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Abstract

Magnetization, electrical resistivity, thermoelectric power and magnetoresistance were measured for the ordered alloys Fe V Al21x 12x

(0#x#0.4). The magnetization measurement shows that the phases are ferromagnetic. Both the Curie temperature and the spontaneous
magnetization increase with increasing x. The samples with x#0.1 exhibit a semiconductor-like behavior. Energy gap E decreases withG

increasing x. The electrical resistivity versus temperature curves make a broad maximum near T for the samples with x50.18, 0.20 andC

0.40. For Fe V Al, negative large magnetoresistance is observed.  2001 Elsevier Science B.V. All rights reserved.2.18 0.82
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1. Introduction

Webster and Ziebeck reported that Fe VAl forms a2

single-phase intermetallic compound with the Heusler L21

structure [1]. The crystal structure of Fe VAl is shown in2

Fig. 1. According to their experimental results of the
magnetic measurement, Fe VAl remains weakly paramag-2

netic in the temperature range from 5 to 300 K. This
paramagnetic property of Fe VAl was shown to be non-2

Curie–Weiss. Recently, Fe VAl has attracted the interest2

because of the intriguing behavior of its transport, photo-
electric and thermodynamic properties [2–7]. The resistiv-
ity shows semiconducting behavior with a negative tem-
perature coefficient suggesting an energy gap of |0.1 eV
[2]. The photoemission spectrum, on the other hand, shows
a clear Fermi edge characterizing the metallic properties of
Fe VAl [2]. Low-temperature specific heat measurements2

revealed an unusual upturn in C /T with decreasing tem-
perature, commonly observed in most heavy-fermion sys-
tems [2,7]. From band structure calculations, Fe VAl is a2

semimetal with a pseudogap at the Fermi level [8–11].
Intermetallic compound Fe Al is a ferromagnet with a3

DO crystal structure. The Curie temperature T and the3 C

saturation magnetic moment at 4.2 K of Fe Al are |770 K3

[12] and |5.2 m / f.u. [13], respectively. The mixedB

crystals Fe V Al (0#x#1) of Fe VAl and Fe Al form21x 12x 2 3 Fig. 1. Unit cell of the cubic Heusler-type compound Fe VAl. The sites2

are represented by A, B, C and D. The A and C sites are equivalent and
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E-mail address: kanomata@tjcc.tohoku-gakuin.ac.jp (T. Kanomata). Al.

0925-8388/01/$ – see front matter  2001 Elsevier Science B.V. All rights reserved.
PI I : S0925-8388( 00 )01444-4



T. Kanomata et al. / Journal of Alloys and Compounds 317 –318 (2001) 390 –394 391

a complete solid solution [14]. Nishino et al. [2] and Endo
et al. [3] found that Fe V Al with 1$x.0 shows21x 12x

ferromagnetism, and a curious ‘resistance maximum’ near
T in the electrical resistivity r versus temperature curves.C

At temperatures above T , the temperature gradient of rC

was negative, similar to that of semiconductor. Moreover,
Endo et al. found that the absolute value of the transverse
magnetoresistance represented by Dr /r(0) takes maximum
near T for Fe V Al, where Dr is r(H ) 2 r(0), andC 2.2 0.8

r(0) is zero field resistivity at the measured temperature.
The value of Dr /r(0) for Fe V Al is negative and |5%2.2 0.8

at 13 kOe near T . Such resistance phenomena have notC

yet been explained. To make clear the origin of these
transport properties, we have studied systematically the
magnetic and electrical properties of Heusler-type pseudo-
binary alloys Fe V Al (0#x#0.4).21x 12x

2. Experimental

Fig. 2. Lattice parameter versus concentration x curve for Fe V Al at21x 12xThe pseudobinary alloys Fe V Al (0#x#0.4) were21x 12x room temperature. Solid line in the figure is a guide for the eye.
prepared by repeated melting of appropriately composed
mixtures of 99.95% pure Fe, 99.9% pure V and 99.9999%
pure Al, in an argon arc furnace. Since the weight loss electric contact. The thermoelectric power S was measured
after melting was negligible, the nominal composition was by the same method as that of Nagy and Toth [18]. The
accepted as being accurate. To get the homogenized transverse magnetoresistance measurement, using the stan-
samples, the reaction products were sealed in evacuated dard four-probe DC technique, was performed in the
silica tubes, heated at 10008C for 3 days and then magnetic fields up to 220 kOe using a pulse magnet.
quenched in water. X-ray diffraction spectra were taken
with Cu Ka radiation on powder samples prepared as
above. All X-ray lines of the prepared samples were 3. Results and discussions
indexed with the cubic structure. The lattice parameters
were determined from the X-ray diffraction patterns using Fig. 3 shows the magnetization curves at 5 K of
the Nelson and Rily method [15]. The lattice parameter Fe V Al (x50.05, 0.18, 0.25 and 0.40) in magnetic21x 12x

˚was found to be a55.7629 A for Fe VAl (x50). The fields up to 50 kOe. As seen in Fig. 3, the magnetization s2

value of a for Fe VAl is consistent with those previously of samples is saturated in the magnetic field of about 102

reported by Webster and Ziebeck [1], Buschow et al. [16], kOe. The magnetization increases with increasing x. The
and Buschow and van Engen [17]. The concentration spontaneous magnetization s at 5 K was determined bys

2dependence of the lattice parameter a at room temperature the linear extrapolation to H /s 5 0 of the s versus H /s
for Fe V Al (0#x#0.4) is shown in Fig. 2. The curves (Arrott plot) at high fields. The concentration21x 12x

lattice parameter increases with increasing Fe concen- dependence of s at 5 K is shown in Fig. 4 with the datas

tration. The V atom in Fe VAl has eight Fe nearest reported by Endo et al. [3]. The spontaneous magnetization2

neighbors and the Fe atom has four V and four Al nearest of Fe V Al increases linearly with increasing x. The21x 12x

neighbors. For Fe V Al, the selective substitution of magnetic moment at 5 K of Fe V Al is found to be21x 12x 2.05 0.95

Fe atoms for the V site in Fe VAl was supported by X-ray 0.26 m per formula unit. Assuming that excess Fe atoms2 B

analysis [14] and band calculation [8]. We have confirmed at the V sites in Fe V Al form 9Fe atom clusters and2.05 0.95

the atomic ordering for all samples from the appearance of carry magnetic moments, the magnetic moment per cluster
the superlattice lines in X-ray diffraction spectra. is found to be 5.2 m . Recently, Bansil et al. [11] haveB

Magnetization data were taken using a commercial carried out the band calculation for Fe V Al (x50.25,21x 12x

superconducting quantum interference device (SQUID) 0.50 and 0.75), together with the end compounds Fe Al3

magnetometer. The DC electrical resistivity (r) was and Fe VAl, and the limiting cases of a single V impurity2

measured by a four-probe technique using mechanical in Fe Al and a single Fe impurity at the V sites in Fe VAl3 2

positional point contacts, where tungsten wires (0.3 mm Ø) using the methodology based on the Korringer–Kohn–
are used as spring for pressure contact and platinum is Rostoker formalism and the coherent-potential approxi-
soldered on the end of the tungsten wires to ensure the mation [11]. In the x50 limit (the dilute Fe impurity
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Fig. 5. Concentration dependence of the Curie temperature T forC

Fig. 3. Magnetization curves at 5 K of Fe V Al at various con- Fe V Al. The closed and open circles are the present results and the21x 12x 21x 12x

centrations. data from Ref. [2], respectively. The solid line in the figure is a guide for
the eye.

limit), the magnetic moment on Fe atom at the V sites was
found to be 3.2 m . Therefore, 8Fe atoms surrounding theB closed circles, are on the curve extended from the resultscenter atom in a cluster may be expected to carry a small

obtained by Nishino et al. [2], suggesting that Fe VAl is2magnetic moment for Fe V Al.2.05 0.95 paramagnetic.Fig. 5 shows the concentration dependence of T forC Fig. 6 shows the temperature dependence of the electri-Fe V Al together with the results obtained by Nishino21x 12x

et al. [2]. In this figure our results, represented by the

Fig. 4. Concentration dependence of spontaneous magnetization s at 5 K Fig. 6. Temperature dependence of the electrical resistivity r fors

for Fe V Al. The closed circles and closed triangles are the present Fe V Al for various concentrations. The arrows indicate the Curie21x 12x 21x 12x

results and the data from Ref. [3], respectively. temperature T .C
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cal resistivity r in Fe V Al with various concen-21x 12x

trations. As seen in the figure, r increases with increasing
V concentration. The samples with x#0.10 exhibit a
semiconductor-like behavior in the temperature range
investigated. We can estimate the energy gap E of Fe VAlG 2

to be 0.0847 eV from the slope of ln r versus 1 /T curve
between 300 and 550 K. This value is somewhat smaller
than that (E |0.1 eV) reported by Nishino et al. [2]. EndoG

et al. [3] reported the value of E 50.07 eV for Fe VAl.G 2

For the data of Fe V Al (x50, 0.02, 0.05, 0.08 and21x 12x

0.10), the ln r versus 1 /T plots are linear in the tempera-
ture range from |350 to |570 K. The concentration
dependence of the energy gap deduced from ln r versus
1 /T is shown in Fig. 7. The energy gap decreases linearly
with increasing the concentration x. For x50.18, 0.25 and
0.40, r makes a broad maximum at T or near T asC C

shown in Fig. 6. The arrows in Fig. 6 indicate TC

determined from the thermomagnetic measurements.
Fig. 8 shows the temperature dependence of the ther-

moelectric power S for Fe V Al. As shown in the2.18 0.82

figure, S decreases with decreasing temperature and makes
Fig. 8. Temperature dependence of the thermoelectric power S fora minimum at 400 K, and then increases. The small
Fe V Al.2.18 0.82negative dip is observed at T . This behavior of the SC

versus T curve suggests that the Fermi surface is very
results was done by de Gennes and Friedel [19]. By usingsensitive to temperature.
the Born approximation and assuming an exchange inter-The high-field transverse magnetoresistance Dr /r(0) for
action of the form V5 G o d(r 2 R )S ? s between the spinj jFe V Al is shown in Fig. 9. Dr /r(0) for Fe V Al2.18 0.82 2.18 0.82
of the atom S at position R and the spin of the conductionj jis always negative and reaches 20.5% at 220 kOe, while it
electron s, they showed that at temperatures well above TCis not yet saturated. The temperature dependence of Dr /

magthe magnetic part of the resistivity r is temperature-or(0) with various fields is shown in Fig. 10. The absolute
independent and at T decreases with decreasing tempera-Cvalues of Dr /r(0) are maximum near T as indicated byC
ture. The temperature dependence of r at T , T is givenCarrows.

A theoretical treatment applicable to our experimental

Fig. 9. Field dependence of the transverse magnetoresistance Dr /r(0) for
Fig. 7. Energy gap E versus concentration x curve for Fe V Al. Fe V Al at various temperatures.G 21x 12x 2.18 0.82
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