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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 alloygiféi;q 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 F& g 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 st&te@Pa followed
by a transition to a nonmagnetic state above 15 GPa. This behavior provides a microscopic picture of the Fe
magnetism in agreement with theytate model.
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The puzzling properties of Invar alloys have generated anetic moment associated to a specific class of valence
tremendous amount of watk since their discovery more orbitals—in the case of the A€ emission these are the Fe
than a century agdThe Invar effect is the anomalously low 3d orbitals. This local sensitivity, and the insensitivity to
and stable thermal expansion of certain metallic alloys over éong-range magnetic order—responsible for the XMCD sig-
wide range of temperature. So far, however, no generatal, and to a certain extent for the hyperfine splitting in
agreement on the precise physical mechanism has bedhS—is crucial in the case of the Invar alloys. Changes in the
reached. One of the most commonly accepted models is th@rcular magnetic dichroism at the B edge in Fe-Pt Invar
so-called 2-state model proposed by Weiséccording to  as a function of pressure observed by Odiral,'® and the
this model, iron can occupy two different states: a high vol-disappearance of the hyperfine splitting viewed in e
ume state and a slightly less favorable low volume state. Thidlossbauer spectra of E€tg at high pressure by Abd-
low volume state is thermally populated thus compensatingElmeguid and co-worket$*®have been interpreted in term
the thermal expansion. This almoatl hoc model is sup- of HS/LS transition. In these cases, however, the strong re-
ported by fixed-spin moment calculations, which show theduction of the Curie temperature with pressure leads to the
existence of a high spifHS) to low spin(LS) transition in  emergence of a paramagnetic phase which cannot be distin-
Invar alloys as function of temperatutéhe same effect is guished using XMCD or MS from a true reduction in ampli-
also expected under applied pressure at ambient temperatutede of the magnetic moment on the individual Fe atoms.
State-of-the-art band calculations for Invar allbyshave In this paper, we report the investigation of the magnetic
provided strong clues in this direction by identifying the HS properties of a Fe-Ni Invar alloy under high pressure using
to LS transition with a charge transfer from the majority high-resolution x-ray emission spectroscopy. The spin state
antibonding(AB) t,q states to the minority nonbondiriyB)  of Fe in Fg4Nizs was monitored by high-resolution measure-
gg states. A charge transfer, similar in nature, albeit oppositements of the FéA line up to 20 GPa in a diamond-anvil
has also been identified experimentally by paramagnetic newell (DAC). The low-pressure spectrum is found to be char-
tron scattering in anti-Invat. acteristic of high spin iron. With increasing pressure, we ob-

A recent theoretical reexamination of the magnetic prop-served a two-step reduction of the local moment amplitude.
erties of the Fe-Ni alloys within amb initio model was This is interpreted in terms of a high spin to low spin tran-
motivated by some experimental inconsistencies, and thisition followed by a collapse of the magnetic moment at
gave a new impulse to the understanding of the Invar effectabout 15 GPa. These results therefore strongly support the
The model proposed by van Schilfgaaeteal® explains the 2 y-state model.
volume expansion anomaly by the noncollinearity of the iron  The experiment was carried out at the inelastic x-ray scat-
(and to a smaller extent of the nickeghagnetic moments. tering undulator beamline ID16 at the European Synchrotron
This effect is accompanied by a slow and continuous deRadiation Facility(ESRF. The detailed setup of the beam-
crease of the amplitude of the Fe magnetic moment as kne has been described elsewh&réThe white beam is
function of pressure. This continuous behavior is in contrasmonochromatized by a cryogenically cooled13il) double
with the steplike transitions predicted by the &tate model. crystal device, and focused on the sample position by a Rh-

X-ray emission spectroscogXES) is a well suited tech- coated toroidal mirror to a spot size of 20(vertical)
nique to address these issues. Indeed, XES is now a wek 80(horizontal) wm?. This size is smaller than the sample
established technique providing direct information on the losize in the DAC, thus maximizing the incident flux for the
cal magnetic properties of atoms, without reference to thexcitation of the emission line. The fluorescence signal is
long-range magnetic order. It has been already utilized taletected by a 1-m Rowland circle spectrometer operating in
identify magnetic transitions in Fe-based systéf$? Thus  the horizontal scattering plane. The analyzer consists of a
XES differs from other spectroscopic probes of magnetisn8i(531) single-crystal wafer elastically bent and glued onto a
compatible with high-pressure measurements such as x-rapherical substratef @ m radius. The analyzer is operated at
circular magnetic dichroisniXMCD) or Mossbauer spec- Bragg angles around the value of 73.12°, corresponding to
troscopy(MS), because of its extreme sensitivity to the mag-the FeK 8 emission line. The use of these Bragg angles, the
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FIG. 1. XES spectra measured afdpen circlep and 20 GPa 7020 7040 7060 7080
(open trianglesin Fe-Ni Invar. As an element of comparison, XES Energy (eV)
spectra measured in pure Fe are also shown for both low-pressure ) o )
a-Fe (solid line) and high-pressure-Fe (dashed ling phases. A FIG. 2. Difference spectra at the indicated pressiire<3Pa.
blowup of the satellite region is shown in the inset. The difference spectra were obtained using the spectrurR at

=0 GPa as lowest pressure point. The spectra were arbitrarily
anslated and the zero position is indicated by the dotted line. For
he sake of clarity, the spectra have been smoothed by convolution
with a Gaussian having a full width at half maximum of twice the
experimental resolution.

horizontal source size, and the intrinsic optical aberrations o
the analyzer give a total energy resolution~e800 meV, a
value smaller than the intrinsic linewidth of the Re8 line.
The FeKp emission spectrum is excited with monochro-
matic radiation of 11 KeV photon energy. This value is dic- acterized by a final-state with a core holepf3 and an elec-
tated by an optimal choice between available intensity, maxitron excited in the continuum. In transition metals, the pos-
mum Fe photon absorption, and minimal photon attenuatiosible final-state configurations are strongly affected by the
by the 2.5-mm-thick diamond of the DAC. The detector is ainteraction between the five core electrons in the partly filled
Peltier-cooled silicon pin diode. In order to follow the inten- core level 3° and then electrons in the 8" valence band®
sity of the incident beam, a second detector was installed tBesides the spin-orbit interaction, tKe8 line mainly reflects
monitor the total fluorescence yield coming out of thethe multiplet structure due to the exchange interaction be-
sample. For normalization purpose, only the Fe and Nitween the ® and the 3l electrons, which is consequent to
fluorescence yield were considered by on-line filtering of thethe presence of a net magnetic moment in tki€ §round-
signal through a multichannel analyzer. state configuration of thed3electrons. This results in a split-
The sample was a high purity &8lizg 10-um-thick foil  ting of the final state into two multiplets with opposite spin
(Goodfellow Ref. LS194738 and it was loaded in a character, namely thep8'3d"" and the $°'3d" states.
membrane-type DAC with N as pressure medium. The These two main multiplet families can be recognized in the
sample thickness was chosen to correspond to one absorpti&B3 XES spectrum as the main peak and the low-energy
length at 11 KeV. The sample was inserted in asatellite, respectively. Therefore the intensity of this satellite
200-um-diameter and 8@m-thick hole of a Re gasket. The peak can be related directly to the presence, and eventually
sample pressure was measured by the conventional rubyiagnitude, of a magnetic moment in the"3ground-state
fluorescence technique using a He-Ne blue laser. configuration of the @ valence orbitals. In fact, the satellite
The FeKg line in FeyNizs was measured in the DAC at amplitude, correlated with the strength of thel exchange
300 K as a function of pressure in the 0—-20-GPa range. Thiaiteraction, is proportional to the amplitude of thd Bcal
data presented here were recorded in three series at differemagnetic moment while the energy splitting between the
times. At equivalent pressure, the spectra in all series wermain peak and the satellite and their intensity ratio may be
found to superimpose on each other within the error bar, thuslightly modified by the configuration interactiéh.
proving the reliability and reproducibility of the experimen-  The information on the magnetic moment of the Fe atom
tal setup. Pressure was stable within less thel25 GPa can be extracted from the FeB8 XES spectra by taking the
during data acquisition. Figure 1 shows the XES spectradifference between the spectrum measured at prefsanel
recorded at pressures of 0 and 20 GPa. The two spectra aiée lowest pressure poinP&0). This is done after normal-
normalized to the main peak intensity, and were aligned tgzing the area under each spectrum to unity. As an example,
the theoretical F& 3 fluorescence energy of 7058 eV. The the resulting difference spectra of the last of the three series
intense narrow peak at 7058 eV is followed on the energyf data are reported in Fig. 2. These spectra are mainly com-
loss side by a broad satellite located~at047 eV. As evi- posed of two peaks of opposite sign, which arise from the
dent from the inset of Fig. 1, the satellite intensity decreasegeduction of the satellite intensity on the low-energy side,
as the pressure is increased. and the corresponding broadening and growth of the main
The observed spectral changes are interpreted in terms peak. As seen in Fig. 2, with increasing presdeyréhese two
the main physical process responsible for the appearance sfructures grow in magnitude. Qualitatively, this directly in-
the broad satellite peak. ThéB line XES spectrum is char- dicates a reduction of the magnetic moment of the iron atom
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' ' ' ' ' ] Fig. 1, the pure iron and the Invar spectra at 0 GPa, and those
I at high pressure are almost identical. This confirms that:
# ___________________________________ the Fe atom in the Invar alloy is in a high-spin state at zero
] pressure as it is inx iron,?! and, (i) at high pressuré20
GPa, the Fe atom in the Invar alloy is in a nonmagnetic state
as itis ine iron, (iii ) therefore the plateau in the intermediate
pressure region can be associated with the existence of a low
spin magnetic state. Moreover, the comparison of Fig. 1 be-
tween Invar and pure iron data allows also the following
observations({i) it confirms that the XES emission spectra
are very sensitive only to the magnetism of the valence elec-
. . trons of the core-excited atom, and much less to the local
0 5 10 15 20 o5 bonding and crystallographic environméntand (ii) from
P (GPa) the equivalence between the low- and high-pressure spectra
of Invar and pure iron it is possible to scald (P) into the
FIG. 3 Pressure_dependence of the_iron magr_letic mo(aelid iron magnetic moment in absolute unijts.(P), as shown
squaresin the FQ-N| Invar aft_er a_malysus of the dlffert_ence spectra.gn the right vertical axis of Fig. 3.
The open, half filled, a_nd solid circles represent the |nte_gral of_ the In summary, the XES measurements reported in Fig. 3
absolute value of the Q|ﬁerence s.pectra for the consecutive series fupport a picture of a transition of the iron magnetic state
measurements. The_rlght scale_ls deduced from the pure Fe X om high spin at low pressure to low spin in the intermedi-
data of Fig. 1. The lines are guides to the eye; they represent thgte pressure region. At higher pressure, eventually, the mag-
average value on the concerned pressure range in order to emlOhr'?‘étic moment on iron collapses. This interpretation supports
the 2y-state model and is also in qualitative agreement with
_ . o . the XMCD and the Mesbauer measurements carried out on
with increasing pressure. A more quantitative analysis t0 eXp o, Fe_pt nvar and Fe-Ni Invar under pressure although
tract the'relevant magnetic information is done by d.eterm'n'these suffer from eventual contributions due to the change in
ing the integral of the absolute value of t_hese d'ffe_rencqong—range magnetic order. The HS-LS transition is theoreti-
spectra,AI. Thg pressure depgndendg!(P) IS shown in ._cally recognized as a first-order transition but appears here
Fig. 3. To facilitate the comparison with the iron magnetic, i) a finite width of about 3 GPa. This apparent disagree-
moment, we plot-Al (P). Sta’F'St'Cal and pressure error_bars ment stems from the experimental limitations due to pressure
are also shown. It can be noticed that the analysis carried Oyfixs and pressure gradients in the DAC as well as from the
on the different series of datdhe absolute values of the 5.y that the measurements were carried out at a finite tem-
integrated difference reported on the Fig. 3 are sh@8n o a4 re. The HS-LS transition is further supported by the

ca[culatlted vr\:lthlout any scaling yleI%s Ia cghGeLent ﬁet of guantitative value of the iron magnetic moment, estimated to
points. In the low pressure region below a, the cUVgy, 5 2, as in pure iron aP=0—a value consistent with

presents a linear decr_ease fpllowed by a plateau in the intefre oot ration magnetization of 16§ per formula unit
mediate pressure region which extends up to about 12 GP easured in RgNiss at low temperaturd® which leads to a

At higher pressures, the intensity drops to zero around 1 e magnetic moment of 2.3 and a Ni magnetic moment of

GPa and plateaus there up to the highest measured pressB(gMB_ The value of the iron magnetic moment in the LS

Fhoenfn?er?urre‘?aﬁgnGoFﬁ\}v-(r)hrian:\sézg(;fa(r)]fsﬁlivoonglfgﬁaus Slggg?r:gate, as estimated by the intermediate pressure plateau of
P 9 gp Fig. 3, is ~0.9+0.3ug—a value consistent with that of

thg 2-5-GPa and in the 12—1!_5-GPa ranges, respectlveILO.GMB, typical for the magnetic moment of iron in the low
This clearly demonstrates the existence in this Invar alloy of__:
o ) . spin state.
three distinct magnetic states that are successively reached &as
the pressure is increased. The authors would like to acknowledge I. A. Abrikosov
Further information on the magnetism in Invar can befor useful discussion about the noncollinear model, and M.
obtained comparing the Invar XES spectra with those previHanfland for his help in using the high-pressure facilities at

ously measured in pure iron under pressidrds shown in  the ESRF.
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size the three magnetic states of the Fe atom.
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