the surface of crystal slices cut perpendicular to the growth direction
are homogeneous within the experimental error of the microprobe of +0,5 mole-percent SnTe,
The compositional variation along the length L of a typical Bridgman crystal is: x = 0.127 for
[L=0, to x = 0,140 for I. = 5cm. The alloy composition and hole-carrier concentration for the
first-to-freeze alloys are given in Table [-1. It is concluded that very large single crystals of
a predetermined composition can be grown with a high degree of homogeneity by the Bridgman
technique. Howecver, these crystals posscss high carrier concentrations, and must be annealed

to reduce this concentration before useful devices can be fabricated from them.
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TABLE [-1

LIQUID COMPOSITION, SOLID COMPOSITION, AND CARRIER CONCENTRATION
OF BRIDGMAN-GROWN CRYSTALS OF Pb]_xSnxTe

First-to-Freeze Hole-
First-to-Freeze Corrier Concentrotion Holl
Liquid Composition Solid Composition ot 77:;’K Mobility
x x (cm®) ot 77°K
0.0 0.0 3.0><10]8 -
19
0.2 0.127 3.1x10 940
19
0.3 0.20 2.4X10 240
0.7 0.62 3.0x10%° 60

2. Isothermal Annealing

It is well known that exccss Pb and excess nonmetal defects introduce donor and acceptor
levels, respectively, in the energy band structure of lead salts. The defect concentrations can
be altered by a variety of annealing techniqucs. The isothermal annealing technique, which was
first used by Brebrick on PbTe, has been used to obtain the solidus lines on the metal-rich side
for various compositions in the Pbi_xSnxTe system. This technique involves the equilibration
under isothermal conditions of a powder of known composition with a crystal of any initial defect
concentration,

Bridgman-grown crystals of 1-mm thickness were sealed in evacuated quartz ampoules, and
separated by a shelf from mectal-rich powder (~5-perccnt metal-rich) of the same Pb/Sn ratio as
the crystal. The crystals were annealed for various times and tempcratures, and quenched in
water. Resistivity, Hall coefficient, and Secbeck coefficient (a) measurements have been car-
ried out on the crystals. Pertinent data obtained are presented in Table I-2.

By the incorporation of copper by diffusion, n-type material with a carrier concentration of
1.4 X 1019/cm3 was prepared for x = 0,20, The results of the isothermal annealing experiments

o . . ; : : . 2829 . :
on Pbi_xbn‘(Tv are consistent with previous investigations Y in this area.

3. Vapor Growth

l’bi_XSnxTe crystals were vapor-grown at various temperatures between 700" and 825°C,
using a 10-g powdered source ingot of various compositions, and air-cooled from the growth
temperature. The source ingot was prepared from a 100-g mixture of the components which had
been heated above the mclting point and water-quenched.

IFor 0.16 £ x £ 0,20, p-type crystals were grown using metal-saturated source powders.

An n-type skin, which is believed to form due to the preferential loss of Te (and probably Sn)
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TABLE [-2

RESULTS OF' ISOTHERMAL ANNEALING EXPERIMENTS OBTAINED
ON BRIDGMAN-GROWN CRYSTALS

Composition PbO. 8Sno.ZTe

Hole-Carrier

Somple Annealing Concentrotion Holl Mobility
Temperoture Time a,pV/°K ot 77°K ot 77°K
(°Q) (hr) at 300°K (em™3) (cm2/V-sec)
19
825 23 93 T2 D0 2,100
750 100 167 3.7X]0]8 6,900
700 314 235 1.8x10'8 12,000
650 293 21 2.8x10'8 9,000
Composition PbO. 8325n0. 168Te
750 100 179 S 5,100
700 312 202 1.4 % ]0]8 4,750
650 312 209 6.5%10"7 9,950
Composition PbO. 87Sn0. ]3Te
700 312 235 2.7%10"7 20,000
650 312 245 2,2% ]0]7 18,700

from the surface during the cooling process, was observed on the crystals.

n-type crystals were grown from metal-saturated sources.

D. NEGATIVE RESISTIVITY EFFECTS IN CdTe

The following is the abstract of a thesis submitted to the Department of Electrical Engineer-

ing, M.I.T. on 19 January 1967 in partial fulfillment of the requirements for the degrees of

Master of Science and Electrical Engineer,

with the electric-field-controlled differential negative resistivity of the transferred-

electron model.

6
of about 7 X 10 crn/s are determined.

T./G. Harman
Mary C. Finn
A. E. Paladino

"Observations of Gunn oscillation waveforms in n-CdTe are found to be consistent

A threshold field of about 10,500 V/cm and a domain transit velocity

FFor x £ 0.10, only
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"A current runaway proeess has been discovered whieh competes with the Gunn
effect in CdTe. After several eyeles of Gunn oseillations, the sample current rises
while the sample voltage drops. During the runaway, band-gap radiation (~9000‘K)
is observed to be emitted in filaments reaching from one contact to the other. The
effect is what one would expeet if the material had a current-density-controlled
differential negative resistivity., The conductivity increase is ascribed to excess
hole-eleetron pairs rather than impaet-ionization of impurities because the number of
band-gap photons emitted from the sample after turn-off of the current pulse is at
least ten percent of the number of exeess eleetrons present during the pulse. Hole
injection from contaets ean be eliminated sinee short pulse (3 ns) experiments show
light being emitted across the entire filament length, Low-field avalanche of the type
proposed by Copeland3o is suggested as the meehanism for the hole-eleetron pair

generation and the aceompanying negative resistivity."
M. R. Oliver
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II. OPTICAL TECHNIQUES AND DEVICES

A. OBSERVATION OF THEORETICALLY PREDICTED 10.6-um
HETERODYNE SENSITIVITY IN Ge:Cu

Reeently, we reported1’2 on a measurement of the S/N ratio and minimum detectable power
for heterodyne detection of scattered radiation at 10.6 um. Using photoeonductive Ge:Cu as the
detector, the observed minimum deteetable power was found to be within 10dB of the theoretieal
result for the perfect quantum eounter, hvAf = 1.9 X 10-20 W/Hz bandwidth.

In ealeulating the theoretieally expeeted result for a real photoeconductive detector, how-
ever, the presence of both generation-recombination noise and of a quantum effieieney 70 differ-
ing from unity tends to degrade the S/N ratio. Taking these effeets into account, the minimum
deteetable power Psmin is given by (2/1) hv &f rather than by hv Af as in the idogl ease.?"4 For
the deteetor used in these experiments, n =~ 0.5, and the expeeted value of P s therefore
ahvaf ~ 7.6 x 10720 W/Hz beamwidth. s

Using the same modified Michelson interferometer and experimental eonditions as used pre-
viously,1’2 we have observed this theoretieally predieted heterodyne sensitivity, The results of
this measurement are shown in Fig.II-1. The solid line is the observed S/N power ratio
(S/N)power of the heterodyne signal as a funetion of the signal beam radiation power PS. With

a heterodyne signal centered at about 70kHz and an amplifier bandwidth of 270 kHz, the experi-

mentally observed minimum deteetable power Psmm is seen to be 2 X 10-14\-\', In a 1-Hz band-

width, this eorresponds to a minimum deteetable power of 7 X 10—20 W, whieh is to be eompared
with the expeeted value of 4hv&f ~ 7.6 X 10_20 W caleulated above. It is therefore clear that the
observed results are within 6 dB of the theoretieally perfeet quantum eounter, and are in sub-
stantial agreement with the theoretieal result expeeted for the Ge:Cu detector used in these
experiments,

A sample waveform of the heterodyne signal voltage in the time domain (for a signal beam
power of 1 X 10_8 W) is shown in Fig. I[I-2(a). The predominant frequeney observed eorresponds
to a period of 14 usee. The power speetral density of the heterodyne signal (as a funetion of
frequeney) is shown in the typieal trace of Fig. 11-2(b). A Panoramic model SB-15a ultrasonic
speetrum analyzer, operated with a traee sweep speed of ~4 see'1, was used for the observa-
tions. The eenter frequeney of 70kllz is seen to eorrespond to the period of 14 psec observed
in I'ig. [I-2(a). Both traces were obtained direetly aeross the (1-kohm) photoeonductor load
s = M. C. Teich

R.J. Keyes
R. H. Kingston

B. PHOTOVOLTAIC HETERODYNE DETECTION OF CO2 LASER
RADIATION IN Pbenl_xTe

M1 SR N I -
0'835n0.17l‘( diode™ operated

in the photovoltaie mode. The experimental arrangement is shown in Fig. 11-3. This sectup is

Heterodyne deteetion has been performed at 10.6 pm in a Pb

similar to that used in experiments with photoeonductive Ge:Cu (Refs.1 and 2). Here, however,

11
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the device is operated as a low-impedance photovoltaic detector at liquid nitrogen temperatures
(77°K), rather than as a photoconductor at liquid helium temperatures (4°K). The experimental
procedure is similar to that described in experiments with Ge:Cu.

The detector output voltage has been observed to be proportional to the square root of the
signal beam power (oc\/?s), as would be expected for heterodyne operation. However, the S/N
ratio is higher than the theoretically ealeulated result, and attention is presently being directed
to improve this aspect of the experimental operation. M. C. Teich

C. STABILITY MEASUREMENTS OF COZ—Nz-He LASERS AT 10.6-um WAVELENGTH

-9
The short-tecrm stalbility6 of the beat frequency7 * of two stable, single-frequeney (TEM
mode) COZ—N

without any feedback stabilization. The width of the spurious frequency modulation was typically

00q
Z—l{e lasers has been measured. Both lasers were sealed-off and free-running

of the order of 9 and 20kliz for observation times of 3 X 10_2 and 1 sec, respectively. On one
oceasion, the frequency spread remained less than the speetrum analyzer resolution (~50011z)
for several seeconds, and the slow drift did not exceed a few kilohertz for several minutes. The
observed frequency jitter was caused by environmental fluctuations such as acoustic vibrations,
plasma instabilities, power supply noise, variations of temperature and pressure, ete. There-
fore, these measurements should not be confused with the ultimate spectral width of a laser os-
cillator; this linewidth is dominated by frequency fluetuations caused by the random walk of the
oscillation phase under the influence of spontaneous emission or quantum noise.8 For a two-

level system, the linewidth of the laser above the threshold of oscillation is alpproximatclyio_13

rhf

2
Af ~ 55 (Af

) (1)

cavity

where Af is the full width between the half-power points of the Lorentzian line, h is Planek's
eonstant, f is the frequency, P is the power output of the laser, and Afcavity is the "cold" band-
width of the laser cavity. Even though the COZ-NZ—He laser is not a rclatlvelyjimplc two-level
systecm, Egq. (1) was used to estimate the linewidth for a power output of P = 10 "W and a full
cavity bandwidth of Afca ..~ 6MHz. These parameters were typical of the experiments de-

vity I
seribed here, and the resulting linewidth estimate was Af ~ 2 X 10 5llz.

13
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The lasers used in these experiments were DC-exeited internal mirror tubes, in whieh the
mirror holders were rigidly held apart by four invar rods. 1n most meehanieal detail, these
lasers are similar to those employed in earlier intensity fluetuation experiments14 using HeNe
lasers operated at 6328 A. Modifieations ineluded a water-eooled diseharge tube seetion oper-
able with either a 10- or 20-em length gas diseharge in the optieal eavity. In addition, a differen-
tial serew tuning meehanism was added to one of the mirror holders to permit a 3.5-pm-per-turn
axial motion of the laser mirror. In the design of this deviee, utmost eare was taken to insure
both rigidity and pure axial motion. The tuner was inside the tube envelope and eould be eom-
pletely decoupled from the aetuator that moved it from the outside.

A nearly semieonfoeal optieal eavity eonfiguration was used in both lasers. The distanee
between the totally refleeting 1-m radius mirror and the 2-pereent transmission flat multiple
dieleetrie layer eoated mirror was 48.5em. A 5.6-mm beam-limiting aperture was plaeed in
front of the spherieal mirror, resulting in about a 10:1 relative diffraetion loss ratio between the

lowest loss off-axis (TEMioq) mode and the desired fundamental (TEM mode.15 The overall

)
gain of the lasers was adjusted so that only fundamental (TEIV[OOq) modgoc‘)qpcration eould overeome
the eombination of mirror and diffraetion losses.

During the stability measurements, the lasers were aeoustieally isolated by a wooden box
lined with fiberglass. This box was supported by a heavy granite slab whieh was, in turn, iso-
lated from floor vibrations by inflated rubber inner tubes. After eareful alignment, the two laser
beams were reeombined by a dieleetrieally eoated Irtran beam-splitter. The reeombined beam
was deteeted by a liquid nitrogen eooled gold-doped germanium deteetor whieh was externally
loaded by 1 kohm. The RC time eonstant of the deteetor, together with the Tektronix 1121 am-
plifier following it, limited the observation of beat frequeneies to less than 30 MIlz. The low
frequeney limit was set by the width of the zero-spike on the speetrum analyzer and by frequeney
itheEn.

Both lasers were sealed off with the following gas fill: CO2 ~ 3 torrs; N2 ~ 3 torrs; He ~
12 torrs. The final seal-off pressures were ehosen in part as a result of detailed measurements
of power and diseharge eharaeteristies as funetions of gas mixtures and eurrent, and in part as
a result of life-test data by Carbone.16 The lasers have been sealed off for about 7 weeks, and
have operated for approximately 100 to 200 hours. At the time of this writing, both lasers were
still in operating eondition.

All the aforementioned design eonsiderations were experimentally verified. Not only was the
familiar eircular spot pattern eharaeteristic of the TEMOoq modes observed, but a single beat-
frequency was always observed on the oscilloseope and on the speetrum analyzer. Figures II-4(a)
and (b) show a 7,5-MHz beat-frequeney on a Tektronix 585 scope and on a Hewlett-Packard 851
spectrum analyzer, respeetively. Note that both instruments were operated in the internal trig-
ger mode (not single sean) so that the film exposure times used allowed the integration of many
traces on both the seope and speetrum analyzer photographs. The largest spike in the center of
Fig. [I-4(b) is the zero eenter frequeney and is entirely instrumental. The two other symmetrieal
spikes at 7.5 MHz to either side of zero correspond to the 7.5-MHz sine wave. Also, it should be
noted that the speetrum analyzer display was logarithmic and no other beat-frequency eould be

observed within the 60-dB dynamie range of this instrument,

14
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Fig.l1-4. Beat-frequency of twa lasers at 7.5 MHz.
(a) Oscillascape trace: 10'7-sec/cm horizantal sweep,
internal trigger aperatian, 0.5-sec exposure time.
(b) Spectrum analyzer display: vertical scale lagarith-
mic, zero center frequency, 10-MHz/cm harizontal
dispersian, 3 X 1073-sec/cm sweeprate, 10-kHz IF
bandwidth, internal trigger aperatian, 0.2-sec expasure
time,

By using the tuning mechanism previously described, the observed beat-frequency could be
tuned from tens of kHz to 28 MHz, and displays similar to those of Fig. II-4 were produced,
Figure II-5(a) shows a typical spectrum analyzer photograph of a 7.5-MHz bcat-frequency similar
to that of Fig.II-4, However, the frequency dispersion has been narrowed to 30 kHz/cm and to
the IF bandwidth of 1 kHz, The combination of a 1-sec exposure time and the 3 X 10_3-50('/0,111
sweeprate of Fig, II-5(a) allowed the integration of approximately 33 consecutive traces on the
photograph. Thus, Fig. II-5(a) indicates an approximately 20-kHz widc envelope for the combined
frequency drift and jitter contributed by both lasers. For an exposure time of 3 X 10_239(‘, an
approximately 9-kHz envelope width was typical. Single-scan pictures at 3 X 10-3-590 /cm sweep-
rates seldom yielded anything different from the frequency spike caused by a Hewlett-Packard
608 generator which is shown in Fig, II-5(b). At this point, it should be emphasized that the effec-
tive resolution of a spectrum analyzer is not necessarily given by the IF bandwidth B, but rather
by the combination of B (in hertz), sweeptime T (in seconds), and dispersion Af (in hertz), For
most conventional spcctrum analyzers with a Gaussian IF response, the effective resolution R

may be shown to be

ﬁ_) 2]1/2 s

2

R=8B ’1+0.195<
TB

Thus, in spite of a 1-kHz IF bandwidth, the effective resolution was approximately 4.5 kHz for
Figs.II-5(a) and (b), both of which were photographed with identical analyzer and camera settings,
The stability thus far observed is considered poor because of relatively bad environmental

conditions. On one occasion at lcast, the beat-frequency fluctuation stayed well within the

15
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Fig.ll-5(a). Beat-frequency of two losers ot 7.5 MHz on a higher resolution
spectrum onolyzer disploy: verticol scole lineor, 30-kHz/cm horizontol dis-
persion, 3 X 10~3-sec/cm sweeprote, 1-kHz IF bondwidth, internol trigger

operotion, |-sec exposure time.

[-82-5614-2]

Fig. 11-5(b). Output of Hewlett-Packard 608 signol generotor; spectrum
onalyzer settings and expasure time are identicol to those of Fig.ll-7(a).
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approximately 500-11z resolution limit of a Panoramic spectrum analyzer for several seconds,
and the slow drift did not exceed a few kilohertz on a 1-kHz/cm display for several minutes.
This observation shows that the conservative but more typical stability figures given above can
be improved with proper care and equipment.

The measurements described here are considered only preliminary in order to test some
of the design features of the lasers and to facilitate the choice among the different approaches
pertaining to more refined frequency stability measurements as partially outlined by Siegman,
et Q.,S and in Ref. 6. We hope that future experiments with improved lasers and experimental
setup will result in better stability figures. . Fhend

D. CO2 10.6-u LASER

The COZ laser tube discussed in the last Solid State Research Report‘: was operated for
several 100-hour periods, each with a new pressure {ill of 2 torrs COZ‘ 2 torrs NZ’ and 7 torrs
He. The time periods were not continuous, but accumulated over approximately a 1000-hour
interval so that several different ballast volumes could be used and gas samples mass spectrum
analyzed after different time intervals of operation.

Gas samples were mass spectrum analyzed by the Rare Gas Department of Air Reduction
Company, Inc., and the results of one sample taken from a tube after 20 hours of operation are

presented in Table II-1.

TABLE 11-1
MASS SPECTRUM ANALYSIS OF GAS SAMPLE FROM CO2 LASER
Percent of Constituent Percent of Originol
Constituent by Pressure Constituent by Pressure
12 2
H2 0
He 60.88 63.64
N2 18.0 18.18
CO2 9.66 18.18
43 —
O2 3
Cco 8 =
<15 ppm =L
CZNZ ppm
NO
NZO <100 ppm —
NO2
T Ports per million.
* Solid Srate Research Report, Lincoln Laboratory, M.LLT. (1966:4), p. 17, DDC 647688.
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Analyses of other samples show similar results with a large relative percentagc of CO compared
with percentages of COZ and NZ‘ and this hcld even in an analysis taken after 95 hours of opera-
tion. Beecause of the CO formation, the CO2 pressure is overfilled relative to the N2 pressure,
The data show that the CO density may saturate at approximately 8 percent of the tube pressure
or possibly slowly decrease from this valuc in thc timc period of 100 hours. If these results are
indiecative of future findings, then the major chemistry in the CO2 laser discharge is the forma-
tion of CO and O2 from CO2 up to a given density of CO. The saturation of CO may be explained

by the large He density which acts as a third body in the reaction
CO + O + He - CO, + He

which beeomes an apprcciable process when CO rcaches a given density. Other molecules
(especially NZO)' if formed, are done so in a reversible reaction, which maintains a low den-

sity, so that the N, content is changed very little during the tube operating interval. The high

relative pcrcont;i_/gi of CO and O2 formed in the discharge can cxplain the lower power effieiency
per unit volume ™ ~ of a sealed-off tube compared to a tube that has gas rapidly flowing through

2 COZ‘ and He, a mix of five gases (NZ, COZ’
He, CO, and OZ) is present, whieh unfortunately has a lower power efficiency beecause CO is less

the laser. Instead of an optimum tri-gas mix of N

effieient than N2 in its role of exeiting the upper CO2 laser lcvel.
Figure [I1-6 shows the output power as a function of opcrating time. Three curves are shown,

each with a different ballast volume. Indications are that the ballast has some effeet on tube life,

10 - 100
i 3-55-5663]
B 2-LITER VOLUME (ballast) -
5 —s0.
1 3-LITER VOLUME =
z ® —20
- Fe
5 4
= z
5 05-LITER VOLUME =
S z
=i —Ji0
s e =0 -
z S
o =l rod
< F - %
o
S | 3
o o
- 05 —15)
co [unq&sh:lm band]
02 (5610 -A band head ) a5
of Je T | IR | | SO () NI S oy
) 20 40 60 80 100 120 140

HOURS OF TUBE OPERATION

Fig. t1-6. CO:2 loser output power ond spontoneous rodiotion emission os function of operoting time.
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i.e., a larger volume means a longer life, but the reasons for this are not yet eompletely clear.
In IFig. [I-6, the CO band head (5610 j\) shows a functional decrcase in intensity that follows a
simultaneously measured power deerease as observed for the 0.5-liter ballast eurve, but the
CO density within the fill should not be ehanging an appreciable amount. Therefore, to drasti-
cally ehange the measured power and radiation output, other undesirable processes (such as a
slow increase in impurities from the tube electrodes and walls, and/or a minute atmospheric
[eak) must become important as the laser operates. There is some experimental evidence to
support the existence of these proeesses, but results are to be rechecked. In either case, the
ballast volume will put off the appearance of deliterious effects.

Work is eontinuing to eonfirm the above results and to strive for a sealed-off CO, laser

&
with a lower CO and ()2 content by trying to maintain a mix similar to that in a flowing gas tube.

R.J. Carbone
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II. MATERIALS RESEARCH

A. ARC-MELTING FURNACE FOR CZOCHRALSKI GROWTH OF SINGLE CRYSTALS

In order to grow single crystals from the melt at high temperatures, it is nccessary both
to supply enough hcat for melting the material and to contain the liquid produced. 1n the Verncuil
method, no crucible is required since a very small quantity of melt produced by a flame, arc, or
plasma is retained in the form of a molten cap on the source rod by means of surface tension. The
Czochralski method is capable of producing better crystals because it uses a large melt which
contributcs to interface stability and also acts as a reservoir into which impurities can be rcjccted.
However, this method generally has required a crucible, and it is often difficult to find a crucible
material that does not contaminate the melt. To solve this problem, an arc-meclting furnace has
bcen developed which permits Czochralski growth without a hot crucible.

In conventional arc melting, an arc is struck in argon betwcen a tungsten electrode and the
sample, which rests on a watcr-cooled copper hearth. Because of the poor thermal contact be-
tween the sample and the hearth, the sample can be almost entirely moltecn while the hecarth rec-
mains at a rclatively low temperature. A hot crucible is not required, since the melt is sup-
ported by a solid shell of the same substance in contact with the hearth. This method has been
used to prepare polycrystalline "buttons" of a wide variety of metals, semiconductors, and in-
sulators with melting points from as low as 200°C to as high as 3600°C. There is no appreciable
contamination by either the electrode or the hearth, since the concentration of either tungsten or
copper in such buttons rarcly exceeds a fcw parts per million.

The arc-melting furnace constructed for Czochralski growth is shown in Fig. 1II-1. It uses
three cathodes to hcat thc periphery of the melt, which is supported by a water-cooled copper
crucible., The furnace consists of an upper cathode member and a lower anode member, which
arc insulated from each other by a pyrex ring. The upper member contains a ccntral hole through
which a water-cooled secd rod, mounted in a ball and socket, is raiscd or lowercd by a pulling
mechanism. There are also six holes ecqually spaced around the circumference: three containing
tungsten elcctrodes mounted in ball and O-ring sockets, and three sealcd with quartz windows.
The lower member consists of a central graphite or copper piston (2.5cm in diamecter) which can
be raised or lowered manually inside a copper cylinder, which is taper-fitted into a water-cooled
brass cylindcr containing the gas ports and current leads. The furnace is powered by a 500-A
DC wclding gencrator, and each arc is stabilized by a variable ballast resistor.

The furnace is loaded by placing a 10- to 20-g charge of source material in the crucible
formed by lowering the ccntral piston below the top of thc copper cylinder. The system is then
flushed with argon. A flow ratc of 4 £/min. is satisfactory, since the total gas volume is only

about 200 cm3.

Arcs arc struck from the three clectrodes to the walls of the coppcr cylinder,
and the piston is raised until the arcs strikc the charge and a mclt is formed. Since thec arcs
strike the melt tangentially, a stirring action is produced in the liquid. (For compounds which
can be preparcd by arc meclting, it is frequently convenient to charge the furnace with the ap-

propriate constitucnts and perform the synthcsis just before crystal growth. This procedure
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Pu-323

Fig. [I1-1. Arc-melting furnoce for Czochrolski growth
of single crystals.,

Fig. l11-2. Crystol of NbO being grown in arc-melting furnace.
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has been used in the growth of TiO, T'1203, and NbO, which are prepared from a charge con-
sisting of the metal and its highest oxide.)

To initiate crystal growth, the seed rod (usually tungsten) is dipped into the mclt and the
power is adjusted to produce a growth interface a few millimeters in diameter. The rod is
gradually raised until ~ 5 mm of growth has occurred, after which the interfaec is moved to
another part of the melt by shifting the rod. Following ~5mm of additional growth, the inter-
face is moved to the center of the melt. Thesc operations form a V-shaped section in thc boule
which helps to recducc the degree of polycrystallinity. Finally, the power is reduced to increase
the diameter of the crystal to the desired size, and growth is continued at a rate whieh is typi-
cally several inches per hour. A crystal of NbO growing under these eonditions is shown in
Fig. III-2.

A large number of NbOx boules, with 0.95 <x < 1.02, have been grown in the arc-melting
furnace from melts with 0.94 < x < 1.07. Somec of these boules are single crystals, and all eon-
tain grains largc enough for electrical measurements. The furnace has also been used to grow
a number of TiZO3 crystals containing various dopants. The versatility of the apparatus is
illustrated by Fig. IlI-3, which shows boules of seven diffcrent materials all grown in a single
day. Although some of the boules arc polyerystalline, it is likely that single crystals eould be
obtained by using higher quality source material and a seed more suitable than tungsten. Suc-
cessful growth of Sn and Ge, the lowest melting matcrials, required low currents (about 10 A
per are), large quantities of mclt, and good wetting of the seed rod in order to maintain a suf-
ficient temperature gradient. The boules of V, Cr, VO, and TiZO3 were grown easily with
currents between 40 and 60 A pcr are. Difficulties eneountered in growing the highest melting
material, Nb, showed that growth at temperatures above 2500°C would require currents higher

than the maximum of 60 A per arc presently available.

R U P P

-

pI-328

Fig. 111-3. Boules grown in arc-melting furnace. Left to right, in order
of increasing melting point: Sn, Ge, V, VO, Ti203, Cr, and Nb,
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All the crystals grown so far in the arc-melting furnace are good conductors, since the
present method relies on the excellent heat transfer from an arc to a conductor. In order to
obtain nonconducting crystals, some change in melting technique1 would be required. The pres-
ent apparatus could be used without modification with nitrogen or hydrogen atmospheres, but
special cathodes® would be necessary for growth in oxygen.

T. B. Reed
E.R. Pollard

B. GROWTH OF Mnl, SINGLE CRYSTALS

Single crystals of MnIZ, a compound with the CdI2 layer structure, have been prepared by
condensation from the vapor phase and by freezing from the melt. The crystals were grown in
a 30-mm-diameter quartz tube which was placed in a resistance-heated muffle furnace. The
tube was loaded with a charge of iodine crystals near the inlet end and a charge of manganese
metal further inside. Helium gas at one atmosphere pressure was passed through the tube.

During crystal growth, the temperature along the tube increased from room temperature
at the inlet to a maximum of 760°C, decreased to 720°C near the center of the furnace, increased
again to 760°C, and then decreased to room temperature at the outlet. The temperatures of the
iodine and manganese charges were about 70° and 720°C, respectively. Under these conditions,
iodine vapor transported by the helium reacted with the manganese to produce MnI2 vapor. [PPart
of the latter condensed in the minimum temperature region at the center of the tube to form a
pool of liquid, the remainder was transported to the cooler parts of the tube, where it condensed
as pink platelet crystals. When the furnace was turned off, red grains of I\/lnI2 as large as 1cm
on an edge and séveral millimeters thick were formed by solidification of the melt. Since Mnlz

is very hygroscopic, the crystals deteriorate quite rapidly if exposed to air.

T. B. Reed
W.J. LaFleur

C. HIGH-PRESSURE PHASE DIAGRAM OF InSb

The existence of the high-pressure InSb phase designated as InSb-III was reported previously.3
The superconducting transition temperature TC for this phase was found to be 4.05 £+ 0.1°K, com-
parcd with 2.0 £ 0.1°K for the tetragonal InSb-II phase and 3.5 + 0.1°K for the orthorhombic phase.
With increasing temperature, InSb-II is transformed into InSb-III at 308 + 7°C for a pressure of
37 kbars, and at 287 £ 12°C for 52 kbars.

In order to obtain additional information on the range of stability for InSb-III, Tc and x-ray
diffraction measurements have been made on InSb samples annealed at 65kbars for 1 to 15 days
at temperatures between 100° and 400°C. The results are summarized in Table III-1. Only
InSb-11I and orthorhombic phases are present in any of the samples. The absence of InSb-1I is
consistent with the data of McWhan and Marezio,4 who report that at room temperature the or-
thorhombic phase is stable at 60kbars.

The results listed in Table III-1 for samples annealed at 175° or below are inconsistent,
since samples which were melted at 65 kbars before annealing have TC values characteristic
of InSb-1III, while those which were not melted have TC values of the orthorhombic phasc. Al-

though the data are not conclusive, we believe that the samples which were not melted had attained
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TABLE 111-1
DATA ON InSb SAMPLES ANNEALED AT 65 kbars
Annealing
Temperature Time Tc Phase
Pretreatment (2E) (days) (°K) (x-ray)
Equilibrium Samples
Melted 400 1 3.97 -
Nane 250 4 3.87 -
Nane 225 10 8.85 11
Melted 225 4 3.89 1
Melted 200 15 3.88 -
Nane 175 11 3.45 Ortharhambic
Nane 150 4 3.39 Ortharhambic
Nane 100 7 3455 -
Nanequilibrium Samples
Nane 175 4 3.71 -
Melted 150 2 3.98 -
Melted 125 4 4.02 -
Melted 100 4 4.01 Contains |1l

thermal cquilibrium during annealing, and that the orthorhombic phase is stable at these tempera-
tures. The other samples crystallized from the melt in the InSb-III structurc, since this phase

is in equilibrium with the liquid at 65 kbars, and apparently were not annealed long enough to be
transformed into the orthorhombic phase. Therefore, they are listed as nonequilibrium samples
in Table III-1.

The data show clearly that InSb-III is the stable phase at 225°C, since it was observed for
both samples annealed at this temperature, one of which had been melted and the other had not.
Therefore, at 65kbars the transition from the orthorhombic to InSb-IIl phase occurs close to
200°€:

A tentative pressure-vs-tecmperaturc diagram for InSb, based on all the data currently avail-
able, is shown in Fig. III-4. The dottcd lines are schematic. The boundarics bectween InSb-I11
and the other solid phases between 65 and 80 kbars are drawn to indicate the influence of the
triple point between InSb-II, InSb-III, and the orthorhombic phases. No prccise data are avail-
able on the boundary between thc InSb-II and orthorhombic phases. The resistivities of thcse

phases are apparently too similar for thc boundary to be determined by electrical measurements.
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The transition from the orthorhombic to InSb-III phase at room temperature i1s shown at 80kbars,
where Minomura, et a_l.,5 observed a small peak in the resistance-vs-pressure curve. However,
the phase which these authors obtained above 80 kbars may not be InSb-IH, since they report a
'l‘C value of 4.8 °K.

On the basis of discontinuities in resistance-vs-temperature and resistance-vs-pressure
curves, Kato and Ikezu6 have recently reported a phase boundary between 30 and 50 kbars which
is similar in slope to the boundary between InSb-11 and InSb-1II shown in Fig. [11-4, but which
occurs at lower temperatures. We suggest that errors in their temperature values, which could
have resulted because of high temperature gradients in their apparatus, probably account for the
discrepancy between their results and the present ones.

M. D. Banus
Mary C. Lavine

D. BAND INVERSION IN Pbj_,SnySe ALLOYS

Single crystal films of Phl_XSnXSe alloys with rocksalt structure (0 < x ¢ 0.33) have been
deposited on freshly cleaved (100) faces of KCI substrates by means of an evaporation technique
generally similar to those used to obtain single crystals of PbS, PbSe, and PbTe (Ref. 9) and of
Pbi_xSnxTe alloys (Ref. 10). Determinations of composition by electron microprobe analysis
show that most of the films are uniform in x, the mole-fraction of SnSe, to within the experi-
mental accuracy of the microprobe, which is estimated to be 43 percent of x.

Measurements of resistivity and Hall coefficient (RH) were made at 300° and 77°K by con-
ventional DC potentiometric techniques. At 77°K, all the films measured have positive values

of RH' with hole concentrations (p = 1/RHe) between 8 X 1016 and 3 X 10180m_3. By analogy
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with PbSe, the acceptors are probably lattice defects (specifically, Pb and Sn vacancies) re-
sulting from the presence of Se in excess of the stoichiometric composition. There appears
to be no essential connection between net acceptor concentration (l\lA - ND = p77) and Sn content.

Infrared transmission measurements between 2 and 25um were made on selected films at
300°, 195°, and 77°K. In order to evaluate the energy gap Eg in a consistent manner from the
position of the absorption edge, E_ was taken to be the energy corresponding to the wavelength
at which the absorption coefficient was 1.5 X 1O3cm-1.

The variation of I with Sn content is shown in Fig. I1I-5. Dotted lines have been drawn at
4+0.05 and —0.05eV to indicate that no values of E _could be obtained between these limits, since
transmission measurements were not made beyond 25um. (The significance of the negative sign
adopted for certain values of Iig is discussed below.) The present values are seen to be in good
agreement with values of E_at 77°K corresponding to the emission waveleugths of diode lasers
prepared from PbSe (Ref.11) and 1)1)0.965n0.0480 (Ref. 12). Films with sufficiently low Sn content
exhibit the positive temperature coefficient of E_ which is characteristic of PbSe, PbTe, and Pb5.

As shown in Fig. 111-5, l'lg for the Pbi_xSnXSO alloys initially decreases as x increases. At
each of the temperatures investigated, I‘Ig becomes so small with increasing x that the absorp-
tion edge shifts beyond 25um. However, when x exceeds 0.2, the absorption edge at 77°K once
more becomes measurable and moves to shorter wavelengths. In this region of composition and
temperature, therefore, E_ increases as x increases. The data also show that in this region
{where lig is assigned negative values in Fig. 11I-5) I decreases with increasing temperature,
since £ at 195°K is too small to be measured for any value of x above 0.15. Thus, for samples
with sufficiently high values of x, both the composition and temperature dependence of E_at low
temperatures are opposite in sign to those for PbSe. This sign reversal shows that the Pbi_xSnXSo

; ' ) : 1B 3
alloys exhibit the inversion of conduction and valence bands proposed ~ for Pbl_xSnx’l e alloys.
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According to the band inversion model, as represented schematically in I'ig. 2 of Ref. 13,

the conduction and valence band extrema of PbTe are Lg and LJ states, respectively. With

increasing Sn content, these states approach each other, become degenerate at a value of x

which incrcases with increasing temperature, and then interchange. Beyond the inversion point,
where E_ = 0, the oy
band edge. This band model should be directly applicable to the Pbi_xSnxSe alloys with rock-

state forms the conduction band edge, and the I‘é state forms the valence

salt structure, since PbSe has essentially thc same band structure as PbTe.

For the Pbi_xSnxTe alloys, thc change in band structure with composition has been attrib-
uted to the influence of relativistic cffects on the energies of the conduction and valence l)ands.13
It is probable that the changes in Pbi_xSnXSe band structure are also due principally to the dif-
ference between the relativistic encrgy shifts of the Pb and Sn atomie valenece states.

In Fig. 111-5, ncgative values of Il have been assigned to those sample compositions and
temperatures for which the energy bands arc inverted from those in PbSe. Adopting this con-
vention makes it possible to represcnt the data by straight lines, satisfying the equation E_{eV)
0.13 + (4.5 X 10_4) T — 0.89x. According to this cquation, band inversion occurs at 77°, 1%5“,
and 300°K for x = 0.19, 0.25, and 0.30, respectively.

A.J. Strauss

E. MAGNETIC PROPERTIES AND CRYSTAL STRUCTURE OF MnYbgS,

Magnetic interactions betwecen rare-earth and 3d transition cations in crystals have not been
extensively investigated. In an attempt to obtain additional information concerning such inter-

actions, a magnetic and structural study has been made of the thio-spinel MnYb S4. Spinel com-

pounds (ABZX4), in which the A and B cations are situated in a highly covalent inion lattice,
provide a favorable environment for interactions between magnetic cations. A variety of mag-
netic interaetions have been observed in these compounds, but no magnetic study has been made
on a spinel containing both rare-earth and transition cations.

I\/lanZS4 can be prepared by passing llZS over a stoichiometrie mixture of the oxidus.H We
have found it more satisfactory to synthesize the compound by reacting a stotchtometric mixture
of YbZS3, manganese metal, and sulfur in an alundum crucible sealed in silica under vacuum and
fired at 1300°C for 24 hours. Thec material obtained is microcrystalline and olive green in color.

The magnetic suseeptibility of I\/ln\'bZS4 was measured as a function of temperature with a
vibrating sample magnetometer. A plot of 1/y vs T for the data is shown in Fig. [11-6. In the
paramagnetic region, this plot has an inverse slope of 9.52, which is just equal to the sum of
contributions from Yb3Jr and high-spin Mn2+, for which MMn 5.92 3. The magnetization de-
pends linearly on magnetic field at both liquid nitrogen and liquid helium temperatures, which
indicates that there is no magnetic interaction between the YhﬂH and Mn2+ ions down to low
temperaturcs. The deviation from a straight line in the plot of Fig. I1I-6 at temperatures below
60°K can be attributed to the Yb3+ ions, since it i1s essentially the same as the deviation observed
for YbF3 (Ref. 15).

In order to refine the struecture of MnYb 54, the intensities of x-ray powder diffraction peaks

2
were measured with a General Elcetric XRD5 diffractometer using Ni-filtered Cu l\"y radiation.
The intensities are expresscd relative to the intensity of the strongest line (311), which was re-
measured each time in order to eliminate the cffeets of long-term instrument drift. Where two

or more peaks could not be resolved, their intensities are grouped under a single intensity.

28



Section Il

40 a—

T3oss-se%e] |

//./
30 .
/'/
./
7
s
~
/'/
P o
~ 20 — '/
. o
-~
A
./
/
-
/.
10 — //.
e .
/ [
e
. L]
| | ] i

o 50 {00 150 200 250

TEMPERATURE (°K)

Fig. lll-6. Reciprocal magnetic susceptibility (1/x) vs temperature for Man2S4.

The structural parameters were refined by using a computer pr‘ogr‘am16 which adjusts all
parameters including site occupancy to obtain a minimum value for the factor R, defined as

B = 5
100L|1obs Icallcl/ |Icalc
program are compared in Table II1-2. The final refinement gave R = 8.2, a U parameter for
b 0.5, and
B. = 0.1. The Mn atoms occupy the tetrahedral positions, and the Yb atoms occupy the oc-

S
tahedral positions in the spinel structure.

|. The observed and calculated intensities obtained by applying this

the sulfur position of 0.380 * 0.002, and the temperature factors BMn = 0.0, B

In an attempt to improve the agreement between calculated and observed intensities, the
calculations were repeated (1) allowing the concentration of Mn on octahedral sites and Yb on
tetrahedral sites to vary, and (2) allowing the tetrahedral Mn atoms to fill the octahedral va-
cancies in the spinel structure. The agreement was not improved in either case. The rela-
tively large value of R may be due to the deterioration of the sample surface because of attack
by the atmosphere.

The S atoms are the only atoms in the spinel structure whose positions may vary. For
ideal close packing, their U parameter would be 0.375. The value of 0.380 measured for
ManZS4 is lower than the values obtained for other MnZ+ spinols17 (e.g., l\lnanS4, 0.384;
MnCrZS4, 0.386; MnAlZ()4, 0.390) because of the largiir size of the Yb3+ ions compared with
the other 3+ cations. (Patrie, Flahaut, and Domange found the U parameter for Mn\'bzs4

to be 0.375 + 0.004, but this value was obtained from the intensity ratios for only two sets of

reflections, 311/333-511 and 531/731-533.) . M, Longo D. Batson

P. M. Raccah C.H. Anderson
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TABLE 111-2
OBSERVED VS CALCULATED-X-RAY INTENSITIES FOR MnYb,S ,
(a = 10.95, U parameter = 0.380, R= 8.2)

(hke) Fsie el (hko) s el
m B3 64.3 555, 751, 662 14.8 15.2
220 8.9 5.7 840 17.0 16.2
31 100.0 100.0 753, 911 5.t 4.5
222 27.2 26.5 931 8.0 7.4
400 50.2 63.2 844, 755, 933, 771 23.6 22.2
331 16.2 15.8 862, 773
422 4.9 2.5 nglz,égflo,z,z dek T
511, 333 44.2 4.0 o . o
e it S 775; 1,1, 1 4.1 38
531 15.8 15.9 o s
620 3.1 140 11,3, 1; 971 1.9 ke
343, 620 24.8 25.3 978, T, B, 85 10,3, 2 10.8 8.4
444 16.2 14.0 884, 777
551, 711 9.0 8.2 IR0 el " e
e " L 975; 11, 5, 3 8.4 8.1
i " e 12, 4, 0; 991 15.9 15.9
a00 B8 | 99 | s s | 120 | 133
733 2.3 1.4 e
822, 660 e 0.6 13,3, 1; 977 s L
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IV. PHYSICS OF SOLIDS

A. ELECTRONIC BAND STRUCTURE
1. Exciton Fine Structure in Interband Magnetoabsorption of InSb

We have observed exeiton fine strueture in the interband magnetoabsorption spectrum of
InSb., This structure can be used to estimate the exeiton contributions to the energy tevel sepa-
rations deduced from the interband magnetoabsorption and to check existing theories for exciton
levels in high magnetie fields. By going to a lower temperature, muech sharper absorption lines
were obtained than observed previously, The two lowest energy absorption bands observed with
E||H and propagation transverse to the field involve the lowest gpin-up and spin-down conduction
band Landau levels, respectively, Three components were resolved in each of these bands.
From the symmetrie line shape, it was dedueced that the two components at lower energy are
associated with discrete exciton levels. The component at higher energy is relatively weak and
appears as an edge, with absorption dropping off slowly on the high energy side; this behavior
is eharacteristic of the exeiton continuum as predicted by liiott and Loudon.1 Only the lowest
exciton peak ean be seen at low magnetic fields, where its energy appears to be quadratie with
H. The separation between the lowest exeiton peak and the edge agrees closely with theory for
magnetie fields up to 40kG. The loeation of the exeiton peaks of intermediate energy are not
accounted for by the theory of Elliott and Loudon, and are probably associated with forbidden

transitions involving additional valence band levels.
I, J. Johnson

2. Magneto-Optical Studies on Vapor Transport Grown GaSe at 1.5°K

During this quarterly period, we have been examining samples of vapor transport grown
GaSe.!' The speetrum obtained from these erystals is appreciably different from that observed
in melt grown material. A photographte print of the absorption speetrum for a 3.7-u thick vapor
transport grown sample is shown in Fig, IV-1, This was taken in the Faraday geometry at 1.5°K
and at fields up to 93,5kG. At the lower fields, more than a dozen Landau transitions can be
seen, At higher fields, a new series of lines that fall between the lines of the main series is ob-
served, Representative densitometer traces of the speetra shown in Fig, IV-1 are presented in
I'ig, IV-2, The absorption coefficient o (H) for this material is approximately three times targer

at the peaks than has been previously observed, We attribute this to the total absence of strain

in the sample, With the application of a magnetie field, the density of states coalesces right at
the [.andau levels rather than smearing out around them; thus, for the first time, magneto-
absorption oscillations of the direet transition appear on transmission as sharp spikes rather
than the previously observed damped sinusoidal-like oseillations,

The second series first appears between 25 to 30kG. the ratio of the absorption of the peaks

of the seeond series to that of the first for a given field increases approximately linearly with

t We are grateful 10 E. Mooser of the Cyanamid Furopean Research Institute, Geneva, for making this matertal avanlable 1o us.
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both left ond right circulorly polorized light; for clority, higher energy tronsitions hove
been shown for right circulorly polorized light only,
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magnetic field. In the limit of H = 0, this new series converges for higher magnetic quantum
numbers to the same edge energy (within £0.5meV) as does the previously observed™ main series,
both of whieh are shown in the fan chart in Fig. IV-3. This faet and the similarity in the line-
shapes of the two series suggest that the two scries correspond to transitions at the same posi-
tion in the Brillouin zone (the I'-point). The second series has a transverse reduced cffective
mass of ~0,13m and a linear Zeeman splitting corresponding to a g-factor B 1L =340,
There are several interpretations that are not incompatible with the present experimental data,
all of which lead to the conelusion that one of the band edges at the energy gap is a complex band.
Most probably, the valence band is doubly degenerate. (The point group of GaSe is D3h' which
has two-dimensional representations at the I'-point.) That the transverse reduced mass for the
sccond series is approximately equal to that for the first series leads to the following two most
likely possibilities: (a) both hole masses are large and the two series correspond to &n = 0 tran-
sitions from each of the hole ladders, or (b) the lighter hole mass is approximately 2 to 3 times
the electron mass and one obtains a set of transitions for some value &n % 0 in addition to the
allowed transition. This second model is eonsistent with transport data obtained by Br‘ebnor3 for
holes in GaSe. As can be seen in Fig. [V-2, a third series appears at fields >60 kG; this series

is now being studied in detail. J. Halpern

3. Interband Magnetoreflection and Band Structure of HgTet

The analysis of HgTe interband magnetorefleetion data4 by the coupled 1‘6 = F7 = I‘8 thc—or‘ylg
has been eompleted. The F6 e F8 transitions are observed only up to photon energies which
correspond to initial and final states 0.05eV, or less, into the F6 valenee band and T', conduction

band. These transition energies agree well with those predicted by the theory. Withshigher band
parameters which are about the same as those of germanium and InSb, we have made a two-
parameter least-squares fit and find Eg = E(I‘é) - E(Fs) =—0.283 £ 0.001 eV, and Ep = 48.4 %
1.0eV, where E_ is proportional to the square of the momentum matrix element between I‘b and
I‘8 states. The stated uncertainties on the best-fit parameters are several times those which
oceur when the higher band parameters are varied over a range generated by their values in ger-
manium, InSb and gray tin.

Since transitions between Fs bands extend more than 0.2 eV into the 1‘8 conduction bands, the
theory of Ref. 5 is not adequate to give a elose fit; this theory includes thc I‘8 = 1‘15 (higher

e = ; 2 iy i -
eonduction band) k - p interaetion only to order k~. For transitions above 0.1 eV in the I', con-

duction band (which are observed in our experiment), higher order eontributions are imp:rtant.
The zero magnetie field theories of F‘aweett,6 and of Cardona and F’ollak,7 applied to germanium,
treat this K - ‘;; interaction exactly and give 10-perecent corrections to the kZ theory at energies
of 0.1 to 0.2¢V into the g bands. A correction of this size would therefore be expected for tgle
and is of the proper sign to grecatly improve the fit between experiment and theory.

We have not been able to obtain information on the size of the inversion asymmetric terms,
partly beeause they are not ineluded in our theory. Theoretical work which has treated them has
been applied only to InSb (Ref. 8), and the eomputational results are too specific to be useful to

us. We hope that a ecomparison of the I'y, ~ Ig transitions in HgTc and gray tin will give exper-

8
imental evidence of the size of these terms in HgTe.

1 This experimenl was carried out using the high field facilities of the National Magnet Laboratory, ML.L'T
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E and E , found from the I‘6 -+ F8 transition data, have been used to calculate the varia-

tion of effective mass m* with concentration n for the I', conduction band. ‘'This result is in

good agreement with doterm‘inations from the Shubnikov—Zo Haas effect, intraband reflection,
intraband magnetoreflection, and high magnetic field thermoelectric power measurements, ex-
cept at concentrations greater than 1 X 1018 (‘m—3 where the higher band terms, of order greater
than kz, make a measurable contribution. Some of the m* vs n data have been used in the past
by several authors to obtain E_ ~—0.15¢V and Ep ~ 14 eV. There are two reasons why these
analyses gave quite different results from the direct interband magnetoreflection measurement:
first, the scatter in the m®* vs n data is very large; second, at high concentration values, the
considerable contribution from higher band terms of order greater than ka (and also all higher
band terms) was neglected, The higher band contributions are much more important l'or mate-
rials such as gray tin and HgTe with a 1‘8 conduction band than for materials such as InSb with
a ]‘6 conduction band.

A more detailed description of these results is being submitted for publication.
S.H., Groves
R. N. Brownf
C.R. Pidgeon?

4. Magnetoreflection Experiments in Arsenic

Study of the magnetoreflectivity of arsenic is continuing. The oscillations observed with the
magnetic field parallel to the binary axis werce found to arise from transitions between a pair of
bands with an energy gap of 0,346 £ 0,002 ¢V and a reduced effective cyclotron mass, near the
bottom of the band, of 0,023 m . At higher energies, the dispersion relations of the bands in-
volved in the transitions become significantly nonparabolic.

Magnetoreflectivity oscillations with the field parallel to the bisectrix axis have also been
observed. The data were quite similar to that found for the binary face. With an improvement
in the spectral resolution, we were able to observe the lowest quantum oscitlation and found that
the amplitude of this oscillation went abruptly to zero at 0.360eV, which is 0.014 eV above the
energy gap. This definitely indicates the presence of a small pocket ol carriers associated with
one of the bands involved in this transition. The number of carriers in the new pocket is too
small to significantly affect the equality condition between the number of holes and etectrons,
which is required of a semimetal, Also, the de Haas-van Alphen period will be very long, which
may explain why no de Haas-van Alphen oscillations associated with this carrier have yet been
found.

It was determined that the magnetoreflectivity oscillations disappeared when the light was
polarized perpendicular to the trigonal axis. The only points in the Brillouin zone which have
bands of the proper symmetry to give rise to such optical selection rules lie among the trigonal
axis. The similarity of the binary and bisectrix data is also consistent with this conclusion.
However, our findings are in direct contradiction with the Lin-1"alicov model for ux'svnir_m which

places no carriers along the trigonal axis of the Brillouin zone,

T National Magner Laboratory. MLLT

38



Section IV

On the other hand, the magnetoreflectivity osecillations previously reported for the magnetic
field perpendicular to the trigonal face are predieted by the Lin-Falicov band model as arising
from transitions across a gap produced by the spin-orbit splitting of a crossover degeneracy
along the Q or twofold axis. At present, further tests for the validity of this band model are be-
ing earried out by Dr.S. Iwasa at the National Magnet l.aboratory, using high resolution laser

spectroscopy. ¥
M.S. Maltz
Mildred S. Dresselhaus

5. Fourier Expansion of Phonon Dispersion Relations for Silicon and Germanium

The Fourier expansion technique, previously used to calculate the eleetronic energy bands
and dielectric constant of silicon and germanium, 4 has now been applied to the lattice vibration
spectrum for solids which crystallize in the diamond structure. There are three acoustic and
three optical branches in the phonon problem. The Fourier expansion of the equations of motion
for these phonons is of precisely the same form as that for the coupled bonding and antibonding
p-bands of the electron problem. Whereas the eigenvalue of the effective mass Hamiltonian for
the electron problem yields the dispersion relation directly, the eigenvalue of the phonon prob-
lem is [w(k)]z, the square of the phonon frequency.

The determination of the band parameters or Fourier expansion coefficients for the phonon
problem is very simply accomplished because of the large quantity of available experimental
information. These parameters are evaluated explicitly to third nearest-neighbor terms for
silicon and germanium using experimental measurements of the elastie constants and of the vibra-
tional spectrum as obtained by neutron diffr‘a('tion.1 00

The foree constant model, which has previously been used to express the dispersion rela-
tions for phonons in these mat(‘rials,14 is of the same form as the Fourier expansion. The major
advantage of the Fourier expansion point of view is that one need not be restricted to any partic-
ular model, but only to the crystal symmetry. This flexibility makes it possible to include inter-
actions to distant neighbors, thereby obtaining dispersion curves which are in better agreement
with the experimental data, particularly with regard to the curvature of the branches.

G. F. Dresselhaus
Mildred S. Dresselhaus

B. MAGNETISM

1. NMR in Ferromagnetic Semiconductor CdCrZSe4

We have observed the zero field Cr53 nuclear resonance in the ferromagnetic state of the
spinel (‘(1(‘1‘25(*4. At 4.2°K, the resonance occurs at the relatively low frequency of 44.54 MHz,
which indicates considerable covalency and is consistent with the semiconducting behavior of
this compound. The resonance is split by quadrupole interactions into a tripltet of sharp lines
with widths of 30kllz or less, and with a total temperature~-independent separation of 1.8 MHz.

Quadrupole splitting appears inconsistent with the reported positive sign for the cubic anisotropy

! Department of Electrical Engineering, MLT.
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constant K1 (Ref. 15). The resonance signal was followed from helium temperatures to 115°K

(0.9 TC) with a super-regenerative spectrometer. Spin-echo measurements show that the loss

‘of signal above 115°K can be attributed to a rapid increase in the nuclear relaxation rate with

temperature, As a function of temperature, the hyperfine field decreases muech more rapidly
than the magnetization predicted by molecular field theory and somewhat more rapidly than the
previously measured magnetization.1

Between liquid helium and liquid nitrogen temperatures, the hyperfine field shows a sur-
prisingly linear decrease with temperature. If we assume, as is normally done, that the hyper-
fine field thp is proportional to the magnetization as described by ”}yp = AInu(‘ RE D, i then
the linear temperature-dependent term in the magnetization dommatos any higher power term at
low temperatures, This would be contrary to the expected T 5 and higher power terms ex-
pected from simple spin wave theory. The explanation may lie in a more realistic spin wave
calculation, taking into account the large number of magnetic interactions or, alternatively, there
may be a large temperature dependence of the hyperfine constant A. The value of A depends on
the covalency of the chromium ions with selenium; since the band structure in this compound, as
determined from optical data, changes rapidly with temperature, the observed difference between
the hyperfine field and magnetization may be caused by the change in covalency.

M. Rubinstem? J. Feinleib
3. M. Stausst A. Wold}

2. High-Temperature Expansion of Spin Correlation Function
for Classical Heisenberg Model

The following is an abstract of a paper which is being submitted for publication and will con-

stitute part of a Ph.D. thesis to be submitted to the Department of Physics, Harvard University.

"The diagrammatic representation of the first nine coefficients for loose-packed
lattices and the first eight coefficients for close-packed lattices in a high-temperature
series expansion of the zero-field spin correlation function <Sf . Sg>/3 is presented.
This calculation exploits the order-of-magnitude simplifications which occur in treat-
ing the quantum-mechanical spin operators in the Heisenberg model as isotropically-
interacting classical vectors of length [S(S + 1)]1/2. This semiclassical approximation —
the "classical" Heisenberg model — appears to be excellent for some critical properties
of interest if S > 1/2. A recursion relation is seen to obviate the need to consider the
sizable classes of disconnected diagrams and diagrams containing articulation points.
The utility of the high-temperature series for <Sf 3 Sg>B is discussed. It contains
information — relevant to current experiments — not contained in the high-temperature
expansions for the thermodynamiec functions (e.g., susceptibility, specific heat), as
well as providing an efficient methed of extending the series for all the thermodynamic
functions together. As an example of the applicability of the series expansion of

(Sf - 'S > to obtain information concerning the short-range magnetic order to be

t1.5. Naval Research Laboratory, Washington, D.C.

i Brown University, Providence, Rhode [sland.
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Section IV

expeeted for T > Te, a ealeulation of the elastie paramagnetie neutron seattering
eross seetion for normal cubie spinels with nearest-neighbor A-B exehange

interaetions is given, and eontaet is made with the experiments on MnCr204."

H. E. Stanley

C. SCATTERING EXPERIMENTS WITH LASERS
1. Resonant Stimulated Raman Scattering

We have observed Raman seattering in quartz at low temperatures (~20°K) in whieh the
Stokes line is split into two or three sharp components. The splitting, of the order of 0.2 em-1,
was measured preeisely on a Fabry-Perot etalon; it corresponded to the resonant frequeney of
the quartz sample eavity, whieh had plane, parallel end faees. The interesting aspeet of this
observation is that the ealeulated refraetive index of the sample is approximately 10 to 20 pereent
larger than the usual index for quartz.

The splitting secales approximately with ehange in sample length; furthermore, the seeond
Stokes line is also seen ocecasionally to be split into similar eomponents. The spontaneous Raman
line is, of eourse, many wavenumbers wide and ean thus support a number of eavity modes near
its peak. The inerease in refraetive index is presumably due to the nonlinear response of the
material under high eleetrie field intensity; however, the effect seems to depend on the focal
length of the lens used to foeus the beam into the sample. The dependenee of the splitting as a

funetion of ineident laser power is now under investigation.
P, E. Tannenwald
E. H. Berry

2. Raman Spectra of Trigonal, a-Monoclinic, and Amorphous Selenium

We have measured the Raman speetra of three modifieations of selenium at room tempera-
ture using a YAG:NdEH laser. The first-order Raman speetrum of trigonal selenium eonsists of
three strong lines. We have identified the mode symmetry by polarization measurements shown
in Fig.IV-4. The seeond-order speetrum shown in Fig. IV-5 ean be explained in terms of two-
phonon transitions. The assignment of modes in the Raman speetra of @ -monoelinie (Fig. [V-6)
and amorphous {Fig, IV-7) selenium is diseussed in detail in a fortheoming publieation.”

A. Mooradian
G. B. Wright
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Section |V
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Fig. IV-4. Polarized light Roman spectrum of trigonol selenium. In symbol
a(bc)d, a and d give direction of propagation of incident and scattered
light relative to crystal axes, while b and ¢ give direction of propagation
of incident and scattered light.
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Fig.IV-5. Secand-order Ramon spectrum af triganol selenium.
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Fig.1V-6. Raman spectrum of a-monaclinic selenium.
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Fig.IV-7. Ramon spectrum of omarphaus selenium.
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