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Elongation of Fe-Fe atomic pairs in the Invar alloy FegsNiss
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In this study, atomic-scale origin of the Invar effect, which is nearly-zero thermal expansion observed in
the Invar alloy FegsNiss, was investigated by reverse Monte Carlo analysis using complementary data sets
of extended x-ray absorption fine structure and x-ray diffraction. The interatomic distances of the nearest
neighboring Fe-Fe atomic pairs were ~0.02 A longer than those of the Fe-Ni and Ni-Ni pairs at the minimum
pressure in this study (0.6 GPa). The elongation in the Fe-Fe pairs was suppressed with increasing pressure,
and the distances of the three pairs were comparable under pressures above the magnetic transition from
ferromagnetic to paramagnetic phase at P. & 7 GPa. Therefore, the Fe-Fe pairs dominantly contribute to the
volume expansion due to the magnetovolume effect. Because a similar magnitude of elongation was observed in
the Fe-Fe pairs of a non-Invar Fe-Ni alloy, we conclude that the Invar effect originates from the delicate balance
between the number of Fe-Fe pairs and their elongation depending on the magnetization.

DOL: 10.1103/PhysRevB.103.1.220102

Face-centered-cubic (fcc) Fe-Ni alloys containing 35-36
at.% Ni are known as Invar alloys. These alloys are char-
acterized by the Invar effect, which shows a nearly-zero
thermal expansion coefficient (@ = 1.19 x 107% /K) within
a wide temperature range up to the Curie temperature (T ~
505 K). After the discovery of the Invar effect by Guillaume in
1897 [1], the origin of this anomalous thermal elastic property
has been interpreted as cancellation of the thermal expansion
by the shrinkage due to the large magnetovolume effect with
increasing temperature [2]. However, the atomic-scale origin
of the large magnetovolume effect is not fully understood so
far.

Since the zero-thermal expansion of the lattice is related to
the shallow curvature of the interatomic potential [3], the Invar
alloy typically exhibits anomalously soft elastic properties un-
der high pressures [4,5]. X-ray diffraction (XRD) experiments
conducted by Dubrovinsky et al. revealed that the Invar effect
occurs at pressures above pronounced bumps of the com-
pression curve, where the softening behavior is observed [6].
They succeeded in initiating pressure-induced zero thermal
expansions of FessNiss and FeyoNigy “non-Invar” alloys by
compressing them to the softening pressure ranges of negative
pressure derivatives for the bulk modulus.

The shallow interatomic potential and elastic softening
behavior have been interpreted theoretically as a 2y-state
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model [7-9], which hypothesizes two distinct spin states be-
low Tc: a high-spin (HS) configuration associated with a
large volume and low-spin (LS) one with a small volume.
More recent ab initio calculations [3] demonstrated that the
noncollinear spin alignment of Fe moments develops with
increasing pressure whereas Ni spin moments maintain linear
spin alignments even under pressure, which also explains the
elastic softening behavior in the Invar alloy. The element-
dependent response of magnetic structure under pressure
motivated us to experimentally determine the local structure
around Fe and Ni atoms separately. Several indications of
the strong magnetovolume effect working on the Fe atoms
have been found [10-15]. The relationship between the Fe-
Fe interatomic distances and magneto-volume anomalies was
investigated in crystalline intermetallic compounds [16,17];
however, direct observation of the elongated Fe-Fe inter-
atomic distances is still a challenge because of the difficulties
in distinguishing constituent elements in disordered alloys.
This Letter focuses on the atomic-scale origin of the
magnetovolume effects in the Invar alloy. The atomic ar-
rangement in a model structure composed of 4000 Fe/Ni
atoms was investigated by reverse Monte Carlo (RMC) al-
gorithm [18-21] combined with complementary data sets of
extended x-ray absorption fine structure (EXAFS) and XRD
under high pressure. The combination of three techniques
allows element-specific local structural analysis of the atomic
cluster, which also ensures long-range order in the model
structure based on the fcc symmetry. This study revealed
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the elongation of nearest-neighboring Fe-Fe bonds compared
with the lengths of Fe-Ni and Ni-Ni bonds in the ferromag-
netic phase. Therefore, the large magnetovolume effect is
attributed to the elongation of Fe-Fe atomic pairs. Interest-
ingly, the elongation is not a unique characteristic of the Invar
alloy; we observed comparable elongation of the Fe-Fe pairs
in a FessNiss non-Invar alloy as well.

Polycrystalline FegsNiss Invar and FessNigs non-Invar al-
loys were grained from ingots and pelletized for the EXAFS
and XRD measurements. FessNiys non-Invar alloy has a
7.5 times larger thermal expansion coefficient (¢ =~ 9 x
107% /K) [22] and approximately 1.4 times higher Curie tem-
perature (7c =~ 720 K) than FegsNijss Invar alloy. Therefore,
the FessNiys alloy is a good reference as the alloy exhibiting
normal thermal expansion. The pressure dependences of XRD
and EXAFS were measured on beamline 39XU at SPring-
8 [23] independently using a fresh (uncompressed) pellet.
The applied pressure to the sample was monitored using the
conventional ruby fluorescence method. Nano-polycrystalline
diamond anvils were utilized for the EXAFS measurement
to prevent Bragg diffraction from the anvil crystals [24-26].
Fluorinert 70 + 77 solution was used as a pressure transmit-
ting medium. All the measurements were performed at room
temperature.

It is difficult to distinguish the neighboring Fe and Ni atoms
to the x-ray absorbing atoms by conventional EXAFS analysis
because of the small difference between the backscattering
amplitudes of Fe and Ni [27,28]. Thus, previous EXAFS
studies could not separate the like (Fe-Fe or Ni-Ni) and unlike
(Fe-Ni or Ni-Fe) atomic pairs in the same shell [11,13,14]. In
contrast, the RMC method constructs an atomic cluster and
finds the best model of the atomic cluster that matches the
experimental EXAFS profiles at Fe and Ni edges as well as
the XRD patterns by trial and error iterations. Consequently,
the length of each atomic pair can be evaluated from the
determined cluster. In this study, we used the RMCProfile
software for the RMC algorithm [19-21] and constructed a
cubic cluster containing 4000 Fe/Ni atoms (10 x 10 x 10 fcc
unit cells). Details of the experimental procedures and RMC
calculations are provided in the Supplemental Material [29].

The RMC fits provided good agreement between the ex-
perimental and calculated profiles of the absolute values of
Fourier transformed (FT) profiles (|[FT [k2x (K)]]) at both the
Fe and Ni edges of the Invar and non-Invar alloys [Figs. 1(a)
and 1(b)]. The height of each peak increases with increasing
pressure, which is also reproduced by the RMC calculations
within an R range up to 6.0 A. The prominent peaks at ~2.2 A
correspond to the first shells, where total 12 atoms of Fe and
Ni participate as the first nearest neighboring (INN) bonds
around the x-ray absorbing atom. The R range up to 6.0 A
gives information on the atomic arrangements of INN-5NN
atoms in the fcc lattice.

Figure 1(c) shows the experimental and fitted XRD pat-
terns of the Invar and non-Invar alloys. Because the detecting
area of the flat panel was limited to 50 x 50 mm? in size, we
used 111 and 200 Bragg reflections to evaluate the lattice con-
stant of the samples. Consequently, the RMC calculations are
constrained only by the profiles of these two reflections. Sharp
Bragg peaks are successfully generated by the RMC calcu-
lations at the same 26 position of the experimental profiles,
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FIG. 1. Comparison of the experimental profiles with fits by the
RMC calculations. Absolute values of Fourier transformed profiles
(IFT [k x (k)]|) of FegsNiss Invar at (a) Fe K-edge and (b) Ni K-
edges together with the data of non-Invar FessNiys alloy. (c) X-ray
diffraction patterns under high pressures.

which ensures a long-range periodicity of the fcc symmetry in
the atomic cluster as expected.

The partial pair distribution functions g;;(R) of Fe-Fe, Fe-
Ni and Ni-Ni atomic pairs were determined from the atomic
clusters optimized by the RMC calculations [30], where i and
J represent Fe or Ni atoms. The g;;(R) profiles up to the 7NN
pairs are plotted in Fig. 2(a). The vertical dashed lines repre-
sent the lengths of the atomic pairs expected from the lattice
constant of a cluster with fcc symmetry. Small deviations in
the peak positions from the fcc structure are observed in the
first and second peaks. The maxima of the peaks appear at
slightly lower positions with respect to the expected positions
of the fcc lattice, while the deviation decreases with increasing
R; peaks above 3NN are mostly located at the expected posi-
tions of the fcc lattice. As shown in Fig. 2(b), the determined
atomic cluster conserves the sequential stacks of the (111)
atomic planes, although much of the atoms are displaced from
the ideal positions of the fcc lattice. Therefore, the RMC fits
found a structure, in which the local structure was largely
distorted; however, the disordered atomic cluster maintained
the long-range periodicity to satisfy the Bragg law owning to
the pseudo fcc symmetry.

A striking result of this study is the elongation of 1NN Fe-
Fe pairs in comparison with 1NN Fe-Ni and Ni-Ni pairs. The
enlarged plot of g;;(R) [see Fig. 3(a)] shows that the profile
of INN Fe-Fe pairs has a peak at a longer R position than the
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FIG. 2. (a) Partial pair distribution functions g;;(R) of i and j
atomic pairs, where i, j = Fe or Ni, in FegsNiss Invar alloy at selected
pressures together with the data of FessNiys non-Invar alloy. Each
gij(R) profile is normalized to approach to unity with increasing
R. The vertical dashed lines indicate the lengths expected from the
lattice constant of fcc structure. (b) Atomic clusters of the Invar alloy
obtained by the RMC method. The clusters viewed from the [112]
direction are depicted. The insets display enlarged illustrations of the
atomic cluster.
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FIG. 3. (a) Enlarged plots of pair distribution functions g;;(R)
(i, j = Fe or Ni) of INN Fe-Fe and Fe-Ni and Ni-Ni atomic pairs
in FegsNiss Invar alloy and FessNiys non-Invar alloy. The vertical
dashed lines indicate the lengths of 1NN pairs expected from the
lattice constant of fcc structure. (b) Pressure dependences of the
average length within a range of 0.6 A centered on the INN peaks
of Fe-Fe, Fe-Ni, and Ni-Ni pairs for FegsNiss Invar alloy. The inset
shows comparison of the average length of 1NN atomic pairs be-
tween FessNiys non-Invar alloy and FegsNiss Invar alloy determined
at the lowest pressures. (c) Ni composition dependence of the lattice
constant of Fe-Ni alloys at ambient pressure. For comparison, lattice
constants of antiferromagnetic y (fcc)-Fe and ferromagnetic y-Co are
plotted [31].

profiles of Fe-Ni and Ni-Ni pairs at 0.6 GPa. The same trend
is observed at 1.0 GPa for the FessNiss non-Invar alloy. As the
pressure increases, the difference in g;;(R) profiles decreases
gradually; the profiles of these three pairs exhibit peaks at
approximately the same position of R &~ 2.455 A at 16.3 GPa.
To highlight the elongation of Fe-Fe atomic pairs, the average
lengths of the 1NN atomic pairs, Rpepes RpenNi> and Ryini
were quantitatively determined. Considering the asymmetric
profile around the 1NN peak, we utilized a numerical method
to evaluate expected values of the profile as the average length.
A range of 0.6 A centered on the INN peak was used for
the evaluation to cover the entire profile of the peak. Details
of the numerical procedure are provided in the Supplemen-
tal Material [29]. The numerical averages are plotted as a
function of pressure in Fig. 3(b). Compared with Rp. n; and
RniNi, the expansion of Rp pe is of the size of 0.02 A at the
lowest pressure of the Invar alloy (0.6 GPa), which is slightly
longer than the theoretically evaluated differences between
Fe-Fe, Fe-Ni, and Ni-Ni atomic pairs [11]. Because the Fe-Fe
pairs are more compressive than others, the elongation of
Rre.re decreases rapidly with increasing pressure; the evalu-
ated Rpe.re reaches the values of Rpe.n; and Ryi.nj at pressures
above 10 GPa.

The Invar alloy undergoes a pressure-induced magnetic
transition from ferromagnetic phase to paramagnetic phase.
The transition pressure of P, ~ 7 GPa was determined by
our previous measurements [10] of x-ray magnetic circular
dichroism (XMCD) using the same batch of the Invar alloy
sample (see the Supplemental Material [29]). We noted that
the different values of P, have been reported [32-36], how-
ever, all the reports observed steep suppression or collapse of
the ferromagnetic order in FegsNiss Invar alloy at pressures
near the P, value determined in this study. According to recent
magnetization measurements, the magnetization disappears
near 7 GPa at room temperature [34], whereas investigations
of XMCD and x-ray emission spectroscopy conducted by
two French groups reported magnetic transitions at higher
pressures around 15 GPa [35,36]. They observed magnetic
transitions to a nonmagnetic state at ~15 GPa followed by
intermediate drops initiated by the transitions from an HS state
to an LS state at pressures around 5 GPa.

The elongation and subsequent shrinkage of Fe-Fe pairs
accompanied by the magnetic transition demonstrate that the
volume changes due to the magnetovolume effect originate
mainly from the Fe-Fe pairs, while the lengths of Fe-Ni
and Ni-Ni pairs seem to contribute less to that. The volume
expansion by the magnetovolume effect occurs to stabilize
the ferromagnetic state by reducing the overlap between the
electronic wave functions of 3d orbitals; therefore, the mag-
netovolume effect varies proportionally to the square of the
magnetization [37]. Because the magnetization of the Invar
alloy comprises the large magnetic moments of Fe atoms
(~2.5up) and small moments of Ni atoms (~0.6ug) [38,39],
the large Fe moment is probably responsible for the repulsive
force working in the Fe-Fe pairs. If we recall that the large
Fe and small Ni moments are preserved in a wide range of
Ni compositions of Fejp_Ni, alloy (35 < x < 100) [38],
the interatomic repulsion in the Fe-Fe atomic pairs can be
recognized as a common phenomenon in Fe-Ni alloys with
fcc symmetry. Consequently, a similar elongation is observed
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FIG. 4. Top: (a) angle distribution of Fe-Fe-Fe and Ni-Ni-Ni
atomic triplets in the Invar alloy at selected pressures. Bottom:
atomic clusters composed of 12 Fe/Ni nearest neighboring atoms
and the central Fe atom at (b) initial undistorted model, (c) 0.6 GPa,
and (d) 16.3 GPa. These clusters are picked up from the same posi-
tion of the atomic cluster that we used for the RMC calculations.

in the Fe-Fe pairs of the FessNiys non-Invar alloy, as shown in
the inset of Fig. 3(b).

In order to investigate the magnitude of the magneto-
volume effect working in Fe-Ni alloys, we plot the lattice
constants of Fe-Ni alloys at ambient pressure as a function of
Ni composition x and demonstrate that the lattice constants
are larger than those of antiferromagnetic y(fcc)-Fe [31]
and ferromagnetic y-Co in the entire Ni composition range
[see Fig. 3(c)]. The larger lattice constants reveal that the
magnetovolume effect exists in Fe-Ni alloys to stabilize the
ferromagnetic states, and the magnitude reaches a maximum
in the narrow range of Ni composition covering the Invar
alloy. Therefore, the lattice constant does not obey the Ve-
gard’s law but shows a linear decrease with increasing Ni
content above x ~ 35. It is clear that a decreasing number
of the repulsive Fe-Fe pairs in the Ni-rich alloys weaken the
magnetovolume effect, which consequently leads to a linear
decrease in the lattice constant.

To visualize the distortion in the short-range structure due
to the different bond lengths between the three types of atomic
pairs, histograms of the ¢ angle distributions, N;j;(¢), are
plotted in Fig. 4(a), where ¢ represents the angle of triplet
atomic bonds composed of the adjacent i, j, and k atoms (i, j,

k = Fe or Ni). In the undistorted fcc lattice, Fe/Ni atoms are
surrounded by the 12 nearest neighboring Fe/Ni atoms, and
these atoms form a polyhedron composed of regular triangles
and squares of the atomic network, as illustrated in Fig. 4(b).
Thus, N;jx(¢) of the undistorted triplet atomic bonds shows
a discrete angle distribution of ¢ = 60°, 90°, 120°, or 180°.
In contrast, the actual N;jx(¢) profiles are broadened around
these angles due to the large distortion. Typical deformation
in an atomic polyhedral is depicted in Figs. 4(c) and 4(d).

The Fe-Fe-Fe triplet bonds exhibit a border profile of
N;ijk(¢) than the Ni-Ni-Ni bonds. N;j;(¢) profile of the Fe-
Fe-Fe triplet bonds is normalized and plotted by a dashed
line in the bottom plot of Fig. 4(a) for comparison with the
N;jk(¢) profiles of Ni-Ni-Ni triplet bonds. Similar trends were
observed for different types of triplet bonds, for example
Fe-Fe-Ni and Ni-Fe-Ni, as shown in the Supplemental Ma-
terial [29]. The triplet bonds composed of the larger number
of Fe gave broader N;jx(¢) distributions, implying that the
elongated Fe-Fe pairs introduce the severe distortion to the
atomic arrangement. The distortion probably occurs as a result
of the stabilization of the ferromagnetic state by reducing the
overlap between the Fe 3d orbitals. All N;j(¢) distributions
become sharper with increasing pressure [29]. Therefore, the
atomic arrangement approaches the undistorted polyhedron
at higher pressures. However, we note that larger distortion
remains in the local structure around Fe atoms compared with
the structure around Ni atoms even at 16.3 GPa.

In summary, RMC analysis of the Invar alloy revealed the
elongation of Rp. g in comparison with Rp. n; and Ry n; in the
distorted atomic cluster with fcc symmetry. The elongation
was suppressed with increasing pressure and disappeared,
accompanied by the collapse of the ferromagnetic state at
pressures above P.. Therefore, the magnetovolume effect of
the Invar alloy originates from the elongation of Fe-Fe atomic
pairs. Interestingly, the elongation of Fe-Fe pairs occurred
also in the FessNigs non-Invar alloy, indicating that the exis-
tence of longer Fe-Fe pairs due to the magnetovolume effect is
a common phenomenon in the Fe-Ni alloy with fcc symmetry.
Because the FessNiys non-Invar alloy undergoes a pressure-
induced Invar effect at ~7 GPa [6], we conclude that the
delicate balance between the number of Fe-Fe pairs and their
elongation depending on the magnetization plays a crucial
role in initiating the Invar effect.
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