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Neutron scattering at high pressure

D. B. McWhan

Room 1D-234, Murray Hill, New Jersey 07974, U.S.A.

Résumé. 2014 Nous présentons les différentes techniques utilisées lors d’expériences de diffusion élastique et inélasti-
que de neutrons réalisées sur des sources conventionnelles (réacteurs) ou pulsées 2014 les enceintes de pression dont
on dispose dans le plupart des centres de recherche neutronique permettent d’atteindre 5 GPa (50 kbar); des ten-
tatives pour atteindre 10 GPa ont été effectuées. Dans le cas de diffusion élastique, sous haute pression, on compare
les résultats expérimentaux obtenus par diffusion des neutrons et ceux obtenus par diffusion des R.X. en utilisant
une source à anode tournante ou le rayonnement synchrotron.

Abstract. 2014 The techniques to do elastic and inelastic neutron scattering at steady-state and pulsed sources are
reviewed. The pressure cells available at most neutron scattering centres are capable of reaching pressures of the
order of 5 GPa (50 kbar), and attempts to reach 10 GPa have been made. For elastic scattering, a comparison is
made between neutron scattering and X-ray scattering at high pressure using rotating anode or synchrotron sources.

Revue Phys. Appl. 19 (1984) 715-718 SEPTEMBRE 1984,

An important use of the pressure variable is to
understand phenomena observed at atmospheric
pressure. Often, it is possible to tune competing inter-
actions by changing the pressure and to test models
which have been proposed for different types of phase
transitions. Neutron and X-ray scattering measure-
ments have been used to study a wide variety of pro-
perties from phase transitions to lattice dynamics, and
it is the purpose of this paper to compare these two

scattering probes and to illustrate the types of pro-
blems which have been studied. X-ray scattering at
high pressure is the subject of two other papers at
this workshop [1, 2], and the techniques to do neutron
scattering at high pressure are summarized below.
The advantages and disadvantages of each probe are
discussed, and a summary of recent studies is presented.

1. Experimental techniques.

Apparatus for making neutron scattering measure,
ments at high pressure falls, more or less, into four
catégories ; and those have been discussed extensively
in the literature [3-5]. For measurements under

hydrostatic or quasihydrostatic pressure there are

three different ranges of pressure, and the maximum
attainable pressure in each range is govemed by
materials considerations. Up to pressures of the order
of 1 GPa (1 GPa = 10 kbar) unsupported pressure
cells can be made of high strength aluminum alloys.
As the absorption cross section of aluminum to ther-
mal neutrons is quite low, there is typically less than

10 % attenuation of the incident and scattered neu-
trons. Sample volumes of the order of 1.5 cm’ are
available and helium gas is used as the pressure trans-

mitting medium. For special purposes such as ultralow
temperatures or high magnetic fields, it is often more
convenient to use a clamp device in which the sample
is mounted in a small cylinder containing a fluid and
the cylinder is, in turn, mounted in a piston cylinder
cell made of beryllium copper [6, 7]. The pressure is
raised to the desired level at room temperature and
then the pressure is clamped by a locking nut. This
clamp device, which is typically 2.5 cm in diameter
and 8-12 cm long, is then mounted in a dilution refri-
gerator or in a superconducting magnet. In these clamp
devices the sample volume is only of the order of
3/4 cm’ or less. There is the further problem that the
pressure transmitting medium, which is usually a
fluorocarbon on a deuterated hydrocarbon or alcohol,
freezes on cooling producing a small uniaxial compo-
nent in addition to the hydrostatic pressure. In some
cases this can lead to qualitative changes in the physics
and therefore the effect of uniaxial stress has to be
assessed in each experiment [8]. There is also a change
in pressure on cooling resulting from differential
thermal expansion among the components of the
apparatus and the sample. The properties measured
as a function of temperature do not follow a true
isobar, and a pressure correction has to be made [7].
The attenuation of the neutron beam is of the order
of 50 % in these cells.
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In order to achieve pressures above 10 GPa it is

necessary to use a stronger material which is still

relatively transparent to neutrons, and almost all

existing equipment has used high density poly-
crystalline A1203 for the pressure cell. (A typical cell
is shown in Fig. 1). In addition, the Al203 needs to be
externally supported, thereby restricting the window.

Fig. l. - Exploded view of a typical clamp device for

neutron scattering at pressures of 4.5 GPa and low tempera-
tures.

In time of flight measurements only a few windows
at fixed angles are needed for the incident and diffract-
ed neutron beams to study polycrystalline materials.
For studies of single crystals using either time of flight
or triple axis spectrometers a cylindrical window
between the support blocks is needed to cover a plane
in reciprocal space. The restricted height of the window
further reduces the available sample volume to less
than 0.2 cm3, and if a single crystal is to be mounted
so as to avoid contact with the walls of the pressure
cell at the highest pressures, then a typical sample
might be only 0.1 cm’. The maximum pressure attai-
nable in piston cylinder devices is 4-5 GPa, and this
is determined by the pressure at which the unsupport-
ed tungsten carbide piston fails.

In order to achieve pressures above 5 GPa it is

necessary to change from a piston cylinder design
to an anvil apparatus. Opposed diamond anvil high
pressure apparatus for X-ray studies has achieved

quasihydrostatic pressures above 100 GPa (1 mega-
bar), but with samples of the order of 3 x 10-’ cm3.
Quasihydrostatic pressures of 10 GPa were achieved
in an exploratory study using Bridgman anvils made
of A1203 with hardened steel support rings [3].
The sample volume was 0.05 cm’ and a time of flight
geometry was used with the incident neutron beam
normal to the disc shaped sample and the diffracted
beam at 900. This single study was made about
15 years ago, and one might speculate that higher
pressures could be achieved with large sintered dia-
mond anvils. However, to date, all of the published
neutrons scattering results at high pressure have been
made below 5 GPa in supported piston cylinder
devices using A1203 or below 1 GPa in unsupported
cells.
The fourth type of apparatus is that for measure-

ments under uniaxial stress. The maximum stresses
which can be achieved depend mainly on the strength
of the material being studied and on alignment of the
apparatus. Typically, for semiconductors, stresses

of the order of 2 GPa have been achieved, and details
of the design of apparatus for neutron scattering
measurements under uniaxial stress are found in
references [9] and [10].

2. Comparison of X-ray and neutron scattering at

high pressure.

The major advantage of neutron scattering is the
ability to do inelastic scattering and to probe ele-
mentary excitations, but for elastic scattering, the
choice of scattering probe varies from problem to
problem. The difference in sample volume of 106 bet-
ween high pressure piston cylinder devices for neu-
tron scattering and diamond anvil devices for X-ray
scattering goes a long way toward offsetting the much
larger fluxes of X-ray sources over neutron sources.
In addition, neutrons have the added advantages of 1)
low absorption cross sections, 2) atomic scattering
factors which are constant, and 3) well characterized
and easily modelled resolution functions. The first
is very important in uniaxial stress experiments where
one wants to probe the centre of the sample where the
stress distribution is more homogeneous. The second
and third points are important for crystallographic
studies. However, in problems involving subtle split-
tings of reflections, the high resolution which can be
obtained using a synchrotron source and perfect crys-
tal monochromator and analyser are superior to

neutron scattering. These différent points are illus-
trated in figure 2 where longitudinal scans through the
(10.0) of 2 H-TaSe2 are compared for two X-ray
sources and a reactor source. For the X-ray measure-
ments a crystal of 2 H-TaSe2 was mounted in a Mer-
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Fig. 2. - Comparison of (10.0) reflection of 2 H-TaSe2
in a diamond anvil cell observed using a rotating anode or
synchrotron source and in the cell shown in figure 1 using
a reactor source as described in the text.

ril-Bassett diamond anvil cell using the standard
4 : 1 mixture of methanol-ethanol as the pressure
transmitting medium. The Rigaku rotating anode
source operating at 8 kW used a molybdenum target
and the 0.2 x 2 mm high brilliance filament. A verti-
cally bent pyrolytic graphite monochromator (00.4)
was used in a symmetric configuration to re-image the
source on the sample. A slit before the sample and
a flat lithium fluoride analyser were used to maximize
the resolution [ 11 ]. The same sample and diamond
cell were used at the Stanford Synchrotron Radiation
Laboratory, together with a double crystal Si(111)
monochromator and with a Ge( 111 ) analyser. [12].
The third curve was obtained at the High Flux
Beam Reactor at Brookhaven National Laboratory
using vertically bent graphite (002) monochromator
and (004) analyser in conjunction with 20-401-10
collimation and a graphite filter. A 0.06 cm’ sample
was mounted in an aluminum cell containing Fluori-
nert as the pressure transmitting medium, and this
cell was loaded into the supported A1203 pressure
apparatus to give a (h0.1) scattering plane [13]. In
order to resolve the subtle splitting of the charge den-
sity wave superlattice reflections at low temperatures,
it is necessary to be able to see a splitting of 0.003. The
rotating anode data cannot resolve this splitting, and
it is poorly resolved in the neutron scattering data [13].
Clearly, following the pressure dependence of a phase
transition of this subtlety could be done with more
accuracy on a synchrotron source rather than a
reactor source.

The real power of elastic neutron scattering at high
pressure for polycrystalline samples lies in the usé of
profile refinement techniques. By careful collimation
in a time of flight measurement, only neutrons scatter-
ed from the sample are observed, and contamination
coming from the pressure cell itself can be virtually

eliminated. A number of structural refinements have
been done at Argonne both on the steady state source
and, more recently, on the pulsed source [14].
For inelastic scattering measurements the back-

ground is usually only about 50 % higher than in a
typical low temperature measurement on a triple axis
spectrometer because A’203 is very incompressible,
and the dispersion relations for the acoustic phonon
modes have correspondingly large slopes. The relati-
vely small sample volume makes it difficult to measure
excitations with little dispersion that have energies
much greater than 10 meV, but excitations as high
as 36 meV have been observed [15].

3. Phase transitions.

The majority of the neutron scattering studies at high
pressure have concemed different types of phase
transitions. The temperature-pressure phase diagrams
of a number of systems with incommensurate-com-
mensurate phase transitions have been studied. These
include the charge density wave transitions in 2 H-
TaSe2 [11,13], the spin density wave transitions in Cr
alloys [7], the 2 kF and 4 kF transitions in the quasi-
one-dimensional magnetic conductor MEM-

(TCNQ)2 [16], and thiourea [17]. Thiourea is a parti-
cularly interesting example in that it demonstrates
the advantage of combining pressure measurements
with those of other variables such as temperature
and electric held At low temperatures the stable phase
has a modulation wave vector of ô = 1/9 and the
application of a small electric field leads to a tran-
sition to a phase with à = 1/8. At high pressure a
phase transition to a phase with à = 1/7 is observed
[17]. Recent X-ray measurements at higher electric
fields revealed a series of phases with relatively high
commensurability order [18]. These new phases could
be understood by combining the results of the low
electric field and the high pressure measurements.
With increasing field there is a shift in the sequences
of antiphase domains with an increase in the fraction
of the domains corresponding to that observed at
high pressure (b = 1/7) with respect to the fraction
of those observed at low fields (03B4 = 1/8). The sequence
of high commensurability phases was accurately given
by q = (n + 1 )/(7 n + 8) with n = 1, 3 and 5. This
reflects the stepwise progression with increasing
electric field toward the phase found at high pressure.

Another area of recent interest has been pressure
induced staging transitions in alkali graphite inter-
calation compounds. An increase in stage from stage 2
to stage 3 accompanied by an increase in in-plane
density was observed in KC24 [19]. The first example
of a fractional stage 3/2 in KC, was observed by neu-
tron scattering [20] and both of these results are in
good agreement with a recent theoretical pressure-
composition phase diagram [21].
The full power of neutron scattering was brought

to bear on the isostructural transition to the mixed
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valence state in SmS. The local atomic structure was

probed by studying the disappearance of the Sm2+
7Fo --+ 7Fi excitation at the transition [15]. The

magnetic form factor of a well defined Sm3+ ion is
unusual in that there is a maximum at a finite value
of sin 0/ À, but this was not observed in the mixed
valence phase above P = 0.6 GPa6. Finally, a soften-
ing near the zone centre and a stiffening near the
zone boundary of the longitudinal acoustic phonon
mode was observed in the high pressure phase [22].

A number of second order phase transition which
are accompanied by a softening of an acoustic phonon
mode (Teo23 , NiF") or of a magnetic exciton

(PrSb 21@ Pr25) have been found, and the pressure
dependence of the modes studied in detail. This
brief summary illustrates that neutron scattering at
pressures up to 4 GPa and at temperatures between
T = 4.2 and 300 K has made important contribu-
tions to our understanding of a wide variety of phase
transitions.
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