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High-pressure magnetic study of Fe-Ni and Fe-Pt Invar alloys
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Magnetic properties of FegyNizq and Fe-Pt Invar alloys under high pressure have been investigated through
x-ray magnetic circular dichroism (XMCD) up to 12 GPa at ambient temperature and superconducting quan-
tum interference device magnetometer up to 1 GPa for different isotherms, from 10 to 300 K. Results obtained
with both techniques on Fe-Pt samples can be well interpreted through the 2+y-state interpretation of the Invar
effect. For the FegyNisq alloy, the relative evolution of the iron magnetic moment at 300 K, measured through
XMCD, shows the existence of a plateau between 4 and 10 GPa, also expected within this approach. In the
low-pressure range, the evolution of magnetization indicates that the itinerant character of Fe-Ni alloys may

affect the transition.
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I. INTRODUCTION

The Invar effect has been extensively studied since its
discovery in 1897." It has been clearly established that the
almost zero thermal expansion over a large range of tempera-
ture is related to magnetovolumic instabilities which give
rise to a reduction in the volume and cancel the expansion
due to the lattice vibrations. Besides this peculiar thermal
expansion, other physical properties such as heat capacity,
elastic modulus, or magnetization show unusual behaviors
under temperature. Anomalies are also observed as a func-
tion of composition, magnetic field, or pressure, where a
very low-pressure derivative of the bulk modulus is
observed.>* Up to now, a unique microscopic interpretation
of the magnetovolumic effects responsible for the Invar ef-
fect is still lacking. Even though a large amount of models
have been proposed,* Invar specific properties are currently
explained through two main models. A localized description,
based on the existence of two distinct magnetic states of iron
and an itinerant description, based on a continuum of states
of iron spin moment. The first one has been initially pro-
posed by Weiss®> who suggested that an increase in tempera-
ture allows a transition from a high-spin (HS) state to a low-
spin (LS) state which has a smaller volume. Therefore the
lattice expansion is counterbalanced by this transition.
Within this interpretation, increasing pressure gives rise to a
reduction in the energy difference between the two states up
to a transition pressure beyond which the LS state becomes
the more favorable configuration. This interpretation has
been supported by modern band-structure calculations which
give a more detailed picture of the electronic transition.®=3
These works have shown that the HS to LS transition is
actually associated with an electronic transfer from the anti-
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bonding majority-spin states of 7,, symmetry to the nonbond-
ing minority-spin states of e, symmetry. Both temperature
and pressure evolutions of physical properties are thus ex-
pected to present first-order discontinuities. From an experi-
mental point of view, M0ssbauer spectroscopy experiments
support this model, showing that the LS density increases
with temperature® or with pressure.!®!! Nevertheless, some
results obtained on Fe-Ni samples are inconsistent with this
two-states model. This has led van Schilfgaarde et al.'? to
propose a different microscopic interpretation for these al-
loys. The Invar effect is explained through a volume reduc-
tion driven by a continuous transition from a ferromagnetic
state to a noncollinear configuration of the spin moment.
This ab initio model succeed in reproducing experimental
data like the magnetic moment evolution with the composi-
tion or the low value of the pressure derivative of the bulk
modulus and its pressure evolution.!®> Moreover, recent po-
larized neutron diffraction'# and spin-polarized electron mo-
mentum distributions'> results are in contradiction with the
2y-state model. They show that there is no charge transfer
between orbitals, the fraction of electrons with e, symmetry
remaining constant over the whole temperature range. Ac-
cording to this approach no first-order discontinuities are ex-
pected to occur.

Among Invar alloys, which are essentially Fe-based alloys
(for a review, see Ref. 16), Fe-Ni and Fe-Pt are recognized as
prototypical. In spite of similar low expansion coefficients,
these compounds present different behaviors showing their
different magnetic properties. In Fe-Ni samples, deviations
from the Vegard and Slater-Pauling laws are observed!”-!3
whereas in Fe-Pt samples, lattice constant and magnetic mo-
ment evolutions are linear as a function of the composition. '’
This is connected to the itinerant (Fe-Ni) and localized (Fe-
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Pt) character of the magnetism. Moreover, both iron and
nickel are responsible for the magnetism in Fe-Ni whereas
platinum magnetism is induced by the orbitals hybridization
with iron. As the investigation of the pressure effect on the
magnetic properties of 3d transition metals can provide a
better understanding of the itinerant magnetism, many stud-
ies have been previously focused on the magnetic properties
of Invar compounds. As already mentioned, Mdssbauer spec-
troscopy measurements under pressure have given experi-
mental evidence of the HS to LS transition.!%!1:20 The pres-
sure evolution of x-ray magnetic circular dichroism (XMCD)
spectra observed on Fe;,Ptyg (Ref. 21) and XES spectra on
Fe4Nise,>? where both techniques are sensitive to the mag-
netic moment, have been well interpreted within the 2 y-state
framework. On the other hand, recent ac susceptibility re-
sults on FegNizs show a continuous magnetic phase
transition?® which supports the noncollinear interpretation.

A previous structural study performed at 30 K, through
x-ray diffraction has shown that, for both samples, the pres-
sure dependence of the cell volume can be satisfactorily fit-
ted using a “Weiss-like equation of state.” Nevertheless the
interpretation of the FegNizs compound is less straightfor-
ward and suggests that other equations of state may be suit-
able. This different high-pressure behavior of the cell volume
led us to investigate the magnetic properties of Fe-Ni and
Fe-Pt samples under pressure. In this paper XMCD experi-
ments at ambient temperature performed on FegNisq and
Fe;,Pt,g samples up to 12 GPa are reported. This technique is
very useful to investigate magnetic properties of 3d transi-
tion metals, thanks to its element and orbital selectivity and
to its sensitivity to very small magnetic moments. The aim of
this study was to elucidate whether or not the magnetic mo-
ment has a continuous evolution with pressure in order to
test which model is the most suitable to interpret Invar be-
havior. Moreover Fe-Ni and Fe-Pt alloys present different
magnetic properties and evolutions with pressure, in particu-
lar, in the low-pressure range. In order to obtain a direct and
precise determination of the magnetic moment under hydro-
static pressure, we have performed magnetization measure-
ments with a superconducting quantum interference device
(SQUID) magnetometer on both samples, up to 1 GPa on
different isotherms (from 10 to 300 K).

II. EXPERIMENTAL PROCEDURE
A. XMCD experiments

For XMCD experiments, the samples shape was a disk of
diameter 30 um and thickness around 5 um, extracted from
polycrystalline rods. Samples were annealed for one day in
an argon atmosphere at 800 °C to remove residual stress.
The  densities have  been  measured [pFeMN,»%
=8.078(5) g/cm® and Pre,pi, = 11.973(5) g/cm®] and
found close to those of single-crystal values.>>?® Moreover
these samples have been characterized and investigated in
previous studies>?">* and the XAS spectrum (shown in Fig.
1 for the Fe-Ni case) presents the fcc symmetry signature, as
expected. The samples were placed into a Cu-Be membrane
diamond-anvil cell,?” filled with a methanol-ethanol (4:1)
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FIG. 1. (Color online) Normalized XAS and XMCD signals of
Feg,Nisg at 0.38 GPa.

mixture as pressure medium. A ruby ball?® was also loaded
close to the sample in order to determine the pressure, thanks
to the fluorescence method.?

XMCD and XAS spectra, shown in Fig. 1 for the Fe-Ni
case, were recorded at the European Synchrotron Radiation
Facility at the energy dispersive XAS beamline ID24 (Ref.
30) which allows the detection of K-edge XMCD signals of
3d transition metals under pressure.®! A magnetic field of 0.4
T was applied to the sample environment in the direction of
x-ray propagation. Each XMCD spectrum was obtained by
accumulating 500 to 1500 XAS spectra, inverting the mag-
netic field between two successive XAS spectra. It should be
reminded here that XMCD measures the projection of the
magnetic moment on the x-ray propagation axis. The quan-
tity measured through XMCD is proportional to the spin and
orbital moment carried by the probed electronic level of the
transition.

Many theoretical studies, using different approaches,
have been dedicated to the interpretation of the XMCD sig-
nal measured at the K edge (which probes the 4p empty
states) of transition metals. Still, its precise origins are not
fully understood. Nevertheless, all these works lead to the
conclusion that the main contribution is due to interaction of
the excited 4p photoelectrons with the spin-polarized 3d
bands of the neighboring atoms. Therefore, one can conclude
that the XMCD integral is proportional to the orbital mag-
netic moment of the 3d bands.

32-36

B. SQUID experiments

For these experiments, performed at the Institute of Phys-
ics, Academy of Sciences of the Czech Republic, a nonmag-
netic Cu-Be hydrostatic cell, recently developed for magne-
tization measurements,>’ was used. The same FegNisg
sample and a Fe;Pt polycrystalline sample were investigated.
The samples were loaded into the cell filled with spindle oil
(OL3) as pressure medium. The in sifu pressure is deter-
mined at low temperature, thanks to the superconducting
transition of a Pb ball whose critical temperature shifts with
pressure. Using a SQUID magnetometer (Quantum Design
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FIG. 2. (Color online) Normalized XMCD signals obtained on
the Fe;,Ptyg sample, at 0.5 GPa in black solid line, 1.7 GPa in red
dashed line, 3.8 GPa in green dotted line, and 6.2 GPa in blue
dot-dashed line.

MPMS-5S), the magnetization per atom of both alloys under
pressure and as a function of temperature were measured, in
an external magnetic field of 4 T.

III. RESULTS AND DISCUSSION
A. Fe-Pt

The XMCD signal collected on the Fe;,Pt,g sample (Fig.
2) is in good agreement with those measured by Stihler er
al.3® Since the intensity of the transmitted beam at the Fe K
edge is weakened not only by the diamonds, but also by the
absorption of Pt, each XMCD spectrum was obtained using
integration times between 8 and 24 h (depending on the pres-
sure), in order to obtain a sufficient signal-to-noise ratio.

The pressure dependence of the normalized integral of
XMCD signals obtained at the Fe K edge on Fe;,Pt,g is plot-
ted in Fig. 3 (red diamonds). The orbital magnetic moment of
platinum deduced from the experiment at the Pt L, 5 edges?!
is also represented in this figure (black line). It has to be
noted that a magnetic moment still exists at high pressure (6
GPa), which has also been observed by pulsed magnetic field
measurements.® One can observe a clear and abrupt de-
crease in the pressure evolution of both the spectra (shown in
Fig. 2) and the normalized integrals of XMCD between 1.7
and 3.8 GPa (Fig. 3, red diamonds). In these alloys, magne-
tism is due to Fe, and hybridization of Fe 3d bands and Pt 54
bands is responsible for the presence of a magnetic moment
on Pt. As already mentioned, the integral of the XMCD sig-
nal at the K edge is proportional to the 3d-orbital magnetic
moment. The good superposition of results at the Fe K edge
and at the Pt L, 5 indicates that the magnetic moment of both
iron and platinum atoms behaves similarly. Therefore our
results support the conclusion proposed by Odin et al.: the
abrupt decrease in the magnetic moment with pressure cor-
responds to the HS to LS transition and therefore provides
another evidence of the two-states model for the Fe-Pt
alloys.
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FIG. 3. (Color online) Pressure dependence of normalized inte-
grals of XMCD signals for the Fe;,Pt,g sample. Red diamonds:
Fe K edge and black circles: orbital magnetic moment deduced
from the measurements at the Pt L, 5 edges (Ref. 21).

Figure 4 presents the magnetization as a function of pres-
sure of the Fe-Pt sample at different temperatures. At 10 K,
the average magnetic moment per atom, 2.02u, corresponds
to previous measurements on Fe-Pt samples.*>#! The relative
magnetization M(T,p)/M(T,0) at ambient temperature is in
very good agreement with Matsushita et al.’® results [at
about 1 GPa, we observe a value of 0.32 compared with 0.4
(Ref. 39)]. The Curie temperature T of the sample is 335 K
at ambient pressure and decreases strongly with increasing
pressure (as clearly shown in Fig. 5). The pressure parameter
dTc/dp=-52.4*+0.6 K/GPa has been determined from
M(T,p,100 G) curves. Therefore at 300 K, the ferromag-
netic to paramagnetic transition induced by pressure is the
main reason for the magnetic moment decrease. At 200 K,
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FIG. 4. (Color online) Pressure dependence of the magnetization
per atom (with an external magnetic field of 4 T) of the Fe;Pt
sample at different temperature: 10 K in black squares, 50 K in red
circles, 100 K in green down triangles, 200 K in blue up triangles,
and 300 K in cyan diamonds. Inset: normalized value of the mag-
netization with pressure M(T,p)/M(10,0) at 10 and 200 K (same
symbols).
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FIG. 5. (Color online) Temperature dependence of the magneti-
zation per atom of the Fe;Pt sample at different pressures. Each
curve has been normalized to the 10 K value of the magnetization:
0 GPa in black squares, 0.37 GPa in red diamonds, 0.82 GPa in
green triangles, and 1.01 GPa in blue circles.

the magnetization shows a clear decrease with pressure,
more pronounced above 0.5 GPa. But for this temperature,
one has to take into account the typical flattening of the
magnetization (Fig. 5) which may be partially responsible for
the magnetization reduction observed above 0.5 GPa. For the
lower temperatures (from 100 to 10 K), a smoother reduction
with pressure of the magnetization is observed (with a pres-
sure coefficient of d1n M/dp=-0.02 GPa™'). In these cases
the Curie temperature is not reached even at the highest pres-
sure. This magnetization evolution is then due to the elec-
tronic transition from the high-spin state to the low-spin one
induced by the pressure. Although the pressure also induces
a transition to the paramagnetic state in the case of our
sample, these results are in good agreement with a previous
study* and can be interpreted within the 2+v-state model
framework.

B. Fe-Ni

The evolution of the XMCD spectra under pressure mea-
sured on the Feg,Nizg sample is shown in Fig. 6. The main
specific peaks and their energy positions correspond to the
spectra obtained by Gofron et al.*3 on three different Fe-Ni
alloys. As seen in Fig. 6 the XMCD intensity decreases with
pressure, in particular, between 0.4 and 3.4 GPa. This de-
crease is emphasized by the signal integrals whose pressure
dependence is given in Fig. 7. The XMCD signal then re-
mains constant up to 10 GPa (within the error bar). Above
10 GPa, the decrease in the magnetic moment is more evi-
dent and there is no doubt that the magnetic moment will
vanish at higher pressure. The nonmagnetic state has been
actually measured on a FegNizg polycrystalline sample
around 15 GPa, by x-ray emission spectroscopy,’? and on
pure Fe (Ref. 44) and Fe;C (Ref. 45) by XMCD.

Here again, the magnetic moment evolution with pressure
can be interpreted through the two states description. Starting
from a mixed configuration of HS and LS states at ambient
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FIG. 6. (Color online) Normalized XMCD signals obtained on
the FegyNiz¢ sample, at 0.4 GPa in black solid line, 3.4 GPa in red
dashed line, 6.9 GPa in green dotted line, and 11.6 GPa in blue
dot-dashed line.

pressure and temperature, the LS state becomes more stable,
thus more populated, than the HS one as the pressure is
increasing (in the 0-3 GPa range). Once all the electrons are
in the LS state, the XMCD intensity reflects only the LS state
and remains constant (between 4 and 10 GPa), up to the
transition into the nonmagnetic state.

On the contrary, the noncollinear model which predicts a
smooth and continuous decrease in the magnetic moment
under pressure, fails to reproduce this result. The existence
of a plateau, which is absolutely significant, was also found
by Rueff et al.?? at the same relative intensity and supports
the two-states model, even for the Fe-Ni compounds. This
conclusion is in good agreement with a previous ultrasonics
measurements performed on the same Feg,Niss sample at
ambient temperature.’

Through Mossbauer spectroscopy, the Curie temperature
T is found to decrease strongly with pressure (d7./dp
=-44 K/GPa) in such a way that T is predicted to be equal
to room temperature around 7 GPa.!0 Nevertheless, XMCD
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FIG. 7. (Color online) Pressure dependence of normalized inte-
grals of XMCD signals for the FegyNisq sample. Black diamonds
and green circles correspond to different runs.
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FIG. 8. (Color online) Pressure dependence of the magnetization
per atom (with an external magnetic field of 4 T) of the FegyNisq
sample at different temperature: 10 K in black squares, 50 K in red
circles, 100 K in green down triangles, 200 K in blue up triangles,
and 300 K in cyan diamonds. Inset: normalized value of the mag-
netization with pressure M(T,p)/M(10,0) at 10 and 300 K (same
symbols).

signals can be measured up to these pressures and even
higher, indicating that the sample is still ferromagnetic, oth-
erwise no XMCD signal would be detected. This observation
points out to a contradiction, which may be explained taking
into account the sample history. Indeed, time and tempera-
ture of annealing play a crucial role in the magnetic proper-
ties of Invar alloys. In particular Wei et al.*® have found a
clear dependence of 7 and d7-/dp with the annealing pro-
cedure.

At ambient pressure and at 10 K, the magnetization of the
Feg4Nisq alloy is found to be 1.66up in very good agreement
with previous measurements.*’ As seen in Fig. 8 where
SQUID results are reported, the pressure dependence of the
magnetization is not strongly affected by the temperature.
Whatever the temperature, the decrease in the magnetization
is linear with a similar slope (d1n M/dp=-0.11 GPa™! at
10 K and d1In M/dp=-0.14 GPa™! at 300 K). The inset of
Fig. 8, which represents the relative value of the magnetiza-
tion, points out the extraordinary decrease in the magnetiza-
tion with pressure in the FeNi alloy, in comparison with the
standard small decrease (of about dIn M/dp=-0.03 GPa™,
in FePt or in pure iron or nickel). This result does not corre-
spond to what has been previously measured by Hayashi
et al.**> This different behavior may be explained by a differ-
ent history or composition of the sample. In the FeNi
samples, the Curie temperature is higher than in FePt ones
(520 K with respect to 335 K) and as it can be seen in Fig. 9,
the temperature of the sample remains well below T~ on the
whole pressure range. Thus in this case, a transition to the
paramagnetic state cannot be responsible for the observed
pressure behavior (Fig. 8).

As mentioned in Sec. I, the interpretation of results for
Fe-Ni alloys has always been more debated than for Fe-Pt,
from both the experimental and theoretical point of views.
The XMCD results are consistent with a transition from a
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FIG. 9. (Color online) Temperature dependence of the magneti-
zation per atom of the FegyNisq sample at different pressures. Each
curve has been normalized to the 10 K value of the magnetization:
0 GPa in black squares, 0.22 GPa in red diamonds, 0.73 GPa in
green triangles, and 0.88 GPa in blue circles.

mixed HS/LS state to a pure LS state induced by pressure.
On the other hand, in the two-state model, the pressure de-
pendence of the magnetization should be affected by the
temperature, as observed in the FePt sample. This is not the
case in this low-pressure range (p<<1 GPa), the results
showing a very similar slope with pressure in the whole ex-
plored temperature range (Fig. 8). However, it must be noted
that in the case of itinerant magnets, the magnetic transition
is much more sensitive to pressure than to temperature, since
the temperature range is well below T.!° Moreover, the
XMCD technique provides a local and selective probe of the
Fe magnetic moment, whereas SQUID measurements pro-
vide an average magnetic moment of the investigated
sample.

In any case, the present magnetization results (Fig. 8) lead
to the need of an extension of the two-state model in the
low-pressure range. Besides the HS to LS transition, one
may have to consider an additional contribution, which is
difficult to evaluate precisely within the present theories
framework but could be attributed to intermediate magnetic
states.*3

IV. CONCLUSION

Ambient temperature results from x-ray magnetic circular
dichroism lead to similar conclusions for both samples. The
pressure dependence of the magnetic moment cannot be in-
terpreted within the noncollinear framework, since a plateau
occurs between 4 and 10 GPa, the existence of which is not
expected in a noncollinear picture. In fact the results ob-
tained on the Fe-Pt sample (through XMCD and SQUID
techniques) can be interpreted through the 2vy-state model at
all temperatures investigated. Whereas the Fe-Ni alloys be-
havior is more complex and its interpretation seems to re-
quire both models according to the temperature. Indeed, am-
bient temperature measurements of the bulk modulus® and of
the magnetization** show linear evolutions with pressure
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with an abrupt change in slope, around 3 GPa, in contradic-
tion with the noncollinear interpretation. On the other hand,
the temperature independence of the e, electronic
population'* is not expected by the 27y-state model and the
pressure behavior of the magnetization observed through
SQUID measurements may require both points of view.
Therefore, it would be of great interest to perform XMCD or
ultrasonics experiments under pressure at low temperature on
the peculiar case of Fe-Ni alloys, for which the origin of

PHYSICAL REVIEW B 80, 134404 (2009)

Invar anomalies appears to be much more complex to ex-
plain than for the Fe-Pt compounds.
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