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First-principles theory of the pressure-induced invar effect in FeNi alloys
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The Fe0.64Ni0.36 alloy exhibits an anomalously low thermal expansion at ambient conditions, an effect that
is known as the invar effect. Other FexNi1−x alloys do not exhibit this effect at ambient conditions but upon
application of pressure even Ni-rich compositions show low thermal expansion, thus called the pressure induced
invar effect. We investigate the pressure induced invar effect for FexNi1−x for x = 0.64, 0.50, 0.25 by performing
a large set of supercell calculations, taking into account noncollinear magnetic states. We observe anomalies
in the equation of states for the three compositions. The anomalies coincide with magnetic transitions from a
ferromagnetic state at high volumes to a complex magnetic state at lower volumes. Our results can be interpreted
in the model of noncollinear magnetism which relates the invar effect to increasing contribution of magnetic
entropy with pressure.
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I. INTRODUCTION

In 1897 Guillaume discovered that the face- centered -
cubic (fcc) Fe0.64Ni0.36 alloy exhibits an anomalously low
thermal expansion for a wide range of temperatures, an effect
that is now called the invar effect, and the specific FeNi com-
position is now called invar [1]. The effect has been shown to
exist in other alloys as well, such as Fe-Pt and Fe-Pd, among
others. Besides the anomalously low thermal expansion, other
properties such as the magnetization, elastic constants, and
spontaneous volume magnetostriction show anomalous be-
havior [2,3]. The effect is utilised in industry for precision
tools and instruments.

It is agreed that an explanation of the invar effect involves
a negative contribution to the thermal expansion from the al-
loys’ magnetic properties which compensates for the positive
contribution from lattice vibrations [4]. Since the discovery of
the invar effect several theories have been suggested to explain
it in detail but the topic remains controversial up to date.

Perhaps the most well-known theory to describe the effect
was proposed by Weiss, the so-called 2γ -state model [5]. In
this model the Fe atoms can occupy two distinct states: a high
spin (HS), high volume and a low spin (LS), low volume
state. The HS state has a slightly lower equilibrium energy
but a transition from the HS state to the LS state can be
thermally induced. At the transition the LS state population is
gradually increased while the HS state population decreases.
The transition from the high volume state to the low volume
state compensates for the unusual thermal expansion. This
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theory has been supported by several experiments and earlier
ab initio calculations [6–8].

More recently van Schilfgaarde et al. [9] proposed a new
model to explain the anomaly. In their model the anomaly
is caused by a continuous transition from a HS ferromag-
netic (FM) high volume state to an increasingly complex
noncollinear (NC) magnetic state at low volume. The net
magnetization of the system decreases as individual iron spins
are canted away from the global magnetization direction. This
noncollinearity results in an anomalous binding energy curve
which in a simple model is related to the thermal expansion
coefficient via the bulk modulus and Grüneisen constant. With
the new theory came a newfound interest in the anomaly
and several experiments were carried out to investigate its
validity. A number of experiments have found results that are
consistent with the noncollinear magnetism model [10–12],
but other studies have found disagreements with the theory
[7,13].

In one experiment stimulated by Ref. [9] the authors found
that the invar effect exists also in FexNi1−x alloys with high
nickel concentrations upon applying pressure to the material,
thus called the pressure induced invar effect [14]. According
to the theory proposed in Ref. [9] this behavior could be
present in all FeNi alloys as the noncollinearity in the mag-
netic state is induced by pressure. The anomalous behavior
is related to the transition from the high volume FM to low
volume NC state. By applying pressure to Ni-rich FexNi1−x

alloys the magnetic moments can be induced to form non-
collinear magnetic configurations. This pressure induced invar
effect has since been reproduced in further experiments [10].

To the best of our knowledge the pressure induced invar ef-
fect has not been investigated in detail using ab initio methods.
We set out to investigate the pressure induced invar effect and
the relations between pressure, volume, and magnetic config-
urations in disordered FexNi1−x for x = 0.25, 0.50, 0.64 using
ab initio theory. We perform calculations on both noncollinear
and collinear magnetic states for each composition and
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TABLE I. Experimental lattice parameters and supercell com-
position information. Column 1 gives the compsition. Column 2
and 3 display the experimental equilibrium lattice parameters (from
Refs. [14,22]) and corresponding atomic volume for the three com-
positions. Column 4 and 5 display the number of Fe and Ni-atoms in
the supercells, respectively.

Composition a0 (Å) Atomic volume (Å3) No. of Fe No. of Ni

Fe0.25Ni0.75 3.545 11.14 16 48
Fe0.5Ni0.5 3.578 11.45 32 32
Fe0.64Ni0.36 3.5957 11.62 41 23

volume. We observe a magnetic transition from a ferromag-
netic state at high volumes to a complex magnetic state at
lower volumes for all compositions. At the corresponding
volumes anomalies are observed in the equation of states,
although for the most Ni-rich composition this anomaly is
very weak.

II. METHOD

A. Computational details

The calculations are carried out by the Vienna ab initio
simulation package (VASP), using the 5.4.4 version [15–17].
The projector augmented wave method is chosen [18]. To
obtain the 64 atoms supercells we use the special quasirandom
structures method [19]. The three supercells have composi-
tions Fe0.25Ni0.75, Fe0.5Ni0.5, Fe0.64Ni0.36, and for the exact
number of ion-types see Table I which also contain infor-
mation about experimental equilibrium lattice parameter and
atomic volume.

In order to find the ground state and the corresponding
magnetic structure, the calculations are initialized with ideal
positions of the atoms in a fcc lattice where the ions are
allowed to relax around their initial positions. The magnetic
moments for the Fe atoms are initialized with random di-
rections while the Ni atoms have spins initialized in one
direction. During the calculations both the ionic positions
and magnetic moments gradually relax toward their most pre-
ferred states. Magnetic moments are free to change magnitude
and rotate in a noncollinear fashion. To avoid that the calcu-
lations are trapped in a local energy minimum far away from
the global minimum several calculations are carried out for
each composition and volume. For each of these the initialized
magnetic structure is a unique random magnetic configuration
for Fe moments. In the following sections the lowest energy
results for each composition and volume are presented.

Both NC and collinear magnetism are investigated. In the
NC calculations the magnetic moments can evolve in all three
dimensions and are thus free to rotate during the optimization
steps. In the collinear case the moments are restricted to a
spin-up or spin-down state. For the collinear calculations the
magnetic structure is always initialized in a ferromagnetic
state. The magnitudes of the local moments are always free
to evolve during the self-consistent cycle.

Calculations are carried out with a 3×3×3 k-point
grid generated with the Monkhorst-Pack scheme [20]. The
Methfessel-Paxton method was used with a smearing of

0.1 eV [21]. The energy cutoff is set to 500 eV. The
convergence criteria for energy was set to 10−5 and for forces
10−4. Throughout the work spin-orbit coupling was not taken
into account.

B. Choice of exchange-correlation functional

The choice of the functional that describe exchange-
correlation effects in density functional theory (DFT) requires
some discussion. One advantage of the generalized gradient
approximation (GGA) compared to the local-density approx-
imation (LDA) functional is that it typically more accurately
reproduces the equilibrium volume for 3d metals. At the same
time the GGA overestimates the magnetic moments of the 3d
metals and as a result also the magnetic energy [23,24]. Of
course, when considering Fe the GGA functionals succeed
in reproducing the ground state body centered cubic (bcc)
crystal structure of Fe while the LDA generally does not, as
discussed in Ref. [25]. In the same paper it is argued that the
reason the stabilization of the bcc ground state of Fe fails in
the LDA is due to a weakening of the magnetic contribution
at the equilibrium volume. Meanwhile the GGA corrects the
volume and the magnetic contribution, thus savouring the bcc
Fe structure. In addition the choice of parametrization of the
GGA functional can produce different results for fcc Fe, as
found in Ref. [26], where different GGA functionals lead to
different potential energy landscapes for different magnetic
states.

Previous studies on the magnetic ground state of the invar
alloy done with the LDA and GGA functionals yield different
magnetic structures in the ground state. GGA functionals
lead to a ferromagnetic ordering in the ground state for the
invar alloy [27]. In contrast, theoretical studies with the
LDA functional have resulted in NC magnetic orderings
in the ground state [9]. Thus the ground state magnetic
structure depend on the choice of functional. For this study
the LDA functional was chosen as it gives better magnetic
properties at a fixed volume [25] while GGA overstabilizes a
ferromagnetic state. To address the issue of both functionals
finding the wrong equilibrium volume we plot our results in
relative change in pressure and volume. To look for trends
across functionals the composition x = 0.5 was additionally
investigated with the Perdew-Burke-Ernzerhof (PBE) and
PW91 functionals. Results from calculations performed with
the PBE and PW91 GGA functionals are presented in the
Supplemental Material [28].

III. RESULTS

A. Evolution of magnetic structure

In this section the evolution of magnetic structure for the
three studied compositions are presented and analyzed.

1. Fe0.64Ni0.36

A visualization of the magnetic evolution can be seen in
Fig. 1, where the magnetic structure is shown at three vol-
umes. The transition from a FM ordering to an increasingly
complex structure is seen as the volume is reduced. The
transition from a FM state to a noncollinear complex state is
continuous and begins at atomic volume 11.57 Å3, which is
0.5% smaller than experimental equilibrium atomic volume
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FIG. 1. Visualization of magnetic structures of Fe0.64Ni0.36 at
three atomic volumes, from top to bottom: 12.46, 11.57, 11.18 Å3.
Magnetic transition begins at 11.57 Å3. Gold and silver spheres
represent Fe and Ni, respectively.

11.62 Å3. These results are in good agreement with the work
by van Schilfgaarde et al. [9] that found a similar transition
in the magnetic ordering for the invar composition. For the
calculations where the moments are restricted to collinear
alignments, a transition with spin-flips begin at 10.95 Å3.
Note that exact values for the transition could be affected
by the computational details, e.g., the size of the supercell.
However, good agreement between our simulations and those
reported in Ref. [9] confirm the reliability of the existence of
the transition itself.

In Fig. 2 the spin-pair correlation functions for Fe-Fe and
Ni-Ni nearest neighbors (NNs) are shown. For the Fe-Fe NNs,
we see a transition from a nearly FM state at large volume to
a complex state and eventually to a nearly antiferromagnetic
(AFM) state. It can be noted that the average Fe moment size
is very small at the lowest calculated volume (9.0 Å3): in
Fig. 3 individual moments have values ∼0.25 μB. For the Ni-
Ni NNs spins remain in the FM state longer upon a reduction
of volume, compared to the Fe-Fe pairs, until they too undergo
a transition into a complex state, i.e., spin-flips.

When comparing the average magnetic moments for Fe
and Ni in the NC and collinear calculations they behave dif-
ferently. If we start from large volumes and follow the trend in
decreasing volume the Fe atoms show a continuous reduction

FIG. 2. Histograms of spin-pair correlation functions for
Fe0.64Ni0.36 between neighboring Fe-spins (a) and Ni-spins (b) at
several volumes (in Å3). ŝi · ŝ j = cos(θ ). The right y axis gives the
atomic volumes in units Å3. Inserted plot shows the average magnetic
moment size for noncollinear and collinear calculations in filled in
blue circles and red crosses, respectively. Dashed line is experimental
equilibrium volume.

of the net moment after the magnetic transition from the FM
state begins. Once the transition starts the magnetic moment
size declines nearly linearly from 2.2 μB at 11.57 Å3, 1.5 μB
at 10.72 Å3, and 0.8 μB at 9.83 Å3. The magnetic transition
occurs at higher atomic volumes in noncollinear calculations
compared to collinear calculations, which can be observed in
the insets in Fig. 2. In the collinear calculations the transition
start at a smaller volume, and once it starts the average mag-
netic moment size decreases faster.

In Fig. 3 we show individual magnetic moments sizes from
NC calculations, where we observe a sharp drop in the local
moment size for some atoms, while for other atoms the local
moments decrease is less sharp.

2. Fe0.5Ni0.5

A visualization of the magnetic structure and its evolution
can be seen in Fig. 4, where the magnetic structure is shown
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FIG. 3. Absolute values of local magnetic moments for individ-
ual atoms in Fe0.64Ni0.36, both Fe and Ni, as a function of atomic
volume Å3. Dashed and dotted lines are experimental equilibrium
volume and transition volume, respectively.

for three volumes. As the volume is reduced, during the initial
stage of the transition the magnetic moments are tilted away

FIG. 4. Visualization of magnetic structures of Fe0.5Ni0.5 at three
atomic volumes, from top to bottom: 11.18, 10.95, and 10.54 Å3.
Magnetic transition begins at 10.95 Å3. Gold and silver spheres
represent Fe and Ni, respectively.

FIG. 5. Spin-pair correlation functions for Fe0.5Ni0.5 between
neighboring Fe-spins (a) and Ni-spins (b) at several volumes (in
Å3). ŝi · ŝ j = cos(θ ). The right y axis gives the atomic volumes in
units Å3. Inserted plot shows the average magnetic moment size for
noncollinear and collinear calculations in filled in blue circles and
red crosses, respectively. Dashed line is experimental equilibrium
volume.

from, or in some cases nearly antiparallel, to the global mag-
netization direction. Further reduction of the volume increases
the complexity in the magnetic structure.

Similar to the invar composition, we can see that when
looking at the spin-pair correlation functions for Fe0.5Ni0.5 the
magnetic state at the largest volume is FM and the transition
shows up as a complex state at lower volumes, as is seen in
Fig. 5. The spin-pair correlation functions behave much as
for the invar composition: The Fe-NNs pairs are all parallel
at large volumes, but exhibit increasing complexity as the
volume reduces until it eventually ends up in an AFM state.
For the Ni-Ni spin-pair correlation functions the behavior is
similar to that of the invar composition with deviations from
parallel pairs occurring at lower volumes than for the Fe-Fe
spin-pairs.

Comparing the result from NC and collinear calculations
we observe that the magnetic transition from a FM to a
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FIG. 6. Magnetic moment sizes for all individual atoms in
Fe0.5Ni0.5, both Fe and Ni, as a function of atomic volume Å3. Dashed
and dotted lines are experimental equilibrium volume and transition
volume, respectively.

complex state occurs at higher volumes for the NC case, as
can be seen in the average magnetization for Fe and Ni atoms,
insets in Fig. 5. The transition occurs for the NC case at atomic
volume 10.95 Å3 at which point the average magnetization for
the Fe-moments is reduced. Thus the transition occurs at an
atomic volume that is 4.4% lower than the experimental equi-
librium volume. For the collinear case, the transition begins at
10.36 Å3, a volume that is 9.6% lower than the experimental
equilibrium volume. The behavior at and after the transition
differs between the two cases. For the NC case the reduction
in moment size is nearly linear, but for the collinear case
the decline in average moment size is very rapid. Thus it
is observed that the Fe magnetic moments can, on average,
retain larger sizes in a complex noncollinear state than when
restricted to spin-up and spin-down states.

For individual atoms’ local magnetic moments there are
some that decline faster in size compared to the average size,
as seen in Fig. 6. The transition begins at 10.95 Å3, and here
a number of Fe atoms’ magnetic moments decline quickly.

3. Fe0.25Ni0.75

In contrast to the two other compositions Fe0.25Ni0.75 ex-
hibits a smoother variation in average magnetization and
individual local moments. The results from collinear and NC
calculations are very close in average magnetization and local
moments.

Visualization of the magnetic evolution can be seen in
Fig. 7 where the magnetic structure is shown for three vol-
umes. At high volumes there is a FM ordering, but upon
compression we observe the transition to NC alignments, at
least for some atoms. Further reduction in volume increases
the complexity in the magnetic structure, though the effect is
less pronounced than at higher concentrations of Fe.

FIG. 7. Visualization of the magnetic structures of Fe0.25Ni0.75

at three atomic volumes, from top to bottom: 10.54, 9.65, 9.31 Å3.
Magnetic transition begins at 9.65 Å3. Gold and silver spheres repre-
sent Fe and Ni, respectively.

The spin-pair correlation functions for Fe NNs confirm
the NC magnetic structure upon the magnetic transition: the
two largest volumes have a FM ordering while the interme-
diate volume, 9.7 Å3, has magnetic moments where some
pairs are tilted away from each other but still close to the
global magnetization direction. At the lower volumes the pair-
wise alignments are nearly randomly distributed, as is seen
in Fig. 8(a). Meanwhile the Ni NNs pairs show almost no
change in pairwise alignment between the largest and smallest
volume, staying parallel at each volume. While the magnetic
transition from a ferromagnetic ordering to a complex or-
dering occurs it happens at atomic volume 9.65 Å3, 13.3%
lower than the experimental equilibrium volume. This can be
compared to the two other compositions where corresponding
numbers are 0.5% and 4.4% smaller than the experimental
equilibrium volume for Fe0.64Ni0.36 and Fe0.5Ni0.5, respec-
tively. In calculations with strictly collinear moments the
transition with spin-flips begins at 9.15 Å3.

The moment sizes for individual atoms are seen in Fig. 9.
Interestingly, there are no sharp drops in the magnitudes of
local moments, in contrast to the two previous compositions.
The magnetic moments slowly decline until volumes of about
9.5 Å3 at which point some atoms decline quicker as a result
of the magnetic transition.
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FIG. 8. Spin-pair correlation functions for Fe0.25Ni0.75 between
neighboring Fe-spins (a) and Ni-spins (b) at several volumes (in
Å3). ŝi · ŝ j = cos(θ ). The right y-axis gives the atomic volumes in
units Å3. Inserted plot shows the average magnetic moment size for
noncollinear and collinear calculations in filled in blue circles and
red crosses, respectively. Dashed line is experimental equilibrium
volume.

B. Enthalpy

The magnetic transitions above are reflected in the enthalpy
curves when comparing NC and collinear calculations. This
can be seen in Fig. 10 where the difference between the NC
and collinear calculations are plotted. Note that �H before
the magnetic transition from a FM state to a complex state
sets in is within the error bars and is most likely caused by
the different settings in the calculations. Once the transition
begins there are noticeable enthalpy differences for all com-
positions. The differences become smaller at higher pressures
(lower volumes) when the collinear cases exhibit spin-flips.
The difference is relatively small though, less than 1 meV
per atom, and are thus within the error bars. The difference
is likely caused by the different settings in the calculations.

It should be noted that the enthalpy difference between NC
and collinear calculations should be 0 for the FM solutions.
However, we see a nearly constant shift for all compositions

FIG. 9. Magnetic moment sizes for all individual atoms in
Fe0.25Ni0.75, both Fe and Ni, as a function of atomic volume Å3.
Dashed and dotted lines are experimental equilibrium volume and
transition volume, respectively.

and functionals leading to a negative difference for FM so-
lutions. The settings in the calculations are identical apart
from allowing noncollinear and collinear magnetic moments,
so this seems to be result from the technical settings in VASP.

C. Equation of state

Next we present the equation of states for the three com-
positions and compare them with our collinear calculations
and the experimental results from Ref. [14]. The results are
shown in Figs. 11–13. For all compositions from the NC
calculations the anomaly appears at volumes corresponding to
the onset of the magnetic transition from a FM state to a com-
plex state, although for Fe0.25Ni0.75 the anomaly is extremely

FIG. 10. Enthalpy differences between noncollinear and
collinear calculations for all three compositions. Dashed lines
represent the magnetic transitions in NC calculations.
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FIG. 11. Equation of state for Fe0.64Ni0.36 from NC calculations,
collinear calculations, and experiment from Ref. [14]. The dashed
line shows the Birch-Murnaghan equation of state fitted to the ferro-
magnetic data points.

weak. As both NC and collinear calculation reproduce this
magnetic transition, albeit at different volumes, the anomalies
in the equation of state (EOS) appear at separate volumes. The
Birch-Murnaghan EOS is fitted to the ferromagnetic results in
each composition (i.e., to data points corresponding to vol-
umes higher than the magnetic transition volume) and shown
as a dotted line. For easier comparison with results in previous
sections, Table II relates the volumes and magnetic transition
volumes to experimental equilibrium volumes in the studied
Fe-Ni alloys.

FIG. 12. Equation of state for Fe0.5Ni0.5 from NC calculations,
collinear calculations, and experiment on Fe0.55Ni0.45 from Ref. [14].
The dashed line shows the Birch-Murnaghan equation of state fitted
to the ferromagnetic data points.

FIG. 13. Equation of state for Fe0.25Ni0.75 from NC calculations,
collinear calculations, and experiment on Fe0.2Ni0.8 from Ref. [14].
The dashed line shows the Birch-Murnaghan equation of state fitted
to the ferromagnetic data points.

IV. DISCUSSION

As was pointed out earlier [25,26] and additionally un-
derlined in Sec. II B the existing approximations for the
exchange-correlation functionals within DFT might not be
sufficient for a quantitatively accurate and detailed description
of Fe-Ni invar alloys. Indeed, comparing results calculated for
the fcc Fe0.5Ni0.5 alloy (Sec. III) with GGA calculations (see
Supplemental Material and more detailed discussion below)
one sees their significant dependence on the chosen com-
putational scheme. However, many essential features of the
concentration and pressure dependences of magnetic, thermo-
dynamic, and structural properties calculated for the fcc Fe-Ni
system in this work are general, and therefore we start our
discussion with the observations that do not depend on the
details of the methodology.

Most importantly, our calculations clearly demonstrate the
existence of a magnetic transition from the ferromagnetic
state at large volumes to increasingly NC configurations upon
volume decrease. This effect is observed for all the alloy
compositions considered in this study, not just at invar compo-
sition. However, in Fe0.64Ni0.36 invar the magnetic transition
occurs in an immediate vicinity of the experimental equilib-
rium volume (at the LDA level of theory), while in alloys
with higher Ni concentrations it is induced by pressure, in
agreement with experimental observations of the pressure
induced invar effect [14]. The transition is initiated at Fe

TABLE II. Magnetic transition volumes from calculations and
V/V exp

0 for the studied compositions of fcc Fe-Ni alloys.

Composition VFM→NC (Å3) VFM→NC/V exp
0

Fe0.64Ni0.36 11.57 0.996
Fe0.5Ni0.5 10.95 0.956
Fe0.25Ni0.75 9.65 0.866
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atoms, implying that the Fe atoms’ magnetic moments are
driving the transition, and thus they are responsible for the
anomalous behavior of properties of the alloys. Upon the
transition from the FM to the NC state both longitudinal and
transverse degrees of freedom are affected: Fe local moments
shrink Figs. 3, 6, 9 and become canted (Figs. 1, 4, 7). On
the other hand, local moments at Ni preserve their FM align-
ment to much lower volumes in comparison to Fe (Figs. 2,
5, 8). This is so, because the Ni moments are known to be
more itinerant, and therefore they are oriented along the net
magnetization direction of the system. In fact, this observa-
tion agrees with a recent experimental observation of very
high stability of the ferromagnetic state in fcc Ni, with the
Curie temperature above the room temperature at least up to
260 GPa [29].

Comparison of the enthalpies between NC and collinear
calculations (Fig. 10) clearly favor the NC model of the pres-
sure induced magnetic phase transition. Interestingly, for all
the studied compositions our calculations predict that upon
further increase of pressure the NC state evolves towards the
LS nearly AFM state at the lowest volumes considered in this
study (see Figs. 2, 5, 8). Though the stability of the LS AFM
states with respect to more NC states at the highest considered
pressure is at the limit of the accuracy of our calculations (see
Supplemental Material Figs. 1–3 and Tables I–III), the fact
that the “starting” and the “end” points of the magnetic tran-
sition are the HS FM and LS AFM states, respectively, is seen
at all the compositions. Moreover, it does not depend on the
approximation for the DFT exchange-correlation functional
(see Supplemental Material Figs. 4 and 5, and Tables IV and
V). This observation provides a link between the classic Weiss
2γ -state model of the invar effect [5] and the more recent NC
picture [9], confirmed also in this study.

It is clearly seen that the magnetic phase transitions lead
to well defined peculiarities at the EOS at all the considered
compositions, Figs. 11–13, in qualitative agreement with ex-
periment [14]. A discussion of the quantitative agreement is
more challenging due to the limited accuracy of the existing
exchange-correlation functionals. Let us reiterate an impor-
tant point from Sec. II B: to reduce the uncertainty due to
computational details, we plot the data in Figs. 11–13 as
V/V exp

0 vs P − P(V exp
0 ), where the latter pressure, P(V exp

0 ), is
the calculated pressure at the experimental volume (obviously,
it is 0 for the experimental data).

Starting with simulations for Fe0.64Ni0.36 invar composition
in the LDA, the NC calculations predict that the deviation
from the EOS fitted to the FM data (dotted line in Fig. 11) oc-
curs when the magnetic transition begins at volume 11.57 Å3,
corresponding to V/V exp

0 = 0.995. A similar deviation is
observed in the collinear calculations when the magnetic mo-
ments begin to flip, at volume 10.95 Å3 (V/V exp

0 = 0.942). As
has been pointed out already in Ref. [14], the peculiarity at the
experimental curve is hardly visible, because the FM branch
of the EOS corresponds to a negative pressure, and therefore
cannot be measured. However, we note good agreement be-
tween the curvature of the experimental calculated EOS above
the transition, and a significant deviation of the curvature from
the extrapolated EOS of the HS FM state. In fact, it is reason-
able to assume that experimentally the Fe0.64Ni0.36 invar alloy
is in the very vicinity of the magnetic phase transition and is

nearly ferromagnetic at its equilibrium volume. This is sup-
ported by a high experimental value of its net magnetization,
which is (almost) at the Slater-Pauling curve when measured
at temperature T=77K [30], as well as by an observation from
neutron scattering experiments with polarization analysis that
the magnetic moments must be collinear on atomic length
scales at ambient pressure [12]. With this assumption, we
argue that the position of the peculiarity at the EOS cal-
culated in the NC model using LDA is in good agreement
with experiment.

In this respect, the simulations for the equiatomic alloy are
more informative, as both theory and experiment capture the
HS FM state at low positive pressure, and therefore see the
whole transition. From the experiment one sees that there is
an anomaly at the curve between 5 and 9 GPa. Pronounced
anomalies are also observed in our ab inito results. In the NC
calculations the deviation occurs when the magnetic transi-
tions begins at atomic volume 10.95 Å3 (V/V exp

0 = 0.956).
A similar deviation is observed in the collinear calculations
when the magnetic moments begin to flip, but at significantly
lower atomic volume 10.36 Å3 (V/V exp

0 = 0.904). In fact, the
equation of state for the NC calculations locates the EOS
anomaly at relative volumes and pressure that are in very
good agreement with the experiment, though the experimental
results are for a slightly lower Ni concentration, Fe0.55Ni0.45.
While position of the anomaly and the curvatures of the
both HS FM branch above the transition and the LS AFM
branch below P − P(V exp

0 ) 10 GPa are well reproduced, the
volume collapse upon the transition is significantly overesti-
mated. In fact, a similar effect is seen in LDA calculations
for Fe0.64Ni0.36 invar alloy following the assumption that it
is (nearly) ferromagnetic at equilibrium volume, as discussed
above.

To investigate sensitivity of the volume collapse to com-
putational details, the evolution of magnetic structure and
the EOS of the fcc Fe0.5Ni0.5 alloy were simulated using
two different forms of the GGA, the PBE and PW91. The
results are presented in Figs. 6–15 in the Supplemental Ma-
terial. Qualitatively, they are quite similar to the LDA results.
Looking at the EOS calculated using GGA, Figs. 9 and 14,
we also observe the peculiarities induced by the magnetic
phase transition. While V/V exp

0 at the transition from FM
to NC state is significantly lower than experimental value,
especially for the PBE functional form of the GGA, the
magnitude of the volume collapse upon the transition is
very well reproduced, in contrast to the LDA EOS. This
observation strengthens our confidence in relating experi-
mentally observed peculiarity of the EOS to the pressure
induced FM-to-NC transition of the magnetic structure of
the alloy.

Moreover, we would like to point out that the original
interpretation of the experimental results in Ref. [14] was that
the anomaly at each composition should be interpreted as a
bump on the (conventional) P-V curves. Our results repro-
duce anomalies in both noncollinear and collinear calculations
but offer an alternative interpretation. We believe that the
EOS should be considered as consisting of the two branches,
corresponding to the HS FM state at high volumes and LS
AFM (probably followed by the nonmagnetic) state at low
volumes smoothly connected to each other in the (relatively
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narrow) transition region. Such an interpretation also provides
a link between the 2γ -state model of Weiss [5] and the NC
picture [9].

In addition, we observe differences in the magnetic behav-
ior of different Fe atoms, Figs. 3, 6, 9. These differences are
due to different chemical local environments and connects
to the main focus of the theories of Liot that observed Fe
spin-flips in Fe-rich local environments in collinear calcula-
tions [26,27]. However, our noncollinear calculations show
that many of the Fe moments do participate in noncollinear
rotations. Typically in Fe-rich local environments but not only
those in the most Fe-rich environments. Further investiga-
tions, using larger supercells, are needed to fully quantify the
precise local environment where magnetic transitions away
from the FM state happens at the largest volume. Thus our
theory also provides a link between previous works focusing
mainly on the global composition [31–37], and those with full
focus on the local environment effects [26,27]. Furthermore, it
may be useful for a thermodynamic description of Fe-Ni invar
alloys, e.g. using methods of computational thermodynamics,
like CALPHAD.

Turning now to a comparison between the experimental
EOS for the Ni-rich fcc Fe0.20Ni0.80 alloy and the calculated
EOS for the Fe0.25Ni0.75 alloy shown in Fig. 13, one sees
for the former the behavior of the P-V curve is anomalous
between 9 and 14 GPa. In contrast to alloys with lower Ni
concentrations, one does not see pronounced anomalies in
the ab inito results. However, according to our calculations
the magnetic transitions in NC calculations begins at volume
9.65 Å3 (V/V exp

0 = 0.866), and one sees that at the transition
the calculated EOS starts to deviate significantly from the
curve obtained by the extrapolation of the FM EOS (the dotted
line in Fig. 13). The transition volume is clearly underesti-
mated for the Fe0.25Ni0.75 alloy. Note however, that the spin
flips in the collinear calculations start to occur at even lower
volume 9.15 Å3 (V/V exp

0 = 0.821). On the other hand, the
volume collapse is reproduced much better in comparison to
simulations for the alloys with lower Ni concentration already
at the LDA level of the DFT. One possible reason for the
underestimation of the transition volume in Ni-rich alloys is
that the transition is initiated at Fe atoms in Fe-rich chemical
environments, as discussed above. For the Ni-rich alloys they
could not be well represented in our relatively small supercell.
On the contrary, they are present in real macroscopic alloys,
and act as nuclei that initiate the transition, most probably at
higher volumes.

Summarizing the discussion of the EOS, we conclude that
our results provide a convincing explanation of the pressure
induced peculiarities observed at the EOS of fcc Fe-Ni alloys
in experiment [14] and identify it with the FM-to-NC mag-
netic transitions upon the compression of the alloys. In its own
turn, the experiment unambiguously couples the EOS pecu-
liarities to the very low thermal expansion measured for the
alloys at the pressures corresponding to the peculiarities (see
Fig. 4 of Ref. [14]). In this paper we do not aim to calculate
the thermal expansion explicitly, as this requires highly time-
consuming ab initio molecular dynamics simulations coupled
to the simulations of the spin dynamics, for instance using the
methodology of Ref. [38]. Such simulations are beyond the
scope of the present study and would be reported elsewhere.

However, a qualitative picture could be captured based on
simple thermodynamic arguments put forward by Abrikosov
et al. in Ref. [26]. Let us connect the temperature dependence
of volume V to the pressure dependence of entropy S via
Maxwell relations:(

∂V

∂T

)∣∣∣∣
P

= −
(

∂S

∂P

)∣∣∣∣
T

. (1)

Clearly, the increasing complexity and frustration of the
alloys magnetic structure, both in longitudinal and transverse
degrees of freedom, which is in fact maximal in the tran-
sition region (Figs. 1, 3, 4, 6, 7, and 9) increases entropy
making the magnetic contribution to the term in the right-
hand size of Eq. (1) positive. The corresponding contribution
to the temperature dependent volume expansion in the left-
hand side of Eq. (1) is therefore negative, compensating for
the positive contribution due to thermal lattice disorder. In
fact, recent calculations by Heine et al. [39] have demon-
strated that for the fcc Fe0.65Ni0.35 invar alloy at ambient
pressure the contributions due to the magnetic and vibra-
tional disorder cancel each other exactly. Our study underlines
that the magnetic complexity at the HS FM-to-NC transition
increases greatly in comparison to non-invar compositions
and pressures.

V. CONCLUSIONS

We have carried out a large set of supercell calcula-
tions to investigate the pressure induced invar effect in the
fcc FexNi1−x alloys for three compositions of Fe: 64, 50,
and 25 at. %. A transition from the high-spin ferromag-
netic ordering at large volumes to a complex non-collinear
state at lower volumes is detected in all three alloys con-
sidered in our study. At the transition volumes we observe
significant anomalies in the EOS. These results can be in-
terpreted within the model of noncollinear magnetism for
the invar effect, in which the increasing magnetic complex-
ity in the region of the HS FM-to-NC transition leads to
a positive sign of the pressure dependence of the magnetic
entropy, which in its own turn is coupled to anomalously
large negative magnetic contribution to the temperature de-
pendence of volume of invar alloys via Maxwell relation,
Eq. (1). For the invar composition the HS FM-to-NC transi-
tion occurs at ambient conditions, but for the more Ni-rich
compositions it can be induced by external pressure. Thus
our first-principles theory provides convincing qualitative ex-
planation for the pressure induced invar effect, discovered
in Ref. [14].

All data can be found in Ref. [40].

ACKNOWLEDGMENTS

We gratefully acknowledge support from the Knut and
Alice Wallenberg Foundation (Wallenberg Scholar Grant No.
KAW-2018.0194), the Swedish Government Strategic Re-
search Area in Materials Science on Functional Materials
at Linköping University (Faculty Grant SFO-Mat-LiU No.
2009-00971), and the Swedish Research Council (VR) Grant
No. 2019-05600. B.A. acknowledges financial support from

104422-9



EHN, ALLING, AND ABRIKOSOV PHYSICAL REVIEW B 107, 104422 (2023)

the Swedish Research Council (VR) through Grant No. 2019-
05403, as well as support from the Swedish Foundation for
Strategic Research (SSF) through the Future Research Lead-
ers 6 program, FFL 15-0290. The computations were enabled

by resources provided by the Swedish National Infrastructure
for Computing (SNIC) located at National Super Computer
Centre (NSC) in Linköping, partially funded by the Swedish
Research Council through Grant Agreement No. 2018-05973.

[1] C. E. Guillaume, C.R. Acad. Sci. 125, 235 (1897).
[2] E. Wassermann, in Ferromagnetic Materials, edited by K. H. J.

Buschow and E. P. Wohlfarth (North-Holland, Amsterdam,
1990), Vol. 5, p. 237.

[3] Y. Nakamura, IEEE Trans. Magn. 12, 278 (1976).
[4] M. Matsui and S. Chikazumi, J. Phys. Soc. Jpn. 45, 458 (1978).
[5] R. J. Weiss, Proc. Phys. Soc. 82, 281 (1963).
[6] V. L. Moruzzi, Phys. Rev. B 41, 6939 (1990).
[7] J. P. Rueff, A. Shukla, A. Kaprolat, M. Krisch, M. Lorenzen, F.

Sette, and R. Verbeni, Phys. Rev. B 63, 132409 (2001).
[8] M. Podgórny, Phys. Rev. B 46, 6293 (1992).
[9] M. van Schilfgaarde, I. A. Abrikosov, and B. Johansson,

Nature (London) 400, 46 (1999).
[10] K. Matsumoto, H. Maruyama, N. Ishimatsu, N. Kawamura,

M. Mizumaki, T. Irifune, and H. Sumiya, J. Phys. Soc. Jpn. 80,
023709 (2011).

[11] M. Kousa, S. Iwasaki, N. Ishimatsu, N. Kawamura, R. Nomura,
S. Kakizawa, M. Mizumaki, H. Sumiya, and T. Irifune,
High Press. Res. 40, 130 (2020).

[12] A. R Wildes and N. Cowlam, J. Magn. Magn. Mater. 272-276,
536 (2004).

[13] F. Decremps and L. Nataf, Phys. Rev. Lett. 92, 157204 (2004).
[14] L. Dubrovinsky, N. Dubrovinskaia, I. A. Abrikosov, M.

Vennström, F. Westman, S. Carlson, M. van Schilfgaarde, and
B. Johansson, Phys. Rev. Lett. 86, 4851 (2001).

[15] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[16] G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15 (1996).
[17] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[18] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[19] A. Zunger, S.-H. Wei, L. G. Ferreira, and J. E. Bernard,

Phys. Rev. Lett. 65, 353 (1990).
[20] H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
[21] M. Methfessel and A. T. Paxton, Phys. Rev. B 40, 3616 (1989).
[22] M. Acet, H. Zähres, E. F. Wassermann, and W. Pepperhoff,

Phys. Rev. B 49, 6012 (1994).
[23] A. Khein, D. J. Singh, and C. J. Umrigar, Phys. Rev. B 51, 4105

(1995).
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