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High pressure synthesis of oxomercurates
• Chemistry, Kiel, Germany 

– Hk. Müller-Buschbaum, Inorganic Chemistry 

• Mercury oxides at high pressure of oxygen 
– 600°C,  
– 8 days,  
– 6 kbars O2
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Structure determination from powder
Post-Doc

• Post-Doc with A. Le Bail in Le Mans, France 
– Continuing on mercurates, starting on ruthenates, “wet” chemistry 

• ab initio structure solution from powder since 1990 
• Indexing problem  

– high resolution data needed 

• Intensity extraction 
– overlapping reflections!? 

• Direct methods 
– X-rays often better, due to contrast 
– however, neutrons locate light atoms ... 
– ... and, of course, magnetic moments

Ag2RuO4
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Resolution 

Q range 

Intensity 

Wavelengths  

0.82 to 2.51 Å

4 Monochromators
5·3 take-off angles

Soller Collimators, slits

High Intensity

Crystallography 
Kinetics 
Magnetism 
Disordered systems

Detecting maximum of neutrons: 
Large PSD, 160°, definition 0.1°

Very high flux at sample: 
Position in the reactor

Soller Collimators
Monochromators

Position Sensitive Detector

variable takeoff

Versatility
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• New technology:  
– Precise and stable geometry  

& high stability 

– High gaseous amplification  
with low high voltage 

– Fast cation evacuation  
& high counting rates 

• Micro-strip plates 
– 2 anodes/cathodes per cell 
– 32 cells per plate 
– 48 plates in Al-housing of PSD

anodes (1200V)

cathodes (800V)

5

25000 e-

T+

P+

He3
+

to amplifier

gas amplification x 100

cation evacuation

n

Micro-strip gas chamber PSD
ILL instrument scientist
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Monte-Carlo instrument simulation
• McStas on D20 ... or any other 2-axis diffractometer 

– Quantitative description of the source and incident optics 
– Realistic treatment of monochromator crystals 

• Finite thickness: reflectivity from structure factor 
• Multiple scattering: asymmetrical shift of neutron beam 
• Monochromators in transmission geometry 

– Complete description of sample 
• Contribution of sample environment 
• Multiple scattering 
• Incoherent scattering 

– Radial oscillating collimator 
– Gas chamber PSD, multi-detector bank 

• What’s the use? 
– Optimisation of new components and preparation of experiments 
– Observation of inaccessible information about the neutron beam

ILL Scientist
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26°
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120°

8

ILL instrument scientist
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 26/28/30° Cu
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 42° Cu/HOPG 10'
 65° Ge
 90° Ge
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 120° Ge 10'

 Available resolution and d-spacing

Estimated (26-42°) or refined (65-120°) FWHM

Soller collimator for 42° & 120°

Low takeoffs 26-30°, 0.94-0.82Å

High flux, takeoff 42°, 1.3 & 2.4Å

takeoff 65°, 0.85-1.83Å

takeoff 120°, 1.0-1.9Å

takeoff 90°, 0.8-2.4Å

ILL instrument scientist
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High intensity powder diffraction!
• Parametric diffraction (in situ) 

– time-resolved diffraction: I(2θ,t)  
– variation of temperature: thermodiffractometry: I(2θ,T)  
– variation of pressure: I(2θ,p), magnetic field: I(2θ,H), etc. 
– variation of stoichiometry: I(2θ,x) (many samples) 
– texture: many sample orientations: I(2θ,χ,ϕ) 

• Small samples or small signal from sample 
– realization of extreme conditions:  

• high pressure or homogenous high temperature 

– limited availability: 
• expensive isotopes for isotope exchange experiments 
• difficult (reproducible) synthesis, e.g. in high pressure cells 
• biomaterials (bones) 

– high absorption (boron, hydrogen, cadmium, europium, gadolinium, ...)  
• Precise intensity 

– differential experiments: weak peak intensity in magnetism or physisorption 
– disordered systems: liquids and amorphous materials

10
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ILL local contact
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Hydrothermal Crystallization of BaTiO3

R.I. Walton,  
F. Millange, R.I. 
Smith,  
T.C. Hansen, D. 
O'Hare, JACS 123 
(2001)  
12547-12555.

• BaCl2+TiO2 in NaOD/D2O solution 
• Avrami-Erofe’ev expression  

– Sharp-Hancock ln[-ln(1-α)]=n ln(t-t0)+n ln(k) 
• n ≈ 1 

– Rate: nucleation  
site formation 

• k: Arrhenius plot 
– 55 kJ/mol 
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• Titanium silicon carbide Ti3SiC2 

• Self-propagating High-temperature Synthesis (SHS) 
– Riley, Kisi et al.: 3 Ti : 1 Si : 2 C, 20 g pellet in furnace 
– Heating from 850 C to 1050 C at 100 K/min 
– Acquisition time 500 ms (300 ms) 

• Hot isostatic pressing expensive
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D.P. Riley, E.H. Kisi, T.C. Hansen, A. Hewat, J. Am. Ceramic Soc. 85 (2002) 2417-2424.

Self-propagating High-T Synthesis (SHS) 
ILL local contact
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Industrial processes
• flue gas desulphurisation & magnetic roasting

ILL local contact

-0.02

0.08

0.18

0.28

0.38

0.48

0.58

0.68

0.78

0.88

0.98

17:06 17:26 17:46 18:06 18:26 18:46 19:06 19:26 19:46 20:06 20:26 20:46 21:06 21:26

41deg 44deg 48deg 51deg 71deg

0

100

200

300

400

500

600

17:06 17:26 17:46 18:06 18:26 18:46 19:06 19:26 19:46 20:06 20:26 20:46 21:06 21:26
time/hh:mm

SO
2/
vp

m

0

5

10

CO
/v
pm

O
2/
vo
l-%

SO2 Thermoelement2 O2 CO



1 April 2016 T.Hansen: Introduction SoNS, Erice© Institut Max von Laue - Paul Langevin

High Pressures at D20
• Three new magnetic phases of δ-oxygen 

– solid O2 phases NOT “spin-controlled”

14

sibilities: (A-B-B-B-A), (A-A-A-B-A), (A-A-B-A-A) and
(A-A-B-B-A). Pattern calculations reveal strongly different
intensities for these configurations, which can be easily
distinguished by the experiment. This eliminates all but
one possibility, (A-A-B-B-A), which corresponds to the fit
in Fig. 2 and the ITC structure shown in Fig. 3. It is
important to recall that the apparent lack or absence of
magnetic Bragg peaks at large scattering angles does not
arise from a rapid decrease of the magnetic form factor, but
from the peculiar high-symmetric nature of all three mag-
netic structures which entails an almost or complete can-
cellation of most of the peaks up to 2!! 45". In all three
cases we find a magnetic moment of magnitudem ¼ 1:4$
0:4"B, which agrees within our uncertainty to the values
reported from #- and $-O2 (1:64$ 0:06"B and 1:55$
0:03"B, respectively) [9].

As mentioned further above, there is very little evidence
of changes in nuclear structures across the two magnetic
transitions, and this is corroborated by the refined lattice
parameters of data collected along trajectory 1 (Fig. 1), as
shown in Fig. 4. The magnetic transitions seem to have
negligible influence on the nuclear structure. The data also
demonstrate that the thermal expansion is negative in c
direction, and to a lesser extent also along b. The positive
volume expansion arises hence solely from the strong

positive thermal expansion along a. This is not unusual
for solid oxygen: the # and $ phase both have negative
thermal expansion along b and c, respectively. This phe-
nomenon is most likely caused by a strongly anisotropic
thermal motion. Although the values of our anisotropic
thermal displacement parameters are not very reliable
and scatter across the 3 samples and !100 patterns col-
lected in the different loadings, the refined thermal motion
along the a axis is systematically !3 times larger than
along c. In other words, the O2 molecule librates, possibly
with a preference around its spin direction (thereby avoid-
ing canting), which naturally leads to a positive and nega-
tive thermal expansion along a and c, respectively.
To resume, the magnetic phase diagram of %-oxygen

contains three different phases and is hence considerably
richer than has been presumed so far. Although we did not
measure above 235 K, magnetic order is likely to exist up
to room temperature given the spectroscopic evidence [3]
and the fact that there is no detectable change of the
magnetic moment over a temperature range of 200 K.
We believe that the key to the understanding of these

unusual transition sequences is the very strong dependence
of the p-electron based exchange coupling on the orienta-
tion ofO2 molecules in neighboring sheets. It is abundantly
clear that the magnetic phase diagram of solid oxygen can
be described by a Heisenberg Hamiltonian which includes
three coupling constants: J1 (intraplane, between parallel
spins), J2 (intraplane, between antiparallel spins), and J3
(interplane, nearest neighbors). Values for %-O2 are un-
known, but have been derived for the closely related
#-phase from both measurements and calculations [2].
Whereas J1 and J2 are large (58 and 14–28 K, respec-
tively), reported values for J3 are very small in magnitude
(<1 K), and either positive or negative, depending on the
reference [2]. Van Hemert et al. [10] investigated the
orientation and distance dependence of coupling constants
in an O2-O2 dimer, and find J3 positive (ferromagnetic)
hence consistent with the experimental finding in LTC
%-O2, and close to the point where it changes sign. The
important point here is that J3 is in fact negative (antifer-
romagnetic coupling) for most of the mutual orientations,
except the ‘‘parallel shifted’’ orientation found in %- and
#-O2 between nearest neighbor molecules in adjacent
sheets (see Fig. 3). The thermal motion (libration) leads
to sizeable temporal distortions from such orientations, as
already pointed out by Etters et al. [11] who find fluctua-
tions of the molecular axis by% 19", thereby approaching
either the ‘‘T’’ (molecular axes perpendicular) or ‘‘paral-
lel’’ (molecular axes parallel) orientations that both have
strong antiferromagnetic coupling [10]. In other words, it is
evident that the librational motion has a critical influence
on the sign of the effective (i.e., motional averaged) mag-
netic exchange coupling constants, and in particular J3
which governs the magnetic stacking sequence in the
c direction. If this is correct, the LTC-ITC-HTC transitions
should approximately follow lines of constant librational
fluctuations hu2i. To evaluate this we use the relation

FIG. 3 (color online). Magnetic structures in %-O2. Upper
Left: the low temperature commensurate (LTC) structure.
Lower left: the high temperature commensurate (HTC) phase.
Right: the intermediate commensurate (ITC) phase. Stability
fields of the three phases are shown in Fig. 1. The unit cell of
the low-pressure #-phase (dashed) illustrates the close structural
relationship between the two phases, having identical magnetic
structures. ‘‘A’’ and ‘‘B’’ denote magnetic stacking sequence, J1,
J2, and J3 the intra- and interplane exchange parameters.
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Magnetic Ordering in Solid Oxygen up to Room Temperature
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Oxygen is the only elemental molecule which carries an electronic magnetic moment. As a conse-

quence, the different solid phases encountered on cooling show various degrees of magnetic order, and

similar behavior is expected under compression. Here we present neutron diffraction data which reveal the

magnetic ordering under high pressure in the ! (‘‘orange’’) phase, i.e., in the range 6–8 GPa and

20–240 K. We show that !-O2 contains in total three different magnetic structures, all of them being

antiferromagnetic and differing in the stacking sequence of O2 sheets along the c axis. This structural

diversity can be explained by the quasi-two-dimensional nature of !-O2 and the strong orientation

dependence of the magnetic exchange interaction between O2 molecules. The results show that !-O2 is a

room temperature antiferromagnet.

DOI: 10.1103/PhysRevLett.104.115501 PACS numbers: 61.50.Ks, 64.70.kt, 75.25.!j, 75.50.Xx

Numerous experiments carried out within the last four
decades have revealed the existence of five solid phases in
oxygen in the 0–10 GPa range (Fig. 1), denoted ", #, $, !,
and %, which are, respectively, cubic, rhombohedral, mono-
clinic, orthorhombic, and monoclinic [1,2]. The former
three phases exist at ambient pressure which has allowed
detailed investigations of the magnetism in these struc-
tures: "-O2 is paramagnetic and converts at 44 K to the
magnetically short-range-ordered # phase, which itself
transforms at 24 K into fully antiferromagnetically ordered
$ oxygen. In contrast, ! and %-O2 can only be investigated
under high pressure, and consequently our knowledge on
magnetism in these phases is very sparse. Indirect evidence
of magnetic ordering has been derived from optical spec-
troscopy without revealing the nature of the ordering [3].
The only neutron diffraction measurement carried out so
far suggests the absence of magnetism in %-O2 [4] as well
as in !-O2 [5] above"120 K, but claims antiferromagnetic
long range order below "120 K based on the observation
of a single magnetic reflection. These findings appear
inconsistent with the spectroscopic data [3], and a com-
prehensive understanding of magnetic ordering in !-O2 is
still lacking.

We have investigated magnetism in !-O2 using neutron
diffraction and a high pressure technique which allows a
sample volume of "70 mm3. The several orders of mag-
nitude increased intensity compared to previous investiga-
tions [5] allowed us to visit most of the stability domain in
a reasonable amount of time, i.e., from 20 K up to almost
room temperature and pressures up to 8 GPa, the phase
boundary with %-O2. It also permitted the use of Rietveld
refinement methods to derive both the nuclear and mag-
netic structures simultaneously, and investigate their mu-
tual interplay.

Several polycrystalline samples of !-O2 were prepared
at "240 K by compression of the liquid through phases "
and # (Fig. 1) which produced reasonably good powders
with some preferred orientation as revealed by Rietveld
fits. In two loadings data were collected on cooling
(0:2 K=min ) along the P-T paths indicated in Fig. 1.
The nature of the pressure technique does not allow for
cooling at strictly constant pressure. Instead, cooling is
quasi-isochoric (as confirmed by the diffraction data shown
further below), which leads to a small ("5%–10%) pres-
sure drop due to the thermal contraction of the sample [6].
Neutron powder diffraction patterns (Fig. 2) collected at
high temperatures (up to 235 K) reveal immediately the

FIG. 1 (color online). Phase diagram of oxygen. The thin
vertical lines (1) and (2) indicate trajectories along which
diffraction data were collected in two loadings [6].
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presence of magnetic order due to a strong magnetic
reflection at 2! ¼ 30". This is, however, not consistent
with the reported magnetic structure [5], but corresponds
to a spin alignment which resembles the one in "-O2 and
which we call here HTC (high temperature commensurate)
#-phase. Upon cooling, this magnetic reflection disappears
at 149 K and another magnetic peak appears at 2! ¼
26:5". This again cannot arise from the proposed magnetic

order [5], but derives from an antiferromagnetic structure
with a doubling of the c axis, as explained further below,
subsequently called ITC (intermediate temperature com-
mensurate) magnetic phase. This structure is stable over
only #20 K, and transforms at 132 K into a magnetic
phase with a strong reflection at 2! ¼ 25" which is then
consistent with the previously observed [5] structure which
we subsequently refer as LTC (low temperature commen-
surate) phase. We repeated these measurements with a
different sample at 0.5 GPa lower pressure (path 2,
Fig. 1) and found essentially the same results, except that
the transitions were shifted to lower temperatures.
Interestingly, none of these transitions have a detectable
influence on the nuclear structure; i.e., there is no evidence
of a pronounced coupling between the magnetic and nu-
clear degrees of freedom.
Figure 2 includes results from simultaneous Rietveld

refinements of the patterns to the nuclear and magnetic
structures. Whereas the former is straight forward, the
identification of the magnetic structures using at most three
reflections is less obvious. The nuclear structures of phases
", $ and # consist of weakly bonded sheets of O2 mole-
cules [2]. The bulk of experimental and theoretical work on
solid "- and $-oxygen shows conclusively that the mag-
netic interaction between nearest neighbor molecules
within these sheets is antiferromagnetic [2]. Given the
very close structural relationship with "-O2, it is unques-
tionable that #-O2 adopts a similar in-plane spin arrange-
ment. The problem of the magnetic structure of the
#-phase reduces hence to finding the spin direction in the
sheets as well as the stacking sequence of the sheets along
h001i. The apparent absence of any magnetic signal at
positions of (00l) reflections signals that spins are indeed
aligned in the (a-b) planes, or close to it, as expected.
Pattern calculations and refinements show that the out-of-
plane angle in LTC #-O2 cannot be larger than #25", and
is much smaller for the HTC phase. Since all these angles
are close to their refined estimated standard deviation, and
given the evidence from "-O2, the z component of the
spins can be set to zero. With this setting, the orientation of
the spins within the sheets is tightly constrained to be close
to h010i. This is because the intensity of the reflections
between 34" and 44" (Fig. 2) is extremely sensitive to the
angle with respect to h010i, and their apparent absence
(extreme weakness) is direct evidence of the spin align-
ment along b. To derive the stacking sequence of the
sheets, the simplest conceivable scenarios correspond to
either ferro- or antiferromagnetic coupling of neighboring
sheets, i.e., (A-A-A) or (A-B-A) (Fig. 3). The first case
produces the formerly proposed LTC structure, the latter
the HTC structure. The excellent fits (Fig. 2) leave very
little doubt on the correctness of these assignments. The
assignment of the ITC structure is less obvious. The posi-

tion of the peak at 2! ¼ 26:5" indicates c ¼ 6:767 !A, i.e.,
doubling of the nuclear c-axis with respect to the LTC and
HTC phases. This leaves four nonequivalent stacking pos-

FIG. 2 (color online). Neutron powder diffraction patterns of
#-O2 in three different magnetic phases LTC (low temperature
commensurate), ITC (intermediate temperature commensurate)
and HTC (high temperature commensurate) (% ¼ 1:87 !A). The
lines through the data (circles) are Rietveld fits to the nuclear and
magnetic structure. Tickmarks correspond to positions of mag-
netic reflections, stars to those of the nuclear (002), (111), (200)
Bragg peaks. The inset shows the three patterns over the full 2!
range, with a difference plot shown underneath, as well as a map
of 32 patterns over a temperature range of 160 K. The experi-
ments were carried out at the D20 diffractometer [12] of the
Institute Laue Langevin, Grenoble, France. Oxygen (99.998%
purity from Air Liquide) was condensed at 77 K into a loading
clamp and then transferred at 300 K to a VX5 Paris-Edinburgh
cell for data collection. The rest of the experimental setup was
identical to the one described in Ref. [13]. The refinements were
carried out using FULLPROF [14], refining a minimal set of
variables: i.e., a scale factor, background, lattice and profile
parameters, the internal oxygen position, the magnetic moment
and to some extent anisotropic atomic displacement factors.
Magnetic form factors for oxygen were taken from Ref. [9].
The final refinements included a preferred orientation along
h001i. In loading 1 the (004) reflection was excluded from the
fits due to pronounced texture.
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ð@T=@PÞhu2i ¼ $ð@ lnhu2i=@PÞT
ð@ lnhu2i=@TÞP

: (1)

From the refined thermal parameters along trajectory 1
(Fig. 1) we obtain ð@ lnhu2i=@TÞP ¼ 5% 10$3 K$1.
For the quantity in the numerator we use an Einstein
model hu2i ¼ ð3h=2m!Þ with an average libron frequency
of ! ¼ 70 cm$1 as determined from optical measure-
ments [2]. This gives ð@ lnhu2i=@PÞT ¼ $ð@ ln!=@PÞT ¼
$8% 10$2 GPa$1, taking again the high pressure op-
tical data [2], and hence ð@T=@PÞhu2i ¼ 16 K=GPa. This
value is in excellent agreement with the measured value of
&15 K=GPa as shown in Fig. 1. Thus, the value of the
slope of the LTC-ITC-HTC transition lines supports the
conjecture that the influence of the thermal motion on the
exchange parameter J3 is responsible for the peculiar
magnetic transitions in "-O2.

The fact that within the same nuclear structure three
different magnetic structures exist casts some doubt on the
notion of solid oxygen being ‘‘spin-controlled’’ [5], i.e.,
the belief that the phase diagram is completely imposed by
the magnetic structures. There is no question that the in-
plane magnetic interactions have a major effect on the
corresponding nuclear parameters as seen by the distortion
of the a-b plane from strictly hexagonal (as found in#-O2)
to orthorhombic with a=b & 1:41 ($- and "-O2) compared
to

ffiffiffi
3

p
¼ 1:73. However, the responsible interactions (J1,

J2) are strong, which is not the case for the interplane

interaction (J3) which determines the stacking sequence
of the O2 sheets. The fact that HTC "-O2 and $-O2 have
strictly identical magnetic structures at the same tempera-
tures and similar volumes (there is no detectable volume
change at the $-" transition [2]) suggests that the notion of
solid oxygen being ‘‘spin controlled’’ is either over-
stretched or that there are yet unrecognized subtle differ-
ences in the magnetic structures of the two phases.
We conclude with the remark that the apparent disap-

pearance of magnetic order at'150 K reported in Ref. [4]
is almost certainly due to a gradual pressure increase
during heating of the clamped pressure cell used in this
study, as already suspected in Ref. [3]. As the sample
pressure approached the "-% transition line the magnetic
reflections disappeared since %-O2 is nonmagnetic.
We thank J. L. Laborier, C. Payre (ILL), G. Hamel

(IMPMC), and C. L. Bull (CSEC) for technical assistance,
as well as the DOENNSA Cooperative agreement DE-
FC52-06NA26274 and the Université P&M Curie in
Paris for financial support during the sabbatical stay of
A. L. C. in 2009 at the IMPMC.
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[13] T. Strässle, S. Klotz, G. Hamel, M.M. Koza, and H.
Schober, Phys. Rev. Lett. 99, 175501 (2007).

[14] J. Rodriguez-Carvajal, Physica (Amsterdam) 192B, 55
(1993).

3.015

3.020

3.025

3.030

4.26

4.28

4.30

4.32

0 50 100 150 200 250

87.4

87.6

87.8

20 40 60 80 100 120 140 160 180 200 220
6.755

6.760

6.765

6.770

6.775

LTC HTC

b 
(

)

ITC

a 
(

)  V
ol

um
e 

(
3 )

Temperature (K)

c 
(

)

Temperature (K)

FIG. 4 (color online). Temperature dependence of the lattice
parameters (main figure) and nuclear unit cell volume (inset)
along the trajectory 1 shown in Fig. 1. Note that the path is not
strictly isobaric.
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Ice IcV annealing: end of each T-stage
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Scientific Output: blockbusters, ...
• Magnetism 

– low-dimensional systems 
– frustrated systems 
– mesoporous systems 
– nano-particles 
– perovskites 
– pnictides 
– high pressure phases 

• Solid state chemistry 
– SHS 
– Electrochemical oxidation 
– Lithium ion conductors 
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– Carbon nanotubes 
– physisorption 
– amorphous polymorphism 
– confined systems 
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We report the first measurement of the structure of 4He atoms adsorbed on bundles of single-walled
carbon nanotubes. Neutron diffraction techniques and nanotube samples closed at the end were used. At
low coverage, 4He forms a 1D, single line lattice along the grooves between two nanotubes on the surface
of the nanotube bundles. As coverage is increased, additional lines of 1D lattices form along the grooves.
This is followed by an incommensurate, 2D monolayer covering the whole nanotube bundle surface. The
lattice constants of these 1D and 2D systems are largely independent of filling once a single 1D line is
formed. No occupation of the interstitial channels between nanotubes is observed in the present sample.

DOI: 10.1103/PhysRevLett.95.185302 PACS numbers: 67.80.Cx, 61.12.Ex, 61.12.Ld, 61.46.+w

Helium and hydrogen adsorbed on and in nanotubes are
predicted to form exotic quantum states of matter [1,2]. For
example, calculations suggest that 4He and H2 form one-
dimensional (1D) systems when confined inside nanotubes
or along the grooves between two adjacent nanotubes on
the exterior surface of a nanotube bundle [1,3–6].
Specifically, along the grooves 4He is predicted to form a
single 1D line at low coverages and subsequently three 1D
lines, denoted the ‘‘three-line’’ phase, at higher coverages.
At still higher dosing, 4He and H2 are predicted to form a
2D incommensurate monolayer on the surface of nanotube
bundles [1,7]. Helium dimers are stabilized by 4 orders of
magnitude in energy inside carbon nanotubes [8,9]. These
simple 1D, 2D and molecular states are excellent test beds
for fundamental mesoscopic quantum physics and statisti-
cal mechanics in reduced dimension [2,7,10]. However,
none of these structures have been observed directly.

Experimentally, specific heat measurements of 4He on
single-walled carbon nanotube (SWNT) bundles show 1D
character at low coverages and 2D character near mono-
layer coverages on larger nanotube bundles [11]. Thermal
desorption, volumetric adsorption isotherms and AC heat
capacity measurements have been used to deduce adsorp-
tion energies [12–15]. They suggest that there are two
absorption sites, a high binding energy site (associated
with 4He in interstitial channels or groove sites) and a
lower energy, graphene-like site (associated with 4He on
the nanotube bundle surface) [1]. Recent neutron diffrac-
tion and thermodynamic measurements of D2 and heavier
gases, e.g., Ar, O2, CO2, and CH4, adsorbed on SWNTs
provide much information on structure and binding ener-
gies [16–18]. For bundles having 1.7 nm intertube spacing,
the heavier gases are adsorbed initially in 1D structures in
the grooves (G) on the bundle surfaces and in imperfect
interstitial channels (IC’s) between nanotubes [19,20]. At
higher coverages, quasi-2D layers form on the bundle
surfaces.

We report the first measurements of the structure of 4He
adsorbed on closed-end, SWNT bundles. As a function of
dosing, our measurements show that 4He forms first as 1D
line lattices. The 1D structure is observed in a coverage
range corresponding to completion of a single 1D line and
of three 1D lines along the grooves on the bundle surfaces.
Our measurements cannot distinguish between the struc-
ture of a single 1D line and a number of 1D lines. Our data
and simulations show no occupation of IC spaces between
nanotubes in the present 1.4 nm intertube spacing bundles.
At higher dosing, 4He forms a complete 2D incommensu-
rate monolayer lattice over the surface of the nanotube
bundle thus exhibiting 1D to 2D crossover. We have per-
formed simulations that lead to the 1D line, the ‘‘three-line
phase,’’ and the incommensurate monolayer depicted sche-
matically in Fig. 1. The simulated diffraction from these
phases also show 1D and 2D components. The observed
1D to 2D crossover agrees with predictions [1,21] and
specific heat measurements [11,22], but predicted IC site
occupation [1,21] is not observed. These direct measure-
ments of structure versus dosing, supported by numerical
modeling, open the door to reliable creation of 1D and 2D
highly quantum systems and to 1D to 2D crossover at well-
defined 4He coverages on nanotubes.

SWNTs are sheets of carbon atoms (graphene sheets)
rolled into a seamless cylinder. The cylinder is typically

FIG. 1. Structure of 4He atoms adsorbed on a SWNT bundle.
Left: 1D chains. Middle: ’’three-line’’ phase. Right: 1 monolayer
coverage.
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important independent structural information to compare with
STM work. In addition, the structural details of the important
hydrogen-bonding groups can be probed by diffraction when
they are essentially invisible with STM. The focus of our study
here will be shorter homologues than were previously studied
by STM.
The bulk crystal structures of carboxylic acids have been

reported recently.22 The closely packed planes in these bulk
crystals indicate molecular layers with acid dimers lying parallel
to each other in the plane of the layer, as illustrated in Figure
1. These layers are clearly candidates for the adsorbed mono-
layer structures. The high dimerization energies are expected
to dominate the relatively weak physisorption energies in the
monolayer structures. Monolayers of chemisorbed alkanethiols
on substrates such as silver and gold23-25 also show ordered
monolayers but with relatively higher adsorbate-substrate
interaction energies. Alkanes directly adsorbed onto gold have
also been investigated using helium atom scattering and are
reported to form two phases.25 The surface corrugation on gold
is found to be stronger than the chain-chain interactions
energies of the dodecane molecules.
In this work, we present X-ray and neutron diffraction data

that confirm the formation of solid monolayers and provide a
detailed structural analysis of the solid monolayers formed by
all of the members of the homologous series of linear carboxylic
acids from hexanoic (C6) to tetradecanoic (C14). We extend the
species of fatty acids investigated previously to shorter homo-
logues including both odd and even members of the series. The
work here also demonstrates significant coverage-dependent
changes in the monolayer structures not previously reported for
fatty acids on graphite. Here, we study adsorption of the pure
materials from their liquids. Solvents have been reported to
change the monolayer structures,26 the surface composition, and
molecular dynamics,27 and can be incorporated into the layer
itself.28

Experimental Section
The apparatus and procedures used to obtain the neutron

diffraction patterns from adsorbed layers have been described
in detail elsewhere.29 The instrument used here was D20 at the
Institut Laue-Langevin, Grenoble.29 The temperature was con-
trolled using a standard ILL cryo-furnace. For these neutron
experiments, disks of graphite (either clean or dosed with the
appropriate acid), approximately 20 mm in diameter, are stacked
in an aluminum cylindrical can, to a height of approximately
80 mm. The can is sealed under helium in a glovebag with
indium wire. For temperatures above the melting point of
indium, spring-energized silver-coated compression rings were
used to seal the cans. The cans were attached to the end of a
standard orange helium cryostat center stick and placed in the
cryostat. On the instrument D20, the sample was irradiated with
neutrons of a fixed wavelength 0.242 nm in a beam ap-
proximately 18 mm wide and 50 mm tall. The scattered neutrons

are collected on a 1600 cell 1D banana multidetector in the
horizontal plane.
X-ray experiments were performed on a Rigaku device in

symmetrical transmission geometry at the University of Osaka,
Japan, as described previously, with an incident wavelength of
0.154 nm and a closed cycle refrigerator.30 For the X-ray
experiments, a single sheet of graphite is irradiated by copper
KR radiation. The device uses a symmetrical transmission
geometry with a single scanning detector and a θ/2θ sample
and detector movement to maintain the momentum transfer in
the plane of the graphite sample.
Scattering from crystalline two-dimensional adsorbed layers

gives rise to characteristic diffraction peaks31,32 with a saw-
tooth line shape. In a fashion similar to 3D crystallography,
solution of monolayer diffraction patterns is undertaken by
consideration of close packing arguments and the possible plane
groups available to molecules with particular point groups.33
The diffraction pattern from an adsorbed monolayer is obtained
by subtraction of the scattering from the substrate alone from
that of the substrate and adsorbed material together. For the
neutron scattering experiments, deuterated acids were used to
minimize any incoherent scattering background that would have
arisen from protonated samples. These were obtained from the
group of Dr. R. K. Thomas at the University of Oxford. In this
work, the single OH proton on the acids group was not
deuterated. The combination of X-ray and neutron scattering is
extremely important in the structural solution, as illustrated
below. Both approaches are readily used at low, submonolayer
coverage. However, at high coverages, where there is signifi-
cantly more adsorbate to penetrate, only neutrons, which have
relatively good transmission, can be easily used.
The adsorbent used for both the X-ray and the neutron studies

was recompressed exfoliated graphite Papyex (Le Carbone
Lorraine). This material is prepared by intercalation between
the graphite sheets followed by rapid heating to separate the
sheets exposing a very large area of the graphite basal plane.
The powder formed by this exfoliation procedure is then lightly
recompressed to hold the individual crystallites into a single
mass while retaining a high specific surface area. This recom-
pression gives preferred orientation to the graphite crystallite
powder, which can be used to optimize the scattering geometery.
Each sample was characterized by adsorption of nitrogen. The
material used for the neutron studies had a specific surface area
of 30.4 m2 g-1, and that for the X-ray experiment had a specific
area of 16.6 m2 g-1. The graphite was outgassed under vacuum
at 350 °C before known quantities of adsorbate were added and
annealed in glassware under reduced pressure at 200 °C. Given
the relatively large quantities of graphite and its high specific
surface area, we are able to expose the substrate to well-defined
amounts of adsorbate. We express coverage in terms of the
approximate number of equivalent monolayers adsorbed, esti-

Figure 1. Illustration of layers of hydrogen-bonded molecular dimers
that make up the bulk crystal of undecanoic acid (C11).

TABLE 1: Coverages Used for the Neutron Diffraction
Measurements at Low (“Submonolayer”) and High
Coverages (“Multilayer”), and the Coverages for the X-ray
Measurements at Low Coverage

neutron coverage
acid

X-ray
coverage submonolayer multilayer

C6 0.51 0.80 n/a
C7 0.51 0.80 n/a
C8 0.50 0.84 3.14
C9 0.51 0.84 3.12
C10 0.48 0.92 3.40
C11 0.49 0.94 5.96
C12 0.48 0.92 5.85
C13 0.49 0.93 3.51
C14 0.48 0.92 3.47
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to the progressive transformation of the brownmillerite into the
oxygen-deficient perovskite.
3.2.2. Details on the 0.5 < n < 1.0 Region. At x ) 0.25

(n ) 0.50), the starting phase SrCoO2.5 has completely dis-
appeared and only the oxygen-deficient perovskite phase
SrCoO2.75 persists. For all refinements beyond a stoichiom-
etry of SrCoO2.75, we added one additional parameter, the
occupation factor of the oxygen atoms (Figure 5d), still assuming
an average cubic symmetry. At the end of the oxidation run (n
) 1), the refined oxygen occupancy results in an estimated
stoichiometry of x ) 0.48, which is very close to the ideal one
(x ) 0.5).
From the results given in Figure 5a, it becomes obvious that

further oxidation does not strongly affect the scale factor. Just
a slight decrease is observed at the beginning of the 0.5 < n <
0.8 region. This may be related to the presence of the ordered
intermediate phase (see below), giving rise to extra superstruc-
ture reflections. The intensity of these extra peaks does not,
consequently, contribute to the volume fraction of the pure cubic
phase.
As the oxygen occupation (increasing) and the lattice

parameter (monotonic variation) are the only parameters that
vary with the charge transfer n, the reaction appears to be
monophasic. This argument goes along with the continuous
increase of the electrochemical potential beyond a charge
transfer of n ) 0.5 electron (see regions 2 and 3 in Figure 3).
As expected for a one-phase region, the cubic lattice parameter
decreases continuously from 3.842 (x ) 0.5) to 3.830 Å for the
final phase, SrCoO3 (Figure 5b). This result has to be correlated
with the linear increase of the oxygen content in the average
cubic perovskite unit cell (Figure 5d), causing an increase of
the valence state from Co3+ to Co4+. Both factors are consistent

with the drop in the average cubic lattice parameter in the second
half of the reaction.
For the reflections of the oxygen-deficient perovskite phase,

the evolution of the intensity with respect to the oxygen
stoichiometry can be easily deduced from the calculation of their
structure factors. This is related to the additional contribution
of the intercalated oxygen to the structure amplitude Fhkl, which
can be written as

Here, bCo, bSr, and bO are the neutron scattering lengths of the
respective elements (see section 2.5) and !O is the oxygen site
occupancy factor. The refinement is very sensitive to !O because
different types of reflections exhibit either an increase or a
decrease of the intensity upon oxygen intercalation. As an
example, (eee) and (uuu) reflections (e ) even, u ) uneven)
show an increase for the corresponding F when changing from
SrCoO2.75 to SrCoO3, whereas (euu) reflections show the
opposite trend. In this regard, it is worth noting that the linear
increase of the intensity of the (200) reflection of the oxygen-
deficient perovskite phase, observed in Figure 5c for n > 0.5,
reflects the modulation of its structure factor amplitude by !O,
as F(200) is directly proportional to the sum of bCo + bSr + !O-
[3bO] (see eq 2). This trend has a different slope than the similar
one observed in the 0.0 < n < 0.5 region, where we were
dealing with the progressive formation of a new phase,
characterized by a constant F(200) value. From these findings,
we can also exclude an alternative intercalation mechanism,
proposed elsewhere,6 which would imply the intercalation of

Figure 4. Evolution of the NPD pattern obtained in situ during the electrochemical oxidation of SrCoO2.5 vs charge transfer. The diffractogram of the
brownmillerite SrCoO2.5 is represented at the bottom, whereas that of the perovskite SrCoO3.00 is shown at the top. The dotted ellipsoids show the positions
of the superstructure reflections.

Fhkl ! bCo + bSr(-1)
(h+k+l) +
!O[bO(-1)

h + bO(-1)
k + bO(-1)

l] (2)
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Magnetic ordering and spin excitations in the frustrated magnet MnSc2S4
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The A-site spinel compound MnSc2S4 exhibits strong frustration effects with a low ordering temperature
!TN=2.3 K". Detailed neutron-scattering investigations have been performed to study the magnetic ordering
process and the associated magnetic excitations. The magnetic structure found at T=1.5 K is a spiral within the
a-b plane characterized by a propagation vector of q= !3/4 ,3 /4 ,0". The magnetic ordering process is spec-
troscopically reflected by a change from a purely quasielastic to an inelastic response. The quasielastic line
width corresponds to a magnetic energy scale of #1 meV which is consistent with the spin wave stiffness as
determined from the magnon dispersion at low temperatures.

DOI: 10.1103/PhysRevB.73.014413 PACS number!s": 75.40.Gb, 78.70.Nx, 75.30.Et, 67.90.!z

I. INTRODUCTION

The cubic spinel structure is one of the most frequently
encountered structure types among transition metal com-
pounds of stoichiometry AB2X4. The spinel structure is de-
scribed by space group Fd3̄m with tetrahedrally coordinated
A sites and octahedrally coordinated B sites. It is well known
that the B-site ions form a pyrochlore lattice with inherent
strong geometric frustration !GF" for nearest-neighbor anti-
ferromagnetic !AFM" interactions. GF denotes the inability
of a system to satisfy all pairwise interactions.1 In spin sys-
tems frustration suppresses long-range magnetic order and
strongly enhances spin fluctuations. The ratio of the Curie-
Weiss temperature reflecting the energy scale of the dominat-
ing magnetic exchange to the ordering temperature is com-
monly taken as a measure of frustration.1 However, at
sufficiently low temperatures, any additional interaction
other than the leading exchange !e.g., next-nearest-neighbor
or dipolar interactions" enters in a nonperturbative way usu-
ally yielding to an ordered ground state. Consequently, a
large variety of different fascinating ground states are pos-
sible for frustrated systems,1 which depend on the very de-
tails of the interactions involved !e.g., exchange, anisotropy,
magnitude of the spin, etc.". Spin liquids,2 spin-ice states,3,4

clusters or loops of a finite number of spins,5–7 heavy-
fermion-like behavior,8 as well as singlet formation9 are ex-
perimentally observed or theoretically calculated. In some
cases such as ZnV2O4, magnetic frustration is lifted via a
coupling between spin and lattice degrees of freedom,10 re-
sulting in a magnetic11 or spin-driven12 Jahn-Teller effect.

Much less attention has been payed to the A-site lattice of
spinel compounds. Investigations of normal AB2X4 spinels
with only A-A magnetic interactions are rare and only a few
examples of long-range magnetic and orbital order are
known. Very recently the existence of strong GF has been
demonstrated for a number of spinel compounds, not only
for the spin sector but also for the orbital and structural de-

grees of freedom resulting in unusual ground states such as a
spin-orbital liquid,13 an orbital glass,14 or strong magnetodi-
electric effects.15 For FeSc2S4 the absence of any long-range
magnetic order above 50 mK combined with the high Curie-
Weiss temperature of −45 K gives rise to one of the largest
frustration parameters !"1000" ever observed16 and evi-
dences the presence of strong frustration effects in magnetic
A-site spinels.17

Roth18 discussed the principal superexchange paths link-
ing the A sites in the normal spinel. A schematic view of the
spinel structure with frame of reference along the principal
crystallographic axis and the A-site magnetic exchange of
MnSc2S4 corresponding to a projection onto the $110%-$111%
plane is shown in Fig. 1. All superexchange paths involve at
least three intermediate ions and therefore are certainly
weak. The exchange J between four nearest neighbors !NN"
has a sixfold interaction path and the exchange J! between
twelve next-nearest neighbors !NNN" exhibits a twofold in-

FIG. 1. !Color online" Coordination polyhedra of the spinel
structure of MnSc2S4. A-site Mn !red, dark grey" is embedded in a
tetrahedral environment of sulphur !yellow, light grey", while B-site
Sc has octahedral environment !left part". The A-site exchange is
mediated via three different Mn-S-Sc-S-Mn interaction paths. The
configuration containing nearest, next-nearest, and next-next-
nearest neighbors of the A-site sublattice with corresponding ex-
change constants J, J!, and J" is shown at the right. The right part
corresponds to a projection of four neighboring A-site ions onto the
$110%-$111% plane.
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Diffraction patterns were analysed using the Rietveld
analysis program Rietica [25]. Typically the refined
parameters were a zero correction, scale factors, peak
shape parameters, atomic occupancies and lattice par-
ameters were used for each major phase. Amorphous
scattering from the silica tubing was accounted for using a
35-point, interpolated background. This interpolated back-
ground was obtained initially from a room temperature
pattern from the reactants with subsequent modification to
account for the influence of increasing temperature.

4. Results and discussion

The synthesis pathway of 5TiC3Si/Ti5Si3 via SHS is
best illustrated by Fig. 2—a LAMP plot of time-resolved
diffraction patterns. In Fig. 2, the diffraction angle (2q) is
on the horizontal axis and time (s) on the vertical axis.
The diffracted intensity is measured by the grey-scale
contrast (darker signifying higher intensity). The SHS
reaction is identified by the discontinuity between the
reactant (Ti and Si) and product phases (Ti5Si3), which
occurs at a time, tZ54 s, on this arbitrary scale. This
image demonstrates how rapidly (!0.5 s) the SHS
reaction converts 5TiC3Si reactants into single phase
titanium silicide, Ti5Si3.

It may be noted that the SHS reaction is narrowly
preceded by the a-Ti/b-Ti phase transformation. Fig. 3
shows an enlarged image (31.5–35.08 2q) of this reverse

martensitic transition, during which all of the a-Ti reactant
phase is converted into the high temperature b-Ti phase
within 25 s. The SHS reaction is identified by the horizontal
line marked ‘SHS’.

Phase identification of the reactant and product phases
was confirmed using Rietveld analysis. Fig. 4 presents
these results for, (a) the reactant phases (a-TiCSi), (b)
the intermediate phases (b-TiCSi) and (c) the final
product phase (Ti5Si3). Besides the a-Ti/b-Ti trans-
formation, no other intermediate phases were detected,
suggesting that to within the detection limits of the
experiment no significant interdiffusion occurred prior to
the reaction. This is most likely due to the rapid heating
rate. Without sufficient time, diffusion barriers of

Fig. 3. Enlarged image of diffraction patterns recorded during the a-Ti/
b-Ti phase transformation.

Fig. 4. Rietveld analysis patterns for (a) reactant phases, (b) pre-reaction

phases, and (c) product phase. Associated hkl markers for each phase are

provided below the diffraction pattern (j), while the difference plot
(lower section of each plot ‘—’) provides a visual estimate of the

goodness-of-fit.
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Magnetic Ordering in Solid Oxygen up to Room Temperature
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Oxygen is the only elemental molecule which carries an electronic magnetic moment. As a conse-

quence, the different solid phases encountered on cooling show various degrees of magnetic order, and

similar behavior is expected under compression. Here we present neutron diffraction data which reveal the

magnetic ordering under high pressure in the ! (‘‘orange’’) phase, i.e., in the range 6–8 GPa and

20–240 K. We show that !-O2 contains in total three different magnetic structures, all of them being

antiferromagnetic and differing in the stacking sequence of O2 sheets along the c axis. This structural

diversity can be explained by the quasi-two-dimensional nature of !-O2 and the strong orientation

dependence of the magnetic exchange interaction between O2 molecules. The results show that !-O2 is a

room temperature antiferromagnet.
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Numerous experiments carried out within the last four
decades have revealed the existence of five solid phases in
oxygen in the 0–10 GPa range (Fig. 1), denoted ", #, $, !,
and %, which are, respectively, cubic, rhombohedral, mono-
clinic, orthorhombic, and monoclinic [1,2]. The former
three phases exist at ambient pressure which has allowed
detailed investigations of the magnetism in these struc-
tures: "-O2 is paramagnetic and converts at 44 K to the
magnetically short-range-ordered # phase, which itself
transforms at 24 K into fully antiferromagnetically ordered
$ oxygen. In contrast, ! and %-O2 can only be investigated
under high pressure, and consequently our knowledge on
magnetism in these phases is very sparse. Indirect evidence
of magnetic ordering has been derived from optical spec-
troscopy without revealing the nature of the ordering [3].
The only neutron diffraction measurement carried out so
far suggests the absence of magnetism in %-O2 [4] as well
as in !-O2 [5] above"120 K, but claims antiferromagnetic
long range order below "120 K based on the observation
of a single magnetic reflection. These findings appear
inconsistent with the spectroscopic data [3], and a com-
prehensive understanding of magnetic ordering in !-O2 is
still lacking.

We have investigated magnetism in !-O2 using neutron
diffraction and a high pressure technique which allows a
sample volume of "70 mm3. The several orders of mag-
nitude increased intensity compared to previous investiga-
tions [5] allowed us to visit most of the stability domain in
a reasonable amount of time, i.e., from 20 K up to almost
room temperature and pressures up to 8 GPa, the phase
boundary with %-O2. It also permitted the use of Rietveld
refinement methods to derive both the nuclear and mag-
netic structures simultaneously, and investigate their mu-
tual interplay.

Several polycrystalline samples of !-O2 were prepared
at "240 K by compression of the liquid through phases "
and # (Fig. 1) which produced reasonably good powders
with some preferred orientation as revealed by Rietveld
fits. In two loadings data were collected on cooling
(0:2 K=min ) along the P-T paths indicated in Fig. 1.
The nature of the pressure technique does not allow for
cooling at strictly constant pressure. Instead, cooling is
quasi-isochoric (as confirmed by the diffraction data shown
further below), which leads to a small ("5%–10%) pres-
sure drop due to the thermal contraction of the sample [6].
Neutron powder diffraction patterns (Fig. 2) collected at
high temperatures (up to 235 K) reveal immediately the

FIG. 1 (color online). Phase diagram of oxygen. The thin
vertical lines (1) and (2) indicate trajectories along which
diffraction data were collected in two loadings [6].
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A workhorse instrument …
• A workhorse does a lot of quite different heavy duty things … 
• … but one thing it is not, it is … not sexy at all!
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