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Neutron diffraction studies of Nd  ,Fe,,_,_,V,Al, [(n,m)=(1,12), (2,17),
(3,29)]

Z. Hu and W. B. Yelon
Research Reactor Center, University of Missouri-Columbia, Columbia, Missouri 65211

W. J. James
Graduate Center for Materials Research, University of Missouri-Rolla, Rolla, Missouri 65401

Several NgFe,_,_,V,Al, [(n,m)=(1,12), (2,17, (3,29] samples were prepared and analyzed
using neutron powder diffraction. Rietveld analysis of the neutron diffraction data indicates that the
V and Al substituents take those sites with similar environments in all three phases, as observed in
our previous study of Ti-substituted compounds. It was confirmed that the diffraction data of the
3:29 compound can be better refined usingARém space group than using tiR2,/c space group.

The SQUID measurements show that all samples have Curie temperatures well above room
temperature. The neutron diffraction results show that the easy direction is aloagitie for the

3:29 compounds, along theeaxis for the 1:12 compounds and in theb plane for 2:17 compounds,
respectively. The average site magnetic moments, the metal-metal bond lengths and the unit cell
parameters of these compounds are compared with those of the Ti-substituted compout®é86 ©
American Institute of Physic§S0021-8976)34508-4

I. INTRODUCTION II. EXPERIMENT

) Samples used in this research were synthesized by rf
Because the number of known rare-earth-iron phasegqyction melting of the constituent elemerffgirity 99.9%

with h|gh iron/rare-earth ratios is very I|m|ted, imprOVing the or bette) in a water-cooled copper boat under a ﬂOW|ng ar-
magnetic properties of the known phases, especially thgon atmosphere at the Graduate Center for Materials Re-
2:17, 1:12 and the newly discovered 3:29 phases, to maksearch of the University of Missouri-Rolla. The ingots were
them practically useful is a focus for research. Addition ofannealed under vacuum at temperatures of 980 °C for one
some other elements into these phases, such as the interstitiggek. The annealed ingots were then crushed and ground in
atoms(C or N)~° or substitutional atoméAl,Ga,S),614re- an acetone bath for neutron diffraction and other studies.
sults in a dramatic enhancement in magnetic properties. Neutron diffraction data were collected using the position

The unit cell of the rare-earth-iron compounds can ex-Sensitive detectofPSD) diffractometer at the University of
)58 or Missouri Research Reactor. Data collection times for each

sample where typically 24 h on abioR g of thepowdered
amples in a 3-mm-diam vanadium can at a wavelength of

pand upon the addition of substitutional ato(@a,Al
contract upon the addition of i In both cases the mag-
netic properties can be enhanced significantly. It is believe 4783 A

that in the expansion case, like the Al-substituted 2:17 com- o \tron diffraction data were analyzed using the pro-

pognds, the IatFice expansion is sufficient to decrease th&ram FULLPROF, a program for Rietveld analysis of neutron
antiferromagnetic exchange and to enhance the ferromagﬁudear and magnetic scatterjrg x-ray powder diffraction
netic exchangé.In the contraction case, the enhancement ofyata collected at constant steps in the scattering argy@n?2
magnetic properties with Si substitution may be related to the conventional instrument. The Curie temperatufgsvere
expansion of the bond lengths around tleahd 18 sites'*  measured using a Quantum Design MPMS system.
However, it appears that the increase in the iron—iron bond
lengths is not the only mechanism to improve the magnetié”' RESULTS AND DISCUSSION
properties of these compountss. It was suggestéd recently that the structure of the 3:29
Our previous studies showed that Al and Si have similaPhase can be described more accurately by using the space
site affinities at low Al or Si content and it was found that a 9r0upA2/m, a minimal nonisomorphic supergroup of type i
combined substitution of Fe by Si and Moth are nontran- ©f P21/ space group wh|_czq was initially used for solving
sition metal atoms at the appropriate levels, could lead to the structure of this phagé-2* Thus, the neutron diffraction

greater enhancement of the magnetic properties than the siﬁ?gﬁ gf(Ptge/CS;‘ZH% Xg/r:]ngo:{[nv(\j/zsv:‘/g{;i drf::;te ?hemﬁtg(;th f;(;::)_ace
gly substituted compound§.It is obviously interesting to group ! ' g

. . . tors were only slightly better when the space grd@/c
study doubly substituted compounds using two substituen as used, in which as many as 91 parameters were refined,

of different site affinities. Our previous studies showed thatcompared to 57 parameters refined for the space gh@ip.
while Al pre;‘ers the 1B site at low Al contgntsﬂm 2:17  The R-factor ratid? test leads to the conclusion that the
compounds$;” V atoms strongly prefer thedsites:’” Here  model based on the space grod@/m is more reliable,
we report studies of AtV (a nontransition atom plus a tran- which confirms the conclusion of Kalogiraet al®

sition atom of different site affinifysubstitution compounds, Samples with V and Al content ratio changing in a lim-
Nd,Fen—x—yVAly [(n,m)=(1,12),(2,17), (3,29]. ited range were prepared but only one of each type with the
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TABLE I. Refinement results for NdRgosV 1 37l 0 57

Space groupt4/mmm Unit cell volume=351.443 &

Atom and site X y z V (%) Al (%) m
Nd, 2a 0 0 0 1.82)
Fe, 8 0.27043) 0.5 0 34.8 2.2)
Fe, § 0.35863) 0 0 14.4 2.43)
Fe, & 0.25 0.25 0.25 2@

Lattice parameters: a=8.5691(3) c=4.7861(2)
Fitting factors: R,=5.80 R,,=7.06 R;,~3.29 ¥=1.44

best phase purity are reported in this paper and the refinestrong decrease of the effective scattering length in those
ment results are given in Tables |, II, and Ill. Previous worksites with the fewest rare-earth neighbors, which indicates
shows that Al and V atoms introduced into &, com-  substitution of V atoms at those sites because V has a very
pounds will expand the cell of the compounds by 1.#MA  small scattering length. By using these assumptions, the site
atom'” and 8.49 A/Al atom.” The lattice parameters of the occupancies of V and Al in Tables 1, 11, and Iil are obtained.
V+Al double substituted 2:17 compound are linear combi-  The refined site magnetic moments are also given in
nations of the corresponding singly substituted compoundsaples 1, 11, and III. The easy direction is found along the
(Table 1. For 1:12 and 3:29 compounds, no data for Al or V axis for the 3:29 compounds, along theaxis for the 1:12
single-s_ubstitution compounds are available and thus n@ompounds and in tha-b plane for the 2:17 compounds,
comparison can be made. o respectively. The 1:12 compound has the biggest site mo-
Itis not possible to determine the site distributions of the,ants whereas the 3:29 compound has the smallest site mo-
substituents in doubly substituted compounds directly fro”}nents. The average Fe site moments are 2.2, 1.81, apg 1.5

the neutron diffraction techniques. We use some assumptions, v« 1.12 2:17. and 3:29 compounds, respectively. Com-
based on our previous work to determine the locations of th%ared té t,he. a\;erage .site moment ,of Rel, oJTi '
2 6.03'1'0.97

. C 16 g
substituents, as was done_ for JRe; , ALSI, . It is 1.95.; 2! the average site moment of Meys sV ol o 2
found that the V atoms will mostly occupy thec Gsites, . : ;2-007 L. "
which have the fewest rare-earth neighbors and the most 2 litle lower, very possibly due to the higher substituent
content in the WAl double-substituted compound. Simi-

transition metal neighbors in NBe;_,V,,'” and it is as- _
sumed that the V atoms will occupy the same sites in thd?rly, the average site moment of NdbgeVs sl osn
is lower than that of the Ng&reqoTi; ; cOmpound,

Nd,Fe 7, V,Al, compound. It was also found that the Ti 2.2, 21 ) " .
atoms will occupy sites with similar environments in all 2-36ue-~ For the 3:29 compounds, the refined average site

1:12, 2:17, and 3:29 phas#sin fact, because the structures MOMenNt of NAFeys o1 g8\l 20 1.11ug, is a little higher

of all three compounds are derived from the same parerffian that of the NgFe,7 7¢Ti; 5, compound (1.0g) in spite
structure ofR Ty with differing degrees of Fe—Fe dumbbell ©f the higher substituent content in §bys oV1 64l 0.20 The
replacement for the rare-earth atoms, it is assumed that ®QUID measurements give Curie temperatures of 600, 395,
given substituent will occupy those sites with similar envi-and 385 K for the 1:12, 2:17, and 3:29 compounds, respec-
ronments in all 1:12, 2:17, and 3:29 compounds. Thus, wéively. Because the Curie temperatures of the corresponding
assume that the V atoms will occupy those sites with théAl or V single-substitution compounds are not available at
fewest rare-earth neighbors and most transition metal neigresent, no comparison between single- and double-
bors, while Al atoms will prefer those sites with the most Substituted compounds can be made. The figland large
rare-earth neighbors and the fewest transition metal neigtsite magnetic moment of the 1:12 compound suggests that it
bors in all V+Al double-substituted 1:12, 2:17, and 3:29 can be of economic interest even without nitriding or carbid-
compounds. Thus, the V atoms occupy the three dumbbeing. Since the substituents and their content ratio can be ad-
sites in the 3:29 phase, the Gites in the 2:17 and thei 8 justed in a wide range for doubly substituted compounds, it
sites in the 1:12 phase, while the substituents found in anwill not be surprising if doubly substituted compounds with
other sites are Al atoms. In fact, the neutron data show &ven better properties are discovered.

TABLE II. Refinement results for NfFes g0V 1 06Al .28

Space groupR—3m Unit cell volume=813.306 &

Atom and site X y z V (%) Al (%) m
Nd, 6¢ 0 0 0.34393) 2.82)
FelV, 6c 0 0 0.09494) 37.7 1.64)
Fe, 9 0.5 0 0.5 1.42)
FelV, 1& 0.29022) 0 0 5.0 2.12)

Fe/Al, 16h 0.16911) —0.16911) 0.49072) 4.6 1.82)

Lattice parameters: a=8.6428(3) c=12.5722(4)
Fitting factors: R,=4.16 R,,=5.20 R;,~5.18 X*=1.54
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TABLE Ill. Refinement results for Ngre,s o7V 1 857l 20

Space groupA2/m

Unit cell volume=886.210 &

Atom and site X y z V (%) Al (%) m

Nd1, 2a 0 0 0 1.52)
Nd2, 4i 0.598216) 0 0.186417) 1.52)
Fel, = 0.5 0 0.5 1.82)
Fe2, & 0 0.25 0.25 1.B8)
(FelV)3, 4e 0 0.357820) 0 16.4 1.%2)
Fe4, 4 0.113815) 0 0.710316) 1.52)
(FelAl)5, 4i 0.3055%18) 0 0.089120) 3.6 1.52)
(Fe/V)6, 4i 0.231224) 0 0.501923) 37.4 1.52)
(FelV)7, 4i 0.132723) 0 0.290122) 37.6 1.52)
Fe8, § 0.62329) 0.144413) 0.680412) 1.52)
Fe9, § 0.810210) 0.21888) 0.100311) 1.52)
(Fe/AD10, §j 0.40599) 0.248614) 0.06888) 3.2 1.52)
Fell, § 0.19989) 0.254516) 0.157712) 1.5(2)

Lattice parameters: a=10.6576(14) b=8.5937(7) ¢=9.7508(15) b=96.978(11)
Fitting factors: R,=5.77 R,,=7.01 Ry,=7.06 X*=3.35

IV. CONCLUSIONS

7G. J. Long, G. K. Marasinghe, Z. Hu, W. B. Yelon, D. P. Middleton, K. H.
J. Buschow, and F. Grandjean, J. Appl. PH§@.5383(1994).

It was confirmed that the diffraction data of the 3:29 s; y, w B velon, S. Mishra, G. J. Long, O. A. Pringle, D. P. Middleton

compound can be better refined using &#m space group
than using theP2,/c space group. All samples have Curie

K. H. J. Buschow, and F. Grandjean, J. Appl. Ph§&. 443 (1994).
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temperatures well above room temperature. The easy dire€’E. E. Alp, A. M. Umarji, S. K. Malik, G. K. Shenoy, M. Q. Huang, E. B.

tion is along thea axis for the 3:29 compounds, along tbe
axis for the 1:12 compounds and in theb plane for the

Boltich, and W. E. Wallace, J. Magn. Magn. Maté8, 305(1987).
1p. C. M. Gubbens, A. M. van der Kraan, T. H. Jacobs, and K. H. J.
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2:17 compounds. The average site magnetic moments arec in v. x. Sun, Z. X. Liu, H. W. Jiang, G. Jiang, Y. L. Yang, B. S.

similar to those of the Ti-substituted compounds.
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