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Magnetic properties of Sm3Fe28.1ÀxCoxMo0.9 „xÄ0,4,8,12,14,16… compounds
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A series of Sm3Fe28.12xCoxMo0.9 compounds (x50,4,8,12,14,16)have been synthesized and their mag-
netic properties and structures investigated by means of x-ray diffraction and magnetic measurements. It is
found that substitution of Co for Fe leads to a significant increase of the Curie temperature and saturation
magnetization. Even more important, forx>14 the easy magnetization direction changes from easy plane to
easy axis. In this compound system, Sm3Fe12.1Co16Mo0.9 is a very promising candidate for rare-earth perma-
nent magnetic materials. Its room temperature saturation magnetization (m0Ms51.50 T) and anisotropy field
(Ba56.5 T) are comparable to those of Nd2Fe14B (m0Ms51.60 T andBa57.0 T). However, its Curie tem-
perature is 1020 K, which is substantially higher than that of Nd2Fe14B (TC5588 K). The lattice inversion
method has been employed to calculate the site occupancies of Mo and Co in the quaternary 3:29 type
Sm3Fe282xCoxMo compounds (x50, 4, 8, 12, 16!. The results show that Co preferentially occupies Fe1, Fe8,
and Fe11 sites, whereas Mo occupies Fe3, Fe2, and Fe6 sites. As Co atoms preferentially occupy Fe1, Fe8, and
Fe11 sites, the negative exchange interactions of Fe-Fe pairs associated with the sites are modified into positive
and strong interactions of Fe-Co or Co-Co, which leads to the rise of Curie temperature. The bond lengths
between various atoms obtained by computer simulation are used to calculate the Curie temperatures of
Sm3Fe292xMox (x50 and 1!. The calculated Curie temperature of Sm3Fe28Mo is close to the experimental
value.

DOI: 10.1103/PhysRevB.69.174427 PACS number~s!: 75.30.Cr, 75.50.Ww, 75.40.Mg, 61.50.Ah
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I. INTRODUCTION

Since the Nd3(Fe,Ti)29 phase1–3 with monoclinic symme-
try and space groupA2/m were discovered, much attentio
has been paid to theR3(Fe,M )29 compounds, whereR stands
for rare earth, andM for stabilizing element, such as Ti, V, C
and Mo.4–7 Yang et al.8 and Huet al.9 have investigated the
structure and magnetic properties of the Sm3(Fe,Ti)29N4
compounds and found that introduction of nitrogen ato
leads to an obvious increase of the Curie temperature
saturation magnetization. Moreover, the anisotropy of
compounds changes from easy plane to easy axis upon
introduction of nitrogen atoms. These outstanding intrin
permanent magnetic properties of the interstit
Sm3(Fe,Ti)29N4 compounds make them a potential candid
for permanent magnet applications.

Later, Shahet al.10 have studied the structure and ma
netic properties of the Pr3(Fe12xCox)27.5Ti1.5 (x<0.22) com-
pounds and found that their Curie temperature and satura
magnetization increase with Co content. Yanget al.11 and
Wang et al.12 have investigated the structure and magne
properties of the Gd3(Fe12xCox)25Cr4 compounds withx
ranging from 0 to 1.0 and found that whenx>0.4 the com-
pounds show room temperature uniaxial anisotropy. Mo
over, a higher Co content requires more Cr atoms to stab
the 3:29 phase, and with increasing Cr content the C
temperature and saturation magnetization increase first,
ing through a maximum and then decreasing. Shahet al.
have pointed out that the large increase ofTC may result
from exchange interaction enhanced by Co substitution
Fe, where there is antiparallel coupling between Fe m
ments. The mechanism has been supported by x-ray diff
tion and later by neutron diffraction studies.13
0163-1829/2004/69~17!/174427~11!/$22.50 69 1744
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In addition, Panet al.14 have studied the structure an
magnetic properties of theR3(Fe,Mo)29 compounds and
found that, compared with Cr, the required Mo content
stabilize the 3:29 phase is much smaller due to the relativ
larger atomic radius of Mo. A strong advantage of choos
Mo as a stabilizing element is that the magnetic propertie
the compounds are not seriously affected by the presenc
the nonmagnetic Mo element.

In this paper we study the synthesis, structure, and m
netic properties of the Sm3Fe28.12xCoxMo0.9 compounds (x
50,4,8,12,14,16!. Moreover, the large increase ofTC in the
compounds have been investigated by means of a new
culation based on the pair potential model,15–17which will be
introduced in Sec. III B.

II. EXPERIMENTS

Ingots with the composition Sm3Fe28.12xCoxMo0.9 (x
50,4,8,12,14,16! were prepared by arc melting the constit
ent metals with a purity of at least 99.9% under an arg
atmosphere. All the ingots were melted at least four times
homogenization. To compensate for the loss of Sm dur
melting and annealing, an excess 30% of Sm relative to
stoichiometric composition was added. Then the ingots w
sealed in a quartz tube and annealed under protection o
argon atmosphere at 1473 K for 72 h to ensure homogen
followed by quenching in water. X-ray diffraction~XRD!
with Cu-Ka radiation and thermomagnetic analysis~TMA !
were employed to identify the phases. XRD patterns for r
domly oriented and normally aligned powder samples w
used to determine the lattice parameters and the directio
anisotropy of the compounds, respectively. TMA was p
formed in a magnetic balance in a field of 0.1 T at tempe
©2004 The American Physical Society27-1
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tures ranging from room temperature to above the Curie t
perature. Magnetization curves were recorded in
superconducting quantum interference device SQUID m
netometer at 5 and 293 K, respectively, in fields up to 5 T
order to measure the anisotropy field, fine-powdered p
ticles were mixed with epoxy resin and packed in a plas
tube of cylindrical shape. For normal magnetic alignme
the epoxy was allowed to harden while the plastic tube w
positioned in an applied magnetic field of about 1 T with t
cylinder axis parallel to the field direction, so that the cyli
der axis becomes the easy magnetization direction~EMD!. In
the case of rotation alignment, the epoxy hardened while
plastic tube rotated around its cylinder axis in a magne

FIG. 1. XRD patterns of randomly oriented sample
Sm3Fe28.12xCoxMo0.9 for x58, and normally aligned samples o
Sm3Fe28.12xCoxMo0.9 for x58 and 16. Calculated pattern o
Sm3Fe27.5Co0.5Mo.
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field that was applied perpendicular to the axis, so that
cylinder axis will correspond to the hard magnetization
rection ~HMD!.

III. RESULTS AND DISCUSSION

A. Crystallographic structure and magnetic properties

The XRD and TMA analyses show that the investigat
compounds Sm3Fe28.12xCoxMo0.9 (x50,4,8,12,14,16! are
single phase and crystallize in the Nd3(Fe,Ti)29 structure. As
an example the XRD pattern of the compou
Sm3Fe20.1Co8Mo0.9 is shown in Fig. 1~a!, which is quite well
indexed based on the monoclinic symmetry and space gr
A2/m. The experimental lattice constants and unit-cell v
umeV of the Sm3Fe28.12xCoxMo0.9 compounds (x50, 4, 8,
12, 14, 16! are derived from XRD patterns and listed in Tab
I. It can be seen that the substitution of Co for Fe leads t
decrease of the lattice constantsa, b, and c as well as the
unit-cell volumeV, owing to smaller atomic radius of the C
atom compared with Fe.

The XRD patterns of magnetically aligned powd
samples of Sm3Fe28.12xCoxMo0.9 (x50, 4, 8, 12, 14, 16!
were measured at room temperature. As examples, the X
patterns of normally aligned sample Sm3Fe20.1Co8Mo0.9 and
Sm3Fe12.1Co16Mo0.9 are given in Figs. 1~b! and 1~c!, respec-
tively. It is found that, for the normally aligned powde
samples, the (402)̄ reflection forx58 and ~204! reflection
for x516 become dominant. Based on the matrix transf
mation relationship between theRCo5 ~1:5! structure and the
monoclinic Nd3(Fe,Ti)29 ~3:29! structure,7 it is easy to see
that the (402̄) and~204! reflections in Sm3Fe28.12xCoxMo0.9
~3:29! correspond to the~110! and ~001! reflections of the
RCo5 ~1:5! structure, respectively. This suggests that
magnetocrystalline anisotropy of the compounds is of
easy-plane type forx58, but of the easy-axis type forx
516. It is found that whenx changes from 0 to 8 the aniso
ropy is the easy-plane type, whereas whenx514 and 16 the
anisotropy is the easy-axis type. Whenx512, no reflection
is particularly enhanced or reduced, showing that the va
of anisotropy field is about zero.
TABLE I. Comparison of the experimental~Exp.! and calculated ~Cal.! parameters for
Sm3Fe28.12xCoxMo0.9 compounds. The calculated data are based on Sm3Fe282xCoxMo compounds.

x50 x54 x58 x512 x514 x516

Cohesive energy~eV/atom! 24.048 24.061 24.074 24.079 24.085
a(Å)(Cal.) 10.655 10.629 10.599 10.575 10.549
b(Å)(Cal.) 8.593 8.562 8.541 8.521 8.500
c(Å)(Cal.) 9.803 9.763 9.734 9.709 9.683
b(Cal.) 96.93 97.05 97.03 97.06 97.10
V(Cal.) 890.99 881.77 874.56 868.24 861.58
a(Å)(Exp.) 10.631 10.608 10.542 10.517 10.513 10.488
b(Å)(Exp.) 8.569 8.565 8.530 8.484 8.475 8.457
c(Å)(Exp.) 9.732 9.748 9.695 9.645 9.647 9.624
b(deg)(Exp.) 96.85 96.85 96.691 96.65 96.67 96.81
V(Å3)(Exp.) 880.50 879.39 865.93 854.82 853.90 847.67
7-2
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FIG. 2. Magnetization curves o
Sm3Fe28.12xCoxMo0.9 (x50,4,8,12,14,16! com-
pounds at 293 and 5 K.
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The magnetization curves at 5 and 293 K of t
Sm3Fe28.12xCoxMo0.9 compounds (x50,4,8,12,14,16! are
shown in Fig. 2.M i was measured with external magne
field parallel to easy magnetization direction of the align
samples, andM' with external magnetic field perpendicula
to easy magnetization direction. The magnetocrystalline
isotropy fieldBa were derived by plottingDmoM (DmoM
5moM i2moM') versusB and linearly extrapolatingDmoM
to zero. Since the value of anisotropy field is about zero
x512, a bulk sample was used instead to obtain the mag
tization curves. The values of anisotropy fieldBa are listed in
Table II. It is seen thatBa reaches a value of 6.5 T forx
516 at room temperature.

In Figs. 2~b! and 2~c! anomalies can be found for both th
easy and hard magnetization curves of Sm3Fe28.12xCoxMo0.9
with x54 and 8 at 5 K. The anomalies correspond to
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first-order magnetization process~FOMP!,18,19 which indi-
cates a magnetic-field-induced spin phase transition. It is
shown that the magnetization is larger at room tempera
than at 5 K forx58 when external field is below 4.0 T. As
result of FOMP, when external field surpasses 4.5 T,
magnetization at 5 K becomes larger than that at room t
perature.

As a first-order approximation, the magnetocrystalline a
isotropy contribution resulting from the rare-earth sublatt
can be described by the anisotropy constantK1

Sm:

K1
Sm52 3

2 aJ^r
2&^3J22J~J11!&A20, ~1!

where the quantities in angular brackets represent
quantum-mechanical expectation values andA20 is the
second-order crystal-field parameter that depends on
TABLE II. Magnetic parameters of Sm3Fe28.12xCoxMo0.9 (x50,4,8,12,14,16! compounds.

x50 x54 x58 x512 x514 x516

EMD ~293 K! Plane Plane Plane Isotropic c axis c axis
Tc(K) 445 665 815 920 970 1020
Ba(293 K)(T) 4.3 7.2 6.2 5.7 6.5
Ba(5 K)(T) 13.5 15.5 8.7 9.2 9.4
m0Ms(293 K)(T) 1.07 1.29 1.46 1.70 1.50 1.50
m0Ms(5 K)(T) 1.35 1.36 1.48 1.78 1.58 1.58
7-3
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electrostatic potential due to the environment. Since
value of the second-order Stevens coefficientaJ is positive
for Sm and the sum of theA20 values at the twoR sites in
3:29 compounds is negative,20 it is easily seen that the con
tribution of the Sm sublattice to the anisotropy is positive
3:29 compounds. Moreover, in Fe-based ternary 3:29 c
pounds such as Y3(Fe,Ti)29,21 the contribution of the Fe

sublattice to the anisotropy is along the@402̄# direction
~@110# of the 1:5 structure!, whereas in Co-based ternary 3:2
compounds such as Gd3(Co,Cr)29, the contribution of the
Co sublattice is along the@204# direction~@001# direction of
the 1:5 structure!.12 At a low Co content, such as whenx
50, 4, and 8, the Sm3Fe28.12xCoxMo0.9 compounds show an
easy-plane type of anisotropy because the contribution of
Fe sublattice to the anisotropy is dominant. Whenx512, the
contributions of the Fe, Co, and Sm sublattices come t
balance, so that the anisotropy almost vanishes and the c
pound becomes nearly isotropic. With further increase of
Co content, such as forx514 and 16, the contribution of th
Co sublattice to the anisotropy becomes dominant, wh
together with contribution from the Sm sublattice, causes
compounds to exhibit easy-axis anisotropy.

The values of the saturation magnetizationmoMS were
obtained by plottingmoM versus 1/B and extrapolating 1/B
to zero~see Table II!. With Co substitution for Fe, the valu
of room temperaturemoMS for Sm3Fe28.12xCoxMo0.9 in-
creases with Co content, going through a maximum of 1.7
aroundx512, then decreases with further Co content a
reaches 1.50 T forx514 and 16. This has been explained
terms of a rigid-band model.22 With increasing Co content
the spin-up band of the 3d band of Fe is gradually filled up
so that the average magnetic moment of the 3d sublattice
gradually increases. When the Co content increases fur
the spin-up band becomes full, and the spin-down band
gins to be filled up, so that the average magnetic momen
the 3d sublattice gradually decreases.

The temperature dependence of magnetization of
Sm3Fe28.12xCoxMo0.9 compounds was measured in an a
plied field of 0.1 T. The Curie temperatures were deriv
from M22T curves by extrapolatingM2 to zero, as listed in
Table II. With Co substitution for Fe, the Curie temperatu
increases monotonically from 445 K forx50 to 1020 K for
x516. Similar to the cases for Pr3(Fe12xCox)27.5Ti1.5

10 and
Nd3(Fe12xCox)27.7Ti1.3,23 low Co substitution for Fe pro-
duces more rapid increase inTC than high Co substitution
For example, an increase inTC at 55 K per Co atom is
observed forx<4, compared to 25 K per Co atom in th
range 12<x<16.

In the Gd3(Fe,Co,Cr)29 compounds,12 the amount of Cr
needed for stabilization of the crystal structure is very la
and also increases with Co content, which leads to a ra
decrease in the Curie temperature and saturation magne
tion at high Co content. However, in th
Sm3Fe28.12xCoxMo0.9 compounds only a small amount o
Mo is needed to stabilize the 3:29 structure, so that the m
netic properties are not seriously affected by the presenc
this nonmagnetic element. Such low content of stabiliz
17442
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element is responsible for obtaining the outstanding intrin
magnetic properties at high Co content.

B. Analysis by calculations

In the R3(Fe,M )29Ny compounds such a
Sm3(Fe,M )29N4,8 the introduction of interstitial nitrogen at
oms leads to an expansion of the lattice, which results
increase of the Curie temperature. However, in
R3(Fe,Co,M )29 compounds, with Co substitution for Fe th
unit-cell volume usually decreases whereas the Curie t
perature increases,10,23 so the increase of TC in
R3(Fe,Co,M )29 compounds can not be explained by latti
expansion.

According to the viewpoint of Givordet al.24 and Gavi-
ganet al.,25 in Fe-richR-Fe interatomic compounds, there
a positive exchange interaction when the bond length
tween Fe atoms is larger than 2.45 Å, and a negative
change interaction where the bond length is smaller t
2.45 Å. In addition, it is found that the exchange interactio
of the Co-Co~or Co-Fe! pairs are larger than those of Fe-F
pairs in Y~Fe,Co!10Si2. This is because no exchange intera
tions exist between Co-Co bond and Co-Fe bonds but
tween Co-Co moments~or between Co-Fe moments!.26 This
may also be true in the Sm3Fe28.12xCoxMo0.9 compounds.
Therefore, it is acceptable that the increase inTC upon the
substitution of Co for Fe, especially in low Co substitutio
may be explained by the preferential occupancy of Co ato
modifying the negative exchange interactions of Fe-Fe p
into positive and strong interactions of Fe-Co or Co-C
Such an explanation is applicable to many Co-substitu
R-Fe compounds, such as R2Fe142xCoxB,27

DyFe102xCoxV2,28 and Pr3(Fe12xCox)27.5Ti1.5.10

Using the method of Rietveld analysis, Shahet al.10 ob-
tained all the bond lengths between the 3d sites in
Pr3(Fe12xCox)27.5Ti1.5 compounds and proposed that Co a
oms might preferentially occupy Fe1 and Fe8 sites ass
ated with negative interactions. If Co atoms occupy either
these two sites, a large increase inTC can be expected. Harri
et al.13 carried out neutron diffraction studies i
Pr3(Fe12xCox)27.5Ti1.5 at low Co content and indicated tha
Ti atoms occupy 4g and 4i sites. However, the neutron dif
fraction refinement analysis, although in accordance with
mechanism of increase inTC proposed by Shahet al., shows
that Co atoms occupy, without preference, these Fe sites
shared with Ti atoms. Here, we should mention that
nomination of Fe sites in Ref. 13 is different from that in th
paper and in Ref. 10. However, from the atom position a
site symmetry, one can find that the sites Fe1, Fe2, Fe3,
Fe5, Fe6, Fe7, Fe8, Fe9, Fe10, and Fe11 in Ref. 13 co
spond to Fe1, Fe11, Fe6, Fe7, Fe9, Fe3, Fe2, Fe5, Fe4, F
and Fe8 in Ref. 10, respectively.

To investigate the site preference of Co and Mo, estab
a detailed distribution of the Fe-Fe negative interact
bonds with various Co content, and then investigate the
crease in the Curie temperature of the quatern
Sm3(Fe,Co,Mo)29 compounds, computer simulation studi
have been performed by the lattice inversion method
whole calculation process would involve the following step
at first, the cohesive energyE(x) can be obtained by eithe
7-4
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the first-principle calculation or experimental data; then,
the intermetallic potentialsF(x) can be deduced based o
lattice inversion method~Sec. III B 1!; next, based on the
structure and space group, the preferential occupancy o
oms, the lattice parameters, and the distance of every ato
pair can be calculated~Sec. III B 2 and 3!; finally, these
calculated distances are used to investigate the Curie
perature~Sec. III B 3!.

1. Lattice inversion method

In principle, any interatomic pair potential can be o
tained by a strict lattice inversion of cohesive energy curv
In this paper, acting on the lattice inversion method dev
oped by Chen,15–17we can avoid parameter adjustment wh
deriving the interatomic potentials. The method can be su
marized as follows: it assumes that cohesive energy per a
in a perfect crystal can be expressed as the sum of pair
tentials, i.e.,

E~x!5
1

2 (
n51

`

r 0~n!F@b0~n!x#, ~2!

where x is the nearest-neighbor distance,r 0(n) is the nth
neighbor coordination number,F(x) is the pair potential
function andb0(n)x is the distance of thenth neighbor from
the reference atom, withb0(1)51. We extend the serie
$b0(n)x% to a multiplicative closed semigroup$b(n)x%, in
which, for any two integersm andn , there exists an intege
k so thatb(k)5b(m)b(n). Thus

E~x!5
1

2 (
n51

`

r ~n!F@b~n!x#, ~3!

where

r ~n!5H r 0„b
21@b~n!#…, b~n!P$b0~n!%,

0, b~n!¹$b0~n!%.
~4!

In the above extension, we have to insert some virt
lattice point in r (n). Then the pair potentialF(x) can be
obtained:

F~x!52(
n51

`

I ~n!E@b~n!x#, ~5!

where the inversion coefficientI (n) is given by

(
b(n)ub(k)

I ~n!r H b21S b~k!

b~n! D J 5dk1 , ~6!

which is uniquely determined by the crystal geometri
structure, irrespective of the atomic species. Thus the in
metallic pair potentials between identical atoms li
FFe2Fe(x) can be deduced if the cohesive energyE(x) has
been obtained. For a concise description of the whole ca
lation process, the acquisition of cohesive energyE(x) and
the intermetallic pair potentials between distinct atoms s
asFFe2Co(x), as well as the transferability of intermetall
pair potentials are introduced in the Appendix.
17442
ll

at-
ic

m-

s.
l-

-
m
o-

l

l
r-

u-

h

2. Atomic preferential occupancy

Based on any existing experimental structure close
Nd3(Fe,Ti)29 type with theA2/m space group, for example
the atom position and symmetry of Ref. 7, initial Sm3T29
structure is constructed within Accelrys Cerius 2 modeli
software. The assignment of Fe sites in this paper is in
cordance with Ref. 10. To reduce statistical fluctuations
periodic cell@(Sm3T29)2#23232 containing 23232364 at-
oms is taken as a calculation unit. The conjugate grad
method is adopted for energy minimization with a cut-o
radius of 14 Å. Once the energy minimization process ba
on the intermetallic pair potential is carried out, the som
how arbitrary initial structure will reach a stabilized structu
with minimized cohesive energy, provided that the init
model does not deviate too much from the existi
Nd3(Fe,Ti)29 type structure. All these configurations are r
laxed, and the energy and lattice parameters are aver
over 20 sample units. The randomness of initial structure
certain range and the stability of the final structure furn
convincing evidence that the interatomic pair potentials
reliable for the study of structural properties of materials.

Compared with ternary systems, the substitution in a q
ternary system is more complex since there may exist c
petition when more than one element is added. Therefore
first we use the hypothetical model of Sm3Co29, Sm3Fe29,
Sm3Co28.5Mo0.5, Sm3Fe28.5Mo0.5 and Sm3Fe28.5Co0.5 with
theA2/m space group to investigate the substitution behav
of the elements Mo and Co. All the foreign atoms are su
posed to be induced to one of the 11 Fe sites to substitute
the original atoms, and the cohesive energy is adopted
criterion for site preference. Figures 3~a! and 3~b! show the
preferential sites of Mo and Co in the Sm3(Fe,Co,Mo)29. It
can be seen that the Mo atom has the same site preferen
Co-based as in Fe-based compounds, and the prefere
sites are Fe3 (4i ), Fe2 (4i ), and Fe6 (4g). With the Mo
substitution for Fe or Co, the cohesive energy declines d
matically for all the 11 Fe sites, which indicates that M
strongly stabilizes the metastable Sm3T29 structure. Interest-
ingly, the graphs of Figs. 3~a! and 3~c! are asymmetric,
which shows the preferential occupancy of Co and Mo
totally different for these 11 Fe sites. It is shown in Fig. 3~c!
that with Co substitution for Fe, the 11 sites of Sm3T29 struc-
ture fall into 3 groups. Co substitution for Fe does not lead
as much energy decline as Mo; on the contrary, it leads to
increase in cohesive energy in Fe3 (4i ), Fe2 (4i ), and Fe6
(4g). The most unfavorable sites Fe3 (4i ), Fe2 (4i ), and
Fe6 (4g) for Co, are just the preferential sites for Mo
whereas the preferential sites for Co are Fe1 (2c), Fe8 (8j ),
and Fe11 (4e), which are just the unfavorable sites for M
The other five sites, with almost the same energy decline,
the second-favorable sites for Co.

In light of the above discussion, in order to study the C
substitution behavior in the quaternary system it is reas
able to preset Mo in Fe3 (4i ), Fe2 (4i ), and Fe6 (4g) sites
for their strong site preference. Considering the little diffe
ence in site preference of these three sites, we prese
same fractional occupancy for Mo occupancies of 16.7%
each of these three sites. Then Co atom is induced to su
tute Fe in one of the 11 sites. Once the energy minimizat
7-5
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FIG. 3. Site preference of Mo and Co i
Sm3(Fe,Co,Mo)29 compounds.
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Co
is applied to relax the quaternary system under the inte
tion of pair potentials, the relaxed structure can still ret
the Sm3T29 structure with theA2/m space group@see Fig.
1~d!#. Furthermore, by comparing Fig. 3~c! with Fig. 3~d!, it
is shown that Co has the same site preference
Sm3Fe27.5MoCo0.5 as in Sm3Fe28.5Co0.5.

The calculated results of Mo preferential occupancy
Fe3, Fe2, and Fe6 sites coincide well with XRD and neut
diffraction studies.6,10,13 As for the Co site preference, th
preferential sites in our calculation are Fe1, Fe8, and F
sites, which are similar to Fe1 and Fe8 sites proposed
Shah et al.10 In addition, both the calculation and th
neutron-diffraction studies by Harriset al.13 agree that Fe3
Fe2, and Fe6 sites are the unfavorable sites for
substitution.13 However, for Co substitution, all the 11 site
fall into 3 groups in our calculation, compared to th
neutron-diffraction results: Co atoms occupy without pref
ence in the eight Fe sites other than Fe3, Fe2, and Fe6 si13

The precision of pair potentials can be one of sources
bring difference in Co occupancy between the calculat
and the neutron-diffraction studies. Furthermore, the p
ence of a residuala-Fe phase of 9 wt % in neutron
diffraction sample and the details of refinement analysis
influence the accuracy of the fractional occupancy. Th
single-phase samples especially at high Co content, are
quired to investigate Co substitution behaviors in 3:29 co
pounds by neutron-diffraction studies.

We further simulate the quaternary syste
Sm3Fe282xMoCox with higher Co concentration (x54, 8,
12, 16!. For all the Co composition, Mo occupancy is pres
to be 16.7% in each of Fe3, Fe2, and Fe6 sites, with no
atoms occupancy in these sites. For low substitution suc
x54, all Co atoms are added to Fe1, Fe8, and Fe11 s
with the same factional occupancy at 57.1%. For higher s
stitution such asx58, 12, and 16, the favorable sites~Fe1,
Fe8, and Fe11! are assumed to be completely occupied by
atoms, and excess Co atoms are induced to the sec
favorable sites~Fe4, Fe5, Fe7, Fe9, and Fe10! with Co oc-
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cupancy at 0.63% forx58, at 31.3% forx512 and at 56.3%
for x516 in each of these second-favorable sites. The ca
lation results show that with increasing Co content the co
sive energy decreases gradually~see Table I!. The calculated
lattice parameters and cohesive energy at different Co c
tent are listed in Table I. The differences in lattice parame
between experiment and calculation always fall within 1%

As a practical approximation, the favorable sites are
sumed to be completely occupied by Co atoms for high
substitution. This assumption is based on the calculated
sults of Co site preference, since there are no reports for h
Co substitution behaviors in 3:29 compounds by neutron
fraction studies. The cases of mixed occupancy in the s
~more than two elements in a certain site!, probably useful to
improve the precision in calculation, are not taken into co
sideration due to the complicated calculation process.

3. Interatomic distance and Curie temperature

As mentioned above, in ternary or quaternary syste
such as Sm3(Fe,Co,Mo)29, a 3d site may be occupied by
either an Fe, Co, or Mo atom, so the distances between
3d sites will be different for different 3d atoms. Based on
the computer simulation, the bond length between a
atomic pair and the number of neighboring atoms for ea
atom have been obtained. For simplicity, only the bo
lengths between Fe-Fe sites in a crystal cell are listed
Table III. For x50, the bonds with length shorter than th
critical value of 2.45 Å are Fe2-Fe3, Fe4-Fe8, Fe6-Fe6,
Fe8-Fe11 bonds, compared to Fe1-Fe5, Fe2-Fe3, Fe4-
and Fe8-Fe11 bonds in the x-rays Rietveld analysis result
Pr3(Fe12xCox)27.5Ti1.5.10 With the substitution of Co for Fe
additional Fe-Fe bonds become available for negative in
action. These bonds in the calculation are Fe7-Fe8 forx54
and x58, Fe7-Fe8 and Fe1-Fe5 forx512, and Fe7-Fe8
Fe1-Fe5, and Fe4-Fe5 forx516. For both the calculation
and the x-rays Rietveld analysis, Fe7-Fe8 is always con
ered as the bond available for negative interaction upon
7-6
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TABLE III. Calculated bond lengths between Fe-Fe sites in Å for Sm3Fe282xCoxMo compounds.

Bond type x50 x54 x58 x512 x516

Sm1-Fe232 3.041 3.036 3.027 3.024 3.000
Fe434 3.052 3.018 3.005 2.998 3.011
Fe632 3.094 3.080 3.072 3.059 3.056
Fe732 2.953 2.945 2.976 2.958 2.957
Fe932 3.045 3.037 3.036 3.039 2.938
Sm2-Fe331 3.057 3.044 3.042 3.029 3.017
Fe432 3.100 3.099 3.090 3.083 3.045
Fe534 3.049 3.043 3.036 3.031 3.037
Fe731 3.036 3.021 3.044 3.025 3.034
Fe931 3.011 3.013 3.003 2.988 2.990
Fe1032 2.971 2.986 3.001 2.991 2.966
Fe1-Fe332 2.589 2.617 2.621 2.608 2.604
Fe534 2.465 2.464 2.460 2.429 2.435
Fe1034 2.490 2.474 2.470 2.471 2.465
Fe2-Fe331 2.439 2.441 2.455 2.444 2.436
Fe432 2.755 2.761 2.752 2.763 2.746
Fe532 2.799 2.801 2.786 2.761 2.725
Fe632 2.903 2.882 2.892 2.885 2.893
Fe832 2.681 2.557 2.590 2.646 2.638
Fe931 2.829 2.803 2.761 2.773 2.759
Fe1132 2.625 2.534 2.548 2.545 2.599
Fe3-Fe432 2.743 2.737 2.730 2.729 2.736
Fe532 2.818 2.818 2.823 2.804 2.784
Fe632 2.958 2.937 2.946 2.949 2.951
Fe731 2.700 2.680 2.652 2.658 2.658
Fe832 2.568 2.531 2.555 2550 2537
Fe1032 2.783 2.773 2.738 2.679 2.728
Fe4-Fe531 2.493 2.489 2.480 2.476 2.444
Fe631 2.733 2.718 2.681 2.706 2.685
Fe731 2.561 2.562 2.566 2.565 2.544
Fe831 2.542 2.532 2.526 2.509 2502
Fe831 2.401 2.396 2.398 2.398 2.381
Fe931 2.564 2.564 2.572 2.550 2.538
Fe1031 2.672 2.659 2.656 2.629 2.624
Fe1131 2.483 2.476 2.476 2.469 2.453
Fe5-Fe531 2.511 2.510 2.498 2.491 2.485
Fe831 2.486 2.472 2.475 2.467 2.462
Fe931 2.652 2.640 2.658 2.640 2.647
Fe1032 2.560 2.547 2.558 2553 2.704
Fe1031 2.673 2.670 2.688 2.685 2.539
Fe6-Fe631 2.417 2.419 2.421 2.416 2.410
Fe732 2.683 2.685 2.698 2.706 2.709
Fe832 2.603 2.598 2.581 2.574 2.568
Fe1132 2.564 2.570 2.576 2.572 2.569
Fe7-Fe832 2.451 2.449 2.449 2.449 2.447
Fe1132 2.458 2.451 2.461 2.464 2.476
Fe8-Fe931 2.503 2.493 2.490 2.487 2.487
Fe1031 2.501 2.479 2.490 2.468 2.474
Fe1131 2.394 2.380 2.374 2.370 2.374
Fe9-Fe1032 2.482 2.492 2.507 2.482 2.469
Fe10-Fe1031 2.483 2.486 2.505 2.488 2.483
174427-7
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substitution. Small difference in bond length between
calculation and the x-rays Rietveld analysis can result fr
many sources, including the precision of pair potentials,
assumption to distribute Co or Mo atoms equally on each
the preferential sites, and the details of refinement analy
for example, Co was omitted for the XRD refinement due
the inability of x rays to differentiate between Co and Fe.10,13

The numbers of all the bond lengths shorter than 2.45
between 3d atoms in a calculation unit of 23232 crystal
cells ~512 atoms in total! are listed in Table IV. Since Mo
atoms occupy Fe3 (4i ), Fe2 (4i ), and Fe6 (4g) sites, no Mo
atom is found to associate with the bonds shorter than 2
Å. It can be seen that with increasing Co content, the to
number of bonds between 3d atoms with length shorter tha
the critical value 2.45 Å increases, including Fe-Co a
Co-Co bonds. However, the Fe-Fe bonds available for ne
tive interaction decrease drastically. Figure 4 shows the
composition dependence of the lattice parametera, the num-
ber of Fe-Fe bonds available for negative interaction and
Curie temperatureTC . From Fig. 4 and Table IV, the com
puter simulation proves that as Co atoms preferentially
cupy on certain sites, the negative exchange interaction
Fe-Fe pairs associated with the sites are modified into p
tive and strong interactions of Fe-Co or Co-Co. Thus,
Curie temperature is greatly elevated, especially in low
substitution.

Since the interatomic bonds for all the neighboring ato
in 3:29 compounds can be determined through comp
simulation, the bond lengths obtained can be applied to

TABLE IV. Number of the bond lengths shorter than 2.45 Å
23232 crystal cells for Sm3Fe282xCoxMo compounds.

x50 x54 x58 x512 x516

3d-3d(total) 107 146 176 203 265
Co-Co 0 13 59 66 95
Co-Fe 0 81 91 121 158
Mo-3d 0 0 0 0 0
Fe-Fe 107 52 26 16 12
Fe-Fe% 100 35.62 14.77 7.88 4.53

FIG. 4. Co composition dependence of lattice parametera, num-
ber of Fe-Fe bonds available for negative interaction, and C
temperature.
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culate the Curie temperature in the Sm3Fe292xMox com-
pounds. Liet al.29–31 investigated the systems of Nd2Fe14B,
Sm2Fe17, and Sm2Fe172xSix by 57Fe Mössbauer spectra. In
the compound Sm2Fe17, the exchange integrals as a functio
of distance between the Fe-Fe bonds were obtained by fit
the hyperfine field data at various temperatures for each
site. However, due to the difficulty in managing the Fe-
bonds with various distances, all the integrals were assu
to fall into two groups. The positive exchange integrals we
taken with J1555 K on the average and the negative e
change integrals were taken withJ252115 K on the aver-
age.

However, with the detailed data obtained for any bo
between 3d atoms, there is no need to distinguish an Fe-
bond by distance in the computer calculation. In t
Sm3Fe292xMox compounds, all the Fe atoms in the calc
lated unit are marked byp, if the contribution to Curie tem-
perature of the low concentration of Mo can be neglect
The neighboring atomq is confined to the Fe atom with bon
length shorter than 3.15 Å to a givenp atom. According to
the theory of molecular fields, the contribution of Fe-Fe e
change interaction to the Curie temperature,TFe2Fe is sim-
ply given by

TFe2Fe5
2S~S11!

3

1

P (
p51

p

(
q51

Zp

Jpq , ~7!

whereJpq is the exchange integral between thep and q at-
oms,Zp is the number of the neighboringq atoms to a given
p atom,S is the spin quantum number taken to be 1 for F
andP is the total number of Fe atoms in the calculated un
For a periodic cell@(Sm3Fe29)2#23232 , P is 464, and for
@(Sm3Fe28Mo)2#23232 , P is 448. Since no exact data o
exchange integrals as a function of distances between
Fe-Fe bonds is available for the 3:29 compound in the lite
ture, the data for Sm2Fe17 were taken instead to calculate th
Curie temperature.31 Then the calculated value ofTFe2Fe for
Sm3Fe29 is 337 K, while for Sm3Fe28Mo it is 332 K. With
Mo substitution for 1/29th of the Fe atoms in the Sm3Fe29
compound, the Curie temperature merely decreases by
By analysis of the calculated data for bond length, it sho
that although the total number of Fe-Fe bonds decreases
the Mo substitution for Fe in Sm3Fe29, the Fe-Fe exchange
integral on the average still increases as a result of the
crease of cell parameters and bond lengths on the averag
addition, it is found in our calculation that among all th
Fe-Fe bond lengths for Sm3Fe28Mo, only 23% of bond
lengths are larger than 2.70 Å, and only 26% for Sm3Fe29.
However, among all the Mo-Fe and Mo-Mo bond lengths
Sm3Fe28Mo, 80% of bond lengths are larger than 2.70 Å
and for the original Sm3Fe29, 60% of the corresponding
Fe-Fe bond lengths associated with Mo substitution for
are larger than 2.70 Å. In light of the above discussion,
can conclude that Mo atoms not only preferentially occu
Fe3(4i ), Fe2(4i ), and Fe6(4g) sites, but also preferentially
displace the Fe atoms associated with bond lengths la
than 2.70 Å. The literature shows that when the bond leng
are larger than 2.70 Å, the Fe-Fe exchange integralJFe-Fe
becomes very small and contributes little to the Cu

ie
7-8



-
C
ly

he
ow
at
c
th
1

fo
lts
ite

nt
-

n
ut
fo

r

in
fo
d

e

th
o
n
sy

e
of
-
fo

ve
u
d

th
nly

oci-
tal
the

itu-
m-

e
ac-

is
ly,
ined
for
d.

for
o.

me
ei-

al
dient
-

r

ac-

er-

e-
ntal
ting
ty
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temperature.31 Thus, with low concentration of Mo substitu
tion for Fe, both the total-exchange interactions and the
rie temperature of the compound will not decrease notab

Among Mo, Fe, and Co, the atomic radius of Mo is t
largest and that of Co is the smallest. The calculation sh
that Mo atoms preferentially replace the Fe atoms associ
with larger bond length, and Co atoms preferentially repla
the Fe atoms associated with smaller bond length. From
size-effect, it is acceptable for our assumption that all the
Fe sites in 3:29 compounds would fall into 3 groups as
Co ~Mo! substitution for Fe. It is worth noting that the resu
of Co ~Mo! site preference based on cohesive energy cr
rion can be well understood by the size effect.

It is well known that in theR-T compoundsTC is mainly
determined by theT-T exchange interaction, and theR-R
exchange interaction can be neglected. However, the co
bution of theR-Fe exchange interaction to the Curie tem
perature should be considered. Hence, for Sm3Fe292xMox ,
the Curie temperature can be expressed as

TC5
2S~S11!

3

1

P (
p51

p

(
q51

Zp

Jpq1TSm2Fe . ~8!

The Curie temperatures for Sm3Fe28.1Mo0.9 and
Y3Fe28.1Mo0.9 are 445 and 376 K,32 respectively. SinceTY-Fe
is zero, the contribution of the Sm-Fe exchange interactio
the Curie temperature,TSm-Fe , can be estimated to be abo
69 K. Thus, the calculated Curie temperature is 406 K
Sm3Fe29 and 401 K for Sm3Fe28Mo. The latter is close to the
experimental value of 445 K for Sm3Fe28.1Mo0.9. The calcu-
lated result is appreciably smaller than the experimental
sult, which may result from the difference ofJFe-Fe between
3:29 compounds and 2:17 compounds. Mo¨ssbauer spectra
studies, therefore, are required to obtain the exchange
gralsJFe-Fe as a function of distance in 3:29 compounds
a more accurate calculation of Curie temperature. In ad
tion, if the exchange integralsJFe-Co andJCo-Co as a function
of distance can be found, Eq.~8! may be used to calculate th
Curie temperature of Sm3Fe282xCoxMo compounds.

IV. CONCLUSION

In summary, the Sm3Fe28.12xCoxMo0.9 compounds with
x50,4,8,12,14,16 crystallize in the Nd3(Fe,Ti)29 type struc-
ture with monoclinic symmetry and space groupA2/m. Sub-
stitution of Co for Fe leads to a significant increase of
Curie temperature and saturation magnetization. Even m
important, for x>14 the easy magnetization directio
changes from easy plane to easy axis. In this compound
tem, the room-temperature saturation magnetization (moMS
51.50 T) and anisotropy field (Ba56.5 T) of
Sm3Fe12.1Co16Mo0.9 are comparable to those of Nd2Fe14B
(moMS51.60 T andBa57.0 T), but the Curie temperatur
is 1020 K, which is substantially higher than that
Nd2Fe14B (TC5588 K), showing favorable intrinsic perma
nent magnetic properties as a promising candidate
permanent-magnet applications. Based on the lattice in
sion method, the site occupancies of Mo and Co in the q
ternary Sm3Fe282xCoxMo compounds have been performe
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by computer simulation. It is found that Mo atoms, wi
larger atomic radius compared with Co and Fe, not o
preferentially occupy Fe3 (4i ), Fe2 (4i ), and Fe6 (4g)
sites, but also preferentially substitute the Fe atoms ass
ated with larger bond length and less contribution to the to
exchange interaction. Thus, the Curie temperature of
compound will not decrease notably upon the Mo subst
tion. While the Co atoms, with smaller atomic radius co
pared with Fe and Mo, preferentially occupy Fe1 (2c), Fe8
(8 j ), and Fe11 (4e) sites, modifying the negative exchang
interactions of Fe-Fe pairs into positive and strong inter
tions of Fe-Co or Co-Co. Thus, the Curie temperature
greatly elevated especially in low Co substitution. Final
based on the bond lengths between various atoms obta
by computer simulation, the Curie temperatures
Sm3Fe28Mox (x50 and 1! compounds have been calculate
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APPENDIX

1. Total-energy calculations and parameter fitting

The cohesive energy curves for pure metals and so
ordered alloys with simple structure can be obtained by
ther the first principle calculation or experimental data.

For the first principle calculation, cohesive energyE(x) is
defined as

E~x!5Etot~x!2Etot~`!, ~A1!

where x is the nearest-neighbor distance,Etot(x) the total
energy, andEtot(`) the energy for isolated atoms. The tot
energies are calculated based on the Generalized Gra
Approximation~GGA! density functional theory with the ul
trasoft pseudopotentials.33,34

For simplicity, the equation with Rose form

E~x!52E0@11b~x2x0!#e2b(x2x0), ~A2!

is used to fit the binding energy curveE(x), whereE0 is the
sublimation energy, andx0 the equilibrium nearest-neighbo
distance, with

b5S 9BV0

x0
2E0

D 1/2

, ~A3!

whereB is the bulk modulus andV0 the equilibrium atomic
volume. Thereby, these parametersE0 , B, and V0 can be
obtained by fitting the calculated cohesive energy curves
cording to above equation.

Alternatively, the cohesive curves can be directly det
mined if the experimental dataE0 , B, andV0 are available
in literature. In this work, the cohesive energy curves b
tween identical atoms are obtained from the experime
data. Those between distinct atoms are obtained from fit
the first-principles calculation results owing to the difficul
to find corresponding experimental data.
7-9
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2. Intermetallic pair potentials between distinct atoms

At first, the intermetallic pair potential between identic
atoms can be calculated based on the formulas in Sec. II
and the cohesive energy obtained.

Then, by assuming the transferability of these potent
from simple structure FCC or BCC metals to other interm
tallic compounds,35 the binding energyEA2B(x) contributed
by the cross interactions in a compoundAyA

ByB
can be for-

mulated as

EA2B~x!5E~x!2
yA

2 (
RAÞ0

FA2A~ uRAu!

2
yB

2 (
RBÞ0

FB2B~ uRBu!, ~A4!

whereyA (yB) is the atomic composition,RA (RB) the posi-
tion vector of anA-type (B-type! atom, andE(x) the equa-
tion of state of the parent compound. The sums are ove
theA-type (B-type! atoms with origin at one ofA ~B! atoms,
respectively.EA2B(x) can also be expressed as

EA2B~x!5yA (
RBÞ0

FA2B~ uRBu!, ~A5!

whereFA2B is the potential between atomsA and B. The
sum is over all theB atoms but with origin at one ofA atoms.
Note Eq.~A5! is equivalent to Eq. 2,FA2B can be obtained
from EA2B(x) by using Eqs.~5!, ~A4!, and ~A5!. All the
interatomic potentials between distinct atoms as well as th
between identical atoms have been plotted in Fig. 5.

3. Assumption of the transferability of intermetallic
pair potentials

It is true that the intermetallic pair potential and the c
hesive energy are related to the various neighbor-atom
figurations for multielement systems, thus the pair poten
and the cohesive energy would not be the same after the
or Co substitution for Fe in 3:29 compounds. But most of
atomistic simulation methods for complex systems are un
tunately quite complicated and time consuming especi
when there are too many adjustment parameters in the
culations.

In our semiempirical simulation based on lattice invers
method, as a practical approximation, the intermetallic p
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