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and transistors already in use in electronics. We note that room
temperature ferromagnetism in semiconductors has been
predicted'®. Combinations of semiconductor spintronic devices'”'*
with the present field-controlled ferromagnetism may also be
important in quantum information technologies that are based
on manipulation of spin states in semiconductors'>?’. O
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Mesoscopic fast ion conduction
in nanometre-scale

planar heterostructures
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Ion conduction is of prime importance for solid-state reactions in
ionic systems, and for devices such as high-temperature batteries
and fuel cells, chemical filters and sensors". Ionic conductivity in
solid electrolytes can be improved by dissolving appropriate
impurities into the structure or by introducing interfaces that
cause the redistribution of ions in the space-charge regions®'.
Heterojunctions in two-phase systems should be particularly
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efficient at improving ionic conduction™, and a qualitatively
different conductivity behaviour is expected when interface
spacing is comparable to or smaller than the width of the space-
charge regions in comparatively large crystals'>">. Here we report
the preparation, by molecular-beam epitaxy, of defined hetero-
layered films composed of CaF, and BaF, that exhibit ionic
conductivity (parallel to the interfaces) increasing proportionally
with interface density—for interfacial spacing greater than 50
nanometres. The results are in excellent agreement with semi-
infinite space-charge calculations’, assuming a redistribution of
fluoride ions at the interfaces. If the spacing is reduced further, the
boundary zones overlap and the predicted mesoscopic size
effect”'? is observed. At this point, the single layers lose their
individuality and an artificial ionically conducting material with
anomalous transport properties is generated. Our results should
lead to fundamental insight into ionic contact processes and to
tailored ionic conductors of potential relevance for medium-
temperature applications.

The growth of semiconductor heterostructures by molecular
beam epitaxy (MBE) is the method of choice for preparing hetero-
systems with highly defined geometry, periodicity, interfacial spa-
cings and layer sequence'®"”. We used this technique, performed in a
high-vacuum chamber with a base pressure of 10~ mbar. Single
crystals of the moderate (anti-Frenkel disordered) fluoride con-
ductors CaF, and BaF, (refs 18—20) were sublimed at 1,180 and
1,000 °C, respectively, leading to a layer growth rate of about
I nmmin~". Periodicity and thickness were varied over a wide
range (individual layer thicknesses: 2—500 nm) by computer-con-
trolled effusion cell shutters. The total thickness of the film packages
ranged from 200 to 500 nm. Single crystals of Al,O; and SiO, were
tested as substrate materials; they showed little influence on the
conductivity of the thin films, whereas they obviously affected
crystallinity. The substrate was kept at a temperature of 500 °C or
about 100 °C to investigate the effect of growth temperature on film
structure, which could also affect the ionic conductivity.

The films were characterized by X-ray diffraction and secondary-
ion mass spectrometry (SIMS). In contrast to CaF,, the BaF, film
grows on Al,05(012) substrates at a temperature of 500 °C in [111]
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Figure 1 Parallel ionic conductivity of the films. Data are shown for films with various
periods and interfacial densities in the 430—16 nm range. We note that the overall
thickness is approximately the same in all cases (~500 nm). ¢, conductivity; T,
temperature. The different colours refer to different site regimes (green: semi-infinite
space charge zones; red: finite space charge zones).
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directions exclusively. Therefore, BaF, was deposited as the first
layer. Such heterolayered films exhibited a uniform crystal orienta-
tion when prepared at high substrate temperatures (that is, about
500 °C), as confirmed by X-ray pole-figure measurements, and by
transmission electron microscopy (TEM). Films obtained at low
substrate temperatures (about 100 °C), or obtained from simulta-
neous BaF, and CaF, beams, are polycrystalline.

The SIMS spectra of the BaF,/CaF, heterofilms showed clearly the
layered character of the structure with minor mutual solubility.
Although we detected oxygen and carbon impurities by SIMS, the
fact that their amount did not vary strongly between the different
samples excludes any major relevance to the effects considered.
While TEM shows rather sharp boundaries, a certain degree of
intermixing of Ba and Ca at the interface cannot be ruled out by the
SIMS measurements, owing to the limited resolution.

Platinum films were deposited on the surface of the heterostruc-
ture as rectangular-shaped electrodes for lateral conductivity mea-
surements. The 13-mm-long surface electrodes were separated by
1 mm, which may be compared with the film thicknesses of less than
107> mm. This geometry ensures that the parallel conductance of the
total film was measured. Ionic conductivities were confirmed by
impedance spectra, obtained by a.c. impedance measurements from
1 to 10* Hz at different temperatures over the range 540—100 °C.

The results for the pure CaF, and BaF, films (black symbols in
Fig. 1) show the intrinsic to extrinsic transition, as in the bulk, with
the expected activation energies. But owing to the small sample
thickness (~500 nm), the low-temperature conductivity need not,
at least not exclusively, be due to impurity doping (for example, 0>~
on F sites), as the space-charge contribution of the surface and the
substrate interface would result in similar slopes”'**'. (We note the
similarity of the BaF, data to the results of calculations involving
two space-charge layers, which will be discussed below.)

Figures 1 and 2 reveal that large conductivities can be achieved in
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Figure 2 Variation of ionic conductivity with A/L. In the period range 430—100 nm
(green), the (parallel) ionic conductivity increases monotonically with the number of
interfaces (N). The linear increase with M/L (where L is overall thickness) exhibits exactly
the slope obtained from the space-charge calculations. The prediction without any
adjustable parameter (that is, ignoring background effects; dotted line) is very close to the
absolute values. The bold line refers to the background-corrected calculation (red). The
inset gives the conductivities as a function of the period in the range 430—2 nm. The
samples with smaller spacings (blue) (~50 nm = period = 16 nm) show a further
anomalous increase attributable to overlapping space charges. When the period is less
than 16 nm (see inset), the conductivity decreases as discussed in the text.
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the heterostructures. The examples given there are ...CaF,/BaF,...
heterolayers composed of CaF, and BaF, units of uniform and equal
thicknesses, with varying interfacial densities while the overall film
thickness L was always similar (470 * 40 nm).

All experimental results shown in Fig. 1 are stationary values
observed after annealing at 540 °C. The first cycles suffer from non-
equilibrium effects possibly due to non-stationary dislocations. The
heterolayers show conductivities that are higher than those of pure
CaF, or BaF, films (and also higher than that of (Ba,Ca)F,). The
conductivity increases progressively with increasing interfacial
density (decreasing period) in the period range 500 to 16nm
(here period refers to the thickness of CaF, plus BaF, unit layer).
The change of conductivity with temperature is the same as
expected for composite electrolytes’: at low temperature there is a
conductivity enhancement characterized by an activation energy
close to the migration enthalpy of the relevant carriers. In the
heterogeneously doped solid electrolytes, this enhancement was
attributed to a space-charge layer with an enhanced carrier con-
centration and an almost temperature-independent interfacial
concentration.

Provided that the period is greater than ~100 nm, the conduc-
tivity increases linearly with N/L (Fig. 2); that is, approximately
linearly with the number of heterojunctions N. The space-charge
calculation®"' (the details of which are beyond the scope of this
Letter) uses published data on defect formation and mobilities'®"’,
and sets the interfacial concentration equal to the inverse molar
volume’; even though performed without any adjustable parameter,
it yields surprisingly good agreement with the experiments (see
dotted line in Figs 2 and 3). A perfect agreement is obtained when
the data are background-corrected (that is, when contributions that
are not due to the variable number of heterojunctions—such as
contributions from bulk, surface and substrate interface—are
accounted for), as shown by the bold lines in Figs 2 and 3. The
evaluation of the data indicates that, at lower temperature, the
space-charge layers in BaF, are determining the overall conductivity
(compare the migration enthalpy of 0.75 eV). This is in agreement
with the higher mobilities in BaF, compared with CaF, at these
comparatively low temperatures. Owing to the similarity of the
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Figure 3 Comparison with space-charge calculations of the (parallel) conductivity results
for the long-period films (green). Dotted lines, space-charge prediction with no
background correction; solid lines, which perfectly agree with the experimental results
(symbols), background-corrected. Dashed lines, the calculated intrinsic fluoride ion
conductivities.

947




letters to nature

mobilities of interstitials and vacancies'® in BaF,, further conclu-
sions about the mechanism cannot be drawn at this stage (but see
below).

Figure 2 also shows that the conductivities obtained for periods
smaller than 100 nm (and greater than 15nm) are distinctly larger
than those estimated for semi-infinite boundary conditions. The
critical spacing (half period) separating the regime of semi-infinite
space-charge effects from the mesoscopic regime of overlapping
space charges has been derived to be 4\ (ref. 12), A being the Debye
length. Indeed a Debye length of about 10 nm is, in view of the
extrinsic—intrinsic transition of the pure materials, approximately
what we had expected. Thus, the anomalous increase at periods less
than 100 nm (that is, spacing less than 50 nm) strongly suggests the
appearance of the searched-for nanosize effect. The nanosize factor
derived in refs 3 and 12—which takes account of this additional
increase by the overlap of space-charge layers—is comparable with
the value obtained from our data. As long as the defect concen-
tration in the film centre is still markedly smaller than at the
interface, the nanosize factor is roughly given by 4N/I, where [ is
the interfacial spacing. For / = 8 nm and \ = 10 nm, we expect it to
be about 5, which is to be compared with Fig. 2. Even the hyperbolic
dependence on [ is reflected by the data in Fig. 2 inset, yielding an
improved and consistent Debye length of 15 nm. The detailed space-
charge calculation is extremely involved and cannot be given here
(N.S. and J.M., manuscript in preparation).

A further reduction of the period below about 15nm yielded a
conductivity decrease (see Fig. 2 inset). On the one hand, this is
indeed theoretically expected for extremely thin films” from the
increased core—core interaction; on the other hand, however, the
films are probably no longer continuous at these tiny thicknesses.
Owing to the fact that the data start scattering (with respect to the
I-dependence) at these extreme values, we now favour the second
explanation.

We now consider the origin of the change in the activation energy
of the short-period heterolayer samples at high temperatures in
Fig. 1 (which differs in slope and onset temperature distinctly from
the intrinsic bulk regime in the long-period heterolayer samples).
An impurity effect would not be compatible with the space-charge
considerations given here. Rather than being due to increasing
conductivity of the core charge or to premelting effects, it seems that
the more steeply activated CaF, space-charge conductivity deter-
mines the behaviour in this regime. Not only is the activation energy
of 0.95 eV almost identical to the migration energy of F~ interstitials
in CaF, (ref. 19), but also the dominating contribution of the CaF,
layers is an automatic result of the quantitative treatment (N.S. and
J.M., manuscript in preparation). (We note that the nanosize factor
approximated by 4\/I does not depend on temperature as long as
the bulk is extrinsic.) If this is the correct explanation, a transfer of
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Figure 4 Comparison of conductivity profiles in the semi-infinite space-charge and
mesoscale situations. The concentration or (parallel) conductivity profiles are sketched for
the semi-infinite space-charge situation (period > 8\, left), and for the mesoscale
situation (period << 8\, right) in which the space-charge regions overlap and bulk values
are exceeded even in the centres of the individual layers.
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F~ from BaF, to CaF, is indicated, rather than a bilateral segregation
of F~ to the interfacial core. The latter would also be not unexpected,
as it would reduce the misfit strain. Whether this is indeed
negligible—and to what degree the effects are influenced by inter-
facial mixing and to what extent further phenomena are involved—
will need to be clarified in future studies.

Figure 4 displays the space-charge effects, which quantitatively
account for the conductivity effects: it shows the semi-infinite
space-charge situation as well as the mesoscopic situation in
which there is no longer electro-neutral bulk. In the latter case,
the layers have lost their individuality and an ensemble has formed
with qualitatively new conductivity properties.

Our results open the way to the preparation of unusual artificial
ion conductors and to the investigation of ionically conducting
systems. Not only can interfacial effects be studied and used in high
concentrations, but also mesoscopic phenomena can be explored—
as shown here. The latter are important for potential applications in
which a high conductivity normal to the interfaces is needed.
Further systems of interest are: ... MX/MX... layers with intention-
ally modified boundaries; ...MX/A/MX... systems in which A
represents a surface-active insulator; and heterolayers with mixed
conductors in which both ionic and electronic conductivities are
present. We expect the last of these systems to be of particular
significance, because length scales determining size effects are
different for electronic and ionic carriers. Whereas the effects
discussed above are purely electrostatic in nature, we note that the
standard term in the chemical potential of ionic defects changes if
the structure changes". For electrons, owing to their wave character
and the related effective extension, such a size effect should occur on
a much larger length scale. Like nano-electronics, the field of nano-
ionics'>*'~* relies on the metastability of the phase distribution and
is characterized by a high information content on a mesoscopic
scale. Both fields deserve further intensive exploration by advanced
methods such as the one presented here. U
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The two intertwined strands of DNA are held together through
base pairing—the formation of hydrogen bonds between bases
located opposite each other on the two strands. DNA replication
and transcription involve the breaking and re-forming of these
hydrogen bonds, but it is difficult to probe these processes
directly. For example, conventional DNA spectroscopy' ™ is domi-
nated by solvent interactions, crystal modes and collective modes
of the DNA backbone; gas-phase studies, in contrast, can in
principle measure interactions between individual molecules in
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the absence of external effects, but require the vaporization of the
interacting species without thermal degradation*®. Here we
report the generation of gas-phase complexes comprising paired
bases, and the spectroscopic characterization of the hydrogen
bonding in isolated guanine—cytosine (G-C) and guanine—
guanine (G—G) base pairs. We find that the gas-phase G—C base
pair adopts a single configuration, which may be Watson—Crick,
whereas G—G exists in two different configurations, and we see
evidence for proton transfer in the G—C pair, an important step
in radiation-induced DNA damage pathways". Interactions
between different bases and between bases and water molecules
can also be characterized by our approach, providing stringent
tests for high-level ab initio computations that aim to elucidate
the fundamental aspects of nucleotide interactions' .

In order to form isolated base pairs in the gas phase we desorb a
mixture of neat bases from a graphite surface using 10-ns laser
pulses at 1,064 nm and at 1 m]J cm2, followed by entrainment of the
neutral, non-fragmented base molecules in a supersonic expansion
of argon gas'*. The expansion lowers the internal temperature of the
molecules to a few tens of degrees Kelvin and induces cluster
formation. In this way we have formed over 20 different base-pair
combinations. By admixing water with the drive gas we can also
form clusters of the bases with water molecules, simulating the
solvent environment. We have formed such clusters ranging in size
from one to fifty water molecules, attached to a single base mol-
ecule. We analyse the cold base pairs or clusters downstream with
resonance-enhanced multiphoton ionization (REMPI): a photon
from a tunable dye laser excites the molecules to the first excited
singlet state, whereas a second photon ionizes only those molecules
that are excited by the first. We detect the ions in a time-of-flight
mass spectrometer. By varying the wavelength we obtain a mass-
selected vibronic excitation spectrum. We obtained spectra of all
individual bases, of guanine clusters with a single water molecule,
and of a variety of base pairs (see Supplementary Information). In
order to distinguish different cluster structures we apply spectral
hole burning (SHB): while one laser is tuned over all transitions, a
second laser, with a 30-ns delay and tuned permanently to a single
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Figure 1 Resonance-enhanced multiphoton ionization (REMPI) spectrum of guanine and its dimers with guanine and cytosine. The spectra are offset such that the origins (0—0

transitions) are shown at the same position for all three species. See text for details.
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