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The microchemistry and magnetism of conventional and high-temperature Sm—Co permanent
magnets are investigated by first-principles calculations. Particular emphasis is on the site
preference for the substitution of Cu, Ti, and Zr in Sg@nd SmCo,; compounds. Cu substitution

is more favorable in the 1:5 phase, in agreement with experimental findings. Titanium and zirconium
have positive solution energies for both the phases, witBrThaving slight preference for the 1:5

(2:17) phase. Some Zr may segregate to the phase boundaries because of its large solution energy.
For Ti and Zr the dumbbell site of the 2:17 phase is preferred over the other three inequivalent
cobalt sites. These results are used to discuss the observed cellular nanostructure of the
high-temperature Sm—Co hard magnets with composition close to the 2:17 pha&@04o
American Institute of Physic§DOI: 10.1063/1.1792791

Since the development of the first samarium—cobalstructures of Zr- and Ti-Containing magnétindicate dif-
magnets in the 1970s, materials based on Sm@od ferences in the site-specific occupancies by the additives.
SmyCoy; (see Table | for their basic magnetic properties This affects the intra- and intersublattice exchange interac-
have become an important class of permanent maéﬁ?elt&;. tions, the Curie temperatut® and—indirectly*—the finite-
particular, they continue to be used in applications welltemperature anisotropy and coercivity.
above room temperature, where they are superior to other So far there are no first-principles calculations of the
high-performance rare-earth magnets, such aF8jéB.*"°  solubility of additives in the SmGoand SmCoy; phases.
The high coercivity of samarium—cobalt magnets originatesrhis refers not only to the more recently considered high-
from the Sm sublattice anisotropy, whereas the Co Sublattic%mperature magnetS, but also to conventional room-
yields a high Curie temperature and stabilizes, via intersubemperature Sm—Co permanent magnets. A relatively good
lattice  exchange, the magnetic anisotropy at highyhenomenological description of the phase structure has
temperatures: A common feature of both room-temperature peen achieved, but a thorough theoretical understanding and
and high-temperature Sm—Co magnets is the use of additivg§iher optimizations and improvements of the magnets re-
such as Cu, Zr, and Ti, which yield a two-phase structur, ires g first-principles analysis of the solution energies and
where a 1:5 type grain-boundary phase surrounds 2:17 tyPghergy differences. In this letter, we report first-principles

main-phase cells. calculations of the solubilities of Cu, Ti, and Zr in SmCo

The two-phase nanostructure is necessary to obtain CQnd SmCo,,. We use the Viennab initio simulation pack-
ercivity at zero and finite temperatures, by realizing domain'age(VASP)14’15 to study the phase preference by these im-

wall pinning at the 1:5 grain-boundary phase. The Cu, whic urities and their effects on the magnetic moments

exhibits a high solubility in the 1:5 phase, essentially con- There is a generic connection between 15 :;md 2:17

tributes to the phase segregation and tunes the anisotropy o;} 9 . | o

the grain-boundary phadeThe latter effect is strongly tem- P1aS€S: SBCoy; can be obtained from Smedy appropri-
eraﬂurza de uende%ﬂ;)ecause the reduction Iof the a?nBi/sotro ate substitution of the Sm atoms with a pair of Co atoms

P P pycaIIed dumbbell paﬁ’. The number of inequivalent cobalt

of the grain-boundary phase due to Cu is particularly pro-="""" .
nounced at high temperatures. While Cu seems to be necedles Increases from two for Smétw six for SmCo;7. The

sary in any two-phase Sm—Co magnet, zr, Ti, and som&resence of the dumbbell pair in 2:17 phase creates addi-
other elements can replace each other, although both the n}ional elastic stresses in the system, which results in increas-

crostructure and the magnetic properties are affected by tH89 the
choice?® At room temperature, optimized Zr-containing

magnets are superior to Ti-containing m?‘g”ets, but this is N®ABLE I. Saturation magnetizatiotin T), Curie temperaturgin K), and
longer true for magnets whose composition and heat treatmisotropy constartin MJ/n?).

ment are chosen to optimize the coercivity at temperatures of

the order of 500° ¢ This and the somewhat different micro- Compound 1o Ms Te K,
SmCaq 1.07 1020 17
dauthor to whom correspondence should be addressed, electronic mail: Sm,Coy; 1.22 1190 3.3
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TABLE Il. The energies(in eV/superce)l and magnetic momentén TABLE Ill. The solutiuon energiesin eV) of various impurities in SmGp
ug/supercell of supercells of SmGpand SmCo,; with and without impu- and SmCo;;.
rities.

SmCQ Esolulion szcol7 Esolution

Compound Energy Magnetic moments

Cu(c) -2.895 Cuc) 0.480
SmCq -479.335 79.88 Cu(g) -0.386 Cuid) 0.633
SmCuy -285.239 cu(f) 0.471
SmTi —433.965 Cu(h) 0.345
SmZg =299.771 Ti(c) -0.346 Tic) -2.506
ZrCos -594.950 76.27 Ti(g) -2.359 Tid) -1.582
Cu in c site of SmCg¢ -476.985 78.75 Ti(f) -1.879
Cu in g site of SmCe¢ -477.024 79.91 Ti(h) -1.608
Ti in ¢ site of SmCq -481.600 77.90 Zr(c) -4.132 Zfc) -4.806
Tiin g site of SmCq -481.064 76.94 Zr(g) -4.240 Zx(d) -3.154
Zrin c site of SmCeg -480.973 75.96 Zr(RE) -2.166 Z(f) -3.914
Zr in g site of SmCg -481.081 76.45 Zr(h) -3.646
Zr in RE site of SmCg —-483.544 78.67 Zr(RE) -2.616
Sm,Coy; -388.035 74.68
Sm,Cuy; -220.194
SmTiy; -352.128 6N—1
SmZn, —222.555 Eso= E[(SmC(;})—llNcullN)N] - G—NE[(SmCQ))N]
Zr,Coy; -475.605 62.79
Cu in c site of SmCo; -384.610 72.94 1
Cu in d site of SrCo;, -384.457 72.91 - &E[(SmCLg)N],
Cu in f site of SmCoy; -384.619 72.84
Cuin h site of SrgCo; —384.745 72.85 where E represents the energy of the supercell havihg
Tiin ¢ site of SmCoy, —389.911 70.39 formula units.(In the present calculationdy=12 for 1:5
Tiin d site of SmCo, —388.987 70.60 compounds an®i=3 for 2:17 compunds Solution energies
If n Ls'f Offssmzccoﬂ _ggg'gig ;8'22 computed using the above relation are given in Table 1ll. A
er 'irr'] . 2:; Zf Snico" 00950 o negative(positive) value of E, implies that the impurity is

o MO ' ' soluble(insoluble in the host.
Zr in d site of SmCo; —-388.286 70.41 . . . . .
o Table Ill shows that Cu is soluble in 1:5 but not in 2:17,
Zr in f site of SmCo;; —389.046 69.71 . t with . I]ﬁ This i ible for th
Zrin h site of SMC _388.778 70.62 In agreement with experiment. I NIs IS responsibie T1or the
fanel ' ' two-phase mixture when a Sm—Co system with composition

Zr in RE site of SraCoy; -392.187 73.87 P y P

close to 2:17 is doped with Cu. We also see from the results
in Table Ill that Ti can go into either phase, with a slight

preference for the 1:5 phase. By comparison, Zr can go to
¢ axis while reducing the-axis lattice parameter. Since the either phase with a preference for the 2:17 phase. While Ti
compounds being studied here are close-packed, th&nd Zr doping have similar effects on the Sm—Co system,
transition-metal impurities are expected to substitute for Cothe slight preference of the Zr for the 2:17 phase may explain
Due to the comparatively big size of the Zr atom, we havethe relatively easy formation of the hexagonal 2:17 platelet

. . . 2
also checked the possibility of its substitution for the rare-Phase, which has been associated with the presence’df Zr.
earth site. In fact, the main structural difference between Zr, and

In order to study the phase preference of the impurities:n'dOped 2:17 type magnets is the presence of a lamellar

we calculate the total energy of the supercell that contain8 hase in the case of Zr and its absence in the case f Ti.

: i In the 2:17 phase, the dumbbell site is the site preferred
one impurity atom. We have chosen a supercell of 72 atomg, o hgtitution by both Ti and Zr. We have also examined

for SmCg, corresponding to 22X 3 unit cells with 6 at- e possibility that Zr replaces Sm, as suggested by the simi-
oms per unit cell, and a supercell of 57 atoms for,8m7, |3 sizes of the elements. The solution energy results in Table
corresponding to three formula units. We use a relatively|| show that Zr overwhelmingly prefers Co sites over the
small number ok points with 4x 4 X 2 division of the Bril-  Sm sites in both compounds. The calculated magnetic mo-
louin zone because of the large size of the super cell. Thenents for Ti and Zr-substituted compounds are close to the
positions of the atoms were relaxed using the VASP prograngxperimental findings.

in order to obtain accurate solution energies. Impurities of ~ Our calculations support the following qualitative pic-
Cu, Ti, and Zr were considered at each inequivalent positioUré- The doping of Sm—Co system with Cu causes the for-

of the Co sites, and the energies of the basis compounds we ation of a SmCQ phase, whereas Zr_ and Ti are present in
calculated as well. Table Il shows the results of these calcu-Oth phases.h.elelng to produce a mlcros.tructure Su'tabl.e to
lation create coercwlt)}. These phases have mismatch of lattice

. . . o parameters which depends on the doping concentration. This
The relative stability of an impurity in the two phases i create elastic stresses in the system. At some window of
was inferred from these calculations. Using the results IYoping concentration the system creates a cellular micro-
Table Il we have calculated the impurity solution energiesstructure which lowers energy by removing these stresses.
For example, for a Cu impurity in Smgothe solution en- In conclusion, we have performed a detailed study of the

ergy is given by relative phase stability of SmGand SmCo;; doped with
Downloaded 14 Nov 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp




2288 Appl. Phys. Lett., Vol. 85, No. 12, 20 September 2004 Sabirianov et al.

transition-metal elements providing a first-principles expla- °D- Goll, I. Kleinschroth, W. Sigle, and H. Kronmiller, Appl. Phys. Lett.
nation of the observed two-phases nanostructure. The calcy;/ " 1514(2000.

lated soluti . f " Lel . G. C. Hadjipanayis, W. Tang, Y. Zhang, S. T. Chui, J. F. Liu, C. Chen, and
ated solution energies of transition metal elements at various; Kronmiiller, IEEE Trans. Magn36, 3382(2000.

substitution sites in SmGand SmCo,; show that Cu goes  7s. Liu, J. Yang, G. Doyle, G. Potts, and G. E. Kuhl, J. Appl. Phg&,
into 1:5 phase but not into 2:17 phase, in agreement with86728(2000-
well-known experimental findings. Titanium and zirconium "X‘- ?-P"L“a”gévg-?fé(\’l\’gggcey M. McHenry, Q. Chen, and B. M. Ma, J.

. . ; : ppl. Phys. 83, :
can go to either phase W!th (Zr) havmg a S“ght prEferenC? °J. F. Liu, T. Chui, D. Dimitrov, and G. C. Hadjipanayis, Appl. Phys. Lett.
for the 1:5(217) phase. Zirconium has a very large negative gs 2800(1999.
solution energy which implies that some of it may segregaté®. F. Liu, Y. Zhang, D. Dimitrov, and G. C. Hadjipanayis, J. Appl. Phys.
or go to the phase boundaries. In the 2:17 phase, both Ti angl48 3007(1998. _ _
7r prefer the dumbbell-site substitution R. Skomski and J. M. D. CoeyRermanent MagnetisnilOP, Bristol,

: 1999.

12y 1 : oot
: : Yi. Liu (private communication
This research is supported by AFOSR, DOE, NSF“’A. Kashyap, R. Skomski, R. F. Sabiryanov, S. S. Jaswal, and D. J. Sell-

MRSEC, and by CMRA. myer, |IEEE Trans. Magn39, 2908(2003.
1G. Kresse and J. Hafner, Phys. Rev.48, 558 (1993.
1. D. Livingston and D. L. Martin, J. Appl. Physi8, 1350(1977. %G, Kresse and J. Hafner, Phys. Rev.4B, 14251(1994).
2J. Fidler and P. Skalicky, J. Magn. Magn. Maté, 127 (1982. 16C. Jiang, M. Venktaesan, K. Gallagher, and J. M. D. Coey, J. Magn. Magn.
3K. Kumar, J. Appl. Phys 63, R13(1988. Mater. 236, 49 (2002.
43. Zhou, J. R. Skomski, C. Chen, G. C. Hadjipanayis, and D. J. Sellmyer'’J. Zhou, R. skomski, and D. J. Selimyer, IEEE Trans. Magi. 2518
Appl. Phys. Lett. 77, 1514(2000. (2001).

Downloaded 14 Nov 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



	First principles study of transition-metal substitutions in Sm–Co permanent magnets
	

	tmp.1163530759.pdf.JhnlK

