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seems to be the case for the one-photon tran-

sition frequency n
01
. This fact is also confirmed

by the large quality factor that we extract from

the resonant activation measurements. From

Q, we derive the total shunting impedance

1/Re(Y) 0 4700 ohms of the junction. This is

much larger than the expected shunt impedance

for a current-biased JJ, which is approximately

the typical wire impedance at microwave

frequencies ,100 ohms. In this sense, the STO

dielectric resonator protects the junction from its

environment at the characteristic transition

frequency n
01
.

Even though with our experiment, we are not

able to determine univocally the intrinsic dis-

sipation of the Josephson element, we can extract

a lower bound. Assuming that all dissipation

comes from the Josephson element, we can cal-

culate the intrinsic impedance 1/Re(Y
int
) in paral-

lel with the Josephson inductance. According

to the circuit of Fig. 2C, we have 1/Re(Y
int
) 0

L
J
2/(L

J
þ L

S
)2Re(Y) , 700 ohms for the lowest

value of the intrinsic impedance due to low-

lying energy excitations. This result may open

up the possibility for some kind of freezing

mechanism for quasiparticles at very low tem-

perature and/or the existence of a subdominant

imaginary s-wave component of the order pa-

rameter inducing a gapped excitation spectrum.

The observation of quantum tunneling, narrow

width of excited states, and a large Q value

support the notion of Bquiet[ qubits based on

d-wave symmetry superconductor.
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Quantum Deconstruction of the
Infrared Spectrum of CH5

þ

Xinchuan Huang,1 Anne B. McCoy,2* Joel M. Bowman,1* Lindsay M. Johnson,2

Chandra Savage,3 Feng Dong,3 David J. Nesbitt3*

We present two quantum calculations of the infrared spectrum of protonated methane (CH5
þ) using

full-dimensional, ab initio–based potential energy and dipole moment surfaces. The calculated
spectra compare well with a low-resolution experimental spectrum except below 1000 cmj1,
where the experimental spectrum shows no absorption. The present calculations find substantial
absorption features below 1000 cmj1, in qualitative agreement with earlier classical calculations
of the spectrum. The major spectral bands are analyzed in terms of the molecular motions. Of
particular interest is an intense feature at 200 cmj1, which is due to an isomerization mode that
connects two equivalent minima. Very recent high-resolution jet-cooled spectra in the CH stretch
region (2825 to 3050 cmj1) are also reported, and assignments of the band origins are made,
based on the present quantum calculations.

T
he CH

5
þ cation was brought to the

forefront of scientific interest by a range

of experimental studies (1–8) and ab

initio electronic structure calculations at the

stationary points (9–14) that hinted at a very

high degree of fluxionality owing to the un-

usual two-electron–three-center bonding. The

large-amplitude motions displayed by CH
5
þ,

even in its ground state, have made spectral

assignments challenging, as is evidenced by the

unassigned spectrum of Oka and co-workers

(7). Recently, a low-resolution laser-induced

reaction (LIR) infrared (IR) action spectrum of

CH
5
þ was reported by Asvany et al. (1). This

spectrum was recorded at 110 K over a large

spectral range, 540 to 3250 cmj1. The LIR

spectrum is a major step forward in unraveling

the dynamics of this cation.

Until very recently, dynamical studies of

CH
5
þ have been hampered by the lack of a

full-dimensional potential energy surface (PES).

Such surfaces have just appeared and have

been used in a variety of classical and quan-

tum diffusion Monte Carlo (DMC) calcula-

tions of the ground state of CH
5
þ and its

isotopomers (15–19). Thus, dynamics and vi-

brational calculations before 2004 were carried

out in a direct fashion, that is, calculating the

potential and gradients Bon the fly[ (20–23).

These pioneering calculations were done

using fairly low-level density functional the-

ory (DFT) calculations; nevertheless, they pro-

vided great insight into the fluxional nature

of CH
5
þ. Indeed classical, direct-dynamics

DFT simulations of the IR spectrum were also

reported in (1) at 50 and 300 K. The 300 K

spectrum is in good qualitative agreement

with experiment above 1000 cmj1. Below

1000 cmj1, intense absorption was seen in

the classical spectrum but not in the exper-

imental one, perhaps because of a lack of

experimental sensitivity in that spectral re-

gion. However, it is well known that, except

in the harmonic limit, classical spectra can

differ substantially from quantum spectra

because of the lack of quantization in the

classical dynamics. Thus, while the agree-

ment between the classical and LIR spectra

above 1000 cmj1 was gratifying, the dif-

ferences below 1000 cmj1 remain an open

issue.
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Motivated by this new experimental spec-

trum, we undertook two quantum approaches

to calculate and deconstruct the LIR spectrum

using the best techniques available. In this

work, we make use of a new (nonglobal), full-

dimensional potential energy surface (19)

based on the accurate coupled-cluster method

ECCSD(T)^ with the aug-cc-pVTZ basis and the

previous MP2-based dipole moment surface

(15). We refer to these potential and dipole

moment surfaces as the CCSD(T)-MP2 sur-

faces. Even with these surfaces, Bexact[ quan-

tum calculations of the IR spectrum are beyond

reach because of the highly fluxional nature and

the high dimensionality (12 internal degrees of

freedom) of the CH
5
þ wave functions.

Two low-lying saddle points are the bottle-

necks to the fluxional, isomerizing motion of

CH
5
þ. The structures and energies of the

stationary points are depicted in Fig. 1. These

two saddle points, and the 120 equivalent

minima they connect, govern the short-time

dynamics of the isomerization and, from well-

known quantum time-energy relations, deter-

mine the IR spectrum under low resolution.

Because our goal is to deconstruct the low-

resolution LIR spectrum, we focus our quantum

calculations on the minimum and these two

saddle points. In one set of calculations, we

perform double-harmonic (HO) calculations of

the IR spectrum at these three stationary points,

using the CCSD(T)-MP2 surfaces. We then

weight the combined results by using the

ground-state density obtained from a rigorous

quantum DMC calculation (24). A second set

of calculations was performed with the code

MULTIMODE (MM), which uses variational

configuration interaction methods to obtain vi-

brational energies and wave functions of poly-

atomic molecules. The code also uses an n-mode

representation (nMR) of the potential that per-

mits application to fairly large molecules (25).

Properties such as the IR spectrum can be ob-

tained with these wave functions; recently, this

code and DMC calculations were used to

stimulate the IR spectrum of H
5
O
2
þ (26). In

the present calculations, the single-reference

version of MM is used with a four-mode rep-

resentation of the potential to obtain the spectra.

Higher level 5MR calculations of the vibration-

al eigenvalues were also performed to check

the convergence of the 4MR calculations (27).

The reference geometries for the calculations

are the global minimum and the two saddle

points, the same geometries used in the HO

calculations, depicted in Fig. 1.

In Fig. 2, we present the stick spectra from

the HO calculations and the MM calculations at

the three stationary points, as well as a

Gaussian convolution with full-width–half-

maximum (FWHM) of 200 cmj1. This width

was chosen to approximate the resolution of the

experimental spectrum. Both spectra have fea-

tures that span the entire spectral range shown,

but with no features in the 1800 to 2100 cmj1

range. There are quantitative differences be-

tween the spectra, with the MM spectrum

showing more lines and spectral features

somewhat red-shifted relative to HO spectra,

as expected. In the case of the latter, each stick

corresponds to a harmonic normal mode at the

corresponding stationary point. For these plots,

we only include the modes with real frequen-

cies. Consequently, only 11 features are seen in

the spectra at the C
2v

and C
s
(II) saddle points,

because in these cases one of these frequencies

becomes imaginary, whereas all 12 modes are

used to construct the spectrum at the C
s
(I)

minimum.

These imaginary frequency modes appear as

real excitations in the MM spectra. For ex-

ample, at the C
2v

saddle point reference ge-

ometry, the fundamental associated with the

imaginary frequency mode is found at 200

cmj1 and has the greatest intensity of all the

spectral lines in this spectrum. Comparison of

the MM spectra at the three reference geom-

etries shows that they are similar, especially

those obtained using the C
2v
and C

s
(I) reference

geometries. If these MM calculations were ex-

act, the spectra from all three reference geom-

etries would be identical. They are similar, but

not the same, and one way to distinguish among

them is to compare the zero-point energies with

the exact one, obtained from DMC simulations.

On the basis of this comparison (27), the C
2v

reference geometry would be the preferred one.

This might also be argued to be the best ref-

erence geometry because a grid centered there

spans two equivalent minima and the C
s
(II)

saddle point. However, for comparison with

experiment, we used the sum of the three MM

spectra, weighted by the DMC populations at

the corresponding reference geometry. Compar-

ing the HO and MM spectra at the three

stationary points, we note that there is also good

overall agreement above 1000 cmj1. As we

noted previously (16), the two lowest frequency

modes are very anharmonic, and differences

below 1000 cmj1 reflect a breakdown of the

HO approximation in this region.

Figure 3A shows a comparison of the

calculated spectra with the experimental spec-

trum of Asvany et al. The MM and HO spectra

are sums of the convoluted spectra shown in

Fig. 2, weighted by the DMC ground-state den-

sity at the three stationary points. Because of

the highly anharmonic nature of the low-

frequency modes, the HO spectrum is only

plotted for transitions above 900 cmj1. There is

very good agreement between the experimental

and calculated spectra above 1000 cmj1, with

near quantitative agreement for the MM

spectrum. At lower frequencies, intensity is

seen both in the MM spectrum and in the HO

spectra, plotted in Fig. 2A, that is not evident in

the experimental one. The absence of these

intense spectral features in the experiment

appears to be due to the loss of sensitivity of

Fig. 1. Structures of CH5
þ

at the three stationary points
on the potential. Energies pro-
vide the relative energies on
the CCSD(T) surface.

Fig. 2. Stick and Gaussian convoluted (FWHM 0
200 cmj1) spectra for CH5

þ from (A) the double-
harmonic calculations at the Cs(I) (black), C2v
(red), and Cs(II) (blue) stationary points and
from (B) the MULTIMODE calculations, using the
three stationary points as reference geometries.
For all of these calculations, the reported in-
tensities for the stick spectra are given in units
of km molj1.
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the experimental action spectrum as discussed

in detail in (1). Interestingly, the present

quantum spectra agree qualitatively with the

classical one given in (1) in that both predict

intense spectral features in this low-frequency

regime. The DMC-weighted spectra agree

better with experiment than any single

spectrum shown in Fig. 2. This is particularly

relevant for the HO spectrum and reflects the

importance of all three stationary points in

capturing the spectroscopy (and dynamics) of

this fluxional system.

Given the good agreement with the ex-

perimental spectrum, we can assign the prom-

inent spectral features to specific vibrations

with confidence. For this analysis, we focus

on the C
2v

reference geometry, which yields

several prominent features in the convoluted

calculated spectra, three of which line up very

well with experiment. We analyze the har-

monic modes and MM wave functions that

correspond to these features. For the harmon-

ic treatment, the analysis is straightforward.

For the MM wave functions, we focus on the

fundamentals that provided the leading con-

tributions to the intense bands in each spec-

tral region. From this analysis, we find that

only one or two modes provided the leading

contributions to the intensity in the four re-

gions, labeled a to d in Fig. 3A. These are de-

picted with the harmonic frequencies and MM

energies of the corresponding major bright

eigenstates in Table 1, in effect representing a

quantum deconstruction of this spectrum. Fea-

ture a, the most intense one, corresponds to the

imaginary frequency isomerization mode at the

C
2v

saddle point. Displacement in this coordi-

nate brings CH
5
þ close to its geometry at a C

s
(I)

minimum (Table 1). Feature b reflects two

modes of roughly equal intensity in the HO

spectrum. These modes can be best thought of

as bending or rocking motions of H
A
-C-H

C

and H
D
-C-H

E
. Finally, the large peak at high

frequency (c and d) and the smaller shoulder

on the red side of this feature result from CH

stretching vibrations. The descriptions of all

six of these modes will change if one of the

other two stationary points is considered. These

reflect differences in the overall symmetry of

the ion; the qualitative picture, however, re-

mains the same.

This theoretical deconstruction clearly

works well in comparison with the low-

resolution LIR spectra. We can also test

predictions against high-resolution direct ab-

sorption spectra of jet-cooled CH
5
þ in the

2825 to 3050 cmj1 region that we obtained

recently (28). Because the present theoretical

study does not include rotational structure, we

compare a 10 cmj1 convolution of both

experimental and theoretical (DMC-weighted

MM) spectra in Fig. 3B. Despite the simplicity

of the approach, there is a very good correla-

tion between the two largest peaks in the

convoluted experimental spectrum and the

accumulation of transitions near 3010 and

3075 cmj1 in the MM spectrum when we

shift the MM spectrum by 58 cmj1. The size

of this shift is well within the uncertainties of

the present calculations, which contain errors

that arise from both the PES and the vibrational

calculations. These features can be assigned

to two normal-mode CH-stretch fundamentals

of the CH
3
þ subunit. This simple vibrational

assignment may seem surprising for such a

fluxional molecule. However, if one con-

siders a HO treatment at the three stationary

points, the two highest frequency modes all

correspond to stretches of the CH
3
þ subunit,

with the corresponding frequencies lying in

tight windows from 3097 to 3128 cmj1 and

3226 to 3237 cmj1, respectively. Therefore,

these highest frequencies appear not to be

affected by the lower frequency fluxional

motions of CH
5
þ.

We find these comparisons extremely en-

couraging, but much still remains to be learned

Fig. 3. Comparison of the experimental (A) LIR
spectrum and (B) convoluted high-resolution
spectrum and the calculated spectra of CH5

þ,
with the experimental spectra plotted in black, the
MULTIMODE spectra in red, and the harmonic
spectrum in blue. The calculated spectra are
obtained by weighting the spectra obtained at
each stationary point by the probability amplitude
at the stationary points and summing the spectra.
For (A), the stick spectra are convoluted by a
Gaussian function with FWHM 0 200 cmj1; in
(B), the experimental spectrum is convoluted to a
1 cmj1 (thin line) and 10 cmj1 (thick line)
FWHM, whereas the calculated spectrum uses a
FWHM of 10 cmj1 and has been shifted by 58
cmj1 relative to the experimental spectrum, as
indicated by the scaling on the top of the graph.

Table 1. Normal modes and frequencies (cmj1) at the C2v saddle point that contribute intensity to
features a to d in Fig. 3A. Numbers in parentheses are the 5MR MULTIMODE energies (27) of the
major eigenstate of these features obtained from the calculation at the C2v reference geometry. We have
used red, blue, and green to differentiate the hydrogen atoms, where atoms A and C are blue, atom B is
red, and atoms D and E are green.

}

*See Fig. 3A. .Harmonic (and MULTIMODE) frequencies. -Pictorial depiction of the displacements. `Minor contributor
to feature c, characterized as the fundamental in the CHB stretch. ¬Mainly CHA/CHC asymmetric stretch, but a mixed state.
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about CH
5
þ from its high-resolution spectra

and accompanying rotational structure. Indeed,

this is where subtle but revealing effects of the

end-over-end tumbling, nuclear spin statistics,

and tunneling splittings will be addressed that

can not be accurately treated in the present vi-

brational framework (29, 30). The detailed in-

terpretation of the high-resolution spectrum of

CH
5
þ and its isotopomers will clearly provide

interesting opportunities for further theoretical

and experimental challenges in this elusively

fluxional species. Extensions of the present

work to include deuterated analogs of CH
5
þ

(31) and to probe the effects of rotations are

currently under way.
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Planktonic Foraminifera
of the California Current
Reflect 20th-Century Warming
David B. Field,1*† Timothy R. Baumgartner,2 Christopher D. Charles,1

Vicente Ferreira-Bartrina,2 Mark D. Ohman1

It is currently unclear whether observed pelagic ecosystem responses to ocean warming, such as
a mid-1970s change in the eastern North Pacific, depart from typical ocean variability. We report
variations in planktonic foraminifera from varved sediments off southern California spanning the
past 1400 years. Increasing abundances of tropical/subtropical species throughout the 20th century
reflect a warming trend superimposed on decadal-scale fluctuations. Decreasing abundances of
temperate/subpolar species in the late 20th century indicate a deep, penetrative warming not
observed in previous centuries. These results imply that 20th-century warming, apparently
anthropogenic, has already affected lower trophic levels of the California Current.

R
ecords of various marine populations

reveal that large declines in some ma-

rine algae, zooplankton, fish, and sea-

birds in the California Current in the late 20th

century were linked to widespread ecosystem

changes throughout the North Pacific in the

mid-1970s (1–8). The associated change in en-

vironmental conditions resembled a sustained El

NiDo–like state, whereby greater cyclonic activ-
ity of the atmospheric Aleutian Low Pressure

System was accompanied by warming in the

eastern North Pacific (1–14). The origin of this

ecosystem Bregime shift[ (15, 16) has been a

source of debate since its detection. On one

hand, changes in marine populations are often

attributed to decadal-scale fluctuations in ocean-

atmosphere conditions that are characterized

by the Pacific Decadal Oscillation (PDO) (1).

On the other hand, the ecosystem shift could

reflect penetration of a greenhouse gas–induced

warming in the global ocean (17–19) that ex-

ceeded a threshold of natural variability. A

major difficulty with attribution of cause is

the short length of most time series of cli-

mate and ecosystem variability. The debate is

further complicated by the fact that variations

in many marine populations could result di-

rectly from other anthropogenic influences

(such as habitat disturbance or fishing) and/or

indirectly by trophic cascades. It is therefore

difficult to distinguish threshold effects of a

warming trend on marine populations from

decadal-scale variability or other anthropogenic

influences.

We present paleoceanographic evidence to

show that populations of planktonic foraminifera

in the California Current were strongly affected

by a 20th-century warming trend. Planktonic

foraminifera have been used extensively in

paleoceanographic studies. They function at a

low trophic level and their species-specific

sensitivities to preferred hydrographic condi-

tions link their temporal variations to changes in
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