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The technique of depositing successive single layers of
molecules of various stearates on a solid surface is de-
scribed. Films containing 3001 layers have been built of
barium-copper stearate. A photograph shows films built
in a series of steps having intervals of 2 molecular layers.
The contrast of the steps is plainly visible when the slide is
illuminated by polarized light at angles near grazing
incidence. By measuring the angles at which films con-
taining known numbers of layers reAect minimum intensity
of monochromatic light for the first five interference
fringes, the thickness per layer and refractive index can be
calculated with great accuracy. The thickness per layer
of barium stearate was found to be 24.40A. The presence
of traces of foreign substances in the water affect the
spacing by 1 to 3 percent. The films are uniaxial crystals,
the optic axis being perpendicular to the surface on which
the films are built. The refractive index of the ordinary
ray, ni, and of the extraordinary ray in a direction per-
pendicular to the axis, n3, are ni = 1.491, n3 = 1.551.

Equations are given which describe the refraction of the
extraordinary ray, the intensity of the rays reflected from
the upper surface and from the film solid boundary, the
phase change at the boundaries, Brewster's angle, and
other special properties of birefringent films. The intensity
of the light and dark fringes reRected by films built on a
series of glasses of known refractive indices is used as a
measure of ni. Skeleton Plms. Barium stearate films built
at pH &7.0 are composed of a mixture of stearic acid and
neutral stearate. The stearic acid can be dissolved by
benzene leaving a skeleton of stearate which is birefringent
and has refractive indices much lower than those of the
normal film. Measurements are given of a skeleton for
which ni =1,30, others for which ni = 1.32, n3 = 1.39.
Skeletons have been built having ni ——1.25 and 1.22. The
skeleton for which ni =1.30 had 99.2 percent of the thick-
ness of the original film, although only 63.7 percent of its
density.

METHOD for depositing many successive
~

~ ~

~

single layers of molecules on glass or metal
has been described in a previous paper. ' A mono-
layer of stearic acid was spread on the surface of
water containing barium salts, or salts of other
bivalent metals, and was transferred to the solid

by a process of dipping, the stearic acid film being
kept under suitable 2-dimensional pressure.

Stearic acid spreads on a water surface with the
carboxyl group of each stearic acid molecule in
contact with the water while the hydrocarbon
chain is nearly vertical. ' The monolayer therefore
consists of a sheet having carboxyl groups on the
under surface and CH3 groups on the upper
surface, the thickness of the sheet being de-
termined by the length of the molecular chain
and the tilt of the chain with respect to the
surface. In the dipping process the first layer
attaches itself by its carboxyl groups to a clean
solid surface when the solid is raised out of the
water, causing the surface to be dry when it
emerges. The second layer attaches itself as the
solid is lowered into the water, the third layer as
it is raised again, and so on. Thus the dipping

process serves to fold the monolayer back and
forth on itself so that the molecules in successive
layers are oriented in opposite directions.

When the water on which the stearic acid
spreads contains barium salts, the barium com-
bines with the carboxyl groups of the molecules
forming barium stearate. X-ray diffraction stud-
ies' of built-up films of this type have confirmed
the evidence that the (—COO) ~Ba groups lie in

planes having a spacing which is twice the length
of the molecular chain.

Three methods have been used for measuring
the spacing of the molecular layers. (a) An optical
method based upon the interference of light from
the upper and lower surfaces of the film. This was
described in the previous paper and will be
further described in this paper. This method em-

ploys films having less than 500 layers, and re-

quires a knowledge of the refractive index of the
film. (b) A second optical method which has been
used by Professor A, . H. Compton and C. Holley
to measure films built by Dr. Blodgett. A film

containing a known number of layers, in the
range 1000 to 30001ayers, was built on an optical

' K. B. Blodgett, J. Am. Chem. Soc. 5'7, 1007 (1935).
2 I. Langmuir, J. Am. Chem. Soc. 39, 1848 (1917).

' Clark, Sterrett and Leppla, J. Am. Chem. Soc. 5'7, 330
(1935); Holley and Bernstein, Phys. Rev. 49, 403 (1936).
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flat adjacent to a film containing 100 layers, and
the difference in thickness of the two films was
measured with an interferometer. The method is
independent of the refractive index of the film.

(c) The methods of x-ray diffraction spectra.
Films containing 100 layers may be built of

the stearates of Ba, Ca, Mg, Pb, Zn and other
metals, or of stearic acid. Barium-copper stearate
is the only substance with which it has been
possible to build 1000 layers successfully; films

have been built containing 3000 layers of this
substance. Success in building large numbers of
layers depends on properties of the film which are
determined by the nature and concentration of
salts dissolved in the water, the temperature of
the water and the hydrogen ion concentration as
determined by pH. Formulae of solutions used in
film-building are given in a later section. The
following properties of films affect the processes
of building.

(I) INITIAL LAYER

The problem of depositing the initial layer on a
clean metal or glass surface is distinct from the
problem of building successive layers. The first
problem requires a molecular sheet having an
under surface which will adhere well to the solid;
the second requires a sheet which adheres to a
similar sheet.

In the case of a glass surface the initial layer is

deposited more readily from alkaline water,
pH~8. 5 than from acid or neutral water. In the
case of metal the best initial layers are usually
obtained at pH=6 to 7.5. The glasses of high
refractive index which we have used take up
initial layers at pH=7. 0 far more readily than
ordinary glass (microscope slides).

In many experiments it is not essential that
the initial layer be of the same material as
succeeding layers, and in these cases the following

method has proved very useful. The solid surface
is coated with molten parafhn wax, or preferably
with molten ferric stearate, and is rubbed vigor-
ously with a cloth until every visible trace of the
coating has disappeared. This treatment leaves
the slide covered with a monomolecular layer of
wax to which layers of barium stearate will attach
themselves in the same way as to an initial layer
of stearate. Built-up films of barium stearate can

also be rubbed down and provide a very good
foundation on which new films can be built.

When the experiments require that the initial
layer be built in the same manner as the rest of
the layers, the glass or metal can be cleaned by
using the metallographic polish Shamva. The
surface is scoured with Shamva, rinsed and
swabbed under running water, and plunged wet
into the water bath used for film building. Glass
can also be cleaned with a hot concentrated solu-
tion of K2Cr207.and H2SO4, but the acid is apt to
attack glass of high refractive index, and affects
the surface of certain kinds of glass microscope
slides in such a way that a layer will not adhere
to the glass. Metal can be cleaned by being made
cathode in an electrolytic bath of caustic soda,
water and alcohol, but the treatment usually
etches the metal slightly.

When an initial layer of wax or other substance
is used to coat the slide this is called a "1st
layer, " meaning that the barium stearate which
attaches itself to the wax has the molecular
orientation characteristic of the 2nd layer of
barium stearate built on a clean surface. Only
layers of odd number exist out of water, layers of
even number exist under water. The numbers

100, 200, etc. which are given in the text are
round numbers.

(2) SPEED

A,fter an odd number of layers have been de-

posited, the surface consists of close packed CH3

groups and so sheds water. When this slide is

dipped into water covered by a barium stearate
monolayer under pressure the next layer is trans-
ferred to the slide even if the slide is lowered very
rapidly. To form the next odd layer by with-

drawing the slide it is important not to raise the
slide faster than the rate at which the water peels
back from the slide. This peeling back is not
caused by gravity but by a strong adhesion (be-
tween the hydrophilic sides of the two outer
layers) which acts along the line of contact and so

drives out the water film. When the slide is

slowly withdrawn a large contact angle is ob-
served between the water surface and the slide.
The rate at which films can be built is thus limited

by the rate at which the ascending slide sheds

water, and the term "speed" refers to this limiting

rate, not to the actual rate of building. A "fast
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film" is one which can be built in successive layers
at a rate 20 or more layers per minute.

Speed is commonly the greatest for the first
layers which are deposited, and gradually slack-
ens as more layers are added. Films of mag-
nesium stearate begin to lose speed after about 50
layers have been deposited and at about 200
layers the process is virtually brought to a halt;
films of barium-copper-stearate retain their
initial speed up to more than 1000 layers. Loss of
speed is due to disorder in the molecular orienta-
tion of successive layers. Several different causes
may contribute to produce a disordered arrange-
ment, the chief cause being severe mechanical
strains to which the films are subjected during
the building process which many types of film are
unable to withstand without sustaining injury.
Traces of some impurities in the water may also
greatly affect the speed.

(3) MEcHANIcAL PRGPERTIEs

A monolayer of a stearate on a water surface
may be liquid or solid. Most of the factors which
determine the state originate in the water on
which the film lies. Langmuir and Schaefer4 have
shown that when the water contains barium
carbonate in a concentration 10 4 molar, and the
pH is adjusted by adding either ammonium
hydroxide or hydrochloric acid, 21 percent of the
stearic acid is converted to barium stearate at
pH =5.0, 88 percent at pH =9.0. For purposes of
film building a barium stearate film built with a
solution 3 && 10 ' M barium carbonate at PH~ 6.5
is slow, and becomes progressively slower at
20'C; the initial speed is maintained for a much
greater number of layers at 15'C than at 20'C. A
barium stearate film at pH=7. 0 is fast. These
results show that an increase in rigidity of struc-
ture obtained by lowering the temperature or
increasing the pH results in a more ordered
arrangement of the CH3 groups in the successive
layers laid down on the solid.

Barium stearate films are faster at pH=7. 5
than at pH=7. 0, but the greater rigidity at
pH=7. 5 is not desirable. Very rigid films give
unsatisfactory results for the following reason. A
slide commonly picks up many specks of dust or

4 I. Langmuir and V. J. Schaefer, J. Am. Chem. Soc. 58,
284 (1936).

tiny crystals of stearic acid, and the manner in
which succeeding layers are affected by these
specks is very important. The trough used in the
present experiments was covered by glass as a
necessary protection from dust falling from the
air upon the water surface; extreme precautions
to obtain dust-free air were not attempted. After
a particle of dust has attached itself to a slide, a
series of layers of a tough viscous film will coat
the particle so successfully that after four or six
layers have been added the particle sheds water
as readily as does the rest of the slide. This occurs
although a particle 0.2 mm in thickness has
80,000 times the thickness of a monolayer. A
weak film coats the particle so unsuccessfully
that a small mound of soft barium stearate soon
piles up on the particle and serves as a center
from which disorder in successive layers spreads
out over the slide, and water recedes more and
more slowly from that area. Layers of rigid film
tend to be broken by a projecting particle so that
hundreds of minute bits of broken film collect
around the particle, and although these areas
shed water rapidly they spoil the uniformity of
the film. Observation of the water meniscus, as
water is shed by an ascending slide, shows that
the meniscus travels over dust particles with a
"chattering" motion in the case of a rigid film, a
lagging motion in the case of a weak film.

Monolayers can be formed on a water surface
which are so rigid that they cannot be used to
build films. When a slide is raised and lowered
through a surface of this type the layer of stearate
does not attach itself to the slide, i.e. , the layer
"slips" instead of adhering at the boundary edge
where the layer meets the slide. In many cases of
slipping a few initial layers can be built up, then
subsequent layers fail to adhere to the slide and
the slipping of these layers is recognized by a
characteristic very noticeable chattering motion
of the water meniscus. In other cases no initial
layers adhere. Films having this great rigidity are
obtained with barium solutions at pH = 7.0 which
contain copper salts in a concentration 10 ' M, or
aluminum salts in a concentration 10 ' M.

(4) FOGGING

After a number of layers have been built the
film begins to have a fogged appearance. This
occurs at 50 to 500 layers, depending on the type
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of stearate which is used. Examination under a
microscope shows that a myriad of tiny specks of
approximately uniform size are built into the
film. Nearly always the number per unit area is
uniformly graded from top to bottom of the slide
(the slide is held in a vertical position during
dipping), and is greatest at the bottom of the
slide. As more layers are deposited the specks
increase in size and density until they cause the
water to recede so slowly that the progress of film

building is halted. The only substance which thus
far has successfully prevented fogging is copper,
a copper salt being added in a concentration 2 to
3X10 ' M to water containing barium salts.

(5) CRACKING

A, film of barium stearate built at pH = 7.0 and
having a large number of layers invariably cracks
in hundreds of fine lines. The tendency to crack
increases with increasing thickness, cracking
usually commencing at 300—500 layers. Films
built on chromium crack more readily than films
built on glass. At lower values of pH a greater
number of layers can be deposited before the film
commences to crack. Usually a cracked film curls
upward slightly along the edges of the cracks.
Water often works its way under a cracked film
and loosens the film from the slide. Copper dis-
solved in the water is the only substance which
has been found which will prevent cracking.

Good films can be built with the following two
solutions:

Solution (a)
0.3X 10 4 M BaC12 (or other soluble barium salt)
4.0X10-4 M KHCO,
PH=7.0 to 7.2. Temp ~ 22'C.

The water used in making the solution should be
conductivity water having a specific resistance of
700,000 to 1,000,000 ohms-cm. If a brass or
aluminum trough is used it should be lined with
paraffin wax, and the fioor of the trough should
be covered with glass. Many solutions dissolve
sufficient copper from a brass trough to affect the
experimental results to a marked degree when the
brass is coated with paraffin but is not covered
with glass.

Films built with solution (a) are fast, reliable,
and easily built. The solution is recommended

for building films having less than 200 layers. A
larger number of layers will become fogged or
cracked, even 100 layers sometimes crack.

Solution (b)
0.3X10 4M BaC12
2.0 X 10 4 M KHCO3
0.02X10 4 M CuC12 (or other soluble

copper salt)
pH = 6.8, temp (22'C (temp (20'C preferred) .

The stearate should be left on the water surface
for 5 min. before it is used for building, to allow
time for copper to diffuse to the surface. Films
built with solution (b) do not fog or crack at 1000
layers and can be built with fair success to 3000
layers. At thicknesses of 500 or more layers they
have a faint green color, showing that the film
contains copper stearate.

The problem of holding the copper concentra-
tion constant will be apparent from the following
considerations. The trough used in the experi-
ments contained 5000 cc of water and the area of
water covered by a surface film was 3300 cm'.
Therefore the number of copper ions in the water,
in a concentration 2 X 10 ' M was 7.36 times the
number of pairs of stearate molecules on the
surface, the molecules having an area per mole-
cule 20X10 " cm'. The built-up films were not
analyzed for copper content, but the results of
analyses of similar films make it appear probable
that not more than 25—50 percent of the stearic
acid placed on the water surface was converted to
copper stearate. Therefore each time a film was
spread the concentration of copper ions in the
water was reduced by 3 to 6 percent of the
initial concentration.

In some experiments copper was introduced by
covering the bottom of the trough with a clean
sheet of copper. Under these conditions the rate
at which copper was removed from the bath by
surface films when new films were spread every
20 minutes was balanced fairly satisfactorily by
the rate at which copper went into solution.
Whenever the sheet was left in the trough for
more than about 10 hrs. and no copper was re-
moved, the resulting concentration of copper was
much too high. It was pointed out in Section (2)
that a concentration of copper 10 'M causes
films to slip completely; they frequently slip at
SX10 ' M.
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Good results were obtained for 1000-layer films

by scattering 100 small lumps of copper sulfide in
the bottom of the trough. The copper sulfide
contained 70.3 percent of copper. This method
gave a concentration of copper which was never
too high, even after standing in a solution for
two weeks. The concentration was a little lower
than was needed to build 3000 layers.

The amount of copper in water can be roughly
estimated if one spreads a surface film on the
water, then shoves all the film to one end of the
trough, where it can be easily skimmed off the
surface and dried on a porcelain slab in an oven at
95'—100'C. The green color of the film can be
compared with the color of films skimmed from
baths containing known concentrations of a
copper salt. The film should be left on the water
for at least 5 min. before it is skimmed. The
method readily shows the presence of 10 ' M
copper and can show less than this amount.

OPTICAL PROPERTIES OF FILMS

Built-up films of barium stearate are uniaxial
crystals. The optic axis of the film is perpendicu-
lar to the surface on which the film is built. The
birefringence is readily demonstrated by placing
a 1000-layer film, built on glass, between crossed
Nicol prisms or crossed Polaroid screens, the film

being placed at azimuthal angle 45'. The film
restores the light when the angle of incidencei of
the light on the film is large; ati =0 it restores no
light. The intensity of the restored light increases
with increasing angle i.

Dr. L. Navias has investigated for us the bire-
fringence of a 1000-layer film of barium stearate,
employing a I red gypsum plate in the usual way
and found that the film behaves as a positive
uniaxial crystal.

REFRACTIVE INDEX

The previous paper described a method of de-
termining the refractive index n of the films' by
measuring Brewster's angle i~ for monochromatic
light reflected from films of Ba stearate, Ca
stearate, and stearic acid. Values of n were given
which were derived from the relationship

n= tan i~.
5 The symbol n for refractive index is used in the present

paper in place of p, in the previous paper.

For barium stearate films the refractive index
was found to be n=1.462. This method was em-
ployed before the experiments were made which
showed that the films were birefringent and that
the ray used to measure i& was the extraordinary
ray for which Eq. (1) is not applicable. The film
thickness measurements of the previous paper
were made by optical methods which employed
the ordinary ray. These should be corrected by
using the proper refractive index for the or-
dinary ray.

In any uniaxial crystal two of the three prin-
cipal refractive indices, n&, n2 and n3 are equal,
so we may put n2 ——n&. Since the film is a positive
uniaxial crystal, n3 must be greater than n&. For
rays parallel to the optic axis the crystal behaves
as an isotropic medium of refractive index ni.

Since the barium stearate film lies in a plane
perpendicular to the optic axis, the plane of inci-
dence of oblique rays is parallel to the optic axis.
The plane of the electric vector of the ordinary
ray R, is perpendicular to the plane of incidence
while that of the extraordinary ray R„is parallel
to the axis. For ordinary rays at any angle the
film behaves as an isotropic body having the
refractive index n&, but for extraordinary rays the
refractive index, n, varies with the angle of
refraction r, according to the equation

1/n'=cos' r/(n&)'+sin' r/(nb)'. (2)

A,ccording to the Fresnel theory, the amplitude
of the light reflected at normal incidence from an
interface between two isotropic media of refrac-
tive indices n, and n& is given by

p = (n.—nb)/(n. +nb),

the amplitude of the incident light being unity.
If p is negative; i.e., when n~&n„ the phase of
the light waves is reversed by reHection, but it is
not reversed if p is positive.

Let us consider the interference of light reflec-
ted from the top and bottom surfaces of a film

(on glass) consisting of N monolayers each of
which has a thickness t. Let ) be the wave-length
of the light, r the angle of refraction correspond-
ing to the wave normal of the light (direction of
ray in case of ordinary ray) and n be the refrac-
tive index for these waves. Interference occurs as
a result of a phase difference between the ray
which is reflected from the upper surface, and the
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ray which travels from the upper to the lower
surface and is reflected at the lower surface and
travels back to the upper surface. The condition
that the two rays shall differ in phase by an
integral multiple of 180' is given by

nest cos r=mX/4

TABLE I. Seglence of interference fringes. Step films of
thicknesses=m)/4n; X=58932.

Series A
(n, )n1)
Series B
(n, (n, )

1
41

dark

bright

2
81

bright

dark

3
121

dark

bright

161 layers
bright

dark

where m is an integer.
Since the refractive index of the film is greater

than that of air the light reflected from the upper
surface of the film always suffers a phase reversal.
If the light reflected from the interface between
the film and the glass also undergoes a phase
reversal, the interference fringes produced by the
film have minimum intensity for odd values of m,
maximum intensity for even values of m. If,
however, the light reflected from the lower sur-
face is not reversed in phase the intensity
minima correspond to even values of m. '

If films are built on glass in a series of steps
having thicknesses equal to mX/4n, where m

represents successive integers, they will give at
normal incidence a series of interference fringes of
maximum contrast. These may be classified as
belonging to series A or B defined by Table I.

Series A occurs when there is a phase reversal
in the reflection of light at the interface, while for
series 8 there is no reversal. For light at normal
incidence this means that if the fringes corre-
spond to series A the refractive index of the film
must be less than that of the glass.

Let Bbe the value of p as given for example by
Eq. (3), for the light rellected from the upper
surface of the film, and let C be the value of p for
the reflection from the interface. Let us now
consider films forming steps whose thicknesses
have been chosen by Eq. (4) to give a series of
fringes of maximum contrast. The theory of inter-
ference, allowing for multiple reflections within
the film, then gives for the amplitude pM of the

p = (rtpn, —nP)/(rtpn, +n~'). (7)

The contrast between the steps of maximum
and minimum brightness may be conveniently
measured in terms of a quantity X, defined by

The ratio of the intensities I+ and I of the light
from the successive steps is thus

(9)

Let us put
ni ——ng —An. (10)

Then if hn is so small that we can neglect terms of
higher order than the first we find by combining
Eqs. (6), (7), (8) and (10) that

The refractive index n~ of the film was de-
termined by the relative intensities of the inter-
ference fringes produced on glasses having nearly
the same refractive index as the film. A, ll observa-
tions were made with the light from a 6000-lumen
sodium vapor lamp (X=5893A). Preliminary ex-
periments had shown that 162 layers of barium
stearate had a thickness equal to )/e. Therefore
a series of steps having 41, 81, 121 and 161 layers
were built on three types of glass. Glass (1) (fused
quartz) had a refractive index' 1.459 and
glass (2) and glass (3), according to the manu-
facturer (Jena Glassworks, Schott and Gen.
Jena), had indices of 1.4937 and 1.7854. To pre-
vent reHection from the back of the glass the back
was coated with black paint.

The films built on glass (2) when viewed by
)ight at normal incidence were found to belong

total light reflected from the film

t ~= (&~c)/(1~&c). (5)

The two extreme values of p~ are thus found by
taking the + and the —signs in Eq. (5).

If we calculate the values of 8 and C by Eq. (3)
and introduce them into Eq. (5), taking the posi-
tive sign in the numerator and denominator, we
find

(6)

where n, and no refer to the glass and to air.
With the negative sign we get

6 R. W. Wood, Physical Optics, second edition, p. 155. 7 International Critical Tables, Vol. 6, p. 342.
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TABLE II. Egect of underlying glass on interference fringes
seen mitli the extraordinary ray R„atvarious angles

of incidence i. Measured for filnzs of barium
stearate built by using solution (a).

(1)
Series seen
on glass (1)
ng = 1.459

45 +3 B

53' 20'

55 20'+ 1

56' 50'

70o

(2) (3)
Series seen Series seen
on glass (2) on glass (3)
n~ = 1.4937 nz = 1.7854

A A

Contrast of bright
and dark fringes (1),
(2) and (3) refer to

the 3 glasses

(1) Moderately
strong contrast

(2) Barely visible
contrast

(3) Strong contrast

(1) Lessthanati =0
(2) Greater" " "
(1) and (2) about

equal

( 1) Barely visible

Brewster's Angle ob-
observed best with
(3). No fringes
with any glass

(1) Just begin to be
visible

(2) Greater than (1)

to series A, the contrast between the bright and
dark fringes being 1.5 to 2 percent. The films
built on glass (1) belonged to series B and at
normal incidence much more contrast was seen
than with glass (2). The refractive index ei of the
film is therefore slightly lower than that of glass
(2). Taking X=0.0090 corresponding to 1.8 per-
cent contrast, we then find from Eq. (11) that
An=0. 0028 and the refractive index of the film
for rays at normal incidence is thus

n1 ——1.491..

For the films on glass (1) we should then have
d,n = —0.032 and by Eq. (11) E= —0.113. The
ratio of intensities of the bright and dark fringes
should thus be 1.26 in agreement with a rough
estimate of intensity.

Experiments with barium stearate films on
glasses (1) and (2) using the ordinary ray at all
angles of incidence gave fringes that indicated
that n was constant and equal to n& in agreement
with theory. Thus with glass (2) the faint fringes
at all angles i belonged to series A while with
glass (1) the fringes were of much greater contrast
and belonged to series B.

With the extraordinary ray, however, very
different results were obtained as shown in
Table II.

The intensity of the light reflected from the
upper surface of the film passes through zero and
reverses in phase when i increases through

Brewster's angle 55' 20'. The sequence of fringes
should thus change from the A to 8 series (or
vice versa) as i increases through Brewster's
angle. The observations with glasses (2) and (3)
are in accord with this theory. With glass (1),
however, series 8 was obtained both at high and
low angles. This must mean that at some angle of
incidence between the limits of 53' 20' and
56' 50' the reflection from the interface between
the film and glass (1) falls to zero and reverses in
phase.

Analogy with the behavior of isotropic sub-
stances suggests that the disappearance of re-
flection from the interface on glass (1) should
occur at an angle at which the refractive index n
falls below 1.459. When this value of n is com-
pared with the value n1 ——1.491 it would indicate
that the film is a crystal of negative character (a
crystal is negative when n (rii) whereas the direct
optical tests have shown that it is positive. In a
later section we shall show that these data are not
inconsistent with values of n and n3 which are
greater than n1.

Brewster's anglei& was measured by a method
which was described in a previous paper, ' p. 1016.
The films used for the measurements were built
on glass (3) in steps which had maximum contrast
at the angle i~. These steps were 47, 95, 143
layers for films of barium stearate. At angles
i(i~ these steps form an A series for both E„
and R„atangles i &i& they form a Bseries for R„
(Table II) and an A series for R, . The angle is at
which the contrast between two neighboring
steps reverses in intensity when the steps reflect
the ray R„ofmonochromatic light can be very
accurately measured. It is essential that the Nicol
prism which is used to furnish R„should be
turned so as to extinguish R, completely, for if
only a very small component of R, be trans-
mitted the angle at which the contrast reverses is
greater than Brewster's angle. Under these condi-
tions the contrast does not reverse until i in-
creases to a value at which the 8 contrast sup-
plied by R„becomes greater than the A contrast
supplied by the small component of R,. The cor-
rect setting of the Nicol prism is found by de-
termining the minimum angle at which the con-
trast reverses, this angle being i~. The values
i~ ——55'35' and 55'40' given in the previous
paper were determined before the need for extin-
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guishing R, was fully appreciated. Recent meas-
urements have given the result i~ ——55' 20'~1'.

MEASUREMENTS OF THE SPACING t OF MOLECU-
LAR LAYERS ON CHROMIUM

N~ ——N(n/n~) cos r. (14)

This is the value that N would have for normal
incidence (cos r = 1 and n = n&) on the assumption
that Np does not change with i. If it is found that
Np does vary with i no error, however, will be
introduced into our cal culations; it merely
changes our interpretation of the physical mean-
ing of N~. Eq. (13) thus becomes

NN No m) /4n, t— —— (15)

The uncertainties in the value of Np may be
eliminated by determining N for the successive
minima which correspond to a series of odd or of
even values of m. If the measurements of the
successive minima are made at approximately
the same angles of incidence the values of Np
are the same for the various minima and thus
by Eq. (15) the increment in N~ in passing from
any minimum to the next should be

&N~ =X/2n, t. (16)

By determining the values of N which corre-
spond to the interference minima in light reflected
from the film, it should be possible by Eq. (4) to
calculate nt/X and then from the known values of
n and X to obtain t.

Eq. (4), however, is based on the simple
Fresnel theory according to which the reflection.
from a surface produce" a phase change of 0' or
180'. The observed slight elliptic polarization of
light reflected from transparent media and the
much stronger elliptic polarization from metals
shows that in general the phase change is not
exactly 0' or 180 . This effect can be taken into
account by making the following modification
of Eq. (4).

N(n/n~) cos r No= rnid/4n~—t, (13)

where Np in general varies with r and is different
for the ordinary and the extraordinary ray but
otherwise does not depend upon m.

It will be convenient to represent the first term
of this equation by a special symbol which may
be defined by

Since the thickness which a film must have in
order to reflect minimum intensity of light de-
pends on the angle i, values of N corresponding
to various values of i were determined by the
following method.

A slide was prepared with an initial series of
several steps, a, b, c, , having 1, 3, 5 . layers
or any other chosen sequence; the process of
building films requires that the films contain an
odd number of layers. With such thin films no
interference colors are seen. Additional layers
were then applied to the whole of the slide
covered by the initial layer until colors began to
appear.

Let N„N~,etc. represent the number of layers
on the a, b, c steps at any stage of this process.
When the number of layers is sufficiently in-
creased, if the film is viewed by an ordinary ray
using light from a sodium lamp a minimum
appears at one of the steps at small angles of
incidence. Further increases in layers permit
this minimum to be observed at larger angles.
On chromium the minima become sufficiently
sharp for useful measurements only when i is
greater than 68' while on glass of high refractive
index much smaller angles can be used.

The angle of incidence is measured at which
two adjacent steps, say a and b, are equally
bright. The value of N which corresponds to
the minimum is then halfway between
and Nq. The first line in Table III gives data
for the first minimum obtained with films on
chromium using the ordinary ray. The minimum
is given as occurring a,t N=48 when i=79' 7'.
This means that two adjacent steps N =47 and
49 were found to match in intensity when viewed
at that angle.

Additional layers were then applied until a
minimum corresponding to m= 2 was observed
with the extraordinary ray at a suitable angle of
incidence. The data for this ray 'are given in the
first three columns of Table IV. In this way by
building N up to 518 all the minima up to
m=10 were studied. Only one pair of steps,
a and b, were used for every determination of N
given in Tables III and IV. By this procedure all
the data in these tables referred to films built up
from the same film chromium boundary. It was
found useful to have steps c, d, e, on the same
slide having 2, 4, 6 more layers than b, because
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as progressive layers were applied to the entire
slide the approaching minimum appeared first
at the higher steps, and its position showed the
precise number of layers which must then be
added to the slide in order that the minimum

should occur between a and b. .

The procedure for measuring i consisted in

mounting the slide on a spectrometer table with
the film boundary between a and b situated in
the axis of the table. The process of matching
two steps was similar to the photometric match-
ing of two fields of illumination. A,t angles greater
than i, a was brighter than b, at angles less than
i the contrast was reversed. There was no

difhculty in measuring i with an accuracy which
determined the thicknesses corresponding to
successive light minima with a probable error of
0.1 molecular layer. With the ordinary ray satis-
factory measurements could be made between
68 and 85', but with the extraordinary ray
because of the lower intensity and contrast the
range was only from 77' to 85'.

Experiments were also carried out with films

built on glass of very high refractive index,

m, = 1.78, Steps built on this glass showed great
contrast when viewed by perpendicular light,
the contrast diminishing with increasing i. The
intensity of successive maxima and minima

TABLE III. Intensity minima arith ordinary ray, R, of
zouave-length X= 5N3A at various angles of inci dence i.

Film of barium stearate pH= 7.0; AN~=81.00;¹=—4.30; n~= 1.491.

varied with the film thickness in accordance with
a cosine curve.

In the case of films built on chromium the
intensity distribution curve had very sharp
minima, when the films were viewed at i=75'
—85', due to multiple reflections of light in the
film. Fig. 1 is a photograph of a chromium slide
1)(3 inches in size, on which 15 steps were
built having 35, 37, 39, ~ 63 layers. The
photograph was made by Mr. V. J.Schaefer using
the ordinary ray R, of sodium light. The upper
photograph shows the appearance of the steps at
an angle i =82'. The intensity minimum which

lay at %=49 was sharply differentiated from the
neighboring steps %=47 and 51. The rest of
the steps were all bright and had too little con-
trast to be visible in the photograph, most of
them were not visible to the eye. In the lower

photograph the same slide is shown illuminated
at an angle i=75'. The minimum then lay
between X=47 and N =49 and was not so

sharply defined. At i=80' there were 108 layers
between successive minima, so that the series
seen in the photograph would need to be ex-

tended for 54 steps before it would reach the
next minimum. Therefore even in the lower

photograph the minimum lay in a fairly narrow

region, since the drop in intensity occurred in

about 8 steps on either side of the minimum.
The data of Tables III and IV were obtained

with barium stearate films on a slide of highly
polished chromium plated brass which had

m N

1 48 79' 7'

cos r

0.7525 36.13 36.20

N~ obs. N~ calc.
TABLE IV. Intensity minima with extraordinary ray, R~ of

crave-length ) = 5N3A at various angles of incidence i.
Same film as Table III. AN~=81 00; No= —7.01

(at i=80'); n~=1.491; n3=1.551.
3 150

152
154
156

5 254
258
262
266

7 356
362
368
374

9 460
468
476
484

68' 48'
71 35
74 59
79 12

68' 50'
72 50
77 29
84 17

67' 42'
71 39
76 8
82 37

67' 59'
7i 59
77 0
84 32

.7804

.7714

.7618

.7523

.7803

.7676

.7559

.7448

.7842

.7712

.7589

.7467

.7831

.7702

.7569

.7444

117,06
117.25
117.32
117.36

198.20
198.04
198.05
198.12

279.18
279.17
279.28
279.27

360.23
360.45
360.28
360.29

117.21

198.21

279.21

360.22 10

96

200
202

304
306

408
410
412

512
514
516
518

82' 54'

78'12'
83 49

77' 58'
81 11

77' 28'
79 41
82 23

77' 8'
78 56
80 51
83 16

N~ obs.

73.78

155.14
155.05

235.94
235.85

317.06
316.96
316.89

398.22
398.02
397.96
397.89

N~ calc.

73.90

155.04
154.90

236.05
235.95

317.07
317.00
316.93

398.08
398.02
397.96
397.88
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previously been ground to a plane surface.
The chromium was cleaned by being made
cathode in an. electrolytic bath of NaOH, water
and alcohol. The initial steps transferred to the
plate had a 2-layer step rise similar to the steps
of Fig. 1.

The stearic acid films were spread upon doubly
distilled water of specific resistance greater than
10' ohms-cm, the second distillation having been
made in Pyrex glass. Barium bicarbonate was
added to this water in a concentration 5 && 10 "M.
The barium bicarbonate was prepared in more
concentrated solution by dissolving 0.3 g BaCO&
in 1000 cc of water saturated with CO~ at a
pressure of 1 atmosphere. After a suitable
amount of the barium bicarbonate solution was
added to the water bath, air was bubbled through
the bath to remove excess CO2 and bring the pH
to the value 6.7 which corresponded to equi-
librium with the CO2 contained in ordinary air.
iVIeasurements of pH were made by using La
Motte standard indicators. The data of Tables
III and IV were taken prior to the use of the
solutions (a) and (b) recommended in this
paper. The barium bicarbonate solution gave
the same type of film as solution (a) but was
more troublesome to prepare. The stearic acid
which was used in all the measurements de-
scribed in this paper was prepared by Dr. R. E.
Burnett. Tests showed that this stearic acid had
a very high degree of purity. The test for purity
was described in a previous paper, ' p. 1010.

sin i=n sin r, (17)

placing e=n& ——1.491, as given by Eq. (12).
The value of X~ in the 5th column is the product
X cos r in accord with Eq. (14).

It is seen that for any value of m, X~ is
constant. This proves by Eq. (13) that within the
range from i=67 to 85' (or r from 38 to 42')
there is no appreciable variation in Xo. The
values of X& are found to vary linearly with rn,

as they should by Eq. (13) and are accurately
represented by the equation

For R,, : %~=40.502m —4.30. (18)

VIEAsvREMENTs wITH ORDINARY RAY R,

In Table III the values of cos r in column 4
were calculated from i by means of the equation

(a)

p'wi
fbi P

(a) i=82'. (b) i=75'.
Fj:G. 1. Interference fringe seen with 15 steps having 35,

37, . . . 63 layers of barium stearate built on polished
chromium. Photographed with R, ray of light P =5893A.

The values of X~ in the last column of Table
III have been calculated by this equation. A, com-
parison of the observed values with the calcu-
lated (columns 5 and 6) shows that the probable
error of the individual values of N~ is about
&0.07 layer. A comparison of Eqs. (18) and

(13) gives

For R, at r=40': Xo ———4.30. (19)

1'~=¹(1—sin p'/n ) (22)

To calculate N~ from the data in columns 2

and 3 of Table IV we need to know n3. To de-
termine n3 we make use of the fact that AN~
according to Eq. (16) must be the same whether
R, or R„is used. Let hX, and AX~ represent the
increments in N between successive minima
(And =2) which correspond to a particular value i
(say iM) for R, and R„,respectively. By interpo-
lation in Tables III and IV for each value of
m we obtain the value of X that corresponds to

By Eqs. (12), (13), (16) and (18) we find

taking X =5893A.

AX~=81.00 and t =7/2n~hX~ 24.40A——. (20)

M EASUREMENTS WITH EXTRAORDINARY RAY R~

For R„,n is a function of r according to
Eq. (2). Since r is not directly observed it is
convenient to eliminate r from this equation by
using Eq. (17) and so obtain

(e/n&)'=1+(1/n&' —1/rs3') sin' i (21.)

Similarly r can be eliminated from Eq. (14)
and then n can be eliminated by Eq. (21),
so that
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i~ ——80' and by finding the successive intervals
for Am=2 we obtain:

at iM ——80' AX, = 1.07.89~0.05;
AX„=104.85 ~0.05.

From Eq. (22) we obtain

(DNA')'= (AN, )'[1—(sin' igg)/nP]
= (AN„)'[1—(sin2 i~yq)/nP]. (23)

Introducing the values of AX„~X~and i.~~ ——80
we find

(24)

If we take n& ——1.491 as in Table III we thus
obtain

n3 ——1.551~0,002. (25)

The values of N& obtained by Eq. (22) are
given in column 4 of Table IV. There is a slight
decrease in N~ as i increases. The values of
N& (calc.) in the last column were calculated by
the empirical equation

For R„:N~ =40.50m —7.01—0.03(i' —80), (26)

wherei ' is i expressed in degrees. The differences
between the observed and calculated values of
N~ correspond to a probable error of ~0.06
layer. The coefficient of m agrees with that of
Eq. (18) because n3 was chosen to make it do so.
The other terms indicate that

For R„ati=80': No= —7.01 layers. (27)

The difference between No given by Eqs. (19)
and (27) is associated with the marked elliptic
polarization of the light reflected from films on
chromium.

BIREFRINGFNCE M EASURED WITH OPTICAL

COMPENSATOR

The birefringence of films of barium stearate
having a total thickness of 5752 layers built on
glass (made by placing two slides face to face,
coated with 2751 and 3001 layers) was studied
with the aid of a quartz wedge compensator. The
relative phase retardation of the two rays trans-
mitted by the film was found to be 180' at i = 56'
for sodium light.

The retardation in path of the extraordinary
ray R„with respect to the ordinary ray R, was

hi=5752&[(n/cos r„n—, /cos r,)
+ (tan r, —tan r~) sin i ] (28)

= 2947A.

The terms in the first pair of brackets give the
difference in optical path of the two rays in the
film, and the terms in the second brackets the
path difference in air after the rays leave the
film. Values of n were calculated by means of
Eq. (21) using n& ——1.491 from Eq. (12) and a
series of values of n3. Then r, and cos r„were
calculated from n~ and n and the value i=56'
by Eq. (17), and t = 24.40A was substituted from
Eq. (20). It was found that if m& was assumed to
be greater than n~ in accordance with the results
given in the preceding section, the value which
satisfied Eq. (28) was n3 ——1.5514. This is in
close agreement with the value obtained in

Eq. (25).

OE'TICAL PROPERTIES OF CHROMIUM

Chromium has advantages as a surface on
which to build films not only because it is non-
tarnishable but also particularly because it has
a low reflectivity and so gives strong interference
fringes. We see by Eq. (5) that a perfectly re-
flecting metal (C= 1) would give no fringes.
With silver the fringes are very faint except at
nearly grazing incidence.

The reflection coefficients p, and p„for the
rays R, and R„and the corresponding phase
changes 8, and b„can be calculated by the
electromagnetic theory from the index of re-
fraction n and the index of absorption k of
the metal.

The dashed line curves given in Fig. 2 for
bare chromium have been calculated using'

n =3.59; &=1.26 for X=5893A

by the complicated equations given in con-
venient form by W. Konig. 9

The full line curves have been calculated for
the interface between chromium and an isotropic
medium of refractive index n~ ——1.491 and there-
fore should give accurate values of C, and
approximate values of C„for the interface

"International Critical Tables, Vol. 5 (1929), p. 249.
The equations for calculating p„p„and6 are also given.' W. Konig, Handbuck der Physi k, Vol. 20 (Julius
Springer, 1928), p. 242.
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between the chromium and the barium stearate
films. These calculations gave the quantities b,

and b„in terms of the angle of refraction r, but
the data given in Fig. 2 have been expressed in

terms of i, the angle of incidence in the air above
the film. Thus with i=90', r=42' and the large
changes in p„and 5„observed with bare
chromium do not occur when the chromium is
covered by the film.

The phase changes 8, and b„arerelated to the
quantities No which we have found in our
studies of films. Some part of No may have its
origin in a phase change at the upper surface of
the film, but the extreme smallness of the
elliptic polarization produced by reHection from
transparent bodies would indicate that the
larger part of No should be due to the interface
between the film and the metal. The addition of
DN, or DN~ layers, as given by Eq. (23) causes a
phase retardation of 360' in the ray that
traverses the film (down and back). Thus by
proportion we find that

For R, : No (8,/360') h——Nx/cos r; (29)
For R„:N, '= (8„/360')'(&NN)'/(1 —sin' i/n32)

The values of No have been calculated by these
equations from the corresponding values of 8,
and 8~ in Fig. 2, using AN~ as given in Eq. (20).
The results are shown in the two curves (No),
and (No)

„

in Fig. 3.
It is seen that (No), is independent of i in

agreement with the constancy of the calculated
values of N~ in Table III for each value of m.

The absolute value of (N, ), is —5.28 which

differs by one unit from the value —4.30 given
in Eq. (18).

With the R„ray, —(Np) „

increases with i and

at i=80' the rate of increase is 0.041 per
degree, in reasonable agreement with the value
0.03 given by Eq. (26) as found from the varia-

tion of N~ with i in Table IV. The absolute
value of (No) „at80' in Fig. 3 is —9.10 which

differs by 2 units from —7.01 given by Eq. (27).
In view of the fact that the values of n and k

given for chromium in the I. C. T. are based on
measurements of 1910, prior to the time that
chromium plated surfaces were available, we

should probably not expect better agreement.
Perhaps the neglect of the anisotropic nature of

the film for the R„ray in the calculation of

b„may account for the greater discrepancy
iri (No)„.

The method that we have used to determine No
from molecular layers on metal makes it possible
to find 8, and b„separately, whereas the measure-
ment of the ellipticity of the reHected light gives
only b, , the difference between 8, and b~.

Films built on chromium in 2-layer steps show
little contrast when seen by the R, ray or the R„
ray at i=45'. If, however, the chromium slide is
placed between crossed Polaroid screens and the
plane of vibration of the incident light makes an
angle of 45' with the chromium surface, great
contrast in intensity is seen between the steps.
Under these conditions the light reHected by the
film is in general elliptically polarized, and the
ph.ase retardation of the resultant of the two R,
rays (reflected from the upper and lower surfaces
of the film) with respect to the resultant of the
two R„rays is a function of the thickness of the
film. If a quartz wedge compensator is introduced
in the path of the light between the two Polaroid
screens, the wedge being turned so that the dark
band exhibited by the wedge traverses all the
steps in the series, the variation of phase re-
tardation with the thickness of the steps is
beautifully demonstrated. The band of the wedge
is seen as a sinusoidal wave having its steepest
slopes at steps whose thicknesses correspond to
intensity minima for the ray R, or the ray R„.
The complete theory of the factors involved in
the reHection of light by transparent films de-
posited on metal has been worked out by
Hauschild. "
THE REFLEcTIQN QF LIGHT FRoM THE UPPER

AND LowER SURFAcEs oF FILMs oN GLAss

The general equations for the reHection of
ljght from an interface between any crystal and
an isotropic medium (both perfectly transparent)
are very complicated but are given in convenient
form by G. Szivessy" in the Haydbuch der
Physi k.

For the case of a plane parallel plate of a
uniaxial crystal (cut with surfaces perpendicular
to the optic axis) lying between two isotropic
media of refractive indices no and n, the equations

'0 H. Hauschild, Ann. d. Physik 63, 816 (1920).
»Szivessy, Hundbuch d. PhysiI, Vol. 20 (1928), pp.

635-726.
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FIG. 2. Optical properties of bare chromium (dashed

lines) and of the interface between chromium and a
stearate film (solid lines). p, and p~ are the amplitudes
reflected from bare chromiuIn for the R, and R„rays;
C, and C& are the amplitudes reflected from the chromium-
stearate interface. 8. and B„arethe phase retardations in
degrees (beyond the normal 180' phase shift). and

tan is n& 63/2——n&(n—P 1)—
sin' ic= nfl, /(26, A3). —

(3&)

(38)

glass. The quantities 8 and C are the amplitudes
of the electric vectors of the reflected rays from
the upper and lower surfaces, respectively, taking
the amplitude of the light incident upon that

surface as being unity.
It is evident from Eq. (5) that the interference

fringes vanish if either B or C becomes zero. We
see from Eqs. (30) and (32) that B,=O only when

n& ——eo, and C, =O only when nj ——n, . There are,
however, certain angles i~ and iq at which By
and C„canvanish. These are given by:

sin'is= n, '(n~' no'—)/(nPn3' no'—) (34)

and sin'ic=nPn '(nP n, ')—/n02(nPn ~ —n 4) (35)

If n3 and n, differ only slightly from n j, we may
place

nP = n, '+ Dg and n, '= n~'+ 6, (36)

Then, neglecting terms involving 6', we obtain
(for no ——1)

take the much simpler form:"

no cos i (nP ——no' sin' i) l

no cos i+ (nP —nP sin'i) i

no(n3' no' sin'i)'* —n, n3 c—os i
By-

no(nP no'sin—'i)l+n~n3 cosi

(30)

(31)

Thus Brewster's angle i~ decreases as n3 increases
above nI, whereas with an iso'tropic substance the
change with n is in the opposite direction. We can
now understand the low value of i~ given in

(nP —no' sin'
C, =

(nP n, ' sin—'
i)' (n ' n—' sin'—i)l

i)l+ (n, ' —n02 sin' i) i
(32)

ngn3(n, ' —no' si n'i) *
n, '(n3' —no' sin'—i) &

. (33)
sin'i)l+n, '(n3' —no' sin'i)l

C„=
ngn, (n, ' n(P—

In these equations i is the angle of incidence in

the medium of refractive index no, n& and n3 are
the refractive indices characteristic of the uni-

axial crystal and n, is that of the underlying

.7

.6'

/h1
.5

.2

(l'~"'" ~A
W(&.),

6.

-(y~)

(p)g;n
4

2.

"To obtain these equations from those given in the
Handbuch der Physik many variables must be eliminated.
Eqs. (189) to (192) on p. 718 give expressions for B, and
B„in terms of i, r and g (the angle between the wave
normal and the ray). Similar equations for C, and C„must
be derived from Eqs. (181) to (184) and are then expressed
in terms of t, r and r„the angle of the ray transmitted
into the glass. The angle & can be eliminated by Eq. (147)
on p. 689. Then r and rg can be eliminated by using
npsini=@sin r=n, sin r, together with the value of e
given by Eq. (145).

0' /O' ZO' 80' 40' $0' 60' 70' 80' $0'

FIG. 3. Intensities of the interference fringes for barium
stearate films on chromium and the value of Np. (p,)2 and
(p„)'refer to the R, and R„rays.The values of (p) Max.
and (p) Min. are the values given by Eq. (5) by taking
the + and —signs. Note the different ordinate scales
for (p)' and Np.
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Table II. Taking ni ——1.491 and i~ ——55' 20' we
calculate by Eqs. (37) or (34) that n3 1——.552,
while Eq. (1) gives n=1.446. The value n3=1.552
is in' agreement with the result given in Eq. (25).

Real values of iq occur only when n, lies
within the range for which the 2nd member of
Eq. (38) is between 0 and 1. When m&&e& and
n~&1.42, n, must be less than nI in order that
there shall be any angle i & at which C~ vanishes.
This explains the fact that for films on quartz,
Table II, column 3, series B was observed at
large as well as at small angles.

If for a film on quartz we take n, =1.459,
n& ——1.491 and n =31.551 from Eq. (25) we

find

b
Eq. (35) ic=50' 18'. The data shown in Table II
give the result that for films built on quartz i &

had a value between 53' 20' and 56' 50'. A mean
of these angles, iq ——55'5' corresponds to the
values n&=1.491, n3 ——1.535. The discrepancy of
about 4 degrees between the calculated and
observed values of i~ suggests that conditions
obtain at the boundary between the film and
quartz which are not fully described by Eq. (35).

INTENsITY QF INTERFERENcE FRINGEs PRQ-

DUCED BY FILMS ON CHROMIUM AND

oN GLAss

The data for C, and C~ in Fig. 2, together
with 8, and B„igve nby Eqs. (30) and (31)
enable us to calculate the intensities p' of the
maxima and minima of the interference fringes on
chromium by Eq. (5). The results of such
calculations using n~ ——1.491 and n3 ——1.551 are
given in Fig. 3.

It is seen that at i =0 the ratio of the intensities
of the maxima and minima is 1.68. With the
R, ray this contrast steadily increases until at
about 82' 30' the minima become completely
black, while the maxima reflect about 95 percent
of the incident light. With the R„ray as i
increases the contrast decreases until it disap-
pears at Brewster's angle 55'20'. The contrast
then reverses and increases very rapidly, be-
coming infinite at about 84'. These results agree
with the observations.

The upper part of Fig. 4 gives the maximum
and minimum values of p calculated by Eq. (5)
from the values of B„B„,C, and C„given by
Eqs. (30) to (33), using n, =1. 941 and ns=1.534,
which are the values of n~ and n3 which corre-

spond to the observed value of ig for films on
quartz. The curves shown are for glass (1)
(quartz, n, = 1.459) and for glass (3) (N, = 1.7854).
The separation of the curves for p, and p„for
glass (2) n, =1.4937 is too small to be shown in

Fig. 3. The mean value of p for this glass lies

approximately midway between the two values
shown for glass (1). The index of contrast, Z,
defined by Eq. (8), is shown for glasses (1) and

(2) in the lower part of Fig. 4. We see that for
glass (1) the contrast decreases slowly, while for
glass (2) it increases rapidly when i increases and
at 43' the contrasts are equal. These results are in
complete agreement with the observations given
in Table II.Theobserved points of disappearance
and reappearance of fringes with glass (1)
occur at i=53' 20' and 56' 50'. The contrast
is about 1:1.15 at these points, so the fringes
become invisible between these limits because of
the low intensity of the reflected light (less than
0.04 percent). With glass (3), on the other hand,
the intensity of the reflected light at Brewster's
angle is 0.4 percent and in this neighborhood a
relative change in intensity of 2 percent is caused
by a change in i of a little less than 2'. Thus, the
observed accuracy of measuring i& on glass (3)
and the inaccuracy with glass (1) is explained
quantitatively.

The optical properties of the built-up films on
chromium and on the several glasses are thus in
accord with the theories given for uniaxial
crystals with their optic axis perpendicular to the
plane of the film. The analysis that we have made
furnishes several independent methods by which
n& and n& can be determined accurately. Thuz
with measurements of hN~ we have the possi-
bility of precise measurements of t, the spacing of
the layers. If then films are also used for x-ray
diffraction measurements a direct comparison of
optical and x-ray wave-lengths can be made.

SPACING MEASUREMENTS FOR FILMS BUILT ON

GLAss

When spacing measurements were made with
films built on glass, the films had to be built with
a greater step-rise than in the case of films on
chromium since the minima were not so sharply
defined. A step-rise of 10 layers was sufficient
when the films were built on glass of refractive
index n=1.78, when glass of lower refractive
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index was used the step-rise had to be 16—20
layers.

The results which were obtained showed that
measurements made with films on glass, n, = 1.78
and a 10-layer step-rise, had the same probable
error as with films on chromium having a 2-layer
step-rise. The films on glass had the advantage
that they could be measured at small angles of
incidence and when i is small the calculated
values of cos r are less affected by an error in the
value of the refractive index than when i is large.
With R, accurate measurements could be made
at angles up to about 50', which was a greater
range than for the case of chromium. The values
of n, cos r calculated from I=1.491 were inde-
pendent of the angle, as in the case of the data in
Table III. When the glass was thoroughly
cleaned by being scoured with Shamva the values
of —Xo obtained in accordance with Eq. (2)
were —¹p ——0.2 to 1.0 layer, the value commonly
obtained being 0.7 layer. These relatively small
values are in accord with the known small degree
of elliptic polarization from transparent media.

Small variations in ¹ were attributed to the
manner in which the glass was cleaned in suc-
cessive runs. The glass n, = 1.78 was visibly
stained by dilute acid, also long exposure to the
air produced a film on the surface which had a
thickness of many stearate layers. Scouring the
surface with Shamva removed films of stain and
grease very satisfactorily, but the Shamva itself
adhered to both glass and metal and could not be
removed merely by rinsing the surface with a
stream of running water. Even after thorough
swabbing with cotton under water some traces of
Shamva were frequently detected which were
sufficient to account for small variations in ¹p of
the magnitude which were observed. The values
of Np obtained for chromium cleaned with
Shamva were subject to similar variations within
a range of approximately ~0.2 layer. Chromium
cleaned by being made cathode in an electrolytic
bath showed an increase in —Xp of 1 layer as a
result of becoming slightly etched by being
cleaned about 10 times.

EFFECT OF FOREIGN SUBSTANCES DISSOLVED

IN BENZENE

The solution of stearic acid in benzene which

was used to spread the monolayer on water in

0.8

0.2

—.45
—.04

c. —,08
~O

—.GP
0
V—.0/

—.COB

00. /O' ZO' 80' 40' 80' 60' 70'

—.00/

I
—.COP/

80' 90'

0./—

RP
020 /0 20 80 &0 80 60 70 80 SKI

FIG. 4. Upper figure: intensities of interference fringes
for films on three glasses. Ordinates with scale on left are
the absolute values of p and with scale on right are in-
tensities p2. Lower figure: absolute values of index of
contrast for films on two glasses. (0.2 on ordinate scale
should be 0.)

these experiments contained stearic acid in a
concentration which was commonly 3)&10 4 by
weight. The benzene was "Benzene Merck"
which was redistilled in this laboratory.

The effect of the presence of a small amount
of a dissolved oil in the benzene was demon-
strated by adding mineral oil in a concentration
3)&10 ' by weight to redistilled benzene con-
taining a concentration 3)& 10 4 stearic acid.
Films containing 200 layers were readily built on
chromium with this mixture. They had a spacing
approximately 80 percent greater than the
normal spacing for barium stearate and were
much less transparent, a large part of the light
which fell on the film being reflected as scattered
light. The appearance when seen in a microscope
indicated that much of the oil had gathered into a
myriad of droplets. When "Benzene Merck" was
used without being redistilled a spacing 6 percent
greater than normal was obtained, and films
having more than 400 layers on chromium
showed marked scattering of light.
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EFFECT OF SUBSTANCES DISSOLVED IN WATER
ON SPACING OF LAYERS AND ON THE

REFRACTIVE INDICES

TABLE V. Films built on glass. Initial layer formed by
rubbing down 50 layers of barium stearate.

(a)

1
3
5
7
9

11
13

NN

39.0
118.6
199.2
280.0
361.1
442.3
523.5

79.6
80.6
80.8
81.1
81.2
81.2

NN

38.8
120.4
201.9
283.7
365.1
446.8
528.4

81.6
81.5
81.8
81.4
81.7
81.6

Mean 81.6

A, large number of measurements have been
made to determine the number of layers between
successive minima, ANN, for films of barium
stearate built from many different solutions. The
values were found to range from ANN ——79 to 82
for films which could be built in a satisfactory
manner. Most of the values lay between AN&
= 81.2 and 81.8. The values were independent of
pH, temperature, and barium concentration,
within the range in which these variables were
commonly used for film building. This range was
PH=6.5—7.2, temperature 15'C—25'C, barium
concentration 0.3X10 4 to 10 4 M. The presence
of Cu in a concentration 2X10 did not affect
the spacing. The differences obtained in values of
ANN were attributed to small amounts of foreign
substances present in the water on which the
films were spread. The belief that foreign sub-
stances were responsible for the variations was
derived from data of the type shown in Table V.
Water obtained from a still lined with tin was
used to make up solutions on successive days,
all the solutions being 0.3 && 10 ' M BaC12,
2)&10 4 M KHCO&, pH =6.8. Some of these
solutions produced films which gave data of the
type shown in columns (a), Table V, whereas
others gave data of the type in columns (b).
In the type (a) AN~ increased steadily for each
successive interval from the 1st to the 6th
minimum. In every case when data of this type
were obtained and a second series of measure-
ments was made with films built from the same
solution, the initial values obtained in the second

measurements were similar to the final values of
the first measurements. This made it appear very
probable that the water used for the solution
(specific resistance = 900,000 ohms-cm) contained
a trace of some substance which was used up by
the successive films. The series in columns (b)
did not have this regular trend, the greatest
departure from the mean value 81.6 being 0.2
layer.

Mr. Schaefer has been conducting experiments
which have shown that minute traces of tin,
lead and silica in concentrations as low as 10 '
parts by weight in the water can produce effects
of this kind. The effect on the 2-dimensional
viscosity of the films" is a particularly sensitive
indication of the presence of these impurities.
The measurements given so far in this paper were
made at a time when we had no knowledge of the
nature of the foreign substances which may be
responsible for changes in n and ANN. Recently
we have made a few observations with distilled
water from various sources and have sometimes
added small amounts of salts of divalent elements.

Using a laboratory supply of distilled water of
specific resistance about 300,000 ohms-cm which
had passed through tin lined lead pipe, we find
with barium stearate films built up on quartz
that with the extraordinary ray (compare with
Table II) the 8 series is observed up to i = 56' 0'
that there is then a range between 56 0' and
62' 30' at which the A series is seen and at still
larger angles the B series again appears. Thus
for these films we may take i& ——56'0' and
i q = 62' 30'. These values would indicate by
Eqs. (34) and (35) that n~ is about 1.515 and
that n3 is at least 1.56. These effects are probably
due to traces of lead.

To investigate the effects produced by lead,
PbC12 was added, sufficient to make the solution
3&&10 ' molar with respect to Pb, the solution
being 3&10 ' molar with respect to Ba. Films
built from this solution on glass having a
refractive index of 1.5106 showed at i =0 a fairly
strong B series, so that n~ for this film must have
been at least 1.52. Films built from this solution
on quartz gave with R„the 8 series for i (56' 35'
followed by the A series at i)56' 35' with no
return to the 0 series. The value of i~ for films

"I.Langmuir, Science 84, 379 (1936).
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built on glass n = 1.78 was 56' 10'. With n& ——1.52
and i& =56' 10' we find by Eq. (34) n3 ——1.559.

On doubling the amount of lead the films were
moredifficult to build, but a value of ni was found
which was slightly less than 1.5106.

Films of pure stearic acid spread on distilled
water pH =5.8 without any added salts at i =0'
gave no observable fringes on glass of n, = 1.5106,
so that we may take n& ——1.510.

SKELETON FILMS

When a slide coated with a film of barium
stearate which has been built at pH=6. 5 is
soaked for 1 to 10 sec. in benzene and is then
withdrawn from the benzene, a striking change is
observed in the interference color reflected by the
film. The color of the soaked film corresponds to
an optical thickness much less than that of the
new film. Further soaking produces little or no
change of color. The change is due to a large
decrease in the refractive index of the film, the
actual thickness being practically unaltered.
Before the film is soaked it consists of a mixture
of barium stearate and stearic acid, 4 the pro-
portion of each component being determined by
the barium concentration and pH of the water
solution used in building the film. The benzene
dissolves the stearic acid and leaves the barium
stearate as a skeleton with air filling the spaces
previously occupied by the stearic acid.

The data in Tables VI and VII refer to a film
which had an initial refractive index n1 ——1.499
and after soaking in benzene the refractive index
of the skeleton was n~ ——1.30. Several skeleton
films have been built which had the value
n~ ——1.25, and in one case n~ ——1.22. From the
law of Clausius and Mosotti

barely visible on this glass. The air spaces in the
film may be filled with oil by allowing a drop of
mineral oil to travel across the film. The oil does
not wet the film permanently but withdraws
from the path which it has traveled, and this
path is then seen to have the same color as that
of the film before it was soaked. If a moderately
volatile oil such as tetradecane or kerosene is
used, the color gradually returns to that of the
skeleton film as the oil evaporates.

When more than about 50 percent of the
material of the film is removed, the skeleton
commonly shows partial collapse and h as a
fogged appearance. Films which have collapsed
completely, due to the removal of more than
about 60 percent, are no longer transparent.
The best skeleton films are obtained when the
films contain less than 100 layers, for the reason
that the water solutions which must be used to
build films containing a large proportion of
stearic acid are at pH =6.5 which is a range of pH
in which fi]ms are slower than at pH=7. 0 and
become progressively slower as every successive
100 layers are added. A, series of steps can be
built in 50-layer intervals which appear perfectly
transparent before the series is soaked, but when
withdrawn from the benzene the higher skeleton
steps are fogged in a manner which shows that
the tendency to collapse is greatest for the films
which are built at the lowest speed. A, study of
the skeleton of a film thus affords an important
test of the building qualities of the material of
which the film is composed.

A large part of the stearic acid is usually
removed from the film by benzene in 10 to 60 sec. ,

often it is removed in 1 sec. Prolonged soaking in

(5' —1)/(tH+2) =k Xdensity (39)
TABLE VI. Intensity minimum m=3 with ordinary ray of

wave-length ) = 5893A for normal and skeleton
films of barium stearate built on glass.

we have the result that n~ ——1.30 corresponds to
a skeleton structure containing 63.7 percent of
the material in the initial film. The values
n~ ——1.25 and n~ ——1.22 correspond to 53.8
percent and 47.7 percent, respectively.

The removal of 35 to 40 percent of the material
can be accomplished with practically no shrinkage
in thickness of the film. Due to the decrease in
refractive index vivid colors are obtained with
skeleton films built on ordinary glass microscope
slides, n, = 1.51 to 1.52, whereas normal films are

FILM

Normal

Skeleton

Skeleton filled
with Nujol

N cosr

121.35
12 1.66
121.44

Mean 121.48

144 14 47'
154 30 52
164 41 20
174 49 22
184 57 0

124 17 55'
134 38 32

0.9854
.9396
.8977
,8623
.8288

.9787

.9096

141.90
144.70
147.22
150.04
152.50

12 1.36
121.89

cos r
calc. for

N j n =1.499

124 17 57' 0.9786
134 38 55 .9079
144 53 40 .8433

cos r
calc. for
n =1.30

0.9805
.9189
.8613
,8119
.7640

N cosr

141.19
141.5 1
141.25
141.27
140.58
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TABLE VII. Skeleton and normal ff,lms on chromium com-
pared with R, ray of white light.

COLOR

2nd-order yellow
2nd-order red
2nd-order blue

N NI/f
(NQRMAL) (SKELEToN)

127 169
145 189
163 219

0.7515
.7672
.7443

Mean .7510

benzene frequently results in a gradual slow
decrease in optical thickness, but this is usually
accompanied by a slow collapse of the skeleton.
In order to build a skeleton which will have a
desired value of n~ the proportion of the film

that is to be dissolved is fixed by the stearic acid
content of the film. For example, the data in
Table VI refer to a film built at pH=6. 4 which
lost 36.3 percent of its initial material. Films
built from a solution having the same barium
content and pH = 7.0 lose practically no material
when soaked in benzene for 1 min.

The amount of material which can be removed
at a given pH value, and the amount which can
be removed without causing collapse are both
affected to a great extent by the presence of
traces of foreign substances in the water. In
recent experiments the skeleton films which have
been built when using barium acetate have
shown less tendency to collapse than those built
with barium chloride. The presence of copper in

the water usually causes the films to crack when

skeletonized. A, wide variety of effects produced

by foreign substances in the water when building
skeleton films is being studied by Mr. Schaefer.

The measurements given in Table VI were
made with a film built on glass n, =1.78 in steps
having 119, 129, ~ 229 layers. The water
solution was 10—4 M barium acetate, 0.2 g 10—' M
KHCO3, 10 ' M KCN. The KCN was added in
order to remove traces of copper from the solu-

tion. The temperature was 19'—20'C, pH=6. 4.
The initial layer was built from a solution
containing the same concentration of barium,

pH = 8.5.
The refractive index of the normal film was

found by building steps on the standard glasses.
Steps built on glass n, = 1.4937 formed a B series
which had a contrast about one-half as great as
the A series exhibited by the steps on n, = 1.5106.

trr/t = mN cos r/ns Nrr cos rs, (40)

where the subscript 5 refers to the skeleton
film. Substituting n=1.499, n~ ——1.30, N cos r
= 121.48, Nrr cos rrr= 141.2 (from Table VI)
we have the result t~ ——0.992t. That is, the re-
moval of 36.3 percent of the bulk of the film was
accompanied by a shrinkage of only 0.8 percent
in thickness.

When the skeleton was filled with Nujol the
optical properties were nearly identical with
those of the original film. Table VI gives the
results of measurements of the oil-filled film.
The refractive index of Nujol is 1.480 and of
stearic acid is 1 ~ 51. The increase in the value of
N cos r at N=134 from 121.66 for the normal
film to 121.89 for the oil-filled film is in accord
with the lower mean value of refractive index.

During the process of building these films on
glass a chromium slide was attached to the back
of the glass slide. The films on the chromium
were also skeletonized by being soaked for 1 min.
in benzene. The colors of the steps were then
compared with a standard color-scale made of
normal films built on chromium in 18-layer
intervals. The skeleton and the standard were
viewed by the R, ray of white light at i=80'.
The steps which matched most nearly in color

The refractive index was therefore n=1.499.
This value is higher than the usual value n = 1.491
obtained for films built at pH = 7.0 to 7.2 because
of the greater percentage of stearic acid at
pH=6. 4, the refractive index of pure stearic
acid films being 1.51.

The data in column 5 for the normal film were
calculated using n=1.499. The resulting values
of Ncos r are in good agreement. After these
measurements were made the film was soaked in
benzene for 1 min. The values of Ncos r in
column 5 for the skeleton were calculated using
n = 1.499, in column 7 using n = 1.30. The results
in column 7 are reasonably constant whereas in
column 5 they show a steep upward trend with
increasing i. The refractive index of the skeleton
was therefore 1.30.

A.ll fil ms which reHect minimum intensity
corresponding to a particular value of ns have a
constant value of nNt cos r (by Eq. 4), if one
neglects No (Eq. (13)) which is a very small term
in the case of films on glass. Therefore
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are listed in Table VII. Eq. (40) was applied to
these data with the assumption that Xo for
skeleton films on chromium was the same as
for normal films. The value of n~ which was
required to satisfy Eq. (40) when X/%s =0.7510
and i =80' was n~ ——1.295. Thus the method of
building films simultaneously on glass and
chromium affords a useful means of making two
independent determinations of n~ which cover a
range ofi from 14' to 80 .

After the data given in Tables VI and VI I
were obtained, films were built on seven micro-
scope slides, each film having steps of 333, 343,
353 layers. All were soaked in benzene for 1 min.
Measurement of the angles i at which these
films reflected the minimum ns = 7 gave the
result n~ ——1.32. It frequently happens that after
a water solution has stood in a trough for several
hours the values of n~ which are then obtained
are slightly higher than the initial values. This is
probably due to a gradual accumulation in the
solution of substances dissolved from the trough
or taken up from the air.

The slides were stacked in a pile and the bi-
refringence of the total of the seven films was
measured by means of a quartz wedge com-
pensator using transmitted light. The relative
phase retardation of the R, and R„rays corre-
sponded to X/4 for sodium light at i=48' and
X/3 at i=54'. The total thickness Nts of the
2471 layers was 59,800A, , taking t~ ——24.2A.
Therefore the factor 5752t in Eq. (28) was
replaced by 59,800. For 6/=1473A at i=48 it
was found that when n1 ——1.32 the value of n3
which gave terms which satisfied Eq. (28) was
n3 ——1.390. For 61=1964A at i=54' the calcu-
lated value was n3 ——1.391.

A measurement of Brewster's angle made after
these films were built gave the result i~ ——51' 17'.
Substituting i&=51' 17' and et=1.32 in Eq. (34)
we obtain n3 ——1.383. The refractive indices of the
normal films built at pH=7. 0 were n1 ——1.491,
e3 ——1.551 from Eqs. (12) and (25). The skeleton
films having n1 ——1.32 and n3 ——1.390 or 1.383
have therefore approximately the same value of
n3 —n1 as the normal films.
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Properties of the Surface Magnetization in Ferromagnetic Crystals

W. C. ELMORE

Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received March 22, 1937)

The magnetic powder patterns found on polished iron crystals (which may contain a few
percent of silicon) have been studied more carefully by using a macroscopic model and by
investigating the forces on the powder particles. Reasons are given for preferring one of two
simple models to explain the patterns; some interesting implications of the proposed model
are then considered. Experiments are described which indicate that the structures under
discussion originate during the polishing operation, but that other than magnetic causes must
be responsible for the remarkable regularity of the patterns.

SMALL magnetic field applied normal to
the polished surface of a silicon-iron single

crystal will cause magnetic powder in a colloid
suspension placed on it to collect into regular
patterns related to the crystal symmetry. To
explain these patterns, which resemble mazes
with paths about 4 microns wide on a (100)
surface but consist of lines parallel to a [110j

axis on a (110) surface, McKeehan and Elmore'
assumed the surface to contain blocks about 2
microns on a side spontaneously magnetized
along &100) or &110& axes in the surface,
with opposing magnetizations at about one-half

'L. W. McKeehan and W. C. Elmore Phys. Rev. 46,
226 (1934) W. C. Elmore and L. W. McKeehan, Trans.
A. I. M. E. 120, 236 (1936).




