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Dynamics of iron atoms across the pressure-induced Invar transition in Pd3 Fe
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The 57 Fe phonon partial density of states (PDOS) in L12 -ordered Pd3 Fe was studied at high pressures by nuclear
resonant inelastic x-ray scattering (NRIXS) measurements and density functional theory (DFT) calculations. The
NRIXS spectra showed that the stiffening of the 57 Fe PDOS with decreasing volume was slower from 12 to 24 GPa
owing to the pressure-induced Invar transition in Pd3 Fe, with a change from a high-moment ferromagnetic (FM)
state to a low-moment (LM) state observed by nuclear forward scattering. Force constants obtained from fitting
to a Born–von Kármán model showed a relative softening of the first-nearest-neighbor (1NN) Fe-Pd longitudinal
force constants at the magnetic transition. For the FM low-pressure state, the DFT calculations gave a PDOS and
1NN longitudinal force constants in good agreement with experiment, but discrepancies for the high-pressure
LM state suggest the presence of short-range magnetic order.
DOI: 10.1103/PhysRevB.83.134304

PACS number(s): 71.20.Be, 75.50.Bb, 62.50.−p, 76.80.+y

I. INTRODUCTION

The Fe-Pd alloy system exhibits interesting properties
owing to a subtle interplay between magnetism and mechanical
behavior. These properties, which are highly sensitive to
chemical composition, include the shape-memory effect,1
martensitic instability,2 and vanishing thermal expansion (Invar effect).3 Interatomic forces are central to these phenomena,
and studies of lattice dynamics can reveal some of the
underlying reasons for the relationships between mechanical
behavior and magnetism.
Stirling et al.4 measured phonon dispersions in ordered
Pd3 Fe using inelastic neutron scattering. Fitting their results
to a Born–von Kármán model, they found weaker nearestneighbor Pd-Fe force constants compared to the nearestneighbor Pd-Pd force constants. This difference was attributed
to the size mismatch between Fe and Pd atoms and the
distance dependence of the d-electron interaction. Yue et al.5
measured the 57 Fe phonon partial density of states (PDOS) in
L12 -ordered Pd3 Fe and Pt3 Fe using nuclear resonant inelastic
x-ray scattering (NRIXS) and reported effects from the mass
difference of Pd and Pt atoms. The optical modes in Pd3 Fe
involving Fe atoms were broadened in energy compared to
those in Pt3 Fe. Ghosh6 performed a theoretical study of the
lattice dynamics in ordered Pd3 Fe using density functional
perturbation theory.7 The calculated phonon DOS and force
constants were in reasonable agreement with the earlier
experimental studies.
The control of pressure is a powerful means to alter
both lattice dynamics and the magnetic state of materials.
Pressure has long been used in studies of Invar materials,8–12
but recently, a new phenomenon was discovered at high
pressures in Fe-Ni alloys away from the classical Invar
composition.13 The application of pressure transformed the
non-Invar alloys Fe0.55 Ni0.45 and Fe0.20 Ni0.80 into Invar alloys
with zero thermal expansion. Several of the authors recently
found this pressure-induced Invar phenomenon in Pd3 Fe,
which is far removed from the narrow composition range
of the Invar alloy Fe0.70 Pd0.30. 14 Under a pressure of 7 GPa
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the alloy Pd3 Fe exhibits negligible thermal expansion from
300 K to approximately 523 K. The same study showed that
the volume collapse at pressures from 10 to 15 GPa was
accompanied by a magnetic transition from the ferromagnetic
(FM) ground state to a low-spin (LS) state. Density functional
theory (DFT) calculations showed how pressure pushed the
majority-spin antibonding t2g levels above the Fermi surface,
accounting for the magnetic transition. The calculations did not
give a reasonable prediction for the pressure of the magnetic
transition, however, and this was attributed to an inadequate
accounting for the spin structure in the high-pressure LS phase
of Pd3 Fe.
Here we report results from an investigation on the lattice
dynamics across the pressure-induced Invar transition in
Pd3 Fe. The NRIXS method was used to measure the 57 Fe
PDOS for samples in diamond-anvil cells at pressures up to
35 GPa. The DFT calculations of the PDOS were successful
for the FM state at low pressure but were less successful for
the low-spin state at high pressures. For the NRIXS spectra
measured at high pressures, the highest energies of the Fe
PDOS showed features consistent with the DFT predictions
for FM material, suggesting there may be short-range magnetic
order in the high-pressure phase of Pd3 Fe.
II. METHODS
A. Nuclear forward scattering

Nuclear forward-scattering (NFS) measurements were performed at beamline 16ID-D at the Advanced Photon Source at
the Argonne National Laboratory. The preparation of Pd3 57 Fe
by the arc melting and homogenization of a small ingot
was described previously.14 A Merrill-Bassett, Tel-Aviv-type
diamond-anvil cell (DAC)15 was used to generate pressure
on the sample. The sample was compressed in a sample
chamber created by a Re gasket (∼100-μm-diameter hole)
and two opposing diamond culets of ∼350-μm diameter. A 4:1
methanol-ethanol mixture was used as the pressure medium
in the sample chamber. For low temperatures, the DAC was

134304-1

©2011 American Physical Society

M. L. WINTERROSE et al.

PHYSICAL REVIEW B 83, 134304 (2011)

Figure 1 shows that, at a fixed pressure of 16.6 GPa,
the quantum beats reappear upon reducing the temperature,
although their periodicity is shorter, owing to a larger hyperfine
magnetic field at cryogenic temperatures. As the temperature
is increased at 16.6 GPa, the quantum beats fade, mostly
disappearing by 100 K. The absence of quantum beats is
also consistent with the presence of magnetic moments if they
fluctuate faster than approximately 1 ns.
We also know that temperature suppresses the quantum
beats at a temperature of 500 K as Pd3 Fe passes through its
Curie transition,17 so we can give a rough picture of the P T phase boundary for the Invar transition in Pd3 Fe. Around
ambient temperature and below, the temperature dependence is
weak, with the transition occurring at approximately 16.0 GPa
at 300 K and approximately 16.6 GPa at 90 K. The temperature
dependence must be stronger at higher temperatures, however,
reaching 0 GPa at 500 K. These numbers should be considered
as approximate, however. In one sample there was hysteresis
in the magnetic transition, with the LS state persisting to low
pressures after it formed at high pressure.
B. Nuclear resonant inelastic x-ray scattering

FIG. 1. (Color online) The 57 Fe nuclear forward scattering spectra
from L12 -ordered Pd3 57 Fe. Quantum beats, indicative of the lowpressure magnetically ordered phase with moments stable longer than
1 ns, collapse above 15.5 GPa. Quantum beats reappear on lowering
the temperature to 5.1 K and persist up to 75 K at 16.6 GPa.

cooled with a He-flow cryostat (Cryo Industries of America,
Inc.). Two thermocouples measured temperatures throughout
the low-temperature runs. An in-line Raman system was used
for in situ pressure calibration at cryogenic temperatures by
means of ruby fluorescence,16 and this method was also used
for pressure determination in cells at ambient temperature.
As the pressure is increased at 300 K, the quantum beats
diminish noticeably by 15.5 GPa and largely disappear at
16.6 GPa, indicating the collapse of magnetic order under
pressure (Fig. 1). In the present measurements, the transition
occurred at higher pressures than reported previously in
Ref. 14, which showed diminished quantum beats at 12.3 GPa,
and only weak beats were visible at pressures of 15.1 GPa or
higher. The difference between the two sets of measurements
is not caused by differences in the chemical compositions
of the samples, which came from the same homogenized
ingot. It could be caused by differences in internal stresses
in the samples caused by the pressure media or by differences
in the polycrystalline microstructures of the samples. Some
down-pressure measurements showed evidence of hysteresis,
where the intensity of the quantum beat pattern upon unloading
was weaker than expected from comparison to data at similar
pressures upon loading. The hysteresis and the pressure range
of the transition are worthy of further study because they may
give insight into the kinetics or nucleation properties of this
phase transition, which was shown to be first-order in Ref. 14.

Using similar procedures as for the NFS samples, samples
of Pd3 57 Fe were prepared by arc melting Pd and 57 Fe of
95% isotopic enrichment. The sample was cold rolled into
a thin foil of approximately 30-μm thickness and annealed
in vacuum to induce L12 long-range order. X-ray diffraction
measurements confirmed prominent superlattice diffraction
peaks characteristic of the L12 structure.
Nuclear resonant inelastic x-ray scattering (NRIXS) spectra
were measured at the 3-ID undulator beamline of the Advanced
Photon Source at the Argonne National Laboratory. Final
monochromization to a 1-meV bandwidth was performed with
a high-resolution silicon (4 0 0)(10 6 4) monochromator.18
Samples were loaded into a piston-cylinder-type diamondanvil cell19 for measurements to 35 GPa. The cell was sealed
with Be gaskets that were 100 μm thick. Silicone oil was used
as the pressure medium. Pressure was measured using the
ruby fluorescence technique16 before and after the acquisition
of spectra at each pressure. Spectra were collected by tuning
the x-ray energy stepwise in the range of ±80 meV around
the 57 Fe Mössbauer nuclear resonance energy. Twelve scans
were performed at each pressure, each scan approximately
1 h, and the successful scans were summed. Three avalanche
photodiodes were used to count the delayed photons from
nuclear deexcitation. The inelastic scattering intensity from
Pd3 57 Fe was converted into a 57 Fe phonon PDOS with the
PHOENIX software package.20 Results are presented in Fig. 2.
The ambient 57 Fe PDOS matches well the NRIXS results from
Ref. 5, displaying three peaks between approximately 15 and
30 meV, with the most intense peak occurring around 22 meV.
With increasing pressure, the PDOS spectrum splits, and the
high-energy peak shifts rapidly to higher energies.
C. Born–von Kármán fitting

The experimental 57 Fe phonon PDOS curves were fit to a
Born–von Kármán model21,22 with first- and second-nearestneighbor (1NN, 2NN) interactions. A set of interatomic force
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TABLE I. Force constants projected along bond directions (longitudinal) and average perpendicular (transverse) force constants at
V /V0 = 1.0. BvK refers to results obtained by fitting our NRIXS
curves to a Born–von Kármán model. The 2NN Fe-Fe force constants
were not reported in Ref. 4.
Force constant

FIG. 2. (Color online) The 57 Fe phonon PDOS from NRIXS
measurements on L12 -ordered Pd3 Fe. The Fe PDOS from a fit of
the 0 GPa results to a Born–von Kármán (BvK) model is also shown.

constants was taken from DFT results and was used as
the initial guess for the iterative procedure to obtain force
constants. The calculated PDOS was convolved with the
experimental instrument resolution function when comparing
to the NRIXS spectra. The force constants were optimized
to converge on the measured NRIXS PDOS result, using a
differential evolution algorithm23 implemented by the MYSTIC
software package.24
The Pd phonon PDOS is not measurable with NRIXS, so
the Pd-Pd force constants are poorly constrained when fitting
the Born–von Kármán model to 57 Fe phonon PDOS curves.
The 1NN and 2NN Pd-Pd force constants were therefore
fixed to the Pd-Pd force constants from DFT calculations.
The resulting force constant matrices were decomposed
into longitudinal and transverse components in two steps.25
First, the force constant matrices were diagonalized, yielding
three eigenvalues. Next, the force constant matrices were
projected onto the bond directions. The eigenvalue matching the projection is the longitudinal force constant. The
other two eigenvalues were averaged to give an averaged
transverse force constant. This approach is reasonable so
long as the forces are primarily axial,25 as is typical of fcc
metals. Table I shows that these DFT Pd-Pd force constants
match reasonably well the dominant 1NN force constants
from inelastic neutron scattering measurements4 at ambient
pressure.

D. Density functional theory calculations

The VIENNA AB-INITIO SIMULATION PACKAGE (VASP)26 was
used for calculations on L12 -ordered Pd3 Fe with density
functional theory in the local spin-density approximation
(LSDA)27 for the electronic exchange and correlation potential, using the projector augmented-wave (PAW) method.28 In
the calculations the semicore 3p states of Pd and 2p states
of Fe were treated as valence. A unit cell was constructed
and relaxed, followed by a series a single-point energy
calculations around the equilibrium volume. The calculated
results were fit to a Murnaghan equation of state,29 and

1NN Pd-Pd (Ref. 4)
1NN Pd-Pd (DFT)
2NN Pd-Pd (Ref. 4)
2NN Pd-Pd (DFT)
1NN Fe-Pd (Ref. 4)
1NN Fe-Pd (DFT)
1NN Fe-Pd (BvK)
2NN Fe-Fe (DFT)
2NN Fe-Fe (BvK)

Longitudinal (N/m)

Transverse (N/m)

57.28
59.52
5.21
3.46
23.59
17.73
20.94
4.03
9.56

−5.45
−5.00
1.95
−0.01
−0.40
−1.59
0.74
−1.72
−2.14

the ground-state volume, bulk modulus, and the pressure
derivative of the bulk modulus were obtained, as described
previously.14 This procedure gave a ferromagnetic groundstate lattice parameter a0 of 3.802 Å and a smaller low-spin
lattice parameter a of 3.760 Å. The calculations predicted
a destabilization of the ferromagnetic state at a = 3.690 Å
(V /V0 = 0.91) in favor of an antiferromagnetic (AFM)
state. The magnetic moments in the AFM state were predicted to decrease gradually with volume, vanishing entirely
by a = 3.148 Å.
To study the vibrational properties of L12 -ordered Pd3 Fe,
a series of 32-atom supercells were constructed. In the
supercells, each symmetry-inequivalent atom was displaced
from its equilibrium position in each symmetry-inequivalent
direction. The Hellmann-Feynman forces induced on all other
atoms were determined from a total-energy calculation. An
energy cutoff of 330 eV was used for the plane-wave basis set,
together with a 6 × 6 × 6 Monkhorst-Pack grid. The first-order
Methfessel-Paxton method with a smearing width of 0.1 eV
was used for k-space summations. Energies were converged
to better than 2 meV/atom with respect to both plane-wave
cutoff and k-point grid. The resultant Hellmann-Feynman
forces were used to generate the dynamical matrix using
the direct method30 as implemented in the PHONON software
package.31 The dynamics model employed forces extending to
fifth-nearest neighbors. The diagonalization of the dynamical
matrix at a series of points in reciprocal space gave the phonon
dispersion curves and the phonon DOS. Supercells for FM,
AFM, LS, and nonmagnetic (NM) states were constructed. In
the AFM state, the Fe moments were ordered in alternating
ferromagnetic sheets in the (110) plane. Moments at the
Fe and Pd sites were coupled ferromagetically in the LS
state with the combined magnetic moment in the unit cell
never exceeding 0.1 μB . For calculations on materials under
pressure, volume was constrained in the supercell calculations
to better reveal the effect of the magnetic state on vibrational
properties. To account for instrument resolution broadening
and to allow for direct comparison with experimental results,
the calculated vibrational spectra were broadened by a convolution with a Gaussian function with a standard deviation of
1 meV.
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III. RESULTS AND DISCUSSION
A. Average phonon energies

The first moment, E, of the Fe PDOS is shown in Fig. 3 as
a function of decreasing volume (with respect to the volume at
a pressure of 0 GPa, V0 ). The DFT results fall on two curves, a
high-moment curve with stiffer Fe PDOS for the ferromagnetic
and antiferromagnetic states and a low-moment curve with
softer Fe PDOS for the LS and NM states. In Fig. 3(a) the
high-moment DFT solutions reproduce the NRIXS results well
up to V /V0 = 0.95 (12 GPa). Beyond V /V0 = 0.95 the lowmoment DFT solutions are more successful. The NRIXS E
curve makes a transition between the high-moment and lowmoment DFT curves, and this occurs at the pressures of the
magnetic transition from the high-moment to the low-moment
state found in the nuclear forward scattering measurements
shown in Fig. 1. The slow stiffening of the 57 Fe PDOS from
V /V0 = 0.95 (12 GPa) to V /V0 = 0.89 (24 GPa) accompanies
the magnetic transition under pressure in Pd3 Fe. In Fig. 3
we see that the FM and AFM states have similar average
FIG. 4. (Color online) Fe force constants as a function of reduced
volume calculated from fits of the NRIXS results to a Born–von
Kármán model.

vibrational properties of Fe atoms. This is also true for the LS
and NM calculations.
B. Force constants

The Fe-Pd and Fe-Fe force constants for 1NN and 2NN
obtained by fitting the NRIXS curves to a Born-von Kármán
model are presented in Fig. 4. Our 1NN Fe-Pd longitudinal
force constants at ambient pressure (20.9 N/m) are in
reasonable agreement with Stirling’s results (23.6 N/m).4
The large 1NN Fe-Pd longitudinal force constants stiffen
significantly with pressure but show a change in slope between
12 and 24 GPa. This pattern follows the trend of E
of the NRIXS Fe PDOS shown in Fig. 3(a). The smaller
0-GPa 1NN Fe-Pd transverse force constants (0.74 N/m)
have opposite sign and are somewhat larger than Stirling’s
(−0.4 N/m).4 The Fe-Fe 2NN longitudinal force constants are
much smaller than the Fe-Pd 1NN longitudinal force constants.
The Fe-Fe 2NN transverse force constants are large and
negative.
The longitudinal force constants calculated by DFT methods for the FM and LS states were in reasonable agreement
with the results of Fig. 4 for Born–von Kármán fitting to
the NRIXS spectra, with the 2NN longitudinal force constant
being much smaller. In contrast to the DFT Fe-Pd result, DFT
results for the Pd-Pd 1NN longitudinal force constants showed
stiffening in the low-spin state, as did the bulk modulus,
which changed from 216 GPa in the FM and AFM states
to 242.59 GPa in the LS state (as reported in Ref. 14).
Unfortunately, the methods provide different transverse force
constants, although these are smaller.

FIG. 3. (Color online) Measured and calculated average vibrational frequencies as functions of reduced volume for (a) Fe and (b)
Pd phonon PDOS. The dashed lines are guides to the eye.

C. Electronic structure

Figure 5 shows DFT results for the electronic DOS at the
Fe site for L12 Pd3 Fe, decomposed into states of t2g and eg
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D. Lattice dynamics across the Invar transition

Figure 6(a) shows ferromagnetic Fe PDOS curves measured
by NRIXS and calculated by DFT for V /V0 = 0.99, with
V0 being the ferromagnetic ground-state volume. The NRIXS
result is broader, but agreement between experiment and theory
is good for this magnetic state. Figure 6(b) compares the
measured Fe PDOS to the calculated FM and LS curves at
V /V0 = 0.89. The NFS data of Fig. 1 show that Pd3 Fe is in
a nonmagnetic state at a compression of V /V0 = 0.89, so it
might seem best to compare the experimental curve to the LS
DFT curve. Although the low-energy part of the measured Fe
PDOS matches the LS result better than the FM result, in the LS
curve the high-energy peak is too low in intensity and energy.
Figure 6(b) shows that turning on ferromagnetism in the DFT
calculation causes a stiffening and significant increase in the
relative intensity of the calculated high-energy peak in the Fe
PDOS. The average of the FM and LS PDOS calculations
matches better the Fe PDOS at high energies.
The electronic states of t2g character involve dd electron
bonding along 1NN directions. The 1NN forces are dominant,
so the changes in t2g states across the Invar transition may
dominate the changes in the dynamics of Fe atoms. With
the collapse of the FM order comes a significant increase in
the number of electronic states projected onto Fe atoms at the
Fermi level, including more states with t2g character. More
states at the Fermi level allows more efficient screening of the

FIG. 5. (Color online) Electronic density of states at the Fe site
decomposed into t2g and eg symmetry at various cell compressions.
EF = 0 eV.

character. (The Pd site is less interesting for the magnetic
transition since it has a small moment in the ferromagnetic
state.) The ferromagnetic state was stable at larger volumes,
such as V /V0 = 1.0 (i.e., the relaxed structure at 0 GPa).
At V /V0 = 0.85 the calculation was performed in the lowmoment state with vanishing magnetic moments at the Fe and
Pd sites.
These features of the electronic structure are similar to those
proposed by Kaspar et al.32 and Entel et al.33 for classical
Invar alloys. For fcc transition metal alloys, the t2g orbitals
form strong dd bonds between 1NN atoms, owing to their
large charge density in the [110] direction. This causes the
t2g electronic DOS to split into a high-energy subband with
antibonding character and a low-energy subband with primarily bonding character. Both are occupied by majority spin
electrons in the ferromagnetic state. (States with eg character
primarily have charge density between the more distant 2NN
atoms along the [100] direction. They are less affected by
pressure.) With decreasing lattice parameter, there is an increased splitting of the bonding and antibonding t2g states. The
occupied majority-spin antibonding t2g states move closer to
the Fermi energy, as shown in Fig. 5, and the pressure-induced
Invar transition occurs as they become energetically unfavorable and their electrons are transferred into minority-spin
states.

FIG. 6. Fe PDOS from NRIXS measurements and first-principles
calculations. V0 for the NRIXS curves refers to the ground-state
volume determined by x-ray diffraction in Ref. 14. V0 for the DFT
curves refers to the ferromagnetic ground-state volume as determined
by LSDA calculations.14
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order in the LS state may allow for stiffer 1NN force constants
between Fe and Pd.
Figure 7 shows phonon dispersion curves along highsymmetry directions, generated by the force constants obtained
from Born–von Kármán model fits to the NRIXS spectra
[Fig. 7(a)] and by DFT methods for the LS and FM states
[Figs. 7(b) and 7(c)]. To the right of the dispersions are
shown Fe PDOS curves, obtained as the sum of the meansquared vibrational amplitudes of Fe atoms in all modes. The
magnitudes of the red dots in Fig. 7 are proportional to the
square of the vibrational amplitudes of the Fe atoms in selected
modes. Figure 7 shows that the most important contribution
to the high-frequency peak in the Fe PDOS originates from
the high-energy modes around the Brillouin zone boundary
(X and M points).
The phonon modes between 30 and 35 meV around the
X point in Fig. 7(a) contribute substantially to the highfrequency peak in the Fe PDOS. Figure 8 depicts the Fe atomic
displacements associated with the mode at 33.2 meV at the
X point in Fig. 7(a), and this mode is marked with horizontal
blue lines in Fig. 7. This mode involves planes of Fe atoms
moving directly against one another within the unit cell. This
mode and its neighbors dominate the high-frequency peak in
the Fe PDOS in the NRIXS results at V /V0 = 0.89 [Fig. 7(a)].
The DFT LS curve [Fig. 7(b)] predicts it to be too small,
whereas calculations for the FM state show a peak at 34 meV
that is somewhat stronger than measured [Fig. 7(c)]. This
difference can be traced to a stiffening of this mode in the
FM state and also to a 70% decrease in the squared vibrational
amplitude of the Fe atom motions in the LS state.
This comparison of DFT and NRIXS results suggests
that short-range magnetic order persists in Pd3 Fe beyond the
pressure-induced collapse of long-range ferromagnetic order.
The phonon modes involving localized Fe atom movements,
such as shown in Fig. 8, may be sensitive to short-range
ferromagnetic order that exists in the LS state since the
contribution of these modes to the Fe PDOS lies between
the LS and FM DFT predictions. It is also important to
consider the differences in time scales of the vibrations
and the measurable magnetic fluctuations. The characteristic
measurement time for the NFS measurements is at least
10−9 s, which is much longer than the vibrational periods
of the higher-energy phonons measured by NRIXS (10−13 s).
High-frequency phonons may see local magnetic order, even
though it is averaged out for the slower NFS measurements. On

FIG. 7. (Color online) Dispersion curves and Fe phonon PDOS
for the (a) NRIXS measured, (b) LS calculated, and (c) FM DFT
calculated states. See text for explanation.

Fe atom displacements in phonons, softening them. This is
seen as a major change in the Fe PDOS for the calculated FM
to LS transition (Fig. 6), but this change is too large compared
to experiment. Again, we suggest that short-range magnetic

FIG. 8. (Color online) Two snapshots of the atomic displacements
in a Pd3 Fe unit cell associated with the high-frequency mode at the
X point of the Brillouin zone (see text). Arrows indicate the motion
of the Fe atoms.
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the other hand, the long-wavelength modes are better modeled
by the LS DFT predictions.

the predicted change in the Fe PDOS with the Invar transition
is too large, especially for phonons of short wave vectors. This
may be evidence of short-range magnetic order in the LS state.

IV. CONCLUSIONS
ACKNOWLEDGMENTS

57

The Fe phonon partial density of states (PDOS) in
L12 -ordered Pd3 Fe was studied at high pressures using nuclear
resonant inelastic x-ray scattering (NRIXS) measurements and
density functional theory (DFT) calculations. On average, the
Fe PDOS stiffens with pressure more slowly between 12
and 24 GPa, owing to the pressure-induced Invar transition
in Pd3 Fe. Both the fits to experimental spectra and the DFT
calculations show that Fe-Pd 1NN longitudinal force constants
are stiffened by ferromagnetism, although the opposite trend
occurs for the bulk modulus and the dominant Pd-Pd 1NN
force constants. The change in Fe atom dynamics across the
magnetic transition can be understood to originate with the
same changes in the electronic states of t2g character near
the Fermi level that are important for the pressure-induced
Invar transition itself. Although the DFT calculations work
well for predicting the Fe PDOS in the ferromagnetic state,

1

K. Tanaka and K. Morioka, Philos. Mag. 83, 1797 (2003).
T. Sohmura et al., Scr. Metall. 14, 855 (1980); R. Oshima, ibid. 19,
315 (1985).
3
A. Kussmann and K. Jessen, J. Phys. Soc. Jpn. 17, Suppl. B-1, 136
(1962).
4
W. G. Stirling, R. A. Cowley, and M. W. Stringfellow, J. Phys. F 2,
421 (1972).
5
A. F. Yue, A. Papandrew, P. D. Bogdanoff, I. Halevy, J. G.-W. Lin,
B. Fultz, W. Sturhahn, E. E. Alp, and T. S. Toellner, Hyperfine
Interact. 141/142, 249 (2002).
6
S. Ghosh, J. Phys. Condens. Matter 20, 275208 (2008).
7
S. Baroni, S. De Gironcoli, A. Dal Corso, and P. Giannozzi, Rev.
Mod. Phys. 73, 515 (2001).
8
J. M. Leger, C. Susse-Loriers, and B. Vodar, Phys. Rev. B 6, 4250
(1972); G. Hausch, Phys. Status Solidi 16, 371 (1973); G. Oomi
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