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from 3.3 to 3.8 A, in steps of 0.1 A. The mini-
mum d spacing corresponds to the case where a
Xe atom sits in a bridge (twofold symmetry) site.
A constant inner potential V, = 10 eV is used for
both the overlayer and substrate. The calculated
IV curves were compared with the data of Webb
and co-workers. ' Figure 3 shows the compari-
sons for the (00) and (10) beams. From the com-
parison, we conclude that the optimal spacing is
between 3.5 and 3.6 A. We put it at 3.55+ 0.1 A.
This result compares favorably to the result 3.5
+ 0.1 A reported by Webb and co-workers. "
Their result was obtained by data averaging over
many incident angles.

It is apparent that the dynamical LEED approach
may be appropriately modified to analyze surface
structures of irrationally related lattices. It is
probably due to the weak scattering power of Xe
that we can completely neglect beam mixing
terms in this work; however, because the theo-
retical method includes many more scattering
events (third and higher orders for many events),
we believe this procedure, with minor modifica-
tions, can adequately treat many of the stronger
overlayer scatterers that are irrationally related
to the substrate. In fact the importance of the
beam mixing events can be estimated directly by
inspection of the data prior to any calculation.
The small peak at g + 5 labeled "multiple scatter-

ing" in Fig. 4 of Ref. 4 results from such an
event and such contributions to specular, overlay-
er, and substrate beams must be smaller than
this peak by at least one order.
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Preparation of Literally Two-Dimensional Magnets
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The Langmuir-Blodgett technique was used to deposit manganese stearate in the form
of monolayers. Because of the nature of the method, and a variety of supporting experi-
ments, it is concluded that the Mn atoms are arrayed on a single surface, thus forming
literally two-dimensional magnetic materials.

There has been a great amount of theory of
model magnetic systems in two spatial dimen-
sions. ' Experimental work to test the theories
has also been extensive in recent years. ' The
experiments have, with one exception, ' been done
on materials that were three-dimensional, layer-
like structures, and hence were "quasi two-di-
mensional. " In these experiments the question
remains of the influence of the third dimension.
In this Letter we outline the preparation and char-
acterization of /iterally two-dimensional (2-D)
magnetic structures. Evidence for magnetic

ordering at low temperatures will be published
elsewhere.

We achieve exact two-dimensionality by deposit-
ing the magnetic materials in individual sheets
that are one molecule thick. The method we used
was an application of the well-known Langmuir-
Blodgett technique. Briefly, stearic acid, a long-
chain fatty acid with formula HOOC-(CH, )„-CH„
was spread on the surface of the water. The
acidic "heads, "HOOC ~ ~ ~ of these moleeules
tend to dissolve in water, releasing H'; the fatty
"tails, " (CH, )„-CH„ tend to float on the water
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FIG. 1. (a) Schematic diagram of the deposition of a
literally 2-D magnet by the Langmuir-Blodgett tech-
nique. The hydrophilic substrate (e.g. , quartz) is
pulled through the water surface. A monolayer of
m~~~anese stearate that was floating on the water ad-
heres to the quartz to produce a "Structure I" film.
The inset shows the structure of a stearate anion, and

a Mn ion. (b) Schematic cross section of a 2-D mag-
netic of structure II. The Mn ions are shown in a plane,
but the actual structure may be nonplanar. (c) The
electron density, N, , as a function of distance used to
calculate the x-ray diffraction for a sirgle monolayer
(Structure I magnet).

[cf. Fig. 1(a)]. It is known that molecules spread
in this fashion form a monolayer on the surface of
the water. By dissolving 10 ' molar MnCl„ the
magnetic species, Mn", had been previously
introduced into the water and the pH was adjusted
to 6.5-6.8 by gradual addition of dilute KOH. Un-
der these conditions we found that a chemical re-
action occurred in which Mn" became bonded
ionically to the. submerged COO ends of the mol-
ecules to form manganese stearate Mn(C»H»O, )„
(abbreviated as MnSt, ); these floated on the water
as a monomolecular film. By this means we hope
to catch a monolayer of Mn" ions on the ends of
the organic molecules. The molecules were com-
pacted and oriented with their lengths normal to
the water surface by the application of a surface
pressure of about 20 dyn/cm. The film was then
lifted off the water by passing a solid substrate
through the surface [cf. Fig. 1(a)]. In this first
layer the molecules attach to hydrophilic sub-

strates at their ionic ends [the Mn"-(COO),
group]. The magnetic Mn'+ ions in the first layer
are thus in a literally two-dimensional array by
construction. We shall refer to this as Structure
I.

It proved possible to construct a second kind of
2-0 magnetic structure by using triple dipping.
This structure, which will be referred to as Struc-
ture II, was constructed by first coating the sub-
strate with a monolayer of nonmagnetic cadmium
stearate. (The method described above was used,
except that cadmium ions were dissolved in the
water. ) Upon insertion of these coated slides
into a second bath containing Mn ions, covered
with a stearate monolayer, a MnSt, layer be-
came attached to the CdSt, layer. The hydrocar-
bon tails of the MnSt, attached to the tails of the
CdSt, 1ayer. When the slide was pulled from the
water a second layer of MnSt, was deposited, in
which the Mn"(OOC), head group of the new lay-
er attached to the Mn'+(OOC ), of the previous
layer [cf. Fig. 1(b)]. It is possible that the Mn2+

ions of the two layers interleave to form a planar
structure, ' but the exact structure is not known at
present. Whether planar or not, the Mn" ions
are arrayed on a single surface which is two-di-
mensional. '

We have verified that Mn stearate films can
actually be deposited as described above. A

study using ESCA (electron spectroscopy for
chemical analysis') showed that Mn" is present
in such samples. A full report of measurements
using infrared (IR) absorption, electron diffrac-
tion, nuclear backscattering, and electron micro-
probe is in preparation. ' In this Letter we will
describe mostly x-ray diffraction and IR absorp-
tion, because these have been applied in new and

revealing ways for the study of Langmuir-Blodgett
films. We also present ESR result which confirm
the two-dimensionality of the magnetic structure.

St~ctuml studies. —It was known' that the x-
ray diffraction from Langmuir-Blodgett films, in
addition to the Bragg peaks, contains faint subsid-
iary maxima if the number of layers is small.
We have used a highly monochromatic, well-colli-
mated x-ray beam to observe this effect in detail"
so that it can now be used to obtain semiquantita-
tive information about the structure. In Fig. 2(a)
for example, is shown the experimental diffrac-
tion from a single layer of MnSt, on a glass slide.
There is a single interference maximum observed.
We calculate the diffraction by a model, " shown
in Fig. 1(c) for the structure based on the deposi-
tion process —that there are uniform layers of
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FIG. 2. (a) X-ray diffraction from a single mono-
layer of Mn stearate on a glass slide. Experimental
data are the squares; the curve is the calculated dif-
fraction from the model shown in Fig. 1(c). y is the
grazing ~~~le. (b) X-ray diffraction from a nine-layer
fQm of MnSt2, similar to (a), except that a nine-layer
model was used in the calculation.

Mn, OOC, (CH,)„, CH, repeated according to the
number of films deposited. To calculate the x-
ray diffraction one needs the corresponding elec-
tron densities and thicknesses of the layers. The
parameters shown in Fig. 1(c) were derived from
independent measurements of chemical densities
and the known dimensions of the stearate mole-
cule" and Mn" ion. A mean-square roughness"
of 4.5 A and tilting of the molecules, ' found by
fitting the data, were used as correction factors.
The result of the calculation of the diffraction
from a single-layer model, shown as the solid
curve in Fig. 2(a), gives good quantitative agree-
ment with experiment. Similarly good agree-
ments were obtained for multiple layers. A

nine-layer experiment and model calculation are
shown in Fig. 2(b). We display the nine-layer
result because the explanation of the richness of
detail is a test of any proposed model. The x-
ray diffraction thus confirms that planar layers
of MnSt, in the expected number are present on
the substrate.

Electron diffraction in transmission' showed a
sharp-spot pattern corresponding to a monoclinic
or orthorhombic unit cell with ao= 5.0 A and bo

=7.5 A. The packing is similar to that found in
stearic acid' and lead stearate. ' The crystallin-

I

ity extended for at least tens of microns. We
also observed broad-spot patterns indicative of
strained monoclinic or hexagonal packing, which
we attribute to poorly formed film.

CornPosition. —The presence of Mn chemically
bound in the films was demonstrated by Hjorts-
berg, Chen, and Burstein" using a surface IR
absorption technique. We deposited as few as
two layers of MnSt, on Ag-coated glass slides.
Prism coupling was used to launch a surface elec-
tromagnetic (SEM) wave along the metal film.
The absorption was derived from the changes in
ref lectivity at excitation of SEM wave resonance,
scanned in incident angle at fixed frequency. The
observed spectrum of a particular sample has its
strongest peak at 1435 cm '. This corresponds
to the vibration of the COO group bound to Mn",
as observed in MnSt, powder. " A peak 30% as
large was observed at 1720 cm ' which is the
known symmetric stretch frequency of the COOH

group, i.e., unreacted stearic acid. Our conclu-
sion is that Mn" has bonded to about 70% of the
COO in this sample, which was made at pH 6.5.
At higher pH more complete attachment of Mn to
the COO can be achieved. '

It is possible that precipitates containing Mn

might be deposited from the bath in addition to
the MnSt, films. In some samples polycrystalline
lines were observed in electron reflection diffrac-
tion. We determined by a number of tests that
the amount of such contamination was small,
For example, using electron microprobe we
measured that the tota/ Mn concentration on the
substrates never exceeded the nominal stoichiom-
etry of MnSt, . The IR absorption" showed,
however, that there is at least 70% conversion
of stearic acid to MnSt, . If there is no excess
Mn, and most of the film is MnSt2 there can be
little Mn-bearing precipitate present. By care-
ful sample-preparation technique it is possible
to produce films in which no polycrystalline
lines are found in the electron diffraction. '

2-D magnetism. —A clear demonstration that
the Mn ions in our films are located in a 2-0
arrangement is found in the ESR. A basic prop-
erty of the 2-D structure is its shape anisotropy.
This produces characteristic dipolar anisotropy
effects in both the linewidths and line positions. "
It has been observed in quasi 2-D magnets that
the ESR linewidth is of the form ~=A+B(3 c'os'
—1)'. The line positions have been observed to
obey HO=C +D(3 cos'3 —1), where 3 is the angle
between the applied field and the normal to the
film. Richards and Salamon' have given a theo-
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ry of these angular dependences based on dipolar
interactions in a 2-D array, Figure 3 shows our
measurements of the ESR linewidth of a stack of
Structure II films of MnSt, . The characteristic
angular dependence of a 2-D array is thus ob-
served with A =220 Oe and B=65 Oe. The line
positions, with a dipolar contribution of Li =6+ 2

Oe, at a frequency of 9.3 GHz at 80 K, also con-
firmed the 2-D arrangement of spins.

In summary, using the I angmuir-Blodgett tech-
nique we deposited monolayers of manganese
stearate. In principle the Mn ions may be located
in a single surface, forming a spatially two-di-
mensional array of magnetic ions. High-resolu-
tion x-ray diffraction confirmed the presence of
layer structures. Surface IR wave absorption
showed that the Mn was chemically bound in the
expected position in the stearate molecules. The
ESR of the films showed linewidth and position
anisotropies characteristic of 2-D structures.
The amount of Mn present as 3-D inclusions was
shown to be small. It is also noteworthy that the
films are quite stable. Under ordinary storage
conditions, films have shown no noticeable deter-
ioration in over two years.

We have profitted from conversations with Dr.
A. Aviram, Dr. F. Mehran, Dr. T. R. McGuire,
Dr. B. A. Scott, Dr. B. D. Silverman, Dr. J,
Slonczewski, and Dr. K. W. H. Stevens. The
chemical analyses were done by C. Aliotta and
F. Cardone, electron diffraction by E. I. Alessand-
rini and S. Herd, and C. Chen and E. E, Simonyi
provided assistance. We are grateful to them
and to N. S. Shiren for support of this work. Par-
tial funding was provided by the Defense Advanced
Research Projects Agency monitored by the U. S,
Army Research Office under Contract No. DAH
CO4-75-C -0010.
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FIG. 3. The measured ESR linewidth, peak to peak
of the derivative, of Structure II layers of manganese
stearate as a function of 6, the angle between Ho and
the film normal. The sample comprised fifty quartz
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ture was 80'K and the microwave frequency was 9.3
QHz. The solid curve is the form 0 = A +B (3 cos 8 —1)
fitted to the data.
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