
contribute to the transport of heat. Howev- 
er, we consider both the translational and 
the torsional vibrations of the rigid mole- 
cules. This leads to the factor of 2 in Eq. 2. 
With all quantities in  Eq. 2 known, we can 
calculate hElns (dashed curve in Fig. 4). The 
agreement between theory and experiment 
from 300 to 10 K, achieved without any 
adjustable parameters, is taken as evidence 
that we correctly identified the excitations 
in the soecifii heat measurements and also 
the rnecha~li~m of the heat transport. The 
transition from torsional vibration to nearly 
free rotation expected to occur at -250 K 
does not appear to have a noticeable effect. 
The excitations that dominate the specific 
heat above -40 K (by as much as an order of 
magnitude at 300 K) do not appear to 
contribute to the heat flow at all, which 
means that they are truly localized. 

Einstein's theory of thermal conductivi- 
ty quite obviously fails below -10 K [as it 
does in all amorphous solids as well (5)l. In 
this temperature range collective excita- 
tions become noticeable in suecific heat. 
and they should contribute to the heat flow, 
thus increasing the thermal conductivitv. 
As shown in Fig. 5, the thermal conductiv- 
ity of the C,,/C,, compacts is similar in this 
temperature range to that observed in all 
amorphous solids, in  which the phonon 
scattering by the low-energy [tunneling 
(25)] excitations leads to a thermal conduc- 
tivity that varies as T L .  (Some additional 
grain boundary scattering appears to occur 
i n  the comuacts. which decreases the con- 

A ,  

ductivity at the lowest temperatures. Dif- 
fuse scattering with a mean free path of 
-20 p m  may be responsible for this effect.) 
Because both thermal conductivity and 
low-temperature specific heat of the com- 
pacts are similar to those of amorphous 
solids. we do not believe that some acci- 
dental rando~n impurities are the cause. 
The origin of the glasslike excitations, 
which are obviously absent in the single- 
crystal (& (see the thermal conductivity 
data in Fig. 4) are as yet unexplained. The 
point to be stressed here is the observation 
of a solid with lattice vibrations that are 
described by the Einstein localized oscilla- 
tor model over a wide frequency range 
much better than by the standard Debye 
model, which is based on plane waves. 
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Mid-Depth Circulation of the Subpolar North 
Atlantic During the Last Glacial Maximum 

D. W. Oppo* and S. J. Lehman 
Holocene and glacial carbon isotope data of benthic foraminifera from shallow to mid-depth 
cores from the northeastern subpolar Atlantic show that this region was strongly stratified, 
with carbon-13-enriched glacial North Atlantic intermediate water (GNAIW) overlying 
carbon-13-depleted Southern Ocean water (SOW). The data suggest that GNAIW orig- 
inated north of the polar front and define GNAIW end-member carbon isotope values for 
studies of water-mass mixing in the open Atlantic. Identical carbon isotope values in the 
core of GNAIW and below the subtropical thermocline are consistent with rapid cycling of 
GNAIW through the northern Atlantic. The high carbon isotope values below the thermo- 
cline indicate that enhanced nutrient leakage in response to increased ventilation may have 
extended into intermediate waters. Geochemical box models show that the atmospheric 
carbon dioxide response to nutrient leakage that results from an increase in ventilation rate 
may be greater than the response to nutrient redistribution by conversion of North Atlantic 
deep water into GNAIW. These results underscore the potential rule of Atlantic Ocean 
circulation changes in influencing past atmospheric carbon dioxide values. 

T h e  general features of North Atlantic 
Ocean circulation during the last glacia- 
tion, -18,000 to 15,000 years ago, are 
fairly well understood, but several outstand- 
ing questions remain. Among these uncer- 

Woods Hole Oceanographc lnsttution, Woods Hole, 
MA 02543 

*To whom correspondence should be addressed 

tainties is the mode of formation and source 
region of high-SLiC and low-CdICa 
GNAIW as well as the origin of nutrient 
depletion in this water mass. Nutrient-poor 
(high SL3C, low Cd/Ca) lower North At- 
lantic deep water (NADW) now fills the 
deep northern and tropical Atlantic. Dur- 
ing the last glaciation, this water mass was 
replaced by nutrient-rich SOW, whereas 
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Table 1. Core locat~ons. Also given are mean 6180 and 613C values (? numbers In parentheses 
represent the last two dec~mal values of the SD) for the Holocene and glacial data po~nts c~rcled in 
Fig. 3 A to E, and the change In 8l3C values between the glacial and the Holocene 

Depth 
Holocene Glacial 

Core Location AiSq3C 
(m) 6180 613C iSq8O 8 l3c  

V29-198 59"N 15"W 1139 2.29 (08) 1.07 (08) 3.77 (23) 1 54 (1 3) 0.47 
V29-193 55"N 19"W 1326 2.32 (12) 1 29 (08) 3 85 (10) 1.52 (1 1) 0 23 
V28-73 57"N 20"W 2063 2 77 (12) 1 . I  7 (14) 4.14 (17) 1.16 (09) 0.01 
CH73-139C (4) 55"N 16"W 2209 2.70 (04) 0 93 (04) 4.60 (14) 0.61 (16) -0 32 
V23-81 (7) 54"N 17"W 2393 2.29 (1 7) 0.94 (05) 4.1 9 (1 5) 0.45 (16) -0 49 

nutrient-depleted GNAIW filled the North 
Atlantic above about 2000 m (1-5). 
Geochemical box models of carbon cycling 
show a strong dependence of atmospheric 
CO, on  the mechanism of nutrient deple- 
tion in  the upper ocean (6). For example, 
formation of GNAIW bv the same high- 
latitude processes that vkntilate the deep 
Atlantic today elicits a relatively weak al- 
kalinity response and therefore has a rela- 
tively small impact on atmospheric C 0 2 .  A 
larger atmospheric COz reduction can be 
produced by either an increase in the depth 
of nutrient regeneration or an increase in 
nutrient leakage to the deep ocean by more 
ravid ventilation of the thermocline (6). ~, 

In this report, we present Holocene and 
glacial 6180 and S1'C data of benthic for- 
aminifera from three shallow to mid-depth 

Fig. 1. Map of study area showing locations of 
cores and Geochemical Ocean Sections Study 
(GEOSECS) station 23 (60"N, 19"W). Also 
shown are the bottom currents that influence 
the region. Unbroken arrows denote overflow 
waters, and the broken arrow indicates eastern 
basin water. Depths indicated by thinner solid 
lines are in meters. 

(1139 to 2063 m) cores on the Rockall 
Plateau in the subpolar North Atlantic 
(Table 1 and Fig. 1).  Together with pub- 
lished results from deeper cores in  the study 
area (4, 7) (Fig. I ) ,  we used our data to 
reconstruct northern S13C depth profiles 
(1139 to 2393 m) for the glacial ocean and 
to evaluate circulation of the glacial North 
Atlantic and its potential impact on atmo- 
spheric CO,. 

Lower NADW is now composed primar- 
ily of overflow waters from the Norwegian, 
Greenland, and Iceland seas that reach the 
Atlantic along several flow paths (8) (Fig. 
1).  These waters enter the northwestern 
Atlantic through the Denmark Strait, the 
Iceland Basin over the Iceland-Faroe Ridge 
and through the Faroe Bank Channel, and 
the Rockall Trough across the Wyville- 
Thompson Ridge. In addition, the deep 
northeastern Atlantic contains deep waters 
from the eastern Atlantic Basin to the 
south (eastern basin water) (9). The Rock- 
all Plateau is located immediately down- 
stream of overflows that cross the Wyville- 
Thompson Ridge and is within the influ- 
ence of eastern basin water below 2000 m 
and of Labrador Sea water above this depth 
(1 0).  More shallow depths of the northeast- 
ern Atlantic are influenced by Mediterra- 
nean Sea water that is high in salinity and 
low in 0, (10) and by subtropical waters 
that flow in from the southwest (9), some of 
which also appear to be depleted in 0,. The 
complex controls on surface-water S1'C and 
the dependence of O2 saturation on tein- 
perature result in decoupling of subsurface 
8 l3C values from 0, concentration in water 
masses of different origin (Fig. 2). 

We obtained isotope data of the benthic 
foraminifers Cibicides wuellerstorji and Cibi- 
cidoides kullenbergi from the glacial-to-Hol- 
ocene sections of cores V29-198, V29-193, 
and V28-73 [Tables 2 and 3 (14) and Fig. 3 ,  
A to C]. Large differences between the 
S180 and S13C values of C. wuellerstorfi and 
those of C. kullenbergi from the same depths 
are evident in  core V29-198 (Table 2), but 
these differences are not evident in S1'O- 
613C space. O n  the basis of the abundance 
of these two species relative to core depth 
(15), we suggest that the large isotope 
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differences are due to deep mixing of Hol- 
ocene C. kullenbergi into the glacial section. 
Holocene foraminifera1 S1'C values in our 
cores and in deeper cores from the same 
region (Fig. 3, D and E) are similar to 
modern S13C measurements of total dis- 
solved C 0 2  from a nearby Geochemical 
Ocean Sections Study (GEOSECS) station 
(Fig. 2),  which confirms that both of these 
species closely record S13C values of ambi- 
ent deep water (16). Unlike the modern 
and Holocene data, glacial S1'C values 
show a marked gradient with depth. This 
gradient marks a boundary at -2000 m that 
separates shallow sites with S13C values that 
are greater than those of the Holocene from 
deeper sites with S13C values that are small- 
er than those of the Holocene (1 7). 

The rapid S13C decrease with depth 
indicates that the glacial water column was 
strongly stratified. The SL3C difference be- 
tween 1139 and 2393 nl increased from 
-0.2 per mil during the Holocene to -1.0 
per mil during the last glaciation (Tables 2 
and 3 and Fig. 2). During the Holocene, 
nutrient-depleted (high S1'C) NADW was 
present over the Rockall Plateau to a depth 
of at least 2400 In (Fig. 2). By contrast, the 
large glacial S13C gradient indicates that 
two distinct water masses were present: 
High-S13C GNAIW overlay a more nutri- 
ent-rich water mass of southern origin that 
was low in S13C. The incursion of deep 
waters from the south is not surprising 
because the flow ~ a t h  of eastern basin water 
is now poised to exert a greater influence in 
the northeastern Atlantic if the contribu- 
tion of dense overflows is reduced (Fig. 1). 
The high-latitude location and the high 
SL3C values measured in the shallow cores 
indicate that the core sites must lie in or 
near the core of GNAIW. These 8 l3C 
values can thus be treated as northern- 
source end-member values for the glacial 
ocean. 

Above the depth of low-latitude sills 

6I3C (per mil) 

Fig. 2. Oxygen and 6l3C profiles from GEO- 
SECS station 23 ( I  I ,  12). Holocene and glacial 
benthic 613C values (Tables 2 and 3) are also 
shown. The glacial data set is shifted upward 
by 120 m for correction of sea level (13).  



0.4 1 V29-198 (1 139 rn) I V29-193 (1 326 rn) 
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1.6 

CH73-13% (2209 rn) 
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0.0 

6180 (per mil) 
Fig. 3. Benthic foraminifera values of 8180 1.6 
versus 813C from the northeastern subpolar 
Atlantic. Ellipses have no quantitative signifi- 
cance and simply enclose the points that are 
used to calcqlate mean and SD for the Hol- 
ocene and for the last glacial maximum (LGM) 
(Table 1). Open circles, C kullenbergi, solid 
c~rcles, C, wuellerstorfi, solid triangles, C, kul- 0.4 
lenbergi and C, wuellerstorfi. The two C wuel- 
lerstorfi polnts from V29-193 with Holocene 
8180 values that are not Included in the Hol- O.O 

ocene average are from a well-repl~cated Early 2 3 4 5 
Holocene 8l3C mlnimum (Tables 2 and 3). 6180 (per mil) 

Because of the low sedimentation rates of the three more shallow cores, age and significance of the 
mlnimum are uncertain. The arrow in (B) lndlcates a point not included in the glacial average 
because it is associated with the deglaclation (Tables 2 and 3). Glacial 813C values were higher 
than Holocene values in the shallow cores (A and B), approximately the same near 2000 m (C), and 
lower In the deeper cores (D and E) 

(-3750 m) through which SOW and 
NADW now enter the eastern basin in a 
proportion of 1:4 (4) and below the depth 
that was influenced by GNAIW (-2000 
m), glacial 613C values in the eastern basin 
averaged 0.4 per mil in both tropical and 
subtropical regions (18, 19). With end- 
member 613C values of 1.5 per mil for 
GNAIW (Table 1) and -0.85 per m11 for 
SOW (20), we confirmed that equal parts 
of SOW and NADW entered the eastern 
basin during the last glaciation, as opposed 
to the proportion of 1:4 today (21, 22). 
Values of 613C below the depth of the 
low-latitude sills were lower than those 
above the sills because of the long residence 
time of water within the deep basin (4, 18). 
Values that were measured in core V23-81 
are close to the 0.4 per mil value measured 
near 5"N and 20°N above the sill depth in 
the eastern basin (1 8, 19) (Table 1). The 
similarity of these values suggests that water 
from above the depth of the low-latitude 
sills flowed northward with little input of 
l0w-6'~C organic matter and filled the deep 

northeastern Atlantic. Alternativelv. what- , , 
ever 613C reduction occurred because of the 
addition of low-613C organic matter as east- - 
ern basin water flowed northward was offset 
by a 613C increase due to mixing with 
overlying high-613C GNAIW. In either 
case, the low 613C values of waters below 
2000 m in the subpolar North Atlantic 
indicate that these waters are predominant- 
lv of southern oripin. - 

Carbon isotope values from the shallow 
northeastern Atlantic are indistinguishable 
from those of Little Bahama Banks (23) in 
the western subtropical Atlantic (Fig. 4). 
The high 613C values above 1000 m at 
Little Bahama Banks have been attributed 
to rapid ventilation of the thermocline and 
the accompanying increase in nutrient 
leakage from the thermocline into deeper 
waters, as was predicted by geochemical 
box-modeling studies (6, 23, 24). The ab- 
sence of a 613C gradient between the two 
sites (Fig. 4), which are separated by over 
30" of latitude, may indicate that glacial 
productivity was low as a result of reduced 

613C (per mil) 
0.0 0.5 1.0 1.5 2.0 
0- 

Fig. 4. Glacial 813C values of benthic foramin- 
ifera from the northeastern subpolar Atlantic 
(sol~d circles) (Tables 2 and 3) and from Little 
Bahama Banks (open clrcles) (24). The deep- 
est point in the Little Bahama Banks profile is 
from the Caribbean Sea (2, 5). 

nutrient concentrations in the overlying 
surface and thermocline waters. However, 
modeling studies suggest 'that, despite the 
decrease in nutrient concentration, produc- 
tivity increases as thermocline ventilation 
increases because the accompanying in- 
crease in low-latitude upwelling cycles nu- 
trients to the surface more often (6, 24). In 
the models (and presumably in the glacial 
ocean), the upper ocean never becomes 
nutrient-free because some exchange of wa- 
ter continues between the model boxes. In 
this way, some fraction of the "leaked" 
nutrients is replenished and high productiv- 
ity is sustained. A more likely explanation 
for the absence of a latitudinal 613C gradi- 
ent in intermediate waters is that the resi- 
dence time of GNAIW in the North At- 
lantic was so short that the effect of produc- 
tivity and remineralization of organic mat- 
ter on GNAIW 6°C was negligible. 

The high 613C values (1.5 per mil) in 
the two more shallow cores confirm the 
absence of upwelled, low-613C SOW in the 
subpolar Atlantic (25), which has been 
hypothesized in earlier studies (3, 26). High 
613C values in the mid-depth subpolar At- 
lantic are probably the result of several 
processes. First, the subtropical thermo- 
cline feed waters for GNAIW had high 
613C values (23). Second, if GNAIW also 
cycled rapidly, nutrient leakage that has 
been envisioned for the glacial thermocline 
(23, 24) may have extended deeper into 
intermediate depths, further increasing 
613C values. Third, if productivity in; 
creased, more 10w-6'~C organic matter may 
have been regenerated in deeper waters, 
resulting in an additional increase in 613C 
values in overlying GNAIW (6). Finally, 
GNAIW S1'C values were -0.3 per mil 
higher than would be predicted on the basis 
of CdICa data (27). If there was no decou- 
pling between Cd and nutrients, the high 
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Table 2. Data for core V29-198 (Fig. 3A). Spe- 
cies coding is k = C, kullenbergi, w = C. 
wuellerstorfi, and c = mixed C. kullenbergiand 
C, wuellerstorfi. H Indicates that the rneasure- 
ment was included in the Holocene mean and 
G denotes inclusion in the glac~al mean (Table 
1). 

Depth (crn) Species 

k 
k 
k 
k 
k 
k 
k 
k 
k 
k 
k 
k 

W 

W 

W 

k 
k 

W 

W 

k 
k 

W 

W 

W 

W 

k 
W 

W 
k 
k 
k 

*Rejected because 8180 is a 2-SD outlier ?Rejected 
because low values were not confirmed by two addition- 
al analyses. 

613C values indicate that changes in the 
photosynthetic fractionation factor (28) or 
In thermodynamic processes (29) also influ- 
enced the 13C content of GNAIW. 

The high-S13C waters over the shallow 
Rockall Plateau probably formed north of 
the glacial polar front. Relatively high 
benthic S13C values (1.3 Der mil) indicate 

~ & 

that the deep Norwegian Sea was a possible 
source for GNAIW (30). A maior source of 
this water in the subpolar ~ t l a n t i c ,  howev- 
er, is indicated by a glacial surface salinity 
reconstruction from planktonic 6180 data 
and faunally derived sea-surface tempera- 
tu:e (31). Calculations of densitv from t h ~ s  ~, 
dar a set further suggest that ~ o r w e ~ i a n  Sea 
surface waters were not dense enough to 
produce GNAIW (25). However, the re- 
stricted seasonal (summer) growth of the 
high-latitude danktonic foraminifera Neo- 
gGboquildrma Lpachyderma (32) may limit 
their relevance in the assessment of deep- 
water source areas. These estimates are for 
summer, although convection most likely 
occurred in fall or winter. when surface 
cooling weakened the seasonal salinity 

Table 3. Data for cores V29-193 and V28-73 
(Fig. 3, B and C). Abbreviations and symbols 
are as in Tables 1 and 2. 

Depth (crn) 8180 813C Species 

*Not included because S13C 1s a 2-SD 
outller ?Rejected from mean because of low ISO- 
tope values relative to those of other glacial po~nts 
(Fig 38) Their ~nclusion would result In means of 3 68 
? 0.27 (S180) and 1 39 ? 0.24 (613C). 

stratification. Our results that suggest that 
the North Atlantic (Fig. 4) may have been 
rapidly ventilated, taken together with ev- 
idence for only limited surface inflow into 
the Norwegian Sea (33) and the corollary 
of only limited outflow, also favor a signif- 
icant subpolar source of GNAIW. 

Our results indicate that the core of 
nutrient-depleted GNAIW, with S13C val- 
ues of -1.5 per mil, was located near a 
depth of 1000 m in the subpolar northeast- 
ern Atlantic, more shallow and farther 
north than previously documented. High 
S13C values in the subtropical thermocline 
feed waters clearly played a role in the 
elevation of S13C values in GNAIW. Evi- 
dence that GNAIW cycled rapidly through 
the North Atlantic suggests that the leak- 
age into deeper waters of 10w-6'~C organic 
matter also resulted in high GNAIW 613C 
values. The associated increase in low- 
latitude upwelling and productivity may 
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have caused more organic matter to be 
u 

regenerated at depth, further increasing the 
613C value of GNAIW. Box models suggest 
that an increase either in nutrient leakage 

u 

to the deep ocean or in the fraction of 
organic matter that is regenerated in the 
deep ocean can decrease atmospheric CO, 
levels more effectively than by the shoaling 
of NADW to form GNAIW. The observa- 
tions presented here lend additional support 
to hypotheses that implicate changes in 
North Atlantic circulation as a major 
source of past atmospheric CO, variations 
(8, 24). 
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Order-Disorder Transition in 
Polycrystalline C,, Films 

Kelly Akers, Kejian Fu, Peng Zhang, Martin Moskovits* 
High-resolution Raman spectroscopy of polycrystalline films of C,, deposited under ul- 
trahigh-vacuum conditions show that the spectrum below 244 ? 3 kelvin consists of a 
superposition of two components whose relative contributions are temperature-dependent. 
The spectrum of the more intense of the two components is similar to that obtained for air- 
or oxygen-exposed samples of C,, at room temperature, whereas the spectrum above 244 
? 3 kelvin corresponds to one previously reported for oxygen-free samples of C,,. The 
results may indicate an order-disorder phase transition involving the percolation of a cluster 
of C,, molecules engaged in coherent Raman scattering. 

I n  1985 Kroto et al. (1) proposed that 
carbon can exist in one of several molecular 
cage forms, of which C,, is the most cele- 
brated. Two years ago a facile method for 
the preparation of C,, was discovered (2), 
and a large number of the molecular and 
materials properties of C,, and substances 
derived from it have been determined and 
reported (3). In particular, the vibrational 
spectrum of C,, has been the subject of a 
large number of papers in the 2 years since 
the discovery of the facile route for its 
preparation (2). Both infrared and Raman 
spectra (4) have been reported under a 
variety of conditions including high pres- 
sure (5) and low temperature (6). Despite 
such an extensive effort on a system that, 
owing to its high symmetry and the simplic- 
ity of its bonding, is vibrationally rather 
straightforward, the Raman spectroscopy 
has proven to be rather subtle. 

Two distinct Raman spectra have been 
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attributed to solid C,,. The first, reported 
by Bethune et al. (4), is an intense spectrum 
characterized by the appearance of the A- 
pentagonal pinch band at 1469 ? 1 c~n-'; 
The same mode is observed at 1457 ? 1 
cmp' in the second, weaker spectrum, re- 
~ o r t e d  bv Duclos et al. ( 7 ) .  The center . , 
?requencLs of other bands and their relative 
intensities also differ in the two spectra. For 
ease of discussion the two spectra will be 
referred to as the 1470 and the 1458 spec- 
tra, corresponding to the frequencies of the 
A- pentagonal pinch bands. 

* Duclos et al. attribute the existence of 
two types of Raman spectra to the fact that 
solid C,, absorbs atmospheric oxygen. They 
claim that the 1470 spectrum is the oxygen- 
ated form of C,, whereas the 1458 spectrum 
is carried by the oxygen-free variety. Oxy- 
genation here implies an interstitial incor- 
poration of oxygen in the C6, crystal rather 
than chemical reaction with C,,, to form, 
for example, the C,, epoxide, as reported 
by Creegan et al. (8) or by Diederich et al. 
(9) for C7,. 

More recently Tolbert et al. (6) reported 
a shift in the frequency of the pentagonal 

pinch mode of single-crystal C60 with tem- 
perature. Although they did not indicate 
whether the measurements were carried out 
while heating or cooling the crystal, they 
reported a sudden increase in frequency at 
-240 K, reaching a plateau at approxi- 
mately -150 K. Although these researchers 
were unable to record the entire spectrum, 
the low-temperature spectrum appears to be 
the 1470 spectrum and the high-tempera- 
ture sDectrum is the 1458 sDectrum. In this 
report we present entire Raman spectra of 
C,, films deposited under ultrahigh-vacuum 
(UHV) conditions and cycled in tempera- 
ture between 55 K and room temperature. 

It is known that C,, undergoes a first- 
order phase transition at 249 K from a 
face-centered-cubic (fcc) structure above. . , 

to a primitive cubic structure below, this 
temperature (10). As this transition is ap- 
proached from below, there is evidence of a 
"precursor state" (10) whose nature has not 
been clarified. Nuclear magnetic resonance 
(NMR) measurements ( I  I) show a sharp 
break in the T ,  relaxation rate near 249 K. 
which has been interpreted as a transition 
between a high-temperature phase in which 
the C,, molecules can rotate freely and a 
low-temperature phase in which the mole- 
cules jump-rotate between symmetry-equiv- 
alent orientations (ratchet motion). How- 
ever, the molecules continue to rotate well 
below this temperature (1 2). 

Purified ChO samples were prepared in 
the now standard fashion (2) (carbon arc 
generation of soot followed by column 
chromatography). Samples were loaded 
into a resistively heated evaporator, out- 
eassed before use. and sublimed onto a " 
polished copper surface that was heatable 
and coolable (55 to 700 K). The entire 
assembly was dontained in a' UHV system 
with bottom pressures below 1 x lo-'' 
torr. Raman spectra were collected with a 
SPEX (Metuchen, New Jersey) scanning 
double monochromator equipped with pho- 
ton counting and interfaced to a personal 
computer. Although spectra were collected 
more slowly than with a multichannel sys- 
tem, this instrument allowed higher resolu- 
tion and greater wave number accuracy. 

Raman spectra obtained with the sample 
at 57 K. 298 K. and several intermediate 
temperatures are shown in Fig. 1. The 
spectrum obtained at the lowest tempera- 
ture (spectrum B) is similar to the 1470 
spectrum of Bethune et al. (4). The high- 
temperature spectrum (Fig. 1, spectrum A), 
on the other hand, is essentially the 1458' 
spectrum of Duclos et al. (7). The Raman 
cross sections of the major bands in the 
spectrum (compare, for example, the inten- 
sities of the pentagonal pinch modes) are 
some tenfold more intense in the former 
than in the latter. The details of the spectra 
obtained in the vicinity of 225 K (spectrum 
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