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During the past year we have succeeded in the synthesis of the first perlithio 
alkanes. tetralithiomethane, C(Li)4, and hexalithioethane. C2Li6.  We have 
also prepared hexalithiobenzene, C6Li6, and presently have characterized 
over thirty such polylithium compounds.   An intensive study of these species 
is now underway and efforts are underway to prepare other'polylithiated 
species.   It now appears that polythiocarbons will be very useful reagents 
in organic synthesis as well as important monomers and crosslinking agents 
In polymer syahesis.   The svnthesis of several types of three dimensional 
polymers and h rh temperature materials is underway and is based on routes 
involving these new polylithium species.   The preparation of a new series 
of diamond-like polymeric materials has been proposed and should result 
in a new class of high performance materials.   Very significant progress 
has been made over the last year in the polymer area, although a significant 
amount of time and effort was spent on the construction of high 'emperature- 
hlgh pressure apparatus for such syntheses.   Polylithium compounds may 
also be useful as catalysts. 
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I. INTRODUCTION 

D 
I 
" The research being carrlet. out under the subject contract has the 

/ollowlng major cojectlves: (1) develorment of rare earth doped fluorides 

and oxide materials suitable for miniaturized optically pumped lasers; 

j      (2) development of LED pumps for these lasers; (3) growth and evaluation of 

electrooptlcal thin films for optical modulators. While the program Is 

heavily oriented toward materials research It 1s ♦'eing carried out In a 

context that recognizes the Interplay between materiali research and. device 

design. 

Indeed we have found In cur mlnllaser program that In attempting to 

get efficient laser performance In an extremely small volume we have uncovered 

aspects of laser material design that other workers have not previously had 

to consldtr. These new and Important Issues are discussed In detail In a 

recently completed doctoral thesis by D.E. Castleberry, a graduate student 

who has been associated nith the program since Its Inception. The Abstract 

of this thesis Is reproduced In Sec.II and we Include as Appendix I of this 

report the Table of Contents of the thesis plus the final chapter which 

sunmarlzes the work and suggests further studies which can profitably be 

undertaken. 

Q 
With Castleberry's departure from the uroject we havt added a new 

graduate student who has the specific responsibility of putting together 

the package consisting of mlnllaser host plus LED pump. Prog^ss on the 

LED program Is described In Sec. III. The work on LED's has led us into 

a study of the quaternary system AlGaAsSb. This system allows the design 

of heteroepitaxial systems which span a large range in energy gap with 

very little variation In lattice constant. The system seems particularly 

1 
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attractive for LED « aal lasers at 1.2 ym. a wavelength at which existing 

fibers show a minimum In dispersion. 

This contract period also saw the completion of a doctoral thesis 

by R.E. Fontana, Jr. The Abstract of his thesis entitled "Potassium Tan- 

talate Niobate Thin Films for Integrated Optics Application" is reproduced 

in Sec. IV. In the final phase of his thesis research Fontana was able to 

fabricate a KTN thin film modulator which produced 90% modulation with an 

8 volt drive. This is excellent performance considering that the modulator 

itself was not optimized to give best performance but was intended merely 

as a vehicle for evaluating the electrooptical properties of the KTN film. 

The "Table of Contents" of Fontana's thesis and the final chapter titled 

"Conclusions" is attached as Appendix II. 

U In order to be able to deposit films of controlled dielectric 

index we have undertaken the design and construction of a d.c./rf 

sputtering system. The status of this work is described in Sec.V. 
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II. MINILASER DEVELOh^ENT 

2.1 Energy Transfer 

A detailed treatment of energy transfer in the sensitized HorYLr 

laser is presented in a doctoral thesis submitted recently by D.E. Castleberry 

who was supported as a Research Assistant under both the initial ARPA con- 

tract and the present contract with ONR. In his thesis, Castleberry has 

shown that upconversion can seriously reduce the efficiency of energy trans- 

fer in sensitized rare earth laser materials. The abstract of his thesis 

follows. 

"Energy transfer in sensitized rare earth laser materials 
has been studied. It has been shown that upconversion can seri- 
ously reduce the efficiency of energy transfer from the pump levels 
of the sensitizer ions to the upper laser level in materials such 
as Er3+ or Yb3+ sensitized Ho3+ laser materials and Yb3+ sensitized 
Tm3+ laser materials. A model of energy transfer in the Yb3+-Tm3+ 

system was anlayzed which showed the Importance of upconversion 
and how to minimize Its effects. The effects of upconversion 
were experimentally demonstrated in the Er3+-Ho3+ system, including 
the reduction in the efficiency of the aB-YLF laser by 50%. 

Laser operation of the LiYbF4:5% Tm, 0.251 Ho material has 
been demonstrated. Room temperature LED pumped cw operation of 
this material appears feasible. 

5    3 The Ho I7 •* H, energy transfer was studied. An approximate 
distribution function which describes the thermal equ114brium be- 
tween Ho ions in the 5I7 level and Tm ions in the ^H.  level was 
derived. ' 4 

Sensitized laser materials can be used in efficient minia- 
ture lasers. Using an Internal reflection miniature resonator, . 
single mode cw laser operation of aß-YLF was achieved in a 0.2 mm 
volume. This resonator can be easily coupled to thin film opti- 
cal waveguides". 

The material presented below, in Sec. 2.2 is also contained in 

Castlebe'ry's thesis. The experimental study of the fluorescence branching 

ratio of the Ho 2.06vim transition was carried out at the end of the thesis 

research and has not previously been reported.  The importance of this 

— - - 
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study Is that It provides Justification for the assumption. Me have previously 

used, that the Ho 1,-Tm H4 levels may be regarded as a system In thermal 

equilibrium. 
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5       3 2.2 Ho U •*-" Tm H. Energy Transfer 

One of the key energy transfer steps In Ho  laser materials 

sensitized with Tm3+ and other Ions such as Er3+, Yb +, N1 +, and Cr +, 

Is the Ho 5I7 •• Tm 
3H4 transfer. When the Tm concentration Is greater than 

a few percent, energy transfer between the Ho l7 and the Tm H4 levels Is 

very fast compared to the lifetimes of the multlplets. This is a resonant 

transfer, as can be seen from the overlap of the Tm H4 fluorescent bands 

and the Ho T- absorption bands in Fig. 1. Since the transfer is resonant, 
A 

it occurs in both directions with a rate perhaps 10 faster than the fluores- 

cent decay rate and a thermal equilibrium between Ho ions in the ly  level 

and Tm ions In the 3H4 level is reached. In order to pred^:t laser perfor- 

mance of these nvxterials, it is necessary to know: (1) what fraction of the 
5 

excited ions are in the upper laser level, the lowest level ir, the Ho l7 

I 
| 

multiplet; (2) how this fraction varies with temperature; and (3) how it 

depends on the Tm and Ho concentrations in the crystal. 

j In order to answer these questions, it is necessary to examine the 

energy transfer processes in great detail. Resonant transfer processes will 

be considered first, although nonresonant processes also play an equally im- 

portant role. Shown in Fig. 2 are the crystal field split energy levels of 

the Ho 5I7 and ^Ig and the fm 3H4 and 
3h6 multlplets in LiYF4. Also shown 

on the energy level diagram are transitions which are resonant to within 1 cm 

Since transition linewidths are approximately 20 cm" at room tempe-ature, 

there are many o:her resonant transitions possible at room temperature. 

^MMMM 
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5       3 
If the Ho I, ♦• Tm H. transfer was due to only one resonant transition. 

such as the Tm(5605 cm"1 «*■ 422 cm"1) •* Ho(5184 cm"1 ** 0 cm"1), the Ho3+ 

D 
to Tm  transfer rat'i would be given by 

WH0-TMawo ' P422W ■ P5i84(Kj) {1) 

where w is the temperature-independent resonant transfer rate constant 

between the two levels, p422 is the probability of finding the Tm ion at 

Ü 
the 422 cm" level, and P5184 Is the probability of finding the Ho ion at 

the 5184 cm'1 level. The valjes of p^CTm) and Ps^"0) are Qiven by 

the Boltzmann distribution, 

P422{Tm) = exp(-422/kT)/3E exp (-^/kT)        (2) 
H6 

P5184{Ho) = exp(-{5184-5155)/kT)5Z expC-^./kT)   (3) 

h 
where A. . is equal, respettively, to the difference between the energies 

3      5 
of each level of the Hc and I, multiplets and the energies of the lowest o / 

levels in the 3H6(0 cm"1) and 5I7(5155 cm) multiplets, respectively. 
3+     3+ 

Likewise, the Tm  to Ho  transfer rate would be g^ven by 

«T«, * HO ' wo • "seos'T"1' • "o'"0'        '♦> 
The transfer rate constant w0 is the same for WHo ^ Tm and WTm ^ Ho since 

the transfer is resonant. The p^Tm) and Pj(Ho) determine the temperature 

dependence of the transfer rates. 

Actually, there are many resonant; transitions between Ho( 1^) and 

Tm( H4), so the total resonant transfer rate is given by 

*?«,..*,■ fi ^i<Tm» •i,i(H0' (5) 

^.^■^-^   ..-      ^   -—   -         .L^--^■-^--:.- .. ■■lil^fcll  —  ^lÜJtMfc^HHdL—LM^»       . 
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where the sum is over all resonant transitions; likewise for WHo ^ Tm. 

ttonresonant transfer processes also contribute to the total 

Tm ♦♦ Ho transfer. It has been shown that nonresonant transfer rates in- 

volving a small number of phonons can be as fast as resonant transfer rates. 

Therefore, a sum analogous to Eq. 5 of nonresonant transfer processes must 

be included to find the total transfer rate 

Tm ♦ Ho w Tm 
+ WNR 

Ho  wTm Ho (6) 

where W 
NR 
Tm ♦ Ho is a sum analogous to the one in Eq. 5. Once WT Tm ♦ Ho 

and Wu  T have oeen determined, the occupation factor of the upper laser 
Ho ♦ Tm 

level can be determined from the rate equations: 

dN£ 

^t W. Tm ♦ Ho WHo + Tm ' N5, {7) 

dN. 

dt ■ W, Ho ♦ Tm W Tm ♦ Ho H, 
(8) 

The steady state solution is then 

'I. W     Tm ♦ Ho (9) 

Although the above analysis is important for understanding how 

3+      3+ 
energy is transferred between the Ho and Tm ions, the actual deter- 

mination of transfer rates by this method is not feasible. Since there 

are a large number of transfer processes in Eq. 6 and the transfer time is 

■HHflkM« ■MBMHMi      



lV>P|KiPIPWI|n5>HPWHi   -— '^^ ~  

Ü 

Ü 

u 
u 

much faster than the lifetimes of the multiplets, the use of a thermal dis- 

tribution to describe the populations of the levels of the crmbined Ho I, - 
3 

Tm H4 system is justified, AS « first order approximation, which appears 

to fit the experimental data, a Boltzmann distrihuion is used. The total 

mmber of states per unit volume available to the excitation energy in the 
5     3 

Ho I7 - Tm H4 system is 15 NHo + 9 NTm where 15 is the number of states 

in the Ho I7 multiplet, 9 is the number of states in the Tm 
3H4 multiplet, 

and N^ and Hjm are the concentrations of Ho and Tm, respectively, in the 
U 

D 

0 
0 
D 

5T "Ho 3U h H4 

3+ Likewise, the fraction of excited ions that are Ho  is 

NHo * E e 

<Ei-Eo) 
—ITT  

5,' 

fH0-   ^  02) 

■ 

i 

crystal. Then the partition function for the Ho 5I7 - Tm 3H4 system is 

. E1 - Eo        . E1 - Eo 
Z • NH0 • E e   "       + NTn, • « e   "     00) 

% \ 

where E0 is the energy of the lowest level in the Ho 5I7 - Tm 
3H4 system, 

which is the lowest level of the Ho I7 multiplet and ehe upper lassr level 

for the 2.06 pm laser transition. Then the fraction of ions in the 
5     3 Ho I7 - Tm H4 system that are in the upper laser level or the occupation 

factor for the upper laser level f is 

fu'^0      EIB 'N,—^r-^   (11) 
I e kT  +(A E e" —CT  

■ -•- --■ - 
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The fraction of Ko Ions in the lower laser level (E.) is given by 

the Boltzmann distribution describing the I8 multiplet 

-EL/kT 

I e-Ei/kT 
(13) 

The two occupation factors f an^ fL are plotted in Fig. 3 as a function 

of temperature. Neglecting loss, laser threshold requires that the number 

of ions in the upper laser level equal the number of ions in the lower 

laser level; that is, the number of excited ions (N ) needed in the 
5   _3 

Ho I7 - Tm H4 system for laser threshold is 

fuNex " fL^Ho " fH0Nex) ' 0 (14) 

Therefore, threshold requires 

ex 

v^r: Ho 
(15) 

The results of this calculation as a function of temperature, given in 

Fig. 4 for (^„/N^) « 20 and 1^ » 0, shows that at 300oK, in a crystal 

with NTin/NHo » 20, about half of the excited ions are Tm. Resonator loss^f 

will require additional excited ions AN  to obtain laser threshold 

AN ex  a 
ag) 

(16) 

where a is the emission cross section and L is the length of the gain 

media. 

1 
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The approximate distribution function in Eq. 11 is ext-emely useful 

in calculating laser thresholds from the threshold equation. To see if 

Eq. 11 adequately deicrlbes the Ho I7 - Tm 
JH4 distribution, the fluor- 

escence branching ratio of the 2.06 um laser transition line was measured, 

and laser threshold was measured as a function of temperature. 

5      3 
The fluorescence spectra of the Ho I, and Tm H, levels in 

L^Yb0 95Tm0 OS^^'^^* k'0 were measu^e<, as a function of temperature; 

examples for several temperatures are shown in Fig. 5. From this, the 

2.06 jm fluorescence branching ratio ß as a function of temperature was 

determined; *his ratio is defined as 

fc. 06 urn 
I(X) dX 

L     + 3 I(X) dX 
(17) 

'I Mi 

D 
Ö 

: 

o 
ö 

where I{X) is fluorescence intensity, the integral in the numerator is 

aver the 2.06 ym fluorescent line, and the integral in the denominator 

is over the entire fluorescent spectrum. The branching ratio is plotted 

in Fig. 6 along with the occupation factor of the upper laser level as 

determined from Eq. 11. It can be seen that ß « f . 

- -- — 
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Fig. 6 2. 06 Jim Fluorescence Branching Ratio and Occupation 
Factor of Upper Laser Level vs Temperature. 
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III. PUMP DIODES AND GaAsSb PROGRAM 

The pump diode portion of this program has continued its evolution 

into two related efforts, one to develop the coupled diode/laser unit, the 

other to investigate and develop the full potential of the GaAsSb materials 

system *rf»ich originally Mas studied solely for use in pump diodes but which. 

It is now clear, has much broader applications than was first anticipated. 

We will address each effort in turn. 

3.1 Pump Diode/Laser Unit?; 

Progress on pump diodes and on the solid state HorYLF laser had, by 

the start of the third quarter of 1975, reached the point where it was clear 

|      that development work on the elements of a mini laser was advanced enough to 

permit the fabrication of complete diode pumped User uniU. However, it 

was clear that without assigning overall responsibility for the task of fab- 

H      ricating these devices to one individual, the probability of success on the 

project would be substantially reduced. Consequently, a graduate student re- 

search assistant (Mr. John Thaias) has recently been hired and assigned the 

task of producing the minilasers. The project includes fabrication of pump 

diodes (except for the epita>y which will continue to be done by a technician) 

and minilasers (from previously grown Ho:YLF boules) as well as the c^sembly 

of the complete units. 

3.2 GaAsSb Program 

The G&AsSb program has concentrated on the growth of epitaxial layers 

(liquid phase epitaxy) of GaAs1_xSox in the range of x = 0.06 to 0.10. 

Difficulties have been experienced with higher Sb fraction layers and progress 

has been, until recently, frustratingly slow. By using a "dummy" equilibrat- 

———- i^^j^.^^^._^. ^J_..„.— ^^^ .^.... 
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Ing substrate and reducing the thickness of the layers grown, much better 

growths have now been achieved and It Is felt that many of the earlier prob- 

lems have been overcome. 

Extensive Investigations have been made Into potential applications 

of GaAsSb and the related quaternary, AIGaAsSb, In fiber optics communi- 

cation. The wavelength region about 1.2 um has recently become particularly 

Interesting because It has been reported that material dispersion in fibers 

Is negligible In this range, and GaAsSb and AIGaAsSb appear to oe the best 

candidates for light emitting diodes and diode lasers emitting at 1.2 um. 

The achievement of emission at 1.2 um will likely require using a 

substrate other than GaAs because the lattice mismatch between the required 

high Sb content GaAsSb layers and GaAs Is too great. This :an be seen by 

reference to Fig. 7. The alloy composition required would be In excess of 

20% Sb. Two alternative substrates are under consideration, InP and GaSb. 

In either case. It Is significant to note that Al-Ga-As-Sb quaternary sys- 

tem has the Important characteristic that the lattice spacing for a fixed 

As:Sb ratio Is a constant largely Indeper^snt of the Al:Ga ratio. This 

feature, which should significantly reduce the complexity of growing lattice 

matched layers of varying energy gap, does not occur In the alternative 

system, In-Ga-As-P. furthermore, the range of energy gaps accessible to 

AIGaAsSb lattice matched Inf Is greater than tnat accessible to InGaAsP on 

the same substrate. The option even exists of avoiding the need to go to a 

quaternary system altogether by growing the desired device layers of AlGaSb 

on GaSb substrates. 
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Fig 7 A comparison of the lattice constant; and energy 
gaps of the two quaternary systems., mGaAsP and 
AlGaAsSb. In the regions enclosed by the dashed 
lines the bandgap is indirect. 
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IV. KTN THIN FILMS 

4.1 Summary of Results 

Our work on KTN thin films is presented in detailed form in a Ph.D. 

thesis completed in October 1975 by R.E. Fontana. Jr. The thesis Is titled 

"Potassium Tantalate Niobate Thin Films for Integrated Optics Application". 

The abstract is given below. 

U 

0 

.. 

li 

0 

"The desirable properties of potassium tantalate 
niobate (KTN) for electrooptic applications have been known 
for some time, but the material has been used only as a bulk 
crystal. We report here the growth of KTN crystalline films 
on potassium tantalate (KTaOJ substrates and, by using the 
large room temperature electrooptic effect in KTN, the 
efficient modulation of optical guided modes confined i,i these 
films. The optical and dielectric properties of the KTN films 
have been studied and their electrooptic performance hös been 
evaluated by fabricating and testing several thin film 
diffraction modulators. The low drive voltage charactaristics 
and rlanar geometry of these modulators make KTN thin film de- 
vices very attractive for integrated optics applications. 

KTN thin films were grown using a liquid phase epitaxy 
(LPE) dipping method. Thin films were crystallized from non- 
s*oichiometric melts onto KTa03 substrates by slowly lowering 
the furnace temperature at rates of ^ 0.50C/hour. After a 
growth time of 1-2 hours at temperatures between 1100-1150oC, 
films 15-20 microns thick with rippled surface features were 
obtained. By varying the growth temperature and melt compo- 
sitions, KTa, Nb 0- films with Nb mole fractions from 
x - 0.1 to x « 0.34 were grown. Electron microprobe analysis 
showed Nb concentrations to be uniform throughout our films 
ard that an abrupt film-substrate interface existeH. 

The films were polished to remove surface features and 
to reduce thicknesses to about 5 microns. The dielectric 
properties of the KTN films were found to differ substantially 
from the dielectric properties of bulk KTN with the same com- 
position. Dielectric constants were measured from 2000 e to 
4600 e , depending on film composition. Loss tangents we?e 
large, tan 6 ■ 0.2 and resulted in ac conductivities at 
100 KHz of 10-4(fi-cm)-l. The optical loss for guided modes 
in the KTN films was in the 8-10 db/cm range. Our thin film 
modulators were operated at frequencies up to 500 KHz with 
pulse response times of 0.2 ys. In a modulator using a 
^•fl 66^0 34^3 f^m'  ^0* amplitude modulation was obtained 
witn'a drive voltage of 8 volts which for the electrode struc- 
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ture being used corresponded to a peak electric field in tne 
film of 3200 V/cm. The bwdwidths of our fabricated modu- 
lators were limited by th» power dissipation in the devices 
caused by the large frequency-dependent ac conductivity of 
the '"'ms. For frequencies near 1G0 KHz, temperature rises 
in thv KTN films as great as 20oC were calculated. 

Our work has demonstrated the feasibility of using 
KTN in thin film optics. The fact that KTN can now be 
grown in single crystal thin film form adds significantly 

u to the versatility of the KTN material system because now 
planar and integrated circuit technologies can be used to 
fabricate more efficient and compact dielectric ard optical 

U devices". 

The last phase of tha thesis work concerned the evaluation of a KTN 

film having the composition KTa-|_x
Nbx03, x ■ 0.34. This composition 

has Curie point just slightly above room temperature and accordingly has an 

exceptionally high electrooptic coefficient. The performance of a modulator 

employing such a film is demerit »d in Sec. 4.2 below, 

4.2 Performance of a KTN (x s 0.34) Modulator 

The KTN film used for tMs modulator has Nb mole fraction x a 0.34 

and was grown from a melt containing 0.1 mole % SnO-. Bulk data would pre- 

dict a value of 7200 eo for the dielectric constant for this KTN composition. 

Our measured dielectric constant from capacitance data was 4600 e . This 

film was 5-6 microns thick and has an optical index of 2.276 at 633 nm. 

6 TE and 6 TM modes could be propagated in this film and their losses ranged 

from 5-"(5 db/cm. Tan 5 for the film was ^ 0.20. The ac conductivity of 

the film is shown in Fig. 8. 

Since the KTN (x * 0.34) film had a higher dielectric constant and 

had lower dielectric conductivity than the KTN (x ■ 0.26) film, it was ex- 

pected that better performance with respect to drive voltage and bandwidth 

would result. 
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ac conductivity vs frequency for an x = 0.26 KTN film 
and an x = 0. 34 KTN film. 
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The dc modulation characteristics of the KTN (x ■ 0.34) modulator 

are shown in Fig. 9. A maximum intensity modulation of 90% was obtained 

for a voltage of 8 volts, corresponding to a maximum electric field strength 

of 3200 V/cm. The dielectric constant for the film deduced from the modu- 

lator data is 3800 eo and not the value of 4600 e from a direct capaci- 

tance measurement. At 1 MHz the device capacitance, including connectors and 

coaxial cables, for this modulator was 1000 pf, 500 pf being contributed by 

the cables and connectors. For this capacitance the predicted bandwidth, 

with a 50 ß shunt resistor across the device, is 6 MHz. The operation of 

the modulator at 500 Hz and 500 KHz is shown in Fig.10. Modulation 

efficiency is down by about 15% at tr.e higher frequency. As with the earlier 

KTN(x ■ 0.26) modulator, a small first harmonic signal distortion is still 

present in the output waveforms. 

The response of the modulator to a pulsed voltage excitation is shown 

in Fig.11. Rise times of the order of 200 ns were observed. Sinusoidal 

frequency operation up to 0.8 MHz should therefore be possible. There may, 

of course, be a difference between predicted and observed bandwidth if 

power dissipation in the film is sufficient to Increase the temperature 

appreciably. 

The performance features of both KTN thin film modulators are listed 

in Table I. The circuit limited bandwidth was calculated using the capaci- 

tance of the modulator, connectors, and cables. The actual bandwidth was 

determined from the rise time measurements with the device being driven by 

an HP 214A Pulse Generator (Internal source impedance 50 Q)  and shunted with 

a 50 n resistor. 
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Fig.   9 Central beam intensity vs applied dc voltage for 
a KTN U ■ 0. 34) modulator. 
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(a) Central beam intensity,  I ,  for 20 volt 

p-p modulating voltage, V   ,  at 500 Hz. 
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ii (b) Central beam intensity,  I0,  for 20 volt 

p-p modulating voltage,  V   ,  at 500 KHz. 

Fig.   10       Frequency behavior of KTX (x = 0. 34) modulator. 
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Table I 

Modulator Performance 

Drive voltage (90X modulation) 

ac resistance (50 KHz) 

Power dissipation in device 
(90% modulation, 50 KHz) 

Pulse response time 

Circuit limited bandwidth 

Actual bandwidth 
(Determined from rise times) 
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adulator 1 Modulator c 
^(x-o.ze) KTN(x«0.34) 

15 volts 8 volts 

6.6 kn 33 kn 

34 mW 1.9 mW 

3 ys 0.2 ys 

10 MHz 6 MHz 

% 50 KHz % 800 KHz 
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V. SPUTTERING FACILITY 

We have previously pointed out that proper electromagnetic design of 

the internal reflection cavity for the minilaser will require the application 

of controlled index coatings to one or more surfaces of the laser crystal. 

Such coatings are most conveniently applied by sputUring and,accordingly, 

we have undertaken the design and construction of a d.c./rf triode sputter- 

ing system. 

A substantial portion of this system is now complete. Both the plasma 

power supply anü the high voltage d.c. sputtering supply have been completed. 

The rf generator, after some design modifications, has been tested and in- 

stalled. 

Several components were unsatisfactory and required attention. The 

high current/cooling water feedthrough for the plasma anode had a small leak. 

The high current filament feedthroughs had sharp edges which led to arcing; 

these have been modified and fitted with shields. 

The pumping characteristics of the vacuum system have been checked 

out and the I-V characteristics of the Ar plasma discharge have been inves- 

tigated to ensure that the discharge is behaving properly. 

Test runs to check sputtering performance are new teing made. 

i) 
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Appendix I 

"Energy Transfer in Sensitized 
Rare Earth Lasers" 

D.E. Castleberry 
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CTAPTER 5 

RESULTS AND CONCLUSIONS 

It has been shown that upconversion is a very Important energy 

transfer process in sensitized rare earth laeer materials such as Er 

or Yb3* sensitized Ho3+ laser materials and Yb3+ sensitized Tm + laser 

materials.     The importance of upconversion on the laser performance of 

these materials has not previously been recognized.     Upconversion in 

these materials can decrease the efficiency of energy transfer from the 

pump levels of the sensitizer ions to the upper laser level. Ho   1^, Ho   Ig, 

■ | or Tm   H4.    Since the upconversion process is a nonlinear function of 

pump rate, its effeccs on this transfer efficiency may not be seen at the 

low pumping rates ^th which most spectroscopic measurements of these 

materials are performed.    Only at the high pamp rates needed for laser 

operation does upconversion reduce this energy transfer efficiency, often 

so severely that laser operation is not possible. 

Since the effects of upconversion are often difficult to observe, 

perhaps the simplest method of studying these effects is with a mathemat- 

ical model of the energy transfer processes which occur in these 
n 
11 materials.     When sensitizer ion concentrations are sufficiently high 

f] (> 10%)» a rate equation model can be used to accurately describe energy 

transfer within these materials.    Once a sufficiently detailed model has 

been constructed, the energy transfer processes important to laser 

operation can be determined.     The effect of upconversion as a function of 

pump intensity and the energy transfer efficiency as a function of pump 

intensity can be determined.     With a model, the concentrations of the 
* 

sensitizer and activator ions can be easily varied to enhance desired 

energy transfer processes and suppress undesirable processes such as 

-- ■   ..--^--"fc—-^-J"-'-—"-   -      ,, I lld—ai   ■***-- ■ I    ■■II - - -■- I   IflM  
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upconversion, so tbat the optimum concentrations of the ions can be 

found. 

A model of energy transfer in the Yb    -Tm     system was analyzed 

which showed the importance of upconversion and how to minimize itp 
3+ effects.     Upconversion in this system is so severe that a Yb     sensitized 

3 3 Tm   H4 ■•   Hg laser material such as LiYbF.iO.25% Tm cannot work, 

iince the energy transfer efficiency is very low at high pump rates. 

However, with LiYbF.:5% Tm. the transfer efficiency remains high, so 

that laser operation of this material appears possible, probably at 
3 3 reduced temperatures.    Since the Tm   H. "* Hg laser is a quasi threp- 

level laser, the room temperature threshold pump power with 5% Tm 

would be exceedingly high.    However, at reduced temperatures (770K), 

the terminal laser level population is much lower, and, therefore, the 

threshold pump power is greatly decreased. 
3+ 3+ An adequate model of the Yb    -Tm     system requires the measure- 

ment of ten energy transfer and decay rates;  however, in the Er    -Ho 

sysrem there is a much larger number of possible energy transfer steps. 

Thus, rather than using a rate equation model, the effects of upconversion 
3+       3+ were experimentally demonstrated in the Er    -Ho     system.     In 

LiErF^tO. 3% Ho. upconversion causes the Ho   I- fluorescence intensity 

versus pump rate to saturate at a level below that needed for laser 

operation.    In LiErF4:5% Tm. 0.25% Ho (otf-YLF), the 5% Tm 

sufficiently reduces the probability of upconversion so that laser operation 

is easily achieved.     However, upconversion is still occurring and may 

be reducing the efficiency of the o/J-YLF laser by 50%.    Although 

aß-YLF is the most extensively studied sensitized laser material, an 

adequate model of its energy transfer processes is still not available. 

Ü 
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4 Results of the Yb^-Tm3* system model led to the demonstration 

of the LiYbF4:5% Tm. 0.25% Ho laser material.    The addition of 0.25^ 

Ho does not significantly change the energy transfer model, since, in 

this material, the energy transfer from Yb3+ to the Ho % level is 

' ■    through the Tm 3H4 level.     From the success of this laser, it appears 

that its energy transfer processes are adequately understood.     With 

5% Tm, upconversion does not reduce the Yb     to Ho   I7 transfer 

efficiency, which is greater than 80% at threshold pump rates.     At 

liquid nitrogen temperatures, this material has a low threshold and 

could be easily pumped with an LED which emits less than 1.0 w/cm . 

Slace this is a quasi three-level laser material, the room temperature 
2 

threshold is greater, and diodes which emit more than 8.0 w/cm   will 

be needed.    This is not a severe requirement for an LED.     This 

material compares favorably with other LED pumpable laser materials. 

such as Nd-YAG and NdP5014. which will require LED's that emit more 

[] than 12 w/cm2. assuming the LED emission spectrum has a full width 

36 
at half-maximum of 80 nm. 

U Since Tm3+ is necessary In Yb3+ or Er3+" sensitized Ho3+ laser 

materials to reduce upconversion. another important energy transfer 

1 step is the Ho %  - Tm 3H4 transfer.    The Ho % and Tm 3H4 levels 

Ue close in energy, «o the transfer occurs in both directions with a rate 

perhaps 104 faster than the fluorescent decay rate, and a thermal 

equilibrium between Ho ions in the 5I7 level and Tm ions in the 3H4 level 

is reached.     An approximate distribution function which describes the 

populations of the levels as a function of temperature was found to fit the 

"    experimental data.    This distribution function Is extremely useful In 

predicting the Ho3^ 2.06 ßm laser threshold as a function of temperature. 

'1 
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Since high concentrations of sensitizer are allowed in these laser 

materials, the absorption length of pump light is small, typically less 

than 200 ßm.     Therefore, these materials can be used in efficient 

miniature lasers.     However, the short absorption length produces high 

pump power densities and, for a miniature cw laser, heat sinking the 

material is a severe problem, which should be investigated more fully 

in the future. 

One problem with constructing a miniature laser is how to make a 

resonator.     One possible solution is the use of a miniature Fabry-Perot 

type resonator as was used in laser testing of materials in this research. 

Another possible solution is an internal reflection resonator.     Using an 

Ü 

u 
i 
Ü 

L! internal reflection miniature resonator, single mode cw laser operation 

of a/3-YLF was achieved in a 0.2 mm   volume.     The internal reflection 

resonator laser can easily be coupled to thin film optical waveguides for 

use as a laser source for integrated optical circuits.     Future efforts 

should be directed toward waveguide coupling as well as LED pumping. 

There are many other promising sensitized lasers that have not yet 

been fully investigatsd;   for example, for operation at 770K, there is the 
o o 3+ 3+ 

1. 9 ßm Tm   H. -» "H- laser sensitized with Yb     or Er    , as discussed 
5 5 above.     For room temperature operation, there is the 3 ^m Ho   Ig-»   I7 

3+ laser sensitized with Yb    .     This laser material would require a large 
3+ Ho     concentration (> 5%) to reduce upconversion.     It also might be 

3+ 3+ necessary to add another sensitizer ion, possibly Tb     or Eu    , to 
5 quench the lower laser level Ho   I-.     Although LiYF4 was the host 

crystal used in this research, future investigation should include other 

host crystals.     Once a detailed model of energy transfer in one host is 

established, the extension to other hosts should only require the growth 

1-7 
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of a small number of crystals :o determine the rate constants, rather 

than the very long process of experimentally optimizing the material 

performance.     Future efforts in developing sensitized rare earth lasers 

should include extensive modelling of the energy transfer processes. 

Only then can optimum laser performance of these materials be expected. 
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CHAPTER 6 

O0KCLUS1ONS 

6.1       Summary 

The goal of this research was to demonstrate the feasibility of 

potassium tantaiate niobate for thin film optics.    The program included 

the growth of single crystal KTN thin films on KTaO, substrates and the 

evaluation of their dielectric and electro-optic properties.     We were 

able to successfully guide light in these films and to fabricate several 

KTN thin film modulators and evluate their performance. 

The KTN thin films were grown by an LPE dipping process. 

Thin films were crystallized from a melt, which had been stabilized at 

the growth temperature for a soak period of 12 hours, onto a substrate 

by lowering the furnace temperature at rates of ~ 0. 50C/hour for 1-2 

hours.    The composition of the KTN films was controlled by the growth 

temperature and by melt composition. 

Within our experimental accuracy, the KTN films were found to 

be uniform in composition and the film-substrate interfaces were abrupt. 

The optical loss for guided modes propagating in these films, initially 

greater than 20 db/cm, was eventually reduced to values of 8-10 db/cm. 

The dielectric constants of the films ranged from 2000 C   to 4600 f , 
o o 

depending on composition. 

The thin film diffraction modulators fabricated in this research 

were operated a: frequencies up to 500 KHz.     Pulse response times were 

on the order of 0.2 ßa, and drive voltages fcr 90% intensity modulation 

were as low as 8 volts. 

Several material problems were encountered in this work.     We 
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were not able to grow films with smooth surfaces nor were we able to 

grow films with thicknesses less than 15-20 microns.     The "as-grown" 

films therefore had to be carefully polished before any guiding or device 

work could be attempted.     The thin films were characterized by 

unusually high dielectric loss tangents on the order of 100 times greater 

than the bulk KTN values for tan Ö «* 0. 001.       As a result, the ac 
-4 -1 conductivity in these films at 100 KHz was as great as 10     (ncm)    , 

eight orders of magnitude greater than the reported dc conductivity of 
66 bulk KTN material. We found that thin film dielectric parameters 

differed significantly from reported values for bulk crystals of the same 

composition.     In particular, the paraelectric-ferroelectric phase 

transition temperatures were higher #"r the thin film material than for 

comparable bulk mater ial.     The peak dielectric constants of the thin 

films measured at the transition temperature were lower than the values 

reported for bulk KTN. 

Two device problems became apparent when the thin film 

modulators were vested.     The bandwidth of the modulators was limited 

not by device capacitance but rather by power dissipation in the device 

caused by the large ac conductivity of the films.     Power dissipation in 

the device implies an increase in the temperature of the film, a 

decrease in the electro* optically induced index change, and hence a 

decrease in the depth of modulation for a given drive voltage.     Since the 

ac conductivity increases with frequency, temperature increases in the 

film become significant as the frequency of operation is increased.     We 

also observed that the experimental dc modulation characteristics of our 

devices differed significantly, in the low voltage region, from the 

theoretical behavior which would be expected for devices using quadratic 

r^MM   -- 11 immmt ^  ittn   [«h Mil*' 
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electro-optic material.    It was shown that if the material and device 

problems described pbove could be overcome, it wovld be possible to 
« 

design a KTN diffraction modulator, using our electrode geometry, that 

would operate with a drive voltage of 2. 9 volts over a frequency range of 

44 MHz. 

5,2       Future Work 

The experimental results presented in this thesis, in particular 

the performance of our two KTN modulators, have demonstrated that KTN 

thin films can be used for the fabrication of efficient electro-optical 

devices in applications where a IDW drive voltage rather than a large 

bandwidth is desired.    However, before practical KTN devices can be 

fabricated, additional work on several materials problems is necessary. 

Specifically, the controlled growth of KTN films must be achieved. 

Film dielectric loss must be reduced and the dielectric properties of 

these films must be understood. 

An attempt must be made to quantitatively chara nerize the 

influence of soak periods, temperature lowering, and suostrate rotation 

on the growth rates of the KTN thin films.     This would be the first 

step in trying to reduce film thicknesses and to improve the film surface. 

The growth of thinner films with smooth surfaces may require the use of 

a diluted melt, i. e., the addition of a flux, to slow the growth process. 

From a device standpoint, the importance of thin KTN films cannot be 

overstated.     Besides allowing for single mode operation, thin films 

reduce the capacitance and conductance of the device, thereby extending 

both the thermal and circuit bandwidths of the device. 

The problem of large dielectric loss in our films must be studied. 

It would be interesting to see what effect SnO^ in the melt has on reducing 

-*'**"—     ■■'■J-  ■    -mim i   ......Mli^MnM.hM^J„_^ „ ■,■..,,.. ■.^^-■M^^MM^Ji.w.J 
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the films.     Our experimental evidence indicates that using Sn02 in the 

melt significantly reduces the ac conductivity of the crystallized films. 

The effects of impurities in the starting chemical powders used in the 

melt on the ac and dc conductivities of the films should also be examined. 

The issue of the dielectric properties of the KTN films and their 

marked difference; from the properties of bulk KTN material needs 

explanation.     The problem of strain on the film caused by lattice 

mismatch between film and substrate should be considered as a possible 

explanation for the difference between the thin film and bulk parameters. 

Finally, we emphasize that the major materials contribution of 

this research is the growth of single crystal KTN thin films.     In this 

thesis we have considered only the possible electro-optic applications of 

these films.     We suggest that there are several non-electrooptic 

applications which are possible with these films. 

KTN is a ferroelectric material.     When it is in its paraelectric 

state, dielectric constant and temperature vary in a well defined manner 

(Curie- Weiss relation).     Using an interdigital electrode on a KTN thin 

film, a large capacitance can be generated in a small area.    Applications 

in temperature sensing by monitoring changes in capacitance could be 

possible. 

If KTN films which were ferroelectric at room temperature could 

be grown, it would be possible to use the pyroelectric effect in KTN for 

temperature or heat sensing applications.     Though lattice mismatch 

problems between film and substrate might prevent the growth of good 

quality ferroelectric films, the fact that we wore able to cycle cur para- 

electric films through the phase transition and back to room temperature 

« 
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without any apparent damage indicates that room temperature KTN ferro- 

electric films could be grown on KTaO, substrates. 

KTN has always been a versatile material because its dielectric, 

electrooptic, and optical properties can be changed by varying the N*b 

content of the KTN composition.     The fact chat KTN can be grown in thin 

film form adds to this versatility because now planar and integrated 

circuit techniques can be used to fabricate more efficient and compact 

dielectric and optical devices. 
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Work on the minilaser host and the LED pumps has reached the point where 
we are now prepared to fabricate a packaged minilaser. An important spin-off 
of the LED program has been the recognition of the design potential 'inherent 
In materials systems GaAsSb and AlGaAsSb. These systems are very attractive 
candidates for LED's and lasers emitting at 1.2 ym, a wavelength at which 
current glass fibers show minimum intrinsic dispersion. 

Our most recent thin film KTN modulator si ows considerable improvement 
over earlier versions. We can now obtain essentially complete modulation with 
8 volts drive, a 50" reduction in voltage from the predecessor version. Film 
losses have been reduced from 20 to 8 db/cm. These improvements are attributable 
to the use of a KTN composition with higher electrooptical coefficient and to 
better control over film growth. 
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SUMMARY 

This project has two objectives:    to unravel the complex problem 

of the superconductivity in high-T   A15 materials by tunneling experiments, 

and to develop materials for practical superconducting microwave cavities. 

In this report we present two recently written articles describing our progress 

toward the first objective.    Part One, the paper:    Ljtermination of Super- 

conducting Strong-Coupling Microscopic Parameters of Nb by Electron Tunneling 

is a result of the extensive effort to develop computer soft-ware capable 

of deconvoluting the phonon spectrum from transition metal substrate junctions. 

It was presented at the "International Conference on Low Lying Vibrational 

Modes and their Relationship to Superconductivity"  (December 1-5,  1975; San 

Juan, Puerto Rico)  and will appear in the journal of Ferroelectrics in 1976. 

Analysis of the phonon data for Nb indicates that the strong-coupling theory 

of superconductivity as currently formulated is not adequate for describing 

Nb and most probably Nb-based d-band materials such as the A15 compounds. 

As such it provides the necessary   baseline for any future Interpretation 

of A15 spectra derived from superconductive tunneling. 

Part II is the paper:    A New Perspective on Anisotropy and Multiple 

Energy Gaps in Superconductors, which has been submitted to Physical Review 

letters for publication.    The research reported in this article is also 

an outgrowth of the present investigation.    In the course of attempting to 

determine the limits of the deconvolution programming as a diagnostic tool 

for poor junction quality, we have been able to connect several different 

junctions into single circuit configurations which reproduce many varieties 

of well-known (and anomalo. ^l) tunneling characteristics.    Beyond reinforcing 
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our ovm conclusions regarding the quality of our present A15 oxide barriers, 

this work can easily explain the lack of reproducibility between a number 

of studies previously reported in the tunneling literature concerning the 

intrinsic anisotropy of the superconducting energy gap in Pb and In, as well 

as other s-p band materials. Not reported in this article are the implica- 

tions for deconvoluted phonon spectra of nearly perfect junctions which we 

are presently investigating. 
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Determination of the Superconducting Strang-coupling Microscopic Parameters of Nb 
by Electron Tunneling* by J.L.   Bostock*, V.  Diadiuk, W.N.  Cheung,  K.H.  Lo, R.M.  Rose, 
and M.L.A. MacVicar, Massachusetts  Institute of Technology, Cnnbridge, Mass.    02139. 

Abstract 
The electron-coupled phonon spectrum and microscopic parameters X and y* have 

been determined for high purity, single crystal niobium from tunnel junctions fabri- 
cated with three different counterelectrodes.  Studies of polycrystalline niobium 
samples reproduce these results. All spectra compare well with phonon spectra 
extracted from neutron scattering experiments. Values of X are BCS-like and y* is 
always negative. Critical temperatures determined from our spectra compare well 
with the measured TQ'S.    Computer modeling studies describing a niobium-like 
material cannot generate an acceptable set of strong-coupling parameters. We con- 
clude that the observed behavior of Nb cannot be explained within the formalisim 
of currently accepted strong coupling theory. 

Tunneling data determines directly the superconducting zero energy gap edge A 

and the tunneling density of states N(E).  Fine structure in the conductence charac- 

teristic of the junction is a direct reflection of the electron-coupled phonon 

2 2 
spectrum, a (u))F(u)), of the superconductor.  The equations of the strong coupling 

theory of superconductivity combined with the tunneling characteristics, can be 

used ' to obtain: a2F and its associated parameters X and y*, the complex energy 

pap A(ü)) and the pairing self-energy of the superconductor 4)(a)); the renormalization 

functions for both the superconducting and normal states of the metal; and the normal 

12 3 
state electron self-energy. ' ' Thus, tunneling experiments not only provide infor- 

mation about the superconducting state, but also about the normal state. For all 

sample metals and alloys studied so far, ' ' only the electron-phonon and Coulomb 

interactions have been required to explain their superconductivity. 

9 10 
Few tunneling experiments have been carried out on transition metal compounds, 

and these results have been, at best, difficuH to reconcile with theory. T) e present 

analysis of both single crystal and polycrystalline Nb tunnel junctions indicates that, 

in fact, strong coupling theory as currently formulated and which describes quite 

effectively Isotropie, one-band materials, is not adequate for descr-bing d-band 

materials. 

The tunnel junction substrates used in this investigation were of two types: 

single crystal Nb and polycrystalline Nb foil.    The single crystal was 1/8" diameter. 

■.. . .-..,— ^j... 
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value of y* is obtained by balancing the attractive interaction represented by 

a2F (or X) by the mutual repulsion represented by p* in such a way that the zero 

frequency gap function A(A ) equals the experimentally measured value A . This 

procedure is continued until the assumed solution (a2F,p*) predicts a conductance 

characteristic with the same slope as the experimental data set. This solution is 

also self-consistent. 

It has been common law that when very reasonable values of y* (V1-.2) are 

obtained, the junction data is of high quality. ' •  •   in cases where X and M* 

are not those predicted by theory,  it has been thought that the data was not 

representative of the bulk material.   (which has often been the case * ' ). On 

the other hand, if an (additional) attractive coupling mechanism were partially 

responsible for superconductivity in a material, phonon structures in the tunneling 

characteristics would be too weak to give a correct value for A and the computer 

17 
would compensate by adjusting y* and/or X to anomalously low values.   Similarly, 

if the equations derived in the Eliashberg theory are too oversimplified to handle 

differences in coupling due to localized electrons, values of X and \i*  could 

easily be anomalous because the deconvolution is specifically designed for isotropic, 

on-band materials. 

Electron-coupled phonon spectra typical of the Mb junctions investigated in 

the present work are plotted in Figs. 2 and 3 for In counterelectrodes. A comparison 

of a2F and the neutron scattering spectrum from polycrystal Nb at room temperature 

is shown in Fig. 2. Their agreement is striking; only the longitudinal peak heights 

ire different.  (Suppression of the longitudinal peak of a2F has often been observed, 

oven in the simple metals. ' '  ) Spectra deduced frcm single crystal junctions 

.ire given in Fig. 3.  Spectra, irrespective of counterelectrode, were found to overlay 

one another with only minor differences in longitudinal peak height and shoulder 

structure. 

Although the shape of a2F is clearly accurate, the value of X and y* associated 

2 8 
with these a F are in total disagreement with theoretical predictions:  y*=-.ll and 
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X=.39 compared to the theoretical values of +.13 and .82, respectively. "  In fact, 

a negative u* has no meaning within the strong coupling theory unless it is interpreted 

to mean: either that there exists some other attractive electron interaction besides 

pairing, or that theory is inadequate to explain simultaneously the weak phonon 

structure and a high gap value (1.56 meV for Nb). 

In order to determine if low bias data inaccuracy was the cause of these anomalous 

values of>A* and Jl, careful measurements from 2meV above the gap edge, outward, were 

made on a single crystal Nb:Au junction. Although the normalized conductance data 

varied only slightly from that previously taken 3 to 5 meV (far below structure 

Ü20 
in a2F for Nb), y* was reduced by 0.2 and X increased by only .05.   In this 

region, y* will never become positive or even zero. A second approach to "improving" 

the values of X and \i*  is to lower the gap value. To obtain a value of y* comparable 

to theory the gap of Nb would have to be lowered to M.3 meV from the experimentally 

determined value of 1.56 meV; even then X is ar too small (V75) compared to 

theoretical predictions. This numerical procedure might work poorly for Nb because 

its density of states falls beneath the appropriate BCS curve in contrast to the 

1,5 
m behavior of all other materials that have been deconvoluted. 

Previous studies9,10 of Ta, La, and Nb3Sn tunnel junctions hav« proved far 

more difficult than those of the s-p materials.  In particular, early Ta and La 

junctions had far weaker phonon structures than those suggested by their gap values. 

Subsequent improvements in junction fabrication confirmed the claims of these researchers 

that surface region effects were the cause of attenuated structures in their conduc- 

tance curves. One means of determining whether such a problem exists in experimental 

data is to artifically amplify the observed structures and deconvolute the resulting 

data set.  If attenuation is occuring, the amplified data set should converge to an 

a2F with more reasonable values of X and y*, whic>> Ta and La did.  It was highly 

unlikely that this phenomena was occuring in Nb because of the good agj«ement of a F. 

and the neutron scattering data. Nevertneless, various amplification techniques were 

applied (mainly to Nb:Au data sets).  In all cases, as y* increased toward theoretical 

mmmmm**-—^               ,. 
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acceptable values, X grew to a value of 2 or greater, and the associated T values 
c 

8 21 
grew to values uetween 15 and 27 K, '   In fact no amount of "playing" with the Nb 

experimental data set reproduced currently accepted values for the microscopic 

parameters of Nb. 

In order to understand more clearly the related behaviors of X und y* as a 

function of ot2F for a given Nb gap edge, computer modelling studies were carried 

out. Three different spectral shapes for ot2F were assumed (double Gaussians a la 

the Nakagawa-Woods spectrum, an equal peaked spectrum, and the experimentally 

observed spectrum) and y* was set at various values; the resulting X and T were 

then calculated. Surprisingly, as y* varies from +.15 to -.11, T goes through a 

raaxipum for all three shapes while X steadily decreases. For y*=-.ll, all models 

yield a calculated Tc close to that for Nb. When y* is positive and V15, only 

the Nakagawa-Wood's spectrum reproduces McMillan's original calculation; the other 

spectra require X between 1.5 and 2.0 to obtain a T close to 9 K.22 The structures 

in the experimental density of states are compatible only with the model spectrum 

based on the deconvoluted spectra shown in Fig. 3. 

Although the junctions in this investigation are still not perfect, they are 

clearly of a previously unobtained high quality. Fifteen junctions having either 

polycrystalline or single crystal Nb substrates with three different counterelectrodes 

tive similar Nb electron-coupled phonon spectra. Careful and accurate measurements 

of the superconducting density of states near the Nb gap edge indicate that the 

values of X and y* characteristic of these junctions are 'v.S? and -.75, respectively. 

Considering the quality of the experimental data, the results of computer modelling 

and the agreement between tunnel junction and neutron scattering phonon spectra. One 

concludes that the currently accepted formalism for strong coupling superconductivity 

iü inadequate for describing Nb. 
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Figure Captiois 

Figure 1. Tunneling Characteristics from an annealed polycrystalline-Nb: In 
junction of area 0.3 mm2, ANb=1.51 meV, AIn-0.55 meV, resistivity 
ratio of 57, and Tc of 9.05 K. 

Figure 2. Comparison of a2 |.(Jü)F(U)) from a polycrystalline-Nb: In junction with 
F(cü) from neutron scattering.17  (The heights of the two spectra at 
transverse peak are arbitrarily set-equal.) 

Figure 3. Electron-coupled phonon 3p^ctra obtained from two different single 
crystal-Nb:In junctions (areas ^0.5 mm2). The measured Tc of both 
crystals was 9.22 K; the resistivity ratio of August was 483, of 
June, 186. 
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A NEU PER5FLCTIVE ON ANISOTROPV AND 

MULTIPLE ENERGY GAPS IN SUPERCONDUCTORS* 

by 
i 

K. R. Milkovev o. Bostock, and M. L. A. MacVicar 

Q Department of Physics 
Massachusetts Institute of Technology 

Cambridge, Mass. 02139 

ABSTRACT 

Evidence is presented which shows that widely accepted anisotropy 

and multiple energy gap Interpretations of superconducting tunneling 

data are consistent vith a simple voltage divider model, and thus, 

may not relate to mtrinsic superconducting properties.    The model 

also accounts for other commonly observed data anomalies. 
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A NEW PERSPECTIVE ON ANISOTROPY AND 
MULTIPLE ENERGY GAPS IN SUPERCONDUCTORS* 

BY 

K. R. Milkove, J. Bostock, and M. L. A. MacVlcar 

Department of Physics 
Massachusetts Institute of Technology 

Cambridge, Mass.    02139 
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The interpretation of anisotropy and multiple energy gap 

effects in superconducting tunneling data has been a popular 

1-9 
endeavor for a decade or more      .    Behavior of the energy gap(s) 

as a function of crystallographic direction has been of prime 

interest, and the relation of observed anisotropy and multiple 

g^ps to the tunneling phonon density of states has been explored. 

Accurate, reproducible results, however, have been difficult to 

obtain and inconsistencies are common not only between experiment 

and theory6,10 but between experiments1,2,5,6'8,11,12' 

When two high quality junctions of identical electrode 

energy gap values are connected in a parallel configuration, we 

observe tunneling data that is typical of much of the data reported 

in the tunneling anisotropy/multiple gap literature.    Our curves, 

if analyzed as if they   were curves irom an individual (one) 

junction give two different values of energy gap for the electrode 

material being investigated, at least one value seemingly anisocropic. 

From the voltage divider model described below, we have been able both to 

predict and to obtain tunneling characteristics incorporating features that 

^MMMMM ■ ■»■—>i n ■—___ 
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completely reproduce those characteristics previously thought to 

be based on the existence of several gaps in a given material13. 

The fact that our curves are actually obtained from a configuration 

of two junctions, each of identical gap values, strongly suggests 

that anisotropy and multiple energy gap effects previously reported 

to be Intrinsic to certain superconductors may not be fundamental 

effects at all. Rather, these may be the result of a less-than- 

ideal junction fabrication or geometry that produces an experimental 

condition equivalent to our bi-junction voltage divider model13. 

Two bulk-Nb/Ox/In-film superconducting junctions of resistances 

J1 and J2, respectively, and of known I-V and dl/dV-V characteristics, 

were connected in one of two parallel configurations as shown in 

Figure 1. Consider, for example, configuration 1(a). To obtain 

composite I-V characteristics, the current across R and the voltage, 

V^ across ^ were displayed on the Y and X axes, respectively, of 

an X-Y recorder. For composite dl/dV-V characteristics, dl/dV (sensed 

across Rc)and V1 were displayed. The existence of R in one leg 

of the configuration is essential. In our experiments, this resis- 

tance was external to the cryostat and could be varied from a 

fraction of an ohm to more than a megohm. Conventional I-V and 

derivative electronic tunneling circuitry and four-point probe 

connections were used. Configurations 1(a) and 1(b) were investigated 

for two junctions prepared on a common Nb substrate with separate 

In counterelectrodes, as well as for two junctions prepared on 

separate Nb substrates with separate In counterelectrodes. Our 

t^am 
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observations were the same in both cases. 

Typical I-V and dl/dV-V data for configuration 1(a) are 

shown in Figure 2. This bi-junction configuration results in 

characteristics with sum gap structure at a bias equal to UNb
+Ajn) 

as usually expected for J,. However, the fact that current is also 

flowing through J2 results in "anomalous" structure at the bias 

Vanom " ÖT+TT V2 * anom  J1 +R 

[J, is the static resistance of junction 1 when its bias, V1, equals 

(Vo-V,, ).] The observed characteristic is the resultant of the super- 
2 RP 

position of the characteristic of leg J2 and leg J^Rp- When V1 equals 

^Nb+AIn' which is the sum 9ap ed9e of Jr V2 exceeds J2,s sum 9ap twhich 

is also UMK+AT )] by VR . Thus, the recorder tracing exhibits "anomalous1 

P 
structure below V1 ■ (ANb+AIn) by an amount VR . (Again we emphasize 

A.lt is the same for both junctions and AT„ is the same for both.) No in 

Clearly, the degree of development of this anomalous structure 

depends on the relationship of R to J.. 

The magnitude of leg O-pRp in relation to leg Jg determines 

the relative amplitudes of all J2 and J, structures in these 

characteristics. For various values of R we have observed dif- 

13 
ferent ratios between "anomalous peak" and sum peak amplitudes. 

If the characteristic shown in Figure 2(b) were to be 

obtained fron what is thought to be an individual junction rather 

than from the bi-junction configuration actually used, researchers 

would be likely to interpret both Vanrtm and V iim as biases corresponding 

to the existences of two different bulk Nb energy gaps 0" to two 

1 
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different thin film In energy gaps. Because R will vary from 

supposedly individual junction to supposedly individual junction, 

at least one of the two values may appear anisotropic. 

Characteristics for configuration 1(D) are also a superposi- 

tion of leg J2 and leg J-|:RD- However, since it is now Vg which 

is displayed on the recorder, "anomalous" structure in I-V and 

in dl/dV-V appears above the bias V2 equals UNb+AIn). by an amount 

VD . Again, researchers analyzing our curves as the characteristics 
RP 
from an individual junction would conclude that two energy gaps 

(where at least one appears anisotropic) must exist in one or the 

other of the electrodes. 

Figure 3 shows examples of junction characteristics reported 

in the literature and analyzed in terms of anisotropy and/or 

the existence of multigap values7,8. The similarity of these 

characteristics to our results are striking. A number of experiments 

have relied upon observing variation of tunneling structure with 

temperature as proof of the intrinsic nature of the anisotropic 

and/or multiple gap values determined. In our experiments it is 

clear that all structures, including V . will be (and were) 
onofn 

observed to have the usual energy gap temperature dependence. 

A prediction of our voltage divider model is that phonon 

structures of both junctions 1 and 2 will show up in the characteris- 

tics of our parallel configurations! displaced (or even split) vR 
13 p 

apart in energy . Depending on the value of R , a longitudinal 

structure and a transverse structure might not be observable for 

*•* -*■-—■ 
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I each Junction, ft Is interesting to note that both a splitting 

of phonon structures and observations of the usual phonon structures 

have been reported by dlffe ent authors for supposedly equivalent 

r        lead junctions characterized as having multiple gaps5'6,8,11,12. 

From a configuration of a series resistance In one leg of 
a Parallel circuit containing two Identical tunneling junctions 

of single gap value electrodes, we have obtained characteristics 

that reproduce those that have been interpreted as proof of 

anisotropy and/or multiple values of the energy gap in supposedly 

individual junctions. Since the current experimental and 

theoretic?.! literatures on anisotropy and multi-gap values in 

superconductors are based largely on the interpretation of tunneling 

data, our ability to artificially generate apparent anisotropy 

and multiple-gap effects suggests that a re-examination of the 

tunneling evidence for such effects is mandatory. 

It may well be, for example, that a film counterelectrode 

can be sufficiently strainecT* so as to produce two parallel 

current paths through the barrier; e.g» one path involving a crack 

Rp. (This situation would be prone to occur, for example, in thick 

film junctions.) In principle, one is not restricted to bi-junction 

configurations; under various fabrication conditions, we can 

envision three or more junctions in parallel in a nominally 

single junction sample. With varying values of series resistors 

in each leg, complex I-V and dl/dV-V characteristics can be 

obtained, looking not dissimila'- to characteristics frequently 

«MMMi^MM^                           ,        



1 ■  ■■ 

i 
D 
0 
D 
D 
Ü 

D 
I 

•6- 67< 

observed In tunneling experiments Involving an Inhomogeneous 
13 

electrode. 

The authors wish to thank Mr. Nathan Cheung and Mr. Jame' 

Gregory for listening and for thoughtful discussion. 
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FIGURE CAPTIONS 

Figure 1   Two configurations for parallel tunneling junctions 

of resistances J1 and J2, with a variable resistor, 

R . in series with one junction. R is a precision 

resistor for measuring current. J, and J2 have identi- 

cal electrode and counterelectrode energy gap values, 

Aj^ and A. , respectively. 

(a) Measuring voltage, V-j, across J, yields characteristics 

with major structure observed just below the su-n peak 

bias.(ANb + AIn). 

(b) Measuring voltage, V2, across Jg yields characteristics 

with major structure observed just above the sum peak 

bias.(ANb + AIn). 

II 

U 
Figjrq 2(a) I-V1 curves for J1 = 40« and J2 = 17« connected in 

r] configuration 1(a) for various values of R  (T M.ZK ). 

U (b) I-V1 and dI/dV-V1 curves for J1 = 32« and J2 = 305« 

connected in configuration 1(a). R = 16« is sufficient 

to produce "anomalous" structure below the sum peak, 

Vsumiin the derivative characteristics, while acting 

only to broaden the I-V, current step. For a very 

small value of R relative to J, a single, asymmetric 

derivative sum peak is obtained. (T % 1.20K.) 
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Figure 3 Examples of junction curves from the literature. 

(a) Al-Al film junction I-V characteristic taken at 1.14K. 

The top Al film was very thick.    The curve was analyzed 

to give two gaps in that film:    2A   - 0.17 mV and 

tA' ■ 0.36 mV (Ref. 7). 

(b) Pb-Pb junction dl/dV-V cnaracteristies taken at M.7K 

on a single-crystal  lead film substrate 3.5y thick. 

The bottom curve is taken on one junction; the top 

curve is tiken on a second junction fabricated 

on the identical single crystal film substrate 

after it hie been reoxidized in warm oxygen for 

twe nours (Ref. 8). 
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Chemical Synthesis Using High Temperature Lithium Vapor Species 

Abstract and Objective 

Recent work in our laboratory has resulted in the discovery of 

several new routes to polylithiocarbons, perlithiocarbons, and inorganic 

polylithium species.  Previously for these classes of compounds, there 

were very few known examples, and there were no general synthetic routes 

in the literature. The new synthetic nethocc are all in the early stages 

of development and all Involve the reaction ol high temperature lithium 

vapor in the range of 800 - 1000oC with various organic, inorganic and 

polymeric species. During the past year we have succeeded in the synthesis 

of the firrt perlithioalkanes, tetralithiomethane, C(lji)4 and hexalithio- 

ethane, CZ.AQ.    We have also prepared hexalithiobenzene, CeLie» and pre- 

stntly have characterized over thirty such polylithium compounds. An 

intensive study of these species is now underway and efforts are underway 

to prepare other polylithiated species, it now appears that polylithio- 

carbons will be very useful reagents in organic synthesis as well as 

important mcn'/ners and crosslinking agents in polymer synthesis. The 

synthesis of several types of three dimensional polyr.ers and high tem- 

perature mitorialc is underlay and is bac2d on routes involving these new 

polylithium species.  The preparation of a new aeries of diamond-like 

polymeric materials has been proposed and should result in a new class of 

high performance materials. Very significant progress has been made over 

the last year in the polymer area, although a significant, amount of time 

and effort was spent on the constructon of high temperature - high pressure 

apparatus for such syntheses. Polylithium compounds may also be useful 

as catalysts. 
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Summary of Research Progress in the Syntheüis Characterization 

tod Reactions of Polylithium Compounds 

8-16-75 

0ver the Past three months, this project has reached a degree of 

^       maturity such that the phase of rm  research program involving the synthesis 

of polymers and diamond-like materials has been initiated. The initial 

studies in several areas have been very promising. However, the major 

problem remains the purification and separatioi. of t.ie novel polylithium 

compounds. 

The p._ymer synthesis nrogram is developing in three different 

Wm,    These are the synthesis of polymers in a high pressure - high 

temperature apparatus, the synthesis of three dimensional polymers in solu- 

tion, and the synthesis of polymers by means of gas phase reaction. The 

first high pressure - high temperature ttudies were conducted a month ago 

in a tetrahedral anvil system. A large amount of effort has been devoted 

over the past year to the construction of a large high temperature - high 

pressure press which is capable of obtaining 40 Kilobar pressures at 

400oC with significart reaction container sizes on the order of 2 inches 

in diameter. Calibration runs were made in November on thir, new apparatus. 

Because the starting materials for these polymer syntheses had been pro- 

duced in our program several months ago and because the potential value of 

these experiments is so great, a graduate student was flan to a tetra- 

-       hedral ^ vil facility in Houston to conduct preliminary studies on the 

{J       program and in a related u-ea. Even though the container size for such a 

high pressure device is only one-eighth inch in diameter, eight experiments 

U       were conducted. The results are now being evaluated. With the completion 

of the larger scale high pressure apparatus extensive experimentation will 

^e undertaken in this area during the next fiscal year, with this being 

one of the most important efforts anticipated. 

Very promising and exciting results have been obtained in the 

development of synthetic reactions in solution between monomer polylithium 

compounds and difunctional alkanes. The reaction of dilithiomethane, 

HzCLis, with methylene chloride, HsCCls, and with 1,2 dichloroethane have 

yielded hieher alkei« and a polymer which is very much like polyethylene. 

This result is a giant step toward the synthesis of three dimensional 

»■i i. mi  i        
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polymers from other polylithium compounds and indicates the feasability of 

such processes. Efforts to maximize and establish the molecular weights 

are underway. 

The discovery that polylithium compounds such as C^LU  "ay be 

vaporized without extensive decomposition has led to an experimental pro- 

gram designed to study the reaction of such vapor species with difunctional 

monmeric materials. The degree of polymerization of such reaction products 

Is under study. 

Earlier in our program, a study of the reaction of carbon tetra- 

chloride, CCI4 and the reaction of hexachloroethane C2C16 was conducted 

with lithium vapor at a 1000oC.1 The products of the initial reaction 

were tetralithiomethane CLi4 ai:d tetralithioethulene LisC-CLia-  (See 

Figure 1.) These compounds were characterized and it has been found that 

they react with various organic and inorganic subotrates in the manner 

characteristic of other lithium expounds such as tie   conventionally 

prepared monolithium compounds. This experimental result provides evi- 

dence of the suitability of such polylithium compounds for reactions as 

monomers in the proposed dicjnond-like polymer systems. Subsequently, the 

reaction of hexachloroethane (seo Ficure 2) with lithium produced hexolithio- 

ethane in approximately 60 per cent yield. Again this material has been 

shown xo be a potentially reactiv« r-or.r.er. 

A study of the reaction ..{  carbon vapor generated from a carbon 

arc apparatus at 2500oC (see FlfUTt 5) MM undertaken to establish an 

alternative method for synthesizing polylithium compounds.2 (See Figure 

4i-) The principal product was C^U  which appears to have the allene 

structure and might be an attractive monomer. Varying amounts of tetra- 

lithiomethane and tetralithioethylene were also produced in this study. 

A third publication has resulted from the reaction of lithium 

vapor with benzene.  While for most of our systems the reactants are 

admitted to the reactor at room temperature and reacted with the high 

temperature lithium vapor, initial studies giving a small yield of hexa- 

llthiobenzene prompted us to do a nore extensive study based on the reaction 

of lithium vapor plus be.izene at various temperatures. A new type of 

reactor was designed for this purpose. At room temperature one gets a dis- 

tribution of lithiated benzene ranging from over the rajge of C«Li« H 
. -n n 

wnere n = 1 to 6. At room temperature the species of highest yield is 

dilithiobenzene. As one raises the temperature progressively to 800oC a 

M iMM «MM MM 
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,«■ 
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LA. Shlmp and R.J. Lagow, A Am.Chem. Soc.  95, 
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shift toward the higher ttMtM polylithium compounds Ig  noted. The 

temperature of the benzene is raised to 9000C and a striKing new result 

J      is attained. One begins to ootain polylithiated cyclohexanes from the 

benzene starting material. This resets from a tendency for the lithium 

J      to add to the double bonds as well as replace the protons on the ring. 

Studies were made up to temperature of 1200oC producing such striking 

•j      compounds as perlithiocyclohexane and V-eLi^.    it has been found subse- 

quently that the reaction of hexachlorobeniene with lithium provides a 

much cleaner route to hexalithiobenzene.4 

The reaction of methane gas with lithium has also been extensively 

.--      investigated.  We predicted and found that lithium at 1000° will not react 

,U      with methane gas at room temperature. The activation energy for this reac 

tion appears to be in the 30 kcal mole range. Lithium at 1000oC usually 

jj      has about 3 kcal mole of tr^nslational or kinetic energy and only a very 

small percentage of lithium in the first excited electronic state. There- 

lj      fore, the activation energy for the lithium-methane reaction is not likely 

to be available under these reaction conditions. The reaction between 

methane and lithium would be a very important OM for the p.-cduction of 

tetralithiomethane which we consider to be one of the important materials 

in subsequent polymer synthesis. We have used several approaches to provide 

the activation energy for this reaction. WP have found that if we either 

-       electronically excite the lithium or vibrationally excUe the methane 

the reaction proceeds in a satisfactory manner. We have conducted an experi- 

ment in which the methane was heated to 900oC ard obtained satisfactory 

results. Increasri temperatures populate higher vibrational strates in the 

methane and thus allow a very significant decrease in the activation energy 

of the reaction. We also used a radio frequency source to excite the i 

J       lithium vapor electronically and produced a successful reaction. Still 

another piece of work has been done mU*  a methane plasma source which 

J       vibrationally excites the methane and allows the reaction to proceed. The 

most important result in this area is discussed in the "newest results" 

1       section and involve the study of the reaction of lasar induced electronically 
J      excited lithium. 

• In the rtudy of tetralithiomethane, a fourth synthesis is being 

j       completed which involves initial srmhesis of dilithiomethane and subsequent 

pyrolysis to give a substantial yield of tetralithiomethane.6 Uring this 

J       method we have obtained substantial quantities of tetralithiomethane. 
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■     Extensive work has been done on solvent systems for tetrali whiomethane so 

I     that one may do the polymer synthesis in solution  Several successful 

solvent systems are being developed and the concentrations of the poly- 

_     lithium compounds in solution are being detennined by Mi studies and 

i,     the preparation of derivatives. 

' An extensive study has been rece .tly completed on the reactions 

hi      of olefins with lithium vapor.  (See Figure 5.) A large number of new 

polylithium compounds such as tetralithio cyclohexadiene, 2,3 dilithio 

2 butene, 2,3 tetralithio 2 butene, 1,2 dilithio isobutane, 1,4 dilithio 

2 butene, and 1,2 trilithio isobutane have been prepared in this study. 

We have seen instances of both substitution for hydrogen on sites requir- 

ing a low activation energy for reaction and addiUon to double bonds. 

This Ltudy has established another general route to polylithium compounds. 

Studies of reactions of inorganic speciei with lithium have also 

been undertaken. The reaction of silicon tetrachloride, SiCl4, with 

H      lithium has been recently studied and the polylithium compound SiLi4 was 
o 

obtained in good yield.  Hydrolysis and deuterolysis of the compound 

produced silanes and perdeutero silanes. A subsequent study of the reac- 

•       tion of tetralithiosilane wit i methyl chloride resulted in a 15 psr cent 

yield of tetrameth^l silane indicating that the SiLi4 is also a potential 

monomer. The reaction of ECI3 and FCla are currently under study. A fair 

yield of trimethylborane B(CaU)a was obtained from the reaction of Blia 

with methyl chloride. Additionally the synthesis of polylithiated car- 

boranes has been attempted and a workup is now in progress.  Isolition of 

a higher purity SiLi4 is being undertaken.  It should he pointed out that 

if the diamond syntheses from tetralithiomethane are successful, f. syn- 

thesis of a silicon analog for a diamond will be attempted using the 

SiLi4. Such a diamond-like silicon structure would have many unusual 

electrical and physical properties. This type of structure has been the 

object of numerous unsuccessful synthetic studies utilizing the phase dia- 

gram of silicon. This potentially valuable species has previously eluded 

all other synthetic approaches. 
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Most Recent Results 

I 
•■ One of the most exciting recent resuitr. in this area is the 

"ll     «ynthesis of the first polylithium ethers. CLLLOCgLL has been prepued 

»Ij      recently and is b Ing characterized. Thif. development opens many possi- 

bilities in the ;jolymer area such as using structurer. with ether linkages 

as monomers and the possibility of obtaining other ox.gen containing 

polylithium compounds. 

Another completed study has indicated that perlithiocarbons may be 

obtained by the reaction of lithium vapor with partially chlorinated 

hydrocarbons.  Perilthio propane CaLie has been obtained from several 

monochloro isomers. Similar reactions have produced other novel polylithium 

compounds. These results suggest that the replacement of a halogen by 

lithium is so exothermic, that th« activation energy required for the 

lithium to abstract hydrogen is available. The result is similar to that 

obtained with a vibrationally excited alkane and suggests vibraticnal 

excitation. 

Recently structural studie. have been initiated on several poly- 

lithium compounds. We have been interested in the lithium and carbon 15 

NMR spectra and ttv laser-raman spectra oi" polylithium compounds both 

in solution and in the solid state.  Very encourajing results have been 

obtained.  Such studies will also lead to accurate nethods for determina- 

tion of concentration of reactive polylithium intermediates in solution and 

for identification of r^lylithium compounds. 
J> 10 

A ma.ior br^al.through  of great significance in synthetic chemis- 

try and ol prime interest in physical chemistry has ccme about through a 

collaboration with Professor J. S. Steinfield of our department.  Litkini 

vapor generated at 1000oC has been selectively excited to the first excited 

i      electronic state (1.55 ev t.bove ground state) with a tunable dye lasar i.i 

80 per cent yield. This electronically excited lithium has been found to 

react very efficiently wUh methane in contrast to no reaction at all when 

lithium is in the ground state.  This reaction opens a whele new field of 

synthetic chemistry: the reaction of electronically excited lithium vapor. 

This chemistry will surely differ gr^atlv from the chemistry of lithium 

vapor in the ground state. This event is also very significant because 

it is believed to be the first study of any syi thctic reaction of a 

selectively electron, cally excited metal vapor and because it may provide 

input into sy thetic routes to Cli4 and C2Lic. 
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Crystal structures of two of the new polyli'nium compounds have been 

completed in collaboration with Prof. Galen Stucky of the U,   versity of Illinois. 
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