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Magnetization measurements of J#eé,;_ ;Gas; (6=0-2) show that the saturation magnetization,
Mg, decreases with an increase in Ga content from AQ#4.u. for Nd,Fe;; to 36.1ug/f.u. for
Nd,FesGa at 4.2 K. Neutron diffraction data at 25 K show that the magnetic moment of Fe
depends on its crystallographic site and decreases in the orderc)Beffe(18)=Fe(18)
=Fe(2d). The magnetic moments of Fef® Fe(1§), and Fe(18) are found to be practically
independent of the Ga content. However, the magnetic moment ofc)edécreases from
2.81(9)ug in Ndy,Fe 7 to 2.14(9)ug in Nd,Fe,cGa. The decrease of the Fefsmoment clearly
reduces the exchange interaction between Ep{&e(6c) dumbbell pairs which explains the
decrease in the anomalous thermal expansion with an increase in Ga concentration. The reduced
Fe(6c)—Fe(6&) exchange interaction may also play an important role in increasing the Curie
temperatureT ¢, with Ga contentT¢ increases from 327 K in Néfe;; to 535 K in NgFe sGa.
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INTRODUCTION Fe in the & site*® Thus, the simple explanation based on
o distance dependent exchange and preferential substitution is
RoFej; compounds crystallize in either the rhombohedralnot sufficient for understanding the changes in the magnetic
ThyZn7 or the hexagonal TiNi,; crystal structures. In both roperties of these compounds.

structures Fe atoms occupy four different crystallographic 1. magnetic properties of,Re;, can be improvedT ¢
sites, &, 9d, 18f, and 1& in the rhombohedral andf4 69, increases over 150 K for JRe.Ga.® Moreover,

12j, and 1X in the hexagonal structure. As the interatomic SmyFe, ,Ga, (5<3) exhibit uniaxial anisotrop§. In

distances betvv_een thec66c, 4f—4f (~2.4 A and NG,Fe, ,Ga, (5<2)~80% of Ga atoms occupy the H8
9d—-18f, 6g—12 (~2.44 A Fe atoms are less than 2.45 A Fe and the rest substitute for Fe atoms in the difs? Th
the exchange interaction between these Fe—Fe pairs was g @ € rest substitute for =€ atoms - 1hus,

sumed to be negatiVé providing a possible explanation for the substitution OT Ga for Ee will not chfange the number of
the low Curie temperatureS, of the RFe,; compounds:2 the 6c—6¢ Fe pairs and will 'only marginally decrease the
The Fe(@&)—Fe(6c) interaction was also shown to cause anhumber of the 8—18f Fe pairs. However, the anomalous
anomalous thermal expansion of thexis in NdFe;; below  thermal expansion in Néfe,; along thec axis, which is
Tc.2 In order to improve the magnetic properties ofg,  caused by the Fe(j—Fe(€) exchange interaction, de-
Fe was partially substituted with transition or nontransitioncreases due to the presence of Ga infeg,_;Gas (&
elements with an aim of expanding thgH®,, unit cell and <2).2 In order to understand the effect of Ga on the mag-
increase Fe—Fe bond lengths and thus promoting ferromagpetic properties of Ngre ,, the saturation magnetization of
netic exchange interactions. However, if Fe was substituteMd,Fe ;_ sGa; (§<2) was measured. The results were then
by Si the magnetic properties 0bRe;; improve although Si ysed to constrain the total magnetic moments obtained from
does not expand fRe;; and does not preferentially substitute neutron diffraction measurements of Mey,_ sGas (8
=<2), in order to obtain precise information on the Fe mag-
dElectronic mail: egirt@Ibl.gov netic moments at different crystallographic sites.
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TABLE |. Saturation magnetization and Curie temperatures of o000
Nd,Fe ;_sGa; (6=0-2) in the temperature range from 4.2 to 300 K.
50000
Nd,Fe;;_Gas §=0 6=05 o6=1 6=15 &=2
M. (4.2 K) (ug/f.u.) 404 398 389 375 361 e
M, (100 K) (ug/f.u.) 39.2 39.1 38.0 34.8 -
Ms (200 K) (ug/f.u.) 35.9 35.4 32.0 E‘ ‘
M (300 K) (ug/f.u.) 24.1 32.9 324 30.4 202 &
T. (K) 327 380 432 484 535 =
10000
EXPERIMENTAL TECHNIQUES ’

The NdFe;_ sGas ingots of size 25 g were prepared by oo
induction melting. An excess of 1 wt% of Nd was added to
compensate for Nd loss during melting and annealing. TdIG. 1. Neutron powder diffraction pattern of b5 Ga s at 25 K. The
ensure homogeneity, all the samples were melted at leasiosses and line rgfer to the experi_mental da_lta and calculated Fullprof fit,
four times and then annealed in an Ar atmosphere at 1340 {gspectlvely. The difference pattern is plotted in the lower part of the figure.
for several daysT. of the samples was determined by a
thermomagnetic analyzeT.c increases with an increase of
Ga concentration from 327 K for NHe; to 535 K
Nd,Fe;sGa. The values ofT are listed at the bottom of
Table |. Magnetization measurements of,Re,;_sGas, in
the temperature range from 4.2 to 300 K, were determine{ﬂ
by an extraction technique in magnetic fielgsH, of up to
22 T for 6=0-1.5, while superconducting quantum interfer-
ence device was used to determine the magnetizatio@ for
=0 and 2 in magnetic fields of up to 5.5 T. The neutron
diffraction measurements were performed on the C ; .

DUALSPEC neutron powder diffractometer at Chalk Riverments (.Jf Fe(18) and Fe(18) and slightly increases the
magnetic moment of Fe. On the other hand, the mag-

Laboratories, Ontario, Canada, in the temperature range from

25 to 770 K. Details can be found in an earlier regofhe RI%“E m?(;nczenlt 4(0;) Fe(i?]) l\?de'c:reaées frrrc]);n toztjlr?;)Bnler;ic
neutron diffraction patterns obtain beloVe are analyzed G ' KB 2r €552 9

using the Fullprof fitting procedure. moments per fqrmula unit obtained fpr QFcéunga& (6
=0 and 2 are in good agreement with previous neutron

diffraction results*'® However, the magnetic moment of

Fe(6c) was found to be independent on the Ga concentration
The saturation magnetizations, Mg, of in NdyFe,.

Nd,Fe ;- sGas (6=0-2) as a function of temperature are The change in the volume of NEe;; was found to be

presented in Table I. Th¥, values are deduced from the ~6 A% per Ga atom belowl, and ~8 A® per Ga atom

law of approach to saturatio’) (H)=M4(1-1H). Due to  aboveT.. This is in good agreement with the observe8

the increase of Ga content in ek ;,M decreases from A2 increase in volume of NdFe; per Ga atonf. Figure 2

40.4ug/f.u. for Nd,Fe; to 36.1ug/f.u. for Nd,FesGa, at  presents the Fe—Fe bond lengths in JRg; ;Gas

4.2 K. The value oM, for Nd,Fe;; is in good agreement (5=0-2) at 25 K(below T¢) and at 535 K(aboveT.).

with the value 39.6.5/f.u. determined for a single crystdl. Below T, all Fe—Fe bond lengths increager do not

The sharp decrease in the valuehdf for Nd,Fe;; at 300 K change with an increase of Ga content in bk, ;Gas

is due to the ferromagnetic-paramagnetic transition whictexcept for Fe(6)—Fe(6) which decreases from 2.416(7)

occurs at 327 K for this alloy. to 2.396(5) A2 Above T, the Fe—Fe bond lengths gener-
The measuredcrosses and calculatedsolid line) neu-  ally increase with an increase of Ga content. The anomalous

tron diffraction patterns of NgFe s Ga; 5 at 25 K are shown thermal expansion in Née;; along thec axis was found to

in Fig. 1. The refined structural and magnetic parameters dfe due to the strong magnetic interaction between

Nd,Fe;_;Gas (6=0-2) at 25 K, belowl, and at 535 K,  Fe(6c)—Fe(6c) pairs® Substitution of Ga for Fe in NdFe;,

in the paramagnetic state, are presented in Table Il. The ralecreases the Fe¢p moment and clearly reduces the nega-

sults show that~80% of Ga atoms substitute for Fe in the tive exchange interaction between Fe)6Fe(6c) pairs.

18h site and the rest of the Ga atoms substitute for Fe in th&@his could explain the decrease in the anomalous thermal

18f site in NdFe 72 The neutron data, beloW., were expansion with an increase in Ga concentrafiofhe re-

refined using Fullprof, subject to a soft constraint on the totauced magnitude of negative Fe&()6-Fe(6) exchange in-

magnetic moment, on the iron atoms. The values of the corteraction may also play an important role in increasirgas

straints were derived from the total magnetization measurea function of Ga concentration.

ment data, presented in Table I. A small standard deviation In conclusion, the saturation magnetization of

for the total moment of 0.4 was used in the soft con- Nd,Fe;_ sGas (6=0-2) decreases with increasing of Ga

29

straint. All individual Fe and Nd moments were free to vary

under this constraint. Refinements were performed assuming

moments along the axis, and in the basal plane, to deter-

ine the preferred ordering direction. The results show that

e magnetic moments in Mée;_ ;Gas (6=0-2) are in

the basal plane, oriented alofif00]. The magnetic moment

of Fe depends on its crystallographic site and decreases in

the order Fe(6)>Fe(18)=Fe(1&)=Fe(9d). The pres-
nce of Ga in NgFe; does not change the magnetic mo-

RESULTS AND DISCUSSION
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content. The magnetic moments of Fdf9 Fe(1§), and
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TABLE II. Structural and magnetic parameters for,Ne,;_ ;Ga;s (6=0,1.5,2 obtained from Fullprofiof ex-
perimental data obtained at 25) kind GSAS(of experimental data obtained at 535 fits to the neutron

diffraction data.

Nd,Fe; s Gs 5=0 5=1.5 5=2 5=0 6=1.5 5=2
a(h) 8.57293) 8.60917) 8.61977) 8.597(3) 8.637%3) 8.6535%3)
c(A) 12.50514) 12.54416) 12.558Q4) 12.46184) 12.54304) 12.57574)
V (A3 795.9 805.2 808.0 797.4 810.4 815.5
(Nd) 6¢,z 0.34294) 0.34184) 0.34184) 0.34234) 0.34184) 0.34214)
(Fe,X) 6¢,z 0.09663) 0.09573) 0.09543) 0.09633) 0.09603) 0.09573)
(Fe,X) 18f,x 0.29052) 0.28922) 0.28872) 0.28702) 0.28712) 0.28662)
(Fe,X) 18h,x 0.50161) 0.50221) 0.50251) 0.50231) 0.50281) 0.50311)
(Fe,X) 18h,z 0.1575%2) 0.15692) 0.15652) 0.155@2) 0.15522) 0.15522)
R factor % 3.13 3.59 3.48 3.89 3.98 4.21
R, factor % 441 5.56 5.28

w (Nd) 6¢(ug) 2.7112) 2.4612) 2.6711

n (Fe) 6¢(ug) 2.81(9) 2.339) 2.14(9)

n (Fe) 9d(ug) 1.628) 1.858) 1.869)

n (Fe) 18f (ug)  2.098) 2.208) 2.208)

w (Fe) 18n(ug) 1.988) 2.058) 1.949)

M(ug/f.u.) 40.331.5 37.5Q1.5 36.081.69

T (K) 25 25 25 535 535 535

could explain the decrease in the anomalous thermal

expansion with an

Fe(1&) do not change with Ga substitution while the mag- Nd,Fe ;_ sGas (6=0-2).
netic moment of Fe(6) decreases from 2.81(Q)g in

NdyFe 7 to 2.14(9)wg in Ndy,FesGa. This directly reduces

the exchange interaction between Fe(6Fe(6c) which
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FIG. 2. Fe—Fe bond lengths in the e, unit cell at(a) 25 and(b) 535 K
as a function of the Ga concentration.

———o—0

6e-18f

18f-18h
6c-18h
6c-9d

18£-18h
18f-18h

18f-18f
9d-18h

9d-18f
6Ge-6¢

Fe-Fe distance [A]

T=25K (a

Ga concentrationd

28

27

g
S

~
i

~
=

23

ACKNOWLEDGMENTS

increase

in Ga concentration

in

This work was supported by the Director, Office of En-

6e-18f

18f-18h
e T Ge-18h
6c-9d

181-18h
18f-18h
18£-18f
9d-18h
9d-18f

6c-6¢

T=535K b

0 | 2

Ga concentration &

ergy Research, Office of Basic Energy Sciences, Materials
Sciences Division of the U.S. Department of Energy, under
Contract No. DE-AC03-76SF00098.

ID. Givord and R. Lemaire, IEEE Trans. Magt0, 109 (1974).

2Z. W. Li, X. Z. Zhou, and A. H. Morrish, Phys. Rev. B, 2891(1995.

3E. Girt, Z. Altounian, I. P. Swainson, K. M. Krishnan, and G. Thomas, J.
Appl. Phys.85, 4669(1999.

4G. J. Longet al, Solid State Commurss, 761 (1993.

5B.-G. Shen, B. Liang, Z.-H. Cheng, H.-Y. Gong, W.-S. Zhan, H. Tang, F.
R. de Boer, and K. H. J. Buschow, Solid State Comnii08 71 (1997.
6B.-G. Shen, F.-W. Wang, L.-S. Kong, and L. Cao, J. Phys.: Condens.
Matter 5, L685 (1993.

"Er. Girt, Z. Altounian, M. Mao, |. P. Swainson, and R. L. Donaberger, J.
Magn. Magn. Mater163 L251 (1996.

8K. Koyama, H. Fuijii, and P. C. Canfield, Physica2B6, 363 (1996.

9Z. Hu, W. B. Yelon, S. Mishra, G. J. Long, O. A. Pringle, D. P. Middle-
ton, K. H. J. Buschow, and F. Grandjean, J. Appl. PM6.443(1994).

10G. J. Longet al, J. Appl. Phys76, 5383(1994.

Downloaded 21 Sep 2004 to 165.132.61.136. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



