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A series of SrgFex 1 CoMog o compounds X=0,4,8,12,14,16have 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, for 14 the easy magnetization direction changes from easy plane to
easy axis. In this compound system, 35|, 1C0,gM0g g is a very promising candidate for rare-earth perma-
nent magnetic materials. Its room temperature saturation magnetizatiph & 1.50 T) and anisotropy field
(B,=6.5T) are comparable to those of M ,B (ugMs=1.60 T andB,=7.0 T). However, its Curie tem-
perature is 1020 K, which is substantially higher than that off¢gB (T-=588 K). The lattice inversion
method has been employed to calculate the site occupancies of Mo and Co in the quaternary 3:29 type
SmsFeg ,CoMo compoundsX=0, 4, 8, 12, 16 The results show that Co preferentially occupies Fel, Fe8,
and Fell sites, whereas Mo occupies Fe3, Fe2, and Feb6 sites. As Co atoms preferentially occupy Fel, Fe8, and
Fell 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
SmFeq Mo, (x=0 and 1. The calculated Curie temperature of sfggMo is close to the experimental
value.

DOI: 10.1103/PhysRevB.69.174427 PACS nunt®er75.30.Cr, 75.50.Ww, 75.40.Mg, 61.50.Ah

. INTRODUCTION In addition, Panet al!* have studied the structure and
magnetic properties of th&s(Fe,Mo)g compounds and

Since the Ng(Fe,Ti),q phasé=> with monoclinic symme- found that, compared with Cr, the required Mo content to
try and space group2/m were discovered, much attention stabilize the 3:29 phase is much smaller due to the relatively
has been paid to the;(Fe M),, compounds, wherB stands  larger atomic radius of Mo. A strong advantage of choosing
for rare earth, an for stabilizing element, such as Ti, V, Cr Mo as a stabilizing element is that the magnetic properties of
and Mo*~7 Yanget al® and Huet al® have investigated the the compounds are not seriously affected by the presence of
structure and magnetic properties of the ;Bfe,Ti),oN,  the nonmagnetic Mo element.
compounds and found that introduction of nitrogen atoms In this paper we study the synthesis, structure, and mag-
leads to an obvious increase of the Curie temperature angetic properties of the Sgfe,g;wCoMog g compounds X
saturation magnetization. Moreover, the anisotropy of the=0,4,8,12,14,16 Moreover, the large increase of in the
compounds changes from easy plane to easy axis upon tlt®@mpounds have been investigated by means of a new cal-
introduction of nitrogen atoms. These outstanding intrinsicculation based on the pair potential mofel*’which will be
permanent magnetic properties of the interstitialintroduced in Sec. Il B.
Smy(Fe,Ti),gN, compounds make them a potential candidate

for permanent magnet applications.
. II. EXPERIMENTS
Later, Shahet al!° have studied the structure and mag-
netic properties of the RfFe,_,C0o,) 7 5Ti4 5(X<0.22) com- Ingots with the composition SgReg 1 CoM0ogg (X

pounds and found that their Curie temperature and saturatior 0,4,8,12,14,16were prepared by arc melting the constitu-
magnetization increase with Co content. Yagigal™™ and  ent metals with a purity of at least 99.9% under an argon
Wang et al*? have investigated the structure and magneticatmosphere. All the ingots were melted at least four times for
properties of the GgFe ,Ca).:Cr, compounds withx ~ homogenization. To compensate for the loss of Sm during
ranging from O to 1.0 and found that wh&e=0.4 the com- melting and annealing, an excess 30% of Sm relative to the
pounds show room temperature uniaxial anisotropy. Morestoichiometric composition was added. Then the ingots were
over, a higher Co content requires more Cr atoms to stabilizeealed in a quartz tube and annealed under protection of an
the 3:29 phase, and with increasing Cr content the Curi@argon atmosphere at 1473 K for 72 h to ensure homogeneity,
temperature and saturation magnetization increase first, géellowed by quenching in water. X-ray diffractiofiXRD)

ing through a maximum and then decreasing. Skahl.  with Cu-Ka radiation and thermomagnetic analy§isviA)
have pointed out that the large increaseTef may result  were employed to identify the phases. XRD patterns for ran-
from exchange interaction enhanced by Co substitution fodomly oriented and normally aligned powder samples were
Fe, where there is antiparallel coupling between Fe mowused to determine the lattice parameters and the direction of
ments. The mechanism has been supported by x-ray diffra@nisotropy of the compounds, respectively. TMA was per-
tion and later by neutron diffraction studis. formed in a magnetic balance in a field of 0.1 T at tempera-
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Sm.Fe. CoM g field that was applied perpendicular to the axis, so that the
o e s = cylinder axis will correspond to the hard magnetization di-
g @ rection (HMD).

Randomly oriented &
S

III. RESULTS AND DISCUSSION

g Sm,Fe, CoMo, _ A. Crystallographic structure and magnetic properties

= Normally aligned 3 (b) ) .

3 T The XRD and TMA analyses show that the investigated
g compounds SgFeg, ,CoMoyg (Xx=0,4,8,12,14,16 are

g - single phase and crystallize in the )Be,Ti),g Structure. As

= & an example the XRD pattern of the compound
E, sm,Fe,, Co, Mo, SmsFey 1CosMog g is shown in Fig. 1a), which is quite well

£ Normally aligned © indexed based on the monoclinic symmetry and space group

A2/m. The experimental lattice constants and unit-cell vol-
umeV of the SmFe,s 1 «Co,M0oy o compounds X=0, 4, 8,

12, 14, 16 are derived from XRD patterns and listed in Table
I. It can be seen that the substitution of Co for Fe leads to a
decrease of the lattice constartsb, andc as well as the
unit-cell volumeV, owing to smaller atomic radius of the Co
atom compared with Fe.

The XRD patterns of magnetically aligned powder
26 (degree) samples of SpFeg . «CoMogg (x=0, 4, 8, 12, 14, 1B
were measured at room temperature. As examples, the XRD
patterns of normally aligned sample §fe,, ,CogMog ¢ and
SmsFe;, 1CogMO0g g are given in Figs. (b) and Xc), respec-
tively. It is found that, for the normally aligned powder
samples, the (402reflection forx=8 and(204) reflection

tures ranging from room temperature to above the Curie terf" X=16 become dominant. Based on the matrix transfor-
perature. Magnetization curves were recorded in dnation relationship between thCos (1:57) structure and the
superconducting quantum interference device SQUID magmonoclinic Nd(Fe,Ti)yg (3:29 structure, it is easy to see
netometer at 5 and 293 K, respectively, in fields up to 5 T. Inthat the (402 and(204) reflections in SrgFe,g ;- CoM0g o
order to measure the anisotropy field, fine-powdered part3:29 correspond to th€é110 and (001) reflections of the
ticles were mixed with epoxy resin and packed in a plasticRCos (1:5) structure, respectively. This suggests that the
tube of cylindrical shape. For normal magnetic alignmentmagnetocrystalline anisotropy of the compounds is of the
the epoxy was allowed to harden while the plastic tube wasasy-plane type fok=8, but of the easy-axis type fot
positioned in an applied magnetic field of about 1 T with the=16. It is found that whemx changes from O to 8 the anisot-
cylinder axis parallel to the field direction, so that the cylin- ropy is the easy-plane type, whereas wkenl4 and 16 the
der axis becomes the easy magnetization dire¢iD). In  anisotropy is the easy-axis type. Whe# 12, no reflection
the case of rotation alignment, the epoxy hardened while thes particularly enhanced or reduced, showing that the value
plastic tube rotated around its cylinder axis in a magneti®of anisotropy field is about zero.

Sm Fe _ Co Mo

3 275 .0.5
Computer simulated

(204)

20 25 30 35 40 45 50 55 60

FIG. 1. XRD patterns of randomly oriented sample of
SmyFes 1 xCoMog o for x=8, and normally aligned samples of
SmFeyg 1 yCo Moy for x=8 and 16. Calculated pattern of
SmsFey7 50y sMo.

TABLE 1. Comparison of the experimentalExp) and calculated (Cal) parameters for
SmyFes 1 xCoMog o compounds. The calculated data are based ogF8m ,Co,Mo compounds.

x=0 x=4 x=8 x=12 x=14 x=16
Cohesive energyeV/atom —4.048 —4.061 —4.074 —4.079 —4.085
a(A)(cal.) 10.655 10.629 10.599 10.575 10.549
b(A)(Cal.) 8.593 8.562 8.541 8.521 8.500
c(A)(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(A)(Exp.) 10.631 10.608 10.542 10.517 10.513 10.488
b(A)(Exp.) 8.569 8.565 8.530 8.484 8.475 8.457
c(A)(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(A3 (Exp.) 880.50 879.39 865.93 854.82 853.90 847.67
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The magnetization curves at 5 and 293 K of thefirst-order magnetization processOMP),*81° which indi-
SmsFes 1 xCoMog g compounds X=0,4,8,12,14,16 are  cates a magnetic-field-induced spin phase transition. It is also
shown in Fig. 2.M| was measured with external magnetic shown that the magnetization is larger at room temperature
field parallel to easy magnetization direction of the alignedthan at 5 K forx=8 when external field is below 4.0 T. As a
samples, andi1, with external magnetic field perpendicular result of FOMP, when external field surpasses 4.5 T, the
to easy magnetization direction. The magnetocrystalline anmagnetization at 5 K becomes larger than that at room tem-
isotropy field B, were derived by plotting\ u,M (A u,M perature.
= woM|— oM ) versusB and linearly extrapolating w.,M As a first-order approximation, the magnetocrystalline an-
to zero. Since the value of anisotropy field is about zero foisotropy contribution resulting from the rare-earth sublattice
x=12, a bulk sample was used instead to obtain the magnesan be described by the anisotropy constéﬁ’if‘:
tization curves. The values of anisotropy fi@d are listed in
Table II. It is seen thaB, reaches a value of 6.5 T for Kfmz—%a3<r2><3J2—J(J+1)>AZO, (1)
=16 at room temperature.

In Figs. 2b) and Zc) anomalies can be found for both the where the quantities in angular brackets represent the
easy and hard magnetization curves of;685, ,CoM0oy9  quantum-mechanical expectation values afgh is the
with x=4 and 8 at 5 K. The anomalies correspond to thesecond-order crystal-field parameter that depends on the

TABLE Il. Magnetic parameters of SyReg, ,CoM0g ¢ (X=0,4,8,12,14,16compounds.

x=0 x=4 x=8 x=12 x=14 x=16
EMD (293 K) Plane Plane Plane Isotropic c axis c axis
T.(K) 445 665 815 920 970 1020
B,(293 K)(T) 4.3 7.2 6.2 5.7 6.5
B.(5 K)(T) 135 155 8.7 9.2 9.4
HmoMg(293 K)(T) 1.07 1.29 1.46 1.70 1.50 1.50
unoMg(5 K)(T) 1.35 1.36 1.48 1.78 1.58 1.58
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electrostatic potential due to the environment. Since thelement is responsible for obtaining the outstanding intrinsic
value of the second-order Stevens coefficieptis positive ~ magnetic properties at high Co content.

for Sm and the sum of th&,, values at the twdR sites in
3:29 compounds is negativ@jt is easily seen that the con-
tribution of the Sm sublattice to the anisotropy is positive in  In the R3(FeM),N, compounds such as
3:29 compounds. Moreover, in Fe-based ternary 3:29 comSnmy(FeM),qN,,? the introduction of interstitial nitrogen at-
pounds such as 3YFe,Ti)29,21 the contribution of the Fe oms leads to an expansion of the lattice, which results in

sublattice to the anisotropy is along ttﬁéOE] direction ilgcrgasg of the Curied tempr)]e(r:ature.b Hoyvev?r, Fin r:he

([110] of the 1:5 structurg whereas in Co-based ternary 3:29 3.( €,CoM)29 compounds, with Co substitution for e the

compounds such as Go,Cr),, the contribution of the unit-cell volume usually decreases whereas the Curie tem-
, 9 . 23 . .

Co sublattice is along thg204] direction ([001] direction of perature increaséS™ so the increase . of Te in .

the 1:5 structure® At a low Co content, such as when Rs(Fe,CoM),9 compounds can not be explained by lattice

expansion.
=0, 4, and 8, the SgFeyg;,COMO, g compounds show an According to the viewpoint of Givoret a

and Gavi-
easy-plane type of anisotropy because the contribution of thga et al,25 in Fe-richR-Fe interatomic compounds, there is
Fe sublattice to the anisotropy is dominant. Whenl12, the = 3 positive exchange interaction when the bond length be-
contributions of the Fe, Co, and Sm sublattices come t0 &yeen Fe atoms is larger than 2.45 A, and a negative ex-
balance, so that the anisotropy almost vanishes and the coghange interaction where the bond length is smaller than
pound becomes nearly isotropic. With further increase of the 45 A. In addition, it is found that the exchange interactions
Co content, such as for=14 and 16, the contribution of the of the Co-Co(or Co-Fé¢ pairs are larger than those of Fe-Fe
Co sublattice to the anisotropy becomes dominant, whiclpairs in Y (Fe,C9,,Si,. This is because no exchange interac-
together with contribution from the Sm sublattice, causes théions exist between Co-Co bond and Co-Fe bonds but be-
compounds to exhibit easy-axis anisotropy. tween Co-Co moment®r between Co-Fe moment® This
The values of the saturation magnetizatiagpM s were  may also be true in the Sjfeg ;- ,CoMog g compounds.
obtained by plottingu,M versus 1B and extrapolating B  Therefore, it is acceptable that the increasd gnupon the
to zero(see Table Il. With Co substitution for Fe, the value Substitution of Co for Fe, especially in low Co substitution,
of room temperatureu,Ms for SmFesg; CoMo0g g in- may_bg explained by the preferenti.al occupancy of Co atoms,
creases with Co content, going through a maximum of 1.70 fnodifying the negative exchange interactions of Fe-Fe pairs
aroundx=12, then decreases with further Co content and™0 Positive and strong interactions of Fe-Co or Co-Co.
reaches 1.50 T fox=14 and 16. This has been explained in SUCh an explanation is applicable to many Co-subsituted
terms of a rigid-band mod&?. With increasing Co content, <€ ~ compounds,  such  as R,Fe, ,CoB,
the spin-up band of thedBband of Fe is gradually filled up, DyFeo-Co,V2, ™ and Pg(Fe _«Ca)o75Tiss. 10
. . Using the method of Rietveld analysis, Shethal.™ ob-
so that the average magnetic moment of thike stiblattice

gradually increases. When the Co content increases furthe}f}med all the bond lengths between thal Jites in

the spin-up band becomes full, and the spin-down band be-rs(Fel_’<cq<)27'5-n1'5 compounds and proposed that Co at-

ins 1o be filled that th i i ms might preferentially occupy Fel and Fe8 sites associ-
gins o be tifled up, so that the average magnetic moment Qe g \yith negative interactions. If Co atoms occupy either of
the 3 sublattice gradually decreases.

. these two sites, a large increasdigican be expected. Harris
The temperature dependence of magnenzat!on of thgt 4123 carried out neutron  diffraction  studies in
SmyFeys1-xCOMog,e cOmpounds was measured in an ap-p,(Fg _,Co,),7<Ti; 5 at low Co content and indicated that
plied field of 0.1 T. The Curie temperatures were derivedTj gtoms occupy 4 and 4 sites. However, the neutron dif-
from M?—T curves by extrapolatini1® to zero, as listed in  fraction refinement analysis, although in accordance with the
Table II. With Co substitution for Fe, the Curie temperaturemechanism of increase if. proposed by Shaét al, shows
increases monotonically from 445 K far=0 to 1020 K for  that Co atoms occupy, without preference, these Fe sites not
x=16. Similar to the cases for BFe_,C0,),75Ti1s°and  shared with Ti atoms. Here, we should mention that the
Nds(Fe;—,C0,),77Ti1 3,%° low Co substitution for Fe pro- nomination of Fe sites in Ref. 13 is different from that in this
duces more rapid increase Tt than high Co substitution. paper and in Ref. 10. However, from the atom position and
For example, an increase i at 55 K per Co atom is site symmetry, one can find that the sites Fel, Fe2, Fe3, Fe4,
observed forx<4, compared to 25 K per Co atom in the Fe5, Fe6, Fe7, Fe8, Fe9, Fel0, and Fell in Ref. 13 corre-
range 12x=<16. spond to Fel, Fell, Fe6, Fe7, Fe9, Fe3, Fe2, Fe5, Fe4, Felo,
In the Gd(Fe,Co,Cr}q compounds? the amount of Cr  and Fe8 in Ref. 10, respectively.
needed for stabilization of the crystal structure is very large To investigate the site preference of Co and Mo, establish
and also increases with Co content, which leads to a rapid detailed distribution of the Fe-Fe negative interaction
decrease in the Curie temperature and saturation magnetiziaends with various Co content, and then investigate the in-
tion at high Co content. However, in the crease in the Curie temperature of the quaternary
SmyFeyg 1 xCoM0oy g compounds only a small amount of Smy(Fe,Co,Mo)¢ compounds, computer simulation studies
Mo is needed to stabilize the 3:29 structure, so that the madrave been performed by the lattice inversion method. A
netic properties are not seriously affected by the presence afhole calculation process would involve the following steps:
this nonmagnetic element. Such low content of stabilizingat first, the cohesive enerdy(x) can be obtained by either

B. Analysis by calculations

|24

174427-4



MAGNETIC PROPERTIES OF Sgfes 1 xCOoM0ygs. . . PHYSICAL REVIEW B69, 174427 (2004

the first-principle calculation or experimental data; then, all 2. Atomic preferential occupancy
the intermetallic potentiale(x) can be deduced based on  Based on any existing experimental structure close to
lattice inversion methodSec. IlIB1); next, based on the N, (Fe,Ti),q type with theA2/m space group, for example,
structure and space group, the preferential occupancy of afhe atom position and symmetry of Ref. 7, initial $Fag
oms, the lattice parameters, and the distance of every atomigrycture is constructed within Accelrys Cerius 2 modeling
pair can be calculatedSec. llIB 2 and } finally, these software. The assignment of Fe sites in this paper is in ac-
calculated distances are used to investigate the Curie tengordance with Ref. 10. To reduce statistical fluctuations, a
perature(Sec. B 3. periodic celll (SmyT )2 ]2x 22 CONtaining 2< 2X 2X 64 at-
oms is taken as a calculation unit. The conjugate gradient
method is adopted for energy minimization with a cut-off
In principle, any interatomic pair potential can be ob-radius of 14 A. Once the energy minimization process based
tained by a strict lattice inversion of cohesive energy curveson the intermetallic pair potential is carried out, the some-
In this paper, acting on the lattice inversion method develhow arbitrary initial structure will reach a stabilized structure
oped by Chert®"we can avoid parameter adjustment whenwith minimized cohesive energy, provided that the initial
deriving the interatomic potentials. The method can be summodel does not deviate too much from the existing
marized as follows: it assumes that cohesive energy per atoMds(Fe, Ti),g type structure. All these configurations are re-
in a perfect crystal can be expressed as the sum of pair pdaxed, and the energy and lattice parameters are averaged

1. Lattice inversion method

tentials, i.e., over 20 sample units. The randomness of initial structure in a
certain range and the stability of the final structure furnish
17 convincing evidence that the interatomic pair potentials are

Ex) =5 nZl ro(n)®[bo(n)x], (2)  reliable for the study of structural properties of materials.

Compared with ternary systems, the substitution in a qua-
where x is the nearest-neighbor distanag(n) is the nth  ternary system is more complex since there may exist com-
neighbor coordination numbefP(x) is the pair potential petition when more than one element is added. Therefore, at
function andby(n)x is the distance of thath neighbor from  first we use the hypothetical model of 80,9, SmsFey,
the reference atom, withy(1)=1. We extend the series SmM;C05M0gs, SMyFeg MOy s and SmFeys Loy 5 with
{bo(n)x} to a multiplicative closed semigroufip(n)x}, in  the A2/m space group to investigate the substitution behavior
which, for any two integersn andn , there exists an integer of the elements Mo and Co. All the foreign atoms are sup-
k so thatb(k)=b(m)b(n). Thus posed to be induced to one of the 11 Fe sites to substitute for
the original atoms, and the cohesive energy is adopted as a
1 criterion for site preference. FiguregaBand 3b) show the
EX)=3 Z r(n)®[b(n)x], (3)  preferential sites of Mo and Co in the ${ffe,Co,Mo),. It
=1 can be seen that the Mo atom has the same site preference in
where Co-based as in Fe-based compounds, and the preferential
sites are Fe3 (4, Fe2 (4), and Feb6 (4). With the Mo
ro(0™b(n)]), b(n)e{by(n)}, substitution for Fe or Co, the cohesive energy declines dra-
= 0, b(n) & {by(n)}. 4 matically for all the 11 Fe sites, which indicates that Mo
strongly stabilizes the metastable §rpy structure. Interest-
In the above extension, we have to insert some virtuaingly, the graphs of Figs. (@ and 3c) are asymmetric,
lattice point inr(n). Then the pair potentia®(x) can be Which shows the preferential occupancy of Co and Mo are
obtained: totally different for these 11 Fe sites. It is shown in Fi¢c)3

that with Co substitution for Fe, the 11 sites of S, struc-

o)

r(n)

* ture fall into 3 groups. Co substitution for Fe does not lead to
d(x)=22, 1(n)E[b(n)x], (5  as much energy decline as Mo; on the contrary, it leads to an
n=1 increase in cohesive energy in Fe3)4Fe2 (4), and Fe6
where the inversion coefficiet{n) is given by (49). The most unfavorable sites Fe3ij4 Fe2 (4), and
Fe6 (4) for Co, are just the preferential sites for Mo,
_,[bk)\ | whereas the preferential sites for Co are Fed)(ZFe8 (§),
b(n%(k) ) b(n)/ | 7t ©  and Fe11 (4), which are just the unfavorable sites for Mo.

The other five sites, with almost the same energy decline, are
which is uniquely determined by the crystal geometricalthe second-favorable sites for Co.
structure, irrespective of the atomic species. Thus the inter- In light of the above discussion, in order to study the Co
metallic pair potentials between identical atoms like substitution behavior in the quaternary system it is reason-
®re_re(X) can be deduced if the cohesive eneEfx) has  able to preset Mo in Fe3 (¥}, Fe2 (4), and Fe6 (4) sites
been obtained. For a concise description of the whole calcifor their strong site preference. Considering the little differ-
lation process, the acquisition of cohesive eneffy) and  ence in site preference of these three sites, we preset the
the intermetallic pair potentials between distinct atoms suclsame fractional occupancy for Mo occupancies of 16.7% in
as®r._co(x), as well as the transferability of intermetallic each of these three sites. Then Co atom is induced to substi-
pair potentials are introduced in the Appendix. tute Fe in one of the 11 sites. Once the energy minimization
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is applied to relax the quaternary system under the interaczupancy at 0.63% fax=28, at 31.3% fox=12 and at 56.3%
tion of pair potentials, the relaxed structure can still retainfor x=16 in each of these second-favorable sites. The calcu-
the SmT,q structure with theA2/m space grougsee Fig. lation results show that with increasing Co content the cohe-
1(d)]. Furthermore, by comparing Fig(@ with Fig. 3(d), it sive energy decreases gradudbge Table)l The calculated
is shown that Co has the same site preference imattice parameters and cohesive energy at different Co con-
SmyFey; MoCoy 5 as in SmFeg Coys. tent are listed in Table |. The differences in lattice parameter
The calculated results of Mo preferential occupancy inbetween experiment and calculation always fall within 1%.
Fe3, Fe2, and Fe6 sites coincide well with XRD and neutron As a practical approximation, the favorable sites are as-
diffraction studies:****As for the Co site preference, the sumed to be completely occupied by Co atoms for high Co
preferential sites in our calculation are Fel, Fe8, and Feldubstitution. This assumption is based on the calculated re-
sites, which are similar to Fel and Fe8 sites proposed byults of Co site preference, since there are no reports for high
Shah etal!® In addition, both the calculation and the Co substitution behaviors in 3:29 compounds by neutron dif-
neutron-diffraction studies by Harrist al'® agree that Fe3, fraction studies. The cases of mixed occupancy in the sites
Fe2, and Fe6 sites are the unfavorable sites for C@more than two elements in a certain iferobably useful to
substitution® However, for Co substitution, all the 11 sites improve the precision in calculation, are not taken into con-
fall into 3 groups in our calculation, compared to the sideration due to the complicated calculation process.
neutron-diffraction results: Co atoms occupy without prefer-
ence in the eight Fe sites other than Fe3, Fe2, and Fe6'ites.
The precision of pair potentials can be one of sources to
bring difference in Co occupancy between the calculation As mentioned above, in ternary or quaternary systems
and the neutron-diffraction studies. Furthermore, the pressuch as Sn(Fe,Co,Mo)q, a 3d site may be occupied by
ence of a residuale-Fe phase of 9 wt% in neutron- either an Fe, Co, or Mo atom, so the distances between two
diffraction sample and the details of refinement analysis cald sites will be different for different @ atoms. Based on
influence the accuracy of the fractional occupancy. Thusthe computer simulation, the bond length between any
single-phase samples especially at high Co content, are retomic pair and the number of neighboring atoms for each
quired to investigate Co substitution behaviors in 3:29 comatom have been obtained. For simplicity, only the bond
pounds by neutron-diffraction studies. lengths between Fe-Fe sites in a crystal cell are listed in
We  further simulate the quaternary systemTable Ill. Forx=0, the bonds with length shorter than the
SmyFe,s ,MoCo, with higher Co concentrationx&4, 8,  critical value of 2.45 A are Fe2-Fe3, Fe4-Fe8, Fe6-Fe6, and
12, 16. For all the Co composition, Mo occupancy is presetFe8-Fell bonds, compared to Fel-Fe5, Fe2-Fe3, Fe4-Fe8,
to be 16.7% in each of Fe3, Fe2, and Fe6 sites, with no Cand Fe8-Fell bonds in the x-rays Rietveld analysis results of
atoms occupancy in these sites. For low substitution such ar;(Fe;_,Coy) 7 <Ti; 5.1° With the substitution of Co for Fe,
x=4, all Co atoms are added to Fel, Fe8, and Fell siteadditional Fe-Fe bonds become available for negative inter-
with the same factional occupancy at 57.1%. For higher subaction. These bonds in the calculation are Fe7-Fe&fod
stitution such ax=8, 12, and 16, the favorable sitésel, andx=8, Fe7-Fe8 and Fel-Fe5 far=12, and Fe7-Fe8,
Fe8, and Fellare assumed to be completely occupied by Carel-Fe5, and Fe4-Fe5 for=16. For both the calculation
atoms, and excess Co atoms are induced to the secondrd the x-rays Rietveld analysis, Fe7-Fe8 is always consid-
favorable sitegFe4, Fe5, Fe7, Fe9, and FeMith Co oc- ered as the bond available for negative interaction upon Co

3. Interatomic distance and Curie temperature
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TABLE llI. Calculated bond lengths between Fe-Fe sites in A forBe_,CoMo compounds.

Bond type x=0 x=4 x=8 x=12 x=16

Sml-Fex 2 3.041 3.036 3.027 3.024 3.000
Fedx 4 3.052 3.018 3.005 2.998 3.011
Fe6x 2 3.094 3.080 3.072 3.059 3.056
Fe7x 2 2.953 2.945 2.976 2.958 2.957
Fe9x 2 3.045 3.037 3.036 3.039 2.938
Sm2-Fex 1 3.057 3.044 3.042 3.029 3.017
Fedx?2 3.100 3.099 3.090 3.083 3.045
Fe5x 4 3.049 3.043 3.036 3.031 3.037
Fe7x1 3.036 3.021 3.044 3.025 3.034
Fedx 1 3.011 3.013 3.003 2.988 2.990
FelOx 2 2.971 2.986 3.001 2.991 2.966
Fel-FeX2 2.589 2.617 2.621 2.608 2.604
Fe5x 4 2.465 2.464 2.460 2.429 2.435
FelOx 4 2.490 2.474 2.470 2471 2.465
Fe2-Fex 1 2.439 2.441 2.455 2.444 2.436
Fedx 2 2.755 2.761 2.752 2.763 2.746
Fe5x 2 2.799 2.801 2.786 2.761 2.725
Fe6x 2 2.903 2.882 2.892 2.885 2.893
Fe8x 2 2.681 2.557 2.590 2.646 2.638
Fedx 1 2.829 2.803 2.761 2.773 2.759
Fellx2 2.625 2.534 2.548 2.545 2.599
Fe3-Fe4x 2 2.743 2.737 2.730 2.729 2.736
Febx 2 2.818 2.818 2.823 2.804 2.784
Fe6x 2 2.958 2.937 2.946 2.949 2.951
Fe7x1 2.700 2.680 2.652 2.658 2.658
Fe8x2 2.568 2.531 2.555 2550 2537
Fel0x 2 2.783 2.773 2.738 2.679 2.728
Fe4-Fe5 1 2.493 2.489 2.480 2.476 2.444
Fe6x 1 2.733 2.718 2.681 2.706 2.685
Fe7x1 2.561 2.562 2.566 2.565 2.544
Fe8x 1 2.542 2.532 2.526 2.509 2502
Fe8x 1 2.401 2.396 2.398 2.398 2.381
Fe9ox 1 2.564 2.564 2.572 2.550 2.538
FelOx 1 2.672 2.659 2.656 2.629 2.624
Fellx1 2.483 2.476 2.476 2.469 2.453
Fe5-Fe5 1 2.511 2.510 2.498 2.491 2.485
Fe8x 1 2.486 2.472 2.475 2.467 2.462
Fedx 1 2.652 2.640 2.658 2.640 2.647
FelOx 2 2.560 2.547 2.558 2553 2.704
FelOx 1 2.673 2.670 2.688 2.685 2.539
Fe6-Feb< 1 2.417 2.419 2.421 2.416 2.410
Fe7x2 2.683 2.685 2.698 2.706 2.709
Fe8x2 2.603 2.598 2.581 2.574 2.568
Fellx2 2.564 2.570 2.576 2.572 2.569
Fe7-Fe& 2 2.451 2.449 2.449 2.449 2.447
Fellx2 2.458 2.451 2.461 2.464 2.476
Fe8-FeX 1 2.503 2.493 2.490 2.487 2.487
FelOx 1 2.501 2.479 2.490 2.468 2.474
Fellx1 2.394 2.380 2.374 2.370 2.374
Fe9-Felk 2 2.482 2.492 2.507 2.482 2.469
Fel0-Fel& 1 2.483 2.486 2.505 2.488 2.483
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TABLE IV. Number of the bond lengths shorter than 2.45 A in cylate the Curie temperature in the §fe,q_,Mo, com-
2X2x2 crystal cells for SpFe; CoMo compounds. pounds. Liet al?*~*!investigated the systems of hfb;,B,
SmyFe;;, and SmFe;;_,Si, by °'Fe Massbauer spectra. In
the compound Sgfre 7, the exchange integrals as a function

x=0 x=4 x=8 x=12 x=16

3d-3d(total) 107 146 176 203 265 of distance between the Fe-Fe bonds were obtained by fitting
Co-Co 0 13 59 66 95 the hyperfine field data at various temperatures for each Fe
Co-Fe 0 81 91 121 158 site. However, due to the difficulty in managing the Fe-Fe
Mo-3d 0 0 0 0 0 bonds with various distances, all the integrals were assumed
Fe-Fe 107 52 26 16 12 to fall into two groups. The positive exchange integrals were
Fe-Fe% 100 3562 14.77 788 453 taken withJ, =55 K on the average and the negative ex-

change integrals were taken wilh = — 115 K on the aver-
age.
substitution. Small difference in bond length between the However, with the detailed data obtained for any bond
calculation and the x-rays Rietveld analysis can result fronpPetween 8 atoms, there is no need to distinguish an Fe-Fe
many sources, including the precision of pair potentials, th&ond by distance in the computer calculation. In the
assumption to distribute Co or Mo atoms equally on each oPMsF&9-xMo, compounds, all the Fe atoms in the calcu-
the preferential sites, and the details of refinement analysisated unit are marked by, if the contribution to Curie tem-
for example, Co was omitted for the XRD refinement due toPerature of the low concentration of Mo can be neglected.
the inability of x rays to differentiate between Co and'#&  The neighboring atorg is confined to the Fe atom with bond
The numbers of all the bond lengths shorter than 2.45 Aength shorter than 3.15 A to a givgnatom. According to
between 8 atoms in a calculation unit of 22X 2 crystal the theory of molecular fields, the contribution of Fe-Fe ex-
cells (512 atoms in totalare listed in Table IV. Since Mo change interaction to the Curie temperatdrg, e is sim-
atoms occupy Fe3 (3, Fe2 (4), and Fe6 (4) sites, no Mo  Ply given by
atom is found to associate with the bonds shorter than 2.45 Pz,
A. It can be seen that with increasing Co content, the total T :25(5+ 1 1 S @
number of bonds betweerd3atoms with length shorter than Fe-Fe 3 Pishig=t Po
the critical value 2.45 A increases, including Fe-Co and . .
Co-Co bonds. However, the Fe-Fe bonds available for negé’yhere‘lp_q is the exchange mtegral be_tween handg _at-
tive interaction decrease drastically. Figure 4 shows the C ms,Z, |s_the num_ber of the neighborirgatoms to a given
composition dependence of the lattice paramatehe num- P ato”."s is the spin quantum number_taken to be 1 for F?’
ber of Fe-Fe bonds available for negative interaction and th ndP is the t_otal nhumber of Fe atoms in t_he calculated unit
Curie temperatur@ . From Fig. 4 and Table IV, the com- [0 @ periodic Cell (SmsFeyg)zlaxax2, P is 464, and for
puter simulation proves that as Co atoms preferentially ocl(STsF&sMO)2laxax2, P is 448. Since no exact data of
cupy on certain sites, the negative exchange interactions change integrals as a function of distances between the

Fe-Fe pairs associated with the sites are modified into pos -e-Fe bonds is available for the 3:29 compound in the litera-
tive and strong interactions of Fe-Co or Co-Co. Thus, thdUre: the data for Sgire,; were taken instead to calculate the

Curie temperature is greatly elevated, especially in low cd=urie temperaturé. Then the calculated value 8% for

substitution. SmyFey is 337 K, while for SmFegMo it is 332 K. With
Since the interatomic bonds for all the neighboring atomgVI0 substitution for 1/29th of the Fe atoms in the &,

in 3:29 compounds can be determined through Compute(;ompound, the Curie temperature merely decreases by 5 K.

simulation, the bond lengths obtained can be applied to caBy analysis of the calculated data for bond length, it shows
that although the total number of Fe-Fe bonds decreases with

— the Mo substitution for Fe in Sgfre,q, the Fe-Fe exchange
10844 TN, gmFe. CoMo integral on the average still increases as a result of the in-
"< 10.60- T e crease of cell parameters and bond lengths on the average. In
® s8] (@) \'\_ addition, it is found in our calculation that among all the

€ 120 : : : : ' Fe-Fe bond lengths for SyRe,gMo, only 23% of bond

5 gl .\((S%Feea-xcox’v_lo)z)ijxz lengths are larger than 2.70 A, and only 26% for;$83,.

Z ol \°mp”ter simulate However, among all the Mo-Fe and Mo-Mo bond lengths for

Zz 1 (b) — . SmyFe,gMo, 80% of bond lengths are larger than 2.70 A |

__1000] ' ' = and for the original SnFe,y, 60% of the corresponding

X g0] () /-/' Fe-Fe bond lengths associated with Mo substitution for Fe

> 600 /' Sm,Fe,, , CoMo are larger than 2.70 A. In light of the above discussion, we
4007 : : : : can conclude that Mo atoms not only preferentially occupy

0 4 8 12 16 Fe3(4), Fe2(4), and Fe6(4) sites, but also preferentially

displace the Fe atoms associated with bond lengths larger
FIG. 4. Co composition dependence of lattice parangtenm-  than 2.70 A. The literature shows that when the bond lengths

ber of Fe-Fe bonds available for negative interaction, and Curi@re larger than 2.70 A, the Fe-Fe exchange intedgalk.

temperature. becomes very small and contributes little to the Curie
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temperaturé! Thus, with low concentration of Mo substitu- by computer simulation. It is found that Mo atoms, with
tion for Fe, both the total-exchange interactions and the Cularger atomic radius compared with Co and Fe, not only
rie temperature of the compound will not decrease notably.preferentially occupy Fe3 (4, Fe2 (4), and Fe6 (4)
Among Mo, Fe, and Co, the atomic radius of Mo is thesites, but also preferentially substitute the Fe atoms associ-
largest and that of Co is the smallest. The calculation showated with larger bond length and less contribution to the total
that Mo atoms preferentially replace the Fe atoms associategkchange interaction. Thus, the Curie temperature of the
with larger bond length, and Co atoms preferentially replaceeompound will not decrease notably upon the Mo substitu-
the Fe atoms associated with smaller bond length. From thigson. While the Co atoms, with smaller atomic radius com-
size-effect, it is acceptable for our assumption that all the 1bared with Fe and Mo, preferentially occupy Fek)2Fe8
Fe sites in 3:29 compounds would fall into 3 groups as for(8j), and Fell (4) sites, modifying the negative exchange
Co (Mo) substitution for Fe. It is worth noting that the results interactions of Fe-Fe pairs into positive and strong interac-
of Co (Mo) site preference based on cohesive energy critetions of Fe-Co or Co-Co. Thus, the Curie temperature is
rion can be well understood by the size effect. greatly elevated especially in low Co substitution. Finally,
It is well known that in theR-T compoundsT¢ is mainly  based on the bond lengths between various atoms obtained
determined by thel-T exchange interaction, and tH&R by computer simulation, the Curie temperatures for
exchange interaction can be neglected. However, the contrBm;Fe,gMo, (x=0 and 3 compounds have been calculated.
bution of theR-Fe exchange interaction to the Curie tem-
perature should be considered. Hence, for;Ssy_,Mo,, ACKNOWLEDGMENT

the Curie temperature can be expressed as .
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The Curie temperatures for SkegMoy9 and APPENDIX
Y sFeyg M0g g are 445 and 376 RZ respectively. Sinc@y.re 1. Total-energy calculations and parameter fitting
is zero, the contribution of the Sm-Fe exchange interaction to
the Curie temperaturf,sr., can be estimated to be about
69 K. Thus, the calculated Curie temperature is 406 K fo
SmyFe,g and 401 K for SmgFe,gMo. The latter is close to the
experimental value of 445 K for Syfe,g {M0g . The calcu-
lated result is appreciably smaller than the experimental r
sult, which may result from the differencg &f ..o between E(X) = Egi(X) — Eqor( =), (A1)
3:29 compounds and 2:17 compounds. deloauer spectra
studies, therefore, are required to obtain the exchange int&herex is the nearest-neighbor distandg(x) the total
gralsJee e as a function of distance in 3:29 compounds for€nergy, antE() the energy for isolated atoms. The total
a more accurate calculation of Curie temperature. In addienergies are calculated based on the Generalized Gradient
tion, if the exchange integraﬂie_CO andJCO_CO as a function Approximation(GGA) density functional theory with the ul-
of distance can be found, E@®) may be used to calculate the trasoft pseudopotentiaf§:>*
Curie temperature of SiRes ,CoMo compounds. For simplicity, the equation with Rose form

E(x)=—Eg[ 1+ B(x—xp)]e A0, (A2)

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

For the first principle calculation, cohesive eneEgfi) is
cdefined as

IV. CONCLUSION

is used to fit the binding energy curt&x), wherek, is the
sublimation energy, ang, the equilibrium nearest-neighbor
distance, with

In summary, the Sakeg «CoMoyg compounds with
x=0,4,8,12,14,16 crystallize in the Kdre,Ti),q type struc-
ture with monoclinic symmetry and space grodp/m. Sub-
stitution of Co for Fe leads to a significant increase of the 9BO,\ 2
Curie temperature and saturation magnetization. Even more ,3:< ) )
important, for x=14 the easy magnetization direction
changes from easy plane to easy axis. In this compound sys¢hereB is the bulk modulus an€l, the equilibrium atomic
tem, the room-temperature saturation magnetizatgMs  volume. Thereby, these parametétg, B, and (), can be
=150T) and anisotropy field Bp=6.5T) of obtained by fitting the calculated cohesive energy curves ac-
SmyFe;, 1Co;gM0g g are comparable to those of ek ,B cording to above equation.

(uoMg=1.60 T andB,=7.0 T), but the Curie temperature  Alternatively, the cohesive curves can be directly deter-
is 1020 K, which is substantially higher than that of mined if the experimental data,, B, and(}, are available
Nd,Fe B (T-=588 K), showing favorable intrinsic perma- in literature. In this work, the cohesive energy curves be-
nent magnetic properties as a promising candidate fotween identical atoms are obtained from the experimental
permanent-magnet applications. Based on the lattice invedata. Those between distinct atoms are obtained from fitting
sion method, the site occupancies of Mo and Co in the quathe first-principles calculation results owing to the difficulty
ternary SmFeys_,Co,Mo compounds have been performed to find corresponding experimental data.

o )
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2. Intermetallic pair potentials between distinct atoms

At first, the intermetallic pair potential between identical
atoms can be calculated based on the formulas in Sec. [lIB 1
and the cohesive energy obtained.

Then, by assuming the transferability of these potentials
from simple structure FCC or BCC metals to other interme-
tallic compounds? the binding energ¥,_g(x) contributed
by the cross interactions in a compouAg,‘iAByB can be for-

mulated as

P (eV)

Ea s(0=EX)= % 3 ®a a(Ra) - I

YB
2 %o ©5-5(|Rel), (Ad) FIG. 5. Pair potentials in SgFe,Co,Mo), compounds.

wherey, (yg) is the atomic compositiorR, (Rg) the posi-  potential obtained from simple structures such as FCC and
tion vector of anA-type (B-type) atom, andE(x) the equa-  BCC are assumed to be able to transfer to other complex
tion of state of the parent compound. The sums are over ajhtermetallic structures without any adjustment parameter.
the A-type (B-type) atoms with origin at one oA (B) atoms,  \ye can thereby simulate the multielement system with large
respectivelyE,_g(Xx) can also be expressed as cell, e.g.,[(SmzFe,s_,M0C0a,),],x2x2 in this paper, and
take the relaxation effect into account, sheering away the
Ea_g(X)=Ya z Da_s(|Rg)), (A5) difficulties of quantum mechanics when treating large cell.
Rg#0 The validity of the transferability of intermetallic pair po-
where®, g is the potential between atords and B. The tential_s ha§ been sypported by our previous work. The inter-
sum is over all thé atoms but with origin at one & atoms. metallic pair po_tentlals have been successfully applied to re-
Note Eq.(A5) is equivalent to Eq. 2 ,_g can be obtained produce coheswg energy, bu||_< modulus, phonon spectrum,
from E,_g(x) by using Egs.(5), (A4), and (A5). All the gnd some other. simple properties very V\_/ell. In pa_mcular, the
interatomic potentials between distinct atoms as well as theggverted potentials are found to be quite effective for the

between identical atoms have been plotted in Fig. 5 calculations of structural properties such as lattice parameter
T and site preference in rare-earth intermetallic com-

pounds>®~3° In addition, the small difference between the
pair potentialsb ,_ g inverted from different superstructures
also provides evidence for transferring pair potentials from

It is true that the intermetallic pair potential and the co-one structure to anoth&t.
hesive energy are related to the various neighbor-atom con- However, the intermetallic pair potentials based on the
figurations for multielement systems, thus the pair potentialattice inversion method are not universal for any atomistic
and the cohesive energy would not be the same after the Meimulation. When dealing with the ion crystal such as
or Co substitution for Fe in 3:29 compounds. But most of theNaCl** coulomb interaction has been considered to modify
atomistic simulation methods for complex systems are unforthe inverted pair potentials. What is more, the intermetallic
tunately quite complicated and time consuming especiallypair potentials are ineffective to calculate the compounds
when there are too many adjustment parameters in the calvith strong orientation. Considering the contribution of the
culations. covalent bond in semiconductor, Liet al*! have applied

In our semiempirical simulation based on lattice inversionthree-body potentials to describe semiconductor, despite a
method, as a practical approximation, the intermetallic paitime-consuming convergence process in this case.

3. Assumption of the transferability of intermetallic
pair potentials
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