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ABSTRACT

Far infrared techniques in the range 10 to 200 cm~! (1 to 25 meV) will

be used to examine the high temperature superconductors V_Si, Nb.Ge, and Nb,

3 3
and the high-temperature granular superconductor NbN. Fourier énd laser
spectrometers and the new technique of laser thermal spectroscopy will

yield information about the electron-phonon spectral function,:the temperature

dependence of superconducting properties, and.other fundamental aspects of

- high temperature homogeneous énd inhomogeneéus superconductors. A detailed

theoretical analysis will complement the experimental work. The information -
gained may help in the basic understanding of high temperature.superconductiVity

and in the development of improved superconducting materials for applications.
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High temperature superconductors have gap energies which lie well
within the far infrared range 10 to 200 em~!, and spectroscopy inAthis
rezion is an effective tool for probing these materials. Since the
high temperature materials, especiaiiy the A—lS family, are not yet
fully understood and offer important technical poteptial theif study
in the far infrared is well worthwhile. Although far iﬁfrafed_methods:
were used early in the investigation of superconductivityl recent
advances in.iﬁstrumentation——notably Fourier transform spectroscopy
-and thé advent of the far infrared léser3——have vastly increased the
scoée of possible experiments.

Far infrared methods can also contribute to another current area
of super;onductor research,'that of inhomogenous or granular systems.
Some of theée systemns include high—temperature‘superconductors such as
V3Si or NbN. The granular systems are of major fundamental imﬁortance
because of the many unanswered Questions about grain—to—grain coupling
and the possibilities of one- and two-dimensional behavior. There are
also strong device possibilities on two fronts. First, thé extra degree
£ freedom involved in mixed systems like a superconductor/insulator com-
bination encourages new kinds of material tailoring as has been diséussed
by Tsuei.5 Second, any system which may in some respect contain a large
number'of coupled Josephson oscillators has.most intriguing possibilities
for microwvave/millimeter wévc dévices. -The pré%ence‘of~Josepﬁsgn “
coupling may also produce fér infrared phénomena. Virtually no far

infrared work has been done in --high temperature granuiar systems.
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This proposal reviews a year's activity under Devartment of'Energy

auspices in the far infrared study of the high temperature superconductors

VS, M

3Ge, Nb, and granular NuN. Following the progress report a

proposal for a second (renewal) year will be presented.

"~ PROGRESS REPORT

Activities in the~contract year now ending include: the first laser
thermal spectroscopy measurements in V3Si,6 establishing: the vaiidity
of this new method and giving additioﬁél information about thi§>important
A—lSlcompound; the initiation of detailed theoretical analyses.bf our
data to give ﬁore reliable values of the electron—phononiépectral
function o?F(w) and to coﬁfirm'the validity of our~experimentél_methods;
the first far infrgred transﬁiséion measurements in NbBGe; the launchiﬁg )
of an'effort in high temperature grénular materiéls with the first far
infrarea measurements in granular NbN; and.the improveﬁent of our far

infrared instrumentation to give better data.

1. Laser thermal spectroscopy in V3§i

In this method, the sample is irradiaﬁed with one of the fixed -
frequencies availaﬁle from our oﬁtically pumped tar infrared laéer whilc
the temperature is swept through Tc' Thus the high laser power’ban be
used to give an excellent signal-to-noise ratio while the temperature
v;riation of the gap provides a form of continuous tuhability. We have
successfully analyzed two thin film samples of VjSivih this wéy.- The
laser frequencies were set within the critical regimes fiw<<2A, hw ~ 24,

and Hw >> 2A while the temperature was swept from 5 to 20 K. Thec onset

and disappearance of superconducting behavior could be clearly and .
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beautifully seen in tHese runs with excellent signal—to—hoise values.
ﬁe have analyzed the data ﬁith the BCS theory in the dirty limit

and find that although a main peak at the correct gap energy can be

so explained, there remaiﬁ sevéral énomaloﬁs features. Thé observed

temperature dependence of the gap is not BCS—like, and_strﬁcture other

than the main peak is observed. These anomalies may be connected with

T

the fact that, as has been shown earlier, these‘samples are not truly
in the extreme dirty limituand finite scattering time effects are

- significant. The aﬂomalous features also suggest the presence Qf a
‘secqnd gap and possibly some electron—phohon behavior. These results

and other data in NbN (to be described later) show that laser thermal

spectroscopy is a :useful tool.

2. Theoretical analysis of a?F(w) in V.si

We previgusly published a detailed analysis of normal state far

infrared transmission in V Si8 which, using Allen's formulation for

3

Holstein pfocesses,9 yielded the transpust electron-phonon spectral
function d£r2F(m5. Relative to the phonon function F(w) from neutron—
scattering data our derived utrzF(m)'showed a genéral shift to ioﬁer__~,
energies and the emergence of an aaditional lov énergy peak at 6 mV.
These low energy enhancementsAappééred to be crifical in the super-
conducting behavior of V3Si, but it would be very desirable fo ;onfirm
theﬁ by other evidence. |

We had earlier publisﬁed suberuonduc£iﬁg Ana né;m55 ébéo;p£ion dat;'
3Si.lo These resu}tstshowed significant ét?ucture

vhich is élso apparently releted to the electron-phonon function. -These

for good quality bulk V




data were then only sketchily analyzed, but in the past year we Have
started to make a detailed fit to them. We use Allen's simple theory9
which is not wholly correct in the superconducting strong coupling limit
but which_has nevertheless worked well in explaining far infrared results
ih lead, a strong-coupling material. The analysis is not complete but

to date it confirms the shift to lower energies, although the role of
the 6 mV peak is unclear. |

This theoretical effort can be carried out because we have

acquired a theoretical post¥doctbral research associate, G. De.’ Although

~ she has been able to provide only a part-time effort so far, she gives

us ‘an important analytical capability.

3. Far infrared transmission in NbBGe

We have used the far infrared laser.to measure the superconducting

to normal transmission ratio Ts/Tn for one film of Nb3Ge with frequencies

between 11.2 and 10k em~1. The results seem to exhibit smaller structure

than BCS theory predicts, but the data have not yet been extensivély

- analyzed.

4. Far infrared laser thermal spectroscopy in granular NbN

NbN was chosen for an initial examination because of its high
TC (% 15.5 K) and because an excellent suite of samples was available

from D. Gubser and S. Wolf of the Naval Research Laboratory. The

samples are made with a variety of grain sizes and .separations. so that

the inter-grain coupling varies.



An important feature of granular NbN is the existence of several
‘characteristic temperatures. In recent.DC meésurements éubsef gg_g;.ll
have observed structure ?t temperatures denoted as Tcg’ identified
as the supefconducting transition temperature for individual grains;
ch, identified as the temperature of the two—dimensiongl phase
ordering transition; and T¥, where a sharp increase in the critical
current is bbéerved..

In our seafch for these Eritical temperatures we examined one
sample of NbN, with a surface resistance of 6000 ohm/square, with
laser thérmal'spectroscppy,. Tran;missioﬂ data were taken between'

11.2 and 104 cm1 as the temperature was swept from 5 fo 20 K. Paféllel

data were taken with our Fourier transform system.‘ The Fourier

results confirmed the laser data, although the signal-to-noise was

- much inferior.

The initial analysis of the data is very encouraging. The bresence
of the supcrcénducting tfansition(for the individual gaps is definifeiy
seen with more clarity than -in--the >'1'~DC data and this alone is
a worthwhile fesult. In addition a second well-defined peak occursvat
a lowgr temperature % ch. Our data may uwwt go to a low.enough tempefature
to include T¥, but a third feature is observédehich has no parallel

in the DC results.

5. Instrumentation improvements

Both ‘the Fourier and the laser systems have received attention in
the past year which should lead to imprdved signal-to-noise ratios in

our experiments. The Fourier optics have been redesignéd to allow



" substantially greater throughput for transmission measurements, and we

have ordefed a cooled detector. ~ The output quality for the far

infrared optically pumped laser depends critically on the pumping CO2
laser. The latter has been overhauled and more massive opticai mounts

for the grétiﬂg and mirrors hgve been installed; As a result thg

power output has increased by some 20% and the output signal'is noticeably

more étable.

PROPOSAL FOR THE COMING YEAR

Most of the lines of research explored in the past year appear

promising and set natural directions for future work, as described

below.

1. Further far infrared measufements and analysis in Vgsi, Nb,‘Nb3§g,
and NbN |

We will continue the.detailea analysis Qf the V3Si‘results vhere
we have extensive bulk and thin film data to_give a definitive q%rF(m).
Unless the analysis indicates the need for more data, no further measure-
ments will be made in V_Si. |

3 ,
The nexl priority would be Nb, because the apalysis should provide

a good test of our analytical methods and because of the 1Qng~standing
intérest in its a?F(w). We already have data on one thin film sample-
and_will ekamiﬁe a second'one of somewhat better quality which is on
hand. - | ‘ S o SR “A"f“' C -

The Nb_.Ge measurements are especially difficult because the samples

3

have exceptionally low transmissions. We will attempt an analysis of

the data on hand and then make a judgement as to whether further-
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measurements are necessary.

- The NbN results to'date can be considerably clarified by examiniﬁg
at least one wmore sample with different coupling behavior. 'We.recognize
that thé granular materials have many complexities, some of which may
ﬁot much iiluminate the basic superéonducting behavior. The high level .
of basié interest énd the possible technigal applications Jjustify séme
effort in the next year but this effoft wiil not be allowed to Qfer—

shadow the work on the homogenous materials.

' 2. Further development of laser thermal spectroscopy

The laser-thermal method worked well in V3Si and NbN, wherg if.
proved.capable'oflfollbwing‘supercondﬁctiﬁg behavior in détéil. Added
sensitivity could be gained by modulating the sampie fempergture soﬁ

that one could directly measure the derivative of far inf?ared trénsmis—
sion with resbeqt to temperature. Excellent temperature stability and
control afe required and appropriate equipment has been requestéq in this

proposal. An additional factor is the nzed to provide a simple means to

modulate the sample temperature at a frequency high enbugh for practical

lock-in detection. We have devised a method which should work reliably --

with virtualiy no modification in the<sampleé or in their mountiﬁg,

Sand will implement it this year.

3. Continuing theoretical analysis of far infrared data

VWle anticipate a strong interaction between éxpefiment and theoretical ‘

analysis in the coming year and request funds for both experimental-and

‘theoretical post-doctoral support. Because far infraréd methods are not



“as well established as tunneling careful theoretical analysis is needed to
‘help cénfirm their validit&. Also many of tﬁe,necessafy calculations—-
for instance, the optical respoﬁse‘of4a BCS superconductorvfor arbitrary
temperature and scattering time--simply do not exist in the literatﬁre.
Thus extensive theoretical activity is necessary to support the
experimental effort. | |

For dafa analysis where a2F(w) enters, we will use‘the Allen-formulé—
tion for at least alfirst look at the déta. If Allen's theory appéars
to fail ;é will.turn to the far infrared calculations of $wihart‘and co-~

13

workeré.l?F In recent work they have reported'increasiné success in
detailed fits.for lead as they take‘intO‘account Qerteﬁ correctionsvforl
ihe theory of Holstein processeé. We have maintained contact ﬁith frofessor
Swihart and are assured of.his continuingAinterest ip our dafa forVV3Si
and Nb.

We will use our measured valqes.of azF(m) .to derive superconducting
paraieters such as the coupling constant via the McMillanih approach,
thus making £he connection between optical results and basic superconducting

behavior. Some éffort in the theory of granular materials will also be

necessary tu interprct the NhN results. .

4. PFurther improvements in far infrared instrumentation

Because fér infrared measurements afe ma&e in an extremely difficult
region of the spéctrum, we consider imprnvementé iﬁ the far infrared .
instrumentation an iwportant continuing pértAof qﬁrvactivity.;.ﬂéxt yéa£
we intend to: 1install a more powerful and stable powerAsupply fdr the
pumped laser; install the ﬁewly designed high thpoughput optical;éystem in

- the Fourier spectrometer; and provide on-line data analysis for ‘the Fourier

spectrometer.

T



~ series of far infrared Fourier measurements in Nb

5. Possible interactions with optical research elsewhere

The research reported and proposed here appears to be the only recent
work carried .out near the gap energy and aimed at determining o?F(w).
Nevertheless, other recent optical work elsewhere may be relevant to
. 15

the proposed activities. Tanner et al. have made far infrared measurements

in a low Té'granular system, Sn in a KC1 matrix, with puzzling features

_that may also occur in our NbN data. Profésééf Tanner wiil'alsb begin a

3Sn and will eventually

provide these samples for examination by our laser. Raman scattering'has

been carried out in V3Si by Schicktanz 33_22,16'and by Klein and co-workers.

. Both'groups observed the Eg optical phonon near 300 cm"l.' Recently Klein

and co-workers reported phonon hardening observed by Raman scattering in

proton-irradiated V3Si.18 These high frequency results may eventually-

connectAwithmour low frequency electron-phonon information. _Kléin has also
reported on ﬁéman sﬁudies in superconducting 2H NbSe2;19 where charge density
waves appearjtoAplay an important role. We have.discussed witﬁ Professor
Klein whether far infrared measurements might 2dd to the nnderstanding of

this behaﬁiof;

1T
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