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Abstract. The magnetic Compton profile (MCP) for ordered Fe72Pt28 has been measured at
T = 305 and 490 K. The shape of the MCPs are compared to one obtained from first principles
band-structure calculations for the ferromagnetic ground state. The theoretical analysis includes
a decomposition of the various orbital and atomic contributions. The experiments indicate a
discernible change in the shape of the MCP with increasing temperature, and possible implications
for the observed change in shape are discussed.

Introduction

Beginning with Guillaume’s pioneering work in 1896 [1], Invar alloys have been widely studied
and used in numerous applications. From his initial work on the Fe–Ni alloy system, the term
‘Invar’ has been extended to include several other alloy systems, including Fe–Pt near the
Fe3Pt composition. As with the other Invar alloys, Fe3Pt displays a small thermal expansion
coefficient in a broad thermal range about room temperature. The mechanism responsible for
this Invar effect, however, still remains the subject of debate [2–4]. While there have been
many models proposed over the years (see [5–7] for relevant references), one of the earliest,
the Weiss ‘2γ -state model’, has been widely used as a basis for analysis. Weiss postulated
thatγ–Fe (fcc) has two different, nearly degenerate, magnetic states [8]:γ1, a low spin (LS)
state with a moment∼0.5µB /atom and small atomic volume; andγ2, a high spin (HS) state
with a moment∼2.8 µB /atom and a larger atomic volume. This model has been further
developed and extended by several authors (Hillert [9], Bendicket al [10], and Matsui and
Chikazumi [11]). In these models, the normal thermal expansion of the lattice is compensated
by thermal excitation into the smaller volumeγ1 state. First principles calculations for fcc
Fe as a function of volume have indeed shown energy minima for LS and HS states and have
refined and increased the popularity of the two state concept [12]. More recent calculations
[13, 14], which allow for noncollinear ordering of the magnetic moments, suggest that the LS
state may in fact be due to more complicated magnetic orientation fluctuations than a simple
local moment collapse.

Recently, experiments have been performed to test these theoretical calculations, but
the results have proved inconclusive. Temperature-dependent photoemission experiments on
Fe3Pt have shown [5] a difference between the high and low temperature energy distribution
curves for the collinear LS and HS states that are in reasonably good agreement with density
of states calculations. Neutron scattering experiments made on Fe3Pt in the paramagnetic
temperature regime, on the other hand, have suggested that large local moments persist to
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high temperatures [15]. It is our feeling that the LS state may indeed be some sort of
noncollinear arrangement of fairly large local moments. However, the theory needed to
establish such a model and obtain its thermal properties along with the magneto-lattice coupling
is only now being developed [14]. Further experiments to ascertain details of the short-range
magnetic order as a function of temperature are also needed. With this in mind, we have
undertaken exploratory magnetic Compton profile (MCP) measurements on Fe3Pt. To aid in
the interpretation of the results and to investigate if the MCPs may be useful in providing
information about the short-range magnetic order, we have performed corresponding first
principles, spin-polarized band structure calculations for the ferromagnetic ground state of
Fe3Pt and obtained the theoretical MCP. Details of the experiments and calculations are given
below.

Experimental details

Due to the inherently small cross section involved, magnetic Compton scattering (MCS)
experiments have only become feasible with the advent of high energy synchrotron radiation
sources. These experiments are still relatively new but are certain to become more
commonplace with the arrival of high-brilliance third-generation storage rings. By alternately
measuring the standard Compton profile with opposite sample magnetization (or photon
helicity), MCS provides a measure of the momentum distribution of the difference between the
spin-up and spin-down electrons. To be sensitive to the magnetic electrons, these experiments
require circularly polarized photons that couple to the term in the incoherent scattering cross
section arising from the interference between charge and magnetic scattering.

Compared to the charge scattering contribution, however, this term is down by a factor of
h̄ω/m0c

2, wherem0c
2 is the rest mass energy of the electron, and ¯hω is the incident photon

energy. Therefore, these experiments must be performed at relatively high photon energies
in order to maximize the cross section for magnetic scattering. Operating at higher energies
also simplifies the data analysis since it allows the scattering from the valence electrons to
be treated within the impulse approximation [16] (i.e., far from any characteristic binding
energies). With this approximation [17], the magnetic Compton cross section for a solid can
be written [16–19] in a simple form given by:[
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wherePc is the degree of circular polarization,r0 is the classical electron radius, andk0 andk′

are the magnitude of the incident and scattered x-ray wave vectors.92 is a geometrical factor
(see figure 1) defined as:

92 = ±σ
(
k0 cosα cosϕ − k′ cos(α − ϕ)) (cosϕ − 1)

h̄c

m0c2
. (2)

Here,σ is the electron spin (±1), α is the angle between the incident x-ray (k0) and the
magnetic moment direction (B), andϕ is the scattering angle. The momentum distribution
(pz) of the unpaired electrons projected along the scattering vector, also known as the magnetic
Compton profile, is contained inJ− (or Jspin):

J−(pz) =
∫ ∫ (

n↑(p)− n↓(p)) dpx dpy (3)

where the electron momentum density for a given spin orientation is given byn↑(↓)(p).
As seen from equations (1) and (2), the magnetic cross section for a given system (which

is typically only 0.1% of the electronic charge cross section) can be increased by making the
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Figure 1. Schematic of the experimental setup. After the phase plate, the circularly polarized,
monochromatic beam is incident on the sample placed between the poles of an electromagnet. The
geometry is optimized to enhance the cross section as described in the text.

angleα smaller andϕ larger. The first two factors are geometrical, and they were optimized
for our particular experimental arrangement, as shown in figure 1.

Circularly polarized photons were obtained by employing a Bragg–Laue phase retarder
constructed from single crystal germanium. This phase retarder operates at discrete energies
within a range between 20–88 keV. The (440) crystal reflection produced a 90% degree of
circular polarization for 65 keV x-rays used for this measurement. A detailed description
of the phase retarder performance over its entire useful range is given elsewhere [20]. The
photon energy of 65 keV was chosen for two reasons: one, it is sufficiently high enough for
the impulse approximation to be valid; and two, it was the lowest incident energy whose broad
Compton-shifted peak did not overlap with the Pt fluorescent K-edges.

Experiments were performed on the F2 wiggler beamline at the Cornell High Energy
Synchrotron Source (CHESS). A 15 mm thick carbon filter and a 0.5 mm thick copper filter
were used to remove the lower energy (220) harmonic reflection from the phase retarder and
also to reduce the effects of heating caused by the wiggler white beam radiation. The 65 keV
circularly polarized exit beam passed through a sealed Xe ion chamber, which acted as a beam
monitor, before its incidence at 15◦ on the Fe3Pt sample. The measured flux on the sample was
2.5×107 photons s−1 at 65 mA of storage ring current. This number was in a good agreement
with the calculated flux. A scattering angle (ϕ) of 165◦ was chosen to maximize the magnetic
Compton cross section within experimental constraints (figure 1). This produced a Compton
shift of 13.15 keV with the inelastic peak centred about 51.85 keV.

The sample was prepared by arc melting Fe wire and Pt shot. It was then rolled into
a 2× 2 × 30 mm ingot. The ordering of the sample was done in several steps. First, by
heat treatment in vacuum at 650◦C for 100 h, and then by gradual cooling to 450◦C over
20 h. Subsequently, x-ray diffraction data were taken that confirmed the presence of the
polycrystalline fcc Cu3Au-like superstructure.

The sample was mounted in contact between the poles of an electromagnet with an applied
field of 800 Gauss parallel to the sample face (figure 1). For the high temperature measurements,
the sample was placed in a furnace with a built-in electromagnet. Contact between the sample
and pole pieces was maintained throughout the experiment. The sample temperature was
continuously held to within±3 K.

To distinguish the magnetic scattering from the charge scattering background, the
measurements were made by obtaining data with opposite sample magnetizations, and the
results were subtracted. The remaining profile is proportional only to the MCP. Alternatively,
measurements can be made with elliptical (or circular) polarization of opposite helicity, with
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the measured profiles subtracted as above. The former approach, however, is experimentally
more practical, especially with soft, ferromagnetic samples. By constraining the sample
magnetization and the incident and scattered wave vectors to be coplanar (figure 1), the
measured profile depends only upon the scattering from thez-component of the electron’s
spin [21–23].

The data were collected using a Ge solid-state detector (Ge SSD) and a multichannel
analyser in an ABBA sequence with one A or B step approximately 2 min long. At room
temperature, 450 counts s−1 were obtained in the electronic Compton peak. To achieve
acceptable statistical error, data were collected for the duration of 24 h. At high temperature
(490 K), some of the lead shielding was removed around the Ge SSD so it was possible to
move the detector closer to the sample to compensate for the anticipated loss in count rate due
to the decrease in the sample’s magnetization caused by the higher temperature. The closer
proximity of the detector to the sample actually resulted in an increased counting rate in the
electronic peak (1200 counts s−1). Nevertheless, we collected data for the entire MCP over the
24 h period. The profiles were normalized relative to each other by counting versus a monitor
(Xe ion chamber). The ordinate of the data has been transformed from energy to momentum
in atomic units (a.u.) and folded aboutpz = 0. An atomic unit of momentum (1.9929×10−24

kg m s−1) is the momentum of an electron in the first Bohr orbit of hydrogen. The spacing
between the points corresponds to the resolution of the Ge SSD (0.8 a.u.). The integral of the
profile from−10 to +10 a.u. is directly proportional to the number of magnetic electrons or
the magnetic moment/atom.

Figure 2. The experimental magnetic Compton profile (MCP) for ordered Fe3Pt at 305 K (solid
circles) and 490 K (open circles). The solid curve is the band theoretical MCP (see equation (3)),
which has been normalized to yield the experimental value of the magnetic moment at 305 K.
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As seen from figure 2, there is a significant difference in the shape of the profiles between
the room and the high temperature data. In addition, both profiles have a maximum away from
pz = 0. The maximum and other features will be described in more detail below. The values
of the moments were determined from the area of the measured profile, and normalized to a
Fe standard with a known moment. The result for room temperature (µ = 1.8µB) agrees well
with previously published results [24].

Theoretical details

The self-consistent band structure calculations were performed using a spin-polarized, scalar
relativistic version of the full potential linear-augmented plane wave (FLAPW) method. A
mesh of 120 inequivalentk points in the irreducible Brillouin zone was used for thek-space
integrations. We used the exchange-correlation potential of von Barth and Hedin as modified
by Moruzziet al [25]. The muffin-tin radii are 2.62 a.u. (1.38 Å) and 2.40 a.u. (1.27 Å) for Pt
and Fe, respectively. With a lattice constant of 7.086 a.u. (3.75 Å) [26] the volume within the
muffin-tin spheres is 70% of the total unit cell volume. The resulting band structure and density
of states (DOS) are very similar to those obtained by Hasegawa using the APW method [27], and
to those obtained by Podgórny using the LMTO method [12]. Table 1 contains a decomposition
of the magnetic moments within each muffin-tin sphere. It is somewhat difficult to directly
compare these values with those obtained by Podgórny because of the different partitioning
of real space for the two methods. However, it seems our d-electron charge is more localized
than his, and our net magnetic moment per cell of 8.21µB is larger than his value of 7.83µB
(obtained at a smaller lattice constant,a = 6.972 a.u.= 3.689 Å). The Compton profiles were
calculated for the ground state using a multi-atom per cell version of the method outlined by
Wakoh and Kubo [28].

Table 1. The spin-up and spin-down charges for the various orbital components within the Fe and
Pt muffin-tin spheres. The interstitial spin-up (spin-down) charge is 1.59 (1.63) with a net moment
of −0.04µB . The d-orbital contribution is further broken down ineg andt2g components. The
third row is the magnetic moment obtained by subtracting row two from row one.

Total s p d d-eg d-t2g f

Pt 4.79 0.33 0.20 4.22 1.72 2.50 0.03
4.44 0.36 0.25 3.80 1.54 2.27 0.02

Fe 4.92 0.21 0.18 4.51 1.83 2.68 0.02
2.29 0.21 0.19 1.87 0.60 1.28 0.01

Pt 0.35 −0.03 −0.05 0.42 0.18 0.23 0.01
Moment (µB )

Fe 2.63 0.00−0.01 2.64 1.23 1.40 0.01

Results

Figure 2 shows the experimental data for the ordered alloy taken at 305 and 490 K along with
a theoretical profile. The theoretical curve is calculated for the ground state,T = 0 K, and
was normalized to an area corresponding to an average moment per atom of 1.8µB . This was
done in order to facilitate comparison with the room temperature measurements. The area
under the 490 K MCP curve corresponds to an average moment of 0.6µB . All of the curves
show a peak away frompz = 0 and, while the curves are qualitatively similar in shape, it is the
difference in shape that we wish to focus on. We begin by discussing the various contributions
to the total MCP.



L258 Letter to the Editor

Figure 3 shows the MCP arising from the Fe 3d-orbitals, the Pt 5d-orbitals, and the total
from these two d-contributions. When we refer to ‘orbital’ MCPs, we mean that we are taking
the Fourier transform of the real-space wave function by restricting the integration over the
muffin-tin sphere only, where the angular momentum character is well defined. In addition,
figure 3 includes the curve giving the contribution from what we call the ‘interference’ term
(explained further below) and the curve obtained from adding all the contributions to give the
total MCP. The distinctive dip for smallpz in the total MCP curve, which causes it to fall
below the d-orbital contribution, can be attributed to the negative polarization and the limited
momentum range of the s and p valence electrons. Wakoh and Kubo [28] have previously
pointed out the importance of the s and p negative polarization in producing a dip in the MCP
of bcc Fe. The s and p orbitals are rather extended in real space and make up a significant part
of the contributions to the MCP obtained by taking the Fourier transform of the spin density
in the interstitial region between the muffin-tin spheres. The electronic wavefunctions in the
interstitial region are expanded in plane waves, and we did not make an angular momentum
decomposition for this region, since it would be approximate. The so-called interference term
arises for many of the wavefunctions primarily because of hybridization between the more
localized d orbitals and the extended s and p orbitals. To obtain the momentum density for
a state, one must square the momentum wavefunction, which is just the sum of the Fourier
transforms of the various components of the real space wavefunction. For wavefunctions with
significant hybridization, the cross terms, particularly between the d-orbital Fourier transform

Figure 3. The theoretical MCP (solid curve) along with the contributions from the Fe d-orbital and
Pt d-orbital moments (and their sum). The small oscillatory contribution shown arises from cross
terms in the momentum profile having d-orbital contributions together with contributions from s,
p, and interstitial parts of the wavefunction.
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and the transform of the s–p contributions in the interstitial region, give rise to the interference
term in the momentum density.

Conclusions

The experiments and calculations presented in this work were undertaken to determine
if magnetic Compton scattering might provide some useful information concerning the
temperature-dependent magnetic state of Fe3Pt, an Invar alloy. The temperature-dependent
data do indicate a change in the shape of the MCP between 305 and 490 K, where the ‘Invar
mechanism’ is presumably active. The change in shape is rather dramatic and points to the
desirability of a more systematic study of the progression of the MCPs starting at very low
temperatures and extending into the paramagnetic region (where the net magnetization would
be induced by applied fields).

We have used theoretical calculations to analyse the expected contributions to theT = 0 K
ferromagnetic ground state MCP. Not surprisingly, the MCP is dominated by contributions from
the Fe d-orbitals. However, the dip in the spectrum nearpz = 0 is associated with the small
negative polarization of the s- and p-like electronic states. As these states are rather extended
they dominate spin density in the interstitial region between the muffin-tin spheres. The s, p,
and interstitial contributions to the momentum wavefunction and the d-orbital contributions
produce an interference term when the momentum wavefunction is squared. This interference
(cross term) and the explicit s and p terms in the momentum density are small compared to
the d-orbital momentum density, but because they are negative and oscillatory their presence
is easily detected. While small, we believe that these contributions may provide a means to
analyse the temperature-dependent magnetic state. Since the s and p orbitals extend beyond a
single site and ‘sample’ the environment (short-range order) of the surrounding d-moments, we
believe the s, p, and interference MCPs could be useful for investigating the validity of different
theoretical models. The problem is that the more recent theoretical models deal with complex
magnetic orderings. To include temperature and noncollinear magnetic moment directions
into calculations for such models necessitates dealing with the loss of periodicity (very large
supercells with hundreds of atoms are required). Nevertheless there is a new theoretical
method that has recently been proposed to deal with just such magnetic systems [14], and the
implementation of the method on parallel computers has recently been achieved [29]. However,
it will take some time to test the method before the calculation of the temperature-dependent
MCP can be undertaken. In the meantime, we have performed a simple calculation to test
if the shape of the MCP is at all sensitive to the magnetic state (to a first approximation one
would expect that the MCP would simply scale with the average magnetization).

We have calculated the MCPs for Fe3Fe (i.e., Fe has replaced Pt), for the ferromagnetic
state and for a state with one of the Fe moments flipped (still collinear) giving rise to a
ferrimagnetic arrangement. The two MCPs when normalized to the total magnetic moment
per cell should have the same shape if the d-orbital contribution predominates. However, we
find that the shape of the MCP corresponding to the ferrimagnetic state differs slightly from
the MCP for the ferromagnetic state. In particular, it is about 5% smaller for 0< pz < 0.7 and
about 3% larger for 1.0< pz < 1.5. These small differences are related to the extended s and
p orbitals, and we expect precise measurements of the MCP can detect such effects. Thus it
might be possible to use the s and p orbital contributions as a probe of the short-range magnetic
order and how it changes as a function of temperature.

In conclusion, temperature-dependent MCS experiments on an ordered Fe3Pt Invar alloy
were performed. The results were analysed by self-consistent band-structure calculations
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using a spin-polarized, scalar, relativistic version of the FLAPW method. The calculations
confirmed the presence of the dip atpz = 0 and that the shape of the profile is sensitive to
the magnetic state. Future experiments are planned in which the counting statistics and the
energy/momentum resolution will be substantially increased, and the temperature range will
be extended.
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