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ABSTRACT 

This report covers in detail the solid state research work 

at Lincoln Laboratory for the period 1 November 1969 

through 31 January 1970. The topics covered are Solid 

State Device Research, Materials Research, and Physics 

of Solids. 
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INTRODUCTION 

I.   SOLID STATE DEVICE RESEARCH 

Single mode CW laser emission has been obtained at 12°K from a Pb„ ,,,,-Sn,. „.,Te diode 

at 31. 8 ^. This is the longest wavelength semiconductor laser emission observed to date in 

the absence of a magnetic field. In addition, Pb. SnxTe diode lasers have been fabricated 

with threshold current densities as low as 20 amp/cm^. To our knowledge, this is the low- 

est value ever observed for a semiconductor laser. 

In continuing the study of the materials and electrical properties of Pb,    Sn Te alloys, we 

have determined the Hall coefficient and electrical resistivity at 4. 2°K of several samples 
5       2 with x up to 0. 3.   Mobilities as high as 5.4 x 10   cm /V-sec have been observed for x = 0. 2 

17      -3 with an n-type carrier concentration of 1.8 x 10     cm    .    Although the mobilities remain 

high in the alloy system, there is a trend toward lower values at higher Sn content. 

Pb, Sn Te diode lasers have also been fabricated using evaporated Schottky barrier metal 

contacts instead of conventional p-n junctions. Metals such as Pb, In, Zn and Sn with small 

work functions produce a narrow n-type degenerate inverted layer on the surface of p-type 

samples. When the diodes are forward biased, electrons are injected from the inverted 

layer into the bulk. Low threshold diode lasers have been fabricated in this fashion from 

p-type PbTe with emission at 6.4^ and Pb„ oSnn „Te with emission at 15 ß. Barriers have 

been observed on very narrow gap alloys of Pb. Sn Te, and work is continuingto determine 

the maximum laser wavelength which can be obtained. 

The amplification of2.3-GHz acousticwaves in GaAs at room temperature has been observed 

using Brillouin scattering techniques. The amplification occurs through the piezoelectric in- 

teraction between the shear acoustic waves and electrons drifting under the application of an 

external electric field. The observed gain of 0.16 dB/V is in good agreement with theoreti- 

cal predictions. 

The temperature and impurity concentration dependence of the electron mobility in high pu- 

rity GaAs has been determined. Adjustment of the conduction band deformation potential to 

7. OeV results in excellent agreement between experiment and a theory combining polar op- 

tical phonon, piezoelectric acoustic phonon,  deformation potential acoustic phonon,   ionized 

impurity and neutral impurity scatteringin the relaxation time approximation.   Experimental 
2 

77°K mobilities of 210,000 cm /V-sec are very close to the calculated lattice limited mo- 

bility of 240,000 cm2/V-sec. 

Room temperature electrical resistivity of EuO is reported as a function of pressure up to 

lOkbar. For the higher resistivity samples, the pressure coefficient corresponds very 

closely to the observed shift of the optical absorption edge with pressure. Both the temper- 

ature and pressure dependence of the electrical resistivity are explained in terms of a model 

in which electrons are distributed between a temperature and pressure sensitive conduction 

band and a localized stationary trap level. 

IV 
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II.    MATERIALS RESEARCH 

The phase diagram of the PbTe-PbSe pseudobinary system has been determined by thermal 

analysis. The relationship between the liquidus and solidus temperatures, both of which in- 

crease monotonically and sublinear ly with increasing PbSe content, is given by the ideal form 

of the liquidus-solidus equation for binary alloy systems. 

The composition stability limits of (Pb. Sn ). Te alloys with y = 1. 0, 0. 9, and 0. 8 have 

been determined by using x-ray diffraction analysis to measure the lattice parameters of an- 

nealed powder samples as a function of x, the atom fraction of Te. The metal-rich stability 

limit at 400°C is x = 0. 5000 for all three values of y. The Te-rich limit at 350°C is x = 

0. 5070, 0. 5058, and 0. 5037 for y = 1. 0, 0. 9, and 0. 8, respectively. 

The pressure-composition phase diagram for the Sr. Pb RuO„ system at 1400°C has been 

determined by x-ray diffraction measurements on samples quenched to room temperature 

before releasing the pressure. The pyrochlore form of PbRuO„(x = 1), which is stable at at- 

mospheric pressure, transforms to the perovskite form at 90kbar. The pressure required 

to stabilize the perovskite form decreases with decreasing x, and for 0 < x < 0. 3 this form 

is the stable phase at atmospheric pressure. 

III.    PHYSICS OF SOLIDS 

Ti„0„, a room temperature semiconductor which undergoes a semiconductor-metal transi- 

tion at 400°K, is being investigated by both optical reflectance and Raman scattering tech- 

niques. The reflectance measured in the photon energy range from 0.1 to 11. OeV, only at 

room temperature so far, has been used in a Kramers-Kronig analysis to obtain the real and 

imaginary parts of the dielectric constant. The Raman spectrum, investigated from 1.7° to 

800°K with an argon ion laser, indicates that all the Raman modes persist up to 800°K; this 

implies no change of crystal symmetry at the semiconductor-metal transition. 

A study has been carried out of the optical properties of simple metals including many-body 

effects. Results indicate that the optical properties can be calculated without an accurate 

determination of the many-body contributions, provided the energy band structure is known 

from experimental measurements. 

A review of surface plasmon excitations in electron tunneling, low energy electron diffrac- 

tion (LEED) and photoemission indicates that the first technique, i.e., tunneling, provides a 

simple, sensitive probe for studying surface plasmon excitations. The latter two techniques 

suffer from complexity of the excitation mechanism; using the two-potential formula for 

scattering, a theory has been developed which gives quantitative support to the interpretation 

of structure in recent LEED and photoemission experiments performed elsewhere. 

An expression has been derived for the electrical conductivity of a crystal described by the 

single band Hubbard model for the case cf an energy bandwidth A that is narrow compared 

with the intra-atomic Coulomb repulsion U. For the half-filled band at zero temperature, 

the conductivity vanishes.   For Li-doped NiO, only a negligibly small DC conductivity due to 



Introduction 

the 3d band hole hopping is calculated. In another investigation of the Hubbard model, both 

in the exact treatment of the widely separated atomic limit (U —0) and in the thermal single 

determinant variational approximation for small A/U, it is concluded that a phase transition 

at TM ~ U/4k, found by several different groups for small A/U using the thermal Hartree- 

Fock approximation, is entirely spurious. 

The ground-state spin configuration in Cr.S, has been calculated using the Heisenberg 

Hamiltonian and minimizing the energy by the generalized Luttinger-Tisza method. Param- 

eter space maps have been constructed showing the various ground-state regions for partic- 

ular sets of values for nearest-neighbor and next-nearest-neighbor interactions. 

Two-magnon Raman scatteringhas been observed from the two-dimensional antiferromagnet 

K„NiF .. The experimental results at low temperatures are consistent with a theoretical 

Green's function calculation of the Raman spectrum and give a nearest-neighbor intraplanar 

constant J = 77. 0 ± 2.0 cm , which is in good agreement with that obtained from one- 

magnon neutron scattering. 

Raman scattering from optical phonons in HgCd. Te has been investigated for the range 

0 < x ^ 1 between 1. 7° and 300°K. The alloys exhibit scattering of a type II system where 

both the LO and TO phonons characteristic of pure CdTe and HgTe are presentwith an inten- 

sity proportional to alloy composition. 

Raman scattering from single particle electron excitations gives a direct measure of the 

electron velocity distribution function. In GaAs the previous equilibrium distribution results 

have now been extended to the nonequilibrium case by studying the scattering from carriers 

subjected to high pulsed electric fields, up to the Gunn threshold. 

The phenomenon of acoustical activity of transverse waves, predicted theoretically by 

Portigal and Bur stein, has for the first time been directly observed in a-quartz with micro- 

wave (~lGHz) shear waves propagating close to the optical axis. The magnitude of the 

activity is in good agreement with that calculated from our recent Brillouin scattering deter- 

mination of the linear wave vector splitting of the two transverse acoustic normal modes. 
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I.    SOLID  STATE   DEVICE   RESEARCH 

A.     LONG WAVELENGTH, SINGLE  MODE,  CW,   Pbj^Sn Te DIODE  LASERS 

Spectral measurements of the laser emission from a CW Pb,     Sn Te diode laser with 

x = 0.315 show that the output is single mode with a peak emission at 31.8 p..    The measurements 

were made using a CsBr prism.    A liquid-He-cooled In-doped Ge detector was used to measure 

the laser emission.    The packaged diodes were mounted on a copper heat sink immersed in 

liquid He in a dewar equipped with an Irtran-6 inner window and a KRS-5 outer window.    The 

single mode spectrum of a Pb.. , gI.Sn.  , .   Te diode laser,   which at 31.8 u. is the longest semi- 

conductor laser wavelength measured to date in the absence of a magnetic field,   is shown in 

Fig. 1-1.    The threshold current density was 640 amp/cm  ,   and single mode operation was 

possible for the lower current densities above threshold up to about 40°K.    Single mode CW 

diode lasers have now been achieved at 12°K in the composition range from pure PbTe to 

Pb.     Sn  Te containing 31.5 percent SnTe.    These devices can be tailored to emit at any wave- 

length between 6.5 and 31.8 u. A   R   ^^ 

T. C. Harman 

31.0 31.2 31.4 316 31.8 32.0 32.2 32.4 

WAVELENGTH   (ji) 

Fig. 1-1.    Emission spectrum of Pb Sn Te diode laser at 1.8°K. 
0. 6o0      U. o10 

B.     LOW CURRENT DENSITY THRESHOLD Pb^Sr^Te DIODE  LASERS 

Pbj     Sn Te lasers with unusually low current density thresholds have also been fabricated. 

Figure 1-2 shows the relative infrared power emission at the 14-u. wavelength peak of a 
-2 -2 PbQ 82Sn0 lgTe diode laser with length L = 5 x 10     cm and width W = 2.5 x 10     cm at 12°K as 

a function of electrical current density.    The threshold current density J. of 20 amp/cm    is 

probably the lowest value ever obtained for a semiconductor laser.    The result is consistent 
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Fig. 1-2. Relative emission intensity at 14 u 
of a Pbo.82^nO. 18^e diode laser at 12°K as 
a function of pulsed current density. 
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with theory,  which indicates that J   decreases as the energy gap Ep decreases,  if all other 
1 factors remain the same.    The appropriate theoretical expression is 

2    2 87ren  E„dAE . , 
T         G   , ,   1   ,    1  . 
Jt =       ri        («T+ ^R) 

c   h   T). 
(1) 

where  n  is the index of refraction,  d is the width of the active region, AE is the spontaneous 

emission linewidth,  aT is the total loss per unit cavity length,   L is the length of the Fabry-Perot 

or resonant cavity,   R is the reflectivity,  and r). is the internal quantum efficiency.    For the 
above Pbn o?Snn 1ftTe laser,   the parameters have the following approximate values:   n = 6, 

d = 4 x 10-3 cm,   EQ = 0.088 eV,  AE = 2 x 10~3 eV,   R = 0.5 and L = 0.05 cm.    Using these values 
and assuming negligible losses (a„, = 0) and unity internal quantum efficiency (t\. - 1),   we obtain 
from Eq. (1) a calculated threshold current density J, of 1.2 amp/cm   .    However,   the internal 
loss factor a„ is not negligible.    Preliminary measurements of the absorption coefficient at 

4-1 12°K indicate a value of approximately 10 cm"1.    Using a„ = 10 cm      and the experimental value 
for ,1      an internal quantum efficiency r;. of 0.15 is calculated.    Possible significant contributions 

to aT are those due to free carrier absorption,  interband absorption and optical inhomogeneities. 
17        3 However,  due to the Burstein shift for degenerate 5x10   /cm   material,  there is an increase 

in the minimum photon energy which can be absorbed by band-to-band transitions.    Hence,  the 

interband loss effect is probably relatively small.    Both the free carrier absorption and scatter- 

ing by optical inhomogeneities due to imperfections are probably significant loss mechanisms. 
The relatively low internal efficiency is probably due to nonradiative recombination processes. 
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Although a photoconductivity lifetime    of 10      has been measured on 6 x 10   /cm    material,  the 

lifetime is considerably lower for the 5x10   /cm   doping level of the laser devices.    If the 
diffusion length  L is assumed to be d/2 or 20 u.,  the carrier lifetime can be calculated from 

2 5       2 -8 
T = eL /\i  kT.    For u.    =5x10   cm /V-sec and T = 4°K,  this gives a value of T = 2 x 10~   sec. 
This value of T  agrees within a factor of two with the lifetime obtained by extrapolating the 

17/      3 measured photoconductive lifetime to the 5x10    /cm    doping level. 

T. C. Harman      I.  Melngailis 
A. R. Calawa        E. D. Hinkley 

C.     LOW  TEMPERATURE  ELECTRICAL PROPERTIES OF  Pb^Si^Te 

The carrier type and carrier concentrations of Pb-Sn salt crystals are believed to be deter- 
mined primarily by deviations from stoichiometry.    Excess metal is the source of n-type car- 

riers,  whereas excess Te yields p-type material.    By the use of proper annealing procedures, 
homogeneous crystals of both n- and p-type material can be achieved for Pb.     Sn  Te in the 

range x = 0 to x = 0.30.    The Hall coefficient and electrical resistivity have been measured at 

various temperatures and for different carrier concentrations.    Carrier concentrations and 
Hall mobilities determined for several crystals at 4°K are shown in Table 1-1.    It is seen that 

TABLE  1-1 

SOME ELECTRICAL PROPERTIES OF ANNEALED 
Pb,     Sn Te CRYSTALS AT 4°K 

1 -x     X 

Crystal No. X 

Crystal Growth 
Technique 

Hall Carrier 
Concentration 

at 4°K (cm"3) 

Hall Carrier 
Mobility at 

4°K (cm2A-sec) 

B 0.0 TGZM 5.6X 1017n 2.6X 106 

12C 0. 13 Bridgman 3.OX 1016 n 8. OX 105 

16-13E 0. 17 Bridgman 1.8X 1015 n 2.3X 105 

4-4 0. 17 Bridgman 5.5X 10,6n 5. OX 105 

8-34 0.20 Bridgman 2.6X 1016 n 2.4X 105 

T-12 0.20 TGZM 2.5X 10,7n 5. 3X 105 

T-13 0.20 TGZM 4.1 X 1017n 3.9X 105 

20B 0.20 Vapor 2.5X 1017n 4.6X 105 

20C 0.20 Vapor 1.8X 1017n 5.4X 105 

ÖB 0.30 Bridgman 2.2X 1017p 1.4X 105 
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relatively high carrier mobilities are obtained,   even though Pb.     Sn  Te is a pseudobinary alloy. 

Both Bridgman-grown and TGZM (temperature gradient zone melted) crystals contain some 

microscopic-sized metallic inclusions.    There is no evidence for microscopic-sized metallic 

inclusions in bulk vapor grown material.    As seen in Table 1-1,  there is a trend toward lower 

carrier mobilities at higher Sn content.    It is anticipated that significantly higher carrier mo- 

bilities can be achieved as the crystalline imperfection density is reduced. 

T. C. Harman 
A. E.  Paladino 

D.    LASER EMISSION FROM Pb^Si^Te METAL-SEMICONDUCTOR DIODES 

Pb.     Sn  Te diode laser emitters have been fabricated using evaporated metal contacts 

instead of conventional p-n junctions.     Metals with small work functions (e.g. Pb,   In,   Zn,   and 
Sn) produce a narrow degenerate inversion layer on the surface of p-type samples,   as expected 

in the case of an ideal metal-semiconductor barrier which is not influenced by semiconductor 

surface states.    If it is assumed that the role of surface states is negligible,  the depth of the 

conduction band below the Fermi level at the surface is about 6 00 meV,  the difference between 
the work function of Pb(4.0eV) and the electron affinity of PbTe (4.6 eV).    The resulting energy 
band diagram for the case of Pb on degenerate p-type PbTe is shown in Fig. 1-3.    The three 
regions of the semiconductor include:    (1) a 300-A-wide inverted region near the metal- 

o 
semiconductor interface,   (2) a 600-A depleted region,   and (3) the p-type bulk extending to the 
right.    The inverted region (1) acts as a source of injected electrons when the junctions are 

forward biased.    The barriers obtained are strongly dependent on the work function of the evap- 

orated metal,  indicating a minimal role of surface states.    Evidence that the surface regions 
are degenerately inverted by the presence of the metal comes from C-V data,  and this picture 
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Fig. 1-3.    Calculated barrier profile for lead evaporated on p-type PbTe 
(p= 1 X 10'8cm-3, T = 0°K). 
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is confirmed by the low temperature laser emission reported here. Laser diodes were fab- 
ricated by evaporating approximately l-u.-thick films of Pb, In, Zn, and Sn on fleshly etched 
surfaces of unannealed p-type material with p = 3 to 5 x 10     cm     .    During evaporation the 
samples were mounted on a liquid nitrogen cooled mask to avoid heating and consequential dif- 

18        - 3 fusion of the evaporated metal.    Diodes on p-type PbTe with p = 4 x 10     cm  ~   showed zero- 
2 

bias resistance-area products (RA) as high as 15 ohm-cm    at 77°,  reducing in high forward 
bias to less than 2.5 x 10     ohm-cm  .    The zero-bias capacitance of these devices was approxi- 

2 ° mately 6.8(iF/cm  ,   indicating a depleted junction width of about 500 A.    Threshold current den- 

sities for laser emission compare favorably with the best p-n junction devices in PbTe with a 
minimum value observed here of 120 amp/cm   .    In addition to the laser emission obtained at 

6.4 u. from PbTe,  we have studied similar barriers on p-type Pb- „„Sn_ ,.Te and have obtained ^ 0.80     0.20 
laser emission at about 15u. at 4.2°K.    This work is continuing to determine the maximum laser 
wavelength that can be obtained from metal-semiconductor contacts on Pb.     Sn Te.    Barriers 
have been produced on Pb    ^qSn« ^Te,  although laser structures have not yet been fabricated. 

K. W. Nill A. R. Calawa 
J.N. Walpole      T. C. Harman 

E.    DETERMINATION OF ACOUSTIC AMPLIFICATION COEFFICIENTS 
IN GaAs USING BRILLOUIN SCATTERING 

Acoustic waves can be amplified in piezoelectric semiconductors by the application of elec- 
tric fields that are high enough to cause the mobile charge carriers to drift at supersonic veloc- 

ities.    In high mobility materials,  such as GaAs,  the gain per unit length of the piezoelectrically- 

active acoustic waves is expected to be a linear function of the applied field.   Hence, the amplitude 

of the waves propagating along the field direction grows exponentially until the waves reach the 
end of the sample or become of sufficient intensity to produce current saturation. 

We have begun measurements of the frequency dependence of the acoustoelectric amplifica- 
tion coefficients in n-GaAs using the Brillouin scattering apparatus shown schematically in 

o 
Kig. 1-4.    A Xe arc lamp,   filtered to provide a source in the range 9800 to 9920A,   was focused 
onto the sample in an f/12 cone.    The frequency of the acoustic wave producing scattering can 
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Fig. 1-4.    Schematic diagram of Brillouin scattering apparatus used to detect 
acoustoelectrically amplified shear waves in GaAs. 
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be determined directly from the angle of incidence  ip and the scattering angle  8,  which for the 

case 6 = Zip is given by 

2nv 
sin 6/2 

where n is the refractive index,  \   is the wavelength in vacuum,  and v   is the sound velocity. 
o s 

A broadband source of acoustic waves is provided simply by the Debye spectrum of the 

thermal background of lattice vibrations,  a small portion of which is subsequently amplified by 
the application of the electric field.    The f/9 acceptance cone of the detector optics limited our 

resolution of the acoustic spectrum to 0.3 GHz.    The crossed polarizer/analyzer aided in isolat- 
4 

ing the shear wave scattering   from other possible scattering mechanisms. 
Some preliminary results of measure- 

Go As 
300° K 

-CALCULATED   THERMAL   INTENSITY 

600 

APPLIED   VOLTAGE   (V) 

Fig. 1-5. Scattering intensity (normalized 
to transmitted intensity) as a function of 
applied voltage. 

ments made at room temperature on 4 ohm-cm 
GaAs are shown in Fig. 1-5.    Here the scatter- 

ing intensity at a position 24 mm from the 
cathode was sampled 7.4u.sec after the onset 
of 8-u.sec voltage pulses.    The scattering angle 
G   was 40°,   corresponding to a frequency of 

2.3 GHz.    As expected,  the scattering intensity 
grows exponentially with applied voltage.    Al- 
though similar growth occurred somewhat 

beyond 800 volts,  domain formation    was ob- 
served at this point which greatly complicated 

the situation.    The slope of the curve 0.16dB/V 
is in good agreement with the theoretical value 

of the acoustoelectric gain coefficient at 
5 

2.3 GHz.     By extrapolating the measured scat- 

tering intensity to that value calculated for a 
4 

thermal distribution    we obtain the threshold 

voltage of 400 V.    The corresponding threshold 

field of ~170 V/cm is in good agreement with 
that calculated from the theoretical gain co- 

efficient and the measured nonelectronic 

attenuation coefficient. 

Since the frequency of the detected acoustic 

wave can be changed by changing the scattering 

angle,   we have an accurate and convenient way of measuring the frequency dependence of the 

gain.    Modifications are being made which will extend these measurements to 77° K,  where the 
amplification coefficient in high mobility epitaxial GaAs should be at least 20 times larger than 

observed here,   with threshold fields as low as 3 V/cm. 
D. L. Spears 
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F.     TEMPERATURE AND CONCENTRATION DEPENDENCE OF ELECTRON 
MOBILITY IN HIGH-PURITY GaAs 

The scattering mechanisms which determine the transport properties of GaAs wore originally 

examined by Ehrenreich,   who showed that a combination of polar optical phonon and ionized 

impurity scattering yielded qualitative agreement with the temperature and impurity concentra- 

tion dependence of the electron mobility for the purest bulk GaAs.    Since then,  vapor and liquid 

phase epitaxial techniques have been used to improve the quality of GaAs.    Also,   there are now 

sufficiently accurate additional experimental data (such as piezoelectric measurements) to ex- 

amine the effects of other scattering mechanisms.    Here we combine polar optical phonon,  piezo- 

electric acoustic phonon,  deformation potential acoustic phonon,  ionized impurity and neutral 

impurity scattering in the relaxation time approximation to obtain results which are in good 

agreement with the temperature and concentration dependence of the electron mobility in high- 

purity GaAs. 

For polar optical phonon scattering a universal relaxation time cannot be defined except at 

low and high temperatures,  and it is necessary to use a variational method to solve the Boltzmann 
8 9 equation    to determine the mobility of the electrons.    However,   following Ehrenreich    we use 

10 a relaxation time which is obtained from a variational calculation      and which gives the correct 

solutions to the Boltzmann equation at low and high temperatures.    For GaAs this method of 

analysis fails completely from about 120° to 330°K (see Fig. 5 of Ref. 9) and this places an upper 

temperature limit of 115°K on our calculation.    For the other scattering processes the relaxa- 
11 tion time approximation is reasonably valid and we use the formulations of Meijer and Polder 

for piezoelectric acoustic phonon scattering (with spherical averaging of the piezoelectric and 
12 13 

elastic constants     ),   of Bardeen and Shockley      for deformation potential acoustic phonon 
14 15 

scattering,   of Brooks and Herring      for ionized impurity scattering,   and of Erginsoy      for 

neutral impurity scattering.    The electron mobility is then obtained by adding the reciprocals 

of these individual relaxation times and numerically calculating an average relaxation time for 

a classical distribution of electrons. 

In this calculation there are a number of parameters,   most of which have or can be deter- 

mined from other measurements.    The shallow donor concentration N„ and the total acceptor 

concentration N.   can be determined by fitting the experimental temperature variation of the 

Hall constant for each sample using the normal single donor statistics.    Most of the other 

parameters are reasonably well known and the values we have used are listed in Table 1-2.    The 

least well-known parameter is probably the conduction band deformation potential with the only 
20 

known experimental value being | E. |  = 6.3eV.       This value is therefore adjusted in the calcula- 

tion to obtain agreement with the experimental mobility of the highest purity sample. 

Figure 1-6 shows the temperature variation of the experimental mobility measured at 5 kG 

and the calculated mobility for several samples.    For the highest purity sample (Sample 1) the 

combined mobility is fairly sensitive to deformation potential scattering because of its strong 

energy dependence.    That is,   from 45° to 85°K a variation in the deformation potential of 10 

percent produces a variation in the combined mobility of from 5 to 6 percent.    The deformation 

potential was thus adjusted to obtain agreement between the calculated and experimental mobility 

for Sample 1 in this temperature range.    The best agreement was attained with | E, |   = 7.0 eV. 
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TABLE 1-2 

PARAMETERS   FROM   LITERATURE 

Electron Effective Mass m*/m = 0.072 

e   = 12.53   (a) 
Dielectric Constants 

e    = 10.90   (a) 
00                       v   ' 

Longitudinal Optical 
Phonon Temperature 

6, = 423°K   (b) 

Piezoelectric Constant h 4= 1.41 X107 V/cm   (c) 

C]    = 1.221 X 1012 dynes/cm2   (d) 

Elastic Constants ' c     =0.566 XI012 dynes/cm2   (d) 

c44 = 0.599 X 1012 dynes/cm2   (d) 

(a) Ref. 16 
(b) Ref. 17 

(c) Ref. 18 
(d) Ref. 19 

~n~ 

V SAMPLE 1 
a SAMPLE 2 
o SAMPLE 3 
A SAMPLE 4 
 CALCULATED 

1 1 I       I      I     I    I    | I 

IH-1-IMHl 

J I I       I      I     I    I    I I I I I      I     I 
6 8       10 6 8        10 

TEMPERATURE   (  K) 

Fig. 1-6.    Temperature dependence of mobility for several samples showing 
calculated combined mobility curves and experimental points. 
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By using this value, the temperature variations of the combined mobility for the other samples 

(Samples 2,  3,  4) were calculated.    As can be seen, there is good agreement between the cal- 
culated and experimental mobilities.    The values of N    and N.  for each sample as determined 

from the Hall constant analyses are listed in Table 1-3.    It should be emphasized that the agree- 

ment at low temperatures where ionized impurity scattering is dominant depends upon the accuracy 

of the values of N„ and N.  obtained from the Hall constant analyses. 

TABLE  1-3 

PARAMETERS FROM HALL CONSTANT ANALYSES 

Sample 
No. 

ND 

(cm    ) 

ND 
13       -3 

(X10     cm  J) VND 

1 4. 80 X 1013 2.13 0.444 

2 4.61 X 1013 2.97 0.644 

3 7.15X1013 3.66 0.512 

4 
14 

1.91 X 10 2.61 0.137 

It is interesting to note that Sample 4 which is not as pure as Samples 2 and 3 has a higher 

experimental and calculated mobility at the lowest temperatures.    As indicated in Table 1-2, 
this sample is the least compensated sample (N./N     = 0.137) and thus has fewer ionized im- 

purities at low temperatures where the shallow donors are deionized.    The contribution due to 
neutral impurity scattering is also more important for this sample. 

Since the 77° K mobility is a commonly used figure of merit for GaAs,  we have plotted ex- 

perimental values in Fig. 1-7 as a function of total ionized impurity concentration (N.. + N.) 
over the donor concentration range where sufficient donor deionization is observed to allo\V 
meaningful analyses of the temperature variation of the Hall constant.    Also shown are values 

21 22 determined in a similar manner by Böiger,  et al.      and Maruyama,   et al.,      where the low-field 
mobility values of Maruyama,   et al.,   were converted to the values that would be obtained at 
5kG.    The curves shown were calculated using compensation ratios of N./Nn = 0 and N./Nn = 0.5, 
whereas our experimental values for this parameter varied from 0.14 to 0.6 5.    The points which 
lie above the calculated zero compensation curve may be caused by uncertainties in determining 

Nn and N..    In any case,  there is reasonably good agreement between experimental and cal- 
culated values over this concentration range. 

It can also be seen in Fig. 1-7 that the 77"K mobility is becoming increasingly less sensitive 

to ionized impurity scattering in the low concentration range and is approaching a lattice scatter- 
ing limit.    The calculation presented here yields a lattice limited mobility of 240,000 cm /V-sec 

at 77" K.    The less accurate value obtained by simply combining the individual mobilities is 

258,000cm /V-sec.    Since the experimental value at N„ + N. 13        -3 7x10      cm      is already 
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Fig. 1-7.    Concentration dependence of 77°K mobility showing curves 
calculated for two compensation ratios and experimental values. 

210,000cm /V-sec,  at lower concentrations the 77°K mobility is no longer very useful as a 

figure of merit for GaAs. „  „,   „, .. 6 CM. Wolfe 
G. E. Stillman 
W. T. Lindley 

G.     PRESSURE DEPENDENCE OF ELECTRICAL RESISTIVITY OF EuO 

The room temperature electrical resistivity of EuO is reported as a function of pressure 
up to lOkbar.    For the higher resistivity samples the pressure coefficient corresponds very 
closely to the observed shift of the optical absorption edge with pressure.    Both the temperature 

and pressure dependence of the electrical resistivity are explained in terms of a model in which 

electrons are distributed between a temperature and pressure sensitive conduction band and a 

localized stationary trap level. 

Two models have been proposed previously to explain the temperature and'magnetic field 
23-25 dependence of the electrical resistivity in the Eu chalcogenides. In both these models 

electrical conductivity at high temperature takes place through a thermally activated hopping 
process,   and the large temperature and magnetic field dependence of the conductivity is ascribed 
to changes in electron mobility. 

Recently,   we have presented some evidence which indicates that the major part of the elec- 
trical resistivity variation near and below the Curie point in our undoped samples of EuO is due 
to changes in carrier density and not to mobility variations.    '        The observed dependence of 
the resistivity on temperature and magnetic field was found to be consistent with a model in 

which the conductivity occurs in an electron band which varies in energy in the same way as the 
optical absorption edge.    In the model the carriers are thermally distributed between this con- 
duction band and an electron trap state whose energy position is independent of temperature and 

magnetic field.    The observed large changes in resistivity occur via a redistribution of electrons 

10 
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between the conduction band and the trap as the conduction band moves.    In order to confirm this 

model we have measured the pressure dependence of the electrical resistivity of EuO at room 

temperature.    The results agree with our model of band conductivity and a stationary trapping 
level. 

The resistivity versus pressure measurements were made at room temperature on a variety 
of EuO crystals.    The results for three representative samples are shown in Fig. 1-8.    For the 

highest conductivity sample,  the resistivity is independent of pressure.    For the two highest 

resistivity samples the pressure coefficient is given by 

^  ^-O.ZOkbar"1       . dP 

If this variation is interpreted in terms of a pressure sensitive electrical activation energy we 
obtain 

kT 
d In p 

dP 5.2 meV/kbar 

which is very close to the observed shift of the room temperature optical absorption edge of 

— 4.4 meV/kbar. 
The temperature dependence of the resistivity for the same samples is shown in Fig. 1-9. 

The two highest resistivity samples have a very high peak in the resistivity near T    and an 
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activation energy type behavior well above T    with AE =* 0.28 eV.    The higher conductivity sam- 

ple 49-4 shows a peak in the resistivity near T ,  but above the peak the resistivity remains rel- 

atively constant out to 350 °K.    All the curves show a large change in resistivity below T    with 
a sharp break in slope near 50 "K. 

These results are consistent with a model which includes a conduction band whose energy 
varies with temperature and pressure as does the observed optical absorption edge,   and a trap 

level whose energy is constant and equal to that 
of the conduction band minimum at 50°K and 
zero pressure.    The proposed relative positions 
of the conduction band edge and trap level are 

shown in Fig. 1-10.    The observed change in re- 

sistivity with temperature and pressure is con- 

sistent with a change in the number of conduction 

electrons brought about by the change in the 

relative positions of the conduction band and the 

trap level. 

The resistivity variations with pressure 

shown in Fig. 1-8 strongly support the proposed 
model.    In the high resistivity case where the 

electrons are supplied to the conduction band by 

thermal activation,   the resistivity decreases as 

the band edge is lowered toward the trap level 
and more electrons are thermally excited into the band.    The observed behavior of samples 49-4 

is also expected from the model in consideration of the lack of temperature dependence of its 
resistivity. 
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Fig. 1-10.    Proposed model for conduction band 
and trap level as functions of temperature. 

M. R. Oliver 
J. A. Kafalas 

J. O. Dimmock 
T. B. Reed 

12 
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II.    MATERIALS   RESEARCH 

A.     PHASE DIAGRAM OF PbTe-PbSe SYSTEM 

Two substantially different phase diagrams have been published for the PbTe-PbSe pseudo- 
1 

binary system (Fig. II — 1).    Elagina and Abrikosov   reported a minimum in the liquidus and solidus 
curves at about 900°C and 0.18-mole fraction PbSe and a liquidus-solidus gap remaining less 

2 
than 0.23-mole fraction.    A more recent diagram by Grimes    shows no minimum in either curve 
and a gap attaining about 0.35-mole fraction. 

1100 

THERMAL   ANALYSIS   DATA 
'/ Liquidus             Solidus 

// 
/ / 

A                          A            This   Study 

O                           •           Grimes 

1050 0                        •          Elagina   and  Abr 

CALCULATED     SOLIDUS ^^ 

f AHpbT<  =   9.4kcol/mole 

kosov /   / 
/    / 

P        / 
^         / 

a/ 
/ 

/A 
1000 

950 

I.AHpbS€ = I09kcol/mole                   /             f 

o/             / 7     / 
/a        / 
/          / 
/           / 

jr   y - 

• 

• 

[ 

D 
s 

900 f             •               1                1                1 1                1 1           1 
0 4 0 6 

MOLE     FRACTION    PbSe 

II- Phase diagram of PbTe-PbSe pseudobinary system. 

The liquidus and solidus curves have now been redetermined by thermal analysis of cooling 

and heating curves,   respectively,   of homogenized liquid and solid solutions,   using the same 
method as in previous studies of the CdTe-CdSe (Ref. 3) and CdTe-ZnTe (Ref. 4) systems. 

The liquidus arrest temperatures observed in this study (Fig. II-1) are in excellent agree- 
ment (±2°C) with the values reported by Grimes    and show a monotonic and sublinear variation 
with composition.     However,   the solidus arrest temperatures are systematically higher than the 

values obtained in either previous investigation,   and the liquidus-solidus gap remains less than 

0.13-mole fraction. 
The solidus curve shown in Fig. Il-i has been calculated from our liquidus data by using the 

ideal liquidus-solidus equation for binary systems (Ref. 5,   Eq. II-6) and the values recommended 

1^ 
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by Kulwicki   for the enthalpies of fusion of pure PbTe and PbSe.    The calculated curve shows 

excellent agreement with our experimental solidus data.    It is probable that the solidus temper- 
atures reported by the previous investigators were low because their solid alloy samples were 
not completely homogenized. .„„,.. ^ J 6 J. M. Steimnger 

B.     COMPOSITION STABILITY LIMITS OF  (Pbx    Sny)1_xTe ALLOYS 

To determine the composition stability limits of (Pb. _   Sn  ).      Te . alloys,   samples were 

prepared from the spectroscopically pure elements for y = 1.0,   0.90,   and 0.80 and for a number 

of values of x between 0.45 and 0.55.    The synthesis,   which wa.   designed to yield equilibrated, 

powder samples,   included a number of annealing steps.     Each of these was carried out in a 
carbon-coated,  evacuated,  and sealed silica tube that had been previously outgassed for 16 hours 

at 1040°C and 10      Torr.    Unless stated otherwise,   each anneal was terminated by quenching 

in water.    The synthesis steps were:    (1) fusion of the weighed elements at 930°C,   (2) (except 
for y = 1.0) furnace cooling to 800°C,   annealing there for 16 hours,   and furnace cooling to 400°C, 

(3) grinding the entire 20-gram sample in agate to 177|j.m and annealing 120 hours at 750°C, 
(4) again grinding the entire sample to 177 (am and further grinding a 9-gram portion to 44|am, 

(5) annealing the 44 |j.m powder in 3-gram batches for 120 hours either at 400°C or for Te-rich 
samples (which were found to sinter at 400°C) at 350°C.    A final step for compositions found to 

lie within the stability field consisted of reduction for 1 hour between 550° and 600"C with 11 „ at J 2 
600 Torrs. 

The x-ray pattern for each powder was taken at 25.0 ± 0.3°C with 40 kV,   40 mA,   CuK     radi- 
ation using a Philips diffractometer with a 1° divergence slit and a curved LiF monochromator 

in the diffracted beam.    A scanning speed of l/4°/min in 26 and a chart speed of 3 0 in./hour 

allowed the value of 29 to be read with a precision of ±0.005°.    A 29-correction curve was es- 
tablished with Si (a    = 5.4301 A) and 99.99% W-powder (a    =  3.1650 A).    Zinc-saturated ZnTe 
(a    = 6.1026 A) was used as a secondary standard.    The lattice parameter (a   ) of the cubic 
(Pb.     Sn   ).     Te    phase was calculated from the corrected positions of 14 diffraction lines by a 1-y    y'l-x     x ,4 

H 

computer minimization of the function a -   \   T.     (29.     .     — 29.        .)   /l 4}   '    .    Typically <r  had a ^ T    , l, obs l, cal J J 

lL=l _4' 
value of 0.01°,   which corresponds to a standard deviation in a    of 2(10     ) A.    The observed line 

half-widths,   which were in the range of 0.10° to 0.17° in 29,   were essentially determined by the 

instrumental limits. 

When a    is plotted against the overall atom fraction of Te for y = 1.0 (SnTe),   a    is constant 

for compositions in the Sn-rich two-phase field,   decreases linearly and rapidly as  x   increases 

within the stability field,   and becomes constant at the Te-rich limit.    The behavior for the ter- 
nary alloys,   y =  0.90 and 0.80,   is qualitatively similar except that a    changes slowly in the two- 
phase regions.     (This slow change shows the liquid-solid tie lines in the ternary system are not 
lines of constant y.)   The variation of a    (in angstroms) within the stability field is given by a    = 
6.3279 - 3.53(x - 1/2) for y = 1.0,   a    = 6.3400 - 2.69(x - 1/2) for y =  0.90,   and a    = 6.3540 - 
2.75(x- 1/2) for y =  0.80.     The metal-rich stability limit at 400°C is x =  0.5000 for all three 

values of y.    The Te-rich stability limit at 350°C is x =  0.5070 for y =  1.0,   0.5058 for y =  0.80 
rnd 0.5037 for y =  0.90.     The estimated uncertainty in the stability limits is ±2(10     ) in  x. 
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. c 7 
The values of a    for x = 1/2 are within 0.001 A   of those obtained by Bis and Dixon    on single 

° 19-3 crystal thin films with hole concentrations in the 3-7(10     ) cm      range.    The values of a    for 
compositions outside the homogeneity range are generally within 0.001 A   of those reported by 

Q 

Strauss. 

For compositions within the stability field of the ternary alloy, the values of a   were observed 
-3 -3 ° to be 2(10     ) to 3(10     ) A smaller before H?-reduction than after.    No change in a    is observed 

when either II,-reduced or unreduced powder is exposed to air at room temperature for several 
weeks.     No change in a    is observed when a Unreduced powder is sealed off under vacuum and 
annealed for 120 hours at 400°C (or 750T for x = 1/2,   y = 0.80),   if the powder is not exposed 

to air between reduction and seal-off.    However,   a decrease in a    is observed if H,-reduced o 2 
powder is exposed to air at room temperature for even a few minutes,   then sealed off under vac- 
uum and annealed for only 16 hours at 350°C.    These observations can be explained in the follow- 

ing manner.    When a fine,   oxygen-free telluride powder is exposed to air at room temperature, 
there is a rapid reaction with oxygen.    This reaction is confined to a relatively thin surface layer 
of each particle and causes no change in the measured a  .    When the powder is heated,   the oxy- 

0 -4 gen reacts with metal throughout the particle,  causing an increase of about 5(10     ) in x  and con- 
sequent decrease in a   .    Reduction with H-, restores the metal to the telluride phase,   causing 

a    to increase to its original value. ,,,.,,     ^   •   , o 6 K. I'. Brebrick 

C.     PRESSURE-INDUCED PYROCHLORE TO PEROVSKITE TRANSFORMATIONS 
IN Sr!-xPbxRu03 SYSTEM 

9 10 11 The compound SrRuO, has been studied in some detail  '     '       and shown to be metallic and 

ferromagnetic with an orthorhombic perovskite structure.     In an attempt to study the lead analog 
of this perovskite (PbRuO,),   PbO and RuO? (1:1) were reacted in air at 900' C.    The product was 
an oxygen deficient pyrochlore Pb?Ru;)07      with x in the range between 0.6 and 1.0 (Ref. 12). 
Physical measurements showed this material to be metallic and Pauli paramagnetic.    Other 

oxygen-deficient pyrochlores are known in which x  reaches one,   as in PbTcO, (Ref. 13) and 

AgSbO, (Ref. 14),  the defect pyrochlore structure thus becoming competitive with the perovskite 
structure. 

The cubic pyrochlore structure, with general formula A?B O-, has the large A cation in 
eightfold coordination (nearly an hexagonal bipyramid) and the smaller B cation in octahedral 

coordination. There are two types of tetrahedral positions for the anions: six have two A and 
two B near neighbors and one has only A-cation near neighbors. The structures of Pb?Tc?0, 
(Ref. 13), Pb Ru O , Pb Ir O , and Pb Re O, (Ref. 12) are thought to be derived from that 
of pyrochlore by selective removal of the anions having onlyvA-cation near neighbors. At the 
limiting value of x = 1,   the A cation would have only sixfold coordination. 

In the perovskite structure (ABO,) the B cation has octahedral coordination while the larger 

A cation has twelvefold coordination.    For the composition ABO,,   the perovskite is generally 

favored at high pressures,   as illustrated by YMnO, (Ref. 15),   CdTiO, (Ref. 16) and SrlrO, (Ret.17) 

Recently a number of defect pyrochlores (x =  1),   including BiYO, and BiScO, (Ref. 18,19),   have 
12 been transformed to perovskites at high pressure.    In preliminary work      we have shown that 

the perovskite structure of PbRuO, can be stabilized at high pressure and temperature (90kbar, 
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1400°C).    We have now investigated the complete composition range for the system Sr,      Pb  RuO, 

at high pressure and present a pressure-composition phase diagram at 1400°C. 

Ambient-pressure materials were prepared at 1000°C by the solid state reaction of SrCO,, 

PbO and RuO? in stoichiometric proportions.    Frequent regrindings were necessary to assure 

attainment of equilibrium.     All high-pressure specimens were made using  SrRuO,,   PbO and 

RuO?,  since SrCO, is unreactive at high pressure and the use of SrO is inconvenient due to its 

rapid uptake of CO? and H?0 during sample preparation.    Stoichiometric amounts of the reactants 

were ground with an agate mortar and pestle and loaded into capsules made of platinum tubing 

(0.01 in. thick x 0.5 in. long x 0.15 in. diameter) and fitted with 0.1-in. thick platinum end plugs. 
20 

The reactions were performed in a high-pressure belt apparatus       capable of developing pres- 

sures to 90kbar.    Pressure calibration of the apparatus was accomplished by observing the 

resistance discontinuities at the transition points of Bi,  Tl,   and Ba as reported by Kennedy and 
21 

LaMori.       A tubular graphite heater was used in the pressure cell.    In a typical run,  the speci- 

men was first subjected to the desired pressure;  then the temperature was raised rapidly and 

held for 15 minutes.    The specimen was quenched to room temperature before the pressure was 

released. 

Phase and structural analysis of powdered samples was carried out with a Norelco vertical 

x-ray diffractometer using monochromated (LiF crystal) CuK     radiation.    The concentrations 

of the components in a two-phase region were estimated from the relative intensities of their 

diffraction patterns.    Cell dimensions of the products were determined to ±0.003 A by refinement 

of 26 values obtained from a slow diffractometer scan (l/4°/min). 

The results of phase studies in the Sr. Pb RuO, system as a function of pressure at 1400°C 

are summarized in Fig. II-2. Lattice parameters a, b, and c of the quenched phases at intervals 

of x = 0.2 are given in Table II-l.    The c-axis changes very little and remains constant above 

x ~ 0.5.    Also c/V~2  gradually changes  from 

greater than a to less than a.    It is assumed that 

for x > 0.5,   cooperative Pb-O interactions become 

significant and introduce distortions   different 

from those found in the orthorhombic perovskite 

SrRuO,.    Table II-2 lists the observed d-values 

and intensities for a powder diffraction pattern 

of the perovskite form of PbRuO,. 

The solubility of Pb in the perovskite system 

Sr,      Pb  RuO„ extends to approximately x = 0.3 
1-x     x 3 

at atmospheric pressure and increases linearly 

with pressure to about x = 0.6 at 70kbar.    The 

pressure needed to stabilize the perovskite struc- 

ture rapidly levels off above x = 0.7,   and only 

about 90 kbar is required for the end member 
SrRu03 x PbRuo3      perovskite PbRuO,.    The formation pressure for 

I,  o     D ...        i        J:__.__ the perovskite phase was found to increase as the 11-2.    Pressure-composition phase diagram ^ ^ 
for Sr,     Pb RuO„ system at 1400°C. temperature was decreased.    The solubility of 

1-x    x       3 

O PEROVSKITE 
0 TWO-PHASE 
•    PYROCHLORE 

T = 1400°C 
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TABLE  ll-l 

CRYSTALLOGRAPHY  DATA FOR Sr,     Pb RuO, (Perovskite Structure) 
1-x    x        3 

X a (A) b (A) c(A) Volume (A  ) c/v/2 (A) 

0 (SrRu03) 5.530 5.570 7.847 241.7 5.550 

0.2 5.537 5.579 7.851 242.6 5.552 

0.4 5.545 5.588 7.856 243.4 5.556 

0.6 5.549 5.596 7.864 244.2 5.562 

0.8 5.555 5.603 7.863 244.7 5.561 

1 (PbRu03) 5.562 5.610 7.862 245.3 5.560 

TABLE  11-2 

X-RAY  DATA FOR HIGH  PRESSURE PbRu03 (Perovsk ite Structure) 

hkl 
obs obs 

hkl 
obs 1 , obs 

110,002 
111 

3.948 
3.531 

M 
VW 

242 
422,026,206 

1.193 
1.187 

VW 
VW 

200,112,020 2.782 VS 044 1.141 W 
021 2.620 VW 404 1.135 w 
211,103 
022 

2.506 
2.279 

VW 
w 

226 
152,224 

1.091 
1.060 

VW 
M 

202 2.266 w 136 1.056 M 
113 2.174 VW 424,512,316 1.053 M 
220,004 
023,221 

2.061 
1.992 

S 
VW 

440 
008,441 

0.988 
0.982 

VW 
VW 

130 1.773 VW 060 0.935 VW 
222,310,114 1.766 W 352 0.932 W 
132 1.616 M 532,336,061 0.928 M 
024,204,312 
313,115 

1.605 
1.462 

s 
VW 

028,600,208 
260 

0.926 
0.886 

W 
VW 

040 1.403 w 444 0.882 VW 
224,400 
330,134 
314,402,006 
240 

1.393 
1.316 
1.310 
1.253 

M 
W 
W 
W 

261,063 | 
620,228 1 
064 
156 

0.880 

0.844 
0.842 

M 

W 
M 

332 1.248 M 516,604 0.838 W 
116,420 1.244 M 247,445 0.836 VW 

a = 5 .562 Ä b = 5.610A                   c = 7.862 A 
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Sr in the pyrochlore phase at all pressures was below our limits of detection. This very limited 

solubility of the basic Sr ion is consistent with the known chemistry of the pyrochlore structure, 
which is stabilized by acidic and highly polarizable A cations such as Ag    ,   Pb      and Bi    . 

The formation of the perovskite phase of PbRuO, could be accomplished by the pressure 

treatment of either a PbO:RuO- mixture or the oxygert-deficient pyrochlore phase prepared at 

atmospheric pressure.    The pressure and temperature of perovskite formation were essentially 

the same for both routes.    It is assumed that any excess oxygen of the deficient pyrochlore is 
lost from the pressure cell on transformation to the perovskite phase. 

The x-ray density of the quenched,  high-pressure perovskite phase of PbRuCu is about 

10 percent greater than that of the pyrochlore.    The stability of the perovskite to retransforma- 
tion at atmospheric pressure is much lower than for other ruthenium perovskite and perovskite- 

22 related compounds.        Specimens treated at 450°C in flowing N? gas showed very slow retrans- 

formation (one-third conversion in 15 hours) while treatment at 500°C for 3 hours gives complete 

retransformation to the pyrochlore,  presumably with x = 1.0 in this case.    In contrast 
Sr« 7Ban ,RuO,,  a high-pressure perovskite,  shows no sign of transformation up to 1100°C 

(Ref. 22). 

Preliminary magnetic measurements on the system Sr,     Pb  RuO, show that the Curie tem- 

perature falls more and more rapidly with increasing x from 160°K for x = 0 to near 0°K for 
x = 0.5.    The perovskite PbRuO, exhibits a magnetic behavior similar to the perovskite CaRuO. 

<Ref-10)- J.A. Kafalas 
J. M. Longo 
D. A. Batson 
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HI.    PHYSICS   OF   SOLIDS 

A.    ELECTRONIC BAND STRUCTURE 

1.     Optical Reflectance Spectrum of Single Crystal TigOg 

The optical reflectance spectrum of polished single-crystal Ti?0, has been measured at 

300 °K in the photon energy range 0.1 to 11.0 eV.   This material which is semiconducting at room 

temperature is  of interest because it undergoes a semiconductor-to-metal transition around 

400 °K.   In an attempt to understand the band structure, we are measuring the optical properties 

as a function of temperature.    To date we have measured only the room temperature reflectance 

spectrum, but measurements at higher temperatures are in progress.   The reflectance at 300 °K 

is characterized by a slightly structured peak around 1 eV and three other peaks at 2.8,   5.3 and 

8.2 eV,   as shown in Fig. Ill—1. 
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Fig. Ill-l.    Experimental and calculated reflectance of Ti_0„. 

In addition to the usual Kramers-Kronig analysis to yield the dielectric constant components 

e, and e_,   we have also performed a least-squares fit of the reflectance assuming that e . and 

e_ can be represented by a sum of Lorentzian-type oscillators of the form 

i = i + z 
A.o)   (oj.   — u>   ) 1   P     l 

,2 2.2  ,      2   2 
.    (w^   - OJ   )    + OJ   7. 

I 
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2.2  ,      11 
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f,  CALCULATED 

PHOTON  ENERGY (eV) 

Fig. 111-2.    Imaginary component of dielectric constant, e_, calculated from least-squares fit. 

where A. is the oscillator strength,    and the other symbols have their usual meaning.     A good 

fit was obtained with the experimental reflectance using six oscillators:   three centered around 
leV at 0.7,    1.0 and 1.4 eV and the others,    at 2.9,    4.8 and 6.8 eV,    respectively.     Figure III-l 
gives the reflectance calculated from the computed e, and e    while Fig. Ill —2 shows e   .     The 

weak oscillator strengths obtained for the four lowest energy oscillators imply that these tran- 
sitions are predominantly between d-bands.     When the measurements at higher temperatures 
have been made,  a fuller interpretation of the results will be possible. 

P. M. Raccah 
W. J. Scouler 

2.     Quasi-Particle Approach to the Optical Properties of Simple Metals 

Because of the strong electron-electron interaction in metals, many-body contributions in 
the optical absorption have to be carefully examined. The purpose of this work is to study the 
optical properties of simple metals when many-body effects are included. 

The optical conductivity of a simple metal can be expressed in terms of the many-electron 
states in the absence of the perturbing electromagnetic wave according to the Kubo formula. 
We find that the many-electron states in a simple metal can be expressed in terms of Bloch-like 
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quasi-particle-hole-pair excited states.   The optical conductivity obtained from these states can 
be described in terms of an optical mass and the interband optical absorption in a form analo- 

2 
gous to that found in the independent particle model.     Many-body effects that are included in the 

effective pseudopotential and quasi-particle energies can be interpreted in terms of the dynami- 
3 4 cal screening of the electron-ion interaction   and the possibility of collective excitations.     Nu- 

merical estimates in Na and Al indicate that moderate enhancements of the optical absorption, 

which is proportional to the square of the effective pseudopotential,  are present due to many- 

body effects.    However,   these many-body enhancements of the effective pseudopotential are also 
present in the energy band structures and thus cannot be determined experimentally.     Klectron- 

electron collision contributions are neglected in the general discussion. 
Our study indicates that the optical properties of simple metals can be calculated without 

an accurate determination of the many-body contribution provided the energy band structure is 
known from measurements of phenomena such as the dHvA effect.    Indeed our investigation con- 
stitutes a justification of the validity of the commonly used independent particle model in optical 
calculations when many-body effects are taken into account. 

C. Y. Young 

3. Theory of Surface Plasmon Excitation in Electron Tunneling,  Low Energy 
Electron Diffraction and Photoemission 

The theory of inelastic electron tunneling due to surface plasmon (SP) excitation has been 
reviewed.    It has been shown that electron tunneling is a powerful spectroscopic tool for inves- 
tigating the SP excitation spectrum.    Existing tools for the study of SP,   such as electron energy 
loss experiments,   optical excitation and transition radiation all suffer from the complexity of 
the excitation mechanism.    The various accompanying effects that can occur in the solid make 
the extraction of the SP parameters rather difficult.    In contradistinction to these tools, electron 
tunneling excitation of SP involves a much simpler mechanism.    Useful information about SP, 
such as its dispersion and damping can be easily extracted from the tunneling data.    The results 
obtained clearly indicate that electron tunneling can be developed to be a very sensitive probe 

for SP excitations.    We have recently extended the treatment of inelastic scattering of electrons 

by SP to low energy electron diffraction (LEED) and photoemission.    The theory is developed by 

using the two-potential formula of'scattering theory.    Results of the calculations give quantita- 
tive support to the interpretations of some prominent inelastic effects as due to SP excitation 
for recent experiments in LEED and photoemission carried out elsewhere. 

K. L. Ngai 
E. N. Economou * 
M. H. Cohen* 

4. Electrical Conductivity in the Hubbard Model 

The following is an abstract submitted for the March Meeting of the American Physical 
Society to be held in Dallas,   23-26 March 1970. 

* James Kranck Institute. (Iniversity of Chicago. 
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"The electrical conductivity for a system of electrons described by the single 
band Hubbard Hamiltonian is studied.    An expression for the electrical conduc- 

tivity that is applicable in the narrow band regime,   i. e.,   bandwidth,   A,  much 
smaller than intra-atomic Coulomb repulsion, U, is derived.   It is shown that the 
conductivity vanishes at T = 0 to first order in A/U for one electron per atomic 
site.     For the non-half-filled band case,   the degeneracy of the (atomic limit) 

ground state wave function plays a crucial role in yielding a non-zero value for 
the conductivity.     The theory is applied  to analyze the experimental data in 
Li-doped NiO.    It is demonstrated how, as a consequence of this theory, the COn- 

tribution to the conductivity from the narrow 3d    band is suppressed in the total 
conductivity." ß   Adler, 

R.A. Bari 
R. V. Lange' 

B.     MAGNETISM 

1.     Remarks on Insulator-Metal Transition 

In a series of papers beginning with the work of des Cloizeaux/'  the most recent one being 
that of Langer,   Plischke and Mattis,   the thermal Hartree-Fock approximation (THFA) has been 
applied to the Hubbard Hamiltonian.    The phase transition that occurs at temperature T,. has 

5   6 been interpreted '     as a transition from a magnetically disordered insulator to a nonmagnetic 
metal (with increasing T). 
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We make the following remarks: 

(a) The interpretation of the transition at Tjy[ as such a transition is in- 
correct,  since,  as calculated in the THFA by these authors,  there is 
magnetic order (antiferromagnetic) for all  T  below T^/[.    In fact,  this 
theory is essentially Slater's band antiferromagnetism which was 
criticized by Mott as being inadequate for a large class of materials 
(e.g.,  NiO),  where the N£el temperature does not coincide with an 
insulator-metal transition'. 

(b) A transition at T ~ TM probably does not occur in the exact treatment 
of the Hubbard model,   for small ratio  A/U  of bandwidth to  intra- 
atomic Coulomb repulsion.    Our reasons for making this statement are 
as follows.    In the atomic limit (A/U —0) the exact behavior (which is 
readily calculable)  exhibits no phase transition.     In particular,   the 
specific heat in the THFA shows a very pronounced  discontinuity at 
Tjy[(=U/4k),  and is thus an extremely poor approximation to the exact 
specific heat,   which is a very smooth function of T  (see Fig. III-3). 
Hence there is no reason  for  believing the suggestion,    due to  the 
THFA,  that there is a transition at T ~ TM.  for A/U small but non- 
zero.   Furthermore,  the thermal single-determinant approximation,7 

a variational generalization of the THFA which,  however,   gives the 
exact behavior for A/U = 0 (and for U = 0), yields no high-temperature 
transition for small A/U. 

T. A. Kaplan 
H.A. Bari 

2.     Theory of Spin Configurations in CrrSg 

Although there is some question regarding the validity of applying the Heisenberg Hamiltonian 
to a high-conductivity material such as Cr  S,,   it has proved a fruitful approach in other mate- 
rials with metallic conductivity, and it is of interest to establish its ability to account for the ob- 
served magnetic properties of Cr  S,.    The classical Heisenberg energy is given by 

E = Z J S*    -if (1) 
TLV,m(i  ny.mji  rw     m^i 

where S      and S       are unit vectors along the direction of spin quantization,  n and  m  run over 
ni" mjj. " r 

the unit cells in the sample,  v and p. run over the ten magnetic sites within a unit cell (shown 
in Fig. III-4),   and the J are the usual exchange constants multiplied by the spin magnitudes. 

There are nine distinct nearest-neighbor (nn) interactions to be considered,  typified by:   J    = 

Jnl,n2'  Jl,£jn6, n7'   J2sJnl,n5'   J2' E Jn4, n7'  J2"Ejn5,n8'  J3 E Jn3, n7'   J3'-,Tn2,n5' 

Jon - J  4  nf.'   anc' ^v" - ^  c,     9'   w^ere the J.  family occur along the hexagonal c-axis,   the J- 
family lie in the hexagonal plane,  and the J_ family involve diagonal sites,    [n addition,  the next- 
nearest-neighbor (nnn) interactions along the c-axis J. = J   .     ,,  J., = J  _     .,   J... = J  _ 0 _b        _ 4       nl,n3      4'        n2, n4      4"        n8,nl0 
(with intervening cation present),  and J4,M = J  j-     , (with intervening vacancy) will be considered. 

We have used the generalized Luttinger-Tisza (GLT) method    to study the ground-state spin 
configurations in Cr_S/.    In this method,   the energy of Eq. (1) is minimized subject to the "weak" 

constraint that 

2     |3"2sf    -S*     = N Z  ß~Z      , (2) 
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Fig. Ill—4.    Cation sites in unit cell of Cr S  . 
5 6 

where the parameters ß   are initially arbitrary,  but are uniquely determined in the process of 

applying the method.    The resulting minimum energy is given by 

& = E/(NJ.) = A   X   ß~ i        l'       o   v*v 
-2 

(3) 

where A    is the minimum eigenvalue — minimum over all branches and over all k in the first 

Brillouin zone — of the matrix function 

L    (k) =ß ß Z    (J /3.) exp[üT- (R       -R     )]      , (4) I'll Hv^\i.   m    ni», m|i     1'      rl my.        nv 

where (R       — R     ) is the vector separation of the interacting sites.    It is often possible to mu.        nv r & r 

choose the ß    so that a physical spin configuration (one composed of unit spin vectors) can be 

constructed from some linear combination of degenerate eigenvectors associated with the min- 

imum eigenvalue A   .    Whenever this occurs,   the GLT reasoning proves the resulting configura- 

tion to be the ground state.» 

When only nn interactions are considered,   it appears that values can be found for the ß   such 

that L( k = 0) always yields the ground state of Cr,.S,.    A map showing the different ground-state 

regions for a particular set of interaction relationships is given in Fig. Ill-5(a).    The collinear 

configurations are constructed from a single eigenvector of L(0) and the canted configurations, 

from a linear combination of two degenerate eigenvectors.    The boundaries between the different 

types of ground states in Fig. Ill-5(a) arise either from the onset of canting or from discontinu- 

ities in the canting angles caused by shifts from one eigenvalue branch to another.    Differentiation 
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among  the vertical,   horizontal,   or diagonal  interactions does not alter the topology of this 

map — it merely serves to weaken the discontinuities. 

Because of the great flexibility of the canted k = 0 configurations,  nnn interactions must be 
introduced in order to obtain a spiral ground state.   Once introduced, however, small values for 

the J. interactions have a profound effect on the spin configurations.    The value J.,,, = 0.01 J 

is sufficient to destabilize the canted k = 0 configurations in the vicinity of the boundary shown 
at J, = 0.33 J.,  J   > 0.6 J. in Fig. III-5(a),  although a somewhat larger value is required before 

a pure spiral of the type described by van Laar   becomes the ground state for any set of nn 
interactions. 

A map of the ground-state regions for J. = J., = J.,, = J4n,  = 0.05 J. is presented in Fig. III- 
5(b) for the same set of nn interactions considered in Fig. III-5(a);   a comparison of these two 

figures gives a dramatic demonstration of the effect of small nnn interactions.    The general 
shape and location of the ground-state region of the Cr^S^-type spiral are not affected by vari- 

ation of the nn interactions,  although the boundaries shift somewhat.    Consequently it appears 
probable that interactions of the J, family are antiferromagnetic (J,/j, > 0) and relatively weak 

(J, < J? < J.),   contrary to van Laar's assumption.    However,   the length of the spiral propagation 
vector k    is so sensitive to differentiation within the J, and J. families that comparison of 
van Laar's value with our ground-state calculations yields relatively little information about 
these interactions.    We can only conclude that 0.3 J. < J., < J.,  J  ,, ~ 0.9 J?,   0 < J,,   etc. 
<0.2J.,  and0.03J.< at least one member of the J. family < 0.1 J.. 

For finite temperatures,   we turn to an investigation of the magnetic free energy,   F^ 
the molecular-field approximation 

M' 

Fiur/Jj  = 2      «S     > •  H'    - (kT/j,) lnsinh[(2S    +1)H'   J, /kTS  ] M'   1        nv lN  nv'        nv      v     '   1' lv     v nv  1'        v' 

+ (kT/J1)lnsinh[Hnl,J1/kTSij}      , (5) 

where <S    > is the thermal average of the spin vector S    H'     = — £      (J /j.) <S      >.    We N  nv/ & v nv   nv m\i    nv,m\i'   1   x  mv/ 

have written a Fortran computer program which uses both the simplex and Newton-Raphson 
methods alternately to minimize this free energy,   starting from a spiral ground state.    We find 
that the phase angle and propagation vector both decrease with increasing temperature,  and that 
they vanish at some T   < T   provided that interactions of the J. family are not too strong.    The 
computed configuration above T. is ferrimagnetic,   in agreement with experiment,  but the neces- 
sity for agreement with the observed value of T, = 0.5 T    further restricts the permissible range 
of interaction strengths.    Thus it appears that 0.4 J. < J. , < 0.7 J.,   0.5 J. < J_ < J.,   0.85 J? < 
J_,,<J2,   0 < J,,   etc.,   <0.1J      and the J. family = 0.05 J. 

K. Dwight 
N. Menyuk 

C.    LASER SCATTERING 

1.     Two-Magnon Raman Scattering in KQNIF^ 

We have observed two-magnon Raman scattering from the antiferromagnet K?NiF ..     This 
material has properties of a two-dimensional  antiferromagnetic system,   and the  theoretical 
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Green's function calculation of the Raman spectrum was carried out for the quadratic-layer 

structure appropriate for K?NiF..    The experimental results at low temperature are consistent 
with the theory and give a nearest-neighbor intraplanar exchange constant J = 77.0 ± 2.0cm~   . 

10 This is in excellent agreement with the results of one-magnon neutron scattering experiments, 
-\ 

which gave J = 78.2 ± 0.3 cm     .    The qualitative temperature dependence of the two-magnon 
Raman line was observed,  and was also similar to the one-magnon scattering behavior. 

S.R. Chinn 
H.J. Zeiger 
J.R. O'Connor 

2.     Raman Spectrum of TigO« 

The Raman spectrum of Ti,0, has been studied at temperatures from 1.7° to 800'K,   using 

various excitation lines (4579 to 5145 A) of an argon-ion laser.    Seven Raman modes were ob- 
served by surface scattering (see Fig. Ill-6),  namely,  five E    modes at 228,   302,   347,  452, 

-1 -1^6 564 cm    ,   and two A.    modes at 269 and 530 cm    ,  as predicted for D, , point group symmetry. 
A strong resonant enhancement of the E    mode (228 cm"   ) intensity relative to the A      (269cm     ] 
mode intensity was observed for laser photon energies up to 2.71 eV (4579 A).    This is near the 

11 c? peak at 2.8 eV obtained from reflectivity      data.    The persistence of all Raman modes at high 
temperatures  (up to 800 °K)  in this case  implies no change of crystal symmetry above the 

1 2 semiconductor-metal transition observed      about 400°K.    Figure III-7 presents the frequency 
and intensity relative to the other modes of the A.    mode as a function of temperature.    These 
changes are interpreted in terms of electronic and unit cell parameter changes on going through 

the semiconductor-metal transition.    A more detailed account of the present work is presented 
elsewhere. 

A. Mooradian 
P. M. Raccah 

302 cm ' 
-6-8438(1)| 

Fig-111-6.   Raman spectrum of TLO- at 300°K. 
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3.     Raman Scattering from HgxCdlxTe 

Raman scattering from optical phonons in Hg  Cd,     Te has been investigated for the range 
0 < x < 1.    Surface scattering techniques were employed using an argon ion laser with sample 

temperatures between 300° and 1.7°K.    The alloys exhibited scattering characteristic of a type II 
system where both the TO and LO phonon modes characteristic of those for pure CdTe (TO = 

-1 -1 -1 -1 144 cm     ,   LO = 171 cm     ) and pure HgTe (TO = 116 cm     ,   LO = 139 cm     ) are present with in- 
tensities proportional to alloy composition.    Figure III—8 shows the experimentally determined 

optical phonon frequencies for different alloy compositions.    Strong resonant enhancement of the 

LO modes relative to the TO modes was observed for argon laser frequencies near the E, inter- 

band transition for HgTe and the E    + A    gap for CdTe.     Figure III - 9 gives the recorder traces 

for pure HgTe and pure CdTe.    Multiple LO phonon overtone processes were also observed for 
13 14 CdTe for strongly resonant pumping similar to that reported for InAs      and CdS.       The strong 

resonant behavior of the LO modes greatly aided in discriminating against the modes of trigonal 

tellurium which occurred close to those for pure HgTe when the laser intensity was strong enough 
to decompose the samples' surface.    No resonant enhancement of the trigonal modes was ob- 

15 served.    A more extensive account of this work is published elsewhere. 

A. Mooradian 
T. C. Harman 

5I45A   EXCITATION,   (f II (21 -8-8480-1 

RAMAN    SPECTRUM   OF  HgTe,  T = 1.6K 

4880A   EXCITATION,  q II (100) 

RAMAN    SPECTRUM   OF CdTe, T =1.6 K 

Fig. 111-9.    Recorder traces of Raman spectra of pure HgTe;   (top) for 5145 A excitation 
and pure CdTe;  (bottom) for 4880 A excitation at 1.7°K. 
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4.     Light Scattering from Drifted Carriers in n-GaAs 

The Raman spectrum of light scattered from single particle electron excitations in GaAs 

has been shown to be a direct measure of not only an equilibrium electron velocity distribution 
function      but of a nonequilibrium distribution when the momentum transfer is parallel to the 

field.    A Q-switched 1.06-p. YAG:Nd laser was used to backscatter from drifted carriers in n- 

GaAs (n < 10      cm     ) in pulsed electric fields up to the Gunn threshold.    The geometry for scat- 
tering is shown in Fig. 111-10.    Voltage pulses 50-nsec wide were synchronized with 100-nsec 
laser pulses at up to 50 pulses/second.    For lattice temperatures of 3 00°K,  large increases in 

the electron velocities over thermal equilibrium were observed for fields in excess of 2000 V/cm. 
Figure III — 11 shows spectra fc 
work is presented elsewhere. 

15       -3 Figure III-ll shows spectra for GaAs with n = 4X10     cm     .    A detailed account of the present 

A.  Mooradian 
A.G. Foyt 

180°   SCATTERING 90°   SCATTERING 

Fig. 10.    Sample geometry used to scatter from drifted carriers. 
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15     -3 
Fig. 11.    Raman spectrum of GaAs (n = 4 X 10     cm     ) at 300°K in backscatter geometry. 
Incident and scattered light are parallel to electric field along (100) axes. 
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5.     Acoustical Activity in a-Quartz 

A rotation of the polarization of microwave frequency (1.05 to 1.40GHz) shear waves propa- 

gating close to the optical axis in a -quartz has been observed.    This constitutes the first direct 
ultrasonic measurement of the phenomenon of acoustical activity predicted by Portigal and 

Burstein.       The magnitude of the acoustical activity is in good agreement with that calculated 
from a recent Brillouin scattering determination of the linear wave-vector splitting of the two 

transverse acoustic normal modes.    A very small misorientation of the surface normal to the 
c-axis (~ 1.5 arc minutes) strongly affects the rotation because of the presence of an anisotropic 
acoustical birefringence.    However,  the acoustical activity is easily sorted out from the bire- 
fringence, using the classical theories for the analogous problem in crystal optics.    In Fig. 111-12, 

the data are plotted and compared to the theoretical rotation for the perfectly oriented sample, 

9=0,   and the off-axis sample,  9 = 1.5 arc minutes.    The sense of the rotation is opposite to 
that of the optical activity. .   _   _,. ^ J A. S. Pine 
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