
0, 1, and 2 are reported in Fig. 3, showing the
oscillations as well as the parity effect for odd
resonances. The period is reproduced with
D 5 0.292 K and E 5 0.046 K as in (23), but
with a different C value of 22.9 3 1025 K.
The calculated tunneling splitting is, howev-
er, about three times smaller than the ob-
served one. These small discrepancies are not
surprising. In fact, with the C parameter, we
took into account the effects of the neglected
higher order terms in Sx and Sy of the spin
Hamiltonian, which, even if very small, can
make an important contribution to the period
of oscillation and markedly affect D, as first
pointed out by Prokof’ev and Stamp (22). In
addition, the nuclear spins could affect the
value of D (24). Finally, the total quantum
spin phase is built up from all magnetic spins
of the system. For Fe8, the total spin S 5 10
results from a complex antiferromagnetic ex-
change topology and can be schematized by
eight spins with spin values of s 5 5/2 where
six spins are aligned parallel and antiparallel
to the other two spins (25). It should also be
mentioned that internal dipolar and hyperfine
fields hinder a quench of D (26).

Our measurement technique is opening up
a way of directly measuring very small tunnel
splittings on the order of 1028 K that are not
accessible by resonance techniques. We have
found a very clear oscillation in the tunnel
splittings D, which is direct evidence of the
role of the topological spin phase in the spin
dynamics of these molecules (14). We have
also observed an “Aharonov-Bohm” type of
oscillation in a magnetic system, analogous
to the oscillations as a function of external
flux in a SQUID ring (1). A great deal of
information is contained in these oscillations,
both about the form of the molecular spin
Hamiltonian and about the dephasing effect
of the environment. We expect that these
oscillations should thus become a very useful
tool for studying systems of nanomagnets.

References and Notes
1. P. P. Feynman, R. B. Leighton, M. Sand, The Feynman

Lectures on Physics, vol. 3 (Addison-Wesley, London,
1970).

2. Y. Imry, Introduction to Mesoscopic Physics (Oxford
Univ. Press, New York, 1997).

3. L. Gunther and B. Barbara, Eds., Quantum Tunneling
of Magnetisation-QTM’94 (Kluwer, Dordrecht, Neth-
erlands, 1995).

4. R. Sessoli, D. Gatteschi, A. Caneschi, M. A. Novak,
Nature 365, 141 (1993).

5. A.-L. Barra, P. Debrunner, D. Gatteschi, C. E. Schulz, R.
Sessoli, Europhys. Lett. 35, 133 (1996).

6. M. Novak and R. Sessoli, in (3), pp. 189–207.
7. J. R. Friedman, M. P. Sarachik, J. Tejada, R. Ziolo, Phys.

Rev. Lett. 76, 3830 (1996); L. Thomas et al., Nature
383, 145 (1996).

8. C. Sangregorio, T. Ohm, C. Paulsen, R. Sessoli, D.
Gatteschi, Phys. Rev. Lett. 78, 4645 (1997).

9. T. Ohm, C. Sangregorio, C. Paulsen, Europhys. J. B6,
595 (1998); J. Low Temp. Phys. 113, 1141 (1998).

10. J. A. A. J. Perenboom, J. S. Brooks, S. Hill, T. Hathaway,
N. S. Dalal, Phys. Rev. B 58, 330 (1998).

11. Similar interference effects should also be observable
in systems with other anisotropy symmetries, for ex-
ample, in Mn12ac, which has a tetragonal anisotropy.

In future, the phase interference effect could be used
to determine the magneto-anisotropy symmetries.

12. M. V. Berry, Proc. R. Soc. London A 392, 45 (1984).
13. F. D. M. Haldane, Phys. Rev. Lett. 50, 1153 (1983); ibid.

61, 1029 (1988); for a review, see E. Manousakis, Rev.
Mod. Phys. 63, 1 (1991), particularly section IV.E.

14. D. Loss, D. P. DiVincenzo, G. Grinstein, Phys. Rev. Lett.
69, 3232 (1992); for a review, see D. Loss, in Dynam-
ical Properties of Unconventional Magnetic Systems,
NATO ASI Ser. E Appl. Sci., A. T. Skjeltorp and D.
Sherrington, Eds. (Kluwer Academic, Dordrecht,
Netherlands, 1998), vol. 349, pp. 29–75.

15. A. Garg, Europhys. Lett. 22, 205 (1993).
16. H. B. Braun and D. Loss, Phys. Rev. B 53, 3237 (1996).
17. C. Zener, Proc. R. Soc. London A 137, 696 (1932); S.

Miyashita, J. Phys. Soc. Jpn. 64, 3207 (1995); V. V.
Dobrovitski and A. K. Zvezdin, Europhys. Lett. 38, 377
(1997); L. Gunther, ibid. 39, 1 (1997); G. Rose and
P. C. E. Stamp, J. Low Temp. Phys. 113, 1153 (1998).

18. The micro-SQUID array measures the magnetic field
induced by the magnetization of the crystal. Each
micro-SQUID has a very high sensitivity that can
reach 10216 electromagnetic units, depending on the
coupling factor [W. Wernsdorfer et al., Phys. Rev.
Lett. 78, 1791 (1997)]. The time resolution of the
micro-SQUIDs is about 1 ms, allowing short-term
measurements. The magnetometer works in the tem-
perature range between 35 mK and 6 K and in fields
up to 1.4 T with a field stability better than 1026 T.
The field can be applied in any direction of the
micro-SQUID plane with a precision much better
than 0.1° by separately driving three orthogonal coils
[W. Wernsdorfer, thesis, Joseph Fourier University,
Grenoble, France (1996)]. To ensure a good thermal-
ization, we fixed the crystal by using a mixture of
araldite and silver powder.

19. Fresh crystals were prepared according to K.
Wieghardt, K. Pohl, I. Jibril, and G. Huttner [Angew.
Chem. Int. Ed. Engl. 23, 77 (1984)].

20. W. Wernsdorfer et al., xxx.lanl.gov/abs/cond-mat/
9901290

21. For very small tunneling probabilities P, we did mul-
tiple sweeps of the resonance transition. For N
sweeps, we have a transition probability PN ;
exp[2PN].

22. N. V. Prokof’ev and P. C. E. Stamp, Phys. Rev. Lett. 80,
5794 (1998); J. Low Temp. Phys. 104, 143 (1996).

23. R. Caciuffo et al., Phys. Rev. Lett. 81, 4744 (1998).
24. I. Tupitsyn, N. V. Prokof’ev, P. C. E. Stamp, Int. J. Mod.

Phys. B 11, 2901 (1997).
25. We calculated the transverse field dependence of the

tunnel splitting also by assuming that the S 5 10
state arises by two weakly interacting spins (J '
D),] and we found that the period of the oscillation
increases for ferromagnetic interactions and decreas-
es for antiferromagnetic interaction. However, the
effect is very small, and it alone cannot be responsi-
ble for the deviation from Eq. (2).

26. N. V. Prokof’ev and P. C. E. Stamp, J. Phys. Condensed
Matter 5, L663 (1993).

27. We thank D. Gatteschi for his constant and stimu-
lating support to this research; A. Caneschi, D. Rovai,
and C. Sangregorio for providing the sample of Fe8; A.
Garg, and in particular P. Stamp for many fruitful and
motivating discussions; and A. Benoit, E. Bonet
Orozco, D. Mailly, and P. Pannetier for their help in
constructing our micro-SQUID magnetometer. Final-
ly, we acknowledge the contribution of R. Ballou, A.-L.
Barra, B. Barbara, I. Chiorescu, D. Givord, K. Hassel-
bach, T. Ohm, C. Paulsen, and J. Villain.

21 December 1998; accepted 18 February 1999

CH5
1: The Infrared Spectrum

Observed
Edmund T. White, Jian Tang, Takeshi Oka*

Protonated methane, CH5
1, has unusual vibrational and rotational behavior

because its three nonequivalent equilibrium structures have nearly identical
energies and its five protons scramble freely. Although many theoretical papers
have been published on the quantum mechanics of the system, a better un-
derstanding requires spectral data. A complex, high-resolution infrared spec-
trum of CH5

1 corresponding to the C–H stretching band in the 3.4-micrometer
region is reported. Although no detailed assignment of the individual lines was
made, comparison with other carbocation spectra strongly suggests that the
transitions are due to CH5

1.

Since its discovery by Tal’roze and Lyubi-
mova (1), protonated methane or methonium
ion, CH5

1, has been well known among ion
chemists. Its spectrum, however has not been
reported in any spectral region. Here we
present an observation of the spectrum of this
fundamental molecular ion, a high-resolution
infrared vibration-rotation-tunneling spec-
trum corresponding to the C–H stretching
vibrations.

Because of the lack of spectroscopic data,
the quantum chemical understanding of CH5

1

has been based almost exclusively on ab initio

theoretical calculations. Early calculations (2)
showed that a configuration with CS symmetry
[shown in Fig. 1 as CS(1)] has lower energy
than the more intuitive and symmetric trigonal
bipyramid (D3h) or symmetric top (C4V) config-
urations. Subsequent self-consistent field calcu-
lations by Pople and his colleagues (3) gave a
structure in which CH3

1 and H2 are well sep-
arated, but as the theory was more refined, the
separation between CH3

1 and H2 was reduced.
An additional structure with C2V symmetry, in
which three protons are in a plane bisecting the
H2 unit (shown in Fig. 1 as C2V), was shown to
have low energy (4). The most recent calcula-
tions find that the three structures have nearly
equal energy. Schreiner et al. (5) report that the
energies of the CS(2) and C2V structures (shown
in Fig. 1) are higher than that of CS(1) by only
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0.09 and 0.90 kcal/mol, respectively, and Mül-
ler et al. (6) report values of 0.1 and 0.8 kcal/
mol, respectively. Both groups agree that, if the
zero point vibrations are taken into account, the
energies of the three structures become practi-
cally identical, in agreement with earlier work
by von Ragué Schleyer and Carneiro (7).
Schreiner et al. (5, p. 3176) state, “The differ-
ences in energies (of the three structures) de-
crease and essentially vanish at the most sophis-
ticated levels . . . , there is essentially no barrier
to complete hydrogen scrambling.” Müller et
al. (6, p. 1863) state “the CS(2) and C2V struc-
tures, which are both saddle points on the po-
tential energy surface, are so little above the
minimum that CH5

1 is highly fluxional, to the
extent that the very concept of molecular struc-
ture becomes problematic for this molecule.”
The topological analysis on this system by
Marx and collaborators (8) gives a perspective
on this problem from a different angle.

These theoretical works indicate that the
five protons in CH5

1 are well bound to the
central carbon (the proton affinity of CH4 is
5.72 eV, or 132 kcal/mol) so that the C–H
stretching potential is well defined but the
angles between the five C–H bonds can
change freely. The five equivalent protons are
effectively swarming around the central car-
bon atom. We earlier faced a somewhat sim-
ilar but much simpler problem in the spec-
troscopy of protonated acetylene, C2H3

1, in
which the three protons exchange their equi-
librium positions (9–11). The case of CH5

1,
however, is incomparably more complex (12)
because of the practical absence of equilibri-
um positions and because of the larger num-
ber of protons. Here we present its spectrum
as observed without assignment (or even
qualitative understanding).

We first searched for the CH5
1 spectrum in

1985 using air-cooled and water-cooled plasma
tubes with helium-dominated He-H2-CH4 gas
mixtures. Because the sensitivity and discrimi-
nation of the velocity modulation method in-
vented by Saykally’s group (13) allowed us to

study spectra of NH4
1 (14) and H3O1 (15), we

believed that the spectrum of CH5
1 would be

identified readily. An extremely rich spectrum
was obtained in the 3-mm region, but all of the
strong lines were assigned to the C–H stretch
bands of CH3

1 (16), CH2
1 (17), C2H2

1 (18),
and C2H3

1 (9, 10). Subsequent searches for
CH5

1 were conducted in 1987 and 1993 with
liquid nitrogen–cooled plasma tubes and H2-
dominated H2-CH4 gas mixtures, which provid-
ed a wealth of spectral lines. As all of the
stronger lines were eventually “weeded out” by
more thorough spectroscopic and plasma chem-
ical studies of other carbocations (10, 19), many
lines remained, suggesting that they are due to
CH5

1. (In hindsight, we now realize that some
CH5

1 lines were observed in the experiments
of 1987 and 1993 but could not be identified
until after several more years of systematic
study.)

We conducted a high-sensitivity scan in the
3-mm region using a liquid nitrogen–cooled
positive column discharge tube of ;12 mm in
diameter and ;1 m in length and a 6-kHz AC
discharge for velocity modulation. Infrared ra-
diation of ;200 mW generated by our differ-
ence frequency laser system was divided into
two beams with equal energy, each traversing
unidirectionally four times through the plasma
in opposing directions to give a total path length
of 8 m that results in effective noise subtraction
(20). Hydrogen-dominated H2-CH4 gas mix-
tures were used for the simplest CH5

1 produc-
tion through

H2
1 1 H23 H3

1 1 H (1)

H3
1 1 CH43 CH5

1 1 H2 (2)

The H2-CH4 mixing ratio of 50:1 with the total
gas pressure of ;1 torr produced the optimum
conditions for observing the CH5

1 spectrum.
Notably, the minimum discharge current within
stable plasma conditions (;80 mA) gave the
best results, in sharp contrast to the optimum
conditions for other carbocations (150 to 200
mA). About 900 spectral lines were measured
as CH5

1 lines in the 3-mm region from 3150

Fig. 1. Three low-energy structures of CH5
1. In

the CS(1) and CS(2) structures, the three C–H
bonds of the CH3 radical have C3V symmetry
with H2 either eclipsed [CS(1)] or staggered
[CS(2)] with respect to the C–H bonds of the
CH3 subgroup. In the C2V structure, three C–H
bonds are in the plane of the figure. Ab initio
theory gives minimum equilibrium energy for
CS(1), whereas CS(2) and C2V form saddle
points with slightly higher energy. When zero
point vibrations are taken into account, the
energy differences almost vanish.

Fig. 2 (left). Observed
overall infrared spec-
trum of CH5

1 as com-
pared with spectra of
CH4 and CH3

1. Fig.
3 (right). An example
of a small portion of
the CH5

1 spectrum.
Spectral lines marked
with ● are due to
CH5

1. The sharp lines
are due to CH4 caused
by small asymmetry of
the AC discharge. The
strong line with nega-
tive slope is due to a
Rydberg spectrum of
H2. The line is velocity
modulated by electron
bombardment excitation to the excited state.
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cm21 to 2770 cm21 (Fig. 2). Known spectral
lines of H3

1, CH3
1, and C2H3

1 together with
those of impurity ions HCO1 and HCNH1

weakly appeared in the region, as well as the
Rydberg spectrum of H2, but these lines were
easily identified. The n3 triply degenerate C™H
stretch band of CH4, whose spectral lines are
stronger than those of CH5

1 by perhaps six
orders of magnitude because of the higher
abundance and lower partition function, is in
the same region (Fig. 2). As these are spectral
lines of a neutral molecule, they should escape
the velocity modulation detection, but unavoid-
able slight asymmetry of the AC plasma oper-
ation can sometimes make them appear with
sizable intensities. As the CH5

1 lines are weak,
if they happen to overlap with those other lines,
they would be lost. The observed scarcity of
CH5

1 in some regions is due to such overlaps.
An example of a portion of the spectrum is
shown in Fig. 3. The peak-to-peak widths of the
derivative shapes of the spectral lines are
;0.011 cm21. The spectral lines were mea-
sured with an uncertainty of Dn ; 0.003 cm21

for stronger lines and Dn ; 0.006 cm21 for
weaker lines. (A list of frequencies and relative
intensities is available at www.sciencemag.org/
feature/data/987367.shl or from T.O. upon
request).

The observed spectrum shown in Fig. 2 is
extremely rich and complicated. There is no
obvious regularity or symmetry, except that it
is approximately symmetric with respect to
the most congested central area, which per-
haps forms the Q branch. The spectrum is in
sharp contrast with the well-behaved CH3

1

and CH4 spectra also shown in Fig. 2. The
center of the band is at about 2950 cm21,
lower than that of CH3

1 (3108.4 cm21) and
CH4 (3019.5 cm21), and agrees approximate-
ly with the band origin of the CH5

1 group in
the spectrum of cluster ions CH5

1(H2)n re-
ported by Boo and Lee (21) and with ab initio
predictions (5, 22). The spread of the band is
comparable to those of CH3

1 and CH4, sug-
gesting a similar rotational constant. Al-
though we do not have any rotational assign-
ment, we believe that the spectral lines are
due to CH5

1 for the following reasons: (i)
The carrier of the spectrum is a cation be-
cause the spectrum was observed by velocity
modulation with positive slope of the deriv-
ative shape. The spurious lines due to neu-
trals can be readily recognized from their
response to plasma conditions and 2f detec-
tion (ions are velocity modulated through
Doppler shifts at the AC frequency f, whereas
neutrals are detected at two times the AC
frequency because they are insensitive to the
phase of the discharge). (ii) The carrier con-
tains one carbon atom because spectral lines
for heavier ions are observed to be narrower
because of the Dn ; (M)21/2 relation be-
tween the Doppler broadened line width Dn
and mass M. (iii) Spectra of CH3

1, CH2
1,

CH1, and C1 are well known. (iv) CH4
1 is

not abundant in the hydrogen-dominated H2-
CH4 plasmas. The last of these statements is
the weakest, and we cannot completely ex-
clude the possibility that some stronger lines
of CH4

1, for which the spectrum is unknown,
may be in the spectrum as weak lines. We are
convinced, however, that the majority of the
lines in Fig. 2 and listed in the supplementary
table are CH5

1 lines.
The sensitivity of our spectrometer is esti-

mated to be (DI/I )min ; 4 3 1026, where I is
intensity, corresponding to the minimum de-
tectable absorption coefficient of gmin ; 5 3
1029 cm21. The strongest line has a signal-to-
noise ratio of ;20, corresponding to g ; 1027

cm21. This value is about 1/20 of the strongest
lines of CH3

1. Because the number of the
CH5

1 lines is an order of magnitude more than
that of the CH3

1 lines, reflecting the higher
partition functions due to tunneling, the band
intensities are comparable. The number density
of CH5

1 is estimated to be [CH5
1] ; 2 3 1010

cm23 from plasma chemical considerations.
The complexity of the observed CH5

1

spectrum is not inconsistent with the theo-
retical predictions of Schreiner et al. (5)
and Müller et al. (6 ). If their model of
complete scrambling with no barrier is the
case, we then have only three familiar
quantum numbers, the rotational angular
momentum J, the parity, and the total nu-
clear spin angular momentum

˜
I 5 (i51

5

˜
Ii.

The angular momentum formula [D1/2]5 5
D5/2 1 4D3/2 1 5D1/2 shows that the spec-
tral lines appear as a set of components
with spin statistical weight of 6:4:2 each
with the frequency of 1: 4:5 just like in
CH4, where they appear with the weight of
5:3:2 (2 for the double parity) with fre-
quency 1: 3:1. Our search for such sets was
unsuccessful because of inaccuracy of the
intensity measurements and because of the
effects of large splitting and the severe
congestion of lines. The complete proton
scrambling necessitates the use of S5

* 5
G240 (2 3 5!) to specify symmetry of the
energy levels (23). Bunker and colleagues
(23, 24) have developed an extensive quan-
titative theory by using a mechanical model
in which the problem is projected to sym-
metry G12, where CH3

1 and H2 are consid-
ered as separate units. Whether such treat-
ment is useful remains to be seen.

The problem of the intramolecular dynam-
ics of CH5

1 will require use of the accurate full
ab initio potential and the variational calcula-
tions of the dynamics of the five protons in the
potential. Such calculations have been devel-
oped by Sutcliffe and Tennyson (25) and ap-
plied successfully to the three-particle problem
of H3

1 by Miller et al. (26) and many others
(27–29). However, application of such a meth-
od to the five-proton problem perhaps must
await development of considerably more pow-

erful computers. Experimentally, the next step
will be to observe the spectrum at low temper-
atures and to observe deuterated species.
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