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Abstract. We have carried out magnetic neutron diffraction studies of a single crystal of
neodymium at high pressure, using clamp cells on the diffractometer D10 at the Institut Laue–
Langevin, Grenoble. The magnetic ordering was investigated at pressures up to 14 kbar in
the temperature range 1.4–25 K. A number of quite different magnetic phases were observed,
including the coexistence of ferromagnetic and antiferromagnetic ordering of moments on the
inequivalent crystallographic sites. The structures formed and the population of the different
symmetrically equivalent domains appear to be affected by complex interactions between
the cubic-site ferromagnetism, the antiferromagnetic hexagonal-site ordering and a uniaxial
component of stress.

1. Introduction

The crystal structure of neodymium is double-hexagonal close packed, dhcp. Ions are
arranged in close-packed layers, stacked along thec-axis in the sequence ABAC. Ions in
layers B and C have nearest neighbours arranged as they would be in a hexagonal close-
packed structure. The nearest neighbours of ions in the layers labelled A are arranged
with near-cubic symmetry. These different sites are known as ‘hexagonal’ and ‘cubic’
respectively. Ions in these inequivalent sites experience different crystal fields and exchange
interactions. This affects the resulting magnetic order which differs between the two sites.

The magnetic phases of pure neodymium in the absence of applied pressure are well
known to be a series of antiferromagnetic sinusoidal modulations [1–7]. In such structures
the average magnetic momentµs on a given type of site (s = ‘hexagonal’ or ‘cubic’) at
positionr will be

µs(r) =
∑
i,α

µs,i,αα̂ cos(qi · r + φs,i,α)

where µs,i,α is the magnitude of the moment in the Cartesian directionα̂ = x̂, ŷ, ẑ,
associated with theith modulation vectorqi . On cooling below the Ńeel temperature
of 19.9 K there is initial ordering of moments mainly on the hexagonal sites, and in each
domain only oneq-vector is present in the sum above. This is known as a 1-q structure.

∗ Neutron diffraction work was carried out at the Institut Laue–Langevin, Grenoble, France.
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This phase persists for only61 K before a 2-q structure forms. Below 8.3 K a series of
phase transitions occurs associated with ordering predominantly on the cubic sites and the
number of modulation vectors increases to four below∼6 K [3]. All of the zero-pressure
phases are antiferromagnetic and all of the modulation wavevectors are along or close to
{100}-type directions†. The modulation vectors associated with the ‘hexagonal’ ordering
tend to be reasonably well aligned with the corresponding magnetic moments [5, 8].

The application of pressure to rare-earth metals causes them to adopt crystal structures
appropriate to lighter rare earths [9]. If this also applies to magnetic structures then
application of pressure should have similar effects to alloying with lighter rare earths.
The magnetic structures of Nd1−xCex alloys have been investigated [10]. Quite small
fractions of Ce are found to induce ferromagnetic ordering, mainly on the cubic sites,
while incommensurate antiferromagnetic order remains, but mainly on the hexagonal sites.
The ferromagnetic moments lie along the (001) direction. Investigations into the effect
of pressure on Nd0.9Ce0.1 [11] show that increasing the pressure has qualitatively similar
effects to increasing the Ce concentration, with the ferromagnetic ordering temperature,TC ,
increasing as the pressure is increased.

Alloys of Nd with light rare earths, Pr [12–14] and La [15], also exhibit ferromagnetic
order, with moments along (001) mainly on the cubic sites. The hexagonal sites remain
mainly incommensurately antiferromagnetic. Yttrium behaves like a non-magnetic heavy
rare earth: there was no sign of ferromagnetism in a low-yttrium-concentration Nd–Y
alloy [13].

Uniaxial stress applied along the(1̄20) direction of pure Nd has been shown to affect
the populations of the different magnetic domains in the 2-q phase [16]. Application of
1 kbar was enough to suppress completely those magnetic domains with moments nearly
perpendicular to the stress. Any non-hydrostatic component of stress in our pressure cell
may be expected to have a similar effect.

The presence of ferromagnetism may have effects analogous to the application of a
magnetic field. McEwenet al [4] showed that low fields nearly parallel to (100) alter the 2-q
phase by favouring domains that have moments nearest to perpendicular to the field. We may
therefore expect a similar correlation between the local directions of ferromagnetic moments
and antiferromagnetic moments. It was also shown that applied fields over 3 T caused the
formation of a 1-q structure where the modulation vector and associated modulated moment
were almost perpendicular to the field. The development of suitably large ferromagnetic
moments on the cubic sites may also be expected to force the formation of 1-q ordering of
the hexagonal sites.

2. Experimental details

The neutron diffraction experiments were performed on diffractometer D10 at the Institut
Laue–Langevin, Grenoble with a wavelength of 2.36Å. A pyrolitic graphite filter was
used to prevent contamination by neutrons with half this wavelength. A single crystal
of neodymium, grown by the solid-state strain anneal method at elevated temperatures in
UHV [17], was placed inside a high-pressure clamp cell [18] surrounded by a fluorocarbon,
Fluorinert (C8F18). Liquid at room temperature and ambient pressure, the Fluorinert
solidifies at the low temperatures of our experiment; this may introduce a uniaxial component

† In all of this paper the symbol(hkl) represents a vector in reciprocal space perpendicular to the(hkl) planes.
Since in Nd there is strong coupling between moment directions andq-vectors, we shall denote all directions by
their (hkl) symbols;{100} represents the set of vectors which are symmetry related to (100).
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of stress along the cylindrical axis of the clamp cell. Inside the pressure cell with the Nd was
a crystal of NaCl which was used to determine the pressure at low temperatures using the
well known pressure and temperature dependencies of the lattice parameter of NaCl [19].

Pressure was applied at room temperature; the cell was clamped and then loaded into
a variable-temperature cryostat. Temperatures were measured to an accuracy of 0.1 K by
carbon thermometers in the cryostat which were subsequently calibrated against a standard
Ge thermometer. Care was taken to allow time for the clamp cell to reach thermal
equilibrium.

The cryostat was mounted on the diffractometer so that the axis of the clamp cell
was approximately vertical and the horizontal scattering plane contained the (100) and
(001) directions of the Nd crystal. This plane allowed investigation of antiferromagnetic
satellites of(00̀ ) and the possible observation of ferromagnetic scattering at(00̀ ) and
(100). Scattering vectors slightly out of the(h0`) plane were attainable by tilting the
cryostat. The NaCl crystal was arranged so that two of the{100}-type directions were in
the scattering plane, and the third was vertical.

After cooling to 2 K, the lattice parameter of the NaCl was found by measuring various
nuclear peaks in the horizontal scattering plane. For this, the graphite filter was removed to
increase the number of peaks available by observation of diffraction of neutrons with half the
normal wavelength. The pressures were then determined to an accuracy of 0.5 kbar using
the data tabulated by Skeltonet al [19], neglecting the effects of any uniaxial component
of stress. It was determined that the diffraction measurements were made at four elevated
pressures, 2.1, 8.2, 11.6 and 13.8 kbar. Rocking curves through (004) for Nd at 11.6
and 13.8 kbar gave mosaic spreads of 0.29◦ and 0.40◦ respectively; these were somewhat
degraded from the 0.23◦ observed before the application of pressure.

Antiferromagnetic order with modulation vectorq will lead to magnetic diffraction
satellites displaced from reciprocal-lattice points by±q. The hexagonal symmetry of
the basal plane of neodymium means there are six distinct symmetry-related directions
in which a general basal-planeq-vector can point and hence twelve directions of±q. In
different domains of the sample, the vector is likely to be pointing in each of the possible
directions, leading to the presence of a maximum of twelve magnetic satellites around
a reciprocal-lattice point in a multidomain sample. The symmetrical equivalence of the
domain orientations can be broken, for example by a magnetic field or uniaxial stress.
This can reduce the number of domains present and therefore the number of satellites that
appear. For example, in a single-domain 2-q sample [7] only two modulation vectors will
be present, each producing two satellites at±q.

Searches were made for satellites of reciprocal-lattice points of the type(00̀ ) along and
in the vicinity of the (100), (010) and(1̄10) directions, as shown in figure 1. The satellite
intensities as a function of temperature were measured by scanning in the (100) direction.
The resolution of our experimental arrangement was such that we did not expect to resolve
two closely spaced satellites either side of a{100}-type direction, if they were present, as
for example those produced by a multidomain sample with the zero-pressure 2-q structure.

For scattering at (002), a forbidden nuclear peak, the magnetic structure factor is
2µc −2µh, whereµc andµh represent the moments on ions in the cubic and hexagonal sites
respectively. Any scattering at the (002) position must therefore arise from unequal amounts
of ferromagnetic ordering on the different sites. In general, ferromagnetic ordering will also
contribute to scattering at (100), an allowed nuclear peak, where the magnetic structure
factor is 2µc − µh. The intensities at (100) and (002) were monitored as a function of
temperature by scans in the (100) and (001) directions respectively. In the cross-section for
coherent elastic scattering of neutrons by periodically ordered moments the square of the
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Figure 1. Geometry of scans in the basal plane around (005). The arrows labelled (i), (ii) and
(iii) represent scans in the (100) direction through possible satellite positions,(q05), (0q5) and
(q̄q5) respectively.

magnetic structure factor appears, multiplied by the moment orientation factor, 1− (µ̂ · k̂)2,
where µ̂ and k̂ represent unit vectors in the direction of the magnetic moment and the
scattering vector respectively. The relative intensities of magnetic scattering at (100) and
(002) are controlled by the moment orientation factor so they will give some information
regarding the direction of the ordered moments.

3. Results

3.1. 2.1 and 8.2 kbar

Measurements at 2.1 kbar indicated no significant changes from the magnetic structures
seen with no applied pressure in this experiment and earlier work. All of the various multi-
q antiferromagnetic phases were present, with no noticeable difference in the ordering
temperatures. There was no sign of ferromagnetic scattering at either (100) or (002).

Application of 8.2 kbar produced a major change. The highest Néel temperature
of 19.9 K was not affected by the pressure, but the lowest-temperature phase seen at
ambient pressure, 4-q antiferromagnetism, was not observed. However, at base temperature,
satellites arising from antiferromagnetic order on both the hexagonal and cubic sites were
present.

Scattering at (002) and an increase in the (100) intensity indicated that ferromagnetic
order was also present below an ordering temperature of 12 K. This ordering was likely
to have been mainly on the cubic sites, because the hexagonal sites had already ordered
antiferromagnetically at 19.9 K.

The presence of both antiferromagnetism and ferromagnetism on the cubic sites suggests
that the magnetic structure varied throughout the crystal volume. This coexistence of two
phases indicates that the pressure in the crystal may not have been uniform and that the
phase boundary falls at approximately 8 kbar.
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Figure 2. Integrated intensities of various diffraction peaks at 11.6 kbar. The top panel shows
the intensities of three satellites of (005), arising from incommensurate antiferromagnetic order
mainly on the hexagonal sites. The lines through the points are intended as a guide to the
eye. The intensities in the lower panel are of (100) and (002). The (002) intensity arises
from ferromagnetic order—it is a forbidden nuclear peak. The (100) intensity is an allowed
nuclear peak with an extra contribution from ferromagnetism. Note that the intensity units on
the different panels are not the same.

3.2. 11.6 kbar

The main results of our investigation at 11.6 kbar are shown in figure 2. This shows how
the intensities of (100), (002) and satellites of (005) varied as a function of temperature.
The data shown were taken on heating; data taken on cooling were very similar.

The Ńeel temperature appears to be unchanged from the zero-pressure value of 19.9 K.
A similar lack of sensitivity to pressure was reported for a Nd0.9Ce0.1 alloy [11]. Just below
this temperature, satellites appear along (010) and(1̄10), but not (100). These satellites
correspond toq-vectors of length∼0.130τ100, similar to theq-vectors in the zero-pressure
2-q phase [7]. On cooling, the lengths decrease to∼0.115τ100 at 10 K. We attribute these
satellites to 2-q antiferromagnetic ordering on the hexagonal sites, while the cubic sites
remain disordered, except for small moments induced by the hexagonal-site ordering [2].

We note that between 9.4 and 19.9 K there is no satellite along (100), so not all of the
antiferromagnetic domains are equally occupied. We attribute this to a uniaxial component
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of stress along(1̄20), i.e. parallel to the axis of the pressure cell and perpendicular to
the scattering plane. The effect of stress in this direction has been shown to suppress
modulations whose moments are nearly perpendicular to(1̄20) [16].

There is a sudden increase in the intensity of the antiferromagnetic satellites on cooling
through 15.3 K. This appears to be correlated with the onset of ferromagnetic ordering on
the cubic sites, indicated by the scattering appearing at (002), but the cause of this intensity
change is not understood. It is not associated with any sudden changes in the position or
width of the satellite peaks. Between 18.5 and 9.4 K the intensity of (100) remained constant
to within experimental uncertainty. This would be the case if the moments associated with
the ferromagnetism on the cubic sites are pointing along a direction parallel to (100), or
close to this direction, possibly (110). The moment orientation factor for scattering at (100)
is zero if µ̂ is parallel to (100) and 0.25 if̂µ is along (110). The factor will equal 1 for
any µ̂ in the basal plane for scattering at (002).

If the interaction between the ferromagnetism and the antiferromagnetic moments is
similar to that seen between antiferromagnetism and an external magnetic field [4], this
moment direction can be explained. McEwenet al showed that a magnetic field along (100)
enhanced those antiferromagnetic modulations whose wavevectors are nearly perpendicular
to the field direction. In our experiment the interaction presumably works the other way
round; the pre-existence of only certain antiferromagnetic modulations encourages a specific
orientation for the ferromagnetic order.

At around 9.4 K the intensity of (100) suddenly changes but that of (002) does not. The
simplest interpretation of this is that the ferromagnetic moments rotatewithin the basal plane
with unchanged magnitude. A ferromagnetic moment direction of(1̄20) would give similar
magnetic intensities at (002) and (100), as is observed. The magnitude of the ferromagnetic
moment can be estimated from the change in intensity of the (100) peak. Assuming that
the moment is along(1̄20) and is entirely on the cubic sites, and that the (100) peak is not
strongly affected by extinction, we obtain 1.2µB per cubic site. This is comparable with
the cubic site moments observed in Nd1−xCex alloys [10].

Also at 9.4 K there is a dramatic change in the antiferromagnetic hexagonal-site ordering.
Below this temperature only satellites along (100) are present, in complete contrast to the
situation above 9.4 K. The antiferromagnetic structure appears to be 1-q and single domain.
We can understand this as an increasing ferromagnetic moment acting in a similar way to a
larger magnetic field and forcing the hexagonal-site antiferromagnetism into a 1-q structure
as reported by McEwenet al [4].

It appears that below 9.4 K the most important interaction determining moment direction
and domain population is that between the ferromagnetic moments and the uniaxial stress.
If stress along the clamp cell axis favours ferromagnetic moments along(1̄20) relative
to any otherwise equivalent direction, then the 1-q hexagonal-site ordering would have
wavevectors, and presumably magnetic moments, along (100) because the ferromagnetism
has similar effects to an applied magnetic field along(1̄20).

3.3. 13.8 kbar

Figure 3 shows the results taken at the highest pressure, 13.8 kbar. Again the anti-
ferromagnetic domain populations and ferromagnetic moment direction are temperature
dependent. The data presented were taken on heating; as was the case at 11.6 kbar, data
taken on cooling were very similar.

An important difference between the results at the two high pressures is the relative
values of the antiferromagnetic and ferromagnetic ordering temperatures,TN and TC
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Figure 3. Integrated intensities of various diffraction peaks at 13.8 kbar. The top panel shows
the intensities of three satellites of (005), arising from incommensurate antiferromagnetic order
mainly on the hexagonal sites. The lines through the points are intended as a guide to the
eye. The intensities in the lower panel are of (100) and (002). The (002) intensity arises
from ferromagnetic order—it is a forbidden nuclear peak. The (100) intensity is an allowed
nuclear peak with an extra contribution from ferromagnetism. Note that the intensity units for
the different panels are not the same.

respectively. The value ofTN still appears unaffected by the pressure; however,TC has
increased to 21.5 K, aboveTN . The magnitude of the ordered moment is little altered.

The ferromagnetism appears to have ordered into a similar orientation to that adopted
at 11.6 kbar, with the moments along a direction near (100). The evidence for this is the
constant (100) intensity, ignoring statistical fluctuations, and the increasing (002) intensity on
cooling from 21.5 to 14 K. The hexagonal-site antiferromagnetism takes the same structure
as seen at 11.6 kbar, a 2-q structure with only those satellites along (010) and(1̄10) having
measurable intensity.

There is a transition at 11.3 K, whose nature appears to be similar to the 9.4 K transition
at 11.6 kbar. This can be explained if the ferromagnetic moment again rotates to point
along (1̄20); again 1-q antiferromagnetism is present below 11.3 K. The change in the
(100) intensity is less sudden than seen earlier. A preliminary phase diagram summarizing
all of these results is shown as figure 4.

With no applied pressure there is a 1-q phase that exists in a very small temperature
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Figure 4. The magnetic phase diagram of Nd under pressure. The abbreviations ‘fm’ and ‘afm’
refer to ferromagnetism and antiferromagnetism respectively. Where hexagonal or cubic sites
are not mentioned they are disordered.

range immediately below the Néel temperature. We have no evidence at present for the
high-temperature 1-q/2-q transition under pressure, though it presumably still occurs [20],
in which case at higher pressures this transition is re-entrant.

4. Summary

We have reported the effects of high pressure on the magnetic ordering of neodymium.
Magnetic phases have been identified that consist of antiferromagnetism, ferromagnetism,
and the coexistence of both types of order. The different ordering occurs predominantly on
the different crystallographic sites in the dhcp unit cell. The temperature dependence of the
pattern of satellites produced by antiferromagnetic order and the observed ferromagnetic
scattering intensities suggest that there are interactions between the different types of
ordering and a uniaxial component of stress. The ferromagnetic moment interacts with
the antiferromagnetic order in a similar way to a magnetic field applied along the same
direction [4]; small ferromagnetic moments adopt a preferred orientation with respect to the
2-q antiferromagnetic order present mainly on the hexagonal sites; larger moments force
the antiferromagnetism into a 1-q structure. It is of interest that the same RKKY interaction
can cause antiferromagnetic order on one site and ferromagnetism on the other site.

We look forward to continuing this work, and we anticipate that many other interesting
results can be achieved by investigating other pressures both in the central region of figure
4 and at pressures above 14 kbar.
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