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are either weak or non-existent? Long dark spirals like these are
unprecedented even for flocculent galaxies. Two possible reasons
come to mind. One is related to the extremely large rate of shear in
this galaxy, from differential rotation. At the position of the
spirals, the rotation speed'’ is a constant V' = 270 kms™', which
is abnormally high for spiral galaxies like ours, and the depro-
jected radius is R = 5kpc, which is small compared to the
galactocentric radius of the Sun (8.5 kpc) in the Milky Way. The
corresponding rate of shear, Rd(V/R)/dR, is an enormous
54kms ' kpc'. This is two times higher than the shear rate in
the star-forming parts of the nearby Andromeda galaxy?, its
neighbour M33 (ref. 23), and in the solar neighbourhood of our
Galaxy. Thus all of the gas features in NGC2841 should be much
more spiral-like at the same evolutionary stage than they are in
any of these nearby galaxies. We therefore propose that at least
some of the dark spirals are simply sheared dark clouds. For a
sheared region, the time elapsed from an initially circular state is
R/(Vtani) = 1.1 x 10* yr for the observed pitch angle of i = 9°
(measured from deprojected images). The mass of each dark
spiral is ~10° M, from the density found in the radiative transfer
solution. The dark spirals in NGC2841 are therefore similar in
mass to the four largest dust clouds in the Andromeda galaxy*.
There are many smaller dark features in NGC2841 as well, which
are presumably from smaller sheared clouds.

Another possibility is that some of the dark spirals are weak
waves driven in the dusty interstellar medium by non-axisym-
metric forces from an elongated bulge. Figure 15 indicates that the
bulge in NGC2841 is not aligned along the major axis of the disk—
the position angle differs by ~10°. This means that the bulge is
prolate if the disk is circular. Usually prolate bulges appear in
barred® or grand-design galaxies such as Andromeda®™? and
NGC4845%%, where they can excite stellar waves®, but here the
stellar disk is apparently too stable for such excitation and the only
response is in the dust and gas.

The distinction between sheared clouds and bulge-driven waves

should be evident from velocity measurements of the dark spiral
gas. Systematic radial motions outwards or inwards on the minor
axis would favour the wave interpretation. O
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FERROMAGNETIC perovskites of the form La, ,Me MnO;_, (where
Me is Ca or Sr) have been known' since 1950, but there has been a
recent resurgence of interest following the discovery of giant
magnetoresistance in this class of compounds®®. The compounds
contain both Mn** and Mn*" ions; as the electronic ground state
of the Mn®" ions is degenerate, their energy is lowered by a
spontaneous distortion of the surrounding lattice—the Jahn-
Teller effect’. The charge carriers in these materials are strongly
coupled to (and mediate the ferromagnetic interaction between)
the manganese ions®, suggesting that localized lattice distortions
could also play an important role in determining the electronic
and magnetic properties of these compounds. Here we investigate
this possibility by examining the effect on the ferromagnetic
transition temperature of varying the oxygen isotope mass
(replacing '*O with '*0). For La,sCa,;MnO;,,, we measure an
isotope shift of >20 K, significantly larger than that found for any
magnetic or electronic phase transition in other oxides. In
contrast, we observe no significant isotope shift for the structu-
rally related ferromagnet SrRuQ,, in which the Jahn-Teller
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effect is negligible. These results imply that the large isotope
shift arises from coupling of the charge carriers to Jahn-Teller
lattice distortions, and we suggest that such Jahn-Teller ‘polar-
ons’ may also be responsible for the magnetoresistive properties
of these materials.

In 1983, Hock er al® studied Jahn-Teller (JT) ions in a
conductor within a linear chain model. They showed that a
small JT polaron (the combination of the electron and induced
lattice distortion around it) can be formed when the JT stabiliza-
tion energy is comparable with the bare conduction bandwidth.
This is due to the breakdown of the Born—Oppenheimer adiabatic
approximation in which the electronic and lattice subsystems are
decoupled. The JT polaron is induced by the electronic ground-
state degeneracy rather than by a charge polarization that may
induce a dielectric polaron.

The polaronic nature of the conduction carriers can be demon-
strated by the isotope effect on the effective bandwidth W4 of
polarons, which in turn depends on the isotope mass’:

Wz oc Wexp(—yE,/hw) (1)

Here W is the bare conduction bandwidth, E, is the binding
energy of the polaron (independent of the isotope mass), w is the
characteristic frequency of the optical phonons depending on the
isotope mass M (w o M~'/?). The dimensionless parameter 7 is a
function of E/W with 0 < y < 1; as Ey/W decreases, y decreases
and W,y increases. For JT polarons, the binding energy of
polarons E,, can be replaced by the JT stabilization energy Ej;
(ref. 8). As the JT state of Mn** has a sizeable E;; of ~0.5eV
(ref. 9), one would expect from equation (1) that the isotope effect
on W, is substantial in the manganites.

In the ferromagnetic manganites such as La, ,CaMnOs;,,, it is
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easy to study the isotope effect on W, This is due to the fact that
in the strong-coupling limit, where the Hund’s-rule coupling Jy; is
very large compared to Wy (Jy; > W), the Curie temperature
T, x W (refs 5,9). The isotope dependence of W can also be
investigated in a ferromagnet as SrRuOs;, where T, depends
strongly on W, as indicated by a large pressure effect'’. In the
ferromagnet SrRuQ;, however, the JT effect is very weak, so the
isotope dependence of W, might be very weak. Therefore, studies
of the oxygen isotope effect on the Curie temperature in these
ferromagnets can assess the importance of the JT effect in the
formation of polarons. This will also give an important insight into
the microscopic origin of the colossal magnetoresistance (CMR)
effect.

Samples of La, ,CaMnO;,, were prepared by conventional
solid-state reaction using La,0;, CaCO; and MnO,. The powders
were mixed, ground thoroughly and heated in air at 1,050 °C for
~20h. The samples were then pressed into pellets, and sintered in
air at 1,080°C for ~48h. Similar conditions were used for
preparing samples of STRuQO;. The samples are single-phase, as
checked by X-ray diffraction. The *O and '*O samples were
prepared from the same batch of the starting material, and were
subjected to the same thermal treatment in closed ampoules (one
was filled with '°O, gas, and another with *O, gas)'!. The diffusion
was carried out for 48h at 950 °C and in an oxygen pressure of
~1.0 bar. The difference between the oxygen partial pressures of
the '°O and *O ampoules was less than 4%. The cooling was very
slow, with a rate of 30 °C h~'. The oxygen-isotope enrichment was
determined from the weight changes of both '*O and **O samples.
The *O samples of La,_,Ca,MnO,_, had ~95% '*O and ~5% '°O.
The O samples of SrRuO; had 80 & 15% *O and 20 & 15% '¢O.
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FIG. 1 Oxygen isotope effect on the Curie temperature of La, gCa, ,Mn0;,,
and SrRuO;: temperature dependence of the normalized magnetization for
0 and *#0 samples of Lag gCay ,MnO;,, (a) and SrRuOQ; (b). There is a large
oxygen isotope effect on Curie temperature (~21K) in LaygCa, ,Mn0;,,
with a strong JT effect, but no observable effect in the ferromagnet SrRuO;
with a negligible JT effect. Note that the two independent °0 samples (as
well as the two independent 80 samples) have the same T,, demonstrating
an excellent reproducibility of the isotope experiments.
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FIG. 2 Oxygen back-exchange result for sample pair *%0-1/*%0-1 (see
Fig. 1a): temperature dependence of the normalized magnetization for
%0 and *#0 samples of La,gCa,,Mn0;,,, before and after oxygen back-
exchange. The symbol‘+’ denotes the °0 sample which has been back-
exchanged from the original *®0 sample (denoted by open square). The
symbol ‘x’ represents the 0 sample which has been back-exchanged
from the original °0 sample (denoted by open circle). Itis evident that the T,
of the 0 (*0) sample goes back completely to that of the original 20 (*°0)
sample after the oxygen back-exchange.

The field-cooled magnetization of the samples was measured
with a commercial SQUID magnetometer in a field of 5mT. The
samples were cooled directly to 5K, then warmed to a tempera-
ture well below T, and maintained at that temperature for 20
minutes. Data were collected on warming to a temperature well
above T.. The magnetic field was kept unchanged throughout
each series of measurements. In Fig. 1 we show the magnetization
(normalized to the magnetization well below T,) for pairs of '*O
and "*O samples (that is, two for each isotope) of La, ;Ca, ,MnO;,,
(Fig. 1a) and SrRuO, (Fig. 1b). The oxygen isotope shifts of 7,
were determined from the differences between the midpoint
temperatures on the transition curves of the %O and 'O samples.
For the CMR ferromagnet La,yCa),MnO;,,, the *O samples
have lower 7s than the O samples by ~21 K, whereas the two '°O
samples (as well as the two '®O samples) have the same T,. On the
other hand, no oxygen isotope effect on 7, could be detected in
the ferromagnet SrRuO; with a negligible JT effect. If we define
the oxygen isotope exponent as «, = —dInT'./dInM, (Where M, is
the oxygen isotope mass), then we obtain oy, =~ 0.85 for
La,3Ca;,Mn0O,,,. For La,yCa,;MnO,,,, we found a slightly
smaller exponent oy~ 0.70 (T, ~ 140K, AT, =11.7(2)K).
These exponents are considerably larger than those recently
observed in the Sr-doped system La, _ Sr,MnO,,, (for example,
oo = 0.19 for x = 0.10; ay = 0.14 for x = 0.15; o, = 0.07 for
x = 0.3; G.M.Z. and D. E. Morris, unpublished results).

To show that the observed oxygen isotope shifts are intrinsic, we
have performed oxygen back-exchange experiments (‘**O —"0;
80 —'0). In Fig. 2 we show the normalized magnetization for
the '°O and 'O samples of La,3Ca,,MnOs,, before and after
oxygen back-exchange. It is evident that the T, of the O (**O)
sample goes back completely to that of the original *O (°O)
sample after the oxygen back-exchange. This clearly indicates that
the shift of 7, is caused only by changing the oxygen isotope mass.

It is also important to check whether the observed isotope shifts
may arise from a difference in the oxygen contents of the O and
80O samples. We think this is very unlikely for the following
reasons. First, the 7, of the La, ,CaMnO;,, system is hardly
changed even after some extreme thermal treatments (for exam-
ple, annealing under 200 bar of oxygen pressure at ~600 °C and
quenching from 1,300 °C)"?, and the present '°O and *O samples
were treated under the same thermal condition. Second, the 'O
and 'O samples of the related La, ,Sr,CuO,,, compound were
shown to have the same oxygen contents by comparing the lattice
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FIG. 3 The dependence of the oxygen isotope exponent o, on the average
ionic radius (r,) at the cation site La, ,Me,. (The results for the Sr-doped
compounds are unpublished results of G.M.Z. and D. E. Morris.) The solid
line is to guide the eye. The isotope exponent o, increases rapidly with
decreasing (r,).

constants of the two isotope samples”. For the present CMR
materials, we have used the same oxygen-isotope exchange pro-
cedure as for the La,_,Sr,CuQO,,, compound, so we expect that the
oxygen contents of the present 1°O and O samples are the same
as well.

We now consider why the oxygen isotope exponents o, in Ca-
doped La, ,CaMnQO,,, are much larger than those in Sr-doped
La, Sr,MnO,,,. This may be due to the difference in the ionic
radii of Ca®* and S**. In Fig. 3 we show the dependence of a;, on
the average ionic radius (r,) at the cation site La,_,Me,. The ionic
radii of La,_ Me, were calculated from tabulated values (La**,
1.172A; Ca*", 1.140 A; Sr**, 1.320 A; ref. 14). It is evident that «q,
increases rapidly with decreasmg (rA> Although a, may also
depend on the Mn** concentrations, it is clear from Fig. 3 that
(ra) has a dominant effect on the value of «,. A similar correlation
between the magnitude of the magnetoresistance and (r,) has
recently been reported by Hwang et al.”®; they showed that the
magnetoresistance decreases rapidly with increasing (r,). Thus,
the oxygen-isotope exponent o, is correlated with the magnitude
of magnetoresistance.

As there is no oxygen-isotope effect on 7, in the ferromagnet
SrRuO; which has a negligible JT effect, the giant isotope effect
observed in the Ca-doped ferromagnets is very likely to be related
to the strong JT effect in this system. For a compound with a
strong JT effect, the electron—-phonon interaction is also large,
leading to the formation of JT polarons®. Taking into account that
the binding energy of polarons E, in the JT compound is equal to
the JT stabilization energy E;; (ref. 8), and T, x W for
Ju > W 4, equation (1) gives

T. x W exp(—yE;r/hw) (2)
The total isotope exponent is then given by
o = —dInT/dInM = 0.5yE;/hw (3)

Because y increases with increasing E;/W (ref. 7) equation (3)
indicates that the isotope exponent increases with increasing Er,
but decreases with increasing W. For the manganites, an increase
in (r,) usually enhances the covalency of the Mn—O bonding'¢, and
hence increases the bare conduction bandwidth W, leading to a
decrease of o. This mechanism naturally explains why the oxygen-
isotope exponent o, increases with decreasing (r,), as shown in
Fig. 3.

Our results thus strongly suggest that in the CMR manganites
there is a substantial JT effect and thus a large electron—phonon
interaction which leads to the formation of JT polarons®. This is
also consistent with a recent theoretical study of the JT lattice
coupling effects in the CMR manganites'’. For the ferromagnet
SrRuQ; with a negligible JT effect, the electron—phonon interaction
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may be very small, so that no polarons are formed. That is why no
oxygen isotope effect on the Curie temperature is observed in the
ferromagnet SrRuO;. O
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CarsoN nanotubes are predicted to have interesting mechanical
properties—in particular, high stiffness and axial strength—as
a result of their seamless cylindrical graphitic structure'=. Their
mechanical properties have so far eluded direct measurement,
however, because of the very small dimensions of nanotubes. Here
we estimate the Young’s modulus of isolated nanotubes by
measuring, in the transmission electron microscope, the ampli-
tude of their intrinsic thermal vibrations. We find that carbon
nanotubes have exceptionally high Young’s moduli, in the ter-
apascal (TPa) range. Their high stiffness, coupled with their low
density, implies that nanotubes might be useful as nanoscale
fibres in strong, lightweight composite materials.

Large bundles of carbon nanotubes were teased from a core

TABLE 1 Properties of individual nanotubes

Outer Inner Young’s

Nanotube Length diameter diameter modulus
no. (um) (nm) (nm) (TPa)
1 1.17 5.6 2.3 1.06
2 3.11 7.3 2.0 0.91
3 5.81 24.8 6.6 0.59
4 2.65 11.9 2.0 1.06
5 1.73 7.0 2.3 2.58
6 1.53 6.6 2.3 3.11
7 2.04 7.0 3.0 1.91
8 1.43 6.6 3.3 4.15
9 0.66 7.0 3.3 0.42
10 1.32 9.9 3.0 0.40
11 5.10 8.4 1.0 3.70

Average value of Young’'s modulus is 1.8 TPa.
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