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SUMMARY OF RESEARCH GOALS AND PLANS

The research goals of this contract are as follows:

Synthesize materials potentially useful in superconducting
electronics.

Characterize the physical and chemical properties of the materials
and their surfaces with analytical instrumentation.

Form tunnel junctions on thin films of these materials and investi-
gate their characteristics.

Make transport and tunneling measurements to define the material
and junction parameters.

Explore techniques to enhance the properties of Josephson and single
particle tunnel junctions.

Make spin-polarized and electron-phonon spectroscopy measurements
on superconducting thin films.

Exploring promising unusual and advanced materials for superconducting
electronics.

Evolve practical theories to explain the properties of the super-
conducting materials and the tunnel junctions.

Compare results with the basic theory of high temperature super-

conductors to guide research in such materials.
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STATUS OF THE RESEARCH EFFORT

Development of Equipment and Facilities

Major emphasis was placed on developing equipment to synthesize high
transition temperature superconductors and superconducting tunnel junctioms.
Major emphasis was placed on improving the operation of the dual electron
gun deposition system and optimizing its performance. The water cooling
system for the electron guns was redesigned and rebuilt. The substrate
heater was changed from an electron beam unit to a resistively heated unit
to improve the uniformity of the substrate temperature. Two Inficon
IC-6000 rate monitors were installed to allow programmed control of the
rate and thickness deposited from the two electron guns. A residual gas
analyzer was installed. The base pressure of the system was then 5 x 10’8
Torr and was normally 3 x 10_7 during refractory metal depositions on a
substrate held at 400 C. To improve the system further, a liquid-nitrogen-
cooled baffle was installed. The evaporant passes through a hole in this
baffle, which is between the evaporation source and the substrate and serves
to trap much of the gas which is evolved from the source during evaporation.
This cooled baffle has led to marked improvement in the vacuum conditions

during depositions.

In addition to the above system, an rf sputtering system was modified
to allow reactive sputtering to form the nitrides of Nb and V on substrates
heated to temperatures up to 500 C. Another vacuum system was outfitted
to allow electron beam evaporation and reaction of thin films in a gaseous

atmosphere up to temperatures of 1400 C for the formation of nitrides.
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The Hewlett-Packard data acquisition system was made operational to
make and to process spin-polarized and electron-phonon spectroscopy measure-
ments. This system includes two digital voltmeters (3456 A), a minicomputer
system (87 xm) with plotter and printer. Computer software was developed
for the data acquisition system and used in the analysis of spin-polarized
tunneling measurements (see below). A cryogenic station for measuring
transition temperatures was assembled together with the substrate measuring
probes and electrical circuitry and sensors for electrical and temperature

measurements.

Several low temperature substrate holders were built to allow measure-
ments of the superconducting properties and tunneling characteristics from

room temperature to 0.45 K.

Synthesis of Superconducting Materials. NbN films were formed by reacting

Nb in a nitrogen atmosphere at near 1400 C and by rf reactive sputtering

of Nb in a nitrogen-argon gas mixture. Thick films formed by sputtering had
transition temperatures up to 15 K and their perpendicular critical fields
were higher than their parallel critical fields, an indication of the well-
known columnar structure found in NbN film made by sputtering. Films as
thin as 400 ; had depressed transition temperatures but were planar as
judged by the critical field measurements. The Nb films which were nitrided
at high temperature had low perpendicular critical fields, indicating that
the columnar structure did not develop when these films were made. This
result is particularly interesting for superconducting electronics because
it implies that NbN can be made with a comparatively short penetration depth,

thus increasing the frequency response of lines of this material.




A technique for measuring the penetration depth A of the NbN films
was developed. The penetration depth is an important parameter for
superconducting electronic applications because it is proportional to the
self inductance of a superconducting stripline. The technique uses a
tunnel diode driven resonant circuit in which a meander line pattern etched
from the NbN film is the inductive element. For a stoichiometric NbN
film 310 nm thick and TC = 15.5, A(0) = 276 nm. For a Nb deficient film
55 nm thick and Tc = 13.5 K, A(0) = 175 nm. This method appears to offer
a simple routine method of measuring A(0). For films with columnar struc-
ture such as NbN it is important to measure the self inductance rather
than the mutual inductance as reflected by an external coil because the
current configurations are different in the two cases. Our technique
more closely represents the configuration in actual electronic devices.
Also for very thin films where the kinetic inductance (that associated with
the mass of the superconducting pairs) dominates the magnetic inductance,
it is essential to measure the self inductance to determine circuit char-

acterisitcs of such films.

VN films have been successfully made by heating V films on a sapphire
substrate to about 1300 C in a nitrogen atmosphere. Films as thin as 5 nm
have been prepared with transition temperatures close to those of much
thicker films. These ultra-thin films were necessary for spin-polarized
tunneling measurements. Tunnel junctions were formed on the VN films using
amorphous Si oxidized in air. More reliable junctions were formed by treat-
ing the amorphous Si with a nitrogen glow discharge giving an effective
barrier height of 1.05 eV. Pb counterelectrodes were used. Tunneling

measurements showed that 2A/kTC = 3,7 for the VN films. showing fairly weak
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phonon coupling. Spin-polarized tunneling measurements were made at 0.45 K
with magnetic fields up to 15 T. The tunnel curves showed that the spin-
orbit scattering of these VN films is rather small although greater than
that of Al. The data have been compared with theory to obtain a quanti-

tative measurement of the spin-orbit scattering parameter, b = 0.3.

Films of Nb. Nb-Ti, and V-Ti have been prepared and are of high quality
with superconducting transition temperatures as high as have been attained
previously. A series of V-Ti alloys have been prepared over a composition

range where the becc crystal structure is stable.

Ultra Thin Films of Transition Metal Elements

o
Films of Nb as thin as 100 A were successfully made with a transi-

tion temperature of 8.5 K and 50 Z thick with Tc of 6.0 K by using a 10 to
15 R surface layer of Al to prevent the formation of Nb suboxide. Similar
films without the covering film of Al were not superconducting. Such thin
films are necessary in order to determine the spin-orbit scattering in a
magnetic field of 7 T by spin-polarized tunneling. As yet no

direct measure of this parameter has been made in good gquality samples of
the transition metal elements Nb, V, and Ta. Combined with critical magnetic
field measurements the tunneling measurements can be used to determine the
spin-orbit scattering parameter, the penetration depth, the coherence dis-
tance and perhaps the many-body corrections, thus determining all of these
fundamental parameters. The Al-coated Nb films were analyzed by XPS and
found to have no detectable trace of the suboxides of Nb, which seriously
degrade tunnel junctions. Tunnel junctions were formed by oxidizing the Al
surface layer and depositing a Pb counterelectrode. The tunnel junctions
displayed good superconductor-superconductor tunneling characteristics with

little leakage. The "knee' above the sum energy gap of the superconductors,




which is characteristic of the proximity effect, gave an indication of the
thickness of the metallic Al layer. Measurements of the tunneling conduc-
tance in a parallel magnetic field of up to 7 T showed no trace of Zeeman
splitting of the quasi-particle density of states indicating a large amount
of spin-orbit scattering in Nb. To make a quantitatively determination of
the amount of spin-orbit scattering the use of ferromagnetic Fe was tried
as the counterelectrode. This method has not yet been successful and the

tunnel barriers need improvement.

Various facilities of the Center for Materials Science at MIT were
used to analyze the thin Nb films and films of various vanadium-based
superconductors. The instruments employed include SEM, microprobe, X-ray
diffractor, and ESCA. Particularly interesting are the ESCA results on the
thin Nb which verify that a thin coating of Al prevents the formation of Nb
oxides. Depth profiles of these films using ESCA and argon ion milling imply
no oxide formation at the Nb-substrate interface. The reasons for depression
of Tc in these thin films of Nb is not as yet certain, but may be a funda-

mental property attributable to the boundary rather than a proximity effect.

Many Body Effects in Superconductors.

Another major effort was the determination of the many body effects
in Al by tunneling measurements. Using spin-polarized tunneling the energy . f.
separation & of the spin states in thin superconducting Al films in a magnetic
field was measured as a function of temperature and field near the normal- T

superconductor phase boundary. The ability to measure § in the region in- f:zﬂ

spite of the great broadening of the tunnel curves by temperature and magnetic
field was accomplished by using a ferromagnetic counterelectrode together with

the programmed data acquisition system for resolving the conductance curves
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for each electron spin orientation. A decrease in the magnitude of §
near the phase boundary was related to the antisymmetric Fermi liquid
parameter ¢ using a theory and computer program provided by D. Rainer.
This research measured G° for the first time in Al and

demonstrated that the technique is practical for high temperature super-
conductors where this many-body correction is important in the character-

ization of materials and has not been previously measured.

Further progress has been made in understanding the many-body effects
in Al by comparing the data to recent theoretical calculations of the
tunneling conductances. These numerical calculations were developed by
D. Rainer and are now an integral part of our tunneling data analysis
and are a major advance in interpreting experimental data. The agree-
ment between the theory and experiment for thin films of Al is good. Further-
more, the results indicate that the same parameters (spin-orbit scattering,
pair-breakers. and many-body enhancements) can be used to fit both the

tunneling conductance and the upper critical field.

Fourier Analysis of Tunneling Data

We have demonstrated that a specialized type of Fourier analysis,
known as Cepstrum analysis, allows determination of the Zeeman splitting in
superconducting conductance data, even for those conductances where the
Zeeman splitting in the raw data appears to be inaccessible. The determina-

tion of the Zeeman splitting for a range of magnetic fields and temperatures

can be used to measure both the g-factor of the conduction electrons and

the £ = 0 antisymmetric fermi-liquid parameter. Cepstrum analysis of the

moderate field tunneling data of Bending, Tsul, and Beasley on V,Ga show that
the g-factor is approximately 2.0. Data in higher fields and temperatures

will be needed to determine the fermi-liquid effects on the Zeeman splitting
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Moreover, finding the Zeeman splitting is analogous to finding the
delay between any two nearly identically shaped signals. Consequently,
Cepstrum analysis is used widely in many areas of engineering and physics.
It is, for example, used in geophysics to determine the delay between a
shockwave and its echo caused by an earthquake. It is also used in
similar applications in electronic speech analysis, data transmission,
doppler shifting, and time of flight estimations. Cepstrum analysis can
also be extended by keeping the phase information of the transforms and can
then be used to reconstruct undelayed signals. Furthermore, it is noted
that these methods are possible because efficient algorithm exists for
implementing Cepstrum analysis which demands neither long computer time nor

much computer memory.

Tunnel Junctions with Amorphous Ce Barriers

An extensive series of measurements has been made on the preparation
and properties of amorphous Ge tunnel barriers. Amorphous Ge forms junctions
with very low effective barrier heights (20 - 60 meV). This allows junctions

of useful impedance to be formed in the thickness range of 5 ~ 10 nm. 1In

contrast, tunnel barriers of AlZO3 have a height of the order of 1 eV and
must be 1.5 - 2.5 nm thick to be of useful impedance. The fact the Ge can
be deposited at 77 K to form quite uniform barriers makes it a candidate . 4
for applications in both quasiparticle and Josephson tunneling. Elastic

tunneling behavior has been demonstrated by observing the exponential de-

pendence of the resistance with barrier thickness in the low temperature

L Sy

region and by observing the energy gap with superconducting counterelectrodes.
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standard tunneling theory. The temperature dependence of the tunnel current

LPNT WY

’
s’ .
Pl lala

has been observed from 300 K to 1.1 K. For temperatures above 30 K the
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conduction mechanism obeys the T law predicted by temperature-activated
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hopping. Below this temperature the mechanism is mainly elastic tunneling.
However, the energy gap structure with superconducting tunneling is broadened
and there is conduction at voltages well below the gap which apparently is
not the result of elastic tunneling through a simple barrier. The effect of
plasma discharges in 02, N,, and H2 on the tunneling properties of a-Ge was

-

studied.
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San Diego. Discussed problems of forming heavy fermion films with Dr. R.
Hammond of Stanford Univ. September 1984.

Visit by Prof. O. Fischer to discuss superconducting materials. September 24,
1984.

Fermi Liquid Effects in High Field Superconductivity, AT&T Bell Laboratories,
Murray Hill, NJ talk by T.P. Orlando. October 1984.

Other publications not supported by the AFOSR contract but on related subjects.

Improved Performance Powder Metallurgy and in situ Processed Multifilamentary
Superconductors, S. Foner, S. Pourrahimi, C.L.H. Thieme, J. Otubo, H. Zhang,

T.P. Orlando, A. Zieba, A. Zaleski, S. Sekine, E.J. McNiff,Jr., and B. B.
Schwartz. Proceedings of the 1983 International Cryogenic Materials Conference
Denver, CO, published in Advances in Cryogenic Engineering, Plenum Press, A.F.
Clakr and R.P. Reed, Editors, 30, 1984, 805. DOE Support.

Low Frequency losses at High Fields in Multifilamentary Superconductors, A.J.
Zaleski, T.P. Orlando, A. Zieba, B.B. Schwartz, and S. Foner. Accepted for
publication by J. Applied Physics. DOE Support.

Low Frequency AC Losses in Multifilimentary Superconductors up to 15 Tesla,
T.P. Orlando, A. Zieba, C.B. Braun, B.B. Schwartz, S. Foner, and W. McDonald.
Proceedings of the 1982 Applied Superconductivity Conference, Knoxville, TN,
published in IEEE Trans. Magn. MAG-19, 435 (1983). DOE Support.

Critical Magnetic Field of V3Ga Thin Films with Third Element Additions, P.M
Tedrow, J.E. Tkaczak, R. Meservey, S.J. Bending, and R. Hammond. To be
published in IEEE Trans. Magn. January 1985. DOE Support.

Improved Resolution in Superconducting Tunneling Spectroscopy by Numerical
Deconvolution, G.B. Hertel and T.P. Orlando. Presented at the 17th Intl. Low
Temperature Conference, Karlsruhe, Germany, published in Proceedings of the
17th Intl. Conference on Low Temperature Physics, North Holland Press.

U. Eckern, A. Schmid, W. Weber, H. Wdhl, Editors, LT-17, 1984, 841-842. NSF.

A Novel Technique for Tumnel Junction Diagnostics, G.B. Hertel and T.P. Orlando
Proceedings of the L984 Applied Superconductivity Conference, San Diego, CA,
to be published in IEEE Trans. Magn. January 1985, NSF Support.
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