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We have investigated the variations in the crystal structure of Fe69Ni31 Invar alloys under high pressures
below 6.5 GPa and high temperatures below 1300 K using energy dispersive x-ray diffraction. The crystal
structure is stabilized as a face-centered-cubic �fcc� lattice structure over the entire investigated range. How-
ever, the volume of the fcc in Fe69Ni31 shows an abrupt decrease at 1300 K above 2 GPa and at 1100 K above
3 GPa with increasing pressure. These results show that a pressure-induced phase transition to a low-volume
state occurs under high-temperature and high-pressure conditions. We consider this transition would be that
from the high-spin state to the low-spin state, which has been speculated in some previous theoretical studies.
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I. INTRODUCTION

In Invar alloys, below the Curie temperature �TC�, the
thermal expansion coefficients become very small. Fe-Ni al-
loys with a Ni concentration around 35% are the most com-
mon Invar alloys.1 The characteristic features of Invar alloys
are not only their small thermal expansion coefficients but
also their large negative pressure dependence on the Curie
temperature and magnetization.2 Numerous studies have
been performed since the discovery of the Invar effect; how-
ever, its mechanism has not been completely understood.

Studies on the volume and temperature dependence of the
electronic and magnetic states of Invar alloys have been con-
ducted by Weiss in 1963.3 Weiss presented a model of the
mechanism of the Invar effect, the so-called 2� model. Weiss
assumed two different states in an Invar alloy: a high-volume
state with a large magnetic moment and a low-volume state
with a smaller magnetic moment. According to this model,
the Invar effect is caused by the transition from the high-
volume state to the low-volume state with increasing tem-
perature and/or pressure.

Some theoretical studies on Invar alloys in the 1990s have
provided new information.4–8 The energy and volume differ-
ences between the low-spin �LS� and high-spin �HS� states of
Invar alloys are very small. At ambient pressure, the HS
acquires the ground state; however, the population of the LS
increases with temperature and/or pressure. These studies
suggest that the HS-LS transition is the origin of the Invar
effect, which highlights the Weiss 2� model. On the other
hand, some theoretical studies have shown that a noncol-
linear magnetic state assumes the lowest energy in the vol-
ume range between the HS and the LS.9,10 In particular,
Schilfgaarde et al. have presented a new concept for the
mechanism of the Invar effect.10 Their model explains that
the ferromagneticlike noncollinear magnetic phase assumes
the ground state at ambient pressure and that the origin of the
Invar effect is the anomalously small Grüneisen constant in-
duced by the anomalous volume-energy curve of the noncol-
linear magnetic state.

From the above-mentioned theoretical prediction, there is
a possibility that two kinds of phase transitions—one of the
electronic states and the other of the magnetic interactions—
occur under finite temperature and pressure. Moreover, an
investigation into the existence of the phase transition is im-
portant in understanding the mechanism of the Invar effect.

The pressure-induced magnetic state transition of Invar
alloys has been reported by some experimental studies.11–16

According to our previous studies on the magnetism of Invar
alloys under high pressure, the ferromagnetic state collapses
and spin-glass-like magnetic phases appear from the low-
temperature side with increasing pressure.12–14 Moreover,
some experiments have reported that the local magnetic mo-
ments in Invar alloys decrease in two steps at room tempera-
ture with increasing pressure.15,16 This pressure-induced tran-
sition observed at room temperature is not accompanied by a
remarkable volume variation.15,16,18 In addition, some groups
have performed several experimental studies on the pressure
variation of the volume and bulk modulus �B� of Invar
alloys.17–21 Certain studies have reported that the B value of
Invar alloys shows negative pressure dependence at room
temperature.17–19 These reports are in agreement with the
theoretical prediction by Schilfgaarde et al.10 However, Dec-
remps and Nataf reported that the B value of Fe64Ni36 does
not show a negative pressure dependence.20 The pressure-
induced variation in volume at low temperatures has been
investigated by two groups.19,21 They have reported that lat-
tice softening occurs in Fe-Pt Invar alloys under high pres-
sure above 4 GPa.

On the other hand, the number of studies on Invar alloys
at high temperature and pressure is limited. Acet et al. re-
ported that the Fe50Ni37Mn13 ferromagnetic alloy shows a
small Invar effect just below TC. Further, it shows an anti-
Invar effect above TC at ambient pressure.22 Dubrovinsky et
al. reported the pressure-induced Invar effect in Fe-Ni alloys
in a concentration apart from the Invar region, for example,
Fe20Ni80 alloy.

If the HS-LS transition predicted by theoretical studies
would occur, the volume of the Invar alloy would drastically
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decrease with increasing pressure. In addition, the HS-LS
transition should occur at a high temperature. However, this
type of transition has not yet been observed. Therefore, we
note the pressure �P�–volume �V�–temperature �T� relation
for Fe69Ni31 Invar alloy for the temperature range of
500–1300 K under high pressures of up to 6.5 GPa.

II. EXPERIMENTAL METHOD

A. Sample preparation

An Fe-Ni ingot was prepared by arc melting and was then
annealed at 1273 K in an evacuated silica tube for 1 week,
followed by quenching it into water. Subsequently, the
sample was crushed into powder for x-ray diffraction mea-
surements under high pressure. To remove the residual stress,
the powdered sample was annealed again at 1273 K in an
evacuated silica tube for 3 h and then quenched into water.
The chemical composition was determined as Fe69Ni31 using
the Curie temperature �TC=340 K� that was denoted as the
maximum slope of the alternating current �ac� susceptibility-
temperature ��-T� curve and energy-dispersive x-ray spec-
troscopy �EDS�. The observed �-T curve is shown in Fig. 1.
The chemical compositions obtained by TC and EDS almost
correspond with each other, and this result agrees with the
previous report.2 The face-centered-cubic lattice �fcc� crystal
structure of the sample was confirmed by x-ray diffraction
measurements.

B. X-ray diffraction measurements under high pressure

X-ray diffraction measurements were performed by the
energy-dispersive method using a synchrotron radiation
beam on the AR-NE5C beam line at the photon factory of the
High Energy Accelerator Research Organization in Japan.
The incident white x-ray beam was reduced to 0.2
�0.2 mm2 using a pair of slits. The horizontal width of the
collimator was 0.1 mm. The vertical and horizontal widths of
the receiving slits were 0.2 and 0.3 mm, respectively. A Ge
solid-state detector that was calibrated using the characteris-
tic x-rays of Ag, Au, Bi, Cu, Dy, Mo, Pb, Pt, and Ta was
used. The diffraction angle was fixed at 6° to cover the main
diffraction peaks of the sample and pressure marker.

The pressure was generated using a cubic anvil-type high-
pressure apparatus installed at the AR-NE5C beam line. A
cross section of the sample assembly in the horizontal plane
parallel to the incident x-ray beam is shown in Fig. 2. Boron
epoxy and graphite were used as the pressure-transmitting
material and heater, respectively. Two BN capsules that were
set symmetrically against the center of the high-pressure cell
were filled with the sample and pressure marker, respec-
tively. The pressure was determined from the unit cell vol-
ume of MgO using an equation of state proposed by Jamie-
son et al.23 The temperature was determined using a
W75Re25-W97Re3 thermocouple with a diameter of 0.1 mm.
The distance between the Fe69Ni31 alloy and the thermo-
couple was the same as that between MgO and the thermo-
couple.

In the present experiments, a load was first applied to the
maximum target value, following which the temperature was
increased up to 1300 K. The x-ray diffraction patterns of the
pressure marker and Fe69Ni31 alloy were collected only dur-
ing the cooling process. Subsequently, the load was de-
creased to the target value, and then the process of collecting
the x-ray diffraction patterns was repeated. The series of ex-
periments was performed twice. One series was performed
using tungsten-carbide �WC� anvils with the edge length of
the front face being 6�6 mm2 �hereinafter, we refer to this
experiment series as run 1�, mainly to obtain the pressure
range data below approximately 3.5 GPa. Another series was
performed using WC anvils with the front face being 4
�4 mm2 �hereinafter, we refer to this experiment series as
run 2�, mainly to obtain the high-pressure range data above
approximately 3.5 GPa.

To obtain sharp x-ray diffraction patterns and a precise
lattice constant of the sample and pressure marker, it is nec-
essary to remove the pressure gradient and residual stress in
the case of using a solid pressure medium. In the case of the
present experiments, each applied load was required to be
annealed at 1300 K. Therefore, we performed the x-ray dif-
fraction measurements during the cooling process.

III. RESULTS AND DISCUSSION

In this study, the volumes of Fe69Ni31 were determined by
using at least four of the five main x-ray diffraction peaks of
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FIG. 1. Temperature dependence of ac susceptibility ���.
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FIG. 2. A schematic illustration of the cross section of the high-
pressure cell for the horizontal plain parallel to the incident x-ray
beam.
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Fe69Ni31, for example, �111�, �200�, �220�, �311�, and �222�.
Some of the observed x-ray diffraction patterns are shown in
Fig. 3. It can be observed that the crystal structure is stabi-
lized on the fcc lattice over the entire measured range. The
pressure was determined by the volumes of MgO using the
state equation proposed by Jamieson et al.23 The volume of
MgO was determined by using at least four of the five main
x-ray diffraction peaks of MgO, for example, �111�, �200�,
�220�, �311�, and �222�.

The observed pressure variations of the volume at various
temperatures obtained in runs 1 and 2 are shown in Fig. 4.
The volume was normalized to that at ambient pressure and
room temperature. The curves shown in Fig. 4 are visual
guides.

The pressure variation in the volume of Fe69Ni31 at
1300 K is shown in Fig. 4�a�. It is observed that the volume
decreases drastically by approximately 4% between 2 and
4 GPa. From this result, it is considered that the pressure-
induced phase transition to a low-volume state occurs above
2 GPa at 1300 K.

The pressure variation in the volume of Fe69Ni31 at
1100 K is shown in Fig. 4�b�. The volume drastically de-
creases by approximately 3% between 3 and 5 GPa. From
this result, it is considered that the pressure-induced phase
transition to a low-volume state occurs above 3 GPa at
1100 K.

On the other hand, the obvious abrupt pressure-induced
decrease in volume is not observed in Fe69Ni31 at 900, 700,
and 500 K, which are shown in Figs. 4�c�–4�e�, respectively.

These results indicate the existence of the pressure-induced
transition with large volume variation at least at 1300 and
1100 K.

The visual guides in Fig. 4 were drawn according to the
following procedure. Initially, we fitted all the data points at
various temperatures using the following Boltzmann func-
tion:

V = �A1 − A2�/�1 + e�P−Pc�/W� + A2,

where A1, A2, PC, and W are constants. We consider this
function and method to be suitable for the searching of the
pressure-induced transition of volume. However, this func-
tion cannot reflect the effect of compressibility of the high-
volume state and the low-volume state, for example, at 1300
and 1100 K. The amount of data in the present experiments
is sufficient to estimate the compressibility of the high-
volume state; however, it cannot estimate the compressibility
of the low-volume state. Thus, we fitted the data points at
1300 and 1100 K below 2 GPa using the following first-
order linear function:

V = A � P + V0�T� ,

where A is a constant and V0�T� is the extrapolated normal-
ized volume at each temperature at ambient pressure. We
draw the visual guide using the first-order linear function fit
up to 2 and 3 GPa at 1300 and 1100 K, respectively. In ad-
dition to the above pressure range, we use the Boltzmann
function fit as the visual guide.

Rueff et al. reported that the amplitude of the Fe local
moment in Fe64Ni36 is reduced at two characteristic step val-
ues with increasing pressure at 300 K.15 In their report, this
pressure dependence of the Fe local moment is interpreted in
terms of transitions from a HS to a LS up to 5 GPa followed
by a transition to a nonmagnetic state above 15 GPa. Du-
brovinsky et al. reported the pressure variation of volume in
Fe64Ni36 under high pressure up to 20 GPa at room
temperature.18 However, it cannot be seen that the obviously
discontinuous volume varies with the above-mentioned
pressure-induced magnetic state transition. On the other
hand, in the present study at 1300 and 1100 K, we confirm
the discontinuous volume variation with increasing pressure.
Therefore, we consider that the anomalous pressure varia-
tions of volume at 1300 and 1100 K indicate a pressure in-
duced spin state transition, but it would be of a different type
from that observed at room temperature.

The temperature dependence of the compressibility in
Fe69Ni31 below 2 GPa is shown in Fig. 5. The compressibil-
ity at various temperatures was estimated from the results of
the first-order linear fit of the data from run 1 below 2 GPa.
It can be observed that the compressibility decreases drasti-
cally above 900 K. The similar tendency is also confirmed
from the data obtained from run 2.

The temperature dependencies of the normalized volume
at various pressures up to 4 GPa obtained from the visual
guides in Fig. 4 are shown in Fig. 6. At 3.0 GPa, the thermal
expansion between 1100 and 1300 K is clearly lesser than
that below 2.5 GPa. Moreover, above 3.5 GPa, the thermal
expansion is less above 900 K. The shapes of T-V curves
above 3.0 GPa correspond well with the theoretical predic-
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FIG. 3. Observed x-ray diffraction patterns at various pressures
and temperatures.

ANOMALOUS VARIATIONS IN THE VOLUME OF Fe… PHYSICAL REVIEW B 77, 064429 �2008�

064429-3



tion by Moruzzi with regard to the thermally induced HS-LS
transition of the Invar alloy.4 From these results, it would be
considered that the decrease in the thermal expansion coef-
ficients with increasing temperature above 900 K and
3.0 GPa is the Invar effect caused by the HS-LS transition.

Below 2 GPa, the thermal expansion increases with pres-
sure, which corresponds to the pressure dependence of the

above-mentioned compressibility. According to a previous ac
susceptibility study under high pressure, the magnetic inter-
action changes from ferromagnetic to antiferromagnetic with
increasing pressure.12 According to the theoretical study by
Herper et al., the changes in the short-range magnetic inter-

 

0 1 2 3 4 5 6
1.00

1.01

1.02

1.03

1.04

1.05

1.06
(a) 1300 K

N
or

m
al

iz
ed

vo
lu

m
e

Pressure (GPa)
0 1 2 3 4 5 6

0.99

1.00

1.01

1.02

1.03

1.04

1.05

(b) 1100 K

N
or

m
al

iz
ed

vo
lu

m
e

Pressure (GPa)

0 1 2 3 4 5 6
0.97

0.98

0.99

1.00

1.01

1.02

1.03
(d) 700 K

N
or

m
al

iz
ed

vo
lu

m
e

Pressure (GPa)

 

 

 

 

 

 

 

0 1 2 3 4 5 6
0.98

0.99

1.00

1.01

1.02

1.03

1.04
(c) 900 K

N
or

m
al

iz
ed

vo
lu

m
e

Pressure (GPa)

0 1 2 3 4 5 6
0.96

0.97

0.98

0.99

1.00

1.01

1.02

(e) 500 K

N
or

m
al

iz
ed

vo
lu

m
e

Pressure (GPa)

FIG. 4. Pressure dependences
of the volume of Fe69Ni31 at vari-
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action cause the anti-Invar effect and anomalous bulk modu-
lus variation.24 We consider that the changes in the interac-
tion among the nearest atoms could cause the thermal
expansion and bulk modulus.

The P-T phase diagram obtained by the present experi-
ments is shown in Fig. 7. At 1300 and 1100 K, the transi-
tions from the HS state to the low-volume state are initiated
at 2 and 3 GPa, respectively. However, these transitions can-
not be seen below 900 K in present experiments. Above
900 K and below 2 GPa, low compressibility and high ther-
mal expansion state exist, as shown in Figs. 5 and 6. We

expressed this P-T range as an anti-Invar state shown in Fig.
7.

After these high-pressure experiments, the composition of
the sample was confirmed using EDS and x-ray diffraction
measurements. The composition did not change, and no re-
markable diffraction peaks of the reacted material were ob-
served in the x-ray patterns.

IV. CONCLUSION

The P-V-T relation for Fe69Ni31 was investigated at tem-
peratures up to 1300 K and at pressures below 6.5 GPa. The
following conclusions can be drawn from our present study.

�1� A pressure-induced discontinuous variation in volume
has been observed in Fe69Ni31 at 1300 K above 2 GPa and at
1100 K above 3 GPa. These results show that the pressure-
induced transition to a low-volume state occurs at least at
1300 and 1100 K.

�2� Below 2 GPa and above 900 K, the compressibility
decreases and the thermal expansion increases with pressure.

�3� The thermal expansion behavior between 3 and 4 GPa
corresponds well with the theoretical calculation with regard
to thermally induced HS-LS transition of the Invar alloy.4
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