
PROCEDURE IN A LABORATORY AND
THE  LABORATORY NOTEBOOK

Naturally, the actual procedure to be followed during the data-taking part of the experiment

varies  greatly depending on the nature of the experiment.  However, certain general truths

obtain in all sttuations.  The most important requirement  of the actual !aboratory phase of

the work ‘1. ;‘:orough  understanding of the goals and plan of !he experiment.  Preparation

cannot be stressed too much as the greatest requirement of a succetsful  experiment.

The ability to think on one’s feet during an experiment is one of the talents that an

instructional laboratory program is designed to foster. This ability, however, IS  mean-

ingless unless the scientist (or student-sclenti$tj  has entered the laboratory with a clear idea of

what he intends to do. ‘I!-?:  ilore difricultie,  that the scientist  can anticipate m  advance, the

more hkeiy IS the success of the whole  venture. Order!iness  both in habits of thought aboui

the experimen: and in the actual performance of the phycical  manipulations required to

make the observations and record the data are universal attributes of the professional experi-

menter.

The Labctratory  Notebook

The recording of the data of the experiment is no less  important than the setting up of the

experimental equipment and the manipulations with  it. One must always keep in mind that

the scientist may often remember no more about the data-taking stage than is written in his

notebook. All relcvani information must be written down in eatily intelhgible form.

PERMANENCE IQND  COMPLETENESS

It is strongly recommended that the pages of the laboratory notebook be numbered and that

they be bound so that none may be removed. The date, time, and name of the person taking

data should be written as $001,  as the experimental work is commenced. Diagrams of the

equipment, circuits, and mechanical structures must be noted. If particular instruments are

used, their identifying numbers  should be recorded acd any peculiariiies  of operation

remarked. If calibration procedures are required or if reliable calibrations exist,

they should be recorded in the laboratory notebook or their location noted. Any informa-

tion :hat conceivably could help  in reconstructing what one has done or what happended in

the laboratory should be recorded. An almost universal experience of experimental scien-

tists is that even apparently irrelevant pieces of information have helped at one time or
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An advanced undergraduate laboratory experiment in inelastic electron tunneling spectroscopy

is described. The project was done by junior- and senior-level students. Tunnel junctions

were fabricz;zd, the tunneling spectra of several molecules adsorbed on the surface of
aluminum oxide measured, and mode assignments made for several of the prominent peaks

in the spectra using results obtained from optical studies.

I. INTRODUCTION

Inelastic electron tttnneling spectroscopy (IETS)  is a new technique that provides a

versatile and sensitive method for measuring the vibrarional spectrum of a molecular species

adsorbed on the surface of a metal oxide. This article describes an advanced undergraduate

laboratory experiment in IETS.  Tunnel junctions doped with one of several molecular

species were prepared in a high-vacuum evaporator and spectra obtained on those with

desirable electrical characteristics. Several of the vibrational modes of the adsorbed species

were identified using literature values for characteristic mode frequencies and comparison

with deuterated species.

This laboratory experiment was designed to acquaint students with a number of
useful experimental techniques including use of high-vacuum systems, vapor deposition of

metals, handling of cryogenic liquids, modulation spectroscopy, and signal averaging
techniques. It is one of several experiments in a new laboratory course required of all of our

physics majors. Each student selects four or five experiments from those available which

include x-ray scattering, NMR, ESR, Raman scattering, low-temperature thermometry, op-

tical absorption, and IETS.  During each experiment, the students (usually four) work very
closely with an instructor who has been or is currently engaged in research in the area. Some

of the experiments are done in the respective research laboratories.
This article describes the experiment performed by the students. It provides in-

formation on experimental procedures and equipment, including circuit diagrams, so that it
can serve as a guide for studerns  who wish to do an experiment in IETS.

The general features of IETS  are presented in Sec. II. Section III,  on experimental
procedure, contains more detailed information on how the tunnel junctions were fabricated,
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stock, which had an aperture I x25 mm along its center. The system was closed, and a

IS-min glow discharge a~  0.03 A in 0.08 Torr oxygen (99.9% pure) was used to scrub the

chamber. The negative electrode for the glow discharge was a piece of aluminutn sheet of

abotl:  100  cm* while the base of the vacuum chamber acted as the positive electrode. The

chamber was then evacuated to about 10.”  Torr. and an aluminum electrode of about 1000 A

thickness was evaporated onto the glass substrate. The evaporation proceeded by melting

small pieces of 99.999% aluminum in a tungsten dimple boat: opening the shutter, and

observing along the line of sight shown in Fig. 3 When the deposition was opaque (about

30 set  of evaporation), the shutter was rotated to the closed position. The current through

the boat was then decreased slowly to avoid cracking the tungztrn.

The freshly evaporated aluminum strips were  then oxidized in a glow discharge of

0.8 Torr oxygen at 0.03 A for about 15 min. This exposure was sufficient to grow an oxide

layer IS-20  A in thickness. These substrates were then removed from the chamber and

doped with the molecular species of interest outside the vacuum chamber. Junctions doped

with formamide HCONHz will be discussed in this article. Thiourea has also been

used. The substrates were then quickly returned to the vacuum chamber, placed on another

brass electrode mask, and lead electrodes evaporated  in a manner similar to that used for

aluminum.

An oil diffusion-mechanical pumping system wab  used to achieve the desired

chamber pressures. Cold traps were placed in the mechanical and diffusion pump lines

leading to the vacuum chamber to avoid contamination from forepump  oil. A\ an added

precaution the chamber was not roughed below 0.050 Torr with the mechanical pump.
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is taken into account, the ratio R of the fundamental transverse vibrational frequencies of

a loaded and an otherwise identical unloaded string is a constant that depends solely on the

ratio of their masses, that is,

R  = w/C>  =  (Z/n)B(y) (22)

is independent of the amount of stretch and the nature of the material.

When only terms of second order in t9  are retained in the series expansion of (21),

we have 0 (u) = ~5.  Hence, if y  is considerably smaller than one, use of this approximation

in (22) yields our earlier result (12) for which case the mass of the string is negligible compared

to that of the load. To obtain the lowest-order correction that accounts for the inertia of

the string, Terms of the fourth order in 8 are retained in (21) ; we find

O(y)  = (1 - y/6)dy (23)

Fig.  2.  Comparison of first - and second order  approximate solutions with the act solution for the transverse

oscillatics  of a centrally loaded string in the funds mental mode (semilog  graph).

Here y must be small enough that terms of second order in 1’ are negligible. For the lowest

mode, these approximate solutions are compared graphically with the exact solution (21)

in Fig. 2 for 0 c (0, n/2). The simple solution (12) approximates the exact curve (21) to only

1% error at y  = 0.06, so (12) is an accurate estimate for heavily loaded strings. The second-

order solution (23) extends this range to alomost y  = 0.60 where the  simple solution errs

by nearly 10%. In fact, we see that (23) approximates (21) nicely for, y<  1 at which value

the error is roughly 3%. Nevertheless, the experiments to be described later on for lightly to

heavily loaded rubber strings will extend well beyond the range of app’licability of even the

second-order solution.

More generally, the positive solutions &, n = 0.12, . . . . of (21) and the aforementioned

nodal solutions 0 = sz, s = 1, 2, 3, . . . (which are independent of AQ  also may be graphically
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