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Reflection Spectrum and Structure in the Exciton Absorption Peak of NaC1 and KClt
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Measurements in the vacuum ultraviolet have been made on the transmission of thin films of NaCl and
KC1 and on the reQectivity of single crystals of these same salts. Comparison is made between the two types
of measurements and with the absorptions measured in thin films by Schneider and O'Bryan. The agreement
with the latter in the case of NaC1 is good only over the region of the first absorption while in the case of
KC1 it is good over the whole region over which the measurements overlap. A new absorption is found in
NaCl near 1100A and in KCl just below 1000 A. In both salts the first fundamental absorption near
1600 A, presumed to be that of the exciton, as inferred from the reactivity is at least a doublet at liquid
nitrogen temperatures; but further multiplicity of the type predicted by Overhauser is not established,
although possibly indicated. Absolute reflectivities oi the order of 60% are measured at low temperatures.

A NUMBER of years ago work was started at
Cornell on remeasuring the photoconductivity

and photoemission done earlier on NaCl' with the hope
of better correlating the phenomena with the optical
behavior of the crystals.

The electrical measurements are still under way, but
it seems appropriate to report on the methods used and
the results obtained in the work on the optical behavior
of NaCl and KC1, particularly in the region of their
6rst fundamental absorption peaks. It has thus far been
presented only at meetings. ' '

The curves usually referred to in the absorptions of
NaC1 and KC1 (along with others of the alkali halides)
are those of Hilsch and Pohl' as extended by Schneider
and O'Bryan, ' who also measured a variety of the alkali
halides. The work of the latter was photographic, a
comparison being made in the photographic densities
recorded in a vacuum spectrograph of lines down to
about 1100A with and without the salt (evaporated on
a LiF window, for which correction was made) in the
path of the radiation. Their relative absorption meas-
urements from salt to salt were only good to about 2S'Pq,
but were thought to be fairly reliable in any one salt as
a function of wavelength.

Since, in the present work, some desire was felt for
making optical measurements on single crystals, ideally
in which photoconductivity would then be measured,
some method for investigating the single-crystal optical
properties seemed necessary; it was clear that photo-
conductivity measurements in a thin evaporated film of
uncertain constitution would be of questionable signifi-

cance. However, the absorptions are so high that trans-
mission measurements on single crystals are impossible.

In principle it is possible to predict for a material from

its dispersion curve the positions of its absorption peaks.
On the basis of such predictions for KCl and NaC1 made
by Herzfeld and Wolf'7 (giving for NaC1, absorptions
at 342, 936, and 1543 A, and for KC1 at 515, 975, and
1580 A), Pfund reported a high reflectivity for these
salts from cleavage surfaces at about 1547 and 1581 A,
respectively. Subsequently Smith, ' using a refiection
method, observed these salts down to about 200 A, but
his results are confusing and mostly uncon6rmed.

The measurements here reported, for the most part,
are based on the reQection method. The principal part
of the apparatus consists of a vacuum monochromator
working at close to normal incidence as indicated
schematically in Fig. 1. The entrance slit is illuminated

by and serves as part of the anode for a hydrogen
capillary discharge as a source of radiation, "providing
reasonable illumination from 1800A to 900A. The
grating is of aluminum evaporated on glass, 15 000 lines
to the inch and 1.5 m radius of curvature. The lamp
is bolted directly on to the monochromator end plate
and over the entrance slit, and also is displaced from
the detection head of the apparatus, which is bolted
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FIG. 1. Schematic diagram of the monochromator, lamp, and
detector system. The cryostats in all cases are fitted into the
extension up out of the detector head covering the exit slit. Gate
valves allow closing off the monochromator. The shutter is
Selsyn-operated.
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Fxo. 2. Schematic arrangements for measuring reflectivity by
getting the incident light in {a) and the reflected light in {b).
Transmission is obtained by using (c) with the film in and out of
the beam.

over the exit slit along side of the lamp also to the
monochromator end plate. The two slits and a system
of bafQes provide for differential pumping between the
lamp and the detection chamber, each unit being sepa-
rately pumped. In a series of measurements above 1400
A carried out at liquid helium temperature, it was
necessary to wax a thin window of LiF over the exit slit
to prevent condensation of hydrogen on the sample
being investigated. The exit and entrance slits were
about 0.25 mm wide which make possible a resolution of
about 4A at the output. With a lamp pressure esti-
mated at about a millimeter, the tank pressure is about
10—' mnl and the detector head about 5&10 ~ mm when

open to the system. With the LiF window in place the
detector head pressure reaches about 10 mm when

liquid air is used as a refrigerant in the detector head.
The relative intensity of illumination is measured by
means of an end-on photomultiplier monitoring the
light given o6 by a sodiunl salycilate phosphor, which is
irradiated by the uv light to be measured. This useful
phosphor" was prepared by dissolving the salycilate in
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Fxo. 3. Curves comparing the reflectivity and absorption meas-
ured in this work with that of Schneider and O'Bryan in NaC1.
No real peak at 1280 A is observed. Later work appears to make
this region even flatter.

ethyl alcohol, adding an equal amount of ether, and then
spraying this solution with an atomizer to form a thin
layer on a suitable surface, either a front surface mirror,
to increase the light collection of the multiplier, or on
the end of the photomultiplier if it is used in line with
the exit slit. The latter is a much more efficient way
to use the phosphor, but in most of the work it was not
feasible to do so. As used, the phosphor coating is
translucent and diffuse.

The early measurements using this technique were
made to correlate the reAectivity with the absorption.
The optical arrangements used here are indicated
schematically in Fig. 2. To measure the relative re-
Rectivity, the incident light is rejected from the
crystal to the phosphor as shown in Fig. 2(b), to obtain
something proportional to the reQected light; for a
measure of the incident light, the previous arrangement
is nloved out and a new one put in its place such that
the beam is caught first by a phosphor and then seen by
the photomultiplier by way of a front surface mirror as
in Fig. 2(a). A sliding seal enables one to easily inter-
change the two units in front of the photomultiplier.
To measure absorption (necessarily of thin films) the
arrangement was changed to that of Fig. 2(c). The salt
was evaporated from a clean molybdenum boat in the
detector head onto a t'bin film of Zapon. This film could
also be moved in and out of the beam from the mono-
chromator which was incident on the end of the
phosphor coated photomultiplier.

The results of these measurements on XaCl and KCl,
together with a comparison of the absorption measure-
ments of Schneider and 0 Bryan, are indicated in Figs.
3 and 4. It is first of all seen that a fair agreement
exists between the reAectivity and the apparent absorp-
tion, and further, that at least in KCl agreement exists
between these results and those of Schneider and
O'Bryan as far as the latter go. There is found here
another peak in reAectivity and apparent absorption
below 1000 A. The agreement with Schneider and
O'Bryan in the case of NaCl is not as good, in that no
pronounced maximurTi at 1280 A is found in either the
reAectivity or absorption. In fact, with better apparatus,
it will be seen that the reRectivity is even Ratter than
here indicated. The film laid down on a plastic substrate
may behave differently than that laid down on another
crystal of structure similar to its own; or the stoichiom-
etry may be different in the two evaporated films.
It should be pointed out that in neither these absorption
measurements nor in those of Schneider and O'Bryan is
any correction made for the reQected light, which, as
will be seen, can be quite appreciable, even at normal
incidence. However, the thin-film absorption measured
in this work was obtained by getting not only the ratio
of the transmission of the substrate alone to that of the
substrate plus the evaporated layer of salt, but also by
taking the ratio of the transmission of the latter film
combination to that of the same combination with a
further layer of salt evaporated over the first. If one
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disregards any interference, as Schneider and O'Bryan
also did, the eRect of reQectivity of the front surface in
the second ratio should not be present. However, the
curves obtained are quite similar in both cases, showing
further that the reflectivity pretty well mirrors the
absorption.

Identi6cation of the peaks is at this time not clear;
one hopes that the proposed photoconductivity meas-
urements will be illuminating in this regard. It is at
present postulated, and experiments to be described
support the notion, that the 6rst peak is due to the ex-
citon transition. The second peak (it can hardlybe called
that in the case of NaCl) is thought to be due to the
valence band to conduction band transition which would
presumably lead directly to photoconductivity. Seitz"
suggests that the third peak is probably due to further
ionization states of the crystals. These identifications
have yet to be confirmed. It is of interest to note that
the over-all absorption curves of NaC1 and KC1 are
quite different except in the region of the first peak
where they are very similar.

On the supposition that the first absorption peak is
due to exciton absorption, Krumhansl suggested that
it should be temperature-sensitive as in the well-known
case of KI," more so than the shorter wavelength
absorptions. Accordingly, attempts were made to ob-
serve the reQectivity at low temperatures. Direct cooling
to liquid nitrogen temperatures of the crystal in the
arrangements of Fig. 2 was tried and found impractical
because of the condensation of some material on the
face of the crystal. In fact, interference maxima and
minima could be observed in the photomultiplier output
as the crystal was cooled. It was apparent that it would
be necessary to surround the crystal with cold surfaces
before cooling the crystal itself.

The arrangement devised is indicated in Fig. 5. A
double-walled copper box-like enclosure with slits to
admit light is suspended from a liquid nitrogen con-
tainer. A semitransparent phosphor is used to observe
the incident light and a mirror-backed phosphor for the
reQected light. The visible light which these phosphors
generate passes out through openings in the back of the
box to the photomultiplier. The crystal (or crystals) is

supported on a rotatable drum within the inner box to
be moved into or out of the beam of monochromatic
radiation which is reQected at about 45' on to the
reQection phosphor. A position on the drum is provided
for a LiF slab on which, through a slot below, it is

possible to evaporate the alkali salt on the LiF for
absorption measurements. With this arrangement any
noticeable contamination of the surface was very slow.

It was, however, possible to make measurements only to
within about 50' of liquid nitrogen temperature.
Nevertheless, reQectivity curves of KC1 and NaC1 were

remade at room temperature with the box walls cold

's F. Seitz (private communication).
"H. Fesefeldt, Z. Physik 64, 623 (1930).
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and then made at as low a temperature as could be
reached with the arrangement. It was also possible to
keep the crystal warm by means of a flat heater between
the crystal and its copper supporting shelf in the drum
to enable heating the crystal (with the box cold) to
drive oR any volatile films. The heater was a mica wafer
coated with Aquadag and heated by a current brought
in on the sides through thin sheet nickel strips crimped
over opposite edges of the mica. This, however, was the
reason why the minimum temperature that could be
reached for the cold measurements was so high. In
these measurements particular care was taken to sub-
tract from the light readings the readings of radiation
scattered from the grating. The latter were obtained by
retaking each reading through a quartz filter cutting oR
at about 2000A. Ideally for this, one would like a
sharp variable cutoR filter to follow the monochromator
wavelength setting. However, the present procedure
appears to be about as satisfactory as one can hope for.

Reflectivity curves for both NaC1 and KC1 (crystals
grown by Harshaw) at two temperatures are indicated
in Figs. 6 and 7. The reQectivity is plotted in arbitrary
units. To be noted are: the general rise in the reQectivity

Rksphor
S'creens,

85opo-
Rulfiplier ~

Ycrcuum/~~
Arnaow

+oPuAh~ C'u

g Srurv ~rye/a/~
~ ~jjm Mount

Fi own

~jap~~onoehlQfFleXA'

C'ryPPz/ Sea/er, $
73ermncoup/e

@~~Evoporutray
W&~ment

~uk' A&//e+
+u Kncfbsare

FIG. 5. Diagrammatic arrangement of apparatus used in ob-
taining the curves of Figs. 6, 7, and 8. Actually, several crystals
could be mounted in the drum at the same time. The position of
the LiF plate for carrying an evaporated film is not indicated here.
Thermocouple leads and a heater lead were brought in on the
axis of the drum.
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FIG. 4. Comparison of thin-film absorption and refiectivity of KCl
with the absorption curve obtained by Schneider and O'Bryan.
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Qectivity of NaCl
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the scattered light.
However, no such
behavior is seen in
the KCI curves.

at low temperatures, particularly near the peaks; the
absence of any real maximum between 1500 and 1200 A
in NaCl at either temperature (incomplete later
measurements would indicate that the high- and low-
temperature curves may be closer together in this
region); and the general temperature sensitivity of the
6rst absorption in both NaC1 and KCl. Besides rising
to much higher values at low temperature, this peak is
now double and shifted markedly to shorter wavelength,
much more so than other peaks. The region below
1500 A has yet to be more carefully investigated, but
extensive work has been done on the 6rst absorption,
which is the principal interest of this paper.

In order to further the evidence that reQectivity
measurements can give useful information concerning
the absorption positions in such crystals, an attempt
was made to see the doubling of the peak in a cold film
of NaCl evaporated on a LiF plate. Both the reQectivity
and transmission of such a thin film were observed
with the results indicated by Fig. 8. The reQectivity
measurement involves three surfaces. There are the
vacuum-61m interface, the film-LiF interface, and
finally the back surface of the LiF and its copper
support (used in the reflectivity measurement). These
factors are responsible for the rise in the reQectivity on
the long wavelength side of the absorption peak. On the
other hand, the slight suggestion of further structure on
the same side of the absorption peak appearing in the
curves for both NaCl and KCI in Figs. 6 and 7 cannot be
so simply set aside. Its appearance, however, was never
entirely consistent, in that it sometimes came up
markedly and sometimes with barely a sign. It was
tempting to think of it as another component in the
exciton absorption, but the suspicion remained that it
was due to some systematic perturbation, which has
not, however, been found.

These results were encouraging enough, and the
possible side structure tantalizing enough that it seemed
worthwhile to pursue it further. In the meantime,
Zollweg" was observing structure in the absorption of
BaO in the exciton band and Overhauser" proposed a
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group-theoretical treatment of the expected structure
of the exciton absorption. A much better and presently
used arrangement was therefore designed and made,
which enabled one to make reQectivity measurements at
a near to normal angle of incidence to avoid possible
problems with two diferent planes of polarization of the
light at a 45' angle of incidence; measurements were
also to be extended to liquid helium temperature. The
new apparatus is illustrated schematically in Fig. 9.
The cryostat is very small, taking only about 400 cc of
liquid helium, although the liquid nitrogen reservoir
around it takes considerably more. A single transfer of
helium will last over two and a half hours. The crystal is
clamped down to a small copper block bolted to the
bottom of the helium container. The copper block
support rod has an internal heater to make possible
warm crystal measurements while the surrounding walls
are cold. Light from the exit slit is reQected to a mirror-
backed sodium salycilate phosphor seen, as in previous
arrangements, by the photomultiplier. To measure the
incident light another small similar phosphor, coated
simultaneously and presumed identical to the first in
its response, is moved in front of the crystal by a
rotating system which also brings a front surface mirror
up in front of the 6rst phosphor, such that the image of
the second phosphor appears at the position of the first
phosphor. Thus, both phosphor positions as seen by the
multiplier are the same. Were it not for the fact that the
mirror is not 100% reflecting and, worse, that the
reQected light phosphor is also partly seen by the
photomultiplier in the retracted mirror as well as
directly, absolute reQectivities would be given immedi-
ately. It is possible, however, to make a fair correction
for these eR'ects to reduce the measured reQectivity to
absolute reQectivity.

The liquid nitrogen container surrounding the helium
vessel is threaded at the bottom so that the small
housing containing the above optical arrangement can
be screwed on to it through the back opening of the
detector head after one has passed the cryostat down
through the detector head top extension to which it is
bolted in a vacuum seal; this is indicated in the Figs. 9
and 1. Provision is made for adjustable positive stops
for the mirror positions, for thermocouple leads to deter-
mine the crystal temperature, and for one heater lead,
the other side of the heater being grounded internally.
The shaft for rotating the mirror and phosphor is

'4 R. J. Zollweg, Phys. Rev. 97, 288 (1955).
's A. W. Overhauser, Phys. Rev. 101, 1702 (1956). PVavefengfh
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flexible through a bellows and is of low thermal trans-
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reflected light as usual with the lamp very well stabi-
ized. Then, without turning off the lamp, the detector

head is closed oG from the monochromator, let down to
air, opened, the mirror in the reflection position covered

/POP
with a lamp blackened hood, the head closed, pumped
down, and the reflection measuremeilt made over again.

Fro 8 Reflectivity and absorption for a thin e aporated film
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due to reflection from the surfaces back of the thin film» film 1n this allows one to get the absolute reflectivity. The two
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I s, Watanabe, and Tousey, J. Opt. Soc. Am. 41, 702
enough to allo w a reasonably close estimate pf the
absolute crystal reflectivity to be made. The reflectivity
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FEG. 10. Re8ectivity curves over the region of the exciton
absorption in NaCl at three temperatures. The dashed curves are
obtained with polished crystals and the solid curves with cleaved
crystals. At 6'K the points indicated were taken on the best crystal
in three runs. The 80'K curve is an average of runs on two crystals,
normalized to the peak reRectivity of the best crystal. The points
for this are the average for one crystal and for the other, respec-
tively, to show the spread between crystals. The room-temperature
curve points are from a series of runs on the best crystal. The
brackets connect the curves and their appropriate zero base
ordinates.

is plotted in Figs. 10 and 11.One is impressed with the
magnitude of the reQectivity, which at low temperatures
for NaC1 approaches 60&3% and which in the case of
KC1 is almost as large.

The reQectivity clearly shows the absorption to have a
doubled peak at low temperatures and with a suggestion
still of further possible structure on the long-wavelength
side of the peak. With this apparatus, the possible side
structure is more consistent than previously, but it is
not as striking as one would wish in order to make it
positive. The small broad bump still further out from
the peak on the long-wavelength side is not positive
either. It occurs conceivably where any contribution
from the back surface cuts out owing to the rising
absorption. It is in the same region where a similar
e6'ect appears in Fig. 8. However, the crystals used here
are far from being films and are of the order of 2 to 3 mm
in thickness, which would seem to preclude any con-
tribution from the back surface this close to the ab-
sorption peak. There is the pronounced shift to the
shorter wavelengths at low temperatures. Assuming it
to be linear, say, over the range in temperature down to
80'K, the shift amounts to about 6)&10~ ev per 'K.
The separation between the two main components in
the reflectivity (taken at the peaks) is about 28 A or
0.12 ev which is in fair agreement with the 0.11-ev
separation of the doublet level of the ground state of
neutral chlorine.

FIG. 11. Refiectivity curves over the region of the exciton
absorption in KCl at three temperatures. The dashed curves are
obtained with polished crystals and the solid curves with cleaved
crystals. For all three curves, the points indicated were taken on
the best crystal in a series of runs. Points are indicated to show
something about the spread in the results. The brackets connect
the curves and their appropriate zero base ordinate.

The curves over this region have been obtained
with cleaved and polished crystals grown by the
Harshaw Chemical Company. The polished crystals call
for comment: The cleaved crystals are almost invariably
not of really high optical quality. They are, however, of
definitely higher reQectivity, even visibly under ordi-
nary illumination, than crystals which were polished to
a good optical surface (though of undoubtedly poor
figure). The polishing was carried out on a beeswax
HCF lap using cerium oxide in a saturated solution of
the salt to be polished and carried on until the lap is
practically dry, followed by a light rubbing on a clean
soft chamois skin. With both the KCl and the NaCl the
reQectivity of the polished crystal is down about 40 to
50% from the cleaved optically imperfect crystal sur-
face. But the structure remains much the same when
normalized to the same peak reQectivity. What likely
happens is that, while the polished surface is a better
surface optically, the surface region is not as dense as
the cleaved crystal surface region so that the inter-
mediate and likely tapering refractive index region
between the bulk material and the outside provides a
better index match between the vacuum and the bulk
crystal so as to electively lower the reQectivity. There
is evidence in x-ray crystal rocking curves that polished
crystals are much inferior to cleaved surfaces in this
respect, '~ with a broken granular surface resulting from
a polish.

Work is now being carried out on mixed crystals, in

'r K. V. Manning, Rev. Sci. Instr. S, 316 (1934).
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particular KCl mixed with KBr, KC1 mixed with NaC1
and with RbCl. The first measurements indicate that
as much as 30 mole percent of KBr all but obliterates
any evidence of the exciton absorption, at least as
evidenced in reQectivity measurements. This will be
reported on subsequently.

DISCUSSION

It is well known from optical theory that the reQec-

tivity in an absorbing medium depends on other than
the usual index of refraction. "Rather, in the electro-
magnetic equations e is replaced by the so-called
complex index n=rt(1 —ilc). If one reflects light at
normal incidence from a highly absorbing material, the
rejecting power p is given by the usual Fresnel relation
but with e replaced by n, that is

n —1n*—1
P=

n+1 n*+1

(st —1)'+re's'

(rt+1)s+ rtsss

When m is large this approaches unity. Presumably this
is approximately the situation in the region of the strong
absorption observed in NaCl and KCl. The reQectivity
one observes in any spectral region is of course due to
the combined eGects of all the characteristic absorptions
of the substance over the entire spectral domain, and
involves both the resultant m and e. Only in the
immediate vicinity of a high absorption peak or very
far from any absorption can one or the other be neg-
lected. In the case of the absorptions in NaCl and KCl
discussed above, the actual reflectivity is about 50%
and not close enough to unity to assume safely that the
real part of the index is negligible in comparison with
the imaginary absorption part, ef(:. In general one needs
independent measurements on both the absorption and
the reAectivity to determine the two values of the con-
stants; or measurements of the ellipticity of reQected
polarized light in the usual manner by which it is done
for metals would be another. "Neither method appears
attractive for these highly absorbing crystalline mate-
rials in the vacuum ultraviolet region. From the above
work, one can really infer only the location of the ab-
sorption peaks, their widths, and their possible mul-

tiplicity. f It is clear from the curves obtained that the

~ See, for example, the treatment in R. W. Ditchburn's Light
(Interscience Publishers, Inc. , New York, 1952), Chap. 15."R.W. Ditchburn, J. Opt. Soc. Am. 45, 743 (1955).

$ Pote added eN proof Mr F. C. Jahoda .—has c.alled our atten-
tion to the work of T. S. Robinson LProc. Phys. Soc. (London)
B65, 910 (1952)g in which, for polythene, he deduces curves
for both n and nsc from a reQectivity vs wavelength determination
made at 22' from normal incidence. Use is made of concepts from
network analysis where it is known that if a network is linear,
the attenuation through it and the phase shift introduced by it
are directly related. If one of these quantities is known over all

particular absorptions observed here are at least double
in structure. The fact that the short-wavelength peak
of the doublet is the broader of the two in both crystals,
but particularly so in KCl, where it is also of greater
magnitude, indicates that the short-wavelength peak
may also be multiple itself.

In the bromides and iodides the long-wavelength
absorption peak of the halides has from the work of
Hilsch and Pohl4 been known to be doubled, and it was
supposed that only adequate resolution prevented
seeing it in the chlorides. The transition involved in the
exciton absorption is that of an electron going from a
negative halogen to an alkali ion—the hole and the
electron still being bound together. Since the ground
state of the neutral halogen is a doublet, in chlorine of
separation 0.11 ev, the absorption shows two peaks.
On the other hand, in Hilsch and Pohl's work some of
the iodides show a third peak on the short-wavelength
side of the doublet, and in KI FesefeMt" has shown that
at low temperature a small peak comes up in between
the doublet. It may well be that the counterpart in the
chloride of either of these components may be respon-
sible for the observed broadening of the short-wave-
length peak. It is disappointing that better confirmation
of Overhauser's prediction of a multiplicity higher
than two is not obtained. On the other hand, the
calculations for obtaining the relative magnitudes and
positions of the five components from his theory have
not yet been completed and it may well result that the
others are not favorable for observation. It was also
hoped that the work would tie in with some of the
x-ray results in and ideas on KC1 developed by Parratt
and Jossem"; so far this has not been too promising.
Their predicted absorption in KCl at about 600 A is,
however, to be looked for if our present hydrogen lamp,
operated instead with helium, puts out sufhcient

intensity to make it usable with the rather inefficient

light collection and conversion system that has been
used here.

The fact that the peaks do not sharpen appreciably
below liquid nitrogen temperature is not too surprising
in view of the high Debye temperatures of the crystals
(ON, ot= 281'K, HKo~ ——230'K). The shift to shorter
wavelengths at low temperatures is presumed to be due
to the lattice contraction. "

Finally, it may be well to point out that with re-
Qectivities as high as measured here, occurring in any
substance in a region of high absorption, one will be
quite in error in quoting any quantum eKciencies or

frequencies the other can be deduced at any frequency. Robinson
uses charts and techniques from Bode PNetaork Analysis artd
Feedback Arlpt@er Dessgl (D. Van Nostrand Company, Inc. ,
New York, 1945), Chap. 15$, utilizing this property to reduce
his measured reQectivity curve to curves for n and n~. The same
technique is presently being tried on our reactivity curves over
the exciton regions of NaCl and KCl.

L. G. Parratt and E. L. Jossem, Phys. Rev. 97, 916 (1955).
2' W. Martienssen, Nachr. Akad. Wiss. Got tingen, Math. —

physik. Kl. 1955, 257.
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absorption constants in an absorption process where
allowance has not been made for the reAection loss.

SUMMARY

The exciton absorption of KC1 and NaC1 observed in
rejected light would seem to make useful this method
of investigating the absorptions of single crystals as
opposed to transmission techniques through uncertain
thin evaporated films of the crystal salt.
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Magnetic Structures in Copper-Manganese Al&oys*

DAVID MKNEGHETTI't AND S. S. SrnHrr

Argonne Rational Laboratory, Lemont, Illinois

(Received September 24, 1956)

A neutron diffraction study of a series of substitutional solid solutions up to 85 atomic percent manganese
in copper has shown that at about 13 atomic percent manganese, a broad intensity maximum appears in the
region of (100) reflection of the face-centered cubic pattern of copper. A correlation of this maximum with
the magnetic attraction of the specimens indicates that it is at least in part due to short-range magnetic
order. Its intensity decreases at compositions greater than 50 atomic percent manganese. Above 69 atomic
percent manganese an antiferromagnetic structure is observed and is interpreted as due to an antiferro-
magnetic coupling between manganese atoms as the manganese concentration becomes predominant.

I. INTRODUCTION

HE copper-manganese alloy system is particularly
suited for study by neutron diRraction. In the

continuous substitutional solid solutions' ' from copper-
rich to manganese-rich phases, manganese atoms have
a predominance of unlike and like atoms, respectively,
as neighbors. Copper being diamagnetic and manganese
paramagnetic it is of interest to determine if the mag-
netic moments of the manganese atoms and their
alignments are affected by such spatial arrangements
of the two kinds of atoms. The presence or absence of
magnetic or antiferromagnetic structures and the de-
pendence of paramagnetic scattering upon composition
may be observed. In addition, as the coherent neutron
scattering amplitudes of copper and manganese nuclei
are opposite in sign, 4 superstructure lines due to atomic
ordering in the alloys, if present, should be observed
much more readily' than with x-rays' for which the
atomic scattering factors are of nearly the same
magnitude.

*Work performed under the auspices of the U. S, Atomic
Energy Commission.

$ Part of a thesis presented by D. Meneghetti in partial ful-
fillmen of the requirements for the degree of Doctor of Philosophy
at the Illinois Institute of Technology, 1954.' E. Persson, Z. physik. Chem. $9, 25 (1930).

2 Dean, Long, Graham, Potter, and Hayes, Trans. Am. Soc.
Metals 34, 443 (1945).

3 Dean, Potter, Long, and Huber, Trans. Am. Soc. Metals
34, 465 (1945).

4 E. O. Wollan and C. G. Shull, Phys. Rev. 73, 830 (1948).' C. G. Shull and E. O. Wollan, Phys. Rev. 81, 527 (1951).' L. D. Ellsworth and F. C. Blake, J. Appl. Phys. 15, 507 (1944).

II. EXPERIMENTAL PROCEDURE

The chemical and x-ray analyses of the samples used
in this investigation are given in Table I.

TABLE I. ChemlcRl Rnd x-ray RnRlyses of the Rlloys.

Sample

Cu
11 Mn —89 Cu
13 Mn —87 Cu'
18 Mn —82 Cu
33 Mn —67 Cu'
48 Mn —52 Cu
48 Mn —52 Cu
69 Mn —31 Cu
75 Mn —25 Cu
85 Mn —15 Cu

Atomic
percent

Mn Cu

100
10.5 89.4
12.7 87.2
17.5 82.5
33.2 66.9
47.7 52.3
48.4 51.7
69.0 31.0
74.6 25.4
85 ~ 1 14.9

Phase

f.c.c.'

Lattice
parameters
ao Co

3.61 A
3.64 A
3.65 A
3.66 A
3.72 A
3.75 A
3.75 A
3.75 A

3.76 A 3.64 A

a Commercial samples.
b Quenched sample.
& f.c.c.: face-centered cubic; f.c.t. : face-centered tetragonal.

7 S. Valentiner and G. Seeker, Z. Physik 80, 735 (1933).
Shull, Strauser, and Wollan, Phys. Rev. 83, 333 (1951).

The magnetic susceptibility of the copper-manganese
system has been reported' as having a maximum in the
region of 22 atomic percent manganese. At liquid
nitrogen temperature this maximum increased by a
factor of about seven; whereas, only a small increase
occurred in the remainder of the curve. Since neutrons
can be coherently scattered by magnetic structures, '
the neutron diffraction patterns may enable the reported
magnetic susceptibility characteristics to be interpreted
in terms of orderings of atomic magnetic moments.


