
The magnetic structure of Nd6Fe13Si

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1994 J. Phys.: Condens. Matter 6 3101

(http://iopscience.iop.org/0953-8984/6/16/015)

Download details:

IP Address: 171.66.16.147

The article was downloaded on 12/05/2010 at 18:14

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/16
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


I. Phys.: Condens. Matter 6 (1994) 3101-3107. Printed in the UK 

The magnetic structure of Nd~Fe&i 

Q W Yant, P L Zhang,t, X D Sunt, B P Hut, Y Z Wan&, X L Raof, 
G C LiuT, C Goug, D F Cheng and Y F Chengs 
t Institute of Physics. Chinese Academy of Sciences. PO Box 603, Beijing IOW80, People's 
Republic of China 
% San Huan Research Laboratory, Chinese Academy of Sciences. Po Box 603, Beijing 
100080, People's Republic of China 
§ China Institute of Atomic Energy. Beijing 102413. People's Republic of China 

Received 27 October 1993. in final form IO December 1993 

Abstract. The magnetic structure of NdsFenSi has been studied by magnetization measurement, 
the singular point detection technique and neutron powder diffraction. It was found that the 
NdsFel3Si is ferrimagnetic with a compensation temperawe of 351 K and a Curie temperature 
of 441 K. The spontaneous magnetization values are 12.9 J T-' kg-' I 5  K and 7.4 J T'' kg-' 
at 300 K. There are two values BO"' and Bg' of the magnetic phase transition field below 
225 K: BF' = 6.2 T and Bgn = 8.2 T at 77 K and B; = 5.3 T at 300 K. The atomic 
magnetic moments are ordered in an antiparallel manner. and the two magnetosublattices are 
MI t ISf(Nd), 161(Nd), 4d(Fe). 161APeN and MII -1 I16kPe). 1611Fe)l. 

1. Introduction 

In recent years, a new series of ternary rare-earth-iron compounds R6Fe14-,M, (R = La, 
h, Nd or Sm; M = Al, Ga, Ge, Cu, Si or Sb; x = 1-4) has attracted much attention [1-41. 
These 6:14 phases often appear in the M-doped Nd-Fe-B permanent magnets and may have 
an effect on the coercivity 13-51, The crystallographic StrucNre is NdaFelsSi type [3,41 
or k F e l t G a 3  type [6]. They have the same tetragonal symmetry with the space group 
Z4/mcm. The rare earth occupies two sites 8f and 161 and the iron occupies four sites 
4d, 1611, 1612 and 16k. The third element occupies the 4a site when x = 1 and shares the 
1612 site with Fe besides 4a when x z 1 [3,6]. The magnetization measurements revealed 
that the atomic magnetic moments of Fe in the four crystallographic sites are antiparallel 
collinearly coupled [ 2 4 .  Two spin configurations were proposed by Hu et a1 [2]  on the 
basis of magnetization and Mossbauer study of l&FellA13. The non-collinear magnetic 
shllcture of NdsFe&u, concluded from the comparison of the x-ray diffraction pattern 
and the Mossbauer spectrum on an oriented sample by Knoch et ~l [4], may not be me .  
The reason is that, when the magnetocrystalline anisotropy or the magnetization is very 
small, the x-ray diffraction pattern is much more sensitive to the sample texture than is the 
Mossbauer spectrum. For example, on an oriented sample, NdFelo,SMol.S shows easy c-axis 
anisotropy in the x-ray diffraction pattern [7] but this is not seen clearly in the Mossbauer 
spectrum [SI. In this work, we investigated the magnetic structure of Nd,jFel$i in detail. 
The results are discussed together with previous published work, and the spin configuration 
in NdsFelsSi will be concluded on the assumption of a collinear coupling scheme. 
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2. Experimental details 

The Nd~FelsSi alloy was prepared by arc melting Nd (99.99% purity), Fe (99.9% purity) 
and Si (99.9% punty), sealed in a quartz tube and annealed at 800°C for about 3 days. 
The ingot was then ground into fine powder. The x-ray diffraction pattern shows that the 
sample is almost single phase (figure 1). 
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Ftgnre 1. X-ray diffraction pmem of NdsFenSi. It is indexed using the lanice parameters 
from the refinement of neutron diffraction data (see table I). 

The magnetization as a function of temperature was measured on a vibrating-sample 
magnetometer in an applied field of 0.04 T and on a magnetic balance in an applied field 
of 1.2 T on the ingot pieces. The magnetization curve was measured at 5 and 300 K with 
a SQCRD magnetometer on the free powder. The magnetic phase transition field from 77 to 
300 K was determined by the singular point detection (SPD) technique [9]. 

Neutron powder diffraction data at 300 K were collected on the triple-axis s ectrometer 

were analysed with the Rietveld slructwe refinement program RIETAN [IO]. The parameters 
of crystaUographic structure of the NdsFel3Si compound were taken from [3] to start the 
refinement. The collinear magnetic structure was used during the refinement. 

at the China Institute of Atomic Energy, Beijing. The wavelength was 1.541 R. The data 

3. Results and discussion 

The neutron diffraction pattern (dots) with the fitting (lines) of the NdaFel3Si compound is 
shown in figure 2. The parameters of the final refined structure are listed in table I. The final 
goodness is R ( F 2 )  = 0.063 and R ( F )  = 0.038. The lattice parameters a = 0.80299(3) nm 
and c = 2.2706(3) nm and the shuctural parameters are quite close to those determined 



Magnetic structure of Nds Fer3 Si 3103 

by x-ray diffraction [3]. The magnetic moments of all atoms lie in the fourfold axes and 
four iron sites exhibit an antiparallel coupling structure. Since the magnetic contribution in 
diffraction pattern is small, the values of the atomic magnetic moment are not precise. The 
alignment of the atomic magnetic moments is quite sensitive during the refinement. The spin 
configuration of the four iron sites (4df, 16kJ, 161, J, 1612 t) is close to that proposed by 
Hu et al [Z]. The assignment of hyperfine fields of 57Fe Mossbauer spectra to the iron sites 
in the 6:14 structure was considered according to the number of nearest-neighbour atoms 121. 
It is not easy to distinguish definitely the 1611 and 1612 sites, since they both have the same 
nearest-neighbour atoms of iron and one rare-earth atom difference. In switching 1611 and 
1612 assignments of the hyperfine fields, the spin configuration of the four iron sites would 
be the same as that derived from neutron diffraction, and also the sequence of hyperfine 
fields in the four iron sites 4d z 16k > 1612 > 1611 is the same as that of the absolute 
values of the atomic magnetic moment in table 1. The atomic magnetic moments of Nd in 
both 8f and 161 sites are parallel to those of Fe in 4d arAd 1612 sites. The magnetic structure 
in N&Fe&i consists of two magnetosublattices: MI t [8f(Nd), 161(Nd), 4d(Fe), 1612(Fe)J 
and Mn 4 (Ibk(Fe), 16l1(Fe)]. According to the crystallographic position (figure 3), the 
4d and 16k Fe sites are in  the same atomic layer with the shortest distance of 0.2398 nm 
so that they couple antiparallel to each other. The 4d site has distances of 0.2460 nm and 
0.2568 nm to the 1611 and 1612 sites, respectively, and the magnetic moment at 4d may 
couple antiparallel to that at 1611 and parallel to that at 1612. 
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Figure 2. Neutron diffraction patem of NdgFelpSi powder at a temperature of 300 K . . . , . ., 
obsemed'prohles: -, calculated C U N ~ S ;  calculated positions are indicated at the bottom. The 
differences between the observed data and calculated values ace also given. 

Figure 4 shows the thermomagnetic scans in different applied magnetic fields Bo. They 
clearly exhibit ferrimagnetic ordering in the Nd6Fej3Si. According to the results of neutron 
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Table 1. Crystallographic and magnetic p m e ! e n  of NdsFq3Si (tetragonal cell: space group, 
I4/mcm: a = 8.0299(3) A and c = 22.760(3) A). 

Nd(80 
Nd(161) 
Si(&) 
Fe(4d) 
Fe(l6k) 
Fe(161,) 
Fe(1612) 

I Y 

0 0 
0.1678(3) 0.6678(3) 
0 0 

0.0645(5) 0.2084(6) 
0.1783(5) 0.6783(4) 
0.3855(4) 0.8855(4) 

0 4 

I B 0.f M(PB)  

0.1090(2) 1.0(2) 1.0 0.5(2) 
0.1912(3) 1.1(2) 1.0 OS@) a 0.4(1) 1.0 0 
0 1.2(2) 1.0 1.3(3) 
0 1.2(2) 1.0 -0.9(3) 
0.0614(4) 0.6(1) 1.0 -OS@) 
0.0973(6) 1.0(2) 1.0 0.8(3) 

I -  ' I  * 16k (Fe) 

1611 (Fe) 

1612 (Fe) 

4a (Si) 

(a) Bo=O.OtT 1 

(b) E0=0.4T 1 
(d)  BO=l.ZT 

Nd&,SI \ 
T LK) 

Figure 3. Crystallographic structure of NdgFel$ii. Figure 4. Magnetization as a function of lempemture 
for NdsFer3Si in different applied fields. 

diffraction above, MI > MII at 300 K. Both MI and Mn decrease as the temperature increases 
and are compensated at Td and vanish at Tc. During the temperature range between the 
compensation temperature Td and the Curie temperature Tc, MI < MD. The values of 
Td = 357 K and TC = 441 K were derived from the M-T curve at BO = 0.04 T. In our data 
WE did not see any anomalies above 550 K, which does not agree with what was reported 
by Allemand et al [3]. 
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Figure 5. Magnetization curyes of NdaFelsSi at temperatures of 5 and 300 K 

Figure 6. Magnetization curves of NdsFe13Si in a 
pulsed Reld up to IO T at different temperahues with the 
corresponding d2MfdBi traces, on which the mows 
indicate the magnetic phae transition positions. 

The magnetization curves of NdsFelaSi at temperatures of 5 and 300 K are shown in 
figure 5. The magnetization saturates in applied fields of about 1 T and 0.5 T at 5 K and 
300 K respectively. The magnetization increases linearly with increasing applied field in 
the higher-field range and the susceptibilities are quite high. By extrapolating the linear 
parts of the magnetization to zero field, the spontaneous magnetization values are derived 
as 12.9 J T-' kg-I at 5 K and 7.4 J T-' kg-I at 300 K. These values are much higher than 
those reported by Allemand etal [3]. The magnetization value of 6.6 IT- '  kg-I at 300 K 
derived from the atomic magnetic moments of neutron diffraction fitting is consistent with 
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the magnetization measurement. The small spontaneous magnetization at 5 K indicates that 
Nd~FeloSi is ferrimagnetic the same as at room temperature. 
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Figure 7. Temperature dependence of the magnetic 
2- 
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At present, the SPD technique is probably the best method for determining the anomalous 
change in the magnetization curve for polycrystalline samples 191, such as the first- 
order magnetization process, the magnetoclystalline anisotropy field and the second-order 
magnetization process. The magnetization curves in the pulsed field up to IO T with their 
SPD traces are shown in figure 6. The arrows in the figure indicate where the magnetic 
phase transitions occur. The values of the critical field BO" af the magnetic phase transition 
were derived by taking the average values of the marked field positions in the magnetizing 
and demagnetizing SPD traces. Figure 7 shows that the magnetic phase transition field BF 
varies with the temperature. At this field the antiparallel coupling of the magnetic moments 
in NdsFel3Si breaks down. It is interesting to note that E; has two branches below 225 K: 
BF1 = 6.2 T and B F  = 8.2 T at 77 K. The minimum of 3.4 T for BF' appears at 180 K. 
The value of B,S' = 5.3 T at 300 K is close to that found by Allemand el al [3] but the 
features of the Bo"-T curve are quite different. In 131 there is no explanation about the 
determination of B;. 

The discrepancies between our magnetic measurement data and those of Allemand er 
al [3] may be caused by the different sample qualities or different methods of magnetic 
measurement. Our sample was almost a single phase but their sample was obtained by 
selecting particles after crushing the 93 wt.% Nd-7 wt.% Fe alloy which is a mixture [3]. 

4. Conclusion 

The ternary rare-earth-uon intermetallic compound NdsFeloSi is ferrimagnetic below its 
ordering temperature of 441 K. The compensation temperature of the two antiparallel 
coupling magnetosublattices is 357 K. The spontaneous magnetization values are 
129 J T-' kg-l at 5 K and 7.4 J T-' kg-' at 300 K. There are two values B f '  and 
BiR of the magnetic phase transition field below 225 K BF' = 6.2 T and B,c" = 8.2 T at 
77 K; B,C' = 5.3 T at 300 K. The magnetic structure of NdsFetsSi has the following spin 
configuration: {If(Nd)t, I61(Nd)t, 4d(Fe)t, 16k(Fe)J, 1611 &j&, 161z(Fe)t}. 
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