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coincides with the form factor minimum. This was indeed
observed as shown in Fig. 1(b). On the other hand, if
water is located in the exterior region of the nanotubes,
f!Q" would produce minima at 0.385, 0.38, and 0:37 !A#1,
respectively, for SWNT containing H2O, isotopic mix-
ture, and D2O and therefore would give rise to ND profiles
with a peak at $0:41 !A#1 for all samples, which is
contrary to the observation.

MD simulations began with a series of slow annealing
of the nanotube-plus-water system at various water den-
sities to identify candidate structures with the lowest
energy. The resultant structure showed that most of the
molecules preferred to freeze along the interior of the
nanotube wall in a fourfold coordinated ‘‘square-ice’’
pattern. Next, we investigated whether it was energeti-
cally feasible to add additional water molecules inside of
the square-ice shell. Using gradient optimizations, we
found that energy perturbation for adding up to 14 addi-
tional water molecules per 40 !A of the nanotube in the
form of a connected ‘‘water chain’’ was insignificant (0.4
out of #18:5 kcal=mol) as compared to the uncertainty of

the simulation. Figure 1(a) depicts the ‘‘shell-chain’’
structure of nanotube water obtained in MD simulations.
Direct measurements of the short-to-intermediate range
structure of the water molecules by diffraction methods
are complicated by the very small changes in the peak
profiles of water amid the large background from the
nanotubes. In a previous x-ray diffraction study, although
Maniwa et al. [18] found a nanotube-water structure
nearly identical to that proposed by Koga et al. [3–5]
(shell only), the authors admitted that their samples con-
tained a substantial amount of bulk water (see, for ex-
ample, Fig. 4 in Ref. [18]). This mixed location of the
water might have interfered with the interpretation of the
diffraction data. Our approach is to investigate the dy-
namics of the nanotube water by a combined INS and MD
study because the vibrational spectrum of water is intense
and highly sensitive to subtle structural modifications.

The INS data were collected over a wide range of wave
vectors Q. The data obtained at small Q values from high
incident neutron energies were crucial to the measure-
ments of the vibrational spectra due to the extraordinarily
large mean-square displacement of hydrogen, huH2i,
which severely damps the intensity with increasing Q
according to $ exp!#huH2iQ2". The measurements were
made on 11.3 wt % water in SWNT, and, in addition, on a
dry SWNT sample for background removal and on a bulk
ice Ih for comparison. Figures 2(a) and 2(b) show the
observed vibrational density of states (DOS) of nanotube
ice at 9 K as compared with those of ice Ih. In general, the
spectra of ice [19–25] are dominated by low-frequency
intermolecular motion (e.g., translational and librational
vibrations of water molecules at 0– 40 and 55–120 meV,
respectively) and high-frequency intramolecular vibra-
tions (e.g., H-O-H bending around 200 meV and O-H
stretching modes near 420 meV). First, the observed
stretching mode frequency of nanotube ice (422 meV) is
higher than that of ice Ih (406 meV) [Fig. 2(a)], which is
in good agreement with the MD results of Martı́ and
Gordillo [10,11]. The higher O-H stretching frequency
arises from the shorter O-H covalent bonds, RO-H, and a
longer intermolecular O-O distance, RO-O. The estimated
RO-O of 2:916 !A for nanotube ice at 9 K based on the ob-
served O-H stretching frequency and a phenomenological
model [26] agrees reasonably well with that ($2:81 !A)
predicted by our MD simulations. Comparing with the
RO-O (2:76 !A) of ice Ih, the structure of nanotube ice
supports a weaker hydrogen-bonded network.

Second, the bending mode of nanotube ice consists of a
narrow peak at 205 meV and a shoulder at $176 meV.
The latter can be accounted for as the second-order over-
tone of the librational modes. Thus the peak at 205 meV
could be assigned solely to the intramolecular H-O-H
bending mode. This value is slightly larger than that for
ice Ih ($199 meV).

Third, distinct features reflecting the soft hydrogen-
bond dynamics unique to nanotube ice are revealed in the
intermolecular motion [Fig. 2(b)]. The librational band

FIG. 1 (color). (a) Proposed structure of nanotube water. The
interior ‘‘chain’’ water molecules have been colored yellow to
distinguish them from the exterior ‘‘shell’’ water molecules
(colored red). (b) Low-Q ND profiles around 0:4 !A#1 for the
following: 1a, dry SWNT (red curve with solid circles) and
SWNT with the encapsulated water of different isotopic com-
positions; 2a, H2O (pink dotted curve with solid triangles);
3a, H2O:D2O % 1:1 mixture (green short-dashed curve with
open triangles); 4a, D2O (blue solid curve with open circles).
The calculated form factors for 1a, 2a, 3a, and 4a are shown by
the curves labeled 1b, 2b, 3b, and 4b, respectively.
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associated with the greater structural rigidity of these tubules
compared to SWNTs.31 The two PbI2 fragments imaged in
Figure 4 are asymmetric when viewed in a projection along

the SWNT cavity (i.e., Figure 4f), and we expect that this
will cause an elliptical distortion of the encapsulating
nanotube as similarly reported for CoI2.7 The failure of PbI2
to crystallize in narrow DWNTs may be associated with the
inability of the hot tubules to distort in order to accommodate
asymmetric crystal fragments of the form represented in
Figure 4, resulting instead in the noncrystallizing filling
observed in Figure 6a and b.
In larger diameter DWNTs PbI2 filling showed a much

greater tendency to crystallize and virtually all fillings
observed in nanotubes with a diameter greater than ca. 2
nm were crystalline. In the example in Figure 7a an ordered
PbI2 fragment can be seen encapsulated within a DWNT
consisting of a ca. 1.8 nm diameter inner tubule and a ca.
2.5 nm diameter outer tubule. A power spectrum (Figure 7b)
obtained from the indicated region in Figure 6a indicates
that this fragment is imaged parallel to a 〈121〉 relative
projection with respect to bulk 2H PbI2 and is a similar
orientation and fragment to that described in Figures 3j and
k. The microstructure of this fragment is less distinct,
although {1h01} lattice planes can be seen to be oriented at
an angle of ca. 45° to the DWNT axis, consistent with this
orientation. The lack of clarity in the microstructure is
possibly due to the crystal being slightly rotated about the
axis of the DWNT relative to the crystal shown in Figure
4h. The assembled model in Figure 7d, consisting of the
indicated PbI2 fragment and a (13,13)SWNT@(19,19)SWNT
DWNT pair, produces a calculated power spectrum that is
in good agreement with the experimental power spectrum

(31) Shen, L.; Li, J. Phys. ReV. B 2005, 71, 025412-1.

Figure 5. (a and b) Gaussian and Scherzer defocus images of a tip of a SWNT containing PbI2. (c) Detail from boxed region in b showing the herringbone
arrangement of the encapsulate microstructure. (d) Suggested structural arrangement of the ‘nanotwin’ consisting of a small fragment of 4H PbI2 (cf. Figure
1b). (e) Scherzer defocus simulation obtained from the structure model in (d). (f and g) Cutaway and end-on space-filling representations on the nanotwin
composite.

Figure 6. (a and b) Two examples of HRTEM images obtained near to
Scherzer defocus of narrow DWNTs filled with noncrystallizing PbI2.

2064 Chem. Mater., Vol. 18, No. 8, 2006 Flahaut et al.

associated with the greater structural rigidity of these tubules
compared to SWNTs.31 The two PbI2 fragments imaged in
Figure 4 are asymmetric when viewed in a projection along

the SWNT cavity (i.e., Figure 4f), and we expect that this
will cause an elliptical distortion of the encapsulating
nanotube as similarly reported for CoI2.7 The failure of PbI2
to crystallize in narrow DWNTs may be associated with the
inability of the hot tubules to distort in order to accommodate
asymmetric crystal fragments of the form represented in
Figure 4, resulting instead in the noncrystallizing filling
observed in Figure 6a and b.
In larger diameter DWNTs PbI2 filling showed a much

greater tendency to crystallize and virtually all fillings
observed in nanotubes with a diameter greater than ca. 2
nm were crystalline. In the example in Figure 7a an ordered
PbI2 fragment can be seen encapsulated within a DWNT
consisting of a ca. 1.8 nm diameter inner tubule and a ca.
2.5 nm diameter outer tubule. A power spectrum (Figure 7b)
obtained from the indicated region in Figure 6a indicates
that this fragment is imaged parallel to a 〈121〉 relative
projection with respect to bulk 2H PbI2 and is a similar
orientation and fragment to that described in Figures 3j and
k. The microstructure of this fragment is less distinct,
although {1h01} lattice planes can be seen to be oriented at
an angle of ca. 45° to the DWNT axis, consistent with this
orientation. The lack of clarity in the microstructure is
possibly due to the crystal being slightly rotated about the
axis of the DWNT relative to the crystal shown in Figure
4h. The assembled model in Figure 7d, consisting of the
indicated PbI2 fragment and a (13,13)SWNT@(19,19)SWNT
DWNT pair, produces a calculated power spectrum that is
in good agreement with the experimental power spectrum

(31) Shen, L.; Li, J. Phys. ReV. B 2005, 71, 025412-1.

Figure 5. (a and b) Gaussian and Scherzer defocus images of a tip of a SWNT containing PbI2. (c) Detail from boxed region in b showing the herringbone
arrangement of the encapsulate microstructure. (d) Suggested structural arrangement of the ‘nanotwin’ consisting of a small fragment of 4H PbI2 (cf. Figure
1b). (e) Scherzer defocus simulation obtained from the structure model in (d). (f and g) Cutaway and end-on space-filling representations on the nanotwin
composite.

Figure 6. (a and b) Two examples of HRTEM images obtained near to
Scherzer defocus of narrow DWNTs filled with noncrystallizing PbI2.

2064 Chem. Mater., Vol. 18, No. 8, 2006 Flahaut et al.

E. Flahaut et al, Chem. Mater. 18, 2059 (2006) 

PbI2

X. Fan et al., Physical Review 
Letters 84, 4621 (2000)

Iodine

particle, with the scaling properties only studied down to ∼20
nm due to technology restrictions in the synthesis of thinner
nanowires.
We fabricate nanowires of GeTe, one of the most widely

studied phase-change material, within the one-dimensional
cavities of SWNTs with diameters of less than 1.4 nm. The
central cavities of SWNTs have previously served as a template
for engineering one-dimensional structures with novel co-
ordinations and stereochemistries.21 A wide range of
organic,22−25 as well as inorganic materials26−28 have been
encapsulated within the inner cores of SWNTs with no
evidence of a phase-change compound encapsulation reported.
We demonstrate that GeTe can be encapsulated within

SWNTs with diameters as low as 1.1 nm that may represent the
ultimate size limit in exploring phase-change behavior in these
materials at their smallest conceivable scale. Furthermore, we
obtain the crystalline form of these systems at this scale and
study their fundamental behavior in terms of the atomic
structure directly correlated to the electronic properties of the
encapsulated material, as derived from scanning tunnelling
microscopy (STM) and photoelectron spectroscopy.

The methodology used in the preparation of GeTe-filled
carbon nanotubes is described in detail in the Supporting
Information Section.
High-resolution transmission electron microscopy

(HRTEM) data reveal that GeTe has been effectively
incorporated within SWNTs (Figure 1a) and energy dispersive
X-ray spectroscopy (EDX) analysis (Supporting Information
section) indicates the presence of the filling elements Ge and
Te within the sample. Additionally, the filled material was
examined using scanning transmission electron microscopy
(STEM) and representative images are presented in Figure
1b,c.
In the bright-field images (Figure 1b), carbon nanotubes

appear with a contrast similar to that in conventional TEM
images, whereas in the high-angle annular dark-field images (Z
contrast images, Figure 1c), the filling species that have high
atomic number Z compared to the encapsulating C are imaged
as discrete, bright wires due to stronger incoherent scattering of
the electrons. Within the inner cores of the nanotubes, GeTe
forms continuous nanowires with lengths up to a few hundred
nanometers. On the basis of a statistical analysis of the TEM

Figure 1. Representative HRTEM and STEM data of GeTe nanowires encapsulated within carbon nanotubes, obtained using aberration corrected
instruments. (a) HRTEM image of a bundle of SWNTs showing near quantitative filling, containing amorphous (left arrow) and crystalline (right
arrow) GeTe filling. Bright-field (b) and dark-field (c) STEM images recorded simultaneously, showing filled SWNT bundles.

Figure 2. Aberration-corrected TEM images and structural models of GeTe encapsulated within nanotubes with different diameters. (a) Aberration-
corrected HRTEM image of GeTe rocksalt in a 2 × 2 crystal form within a SWNT, highlighted by the white rectangle, displaying expanded lattice
along and across the tube capillary. Structural model of a 2 × 2 GeTe crystal within a carbon nanotube: side-on (b) and end-on (c) representation
not incorporating lattice distortions. (d) HRTEM image of a SWNT incorporating GeTe with rhombohedral arrangement, also showing the
measured lattice spacing and (e) corresponding structural model.
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not incorporating lattice distortions. (d) HRTEM image of a SWNT incorporating GeTe with rhombohedral arrangement, also showing the
measured lattice spacing and (e) corresponding structural model.
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coincides with the form factor minimum. This was indeed
observed as shown in Fig. 1(b). On the other hand, if
water is located in the exterior region of the nanotubes,
f!Q" would produce minima at 0.385, 0.38, and 0:37 !A#1,
respectively, for SWNT containing H2O, isotopic mix-
ture, and D2O and therefore would give rise to ND profiles
with a peak at $0:41 !A#1 for all samples, which is
contrary to the observation.

MD simulations began with a series of slow annealing
of the nanotube-plus-water system at various water den-
sities to identify candidate structures with the lowest
energy. The resultant structure showed that most of the
molecules preferred to freeze along the interior of the
nanotube wall in a fourfold coordinated ‘‘square-ice’’
pattern. Next, we investigated whether it was energeti-
cally feasible to add additional water molecules inside of
the square-ice shell. Using gradient optimizations, we
found that energy perturbation for adding up to 14 addi-
tional water molecules per 40 !A of the nanotube in the
form of a connected ‘‘water chain’’ was insignificant (0.4
out of #18:5 kcal=mol) as compared to the uncertainty of

the simulation. Figure 1(a) depicts the ‘‘shell-chain’’
structure of nanotube water obtained in MD simulations.
Direct measurements of the short-to-intermediate range
structure of the water molecules by diffraction methods
are complicated by the very small changes in the peak
profiles of water amid the large background from the
nanotubes. In a previous x-ray diffraction study, although
Maniwa et al. [18] found a nanotube-water structure
nearly identical to that proposed by Koga et al. [3–5]
(shell only), the authors admitted that their samples con-
tained a substantial amount of bulk water (see, for ex-
ample, Fig. 4 in Ref. [18]). This mixed location of the
water might have interfered with the interpretation of the
diffraction data. Our approach is to investigate the dy-
namics of the nanotube water by a combined INS and MD
study because the vibrational spectrum of water is intense
and highly sensitive to subtle structural modifications.

The INS data were collected over a wide range of wave
vectors Q. The data obtained at small Q values from high
incident neutron energies were crucial to the measure-
ments of the vibrational spectra due to the extraordinarily
large mean-square displacement of hydrogen, huH2i,
which severely damps the intensity with increasing Q
according to $ exp!#huH2iQ2". The measurements were
made on 11.3 wt % water in SWNT, and, in addition, on a
dry SWNT sample for background removal and on a bulk
ice Ih for comparison. Figures 2(a) and 2(b) show the
observed vibrational density of states (DOS) of nanotube
ice at 9 K as compared with those of ice Ih. In general, the
spectra of ice [19–25] are dominated by low-frequency
intermolecular motion (e.g., translational and librational
vibrations of water molecules at 0– 40 and 55–120 meV,
respectively) and high-frequency intramolecular vibra-
tions (e.g., H-O-H bending around 200 meV and O-H
stretching modes near 420 meV). First, the observed
stretching mode frequency of nanotube ice (422 meV) is
higher than that of ice Ih (406 meV) [Fig. 2(a)], which is
in good agreement with the MD results of Martı́ and
Gordillo [10,11]. The higher O-H stretching frequency
arises from the shorter O-H covalent bonds, RO-H, and a
longer intermolecular O-O distance, RO-O. The estimated
RO-O of 2:916 !A for nanotube ice at 9 K based on the ob-
served O-H stretching frequency and a phenomenological
model [26] agrees reasonably well with that ($2:81 !A)
predicted by our MD simulations. Comparing with the
RO-O (2:76 !A) of ice Ih, the structure of nanotube ice
supports a weaker hydrogen-bonded network.

Second, the bending mode of nanotube ice consists of a
narrow peak at 205 meV and a shoulder at $176 meV.
The latter can be accounted for as the second-order over-
tone of the librational modes. Thus the peak at 205 meV
could be assigned solely to the intramolecular H-O-H
bending mode. This value is slightly larger than that for
ice Ih ($199 meV).

Third, distinct features reflecting the soft hydrogen-
bond dynamics unique to nanotube ice are revealed in the
intermolecular motion [Fig. 2(b)]. The librational band

FIG. 1 (color). (a) Proposed structure of nanotube water. The
interior ‘‘chain’’ water molecules have been colored yellow to
distinguish them from the exterior ‘‘shell’’ water molecules
(colored red). (b) Low-Q ND profiles around 0:4 !A#1 for the
following: 1a, dry SWNT (red curve with solid circles) and
SWNT with the encapsulated water of different isotopic com-
positions; 2a, H2O (pink dotted curve with solid triangles);
3a, H2O:D2O % 1:1 mixture (green short-dashed curve with
open triangles); 4a, D2O (blue solid curve with open circles).
The calculated form factors for 1a, 2a, 3a, and 4a are shown by
the curves labeled 1b, 2b, 3b, and 4b, respectively.
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associated with the greater structural rigidity of these tubules
compared to SWNTs.31 The two PbI2 fragments imaged in
Figure 4 are asymmetric when viewed in a projection along

the SWNT cavity (i.e., Figure 4f), and we expect that this
will cause an elliptical distortion of the encapsulating
nanotube as similarly reported for CoI2.7 The failure of PbI2
to crystallize in narrow DWNTs may be associated with the
inability of the hot tubules to distort in order to accommodate
asymmetric crystal fragments of the form represented in
Figure 4, resulting instead in the noncrystallizing filling
observed in Figure 6a and b.
In larger diameter DWNTs PbI2 filling showed a much

greater tendency to crystallize and virtually all fillings
observed in nanotubes with a diameter greater than ca. 2
nm were crystalline. In the example in Figure 7a an ordered
PbI2 fragment can be seen encapsulated within a DWNT
consisting of a ca. 1.8 nm diameter inner tubule and a ca.
2.5 nm diameter outer tubule. A power spectrum (Figure 7b)
obtained from the indicated region in Figure 6a indicates
that this fragment is imaged parallel to a 〈121〉 relative
projection with respect to bulk 2H PbI2 and is a similar
orientation and fragment to that described in Figures 3j and
k. The microstructure of this fragment is less distinct,
although {1h01} lattice planes can be seen to be oriented at
an angle of ca. 45° to the DWNT axis, consistent with this
orientation. The lack of clarity in the microstructure is
possibly due to the crystal being slightly rotated about the
axis of the DWNT relative to the crystal shown in Figure
4h. The assembled model in Figure 7d, consisting of the
indicated PbI2 fragment and a (13,13)SWNT@(19,19)SWNT
DWNT pair, produces a calculated power spectrum that is
in good agreement with the experimental power spectrum

(31) Shen, L.; Li, J. Phys. ReV. B 2005, 71, 025412-1.

Figure 5. (a and b) Gaussian and Scherzer defocus images of a tip of a SWNT containing PbI2. (c) Detail from boxed region in b showing the herringbone
arrangement of the encapsulate microstructure. (d) Suggested structural arrangement of the ‘nanotwin’ consisting of a small fragment of 4H PbI2 (cf. Figure
1b). (e) Scherzer defocus simulation obtained from the structure model in (d). (f and g) Cutaway and end-on space-filling representations on the nanotwin
composite.

Figure 6. (a and b) Two examples of HRTEM images obtained near to
Scherzer defocus of narrow DWNTs filled with noncrystallizing PbI2.
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particle, with the scaling properties only studied down to ∼20
nm due to technology restrictions in the synthesis of thinner
nanowires.
We fabricate nanowires of GeTe, one of the most widely

studied phase-change material, within the one-dimensional
cavities of SWNTs with diameters of less than 1.4 nm. The
central cavities of SWNTs have previously served as a template
for engineering one-dimensional structures with novel co-
ordinations and stereochemistries.21 A wide range of
organic,22−25 as well as inorganic materials26−28 have been
encapsulated within the inner cores of SWNTs with no
evidence of a phase-change compound encapsulation reported.
We demonstrate that GeTe can be encapsulated within

SWNTs with diameters as low as 1.1 nm that may represent the
ultimate size limit in exploring phase-change behavior in these
materials at their smallest conceivable scale. Furthermore, we
obtain the crystalline form of these systems at this scale and
study their fundamental behavior in terms of the atomic
structure directly correlated to the electronic properties of the
encapsulated material, as derived from scanning tunnelling
microscopy (STM) and photoelectron spectroscopy.

The methodology used in the preparation of GeTe-filled
carbon nanotubes is described in detail in the Supporting
Information Section.
High-resolution transmission electron microscopy

(HRTEM) data reveal that GeTe has been effectively
incorporated within SWNTs (Figure 1a) and energy dispersive
X-ray spectroscopy (EDX) analysis (Supporting Information
section) indicates the presence of the filling elements Ge and
Te within the sample. Additionally, the filled material was
examined using scanning transmission electron microscopy
(STEM) and representative images are presented in Figure
1b,c.
In the bright-field images (Figure 1b), carbon nanotubes

appear with a contrast similar to that in conventional TEM
images, whereas in the high-angle annular dark-field images (Z
contrast images, Figure 1c), the filling species that have high
atomic number Z compared to the encapsulating C are imaged
as discrete, bright wires due to stronger incoherent scattering of
the electrons. Within the inner cores of the nanotubes, GeTe
forms continuous nanowires with lengths up to a few hundred
nanometers. On the basis of a statistical analysis of the TEM

Figure 1. Representative HRTEM and STEM data of GeTe nanowires encapsulated within carbon nanotubes, obtained using aberration corrected
instruments. (a) HRTEM image of a bundle of SWNTs showing near quantitative filling, containing amorphous (left arrow) and crystalline (right
arrow) GeTe filling. Bright-field (b) and dark-field (c) STEM images recorded simultaneously, showing filled SWNT bundles.

Figure 2. Aberration-corrected TEM images and structural models of GeTe encapsulated within nanotubes with different diameters. (a) Aberration-
corrected HRTEM image of GeTe rocksalt in a 2 × 2 crystal form within a SWNT, highlighted by the white rectangle, displaying expanded lattice
along and across the tube capillary. Structural model of a 2 × 2 GeTe crystal within a carbon nanotube: side-on (b) and end-on (c) representation
not incorporating lattice distortions. (d) HRTEM image of a SWNT incorporating GeTe with rhombohedral arrangement, also showing the
measured lattice spacing and (e) corresponding structural model.
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particle, with the scaling properties only studied down to ∼20
nm due to technology restrictions in the synthesis of thinner
nanowires.
We fabricate nanowires of GeTe, one of the most widely

studied phase-change material, within the one-dimensional
cavities of SWNTs with diameters of less than 1.4 nm. The
central cavities of SWNTs have previously served as a template
for engineering one-dimensional structures with novel co-
ordinations and stereochemistries.21 A wide range of
organic,22−25 as well as inorganic materials26−28 have been
encapsulated within the inner cores of SWNTs with no
evidence of a phase-change compound encapsulation reported.
We demonstrate that GeTe can be encapsulated within

SWNTs with diameters as low as 1.1 nm that may represent the
ultimate size limit in exploring phase-change behavior in these
materials at their smallest conceivable scale. Furthermore, we
obtain the crystalline form of these systems at this scale and
study their fundamental behavior in terms of the atomic
structure directly correlated to the electronic properties of the
encapsulated material, as derived from scanning tunnelling
microscopy (STM) and photoelectron spectroscopy.

The methodology used in the preparation of GeTe-filled
carbon nanotubes is described in detail in the Supporting
Information Section.
High-resolution transmission electron microscopy

(HRTEM) data reveal that GeTe has been effectively
incorporated within SWNTs (Figure 1a) and energy dispersive
X-ray spectroscopy (EDX) analysis (Supporting Information
section) indicates the presence of the filling elements Ge and
Te within the sample. Additionally, the filled material was
examined using scanning transmission electron microscopy
(STEM) and representative images are presented in Figure
1b,c.
In the bright-field images (Figure 1b), carbon nanotubes

appear with a contrast similar to that in conventional TEM
images, whereas in the high-angle annular dark-field images (Z
contrast images, Figure 1c), the filling species that have high
atomic number Z compared to the encapsulating C are imaged
as discrete, bright wires due to stronger incoherent scattering of
the electrons. Within the inner cores of the nanotubes, GeTe
forms continuous nanowires with lengths up to a few hundred
nanometers. On the basis of a statistical analysis of the TEM

Figure 1. Representative HRTEM and STEM data of GeTe nanowires encapsulated within carbon nanotubes, obtained using aberration corrected
instruments. (a) HRTEM image of a bundle of SWNTs showing near quantitative filling, containing amorphous (left arrow) and crystalline (right
arrow) GeTe filling. Bright-field (b) and dark-field (c) STEM images recorded simultaneously, showing filled SWNT bundles.

Figure 2. Aberration-corrected TEM images and structural models of GeTe encapsulated within nanotubes with different diameters. (a) Aberration-
corrected HRTEM image of GeTe rocksalt in a 2 × 2 crystal form within a SWNT, highlighted by the white rectangle, displaying expanded lattice
along and across the tube capillary. Structural model of a 2 × 2 GeTe crystal within a carbon nanotube: side-on (b) and end-on (c) representation
not incorporating lattice distortions. (d) HRTEM image of a SWNT incorporating GeTe with rhombohedral arrangement, also showing the
measured lattice spacing and (e) corresponding structural model.
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Cohesive interaction >> Adsorption interaction

Strict 1D limit

GeTe
H2 

H2 interaction potencial depth: 
 − 2.77 meV  

Graphite adsorption potencial depth: 
~ − 50 meV  

Cohesive interaction << Adsorption interaction
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Quantum nuclear effects 
must be essential to  

stabilise the 1D Crystals 



H2 quantum aspects 
Rotational degrees of freedom 

J = 1

J = 0

E01 ' 14.6 meV ! T ' 169 K

| #iA| #iB

| "iA| "iB

1p
2
(| "iA| #iB + | #iA| "iB)

1p
2
(| "iA| #iB � | #iA| "iB)

Molecules in the J = 0 (fundamental level) are very well approximated by structureless entities 
Interaction very well approximated by an isotropic (T independent) potential (Silvera-Goldman) 
I. F. Silvera and V. V. Goldman, J. Chem. Phys. 69, 4209 (1978) 



Translational degrees of freedom (crystal) 

and TD is the Debye temperature. (The Debye
temperature for solid hydrogen is 120K, and 109K
for deuterium [9].) From the Debye temperature
the vibrational amplitudes of the molecules can
be estimated. Namely, the mean-square vibrational
amplitude hu2i of the central atom and its wave
function !(r) are respectively [26]:

hu2i ! 9h2

16p2mkBTD
,

!ðrÞ $ exp %ðr% r0Þ2

hu2i

! "
,

ð2Þ

where h is Planck constant, m is double hydrogen mass
and r0 is the position of the minimum of the effective
potential acting on the central atom (due to all
surrounding molecules). The wave function ! is
assumed to be an isotropic Gaussian-type function,
i.e. any dependence between the energy and the
direction of the vibrations is neglected. The
u¼ (hu2i)1/2! 0.7 Å corresponds to the width of the
Gaussian wave function (if we use TD¼ 120K).

On the upper panel of Figure 1 we plotted the
Silvera–Goldman potential and for comparison on the
lower panel of Figure 1 the normalised probability
distribution " of the position of the molecule in the
crystal (i.e. the square of the wave function !(r)). The
width of " (i.e. u/21/2) and the width of the potential are
comparable. Therefore the zero-point vibrational
amplitude is very large indeed and the molecules in
the quantum crystal cannot be regarded as classical
point-like entities placed at the potential minimum.

2.2. The Einstein potential in a classical crystal

For the classical Einstein model the formula for the
effective potential is:

V class
eff ðRÞ ¼

X

A0

VðjR% RA0 jÞ, ð3Þ

where the subscript A0 enumerates all atoms (with the
exception of the central atom) placed at their
equilibrium position. If such a formula is used in a
quantum crystal, it will perform poorly. Moreover
when one uses only the harmonic part of V class

eff and
neglects the anharmonic parts one gets sizable errors as
was shown in the case of rare gas crystals [3]. On top of
this the potential can be anisotropic, i.e. depending on
the direction of R.

2.3. Test computations for classical Einstein model

To gain some physical insight into the anisotropy, we
did the scans of the effective potential along various
directions of R for 05 jRj5 0.5 Å. We fitted the
potential assuming only harmonic and quartic terms.
We found that the harmonic part of V class

eff ðRÞ potential
is essentially isotropic. The anisotropy of harmonic
constants along different directions was smaller
than 1%.

The small anisotropy in the harmonic part can be
an argument for making a simplification.
Thus we compute a spherical average of the
potential. Namely, the potential was computed along
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V
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Figure 1. Upper panel: VSG(r) – Silvera–Goldman potential (in mHartree) versus r (in Å) for the H2–H2 interaction. Lower panel:
probability density distribution "(r) for zero-point vibrations of the central atom.
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Breakdown of the harmonic 
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Experiment

Half filled with 
6 g of Oxisorb (CrO3) 

Liquid H2 were left in 
this catalytic cylinder 
during 5 days before 
loading to the sample can 
while cooling to 13 K15 K

19 K



Experimental: Inelastic TAS Spin Echo 

kf = 2.66 Å�1

(Q,!) = (2.5 Å�1, 14.7 meV)
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Results 
Bragg scattering 

1.5 2.0 2.5 3.0

2

4

6

8

10

12

Q (Å
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Qp = 2.8004± 0.0008 Å�1, T = 13.17 K, i.e., 0.95Ttp
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Results 
Incoherent Q-scans 
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Results 
Incoherent Q-scans 
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Results 
Spin echo scans 
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Results 
Inelastic Spin Echo 
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⌧ = 360± 40 ps , ~/⌧ = 1.8± 0.2 µeV











Formación en Investigación

• Becas JAE Intro (CSIC): Introducción a la investigación (5 meses 
prorrogables).  Alumnos de los dos últimos cursos de grado

Después del grado:

• Contratos garantía juvenil (CAM)

• Acciones de Formación de Profesorado Universitario (FPU): 
Contratos para realizar Tesis Doctorales

• Contratos predoctorales para la formación de doctores (antiguas FPI). 
Contratos asociados a proyectos de investigación típicamente para 
realizar una tesis doctoral. En nuestro caso:  posibilidad en 2023 en un 
proyecto conjunto con el Materials Physics Center en San Sebastian 
con base en dicho centro (METASTABLE AND ACTIVE CARBON-BASED 
MATERIALS FOR THE STORAGE AND MANAGEMENT OF CLEAN ENERGY 
– NOVEL PHYSICO-CHEMICAL STRATEGIES (MACMAT))


