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Neutron diffraction structural study of Ce  ,Fe;;_,Ga,

H. Luo, Z. Hu, and W. B. Yelon
University of Missouri Research Reactor, Columbia, Missouri 65211

S. R. Mishra, G. J. Long, and O. A. Pringle
Department of Physics and Chemistry, University of Missouri-Rolla, Rolla, Missouri 65401-0249

D. P. Middleton
Philips Research Laboratories, NL-5656 AA Eindhoven, The Netherlands

K. H. J. Buschow
Van der Waals-Zeeman Laboratory, University of Amsterdam, NL-1018 XE Amsterdam, The Netherlands

Six samples of C#e,;_,Ga, with nominal Ga content equal to 0, 0.3, 0.5, 0.7, 1.0, 2.0 have been
studied by powder neutron diffraction at room temperature. Both crystalline and magnetic
refinements have been carried out. All six samples adopt thén[ptype rhombohedral structure.

The only additional phase founddsiron. Gallium atoms are found to have high affinity for the iron

18h site, and are absent from thd @nd 18 sites. The Ga substitution for Fe leads to an expansion

of both thea andc axes. The Curie temperature increases from 238 K foF&eto 406 K for
CeFesGa,. Magnetic refinements on the samples with0.3, 0.5, 0.7, 1.0, and 2.0 reveal that the
magnetic moments of the four Fe sites are in the basal plane and that their values increase with
increasing Ga content. @996 American Institute of Physids$0021-897@6)34608-0

I. INTRODUCTION perature. The neutron wavelength was 1.4783 A. Approxi-

The studies of high-performance hard magnetic materi-matey 1 g samples were contained in thin will.1 mm

als consisting of rare-earttR)-3d transition metals have ;/.anad|:cj?;] hgldterst. T_hezga;a Y:ﬁ;v alccumulat_ed :‘n flvesoset-
been reinvigorated after the discovery of the ternaryt'n%%go. eO gsfc tor n Th Wi ¢ agifs ratr_Iglng rodm ¢
Nd,Fe 8 compound? and the carbided, hydrided, and ni- 2 In 9.095° steps. 1he neutron difiraction powder pat-

trided compounds based on theF®,; and RFg, phases:* terns were anal)r/ﬁze d by th? R|etveld. metHods!ng th_e
It is believed that the lengthened Fe—Fe bonds, with enf ULLPROF progra for multiphase refinement, including

hanced ferromagnetic exchange, play an important role in thglagnetm structure refinement.
increase of Curie temperaturd ). It has been found that
some iron site substitutional atoms, such as Al, Si, Ti, andil. RESULTS AND DISCUSSION

Ga, can also enhance the Curie temperature significantly. ) ) _
Thus, it is of interest to look into the influence of the substi- T 1oM the powder neutron diffraction data refinement, all

tutional atonts) on the crystallographic structure and the in- SX samples were confirmed to adopt the.Zin ~type rhom-

trinsic magnetic properties of these compounds. Recerffohedral structure ,With .the RA8 space group. The refine—
studie€®10  of ThoFe, ,Ga, NdFe,, ,Ga, and Mment results are given in Table |. Both theand c lattice
—X y — X )

TbZFe].?folx reveal that an increase in unit cell volume and parameters increase as the gallium content increases, ap-

Curie temperature can be achieved through the substitutioRf®Ximately 0.45% per substituted Ga #and 0.55% forc,

of gallium or aluminum for iron. For the Tb series, the Curie as IS shown in F'g' 1. The cor_npo_smonal depe_ndence of the
temperature reaches a maximum betweer8 and 4 and the unit cell volume is also sshown in Fig. 1. The unit celé volume
easy magnetization direction changes from planar to axiggxpands from~775 A’ for Cefe; to ~799 A° for

with increasing Ga concentration. In this article, we report a&~©F€isG&. The corresponding Curie temperature rises from

neutron diffraction structural study of gRe, ,Ga, with 238 K for the parent binary phase to 406 K for£e:Ga,.
gallium nominal compositionx up to 2.0. Since Ce is ex- The compositional dependence of tia ratio is weak; only

pected to be nonmagnetic, the effect of R-Fe exchange may V&Y shght rse 1s observedr-Fe was pbserved in all
be ignored. Samples with a maximum of almost 12% in volume.

Gallium is found to have high affinity for the iron &8
site, which is filled by 35% Ga fokx=2. Some Ga is also
found in the iron & site with less than 10% for the sample

Cefe;_,Ga samples with nominal gallium contents of with the highest Ga content. However, no gallium is found
x=0, 0.3, 0.5, 0.7, 1.0, and 2.0 were prepared by radioon either the @ or the 18 site. The compositional depen-
frequency induction melting of the constituent elements ofdence of the gallium site occupancy is shown in Fig. 2. The
purity 99.9-99.95%. The samples were wrapped in tantalunéc gallium site occupancy appears to be close to saturation at
foil and annealed in argon atmosphere at 950 °C for one-10% forx>1. In CeFe,;, the iron & site has the largest
week. They were then crushed and ground for later measur&Vigner—Seitz cell volumefollowed by the 18 site, while
ments. Neutron diffraction data were collected at the Univerthe 9d site is the smallest. Gallium’s high affinity for thel18
sity of Missouri Research Reactor using the high-resolutiorsite is because this site has the most near-neighbor rare-earth
linear position-sensitive detector diffractometer at room tem-atoms in the coordination shell. The effect of Ga having high

Il. EXPERIMENT
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TABLE I. Refinement results for the Glee;;_,Ga, solid solutions at room temperatufdData for CgFe;; are from Ref. 13.

PARAMETER x=0* x=0.3 x=0.5 x=0.7 x=1.0 x=2.0
x (refineg 0 0.31 0.52 0.87 1.44 2.39

a A 8.49212) 8.50912) 8.51362) 8.52843) 8.53943) 8.57422)
c(A) 12.406@3) 12.43544) 12.43944) 12.46416) 12.48876) 12.54253)
cla 1.4608 1.4614 1.4612 1.4615 1.4626 1.4628
V (A% 774.89 779.749 780.843 785.102 788.72 798.549
T (K) 238 342 406

Ce, 6,2 0.34415) 0.34279) 0.34298) 0.34186) 0.342210) 0.34126)
FelGa, &,z 0.097G2) 0.09654) 0.09653) 0.09563) 0.09544) 0.095@3)
Fe, 18,x 0.290%1) 0.29063) 0.29092) 0.29072) 0.291%3) 0.29092)
Fel/Ga, 18,x 0.16781) 0.16822) 0.16842) 0.16812) 0.16892) 0.16862)
Fel/Ga, 18,z 0.48831) 0.48812) 0.48772) 0.48832) 0.48832) 0.48852)
%Ga, & 0 1.8 4.2 7.2 8.1 9(6)
%Ga, 18 0 4.6 7.4 12.8 20.1 35(2)

u, Fe, & 0.2 0.5 0.8 2.5) 2.94)

u, Fe, o 0.2 0.5 0.8 1.13) 1.62)

u, Fe, 18 0.2 0.5 0.8 1.13) 1.62)

u, Fe, 18 0.2 0.5 0.8 1.8) 1.903)

X 2.91 2.97 3.62 2.06 4.18 4.27
R factor 5.05 7.03 6.79 5.79 7.33 6.50
Rw factor 7.11 9.49 9.39 7.71 9.69 8.74
Rm factor 6.13 6.81 4.79 6.06 7.71
ALFA-Fe, %V 5.6 5.1 3.62 0.66 11.9 5.14

affinity for rare-earth atoms surpasses that of the site volumeyomenon has also been observed
as is also the casé>'*for Si- and Al-doped samples.

in some other

investigations>~® This suggests that it is unlikely that the

The bond lengths and the site average bond lengths ahanges i, arise from the changes of the-66¢ bond, but

listed in Table Il. Almost all bond lengths increase with in- rather, the increase is more likely related to the average bond
creasing Ga concentration, as do the average bond lengtlengths.
for all four Fe sites. However, two exceptions were observed Magnetic refinement has been carried out on samples
for 18f—18h and Gc—6¢ bond lengths. The &-6¢c dumb-  with x=0.3, 0.5, 0.7, 1.0, and 2.0. g&s; is not magneti-
bell, which is often thought to be responsible for the lowcally ordered at room temperature and in all cases cerium is
Curie temperature of the ,Re; compounds, decreases treated as nonmagnetic. The refinement results indicate that
slightly with Ga content despite the increase in thaxis. the magnetic moments of all four Fe sites lie in the basal
From this, one would predict a decrease in Curie temperaplane and the average values of these moments tend to in-
ture, which is in contrast with the observations. This phe-crease with increasing gallium content. The magnetic mo-
ments at low gallium contents have been constrained to be
equal rather than being refined independently because their

8.62 : 12.55 moments are too small to give reliable individual values. The
refinement results fax=1 and 2 samples show that the mo-
858 12.50 ments of the 8 and 1& sites are larger than those of thd 9
. ' - and 18 sites, especially that of thec6site. The overall in-
< 12.45 &
8.54
e 12.40
8.50 -//* 40
y L =
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FIG. 1. Compositional dependence of the lattice parameters and the
unit cell volume of CeFe;_,Ga, solid solution.

FIG. 2. Compositional dependence of the gallium site occupancy of
CeFe;_,Ga solid solution.
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TABLE Il. Bond lengths and site averaged average bond lengths for theeze,Ga, solid solutions.

Bond x=0 x=0.3 x=0.5 x=0.7 x=1.0 x=2.0
Fe(6c)—Fe(&) 2.406835) 2.397%70) 2.400853) 2.385353) 2.380371) 2.380853)
Fe(6c)—Fe(Ad) 2.59948) 2.607217) 2.608113) 2.618113) 2.621317) 2.633713)
Fe(6c)—Fe(18) 2.744812) 2.749523) 2.7537118) 2.752518) 2.758424) 2.764%18)
Fe(6c)—Fe(1&) 2.533812) 2.642427) 2.641822) 2.650219) 2.644128) 2.660@24)
Fe(9d)-Fe(18) 2.428124) 2.434Q9) 2.43539) 2.4415%9) 2.444713) 2.45489)
Fe(od)—-Fe(14) 2.4477%9) 2.450818) 2.450818) 2.45659) 2.453218) 2.465118)
Fe(18)-Fe(18) 2.46706) 2.474812) 2.478312) 2.4807122) 2.488418) 2.495112)
Fe(18)-Fe(18) 2.303611) 2.561923) 2.565123) 2.564222) 2.566534) 2.575223)
Fe(18)-Fe(18) 2.839413) 2.618925) 2.616525) 2.632123) 2.630835) 2.645725)
Fe(18)-Fe(14) 2.485213) 2.496@21) 2.500921) 2.503211) 2.515222) 2.520426)
AVER BL

Fe, & 2.6377 2.6648 2.6671 2.6696 2.6713 2.6806
Fe, o 2.4702 2.4653 2.4761 2.4828 2.4834 2.4946
Fe, 18§ 2.5566 2.5678 2.5698 2.5742 2.5777 2.5871
Fe, 1& 2.5211 2.5441 2.5453 2.5513 2.5527 2.5636

crease in site moments is the result of the increase in CuriéD. B. de Mooij and K. H. J. Buschow, J. Less-Common Met2, 349

temperature and the larger degree of magnetic order at room(1988.

temperature. 5G. J. Long, G. K. Marashinghe, S. Mishra, O. A. Pringle, F. Grandjean, K.
H. J. Buschow, D. P. Middleton, W. B. Yelon, F. Pourarian, and O. Isnard,
Solid State CommurB8, 761 (1993.

IV. CONCLUSIONS SW. B. Yelon, H. Xie, G. J. Long, O. A. Pringle, F. Grandjean, and K. H. J.
: . _ Buschow, J. Appl. Phys73, 6029(1993.

Both thea andc Iattlc_e parameters ShOV\{ a Slml,lar de 7Z. Hu, W. B. Yelon, S. Mishra, G. J. Long, O. A. Pringle, D. P. Middleton,
pendenqe on Ga content in t.hezeei_foGa( SOHd. So“"t'qns' K. H. J. Buschow, and F. Grandjean, J. Appl. PH§&. 443 (1994.
The gallium atoms have a high affinity for the ironHLS8ite. 87. Hu and W. B. Yelon, J. Appl. Phyd6, 6147(1994.
The easy magnetization direction is in the basal plane. °G. K. Marashinghe, S. Mishra, O. A. Pringle, G. J. Long, Z. Hu, W. B.
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