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Magnetism of Invar alloys under pressure examined by inelastic x-ray scattering
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The magnetic properties of the Invar alloy Fe64Ni36 have been investigated by x-ray emission spectroscopy
as a function of pressure up to 20 GPa. With increasing pressure, the amplitude of the Fe local moment,
deduced from the FeKb line satellite intensity, is reduced at two characteristic step values. This pressure
dependence is interpreted in terms of transitions from a high-spin state to a low-spin state at'5 GPa followed
by a transition to a nonmagnetic state above 15 GPa. This behavior provides a microscopic picture of the Fe
magnetism in agreement with the 2g-state model.
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The puzzling properties of Invar alloys have generate
tremendous amount of work1,2 since their discovery more
than a century ago.3 The Invar effect is the anomalously low
and stable thermal expansion of certain metallic alloys ov
wide range of temperature. So far, however, no gen
agreement on the precise physical mechanism has
reached. One of the most commonly accepted models is
so-called 2g-state model proposed by Weiss.4 According to
this model, iron can occupy two different states: a high v
ume state and a slightly less favorable low volume state. T
low volume state is thermally populated thus compensa
the thermal expansion. This almostad hoc model is sup-
ported by fixed-spin moment calculations, which show
existence of a high spin~HS! to low spin ~LS! transition in
Invar alloys as function of temperature.5 The same effect is
also expected under applied pressure at ambient tempera
State-of-the-art band calculations for Invar alloys6,7 have
provided strong clues in this direction by identifying the H
to LS transition with a charge transfer from the major
antibonding~AB! t2g states to the minority nonbonding~NB!
eg states. A charge transfer, similar in nature, albeit oppos
has also been identified experimentally by paramagnetic n
tron scattering in anti-Invar.8

A recent theoretical reexamination of the magnetic pr
erties of the Fe-Ni alloys within anab initio model was
motivated by some experimental inconsistencies, and
gave a new impulse to the understanding of the Invar eff
The model proposed by van Schilfgaardeet al.9 explains the
volume expansion anomaly by the noncollinearity of the ir
~and to a smaller extent of the nickel! magnetic moments
This effect is accompanied by a slow and continuous
crease of the amplitude of the Fe magnetic moment a
function of pressure. This continuous behavior is in contr
with the steplike transitions predicted by the 2g state model.

X-ray emission spectroscopy~XES! is a well suited tech-
nique to address these issues. Indeed, XES is now a
established technique providing direct information on the
cal magnetic properties of atoms, without reference to
long-range magnetic order. It has been already utilized
identify magnetic transitions in Fe-based systems.10–12 Thus
XES differs from other spectroscopic probes of magnet
compatible with high-pressure measurements such as x
circular magnetic dichroism~XMCD! or Mössbauer spec
troscopy~MS!, because of its extreme sensitivity to the ma
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netic moment associated to a specific class of vale
orbitals—in the case of the FeKb emission these are the F
3d orbitals. This local sensitivity, and the insensitivity
long-range magnetic order—responsible for the XMCD s
nal, and to a certain extent for the hyperfine splitting
MS—is crucial in the case of the Invar alloys. Changes in
circular magnetic dichroism at the Pt-L3 edge in Fe-Pt Invar
as a function of pressure observed by Odinet al.,13 and the
disappearance of the hyperfine splitting viewed in the57Fe
Mössbauer spectra of Fe72Pt28 at high pressure by Abd
Elmeguid and co-workers14–16 have been interpreted in term
of HS/LS transition. In these cases, however, the strong
duction of the Curie temperature with pressure leads to
emergence of a paramagnetic phase which cannot be di
guished using XMCD or MS from a true reduction in amp
tude of the magnetic moment on the individual Fe atoms

In this paper, we report the investigation of the magne
properties of a Fe-Ni Invar alloy under high pressure us
high-resolution x-ray emission spectroscopy. The spin s
of Fe in Fe64Ni36 was monitored by high-resolution measur
ments of the FeKb line up to 20 GPa in a diamond-anv
cell ~DAC!. The low-pressure spectrum is found to be ch
acteristic of high spin iron. With increasing pressure, we o
served a two-step reduction of the local moment amplitu
This is interpreted in terms of a high spin to low spin tra
sition followed by a collapse of the magnetic moment
about 15 GPa. These results therefore strongly support
2g-state model.

The experiment was carried out at the inelastic x-ray sc
tering undulator beamline ID16 at the European Synchrot
Radiation Facility~ESRF!. The detailed setup of the beam
line has been described elsewhere.17 The white beam is
monochromatized by a cryogenically cooled Si~111! double
crystal device, and focused on the sample position by a
coated toroidal mirror to a spot size of 20(vertica
380(horizontal) mm2. This size is smaller than the samp
size in the DAC, thus maximizing the incident flux for th
excitation of the emission line. The fluorescence signa
detected by a 1-m Rowland circle spectrometer operatin
the horizontal scattering plane. The analyzer consists o
Si~531! single-crystal wafer elastically bent and glued onto
spherical substrate of 1 m radius. The analyzer is operated
Bragg angles around the value of 73.12°, corresponding
the FeKb emission line. The use of these Bragg angles,
©2001 The American Physical Society09-1
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horizontal source size, and the intrinsic optical aberration
the analyzer give a total energy resolution of'300 meV, a
value smaller than the intrinsic linewidth of the FeKb line.
The FeKb emission spectrum is excited with monochr
matic radiation of 11 KeV photon energy. This value is d
tated by an optimal choice between available intensity, ma
mum Fe photon absorption, and minimal photon attenua
by the 2.5-mm-thick diamond of the DAC. The detector is
Peltier-cooled silicon pin diode. In order to follow the inte
sity of the incident beam, a second detector was installe
monitor the total fluorescence yield coming out of t
sample. For normalization purpose, only the Fe and
fluorescence yield were considered by on-line filtering of
signal through a multichannel analyzer.

The sample was a high purity Fe64Ni36 10-mm-thick foil
~Goodfellow Ref. LS194738!, and it was loaded in a
membrane-type DAC with N2 as pressure medium. Th
sample thickness was chosen to correspond to one absor
length at 11 KeV. The sample was inserted in
200-mm-diameter and 80-mm-thick hole of a Re gasket. Th
sample pressure was measured by the conventional
fluorescence technique using a He-Ne blue laser.

The FeKb line in Fe64Ni36 was measured in the DAC a
300 K as a function of pressure in the 0–20-GPa range.
data presented here were recorded in three series at diff
times. At equivalent pressure, the spectra in all series w
found to superimpose on each other within the error bar, t
proving the reliability and reproducibility of the experime
tal setup. Pressure was stable within less than60.25 GPa
during data acquisition. Figure 1 shows the XES spec
recorded at pressures of 0 and 20 GPa. The two spectra
normalized to the main peak intensity, and were aligned
the theoretical FeKb fluorescence energy of 7058 eV. Th
intense narrow peak at 7058 eV is followed on the ene
loss side by a broad satellite located at'7047 eV. As evi-
dent from the inset of Fig. 1, the satellite intensity decrea
as the pressure is increased.

The observed spectral changes are interpreted in term
the main physical process responsible for the appearanc
the broad satellite peak. TheKb line XES spectrum is char

FIG. 1. XES spectra measured at 0~open circles! and 20 GPa
~open triangles! in Fe-Ni Invar. As an element of comparison, XE
spectra measured in pure Fe are also shown for both low-pres
a-Fe ~solid line! and high-pressuree-Fe ~dashed line! phases. A
blowup of the satellite region is shown in the inset.
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acterized by a final-state with a core hole (3p5) and an elec-
tron excited in the continuum. In transition metals, the p
sible final-state configurations are strongly affected by
interaction between the five core electrons in the partly fil
core level 3p5 and then electrons in the 3dn valence band.18

Besides the spin-orbit interaction, theKb line mainly reflects
the multiplet structure due to the exchange interaction
tween the 3p and the 3d electrons, which is consequent t
the presence of a net magnetic moment in the 3dn ground-
state configuration of the 3d electrons. This results in a split
ting of the final state into two multiplets with opposite sp
character, namely the 3p5↑3dn↑ and the 3p5↑3dn↓ states.
These two main multiplet families can be recognized in
Kb XES spectrum as the main peak and the low-ene
satellite, respectively. Therefore the intensity of this satel
peak can be related directly to the presence, and eventu
magnitude, of a magnetic moment in the 3dn ground-state
configuration of the 3d valence orbitals. In fact, the satellit
amplitude, correlated with the strength of thep-d exchange
interaction, is proportional to the amplitude of the 3d local
magnetic moment19 while the energy splitting between th
main peak and the satellite and their intensity ratio may
slightly modified by the configuration interaction.20

The information on the magnetic moment of the Fe at
can be extracted from the FeKb XES spectra by taking the
difference between the spectrum measured at pressureP and
the lowest pressure point (P50). This is done after normal
izing the area under each spectrum to unity. As an exam
the resulting difference spectra of the last of the three se
of data are reported in Fig. 2. These spectra are mainly c
posed of two peaks of opposite sign, which arise from
reduction of the satellite intensity on the low-energy sid
and the corresponding broadening and growth of the m
peak. As seen in Fig. 2, with increasing pressureP, these two
structures grow in magnitude. Qualitatively, this directly i
dicates a reduction of the magnetic moment of the iron at

ure
FIG. 2. Difference spectra at the indicated pressures~in GPa!.

The difference spectra were obtained using the spectrum aP
50 GPa as lowest pressure point. The spectra were arbitra
translated and the zero position is indicated by the dotted line.
the sake of clarity, the spectra have been smoothed by convolu
with a Gaussian having a full width at half maximum of twice th
experimental resolution.
9-2
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with increasing pressure. A more quantitative analysis to
tract the relevant magnetic information is done by determ
ing the integral of the absolute value of these differen
spectra,DI . The pressure dependenceDI (P) is shown in
Fig. 3. To facilitate the comparison with the iron magne
moment, we plot2DI (P). Statistical and pressure error ba
are also shown. It can be noticed that the analysis carried
on the different series of data~the absolute values of th
integrated difference reported on the Fig. 3 are shownas
calculated without any scaling! yields a coherent set o
points. In the low pressure region below 5 GPa, the cu
presents a linear decrease followed by a plateau in the in
mediate pressure region which extends up to about 12 G
At higher pressures, the intensity drops to zero around
GPa and plateaus there up to the highest measured pre
point around 20 GPa. The existence of two plateaus supp
the interpretation of two magnetic transitions taking place
the 2–5-GPa and in the 12–15-GPa ranges, respectiv
This clearly demonstrates the existence in this Invar alloy
three distinct magnetic states that are successively reach
the pressure is increased.

Further information on the magnetism in Invar can
obtained comparing the Invar XES spectra with those pre
ously measured in pure iron under pressure.12 As shown in

FIG. 3. Pressure dependence of the iron magnetic moment~solid
squares! in the Fe-Ni Invar after analysis of the difference spect
The open, half filled, and solid circles represent the integral of
absolute value of the difference spectra for the consecutive seri
measurements. The right scale is deduced from the pure Fe
data of Fig. 1. The lines are guides to the eye; they represen
average value on the concerned pressure range in order to em
size the three magnetic states of the Fe atom.
-
.

le
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Fig. 1, the pure iron and the Invar spectra at 0 GPa, and th
at high pressure are almost identical. This confirms that:~i!
the Fe atom in the Invar alloy is in a high-spin state at z
pressure as it is ina iron,21 and, ~ii ! at high pressure~20
GPa!, the Fe atom in the Invar alloy is in a nonmagnetic st
as it is ine iron, ~iii ! therefore the plateau in the intermedia
pressure region can be associated with the existence of a
spin magnetic state. Moreover, the comparison of Fig. 1
tween Invar and pure iron data allows also the followi
observations:~i! it confirms that the XES emission spect
are very sensitive only to the magnetism of the valence e
trons of the core-excited atom, and much less to the lo
bonding and crystallographic environment,22 and ~ii ! from
the equivalence between the low- and high-pressure spe
of Invar and pure iron it is possible to scaleDI (P) into the
iron magnetic moment in absolute unitsmFe(P), as shown
on the right vertical axis of Fig. 3.

In summary, the XES measurements reported in Fig
support a picture of a transition of the iron magnetic st
from high spin at low pressure to low spin in the interme
ate pressure region. At higher pressure, eventually, the m
netic moment on iron collapses. This interpretation suppo
the 2g-state model and is also in qualitative agreement w
the XMCD and the Mo¨ssbauer measurements carried out
both Fe-Pt Invar and Fe-Ni Invar under pressure althou
these suffer from eventual contributions due to the chang
long-range magnetic order. The HS-LS transition is theor
cally recognized as a first-order transition but appears h
with a finite width of about 3 GPa. This apparent disagre
ment stems from the experimental limitations due to press
drifts and pressure gradients in the DAC as well as from
fact that the measurements were carried out at a finite t
perature. The HS-LS transition is further supported by
quantitative value of the iron magnetic moment, estimated
be 2.2mB as in pure iron atP50—a value consistent with
the saturation magnetization of 1.66mB per formula unit
measured in Fe65Ni35 at low temperature,23 which leads to a
Fe magnetic moment of 2.3mB and a Ni magnetic moment o
0.5mB . The value of the iron magnetic moment in the L
state, as estimated by the intermediate pressure platea
Fig. 3, is '0.960.3mB—a value consistent with that o
'0.6mB , typical for the magnetic moment of iron in the low
spin state.

The authors would like to acknowledge I. A. Abrikoso
for useful discussion about the noncollinear model, and
Hanfland for his help in using the high-pressure facilities
the ESRF.

.
e
of
S

he
ha-
zi,

O.
1E.F. Wasserman, inInvar: Moment-Volume Instabilities in Tran
sition Metals and Alloys, edited by K.H.J. Bushow and E.P
Wohlfarth ~Elsevier Science, Amsterdam, 1990!.

2The Invar-Effect: A Centennial Symposium, edited by J. Wit-
tenauer~The Minerals, Metals, Materials Society, Warrenda
PA, 1997!.

3C.E. Guillaume, C.R. Acad. Sci.125, 235 ~1897!.
,

4R.J. Weiss, Proc. R. Soc. London, Ser. A82, 281 ~1963!.
5V.L. Moruzzi, Phys. Rev. B41, 6939~1990!.
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