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Angle-resolved photoemission spectra were measured using synchrotron radiation for thin films

of the pentatriacontan-18-one molecule [CH, (CH&), 6CO(CHt), 6CH3] with their long axes perpendic-

ular to the substrate surface. At the preparation of the film, careful studies were made on the
molecular decomposition due to vacuum evaporation and on molecular orientation in the evaporat-
ed thin films by mass spectroscopy, x-ray diffraction, and angle-resolved photoemission. Valence-

band dispersion was observed along the long molecular axis. The results demonstrate that the
chemical disorder of the C=0 group in the CH& chain does not affect the band structure so much,

and the molecule shows valence-band dispersion similar to the dispersion in an ideal polyethylene
chain. Further, we observed a band which was not observed in previous work. It determines the

top of the valence band at the I point. Comparison with theoretical results indicates that it corre-
sponds to a band of B

~ (B2~ at I point) symmetry which consists of only C 2p atomic orbitals direct-
ed along the carbon chain.

I. INTRODUCTION

Angle-resolved ultraviolet photoemission spectroscopy
(ARUPS) is a unique method in probing the energy-band
dispersion relation E =E(k) of valence bands for a crys-
tal in wide energy range. Such energy-band dispersions
are now determined for many metals and semiconductors
by this technique using their single crystals. '

For organic solids, the intermolecular energy-band
dispersion due to weak van der %'aals interaction is at
most 0.1 eV. This is much smaller than the intramolecu-
lar dispersion resulting from strong chemical bonds
within a molecule formed with regularly repeating units.
Thus we have a chance of observing one-dimensional
energy-band dispersion in long-chain molecules.

Among a variety of organic solids consisting of long-
chain molecules, the electronic structure of polyethylene

has been extensively studied, since (i) it is one of the pro-
totype polymers and also the most typical quasi-one-
dimensional compound, and (ii) the elucidation of its elec-
tronic structure is the basis for understanding not only its
electronic and optical properties but also those of many
derivative polymers (e.g., vinyl polymers) and molecules
with alkyl chain. Various conventional band-structure
spectroscopies have been applied to polyethylene and re-
lated compounds in order to examine the one-
dimensional energy band, but they gave mainly the infor-
rnation on the electronic density of states, and the com-
parison with their theoretically calculated density of
states could not give the direct evidence of the existence
of the one-dimensional energy band.

On the other hand, there are some experimental
diSculties in the determination of the energy-band
dispersion in organic molecular solids by ARUPS. Such
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measurements require uniaxially oriented samples, and
the use of crystals is hindred by (i} severe charging for
compounds of poor conductivity, and (ii) difficulties in

preparing large crystals for conductive compounds.
Therefore, much effort has been made on the use of
oriented thin films of long-chain molecules for such an in-
vestigation.

Recently, Seki et al. and Ueno et al. have reported the
direct observation of an energy-band dispersion in long-
alkyl-chain molecules by ARUPS using thin films of hex-
atriacontane [CH3(CH2)34CH3] (Refs. 12 and 13) and
Langmuir-Blodgett (LB) films of cadmium arachidate

[ICH3(CH2)&sCOO ] 2Cd +].' ' For both films, the
molecules are oriented with their long axes perpendicular
to the substrate surface. In these works, the main pur-
pose was detecting the one-dimensional energy band
along the individual CHz chains. Although these experi-
ments could not cover the whole Brillouin zone due to
the limitation of available photon energies ( 54 eV), the
evidence of the quasi-one-dimensional energy-band
dispersion was observed for the first time. The dispersion
over the whole Brillouin zone was observed more recently
for CH3(CH2}34CH3 by Fujimoto et al. using photon en-

ergies up to 75 eV. ' However, at the top portion of the
valence bands, which is important in discussing the elec-
tronic properties, these works could not detect the highly
dispersive 8, band (B2s symmetry at the I point) pre-
dicted by theoretical band calculation.

Another important subject for understanding this class
of compounds is the determination of the minimum num-
ber of successive CHz units required for the appearance
of the energy band characterized by a dispersion rela-
tion, ' ' including the investigation of the effects of the
chain ends or the chemical disorder in a chain on the
band formation within the molecules. We expect that
this kind of information would also help the understand-
ing of the electronic structure and properties of systems
with finite units, e.g., fine particles, clusters, and ultrathin
films of molecules.

In the present work, we have investigated these two
points, i.e., (i} more extensive study of the topmost
valence band, and (ii) a study of the effect of a chemical
disorder on the valence-band structure of CH2 chain
by the ARUPS study of pentatriacontan-18-one,
CH3(CH2), &CO(CH2), &CH3. It contains the chemical dis-
order by a C =0 group at the center of the chain, and
has only 16 successive CHz units which are shorter than
the previously studied molecules. ' ' Further, we used
photon energies up to 120 eV for finding the missing top-
most band.

In the following we describe (i) the preparation of
oriented thin film of pentatriacontan-18-one by vacuum
evaporation with a careful examination of stability of the
molecules at vacuum evaporation and the molecular
orientation in the evaporated thin films, and (ii) the re-
sults of ARUPS measurements with synchrotron radia-
tion for the well-characterized films. The results demon-
strate that the quasi-one-dimensional energy bands simi-
lar to those in an ideal polyethylene chain [(CHz)„] can
be observed even for pentatriacontan-18-one molecule,
and the top of the valence bands is actually located at the

I point by a highly dispersive band as predicted by
theoretical calculations.

II. EXPERIMENTAL

A. Measurements

The ARUPS measurements were carried out at the
beam line 8B2 of the UVSOR storage ring at Institute for
Molecular Science. The synchrotron radiation from the
storage ring, operated at a ring current of & 100 mA, was
monochromatized by a plane-grating monochromator. '

The photon energies up to 120 eV were used.
The photoelectron spectrometer consists of a sample

preparation chamber, a measurement chamber, and a
sample transfer system. Energy analysis of photoelec-
trons was performed with a hemispherical analyzer of
25-mm mean radius, which can be rotated around verti-
cal and horizontal axes. ' The photoelectron spectra
were recorded under the total resolution of about 0.2-1
eV, depending on the photon energy h v and the potential
setting of the analyzer. The spectra measured at low and
high resolution were very similar due to the broadness of
spectral features.

%'hen the sample was irradiated by intense synchro-
tron radiation, the spectrum changed rapidly due to the
radiation damage. In order to minimize the damage, the
incident light intensity was reduced by introducing a
nickel mesh of 50% nominal transmission between the
monochromator and the measurement chamber when the
storage-ring current was greater than 50 mA. A typical
count rate was about 500 cps at h v=100 eV under a total
resolution of about 1 eV for the most intense band. Scan-
ning a spectrum of about 25-eV width required several
hours around this photon energy. Even under such low
photon flux, the spectrum changed after repeated mea-
surements. Therefore we changed sampling position of
the specimen after every two or three spectra. By such
careful measurements, we could obtain the spectra amen-
able for the subsequent analysis.

The experimental parameters for the ARUPS measure-
ments are depicted in Fig. 1. As in the case of previous
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FIG. 1. Parameters of angle-resolved UPS measurements. a,
incidence angle of synchrotron radiation {SR);8, polar emission
angle of photoelectrons; and P, azimuthal emission angle of
photoelectrons. The electric vector of the synchrotron radia-
tion is on the p1ane of /=0 and perpendicular to the surface In.
the present experiment, P was fixed at O.
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studies, ' ' ' uniaxially oriented samples required for
the determination of energy-band dispersion by ARUPS
were obtained by vacuum evaporation. In these films, the
molecules are oriented with their long axes perpendicular
to the substrate surface, and the energy-band dispersion
was determined by studying the hv dependence of the
photoelectron spectra for electrons emitted normal to the
surface (8=0'). The details of the sample preparation
and characterization are described below.

B. Preparation and characterization of oriented thin Slms

The sample of pentatriacontan-18-one was commer-
cially obtained from Tokyo Kasei Kogyo Co. Ltd. , and
was purified by two reprecipitations with toluene and
methanol. Before in situ preparation of evaporated thin
films for the ARUPS measurements, we studied the con-
dition of the evaporation for the perpendicular orienta-
tion of the molecules without decomposition.

In Fig. 2, we show typical mass spectra of vaporized
pentatriacontan-18-one at different heating temperatures
using a mass spectrometer (Hitachi M-60). The spectra
were obtained as a function of time after introducing the
sample crystal in a quartz evaporation cell into the heat-
ing furnance kept at 150'C. The temperature of the crys-
tal increased with time and reached 150'C after about 5

min. The evaporated molecules were ionized by 70-eV
electron bombardment and the temperature of the ioniza-
tion chamber was also maintained at 150 C. The ob-
served mass spectra include the contribution from the
products of decomposition caused by the electron ioniza-
tion. It is clearly seen, however, that the mass peaks of
decomposed species relative to the undecomposed parent
ions (M/z=506) become stronger at high temperature.
Further, the decomposition of the molecule occurs main-

ly by a bond scission at one side of the C=O group:
CH3(CH2) )sCO(CH2) )6CH3~CH3(CHz)„( )6+ (CH2) )6
+CO(CHq)~6CH3 (M/z=267). Using these results, we

plotted the intensity ratio of mass peaks between the
parent ions and selected fragment ions, i.e.,
[I(43,57,71)/I(506, 507)] and [I(267)/I(506, 507)], where
I(x,y, z) indicates the sum of the intensity of mass peaks
for M/z =x, M/z =y, and M/z =z. That is, I(506,507)
is the intensity of the undecomposed ions, and the others
are the integrated intensity of selected fragment ions.
The results are also shown in Fig. 2(b). It indicates an in-
creased decomposition at high temperature besides the
decomposition by electron impact. The increase of
I(43,57,71)/I(506, 506) at small scan number (e.g., scan
number 15, time 1.1 min) is due to organic contaminants
released from the evaporation cell which vaporize at low
temperature. From these experiments, we can conclude
that the molecules are not so stable against the vacuum
evaporation at high temperature and the evaporation at
low temperature is necessary for preparing thin films with
little decomposition.

Figure 3 displays the x-ray diffraction pattern of a film
of pentatriacontan-18-one evaporated onto a copper sub-
strate at room temperature with a deposition rate of 4
A/min using the evaporation cell reported elsewhere.
The film thickness was 900 A. The distance between the

substrate and the evaporation cell was about 10 cm. In
the figure, we also show the x-ray diffraction pattern of
melt-grown polycrystal (nonvertical orientation) and ver-
tically oriented polycrystal obtained by rubbing small
crystals over an adhesive substrate. The sharp (001)
diffractions are clearly observed for the evaporated film

prepared with the above-described evaporation condi-
tions. Thus the vertically oriented films could be ob-
tained by the vacuum evaporation with little molecular
decomposition.

The ARUPS measurements require oriented thin films
of thickness less than 100 A in order to avoid the charg-
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FIG. 2. Examples of mass spectra of pentatriacontan-18-one
during vacuum evaporation at (a) diferent evaporation tempera-
ture and (b) the dependence of molecular decomposition on the
evaporation temperature. In (a), t indicates the time from the
beginning of the mass measurements, and the intensity is 10
times enlarged above M/z=500. The sample temperature in-
creases with t (see text). Molecular weight of pentatriacontan-
1S-one is 506. The fragment of M/z=267 corresponds to
CO(CH&)16CH3 . For (b), the abscissa (scan number, time) cor-
responds to the temperature of the sample, and the ordinate
shows the intensity ratio between the fragment and the parent
ions. The temperature at 3.5 min (scan number 45) was estimat-
ed to be 140 C. The melting point of the crystal is 86—87'C.
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oriented films of pentatriacontan-18-one with a careful
study of the evaporation condition and the molecular
orientation, and they were used for the determination of
the energy-band dispersion from the h v dependence of
the norma1 emission spectra.
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FIG. 3. X-ray diffraction patterns of pentatriacontan-18-one

prepared in different ways. (a) Melt-grown polycrystals
(without vertical orientation). (b) Oriented polycrystals
prepared by rubbing the crystals over an adhesive substrate,
showing vertical orientation of the molecules to the substrate
surface. (c) Evaporated thin 61m (thickness of 900 A, deposition
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ing of the film during the measurements. %e prepared
86—98-A-thick films (-2 layers) on a molybdenum sub-
strate at room temperature with the same evaporation
ce11 and deposition rate as described above in the
preparation chamber of a pressure below 5X10 Torr.
After the film deposition, the specimen was immediately
transferred to the measurement chamber of a pressure of
—10 ' Torr. All measurements were perfomed at room
tempeature.

The orientation of the molecules in the ultrathin filrn
was confirmed by measuring the dependence of the
ARUPS spectra on the emission angle 8 (see Fig. 1). As
an example, the 0 dependence of the spectra at h v=35
eV is shown in Fig. 4 for 8=0' and 60' at the incidence
angle of the photons a=70'. In the figure, the 8 depen-
dence of the spectra for oriented and unoriented LB films
of cadmium arachidate' are also shown for comparison.
The large 0 dependence of the spectra for the present
specimen, which is similar to the 8 dependence for the
oriented LB films, indicates that the vertical orientation
of the molecules could be realized in the ultrathin film
(-90 A) as well as in the thicker films (900 A). We note
in passing that the absence of serious broadening of the
ARUPS features for increasing 8 indicates a small inter-
molecular energy-band dispersion in these films.

In summarizing the above, we prepared vertically
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FIG. 4. (a) Dependence of the photoelectron spectra of
pentatriacontan-18-one for h v=35 eV on the emission angle 8.
(b) For comparison, 8 dependence of the photoelectron spectra
of oriented and unoriented Langmuir-Blodgett films of cadmi-
um arachidate (Ref. 13) are also shown.
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III. RESULTS AND DISCUSSION

A. Photon energy dependence of normal emission spectra
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In Fig. 5, we display the h v dependence of the spectra
for photoelectrons emitted normal (0=0') to the surface
at a=70' in the hv range of 40(hv(120 eV. The spec-
tra are dominated by the contribution from the alkyl
chain and not affected appreciably by the chemical "im-
purity" C=O group in the chain. Similar results were
obtained in our previous studies where the spectra of LB
films of cadmium arachidate' ' gave very similar spectra
with those of hexatriacontane. ' ' This is ascribed to (i)

a small effect of the C=O group on the band structure
of the CH2 chain, (ii) the short electron mean free path

0((20 A) in the present kinetic-energy range of photoelec-
trons ' compared to the length of alkyl part near the
surface (-20 A) of the oriented film, and (iii) the small

ratio of valence electrons involved in the C =0 parts (10
electrons) to those in the alkyl parts (CH2)16 (96 elec-
trons). Further, we could not observe clear evidence of
the nondispersive photoelectron features from the CH3
end group covering the surface. At hv) 108 eV, we ob-
served a shoulder F. At present, however, it is uncertain
whether this shoulder can be ascribed to the end CH3
group.

The main spectral features show continuous but drastic
changes both in peak positions and peak intensities. The
deep-lying features D and E, which correspond to the
bands derived from C 2s and H ls atomic orbitals (see
next section), become closer with increasing h v, merge
into a single peak around h v=65 eV, and again split into
two peaks above hv=65 eV. As discussed later, this is
the result of the crossing of the two bands at the bound-
ary of the Brillouin zone (X point).

On the other hand, the features A, 8, and C, which
originate in the bands derived C 2p+H ls orbitals (see
next section), also show remarkable change in their ener-

gy positions at high photon energies. The large hv
dependence of the low-lying valence band above 70 eV
was not observed in the previous work using lower pho-
ton energies. ' ' For example, these bands give only
two main features B and C at h v=40 eV. At h v=42 eV
a new peak A appears and at hv=64 eV these features
A, 8, and C form a skewed single peak. This skewed
feature suggests the bands giving features A and C join at
a value of the momentum k and the band for feature 8 lo-
cates at a little lower binding-energy position at this k
value. For hv) 64 eV, this skewed peak starts to split
into three peaks again with an increase in hv. The
feature A becomes sharper and gives the lowest binding
energy in all the spectra at h v=98 —103 eV. The drastic
change in intensity can be ascribed to the increase of the
optical transition probability at higher hv region. It is
noticeable that the highly dispersive feature A was ob-
served and it determines the top of the valence bands
rather than the feature 8 which is at the top for lower h v.
As is shown in the next section, these changes can be seen
more clearly by plotting the energy-band dispersion rela-
tion. The results indicate that for long alkyl compounds
the use of high photon energies is very effective in prob-
ing the valence-band dispersion.

B. Intramolecular energy-band mapping

For the determination of the energy-band dispersion
E =E ( k ) along the long molecular axis from the
normal-emission spectra in Fig. 5, we follow the pro-
cedure described in more detail in the previous paper. '

We assume that (i) the photoemission process is expressed
by the three-step model, (ii) both the energy and the
momentum are conserved for the optical transitions of
electrons, and (iii) the final state is expressed by a free-
electron-like parabola (m*/mo=1), where m* and mo
are the effective mass of the electron and the free-electron
mass, respectively. BrieAy, we use the following rela-
tions:

FIG. 5. Photon-energy dependence of the normal-emission
photoelectron spectra of vertically oriented thin films of
pentatriacontan-18-one for o, =70'.

E, =Ek —hv

k, =kf =[2mo(Ef —V )]' /A' (2)
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FIG. 6. Energy-band dispersion along the long molecular
axis of CH3(CH2) &6CO(CH&) &6CH3 in the extended zone scheme.
The experimental results are indicated by the open circles. The
theoretical band structure for infinite length of CH2 chain calcu-
lated by Karpfen (Ref. 28) with some modification (see text) is
also shown by dashed lines. Points in parentheses correspond to
the features F in Fig. 5 (see text).

where k, , kf, E, , and Ef are the wave vectors and the en-

ergies of the electron before and after photoexcitation in
the solid, Ek is the kinetic energy of the emitted free elec-
tron, and the energies are referred to the vacuum level.
The component normal to the surface is denoted by l.
Vo is the constant inner potential in the solid for the final
free-electron-like parabola. In the present study, we used
Vo= —5.5 eV, which was determined for LB films of
cadmium arachidate, ' since the low-energy electron
transmission experiments on pentatriacontan-18-one gave
similar conduction-band features with those of hexa-
triacontane and the LB films at high-energy region.

Using normal emission spectra and Eqs. (I) and (2), we
can calculate the binding energy of the valence band E&
(= E; ) and m—omentum k;, and the results are shown in

Fig. 6 using extended zone scheme, where the points of
larger k were obtained using the spectra measured with
higher hv. They include many other data not shown in
Fig. 5. In the figure, the result of theoretical band calcu-
lation for an ideal infinite CH2 chain by Karpfen is also
shown for comparison. The energy scale of the theoreti-
cal result is contracted by 0.8 times as in the previous
work' ' and shifted for the best fit with the experimen-
tal results. The symmetry of the energy bands for the
ideal chain is also shown after McCubbin and Falk and
Fleming.

In the plot of experimental data, we note at first that
the binding-energy position shifts continuously with in-
creasing momentum k. Further, the band crossing at the
boundary of the Brillouin zone (X point) is seen. Judging
from the good agreement between the ARUPS and the
theoretical results, we conclude that the energy bands
characterized by the momentum k exist along the long
axis of pentatriacontan-18-one.

C. Bands derived from carbon 2s and hydrogen 1s orbitals

The deep-lying two bands of A j and 8& syrnrnetry pri-
marily consist of C 2s orbitals with some mixture of H 1s

orbitals. ' These two bands give the features D and E
in the photoelectron spectra. The simple nature of these
bands is useful in discussing the effect of the chemical
"impurity" on the band structure as well as the chain-
length dependence of the band. As seen from Fig. 6, the
experimentally obtained energy-band dispersion agrees
very well with the theoretical one for an ideal infinite
chain. The agreement indicates that the energy-band
dispersion is dominated by a short-range interaction
along the chain. This idea is supported by a fact that the
theoretical band dispersion also showed close agreement
with the dispersion estimated by plotting the observed
binding energies of n alkane oligomers with the momen-
tum k for each level calculated by a simple tight-binding
model with nearest-neighbor interaction. ' This in turn
suggests that 0 2s atomic orbital is localized at the chem-
ical disorder. The localization of 0 2s atomic orbital in
pentatriacontan-18-one is also expected from the molecu-
lar orbital (MO) calculations ' for acetone (CH3COCH3),
where 0 2s atomic orbital is mainly localized at C=O
bond. Further, C 2s —derived molecular orbitals in
acetone show close resemblance to those in propane
(CH3CH2CH3). ' It is considered that the C 2s orbital of
the chemical disorder, C=O, in pentatriacontan-18-one
behaves as that of the CH2 part. The C=O groups in
different molecules do not interact strongly, and we can
regard them as isolated "impurities. " We can thus ex-
pect that the C =0 part will not affect the band struc-
ture of the CH2 chain, but form localized "impurity" lev-
els which could not be observed in the present experi-
ment by the reason described previously.

Another important point in comparing the band struc-
tures of infinite and finite chains is the breakdown of the
translational symmetry in the finite chain. For example,
the degeneracy at the X point for an ideal infinite chain is
lifted by introducing chemical disorder and/or chain
ends due to the elimination of the glide symmetry.
Since our experiments do not indicate such a separation,
the splitting is probably small.

D. Bands derived from carbon 2p and hydrogen 1s orbitals

The upper A, and 8, bands and A 2 and 82 bands con-
sist of C 2p and H 1s orbitals. These bands give the
features A, 8, and C in the photoelectron spectra. Again
the experimental and theoretical results agree fairly well.
In particular, the highly dispersive upper 8& band near
the I point is clearly observed. This band was not ob-
served in the previous work' ' where lower hv was
used. This agreement indicates the correctness of
theoretical calculations, which claims that (i) the top of
the valence bands is located at the I point, (ii) it is deter-
mined by this B, band, and (iii} at the I point this band
has Bz symmetry and consists only of C 2p orbitals.
The results correspond well to those of ESR
and intermediate-neglect-of-differential-overlap —mole-
cular-orbital (INDO/MO) studies of the ground state of
shorter n-alkane cations by Toriyama et al. -'

Although it is difficult to discuss the effects of the
chemical disorder, C =0, on these bands, the good
agreement between the experimental result and the
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FIG. 7. Comparison of experimental energy-band dispersions
for pentatriacontan-18-one, hexatriacontane, and Langmuir-
Blodgett films of cadmium arachidate in reduced zone scheme.
0, pentatriacontan-18-one, CH3(CH2) ~6CO(CH2) &6CH3 (present
results); 6, hexatriacontane (Refs. 12 and 13) CH3(CH2)34CH3,

hexatriacontane (Ref. 15); Cl, Langmuir-Blodgett films

of cadrniurn arachidate (Refs. 13 and 14),
[CH3(CH2)~8COO jzCd . The theoretical result by Karpfen
(Ref. 28) is shown by a solid curve with some modification (see
text). The dotted curves indicate the experimentally deduced
dispersion curves for the A

&
and B& bands.

The energy axes of the previous results are slightly shift-
ed to fit the upper C 2s+H 1s band at the I point with
the present result. The four independent experimental re-
sults for different molecules of various CH2 chain 1ength
agree reasonably well.

From the comparison between the experimental and
theoretical results, it seems that the A& and B, bands
should be at larger binding-energy positions than the
theoretical result as shown by the dotted curves.

Recently, Springborg and Lev calculated the
valence-band dispersion of polyethylene with a first-
principles, density-functional method. The present result
also showed good agreement with their dispersion rela-
tion.

IV. SUMMARY

We have measured the energy-band dispersion relation
along the long molecular axes of pentatriacontan-18-one,
CH&(CHz) (&CO(CH2) &&CH&, using well-characterized
evaporated thin films with vertical orientation of the mol-
ecules. Further, on the way of sample preparation, the
molecular decomposition during vacuum evaporation
and the molecular orientation of the evaporated thin
films were studied by mass spectroscopy, x-ray
diffraction, and angle-resolved photoemission.

At low evaporation temperature pentatriacontan-18-
one can be evaporated with little molecular decomposi-
tion to form ultrathin film on a metal substrate with their
long axes perpendicular to the substrate surface.

The results clearly demonstrate that (i) the quasi-one-
dimensional energy-band dispersion similar to the disper-
sion in polyethylene chain exists even in the molecule
which has only 16 successive CH2 units due to the ex-
istence of the chemical "impurity, " C=O, at the center
of the molecule. They confirm the theoretical calculation
predicting that the top of the valence bands in the CH2
chain is determined by the highly dispersive upper 8,
band at the I point.

theoretical one for the infinite CH2 chain leads to a con-
clusion that (i) the C=O parts can be considered to be
"impurities" as in the case of C 2s+H 1s derived bands,
or (ii) 16 successive CH2 units can give an energy-band
dispersion similar to that in the infinite CH2 chain.

On the other hand, as in the case of (C 2s+H ls)-
derived bands the expected splitting at the X point could
not be observed, probably for a similar reason to the C
2s+H 1s bands.

E. Comparison with other experimental results

The comparison between the present results and those
for hexatriacontane' ' ' and LB films of Cd arachi-
date' ' is shown in Fig. 7, in the reduced zone scheme.
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