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Abstract

The lattice parameters and magnetic properties of the C15 Laves phase Fe,Zr
vary systematically within the homogeneity range of the compound from
66.7 at.% to 74.5 at.% Fe. In the non-stoichiometric compounds Zr is partly
substituted by the excess Fe. The magnetic moment per iron atom increases with
the Fe content. Electronic structure calculations show an enhanced magnetic
moment of the excess Fe at the Zr site, which explains well the composition
dependence.

1. Introduction

The magnetic properties of inter-metallic Laves phases A,B depend strongly on the kind of
atoms, where A is a magnetic transition metal like Fe, Co, Ni, Mn and B is Zr, Ti, Hf, Sc, Y,
or a rare-earth atom. For example, giant room temperature magnetostriction occurs in Fe,Tb
and Fe, Dy [1], large magnetovolume effects leading to Invar-like behavior were also observed
in Fe,Zr, Fe,Hf, and Fe,Sc [2], and a first order magnetic transition at about 60 K is found
in doped Fe,Ce [3]. The magnetic properties can be changed by atomic substitution [4-6],
or by introduction of non-metals like hydrogen [7] or boron [8]. On the other hand, binary
Laves phases possess a homogeneity range, which gives the reason for a range of properties.
Substitutional anti-site defects are present in non-stoichiometric Co,Zr alloys [9]. The presence
of a homogeneity range of the Fe,Zr Laves phase was already pointed out 40 years ago [10, 11].
Then, a certain scatter in the properties was reported, caused by uncertainties in composition.
Recent reports on the binary Fe—Zr phase diagram also exhibit discrepancies with respect to the
phases formed as well as to the extension of homogeneity ranges [12—15].

The crystal structure and magnetization density of single crystalline Fe,Zr was determined
by means of neutron scattering at 4 K [16]. Fe,Zr crystallizes in the cubic C15 Laves phase
with the space group F d3m. The Fe atoms are situated at 16(d) sites (I), and the Zr atoms
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Table 1. Structural properties of FeyZrjgo— at room temperature (lattice parameter ag, occupancy
O of Fel at Zr site 8(a), mass density o, X-ray density oy).

ap (nm)
Fe (at.%) Phases Om Ox
Alloy Zr (at.%)  x (vol%) Experimental = Theoretical O (gem™3) (gem™3)
Fee¢7Zr33  66.85 Feo,Zr (99)  0.70757 0.6850 0.0 7.511 7.608
33.15 FexsZrg (1) —
Fe70Zrsg  70.05 FeyZr (99)  0.70570 0.6825 0.08 7.513 7.555
29.95 FCQ}ZI’(, (1) —
Fe7pZrog  71.98 FeoZr (97)  0.70342 0.6770 0.15  7.527 7.529
28.02 FCQ}ZI’(, (1) —
Fe (2)
Fey9Zry;  78.86 FeyZr (79)  0.701 14 0.6763 0.18  7.588 7.570
21.14 Fep3Zrg (4) 1.1702
Fe (16) 0.2866

occupy the 8(a) sites (IT). The aim of this work was to analyze the structure—property relation
of the Fe,Zr Laves phase as a function of the Fe content.

2. Experimental and theoretical details

Ingots of the nominal alloys Fe,Zrigo—x (x = 66.7,70.0,72.0,79.0) were melted from
elements Fe and Zr (Alfa Aesar) in an argon arc furnace, using a non-consumable tungsten
electrode on a water-cooled copper hearth. The mass of each ingot was about 50 g. The ingots
were wrapped in tantalum foil, annealed at 1200 °C for 24 h in sealed silica ampoules under
15 kPa purified Ar gas and then quenched in water. Pieces were cut electro-erosively for the
measurement of the magnetic properties. Powder samples were prepared for x-ray diffraction
(XRD) by ball milling in a Fritsch Pulverisette. Sieved material (<100 pum) was filled under
helium atmosphere into a capillary, which was sealed afterwards. The XRD patterns were
recorded at different temperatures in Debye—Scherrer geometry at the powder diffraction line
B2 of the synchrotron HASYLAB. The experimental set-up (wavelength A = 0.069 95 nm)
consists of a furnace and an image plate detector system [17]. Chemical analysis was performed
independently for iron and zirconium by a titration technique combined with optical emission
spectrometry. The magnetization loops were measured at 5 and 300 K with the SQUID
magnetometer MPMS-7XL (Quantum Design) in a field range from —5 to +5 T. A home-
built Faraday magnetometer was used to obtain magnetization—temperature curves from 300 K
up to 1073 K in a field of uoH = 0.58 T.

Density functional calculations were carried out with the full potential local orbital code,
FPLO5.00-18 [18]. Chemical disorder was treated by the coherent potential approximation
(CPA) [19]. The valence basis sets comprised 3s3p/3d4s4p states for iron and 3d4s4p/4d5s5p
states for zirconium. The local spin density approximation (LSDA) in the parameterization of
Perdew and Wang 92 [20] was used in all calculations. The number of k points in the irreducible
wedge of the Brillouin zone was set to 196. Energy convergence at the level of 10~7 Hartree
was achieved during the self-consistent iterations.

3. Results and discussion

The chemical compositions of the alloys given in table 1 (at.%) are in good agreement with the
nominal values. Figure 1 shows the corresponding XRD patterns of the Fe,Zroo—, alloys. For
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Figure 2. Dependence of the lattice parameter ag of the

Fe-content in Fexzr1 00-x Fe,Zr phase on the Fe content of the ingot.

the alloys with x = 66.7, 70, and 72, the cubic C15 Laves phase Fe,Zr is observed with traces
of bee Fe and for x = 72 also with a trace of the cubic Fey3Zrg phase. The x = 79 alloy consists
of a phase mixture of Fe,Zr, bcc Fe and Fe,3Zrg. The diffraction patterns were analyzed by
a multiphase Rietveld refinement [21]. The obtained structural parameters are summarized in
table 1. Figure 2 shows the behavior of the lattice parameter ag of the Fe,Zr phase as a function
of the chemical composition of the alloy. A linear decrease of ay with increasing Fe content is
observed in agreement with earlier literature data [10] which are also given in figure 2. From
the composition dependence of the lattice parameter the iron-rich phase boundary of Fe,Zr
at 1200 °C is estimated to x = 74.5. The fit of the site occupations indicates substitutional
disorder. In the non-stoichiometric compounds the excess Fe atoms are situated at the 8(a) 7!
sites, while an occupation of 16(d) sites by Zr is below the experimental accuracy. The values
of the site occupancy obtained by Rietveld refinement are given in table 1. The substitution of
Zr atoms by Fe in the non-stoichiometric compounds is also confirmed by the comparison of
the experimental mass densities with the calculated x-ray densities as given in table 1.

The temperature dependences of the lattice parameters were determined by in situ x-ray
diffraction measurements at elevated temperatures. Figure 3 shows the lattice expansion of the
C15 Laves phase for the different alloy compositions. Above T = 550 °C, a linear dependence
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Table 2. Magnetic properties of Fe,Zrjoo—y (Curie temperature Tc, magnetic moment per iron
atom m, saturation magnetostriction Ay, fraction of bee Fe).

Alloy T. (°C)  mr=sk (uB) mr=300k (4B) Ams (ppm)  x (vol%)
Feg7Zr33 356 1.670 1.42 17 0.5
FC7()ZF3() 427 1.765 1.548 14 1
FesyZrog 466 1.823 1.59 10 3
Fe9Zry) 548 1.876 1.65 8 19

of ay on temperature is observed with an expansion coefficient « = 12 x 107® K~!. Below
temperatures 7" around 500 °C, the thermal expansion exhibits an anomalous behavior which
is related to the magnetic phase transition. Figure 4 shows the corresponding temperature
dependence of the magnetization curves M (7). The magnetic transition of the ferromagnetic
Fe,Zrip0— phase into the paramagnetic state occurs between 350 and 500 °C depending on
the Fe content. At higher temperature, 7 > 500 °C, the non-zero magnetization indicates
the presence of the second phase bcc Fe in the sample. From the value of the magnetization
at 7 = 600°C the volume fraction of bcc Fe was estimated. The corresponding data are
given in table 2. They are found to be comparable with those of the XRD results. The
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Figure 5. Magnetic moment of the C15 phase versus Fe
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Curie temperature ¢ of the Fe,Zr phase was calculated by the intercept of M'7(T) versus
temperature 7. The values are given in table 2, and also indicated by the arrows in figure 3.
The Curie temperature increases monotonically with the Fe content of the C15 Fe,Zr phase.
The deviation of the thermal expansion from the linear behavior below T¢ (figure 3) is the well-
known Invar effect. The spontaneous magnetostriction in the ferromagnetic state provides an
additional contribution to the volume. Therefore, the thermal expansion consists of a structural
and a magnetic contribution, i.e., V(T) = Vg(T) + Vi (T). At temperatures below T¢ the
magnetic part is Vy; ~ [(M(T))]?, and at temperatures above T¢ it vanishes [5].

The saturation magnetization M; of the alloys was determined by the measurement of the
magnetization versus applied magnetic field M (H) at two temperatures, 7 = 5, and 300 K.
From the values of M; the magnetic moment per Fe atom was calculated. To subtract the
contribution of the Zr atoms, a value of —0.34 ug per Zr atom was used [16]. A somewhat
higher value of about —0.5 up per Zr atom was obtained in our LSDA calculation, see
below. Further, the contribution of the bcc Fe phase was subtracted for the calculation of
the magnetic moment by taking the corresponding volume fractions into account. Figure 5
shows a comparison between experimental magnetic moments per iron atom as a function of
composition with results from our LSDA calculations at the theoretical lattice constant. The
increased Fe content enlarges the magnetic moment per iron atom of the Fe,Zr phase up to
0.2 up, where the dependence on x is almost linear. Experimental and theoretical data show
the same slope.

The magnetic properties of the Fe,Zr alloys were further analyzed by conversion electron
MoBbauer (CEM) spectroscopy at room temperature. Figure 6 shows the corresponding
MoBbauer patterns. As expected for the magnetically ordered state we observe magnetic six-
line patterns. The crystallographically equivalent Fe sites can experience inequivalent magnetic
fields due to different dipole contributions depending on the alignment of the magnetic
moments [22]. Therefore, the CEM spectra which are split into two components, were fitted by
two sextets with a fixed intensity ratio of 1:3. This accounts for an assumed moment alignment
along [111]; see [23]. The line intensity ratios of the sextets differ from those of a randomly
polycrystalline material due to texture by the large grain size in the annealed bulk samples.
The hyperfine parameters calculated from the spectrum fits are summarized in table 3. For
the alloy Fe;,Zr,g, a third sextet is observed corresponding to the presence of Fe atoms with a
higher value of the hyperfine field. The hyperfine fields By of both sextets of the Fe,Zr phase
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Figure 6. MoBbauer spectra of Fe, Zrjgp—y obtained at room temperature.

Table 3. Parameters of the MoBbauer CEM spectra at room temperature (§: isomer shift, A:
quadrupole splitting, Bp: magnetic hyperfine field, A: linewidth (same for all subspectra)).

Alloy Fe site 8 (mms™!) Amms™') By (T) A(mms~!)  Area (%)
FegrZrs; 1 —0.201 0.119 19.6 0.452 75
2 —0.174 —0.253 18.1 25
FeoZryp 1 —0.193 0.114 20.6 0.470 75
2 —0.190 —0.174 18.8 25
FerpZrg 1 —0.194 0.075 21.0 0.506 70.1
2 —0.200 —0.124 19.1 23.4
3 —0.047 0 335 6.5

increase with increasing Fe content due to the changes in the local environment of the iron
atoms.

In order to understand the compounds from a microscopic point of view we performed
electronic structure calculations. Guided by the experimental information, we assumed excess
Fe atoms to occupy exclusively the 8(a) positions. The lattice parameter was varied for each
composition in order to obtain the corresponding ground state with the lowest total energy.
The decrease of the lattice constant ag as a function of the iron content in the experiments is
reproduced by the calculations (table 1). The lattice constants themselves are about 3% smaller
compared with the experimental ones, which is within the usual limit of the LSDA.

In the stoichiometric compound Fe,Zr, the calculated moments amount to 1.65 ug for
Fe' atoms at 16(d) sites and to —0.50 g for the 7™ atoms at 8(a) sites, respectively. In the
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(This figure is in colour only in the electronic version)

non-stoichiometric compounds, the excess Fel' atoms at the 8(a) sites exhibit an enhanced
magnetic moment which increases further with the Fe content as shown in figure 7. The
magnetic moment of Fe!! is close to that of bec Fe (~2.2 ug). The related site resolved spin
densities of states (DOS) show the characteristics of strong ferromagnetism (fully occupied
majority spin subband; see figure 8) for Fe!, while Fe' is weakly ferromagnetic with an
incompletely occupied majority spin subband. The nearest neighbor of Zr in the C15 phase
is Fe! and the second nearest neighbor is the doped Fe''. This leads to a stronger hybridization
between the non-magnetic Zr and Fe! than between Zr and Fe!!, which is visible in the DOS
shown in figure 8. Moreover, the nearest neighbors of the doped Fe!' atoms are Fe! atoms with
a distance larger than the distance between Fe' and neighboring Fe!. Thus the atomic volume
of Fe'l is larger than that of Fe! and the related bands are narrower. Both facts provide a reason
for the larger moment on the Fe' sites in comparison with the Fe! sites; figure 7.
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The averaged total magnetic moments per iron atom calculated at the respective
experimental lattice constants are shown in figure 5 in comparison with the data measured
at 5 K and room temperature. The deviations in the absolute values are within 5% and the
LSDA underestimates the magnetic moment. About half of this difference can be attributed
to the neglect of the orbital moments in the present scalar relativistic calculations. The linear
composition dependence of the magnetic moment is in a good agreement with the experimental
data showing almost the same derivative.

4. Conclusions

The C15 Laves phase Fe,Zr exhibits a homogeneity range from 66.7 at.% to 74.5 at.% Fe.
The crystal structure parameter and the magnetic properties change systematically with the
composition. In the non-stoichiometric compounds Zr atoms are partly substituted by the
excess Fe atoms. The magnetic moment per iron atom of the Fe,Zr phase increases with the Fe
content. Calculations of the electronic structure for non-stoichiometric Fe,Zr show an enhanced
magnetic moment of the excess Fe atoms at the Zr site, which well explains the composition
dependence.
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