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Abstract

The R (Fe,V) compounds, with R5Dy, Er, Y, and the Gd (Fe, TM) , with TM5Ti and V, after heat treatment between 1123 and3 29 3 29

1233 K form disordered structures that belong in the CaCu type family. The compounds with R5Y or Dy and TM5V crystallize in a5
˚ ˚ ˚disorder CaCu structure type (space group (S.G.): P6/mmm with cell dimensions a54.8769(1) A, c54.1729(3) A and a54.8692(2) A,5

˚c54.1750(3) A, respectively), with main structural characteristic the substitutional disorder observed at the R crystallographic site. The
˚ ˚same structure is formed from the Gd (Fe,Ti) when it is annealed at 1123 K (a54.9044 A, c54.1920 A). The compounds with R5Gd3 29

˚ ˚(TM5V) crystallizes in a disordered Th Zn structure type (S.G.: R-3m, a58.5197(3) A and c512.481(1) A) and with R5Er in a2 17

˚ ˚disordered Th Ni structure type (S.G.: P6 /mmc, a58.4142(6) A and c58.3319(7) A). A structural study of the Y (Fe,V) compound2 17 3 3 29

based on time of flight, high resolution neutron powder diffraction data is presented. The magnetocrystalline anisotropy is of an easy plane
type at room temperature for all the examined compounds.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction neutron powder diffraction (NPD) spectra. Also the
Gd (Fe,TM) , with TM5Ti and V, and Er (Fe,V)3 29 3 29

When the R (Fe,TM) compounds, with R5Y, Ce, Nd, compounds, annealed at 1123 K, are studied.3 29

Pr, Sm, Gd, Tb, Dy and TM5Ti or other non-Fe transition
metal element, are prepared by arc melting and annealed at
a temperature of about 1273 K, they form the Nd (Fe,Ti)3 29

2. Experimentalstructure type [1,2]. In an attempt to investigate if the
phase diagram between 1123 and 1233 K gives the same

Ingots were prepared by arc melting the high purityor another structure type for heavy rare-earth elements or
(99.9%) constituents with nominal compositions:Y we study the R (Fe,V) (R5Dy, Er, Y) and Gd (Fe,3 29 3

Y Fe V , Gd Fe Ti , Gd Fe V , Er Fe V .T) (T5Ti, V) compounds. Detailed structural and mag- 3 27.5 1.5 3 27.5 1.5 3 27.5 1.5 3 28 129

Post-annealing has been performed in vacuum for 3 days atnetic studies of the R (Fe,V) (R5Dy, Y) compounds,3 29

temperatures of: 1123 K for Y Fe V , 1123 K forannealed at 1123 K, have already been published in Refs. 3 27.5 1.5

Gd Fe Ti , 1073 K, 1123 K and 1173 K for[3,4]. Rietveld analysis on X-ray powder diffraction data 3 27.5 1.5

Gd Fe V and Er Fe V . The samples were character-of these compounds shows that they crystallize in a 3 27.5 1.5 3 28 1

ized by X-ray powder diffraction (XRD) using a Siemensdisordered CaCu -type structure with stoichiometries5

D500 diffractometer with secondary graphite mono-Y (Fe,V) (or Y (Fe,V) ) and Dy (Fe,V) (or1.0 9.5 3.0 28.5 1.0 9.9

chromator and Cu Ka radiation. Neutron powder diffrac-Dy (Fe,V) ) whereas their magnetocrystalline aniso-3.0 29.7

tion measurements were performed at room temperaturetropy is of an easy-plane type. In the present work a new
(RT) in the high resolution powder diffractometer (HRPD)structural study is presented for the Y (Fe,V) com-1.0 9.5

at the neutron spallation source ISIS, Rutherford Appletonpound which is based on the analysis of high resolution
Laboratory, UK. Thermomagnetic analysis (TMA) was

21performed using a heating rate of 58C min , and the*Corresponding author. Tel.: 130-16-513-111; fax: 130-16-159-430.
E-mail address: vpsychar@ims.demokritos.gr (V. Psycharis). magnetic properties were studied with a Quantum Design
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SQUID magnetometer by applying a maximum field of 5
Tesla at RT.

3. Results and discussion

Several samples of Y Fe V , Gd Fe Ti ,3 27.5 1.5 3 27.5 1.5

Gd Fe V and Er Fe V were prepared at different3 27.5 1.5 3 28 1

annealing temperatures whereas only the samples with
optimum 3:29 composition, obtained at 1123 K, were
studied. However, all the studied samples exhibit traces of
the a-Fe phase. The TMA measurements show a single
Curie temperature of 527 and 408 K for the Gd Fe V3 27.5 1.5

(Fig. 1) and Er Fe V (Fig. 1) samples, respectively. For3 28 1

the Gd Fe Ti compound, a minor 1:12 phase (Fig. 1,3 27.5 1.5

at 614 K) was detected in addition to the major phase with
a Curie temperature of 525 K. The Y Fe V sample,3.0 27.5 1.5

used in the NPD measurements, has the disordered CaCu -5

type phase [3] and its magnetic properties were shown
elsewhere [3].

The analysis of the NPD was performed with the
FULLPROF program [5]. Details for the analysis of the
spectra measured from the backscattering data bank at
2u5168.338 are presented. The data were normalized and
corrected for absorption. The structure reported in Ref. [3]
was used as a starting model. The measurements of the
NPD spectra were performed at RT, which is well below
the Curie temperature [3] of 493 K. However, the ex-

23amined high-resolution (Dd /d ¯ 10 ) region of the time Fig. 2. The observed, calculated and difference neutron time-of-flight
of flight spectrum (Fig. 2) includes d-spacings smaller than diffraction patterns at room temperature, for the Y Fe V compound3 27.5 1.5

0.23 nm, where the contribution of magnetic intensity is annealed at 1123 K. Vertical bars indicate the position of Bragg peaks for
the disordered CaCu type structure and the a-Fe phase.negligibly small. 5

As seen in Fig. 2, the Bragg peaks were indexed with a
disordered CaCu type structure, and a secondary phase of a-Fe. Detailed macroscopic studies of the magnetic prop-5

erties, especially those concerning the magnetocrystalline
anisotropy have shown that the anisotropy is of an easy
plane type [3,6], or that the moments of magnetic atoms
are aligned within the (a,b) crystallographic plane of the
hexagonal cell. Calculations based on the value of the

2 21saturation magnetization at RT (125.5 Am kg ) give an
average magnetic moment per iron atom equal to 1.53 m .B

57 ¨Measurements based on Fe Mossbauer spectroscopy [7]
of the series of Y Fe V compounds, that adopt the3 292x x

Nd (Fe,Ti) type structure, give a value of 14.5 T/m for3 29 B

the ratio of the average hyperfine field (B-hf) per magnetic
moment of iron atoms. Since the average hyperfine field
for the compound under study is 21.5 T at 300 K [3] then
an average value of 1.48 m is deduced per iron atom,B

which is in agreement with that derived from saturation
magnetization measurements. Thus, the average magnetic
moment of 1.51 m has been used for each iron atom, lyingB

along the hexagonal a-axis, and it was kept constant
through all the stages of the refinement. The final values

Fig. 1. Thermomagnetic measurements for Gd Fe TM with TM53.0 27.5 1.5 for the crystallographic parameters are given in Table 1.Ti (T 5525 K major phase, T 5614 K for minor 1:12 phase) andC C
Any attempt to locate the crystallographic site of vanadiumTM5V (T 5527 K) and Er Fe V (T 5408 K) samples annealed atC 3 28 1 C

1123 K. stabilizing element was not successful. Comparatively, in
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Table 1
aCrystallographic data for the Y (Fe,V) compound with the disordered CaCu -type structure (space group P6/mmm, No. 191)3 29 5

2Atom Site x y z B (A ) Occupancy

Y la 0.0 0.0 0.0 1.08(7) 0.619(4)
0.0 0.0 0.0 0.6 0.610(2)

Fe(l) 2c 0.33333 0.66667 0.0 1.44(4) 0.30(3)
0.33333 0.66667 0.0 1.5(1) 0.775(11)

Fe(2) 3g 0.5 0.0 0.5 1.08(2) 1.0
0.5 0.0 0.5 0.82(6) 1.0

Fe(3) 2e 0.0 0.0 0.2830(7) 2.28(8) 0.383(2)
0.0 0.0 0.288(1) 0.9(1) 0.390(2)

Fe(4) 6l 0.283(2) 0.566(2) 0.0 1.44(4) 0.232(8)
0.270(3) 0.540(6) 0.0 1.5(1) 0.075(4)

a For every element there are two rows: the first corresponds to results derived from the present refinement of neutron data and the second row are results
3˚ ˚given in Ref. [13] for comparison. Neutron data: a54.87837(5) A, c54.17322(5), V586.010(2) A . R factors: R 55.82, R 51.28, R (nuclear)53.61,wp exp B

3˚ ˚R 54.82. X-ray data: a54.8769(1) A, c54.1728(3), V585.95 A . R factors: R 55.45, R 58.61, R 55.55, R 52.69%.magnetic p wp B exp

Table 1 are listed the values of the corresponding parame- space group of a disordered Th Zn type structure. The2 17
˚ ˚ters from the XRD data analysis [3]. The formula units unit cell dimensions are: a58.5197(3) A, c512.481(1) A

3˚and V 5784.59 A . This structure-type is also formed byderived from the analysis of the two data sets are: cell

the RFe (R5Ce, Pr, Nd and Sm) compounds [8]. In thisY (F,V) or Y (F,V) (neutron data) and 70.619 5.77 1.0 9.32

model a statistically occupied (18%) 3a site (0,0,0) of GdY (F,V) or Y (F,V) (XRD). The a-Fe content0.607 5.78 1.0 9.5

atoms is required in addition to the usual crystallographicfor the sample studied with NPD was 4% (8% from XRD).
sites observed in the ordered Th Zn type structure [8].The most remarkable difference between the two models 2 17

The dumb-bell iron sites (6c) are also statistically occupiedconcerns the occupancies of the crystallographic sites 2c
(82%). The a-Fe content is about 7%. The calculatedand 6l (Fe(1) and Fe(4) atoms). The NPD data analysis
stoichiometric formula obtained by the Rietveld method is:gives a higher occupancy for the 6l sites, which are the
Gd (Fe,V) or Gd (Fe,V) . Besides the effect ofdisordered sites of iron atoms surrounding the dumb-bell 6.55 49.89 1 7.62

the annealing temperature [9], for the formation of GdFesites. This result supports the suggested [3] structural 8.5

stoichiometry in the Th Zn or the Th Ni or the CaCumodel for this type of compounds where 39% of Y atoms 2 17 2 17 5

disordered structures, we have shown that the variation ofare substituted by dumb-bell iron atoms. However, the
Ti or V concentrations produce similar structural disorder.high resolution of the NPD spectrum in the small d-

The R (Fe,V) compounds with R5Y, Gd, Dy form thespacing range permits a more accurate estimation of the Fe 3 29

Nd (Fe,Ti) type structure with proper heat treatment [1].occupancies at 6l sites. 3 29

On the other hand, we examine the heavy rare earthIn the following we examine the dependence of phase
Er Fe V compound, which is known that does not formformation for Gd Fe TM on non-magnetic TM5Ti or 3 28 13 27.5 1.5

this structure type. In this study all the Er based samplesV elements. The Rietveld analysis of the Gd Fe Ti3 27.5 1.5

exhibit the same phase composition. The Rietveld analysiscompound is in agreement with TMA results, both indicat-
for the sample annealed at 1123 K, gives a disordereding that this sample consists of two phases. The main
Th Ni structure type (P6 /mmc space group) that hasphase (72% according to Rietveld analysis) crystallizes in 2 17 3

been observed for the R Fe intermetallic compoundsthe P6/mmm space group and has the disordered CaCu 2 175

with heavy rare earths and Y (R5Ho [10], Lu [11] and Ytype structure whereas the second phase forms the
˚[12]). The unit cell dimensions are: a58.4142(2) A, c5Gd(Fe,Ti) structure (28%). The structural model for the12 3˚ ˚8.3319(7) A and V 5510.87 A . The Ho, Lu and Ymajor phase is like the one used for Y (Fe,V) [3]. The cell3 29

˚ compounds exhibit an extensive disorder. The disorder inlattice parameters for this phase are: a54.90435(7) A,
3˚ ˚ Er Fe V is restricted in the statistical occupation (76%)c54.1920(2) A, V 587.32 A . The occupancy of the 3 28 1cell

of the 2b site by Er and the statistical occupation (49%) ofGd-1a site is 0.619, of the Fe(1)-2c site is 0.53, of the
the 4e dumb-bell site by Fe. The a-Fe content is aboutFe(2)-3g site is 1.0, of the Fe(3)-2e site (or dumb-bell site)
10%. The calculated stoichiometric formula obtained byis 0.407 and of the Fe(4)-6l site is 0.16. The stoichiometric
the Rietveld method is: Er (Fe,V) or Er (Fe,V) .formula calculated from these occupation factors is: 3.51 34.98 1.0 9.97

A detailed presentation of magnetic properties is givenGd (Fe,Ti) or Gd (Fe,Ti) or Gd (Fe,Ti) .0.619 5.814 1.0 9.39 3.0 28.2

in Refs. [3,4] for the R (Fe,V) (R5Dy, Y) with theThe variable coordinates are z(2e)50.289(2) and x(6l)5 3 29

disordered CaCu -type structure. In this study, magneti-0.269(5). The reliability factors are: R57.68, R 5 5wp

zation measurements of the Gd Fe Ti sample give a9.25, R 53.44, R (Gd (Fe,Ti) )54.93% and 3 27.5 1.5exp B 3 29
21R (Gd (Fe,Ti) )58.62%. saturation magnetization of 94.3 emu g at 300 K. ThisB 1 12

The Rietveld analysis of the Gd Fe V sample, value has been derived by taking into account the 1:123 27.5 1.5

annealed at 1123 K, gives the best fitting for the R-3m phase content from the Rietveld analysis. XRD measure-
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Fe occupancy of the disordered 6l site relative to previous
[3] analysis of X-ray powder diffraction data. The phase
formation of the studied Gd compound, except from the
annealing temperature, is influenced by the presence of Ti
or V. All the studied samples show a magnetocrystalline
anisotropy of an easy plane type at room temperature as
the 2:17 compounds [14].
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indices (001) remain intense. This means that the magneto-
crystalline anisotropy is of an easy plane type as in

[1] S.J. Collocott, R.K. Day, J.B Dunlop, R.L. Davis, in: Proceedings
R (Fe,V) (R5Dy, Y) case, where the disordered CaCu3 29 5 7th Int. Symp. On Magnetic Anisotropy and Coercivity in Rare
structure [3,4] appears. Earth–Transition Metal Alloys, Canberra, Australia, Hi-Perm Lab-

oratory, Research Centre for Advanced Mineral and MaterialIn Gd Fe V (disordered Th Zn ) and Er Fe V3 27.5 1.5 2 17 3 28 1
Processing, University of Western Australia, 1992, p. 437.(disordered Th Ni ) samples, the T values (Fig. 1) of2 17 C [2] X.-F. Han, R.-G. Xu, X.-H. Wang, H.G. Pan, T. Miyazaki, P.527 and 408 K, respectively, are higher than the corre-
Baggio-Saitovitch, F.M. Yang, C.P. Cheng, J. Phys. Condens. Matter

sponding values of Gd Fe (477 K for Th Zn type2 17 2 17 10 (1998) 7037.
structure [13]) and Er Fe (296 K for Th Ni type [3] V. Psycharis, M. Gjoka, O. Kalogirou, E. Devlin, D. Niarchos, J.2 17 2 17

Alloys Comp. 270 (1998) 21.structure [13]), due to vanadium concentration in these
[4] V. Psycharis, M. Gjoka, O. Kalogirou, N. Sheludko, N. Mikhov, E.phases. Concerning the magnetic anisotropy, XRD mea-

Moraitakis, D. Niarchos, J. Appl. Phys. 86 (1999) 5444.surements on magnetically aligned samples indicate that
[5] J. Rodriquez-Carvajial, M.T. Fernadez-Diaz, J.L. Martinez, J. Phys.

Gd Fe V and Er Fe V samples exhibit an easy plane3 27.5 1.5 3 28 1 Condens. Matter 3 (1991) 3215.
type magnetocrystalline anisotropy as the corresponding [6] N. Sheloudko, M. Gjoka, O. Kalogirou, V. Psycharis, D. Niarchos,

M. Mikhov, J. Magn. Magn. Mater. 208 (2000) 20.Gd Fe and Er Fe phases [14].2 17 2 17
[7] N. LCCM Baggiosaitovitch, E. Azevedo, I.S. Han, X.F. Lin, L.Y.

Rechenberg, Hyperfine Interact. 121 (1999) 273.
[8] A.E. Ray, Acta Crystallogr. 21 (1966) 426.

4. Conclusions [9] F. Givord, R. Lemaire, J. Less-Common Metals 21 (1970) 463.
[10] A.N. Christencen, R.G. Hazell, Acta Chem. Scand. A34 (1980) 455.
[11] D. Givord, R. Lemaire, J.M. Moreau, E. Roudaut, J. Less-CommonAnnealing of the R (Fe,V) (R5Dy, Er, Y) and3 29

Metals 29 (1972) 361.Gd (Fe, T) (T5Ti, V) compounds at 1123 K produces a3 29 [12] M.T. Averbuch-Pouchot, R. Chevalier, J. Deportes, B. Kebe, R.variety of phases that crystallize in the disordered CaCu5 Lemaire, J. Magn. Magn. Mater. 68 (1987) 190.
(R5Dy, Y and Gd with T5Ti), the disordered Th Zn2 17 [13] S. Hong, J.M.D. Coey, Y. Otani, D.P.F. Hurley, J. Phys. Condens.
(R5Gd, T5V) and disordered Th Ni (R5Er) type Matter 2 (1990) 6465.2 17

[14] W.E. Wallace, Prog. Solid State Chem. 16 (1985) 127.structures. In Y (Fe,V) compound a structural study3 29

based on high resolution NPD spectrum reveals a higher


