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Abstract

The electronic structure of invar alloys (i.e. materials in which the near
absence of thermal expansion is observed) has been the focus of much study,
owing both to the technological applications of these materials and interest
in the fundamental mechanism that is responsible for the effect. Here,
calculations of the magnetic Compton profiles are presented for ordered and
disordered Fe;Pt alloys. Using linear muffin-tin orbital and KKR methods,
the latter incorporating the coherent potential approximation to describe the
substitutional disorder, the electronic band structure and measurable quantities
such as the Fermi surface topology are presented.

1. Introduction

The near absence of thermal expansion in Fe—Ni alloys over a certain range of composition and
temperature was first reported more than a century ago by Guillaume [1]. Other alloys, such
as Fe—Pt, also exhibit this invariability of their dimensions under heating, the characteristic
which led Guillaume to name these alloys ‘invar’. While the mechanism behind the invar
effect is still a matter of debate, it is widely thought that the answer lies in the existence of two
almost degenerate magnetic states. Weiss [2] proposed that there could exist two different
magnetic states (one ferromagnetic and one non-magnetic) with almost the same energy
but different volumes, and that the invar properties could be explained in terms of thermal
excitation from the larger-volume magnetic state into the smaller-volume state. Electronic
structure calculations [3] confirmed that the total energies of the low-spin/low-volume and
high-spin/high-volume states were indeed energetically very close to one another, hence giving
credence to the phenomenological theory of Weiss [2]. Other calculations have suggested
that non-collinear alignments of magnetic moments are necessary for a proper theoretical

0953-8984/03/213619+11$30.00  © 2003 IOP Publishing Ltd  Printed in the UK 3619


http://stacks.iop.org/JPhysCM/15/3619

3620 Zs Major et al

description of the anomalous magnetovolume properties (see, for example, [4] and [5]).
Experimentally, however, this suggestion is not supported, since so far only collinear spin
arrangements have been observed ([6]). Interest in the electronic structure of Fe;Pt has been
stimulated recently by the observation of large magnetostriction, and hence shape-memory-
alloy properties [7].

Temperature-dependent photoemission measurements [8] on one such invar alloy, FesPt,
indicated a difference between the high- and low-temperature spectra. Recently, Srajer et al
[9] reported large changes in the electronic spin-density in momentum space as a function of
temperature in the same Fes;Pt alloy. This paper, which focuses on a series of calculations
of the momentum densities in both the ordered and disordered phases of Fe—Pt in the invar
regime, has been prompted by new magnetic Compton scattering results [10, 11].

Inoue and Shimizu [12] (using a tight-binding method) and Hasegawa [13] (using the
augmented plane wave (APW) method) made the first calculations of the electronic structure
of ordered Fes;Pt. Later, Podgérny [14, 15], using a fixed-spin-moment approach within the
linear muffin-tin orbital (LMTO) scheme, made a very comprehensive study of total energies
of the various magnetic states of the ordered phases. Hayn and Drchal [16] have also made
calculations using the tight-binding LMTO incorporating the coherent potential approximation
(CPA) to study the disordered compositions. However, this is the first time that calculations
have been presented for both ordered and disordered Fe;Pt within the same computational
framework.

In this work we use the LMTO and KKR methods (the latter including the CPA) to study
the electronic structure by calculating the spin-dependent momentum distributions that can be
observed in magnetic Compton scattering [17] experiments.

2. Calculational method

At low temperatures, ordered Fes;Pt adopts the face-centred tetragonal structure [18], but for
comparison with the disordered alloy, calculations were performed in the CuzAu structure. The
electronic structure for ordered FesPt is calculated using both the LMTO [19] (including the
so-called combined correction terms) and the KKR [20] methods. Additionally, the electronic
structure of disordered Fe 75Pto 25 is calculated using the KKR method, within the coherent
potential approximation (KKR-CPA) [20]. Both the LMTO and KKR-CPA codes are scalar
relativistic, using the local spin density approximation to the exchange—correlation functional
(see [21] and [22] respectively) and include s, p, d and f functions. The LMTO calculations
employed the atomic sphere approximation (ASA), with the Pt and Fe spheres having equal
Wigner—Seitz radii. The KKR and KKR-CPA calculations used muffin-tin, rather than ASA
potentials. Self-consistency was achieved using 816 k-points within the irreducible wedge
of the simple cubic Brillouin zone (BZ) in the LMTO case; for the KKR and KKR-CPA
calculations, the mesh of k-points was adaptive and determined principally by the required
integration tolerances [20].

In order to compare the calculations with experiment, the electron momentum density
(EMD) was calculated from the self-consistently determined potential. The Compton profile
(CP) is a one-dimensional projection of the EMD, p(p), which is related to the electron
wavefunctions v, ;(r). In cases where electron—electron correlation can be neglected, this
relationship has the form

pp)= Y

occ., j,k

2

/dTI/fk,j(T)eXp(—ip-T) , (1)
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where j is a band index and the summation is over all occupied states. The CP, J(p,), is a
double integral over the EMD:

J(p2) =//,0(p)dpx dpy. )

In a spin-polarized system, the total EMD is composed of (different) contributions from spin-up
and spin-down electrons,

o) = py(p) + py(P), (3)

where p;(p,) represents the spin-up (spin-down) EMD. If a spin moment, (igpin, exists, this
can be expressed in terms of the difference in occupancy of the spin-up and spin-down bands,
i.e.

g = / (01 (D) — p, ()] dp. @)

This difference can be measured in a magnetic Compton experiment owing to the spin-
dependent terms in the scattering cross-section for elliptically polarized radiation [17].

The EMD was calculated for ordered Fe; Pt using the LMTO wavefunctions [23] evaluated
at 343 k-points in conjunction with 3695 reciprocal lattice vectors. This was then integrated
along the appropriate directions to produce the CP.

The EMD for the disordered Feg75Ptg,s was calculated within the KKR-CPA
framework [24]. It should be noted that while the KKR-CPA self-consistent potential from
which the momentum density of the disordered Fe 75Pty 25 was calculated is scalar relativistic,
the KKR momentum density code itself is non-relativistic.

3. Results and discussion

A series of self-consistent KKR and KKR-CPA calculations was made at different lattice
constants in both the magnetic and non-magnetic cases. From a simple parabolic fit to the KKR-
CPA total energy values as a function of lattice constant, the equilibrium lattice constants for the
disordered system in the magnetic and non-magnetic phases were found to be 7.12 and 6.90 au
respectively; experimentally, the lattice constant is found to be 7.05 au [25]. This compares
with 6.90 au, obtained from the ferromagnetic CPA calculations of Hayn and Drchal [16].
The smaller equilibrium lattice constants within the ASA might be due to the less attractive
potential of the itinerant p (and f) states, so that their positive contribution to the pressure will
be relatively small.

The total energy difference between the magnetic and non-magnetic states is 15.7 mRyd;
this is larger than the values obtained by Podgérny [15] in the ordered alloy (1.2 mRyd) and
by Hayn and Drchal [16] in the disordered alloy (0.7 mRyd). However, it is similar to that
obtained by Uhl ef al [4] (~12 mRyd) for their non-relativistic calculations on the ordered
alloy. The LMTO results have been published previously by Moroni and Jarlborg [26], who
obtained a ferromagnetic equilibrium lattice constant of 6.83 au with a total energy of about
2 mRyd lower than in the non-magnetic case.

Concerning the differences in total energy obtained in the current study with respect
to those of others, it should be noted that this quantity depends sensitively on a number of
computational details chosen in each framework. The difference between the total energy in the
magnetic and non-magnetic phase would be sensitive to the particular choice of parametrization
for the exchange—correlation potential, numbers of k-points used in performing the BZ
integrations, the inclusion of f states in the basis set, performing full-potential calculations,
including all relativistic effects, and by the choice of linearization energies (which is inherent
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Figure 1. DOS for ordered Fe3Pt from the KKR (dashed curve) and LMTO (dotted curve)
calculations. The DOS for the disordered Feg75Ptg o5 calculated with the KKR-CPA method,
is shown as the solid curve. The majority DOS is shown as positive, and the minority as negative.

to many calculational methods). The current calculations attempt as close a comparison as
possible between the KKR and LMTO results in the ordered and disordered phases.

In order to be able to compare the results of the different calculations with each other and
with experiment, all calculations presented in this paper were performed at the equilibrium
lattice constant of the magnetic disordered phase (7.12 au).

The densities of states (DOS) for the three calculations are plotted in figure 1. For technical
reasons in the KKR and KKR-CPA calculations, the DOS and band structures were evaluated
with a small positive imaginary energy component of 1 mRyd. The DOS for Feg 75Ptg 25
calculated within the KKR-CPA scheme is extremely smooth in comparison with the two
calculations in the ordered phase due to the disorder that smears the electron states; we shall
return to this point when we discuss the band structure. However, while the DOS is similar in
all the calculations (and very similar except for a smoothing between the KKR and KKR-CPA
calculations), there are differences at the Fermi level, particularly regarding the position of Er
relative to the d bands.

The LMTO and KKR band structures for ordered Fes;Pt are plotted in figures 2 and 3
respectively. It can be seen that although the two are very similar, there are differences,
particularly at the Fermi level. Thus the Fermi surface (FS) topologies predicted by the two
calculations are qualitatively different. In particular, the LMTO predicts small (majority) hole
pockets at I', whilst in the KKR band structure these bands are occupied at I'. It can also be seen
that the flat band along I'-X just above the Fermi energy in the LMTO calculation appears
below the Fermi energy in the KKR result. Spin-resolved angle-dependent photoemission
experiments observed this flat majority band below the Fermi level [28]. For the minority
bands, fewer differences exit. It is worth pointing out that the current LMTO results are almost
identical to the previously published LMTO results of Podgérny [14], while the KKR bands
are almost identical to the APW bands of Hasegawa [13].

Within the KKR method, the electron states are determined by the peaks in the Bloch
spectral function (BSF) which is a function of energy and Bloch wavevector, k [29]. In practice,
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Figure 2. Majority (top) and minority (bottom) electron band structure of ordered Fe3Pt from the
LMTO calculations.

Lorentzian curves are fitted to the peaks in order to determine their position and width, the latter
being a measure of the inverse lifetime of the state corresponding to that peak. In disordered
systems where the lifetime of the electron states can be short, the peaks in the BSF broaden
compared with the ordered case. At the Fermi level, the presence of broad peaks would mean
that the FS is no longer ‘sharp’, and the derived spectral quantities, including the momentum
distribution, would be similarly smeared.
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Figure 3. Majority (top) and minority (bottom) electron band structure of ordered Fe3Pt from the
KKR calculations.

There are small differences between the magnetic moments predicted for ordered Fe;Pt
(see table 1) by the LMTO and KKR methods, and it is evident that in the respective band
structures the exchange splitting must be different (see figures 2 and 3).

The phonon softening [30] observed in this system could possibly be related to any FS
nesting, but no experimental information exists on the FS topologies of either ordered Fe;Pt or
disordered Feg 75Pty 5. In the disordered case, traditional quantum oscillatory methods such
as the measurement of the de Haas—van Alphen effect are excluded owing to the short electron
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Figure 4. Majority FS of Feq 75Ptg 25 in the (001) plane from the KKR-CPA calculations. The first
BZ is shown with some symmetry points marked.

Table 1. Magnetic moments obtained from the KKR, KKR-CPA and LMTO calculations,
decomposed by site and angular momentum.

Moment (uB)
Method Alloy Fes Fep Fed  Fetotal Pts Ptp Ptd Pttotal Total
KKR Fe;Pt —-0.009 -0.032 2761 2.737 —0.038 —-0.076 0.421 0.325 2.136
LMTO Fe3Pt —0.003 —0.024 2.530 2.504 —0.027 —0.059 0.577 0.490  2.000

KKR-CPA Fep75Ptgos —0.012 —0.040 2.836 2.799 —0.028 —0.056 0.302 0.227 2.156

mean-free paths. However, the FS could be revealed either by high-resolution Compton
scattering or by two-dimensional angular correlation of electron—positron annihilation radiation
(2D-ACAR) [31]. Wilkinson et al [31] recently presented the FS topology of the Cu;_,Pd,
alloy system at certain compositions, revealing significant flat areas which are thought to nest
and drive compositional ordering. In figure 4, a section through the majority FS of disordered
Fe( 75Pto2s is plotted in the (001) plane. While the DOS from the KKR-CPA calculation
(figure 1) clearly shows the effect of smearing from the substitutional disorder, this sheet of
FS is, in fact, reasonably well defined, since the widths of the BSF peaks at the Fermi level are
smaller than the size of the points mapping out the FS contour in figure 4. This majority FS is
clearly flattened along the [110] direction, and has a remarkable similarity to the FS topology
of the Cu—Pd alloy system [31].

Further experimental investigations using positron annihilation into whether similar
flattening could be related to the softening of the TA; [110] phonon [30], would justify a
full theoretical study (including temperature effects, for example as described by Lee et al
[32]); such experiments are under way.

The magnetic moments decomposed by site and angular momentum are shown in table 1.
It should be noted that the moments associated with the more delocalized s and p electrons of
both the Fe and the Pt constituents are negatively polarized with respect to the more localized
d electrons across all the calculations. Moreover, the total and site-decomposed moments are
not particularly sensitive to either the calculational scheme or whether the system is ordered or
disordered. The localized components of the magnetic moments for Fe (2.03 4+ 0.02 up) and
Pt (0.34 + 0.08 up) were inferred from spin-polarized neutron diffraction measurements by
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Figure 5. MCP along the [100] direction from the ordered LMTO (solid curve) and disordered
KKR-CPA (dashed curve) calculations.

mag
110

Figure 6. MCP along the [110] direction from the ordered LMTO (solid curve) and disordered
KKR-CPA (dashed curve) calculations. The experimental data [10] for the disordered alloy are
shown (open circles) with illustrative error bars. The calculations have not been convoluted with
the experimental resolution function.

Ito et al [33], while the magnetization measurements of Caporaletti and Graham [34] indicated
moments of 2.75 and 0.45 ug for Fe and Pt respectively.

Magnetic Compton profiles (MCPs) have been extracted from the LMTO and the KKR-
CPA calculations and are shown in figures 5, 6 and 7 for the [100], [110] and [111] directions
respectively, alongside the experimental MCPs for the [110] and [111] directions in the
disordered alloy obtained by Taylor et al [10]. None of the calculated profiles have been
convoluted with the experimental resolution. In this way the main difference between the
ordered and disordered profiles, that is to say that the disordered ones appear more smeared
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Figure 7. MCP along the [111] direction from the ordered LMTO (solid curve) and disordered
KKR-CPA (dashed curve) calculations. The experimental data [10] for the disordered alloy are
shown (open circles) with illustrative error bars. The calculations have not been convoluted with
the experimental resolution function.

(asexpected), can be seen. The agreement with experiment is in general good (for a comparison
with the convoluted theoretical profiles, see [10]), but worst in the low-momentum region.
There are no experimental data for the [100] direction, which is unfortunate as this direction
shows the most structure; periodic signatures of the FS can be seen extending out to 6 au in
the ordered calculation.

While it is clear that the shapes of the calculated magnetic profiles do differ for ordered
and disordered FesPt, these differences are unlikely to be resolved in a typical magnetic
Compton scattering experiment where the resolution FWHM is ~0.4 au (which is almost half
the size of the simple cubic BZ). This is indeed the case for the current experimental results,
as can be seen in figure 8, where a comparison between MCPs measured along the [110] and
[111] directions in the ordered and disordered alloys is shown [10]. However, high-resolution
magnetic Compton measurements using a scanning spectrometer rather than a solid-state Ge
detector, could reveal both the structure present in the calculated MCPs (especially along
the [100] direction), and possibly the difference between the ordered and disordered alloy.
Along with such experiments, positron annihilation measurements of the FS could be a more
stringent test of our ability to understand the electronic ground state of Fes;Pt. In particular the
question of the dispersion of the flat majority band with respect to the Fermi energy, which
differs between the KKR and LMTO calculations for ordered Fe;Pt, should be resolved by a
measurement of the FS topology.

4. Conclusion

First-principles calculations are presented of the electron momentum distributions of the invar
alloy FesPt in ordered and disordered phases using a combination of LMTO, KKR and KKR-
CPA methods. Calculations are made of spin densities that are accessible through magnetic
Compton scattering measurements. The magnetic properties are found to be fairly robust
against using different calculational methods and against choosing the ordered and disordered
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Figure 8. Experimental MCPs in the ordered (A) and disordered ([J) alloy resolved along the
[110] (bottom) and [111] (top) directions [10]. The two profiles along the [111] direction are offset
from zero for clarity.

phases. However, there are differences in the electronic structure and particularly the FS
topologies of the ordered and disordered alloys that could be clarified by high-resolution
magnetic Compton scattering or positron annihilation experiments.
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