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High-pressure neutron diffraction data from powder and single-crystal samples of atomically disordered (Fm3̄m) and
ordered (Pm3̄m) Pd3 Fe were collected up to pressures of 15 GPa, and high-pressure SQUID magnetometry data were
collected up to 6 GPa. The data show a subtle decrease in the magnetic moment with applied pressure, resulting in a
transition to a paramagnetic state by approximately 8 GPa at 300 K. Diffraction results have been used to determine
the equation of state, resulting in a bulk modulus of 176.78(9) GPa for the disordered powder and 187.96(7) GPa for
the ordered single-crystal samples respectively, approximately 20% more compressible than previously reported from
X-ray measurements. High-temperature SQUID magnetometry was used to confirm the ambient pressure Curie temperature of the sample (545 K), which was further investigated using high-temperature single-crystal neutron diffraction
at ambient pressure.
I.

INTRODUCTION

Pd-Fe alloys are of interest as they demonstrate a number
of unusual properties due to the interplay between structural
and magnetic characteristics. For example, magnetic shape
memory (high strain induced by a magnetic field) is observed
in face-centred tetragonal (fct) Fe-rich alloys (30% Pd) of the
series1,2 , and near-zero thermal expansion (α = 8.5 × 10−6 ,
between 273 − 313 K) is observed in disordered alloys with
approximately 30% Pd at ambient pressure around room temperature (hereby referred to as ‘Invar behaviour’, after the
anomaly first observed in Fe65 Ni35 )3–5 . More recently a pressure induced Invar state was reported in powder samples of
75% Pd alloys6 . As such, these alloys provide an excellent
platform for comparison with physical models of transition
metal systems, 3d-electronic structures, and magnetism in binary compounds.
The structural phase diagram of the Pdx Fe(1−x) system may
be summarised as follows; in the range 0 ≤ x ≤ 0.28 the alloy
is in the bcc phase (α)7 , transforming to a pure fct phase (γ 0 )
by x ≈ 0.5. With further increasing Pd content a pure fcc phase
(γ) is formed by x ≈ 0.7, though there are slightly differing
reports as to the exact composition of transformation8,9 . At
x = 0.75, Pd3 Fe forms the expected fcc phase with a mixture
of Fe and Pd throughout the unit cell. This is then atomically
site-ordered through annealing at 875 K, resulting in a change
of symmetry. The ordered phase has space group Pm3̄m, with
Fe on sites of type 1(a) (0, 0, 0) and Pd on 3(c) (0, 0.5, 0.5).
Whereas the disordered phase has symmetry Fm3̄m, with Fe
and Pd partially occupying sites of type 4(a) (0, 0, 0). Both
the atomically ordered, and disordered phases are ferromagnetically ordered; the latter showing a ≈ 15 K lower Curie
transition temperature10 .
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A number of theories have been proposed to explain the
Invar phenomenon (see discussion in Wasserman 11 , Lagarec
et al. 12 and references within), though the most long standing theory was proposed by Weiss 13 . Weiss explained this
behaviour using a two-state model (γ1 , γ2 ), where γ1 was associated with a high-moment ferromagnetic, large volume state,
and γ2 with a low-moment antiferromagnetic, reduced volume
state. Through a thermal depopulation of γ1 , and population of
γ2 , this model is quite successful at reproducing experimental
findings. However, experimentally there is no evidence for the
coexistence of two states in the region of this transition, suggesting that the model is purely phenomenological14 . Furthermore, where more realistic non-collinear or partial antiferromagnetic structures are considered, it is found that the double
energy minimum becomes a single minima, thus breaking the
model15 . An alternative disordered local-moment model describes Invar materials as high magnetic-moment structures,
driven to local moment (order-disorder) orientation through
strong exchange between Fe sites, which drives the continuous volume collapse16–18 .
The use of pressure to tune the Invar transition provides
a unique tool to understand the transition, and subsequently
the mechanism for zero thermal expansion in these materials.
Pressure-induced Invar behaviour was first demonstrated in an
Fe-Ni alloy19 ; Fe0.55 Ni0.45 was shown to have a near-zero coefficient of thermal expansion at 7.7 GPa from 291-500 K.
This study is focussed on the Pd3 Fe alloy which is ferromagnetic at ambient conditions (Tc ≈ 540 K20 ), and is reported to display high-pressure Invar behaviour at room temperature. Pd3 Fe reportedly undergoes a large volume collapse of ∆V≈5% between 9-14 GPa as measured with energy dispersive X-ray diffraction, with an apparent collapse
of long-range magnetic order, previously observed through
Mössbauer spectroscopy6 . Near-zero thermal expansion over
the range 300 − 523 K is also reported, before the Curie temperature is reached21 . Density functional calculations have
not conclusively characterised what magnetic state the sam-
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ple is in post-collapse22 . More recent theoretical studies have
suggested that the alloy forms a triple-Q state where the moments on the lattice alternate pointing toward and away from
the centre of the lattice23 . This would support the theory of
spin frustration (non-collinear magnetism), and it is speculated that a pressure-driven reduction of the Curie temperature could trigger this order-disorder transition, which in turn
drives the Invar behaviour of Pd3 Fe22 .
At ambient conditions the sample is a simple ferromagnet,
though a number of reports in the literature have suggested
that the sample forms a non-collinear magnetic state when
driven through the volume collapse at high pressure. The aim
of this study was to investigate the magnetic state of atomically ordered Pd3 Fe as a function of pressure, to further understand the previously reported high pressure state, and the
mechanism behind its Invar behaviour. Neutron diffraction
measurements as a function of pressure should reveal the loss
in long range magnetic order, and allow the quantification of
the drop in measured moment. Powder neutron diffraction,
and magnetometry measurements were performed to support
these data.

II.

SAMPLE PREPARATION

The samples were prepared from compacted pellets of Pd
(99.999%, Sigma Aldrich) and Fe (99.998%, Alfa Aesar)
powder. Four sample melts of approximately 5 g were prepared. For two of the batches, the Fe pellets were first annealed in a flowing atmosphere of H2 :Ar up to 755 K to remove any oxide content, this was confirmed through measuring released H2 O content via mass spectrometry, and measuring the mass loss post annealing. For all batches the Fe was
annealed in ultra-high vacuum (UHV) to break down any remaining hydroxide and water content in the pellet. For all
batches the Pd was annealed in UHV at 1175 K to reduce
hydrogen and water content. All samples of the alloy were
prepared by induction melting stoichiometric quantities of the
pellets in a Cu crucible, forming a boule of the alloy. In all
cases the precursor pellets were observed to melt together at
1095 K, in agreement with literature values24,25 . To improve
homogeneity in the sample, it was allowed to remain molten
for approximately 1 hour before cooling. This was performed
in a pressurised ultra-pure argon atmosphere to prevent significant mass loss due to vapour pressure, reducing the risk
of compositional changes during this period. As the copper
crucible is actively cooled, the risk of contamination from the
container is minimal. No excessive change in the total mass
was measured during this process. Quenching the melt from
high temperature resulted in the disordered phase of the alloy;
to achieve the atomically ordered face-centred cubic phase
(Pm3̄m) the samples were annealed for 9 days at 875 K in
UHV, and cooled slowly back to room temperature26 . The
level of order/disorder was determined using powder X-ray
diffraction. Single-crystals were grown using the Czochralski
method, with crystals pulled from the melt using a rotating
tungsten needle27 . The resulting growth was grain mapped
using X-ray Laue diffraction28 , and a single-crystal was iso-

lated, orientated, and electrical discharge machined (EDM)
using a fine, high purity, Cu wire under paraffin oil. The samples were then re-annealed to ensure full site ordering. To give
an initial indication of the composition of the final samples, Xray fluorescence measurements were performed (PANalytical
Epsilon3 XL), which determined a Pd content between 73%
and 77% with repeated measurements on the same sample resulting in fluctuations around the expected 75% composition,
demonstrating the limited accuracy of measurement.

III.

EXPERIMENTAL DETAILS

All neutron diffraction measurements were performed at
the ISIS Neutron and Muon Source. The time-of-flight
(t.o.f.) Laue diffraction technique was used on the SXD
diffractometer29 at 295 K and 555 K on an atomically ordered
single-crystal with dimensions of approximately 0.5 × 0.8 ×
1mm3 . Data were collected in a series of five orientations
for each temperature; the data collection time for each orientation was 3 h and 5 h for each temperature respectively.
Cell dimensions and Bragg intensities were extracted using
the three-dimensional profile-fitting method implemented in
the SXD2001 software30,31 for a total of 525 (70 unique,
Rσ = 0.066) and 355 (50 unique, Rσ = 0.048) wavelengthdependent reflections respectively at 295 K and 555 K. Data
were corrected for the Lorentz effect but no absorption correction was applied. Both structures were refined by full matrix least squares on F2 using SHELX software32 in the Pm3̄m
space group using 6 parameters, the final R factors were 0.064
and 0.098 and goodness-of-fit parameters were 1.09 and 1.34
at 295 K and 555 K respectively. There was no evidence for
partial disorder in the crystal. No attempt was made to refine
the magnetic structure at room temperature.
Single-crystal t.o.f. neutron diffraction measurements were
performed at high-pressure using a VX4 Paris-Edinburgh
press on the WISH diffractometer33 , and high-pressure neutron powder-diffraction measurement were performed using
a V4 Paris-Edinburgh press on the PEARL diffractometer34 .
The samples were loaded using double-toroidal sintereddiamond anvils, and a null-scattering modified encapsulated
TiZr gasket35 . Fully deuterated methanol:ethanol in a 4:1 volume ratio was used as a pressure transmitting medium, remaining fully hydrostatic up to 10.5 GPa. In order to reach
pressures above this hydrostatically, the sample was heated
following the melting line of the pressure medium, as detailed
elsewhere36 . Sample pressure was determined using the equation of state of Pb37 . Alignment of the single-crystal was
maintained in the cell through mounting the cut crystal on a
half filled gasket38 .
High-temperature magnetometry was performed using a
Quantum Design MPMS 3 VSM with furnace attachment.
High-pressure magnetometry was performed using a Quantum Design MPMS XL. A small piece of sample was loaded
into a turnbuckle diamond anvil cell39 with methanol:ethanol
4:1 as a pressure medium, and a ruby sphere used as a pressure
marker40 . Moment-temperature sweeps were performed in an
external field of 20 mT in the temperature range 2 − 600 K.

3
High-pressure magnetometry measurements were performed
by performing field-sweeps at ambient temperature. The sample was cycled in field, and measurements were performed on
field increase. The maximum field was chosen as 800 mT to
ensure sample saturation.

IV.
A.

RESULTS AND DISCUSSION
Single-crystal neutron diffraction: high pressure

The ±7◦ out of plane aperture of the anvils from the pressure cell, and the cubic symmetry of the sample, allowed for
the measurement of one set of reflections from the sample
within the cell. The crystal was cut with {h00} in plane, with
this set of reflections scattering in the 90◦ geometry, providing a good balance between magnetic contribution to the measured signal and instrumental resolution. The data were normalised against incident beam current, but were uncorrected
for attenuation from the gasket material, allowing only for a
comparison of the relative intensities of the reflections.
1.7

imum pressure of 15 GPa. The cell was heated at pressures
above 10 GPa to retain hydrostaticity, to a maximum of 360 K;
as such this transition is known to be purely an effect of applied pressure. The apparent discontinuous nature of the transition is perhaps misleading, due to the limited number data
points around the transition, and due to the large uncertainties
on the integrated intensities. This is due to the (400) reflection
being significantly weaker than the (200) reflection measured
from the pressure cell (see SI). This aside, this relative change
in integrated intensity is indicative of a loss of moment, with
the sample forming either a low-spin state, or simply becoming paramagnetic at elevated pressure. The latter being generally consistent with existing magnetometry measurements
reported elsewhere for disordered Fe-Pd alloys41 , and for FeNi Invar alloys42 . Due to the number of data points around the
transition pressure, it is not entirely clear whether the nature of
the transition is first or second order. Nuclear forward scattering data from Winterrose et al. 6 show no clear changes in the
time modulation approaching the transition, which is suggestive of a first-order transition to a non-paramagnetic state. The
present data don’t eliminate the possibility of a transition to
a non-paramagnetic state with a lower ordering temperature.
However, no structural changes or anomalies are observed under compression at the temperatures considered.
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FIG. 1. Ratio of the integrated intensities above background of the
(400)/(200) reflections as a function of pressure. The values have
been normalised to the value at ambient pressure. Relative changes
in the intensities of the two reflections are indicative of changes in
the magnetic moment in the sample, due to the fixed orientation of
the crystal. As the (400) reflection becomes relatively more intense,
this suggests a loss of long range order in the region 6 − 8 GPa. The
error bars have been calculated based on the propagated uncertainties
of the integrated intensities.

With a fixed scattering angle, the relative intensities of the
{h00} reflections above the background at each pressure were
considered to give a measure of the change in magnetic moment, due the magnetic form factor (see Figure 1). The data
show almost no change in moment until 6 − 8 GPa where a
discontinuity is observed, indicating a drop in the magnitude
of the magnetic contribution to these reflections. No further
discontinuities were observed outside of error up to the max-
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FIG. 2. Isothermal compressibility of the single-crystal sample determined from a Rydberg-Vinet equation of state.

The isothermal bulk modulus of the sample was determined
through fitting the measured unit cell volume to a RydbergVinet equation of state43 , see Figure 2. The fit parameters
are summarised in Table II, and discussed in section IV B.
The single-crystal study did not show any transition to a lowvolume state in the range 10 − 15 GPa, expected to occur begin by 9 GPa. No evidence for further magnetic transitions is
seen, with no further discontinuities seen in the relative peak
intensities. The recovered crystal showed no sign of damage
or plastic deformation after compression, suggesting that very
good hydrostatic conditions were maintained throughout the
loading.
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To further investigate this change in the relative intensities
of the (400) and (200) reflections, the sample was measured
at ambient temperature and 555 K at ambient pressure on the
SXD instrument. 555 K was chosen so as to be nominally
above the previously reported Curie transition temperature of
540 K20 . The measured, and refined intensities of these reflections are shown in Table I. These show that a) the absolute
value of the intensities of both reflections decreases at high
temperature, and b) that the ratio (400)/(200) increases to approximately 1.3 times the ambient temperature value. This is
consistent with a loss of magnetic ordering in the sample as
expected at this temperature. The magnitude of the change in
the signal is comparable to that measured during the high pressure experiment, within error when the different orientations
of the crystal are considered between the two experiments,
suggesting that the sample become paramagnetic under pressure, rather than forming a low-spin state.
TABLE I. Summary of calculated and observed intensity values for
the (200) and (400) reflections observed during measurements on
SXD at room temperature and 555 K above the Curie temperature.
Measured wavelength, and calculated intensity ratios are also shown.
300 K
hkl

This is particularly important as previous reports have suggested that mechanical grinding may also induce disorder in
these samples44 . The larger sample volume used in pressure
cells for neutron diffraction studies45 also allow for a more
representative diffraction pattern than can be obtained from a
focussed X-ray beam in a diamond anvil cell.
Figure 3 shows the patterns from the ordered and disordered
boules in a vanadium sample container. The data are intensity
extracted with a LeBail fit. A full Rietveld refinement was attempted, however, the self-attenuation of the sample could not
be satisfactorily corrected for. The ordered sample shows the
expected difference in peak intensities, and the appearance of
the mixed (hkl) even and odd reflections which are systematically absent from the F-centred disordered sample.
TABLE II. Summary of the equation of state data determined from
the present work, compared with previously measured or calculated
values from the literature. The value for B0 ’ was fixed at a value of
4, as discussed in the text.
V0 (Å ) B0 (GPa)

Single-crystal (exp)
Fc

Fo

σ (Fo ) λ (Å) Ratio (040)/(020)
0.66(3)

Single-crystal (exp)

B0

57.2513(8)187.96(7)4.0 (fixed)
57.29(33) 173(9)

6(2)

Ordered powder (exp)

57.23(14) 183(1) 4.0 (fixed)
57.2812(9) 164.9(2) 8.36(4)

02̄0

1464.08 1755.30 11.50 1.13

04̄0

1163.41 1166.36 46.76 0.56

Ordered powder (exp)

02̄0

1464.08 1654.12 15.06 0.89

Disordered powder (exp)

57.24(5) 176.78(9)4.0 (fixed)

020

1464.08 1551.41 10.68 1.12

Disordered powder (exp)

57.27(4)

162(2)

54.5(2)

229(2) 4.0 (fixed)

040

0.70(3)

Winterrose et

1163.41 1027.15 44.04 0.56

Kuhnen and Da
De Jong et

555 K
hkl

B.

3

Source

Fc

Fo

al. 6

(exp)

Silva 46

al. 47

(calc)

(calc)

9.5(7)

180
59.1

174

σ (Fo ) λ (Å) Ratio (040)/(020)

02̄0

1738.98 1475.59 12.55 1.82

04̄0

1217.25 1230.70 29.66 0.91

020

1738.98 2114.62 36.14 3.68

040

1217.25 1711.98 23.62 1.85

0.83(2)

0.81(2)

Powder neutron diffraction: effect of ordering

Since the volume determination of the single-crystal was
based on the measurement of a very limited number of reflections, the compressibility of the sample was reinvestigated
using polycrystalline samples in both ordered and disordered
states. Initially the two samples were characterised at ambient pressure in a vanadium container. While a laboratory
X-ray source was sufficient to nominally determine the ordering of the sample, neutron diffraction provided the added
advantage of probing a larger bulk of material, allowing the
as-synthesised sample boule to be characterised without the
effects of strain induced from cutting or grinding the sample.

It was found that the peaks associated with the ordering of
the structure have a broader peak-shape than those from the
parent structure. The data were fitted using an (hkl)-selective
size broadening model in FullProf48 . While the intensity of
these reflections suggest close to complete ordering in the
sample, selective peak broadening represents a level of local
disorder in the 5 g sample boule, where some Pd is still found
on the (0,0,0) site. No evidence of selective peak broadening
was seen in the single-crystal data presented here, though it
has been reported elsewhere for the structurally similar alloys
Cu3 Au49 , and Ni3 Al50 .
To investigate the compressibility of the sample, and the
discrepancy with previously measured values observed in the
single-crystal data, both the ordered and disordered polycrystalline samples were compressed. As no volume collapse
was expected in the disordered sample, this was only compressed up to approximately 6 GPa, while the ordered sample was again compressed up to approximately 15 GPa (see
SI for representative high pressure diffraction pattern). Figure 4 shows the measured equations of state for both samples, with the fit parameters summarised in Table II. The
sample was heated above 10 GPa in order to follow the melt-
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magnetic measurements of these samples discussed in section
IV C. This difference in compressibility between the ordered
and disordered state is related to the magnetostrictive properties of the materials52 , due to the differing strains involved in
the reorientation of magnetic domains in the sample51 .
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FIG. 3. Powder time-of-flight neutron diffraction data from PEARL
collected from as-prepared boules of Pd3 Fe in a 15 mm vanadium
can at ambient temperature and pressure. In all plots the data are
LeBail fitted (discussed in the text), the upper tick marks are for the
sample, and the lower account for a small contribution from the vanadium container. No additional peaks were identified in the data. The
LeBail fit is shown (red line) along with the measured data (black
markers). (a) Ordered P-centred sample, annealed at 600 ◦C for 9
days. (b) Disordered F-centred (fcc) sample as quenched from the
melt. (inset) expanded region showing appearance of systematically
absent mixed (hkl) even and odd indexed peaks. Note the difference
in peak widths, also discussed in the text.

ing line of methanol:ethanol (4:1) to preserve hydrostaticity.
The volume data from the sample were corrected accordingly
using the measured thermal expansion coefficients as determined by Masumoto, Saitô, and Kobayashi 3 . At the highest
temperatures achieved it was found that the shift in volume
due to thermal expansion was no larger than 0.2%, significantly smaller in magnitude than any expected volume collapse. The ordered sample was found to be approximately 5%
less compressible than the disordered sample, which is consistent with calculations in similar materials51 , and with the

FIG. 4. (left) Compressibility of ordered and disordered polycrystalline samples as measured on PEARL, shown with Rydberg-Vinet
equations of state for ordered sample up to 14.5 GPa, and disordered
sample up to 5.8 GPa. The data and fit for the disordered sample
have been vertically offset for clarity. The error bars on the pressures
are estimated from the equation of state,. Both unit cell volume and
pressure error bars are partially obscured by the size of the markers. (right) Temperature of the sample at each pressure, increased
above 10 GPa to maintain hydrostaticity of methanol:ethanol pressure medium. The volumes at pressures above 10 GPa have been
corrected for thermal expansion, as discussed in the text.

The measured value of B0 , with B0 = 4 fixed, was found
to be approximately 20% lower than that reported by Winterrose et al. 6 , whilst remaining highly consistent throughout
the measurements reported in this study, but is significantly
closer to the values determined by DFT calculations in the
literature by Kuhnen and Da Silva 46 , De Jong et al. 47 . In addition, the value of the bulk modulus measured in this study
is closer to that expected from comparison to the electronically similar Pd3 Mn53 , and structurally similar Ni3 Fe51,54 .
The reason for the absence of the previously reported large
volume collapse is unclear, though this may be due to the improved hydrostaticity of the sample conditions in the present
study. Methanol:ethanol (4:1 by volume) was used rather than
silicone oil, which has been reported to have an extremely
low hydrostatic limit of 0.9 GPa55 , with unpredictable behaviour perhaps linked to the grade of silicone oil used36 , and
a possible phase transition observed in silicone oil between
12 − 15 GPa56 . Very similar discrepancies in the measured
compressibilities between silicone oil and argon loadings are
reported in the literature for an unrelated material57 , which is
attributed to differing hydrostaticity.
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Pd3 Fe single crystal (as used for neutron measurements) collected in
20 mT field on warming (zero field cooled). The black dotted line
represents the Curie fit to the high temperature inverse susceptibility
used to determine the Curie temperature.
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Here a, b, and χ0 are constants at each temperature, where
the χ0 term is an additional susceptibility term included to account for high field induced band splitting. These are shown
in insets of Figure 6. This shows that an expected decrease
in saturated moment as a function of increasing temperature,
following a Curie-Weiss law. The determined saturated moment at room temperature of 0.963(8)µb /atom is in excellent
agreement falling between the values determined by Fallot 21
and Crangle 58 , showing that the sample is of similar quality
between these studies.
The lower inset of Figure 6 shows the saturated magnetic
moment as a function of temperature below room temperature,
as determined from the moment-field measurements at each
temperature. The data were fitted to the function MS = M0 (1−
cT β ), where M0 is the saturated moment at zero temperature
and c is a material constant, and β is set to either 3/2 or 2
depending on the model considered. It was found that a β =
2 expression fitted the data slightly better than a Bloch β =
3/2 model, over the temperature range 5 − 190 K. Although
there are too few data points to to completely disregard the
Bloch function, the slight improvement in fit is consistent with
findings published elsewhere59 .
To further investigate a possible ferro- to paramagnetic
transition in the sample, high-pressure moment-field measurements were performed at ambient temperature; these are
shown in Figure 7. The sample was cycled in magnetic field,
and measurements were performed on increasing field, to give
a measure of changes in sample saturation. With increased
pressure up to 6 GPa the changes are subtle. The saturated
magnetic moment is observed to decrease by approximately
8.5%, whereas the profile of the MH curve clearly flattens,
tending towards a more paramagnetic-like signal. This change
in moment is in agreement with the single-crystal neutron
data, within the error of the measurements.
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)

The same ordered single-crystal used for the neutron measurements on WISH was characterised through magnetometry over a temperature range 5 − 600 K. The sample was
zero-field cooled and then warmed in a field of 20 mT. The
moment-temperature curve of the sample is shown over the
range 480 − 600 K in Figure 5. The high temperature susceptibility was fit to a linear Curie-Weiss law, 1/χ = (T − Θ)/C,
where Θ is the paramagnetic Curie-Weiss temperature and C
is the Curie constant. Θ was determined to be 550 K, whereas
the Curie temperature of the transition TC , as determined by
the minimum in dM/dT vs. T, is closer to 545 K. Both of
these results are in reasonable (1%) agreement with literature
values21 . No evidence for any further transitions was found
over the temperature range considered.
Moment field sweeps were performed at a series of temperatures from 5 − 305 K. As the moment doesn’t entirely
saturate at the highest fields considered, the saturated magnetic moment, Ms is extracted through fitting the high field
approach to saturation with the empirical relationship:

χ (m kg)

C.

1.10

-0.8

50

-1.0

-700

100

150

200

Temperature (K)
-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

700

Field (mT)

FIG. 6. Ambient temperature MH curve of single crystal Pd3 Fe (as
used for neutron measurements). (inset upper left) Comparison of
the determined saturated moment with literature values as a function
of Fe content. (+) shows the measured saturated moment for the
current sample. (inset lower right) Determined saturated moment as
function of temperature for T < 200 K. Black dashed line indicates
fit to T 3/2 expression, and the solid line a fit to a T 2 expression as
described in the text.

V.

CONCLUSION

We have demonstrated that there is no evidence of a large
volume collapse in single or polycrystalline samples of ordered Pd3 Fe up to 15 GPa. The samples were measured to
be significantly (20%) more compressible than previously re-
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FIG. 7. Background corrected MH curves from ordered polycrystalline Pd3 Fe collected at various pressures at 300 K in the TBDAC39 . (inset) Measured change in saturated magnetic moment as a
function of applied pressure with extrapolated fit to ambient pressure.

ported, with a bulk modulus of approximately 188 GPa with
fixed B0 = 4. Analysis of the magnetic contribution to the
single-crystal neutron data suggests a loss of long range order
by 8 GPa, due to a pressure-driven reduction in the Curie temperature of the material. This is inconsistent with the observed
transition to a non-paramagnetic state as seen in nuclear forward scattering data by Winterrose et al. 6 . The absence of
a pressure induced Invar state is either attributed to improved
hydrostaticity of the sample conditions in the present study,
due to different pressure mediums being used, or due to differences in sample preparation, such as a strain induced effect
due to cold rolling the sample6 . In light of these measurements we suggest that further experimental data is required to
determine the source of the difference between these studies.
Further work is required to confirm the pressure dependence
of the Curie temperature for this alloy series.

VI.

SUPPLEMENTARY MATERIAL

The online supplementary material contains a representative dataset obtained from the high-pressure single crystal measurements performed on the WISH diffractometer.
There is also a representative high-pressure powder neutron
diffraction pattern, and Rietveld refinement, obtained from
the PEARL diffractometer. In addition, moment-temperature
SQUID data performed in a higher field are shown.
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