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Exchange and crystal field in Sm-based magnets. Il.
Phenomenological analysis and density functional calculations
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A technique of determining the exchange fifld, on the & shell of Sm atoms in Sm-based magnets is
proposed. It makes use of thé thtermultiplet transition in Sm, observed in inelastic neutron scattéig)
experiments. The method is used to analyze previously published data for a number of Sm-Fe and Sm-Co
intermetallics, for all of whictB,, is determined. Additional information on intramultiplet transitions in SmCo
and SmCo;; makes it possible to obtain more accurig values as well as to estimate the leading crystal
field parametefCFP Ag for these compounds. For the same systems an independent determina#&@)isof
carried out using published magnetization curves andBjevalues found from the INS spectra. The two
“experimental” values ong (INS and magnetizationagree well. For comparison, theoretical Sm-Co ex-
change fields and CFP for Smgand SmCo,; are obtained from full-potential density-functional calculations.
The theoreticaAg(rz) are shifted toward more negative values with respect to their experimental counterparts
by a few millielectronvolts. The calculated Sm-Co exchange fields are in fair agreement with the experimen-
tally determined values of thital exchange field on SnB,,, the weak Sm-Sm exchange interaction being
accountable for the remaining small discrepancies.

DOI: 10.1103/PhysRevB.65.064409 PACS nunider78.70.Nx

I. INTRODUCTION Density-functional calculations oB,, and CFP for
SmCqg, and SmCo,; are presented in Sec. IV. Section V
The exchange field on the rare earth is a parameter impotontains a discussion of the obtained results. UsingBthe
tant for the performance of modern permanent magnet materglues found in Sec. lllAg for SmCq, and SmCo; is de-
rials, many of which are based on Sm-Fe or Sm-Co intermetermined more accurately from published magnetization
tallics. The importance oBe, derives from the fact that in - cyrves measured on single crystals. These are compared with
the temperature range relevant to industrial applicatidns, the AJ values deduced in Sec. Il directly from the INS data,

=300K, the major part of the anisotropy energy—.theﬁs well as with the theoretical values of Sec. IV.
single-ion anisotropy due to the rare earth—is proportiona

to the leading crystal field paramet@@FP AJ timesB2,.*
Experimental determination d,, has proved difficult be-
cause most observable quantities depend simultaneously on
Bex and a few unknown CFP. This results in a broad scatter- \we start out from the following Hamiltonian, which is
ing of experimentally found values &, and CFP; see, €.9., defined on the groundlS term of samarium §H) and de-
Table 1 of Ref. 2. This uncertainty, in turn, hampers thescripes spin-orbit coupling, interaction with an exchange

II. ANALYSIS OF THE INTERMULTIPLET
TRANSITION ALONE

development of theoretical methods. ~ field as well as crystal field effects,
The main objective of this work is therefore to establish a
reliable method of determininB,, in such Sm-based mate- H=AL - S+ 2ugB oS, + Her. (1)

rials where the exchange interaction is at least as strong as

the crystal field interaction. We turn our attention to the 4 A few comments are due in connection with this expres-

intermultiplet transition in Sm, usually visible in inelastic sion.

neutron scatteringINS) spectra as a peak at about 0.17 eV. (i) The z axis in Eg.(1) has been chosen along the ex-

In the following section, it is shown that to know the precise change field3., which does not necessarily coincide with the

position of this peak is sufficient for a rough estimatdBgf.  crystallographia axis (even though for most hard magnetic

In this way, values ofBe, are obtained for a number of materials these two directions do coingid€he CFP’s de-

Sm-Fe and Sm-Co intermetallics. fined in this coordinate system will be denoted .48, to
The error bar on these estimates can be nearly halved Histinguish them from the “usual” CFP’A™, which enter

the leading C'_:FA(Z) is known with rather modest precision. {he ¢rystal field Hamiltoniarf o written in the crystallo-

Such information can also pe obtame.d' in INS experiment raphic coordinates,

when the so-called intramultiplet transitions are observed a

lower energy transfefeven though such experiments are

hampered by the neutron absorption resonaneetat eVin ~ Hce=A3>, (322—r12)+AJ>, (352 —3027r2+3rf)+- -,

the 149%Sm nucle). Thus Sec. Il is dedicated to a joint analy- ' ' @

sis of inter- and intramultiplet transitions in Sm{Cand

Sm,Co,,, leading to more accurate values Bf, and to  wherei runs over the electrons of thef 4hell of Sm. Note

estimates ofA). that many of the CFP'&\" have been omitted from Eq2)
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for symmetry reasons. In particular, the uniaxial symmetry of TABLE I. Observed intermultiplet transition energiBg,, and
most hard magnetic materials allows just one second-orddhe exchange fields on SrB,,, obtained fromEj., by means of
term, with AY. Many-more low-symmetry terms enter the Ed. (5. The values oB,, are accurate t-40 T.

expression forHcg, in which all coefficients4]", —l<m

<I, 1=2,4,6, are generally nonzero. However, only theCompound Eineer (meV) Bex (1)
terms containingél? are relevant to our purpose here, which SmCg 165.7 310
is to compute energy corrections of the first ordefge. SmyCoy7 161 270
The two sets of CFP’s are generally connected by lineaPm:Fe; 176+2° 380
transformations, separate for edchf Bgllc, A"=A". SmyFe7N; 163 290
(i) The use ofLS coupling in Eq.(1) is justified by the SmFei,B 179+2° 400
fact that our analysis will be restricted to the two lowdst SmFe;Ti 175.8 380
multiplets, for which this approximation is known to be
valid 3 :';Z‘;- 2

(ii ) In the compounds of our interest the strengths of the,
interactions associated with the three terms in the Hamila’a“’eralge of Refs. 8 and 9.
tonian, Eq.(1), obey the following hierarchical relation: eRef. 9.

(spin-orbitp> (exchangey (crystal field). Ref. 10.

f
We begin our approximate analysis of the energy spec—Ref' 1.

trum of this Hamiltonian by neglecting the relatively weak _ . . -

. A . . . whereAg= 5\ is the spin-orbit splitting between the ground

last term n E_q.(l), HCF.('tS influence W'II be considered N and first excited multiplets. For samariumg,=124 meV
some detail in Appendix B The remainder of the Hamil- (Table 5.3 of Ref. f
tonian is approximately diagonal in tf@M) representation: : '
the spin-orbit coupling forms the multiplet structure, wherea:
the main effect of the exchange field is the Zeeman splittin
of the multiplets into separate levels, in direct proportion
with the magnetic quantum numbbft. The exchange term
also has nondiagonal matrix elements, whose presence leads
to mixing of the states with the sand but differentJ’s.
Since we regard the exchange interaction as a perturbatio&;f
with respect to the stronger spin-orbit coupling, in the first
approximation thel mixing is neglected and the eigenvalues
are

In a compound where Sm atoms are subject to a strong
Sexchange field, observation of the intermultiplet transition at
inter Provides a ready estimate of that exchange field:

#eBex= % (Binter— Aso)- (5

This simple formula neglect§ mixing and crystal field
ects. Analysis presented in Appendix A shows thatix-
ing is in principle unable to shifE;,, in Sm by more than
0.3 meV. This is far less than the accuracy of experimental
determination ofE;,, (£2 meV). Therefore, when treating
. INS data on the intermultiplet transition in samariuhmix-
Esm=2z AMJIJ+1)—-L(L+1)-S(S+1)] ing can be safely neglected.

+2(g;-1)M, B 3) Regarding the crystal field effects, the situation is slightly

Hp—eX more complicated. The only sizable corrections come from

the diagonal in thgJM) representation matrix elements of
ﬂCF, the most important of them being proportionalAé.
(Note our use of CFP’s defined in the coordinate system with
Z|Bex.) The joint contribution toE;,e, from the higher-
order termsAJ and A2 does not exceed 1 meléee Appen-
dix B for proof) and will be neglected. When the contribu-
tion from Ag is taken into consideratio@Appendix B), Eq.
(5) becomes

where g; is the Landesplitting factor. For the lowest two
multiplets of samarium®Hz,, and ®H-,, the Landefactors
aregs,=2/7 andg,,=52/63.

According to Ref. 4, the intensity of a dipole transition
between the statg3M) and|J+1,M") is proportional to the
square of the following B symbol:

J+1 1 J
—-M M'-M M MBBex:%(Einter_Aso)"' 92_265“4(2)<r2>- (6)

Numerical values of the squares of the three nonzgro 3
symbols(with M—M’=0,=1) relevant to the ground state simply putAg(rz)z +30 meV in Eq.(6), which converts it

+ — —
of Sn’*, J=M=5/2, can be found, e.g., on p. 49 of Ref. 5. into Eg. (5) with an extra uncertainty of-2 meV added to

I\rt]:rsm%rl]t? Icec;r;%l;iiiso;hsa;rg:r? tlr?(taenrzﬂitsj gIz;tr;eo:‘hgg :rlclaowegimer (30 meV is the strongest crystal field encountered in
P 9 intermetallic compounds The overall uncertainty B, is

related as 1:6:21, the most intensive one being betiasin then =40 T. The advantage of E@5) is that one need not

and the lowest level of the first eX_C|ted mu_l'_uplél%). As . take any care of the actual orientation of the easy magneti-
follows from Eq.(3), the corresponding transition energy is __.. AN
zation direction in the crystal.

Thus Table | contains values of the exchange field on
Einter=E7/2 70— Es5/2 5/= A st 52 t15Bey, (4) samarium,B,,, obtained from the intermultiplet transition

If no information on the value oft3 is available, one can

064409-2



EXCHANGE AND CRYSTAL FIELD IN ... . Il. ... PHYSICAL REVIEW B65 064409

energieE, ., (Refs. 2, 7, 8, 10 and 1for some Sm-Coand ~_ TABLE II. Exchange fieldB,, and crystal field parameter

Sm-Fe intermetallics using E¢5) with Ag=124 meV. AY(r?) for Sm in SmCq and SmCo; obtained from inelastic neu-
tron scatterindINS) and magnetization data and from density func-
IIl. COMBINED ANALYSIS OF THE INTER- tional (DF) calculations.
AND INTRAMULTIPLET TRANSITIONS
) . . . . SmCg Sm,Coyy Comment
In some Sm-Co intermetallics, along with the intermultip-
let transition at high energies, an intramultiplet transition hasBe (T) 295(25 266(25 from INS?
been observed in the low-energy rargg,,~20—30 meV. 291 298  DF calculation,
The purpose of this section is to demonstrate that knowledge Sm-Sm exchange neglected
of both Ejer and E;4 l€ads to a more accurate determina- AXr2)y (meV) —24(7) —12(7) From IN®
. . 2
tion of Be, than the one afforded by E¢5) on the basis of —22(3) —10(1) From magnetizatidh
Einer @lone, as well as yielding an estimate of the leading _31 16 DF calculation

crystal field parameter.
We begin by writing out approximate eigenvaluieg, of  3Equation(10) with data from Ref. 9.
the Hamiltonian(1) within the ground §=5/2) multiplet of  PEquation(9) with data from Ref. 9.

samarium: “From fitting the data of Refs. 29 and 31.
2
B =—15\— EM B..+ 30 M2— 49) (r8Bed” This formula is correct to first order in the crystal field and to
(5/2)M 7 MB ex 49 4 A . . . . .
so third order inByg, (it can be shown that in samariuf,
13 35 contains no terme [,uBBex]3/A§0 because the corresponding
+ —Ag<r2>[ 3M2— —} third-order corrections t&s, 5> and Esj, 50 are fortuitously
315 4 equal.
26, , 475 2835 The Ifist ter.m in Eq(8) is the Ieastoirnportant. If no infor-
+ WSA“(r ) 35M“— TM + 15 | (7) mation is available on the value of; in the system under

study (which is often the cageone can assume broadly that
Here the first two terms are just the diagonal matrix elements{%(r4)= +3 meV. The last term can then be omitted from
of the spin-orbit and exchange terms of Efj), or EQ.(3)  Eq. (8) at the expense of adding an extra uncertainty-@&f
with 5/2 substituted fod. The last two terms in Eq7) come meV to the experimenta”y determinﬁ%tra_ The gain, how-
from the diagonal in théJM) representation matrix element ever, is that without the last term, E¢B) can be readily
of the crystal field Hamiltoniam2M|ﬂCF|§M). Within the  rewritten so as to make it suitable for evaluatipl&:

ground multiplet the standard Stevens formalism applies:

thus the prefactors of the crystal field terms in Ef).are the o 1 75 450 (ugBey?

usual Stevens coefficients and the somewhat unfamiliar- Ax(r >__§Ei”"a+ E}“BBEX_EA—SO' ©
looking expressions in square brackets are in fact the well-

known Stevens operato@) andO, with 5/2 andM substi- Thus, if in addition to an intermultiplet transition Bt.,
tuted forJ andJ,, respectively. Note that there is no sixth- an intramultiplet transition is observed &, in an
order contribution sinceys,=0. exchange-dominated samarium compound, one can substi-

The third term in Eq(7) describes the effect afmixing.  tute Eq.(9) into Eq. (6) and solve the resulting quadratic
It is an energy correction of second order in the exchangequation forugBey:

operator ZLBBeXéZ, which is regarded as a perturbation with

. . - 2 B=[(1—19A 2+£AO(E. —Ag)
respect to the spin-orbit coupling. The operarconnects HBPex 36 so 16 Bso\ Finter =s
states with equal quantum numbédsfor which AJ==*1; 49 12 118

5 ; e 7 : ~ 120 AsoEintra] 36 Aso- (10)

therefore)3M) only interacts with M ). The following ex-
pression, a Apartlcular case of Van Vleck's formtdayas The use of Eq(10), followed by Eq.(9), produces an
used: (sM|S,|3M)2= g2 [(£)2—M?], where the prefactor immediate numerical result for the pair of parameters
3 is just the square of the quantity+ 1| A[J) taken from  (B.,,.A9). Table Il contains the results obtained in this way

Table 2 of Ref. 13. for SmCq (Eja=30.7 meV) (Ref. 2 and SmCo;7 (Eina
The most intensive intramultiplet transition is from the =23.3 meV)(Ref. 7.
ground statg33) to the first excited level33). As follows The accuracy of these results is more readily estimated by
from Eq.(7), the energy of this transition is given by considering Eqs(6) and (9) separately. Much of the uncer-
E _E E tainty in B, values obtained from E@5) was due to the lack
intra™ =5/2.3/2 =512 512 of knowledge ofAX(r?), replaced in Eq(6) by +30 meV.
10 120 (ugBe)? 52 0.2 Assuming that4J is now known reduces the uncertainty in
:7MBBex_ 49 A, ﬁAzU ) B, from +40 to +25 T. The error inA3(r?) is + [6 meV
+2X (errorirE;,,, ]~ *7 meV. Both SmCgand SmCo,,
416 , ., are easy-axis magnets, so one need not distinguish between
— = Ap(r®). tS) 0 0
693 A; andA;.
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The method used to obtain the density-functional resultself-interaction. This can be remedied to a large extent by the
included in Table Il is described in the following section, andself-interaction correctiofSIC).%° Therefore, we treat thef4
the fitting of magnetization data is described in Sec. V. states in the SIC-LSDA%20
The present calculations were performed with the scalar-

IV. DENSITY-FUNCTIONAL CALCULATION OF SM-CO relativistic full-potential local orbitalFPLO) schemé&! The
EXCHANGE FIELD AND CRYSTAL FIELD Sm 5s, 5p, 6s, 6p, 5d and Co 4, 4p, 3d states were
PARAMETERS treated as valence states. We employed the Perdew-Zunger

parametrizatio of the Ceperley-Aldéf exchange-

The new, more reliable estimates®f, andAS in SmCq . . . : .
: . . . correlation potential. The reciprocal-space integrations were
and SmCoy; obtained in the previous section allow a reas- "\ i 133(13) k points in the irreducible part of the
sessment of the theoretical CFP’s obtained from density: P P

functional (DF) calculations. A proper judgment about the hexagonal (rhombohedral Brillouin zone fpr the Ca_C.y
quality of the DF results has previously been impeded by th& Th2Zny7) structure compounds. The experimental lattice pa-
large uncertainty of the experimental values. On the 0thepametersazS._004A andc=3.969 A of SmCq (Ref. 23
hand, we have improved our method of calculation with re-were used. Since we are not aware of any refined structure
spect to earlier work*~26For that reason, we recalculate the data on SiCoy7, we took those of NgCoy;, a=8.398 A,
CFP’s of SmCg and SmCoy, with the more refined method ¢=12.218 A%
in order to compare the new experimen@él(r2> with state- The present work improves on our previous calculations
of-the-art theoretical results. Furthermore, we calculate th€f CFP’s for SmCg (Ref. 15 and SmCo;; (Ref. 16 in
Sm-Co exchange field from the change in total energy upoNarious ways(A) The intra-atomic nonsphericity of the crys-
rotation of the Sm 4 spins, as described in Ref. 17. In the tal potential is treated in a self-consistent way by employing
following, we briefly outline our method, with particular em- a proper full-potential method, whereas previously only the
phasis on the improvements with respect to our earlier worknonspherical effects in the interstitial region were treated
Equating the nonspherical part of the Hartree dimkar-  self-consistently while the full charge density was calculated
ized) exchange-correlation interaction enefywf the 4f  without shape restrictions only in the final step of the self-
electrons with all other charges in the crystal with the expecconsistent cycle(B) The Sm 5 semicore states are included
tation value of the CF Hamiltonian y|8|dS the fOIlOWing for- in the valence basiﬁ)esides the Sm valence Statqn; the

mula for the CFP: present calculation since they have been found to contribute
significantly to the lowest-order CFR(r?). 2% (C) The con-
A[“(r'>=C|mf dr rZRﬁf(r)Vm(r). (11)  tribution of the exchange-correlation potential to the CF was

taken into account, in contrast to our previously published
The component¥|,(r) of an expansion of the crystal po- calculations on SmGo
tential into real spherical harmonics centered at the rare-earth In Table Ill we compare the CFP of Smgdrom the
site are obtained from a self-consistent DF calculation withinpresent calculation with our previous linear combination of
the local spin density approximatidh SDA). In this calcu-  atomic orbitals (LCAO) results® and two recent full-
lation, the 4 states are treated as open core states where thgtential calculation®?” In order to investigate the influ-
ground-state configuration and Russell-Saunders spin Mm@ ce of (A), (B), and (C), we performed test calculations
ment are fixe_d. _The f4char_ge den;ity is spherit_:ally averaged where(a) the Sm 5 states were put into the core afii the
in order to ehmmape self—lnteractlon'contrlbutlons to th(_a _CFexchange-correIation contribution to the CF was neglected in
from Fhe nonsphencalﬂchar_ge density. The other quantities 44qition. As can be seen, the asphericity of the SsBell
entering Eq.(11) are the radial expectation value due to hybridization reduces the second-order CFP by 30%.

Neglecting the exchange-correlation contribution changes all

(r'}zf drr'"2R3(r), (12)  the parameters, particular§3(r2) and AY(r*). The results

of test(b) are close to our previous results. This proves that
the prefactorsC,,, as defined by Hutching$ and the 4  the influence of the self-consistent treatment of the intra-
radial charge densitfR(r), normalized to yield(r®=1.  atomic asphericitf(A) abovd on the CF is small. Our re-
The two ingredients needed to calculate the CFP’s,(EY},  sults agree well with a recent full-potential calculation per-
are (i) the nonspherical componen,,(r) of the potential formed with the full-potential linearized augmented plane
in the region of non vanishingfddensity around the consid- wave (FLAPW) method?® considering the slightly different
ered rare-earth site an@i) the 4f radial wave function treatment of the # radial wave function in the two calcula-
R4¢(r). The nonspherical crystal potential is naturally ob-tions. In Ref. 26 the # radial wave function was taken from
tained from a full-potential calculation. Because of the over-a SIC-LSDA calculation for a free St ion in which the
lap between the # charge density and the charges creatingelectron occupation numbers were fixed to the values that
the CF, the CFP’s are sensitive to the shape of the radial 4occur in SmCg, while in the present work it was calculated
density, in particular to its behavior at larger distance fromself-consistently in the crystal within SIC-LSD@&pen core
the nucleus. The latter behavior is poorly described by thepproximation. This has some influence on the higher-order
standard LSDA vyielding # states which are severely under- CFP’s which are sensitive to the tail of thd 4adial wave
bound and hence much too delocalized as a consequencefahction. Our results are also in agreement with recent full-
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TABLE Ill. Comparison of the crystal field parametef(r') (in meV) obtained from the present
calculation(FPLO, fifth column for Sm in SmCgq with previous results obtained with the LCAO method
(where the Sm p valence and exchange-correlation contributions to the CF were not taken into adoount
Ref. 15(second columy the FLAPW method in Ref. 26ixth column, and the FLMTO method in Ref. 27
(last column. For comparison, two test results obtained in the present work are also included,(ataee
Sm 5p states were treated as core states @drndthe Sm % states were treated as core states and the
contribution of the exchange-correlation potential to the crystal field was neglected.

FPLO FPLO
LCAO test(b) test(a) FPLO FLAPW FLMTO
AY(r?) —65.5 —64.3 —44.0 —-30.8 —-30.1 —-30.9
AY(rty -3.2 -3.9 -25 -25 -3.2 -1.7
A(rb) 0.9 1.1 1.3 1.3 0.6
AY(r®) 25.0 37.1 46.6 46.2 27.2

potential linearized muffin-tin orbitaFLMTO) result$’ for  field B directed perpendicular to the easy agjshe equilib-
the second-and fourth-order CFP’s. rium magnetization orientation is determined by minimizing
A consistent calculation of the total exchange fi@d, the free energy of the system. This yields the reduced trans-
acting on the 4 shell is a difficult task because it contains a verse magnetizationm, =cos(,B). The experimental
contribution from Sm-Sm exchange. In metallic systems this/alues®~3 of the zero-temperature Co sublattice magnetiza-
interaction has a long-range character and involves many reion M(0) and anisotropy constaKt‘f"(O) (taken from the
mote neighbor atoms. It cannot therefore be reduced to awostructural Y compoundsnd Curie temperaturég. (Ref.
interaction between two sublattices of rare-earth atoms a86) were used: see Table IV. The temperature dependence of
was assumed in Ref. 28. Neglecting the Sm-Sm exchangée Co sublattice anisotropy and magnetization is described
significantly simplifies the problem since noBi, is due by empirical formulas given in Ref. 32, Eg&l6). The Sm
exclusively to the intersublattid®m-Cg exchange which is  contribution to the free energy is calculated by diagonalizing

much more gmenable to computat!ona.l treatment. the Hamiltonian obtained from adding the Zeeman term
The effective Sm-Co exchange field is calculated from the, _g.(25+ () to Eq. (1). The three lowesd-multiplets (J
change in the total energy of the system when dllMo-  _5/2 7/2 9/2) are taken into account. Then the measured

mentls7 are rotated out of their ground-state orientation anagnetization curves are fitted by adjusting eitwé(ﬂ}
180°:" According to Eq.(1), such a rotation should incre- only or Ag<r2> andAZ(r“). The higher-order CFP’s are ne-

men.tdthctja ttr?talsenesrgy bygr;’“‘BBeX per Srln a;todm _?: 5/2), lected for reasons pointed out in Ref. 32. For the exchange
provided the sm-o>m exchange 1S negiected. TWo Separayg By We use the values from Table Il derived frdB.,
self-consistent total energy calculations are performed Wltr?indE by means of Eq(10)

intra .

the spin of the 4 open core shell being fixed to an orienta- In Fig. 1, the measured reduced transverse magnetizations

tion antiparallel and parallel to the Co spins, respectively. In f
! ; . SmCgq (Ref. 29 and 3pand SmCo,; (Ref. 31) are shown
this way, all relaxation effects are included and the change oogether with the fit curves. The hard-axis magnetization

any contribution to the total energy upon rotation of thfe 4 curve of SmCg is well reproduced with Ag(r2>=

spin is attributed to the intersublattice exchange interaction L . .
('I?;blze I U ! Hbiat X ge ! o 25 meV, AY(r*)=0. The magnetic field available in Ref.

29, B<15T, was only able to induce relatively smal (
<13°) deviations of the magnetization vector from the easy
direction in SmCg¢ (see Fig. 2, wheran, =sin#<0.22.

Now we turn our attention to investigating the compatibil- Within this range of magnetic fields the fourth-order CAP
ity of the second-order CFP’s deduced in Sec. Ill with mag-
netization data and to a comparison of the experimental TABLE IV. Experimental data used for fitting the magnetization
CFP’s obtained from INS and magnetization data with thecurves of SmCoand SmCoy; in the present work. The Co sublat-
DF results. tice magnetizationuoM ¢, and anisotropy constamt$® (at 4.2 K
For that purpose, the exchange fields derived flop,, e taken from the isostructural Y compounds.
and Ejy in Sec. Il are used to determin&(r?) by fitting

V. DISCUSSION

magnetization curves measured at 4.2 K on Sjn@efs. 29 SmCq SmCoy7
and 30 and SmCoy; (Ref. 3] single crystals. A reliable ;M (T) 1158 1.30
determination of this parameter from magnetization data hagCo (\ma/m) 7.4 —0.4
previously been hampered by the lack of direct quantitativerC (K) 1000 1193

experimental information on the exchange field.

The fitting procedure is described in detail in Ref. 32.%Reference 33.
Therefore, we restrict ourselves to a brief summary of théReference 34.
main points here. For a given temperatirand a magnetic  °Reference 36.
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1

states. The Co sublattice anisotropy for Sm@mund from

L the calculation is<£%(0)=13.8 MJ/n¥, much larger than the

08 1 ool value of 7.4 MI/it measured on YGp* The calculations
06 | | somewhat overestimate tffesublattice anisotropy, yielding
a0 9.3 MJ/n? for YCos. Scaling down the calculated value for
& 04 b . | SmCgq by multiplying it with the ratio of measured and cal-

B culatedk §°(0) of YCos yields K$%(0)=10.9 MJ/n¥. Using

02 e i this Co sublattice anisotropy constditistead of that taken
,,,,,,,,,,,,,,,,,,,, from the Y compoungfor the fit of the magnetization curve

0 ommT T : : of SmCq results inAYr?)=—19 meV. This is in worse

0 5 10 15 20 agreement with the second-order parameter derived from
Eina fOr this compound.
In the case of SpCo,;;, the uncertainty resulting from the

FIG. 1. Transverse reduced magnetization vs magnetic field ap:- - ; . -
plied at right angle to the axis atT=4.2 K. SmCoy;: _ solid line, Co sublattice anisotropy is much smaller. A DF calculation

. Co _ . .
experiment(Ref. 3) dashed line, fit, this work. SmGo dashed for Sm,Co, 7 y|eldedKl (0)=-1.7 MJ/n?, which is mgch
line, experimen(Ref. 29, dotted line, fit, this work. Iarger than glther calculatgd or rr_1easured fQCMN..Takmg .

this theoretical Co sublattice anisotropy for the fit results in
Ag r?y)=—10meV, in slightly better agreement with the

has little effect on the_magnetization curve, since it primarilyvame deduced frorf, 5. The appreciable anisotropy within
affects the second anisotropy constant and the correspondinge pasal plane introduces an uncertainty\BQrz) of about

term in the anisotropy energ, sin"6, is small. Thus taking 10 5 mev, given by the limits of possible fits between the

AQ(r*)=+1meV resulted in practically no visible change in two magnetization curves measured along fa&0] and
the magnetization curve calculated for SmgCo [100Q] directions.

Sm,Co,; exhibits a substantial anisotropy within the basal  Table Il includes the CFP for Sm in Smgand SmCo;
plane. Therefore, two experimental magnetization curves foresulting from a DF calculation as outlined in Sec. IV in
Sm,Coy7 are shown in Fig. 1, measured along fi€0] and  comparison with the experimental estimatesA(S(r2> ob-
[120] directions. The fit curve for SpEo;; (which was ad-  tained from analyzing the INS and magnetization data in the
justed in such a way as to lie in between the two experimenpresent work. We are not aware of any reliable experimental
tal curves was obtained withAY(r?)=—9meV and information on the higher-order CFP’s for the considered
A(r*y=—0.3 meV. Inclusion of a nonzero fourth-order pa- compounds. Both calculated second-order parameters are
rameter straightens the fit curve somewhat, thus improvindarger than their experimental counterparts, although the dif-
agreement with experiment. ferences between theory and experiment are reduced in com-

The second-order parameters are in satisfactory agre@arison with our previous work;'® where the theoretical
ment with the approximate values ef24 and—12 meV  methods were less refined and the error bars on the experi-
estimated by means of E() from E;,, andE;, 0f SMCg  mental values much larger. As already stated in Sec. IV, our
and SmCo,,, respectively. The intramultiplet transition en- present results for SmGare in agreement with other recent
ergies observed by INS in these two compounds are reprdull-potential studie$®?’ Possible reasons for the remaining
duced within =1 meV by the second-order CFP obtaineddiscrepancy between theory and experiment(gréhe sen-
from fitting the magnetization curves. Hence the derived exsitivity of the calculated CFP to thef4adial wave function,
change and second-order CFP’s simultaneously describe thi¢hich may not be perfectly described even within SIC-
INS and magnetization data well. Moreover, Bg, is ob-  LSDA, (ii) the polarization of the inner core statézeside
tained fromEjy;, which only weakly depends oA(r?),  the already mentionedgbof Sm) by the nonspherical crystal
the A%(r2) values derived from the magnetization curves inPotential;” which has not been taken into account, iiid
this work are much more reliable than previous estimatesthe influence of spin-orbit coupling on the asphericity of the
The broad scattering of the earlier resilts Table | of Ref, ~ On-site charge densityparticularly, of that associated with
2) arose because it was attempted to obtain tRthand the 5d and 5 states of Smand thus on the CF, which has

A%r2) (and in some cases even higher-order CFRigm  NOt been investigated so far. _
fitting magnetization data alone. The error bar of the ex- The Sm-Co exchange fields obtained from the DF calcu-

change fields derived fror,, and E; . is = 25 T. This lation are also shovx_/n in Table II. On_e can see that they agree
results in an uncertainty of 1 meV in theAg(rz) values well with th_e experimentally determlned_values of tiotal
obtained from fitting the magnetization data. exchange field on SnB,,. When comparing these two val-

Another source of uncertainty in fitting the magnetizationues’ one .Sh.OUId increment the error bars By by the
data is the Co sublattice anisotropy. It is usually assumed t8m°“m. arising from the neglect of the Sm'sm exg:hange
be equal to that of the isostructural Y compound. DF'Nteraction, kTy/ug~13T, where Ty~9K is the Nel
calculationd’ within the LSDA corrected for orbital polar- POINt of the isomorphous compound SmCit
ization revealed, however, a considerable variation of the Co
sublattice anisotropy ifRCos, depending on the rare-earth
constituentR, as a consequence of changes in the lattice The exchange field on Sm in compounds with strong ex-
geometry and in the hybridization of the rare-earth valence&hange interaction can be determined in a simple and reliable

VI. CONCLUSIONS
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way from INS data on the intermultiplet transition. The 1
method is not restricted to Sm, but equally applies to other
rare earths.

Additional information on intramultiplet transitions re-
sults in a more accurate determinationByf and also yields 0
an estimate of the leading CH. The thus obtained values
of Ag agree with the ones deducédsing the aboveB.,)
from magnetization curves measured on single crystals.

Density-functional calculations reproduce well the experi- -1t
mentalB,, values, with some allowance for the weak Sm-Sm
interaction which was neglected in the calculation. The the-
oretical AX(r?), in both SmCg and SmCo,-, are found to
deviate from the experimental values by roughly meV. 2

E jmix (MeV)

0 700 200 300 200
Bex (T)
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APPENDIX A: INFLUENCE OF J MIXING ON  Ejyer " 649539 AZ, (A3)

Let us consider how the energy of the intermultiplet tran-  Syptracting Eq(A2) from Eq. (A3) and comparing the
sition, Ejyr, is affected by the off-diagonal matrix elements result with Eq.(4), one arrives at the conclusion that the
of the operator 2gBe,S, Which connect statedgM) with the  effect of J mixing consists in incrementing Eq4) by the
sameM and AJ=+1. When this operator is regarded as afollowing amount:
perturbation with respect to the spin-orbit interaction, the (16Boy)? (16Boy)®
eigenvalueg3) are correct to a first approximation, whereas Ey = 0.8772-% 61788720 (a4
corrections of second and higher orders desclib&xing. Ago )

The bulk of the effect comes from the terms quadratic and
cubic in ugBey. In this approximation the energy of the
ground staté¢33) is only affected by virtual transitions to and
from |13) (excitation energyA,) and is given by

As can be appreciated from Fig. 2, for relevant values of
By the correction toE;, due toJ mixing is negligible in
comparison with the experimental errar2 meV.

- 180 w12 APPENDIX B: INFLUENCE OF CRYSTAL
Esj252= — 19\ = = 1eBex— 7o —(MZ e FIELD ON Einer
so The influence of the crystal field on the eigenval&gg,
3400 (ugBey)® is described, in the first approximation, by adding to Bj.
343 AZ (A1)  terms containing diagonal matrix elements of the Stevens
so operatorg JM|O%|JM). Irrespective of the symmetry of the
crystal, there are just three such terms, rier2,4,6.
We begin with the second-order term. The eigenvalues
E;m. as given by Eq(3), receive the following corrections:

The first three terms here are readily obtained from &Y.
by settingM =5/2 and omitting the crystal field terms. The
last term is a third-order correction: its prefactor is the fol-

lowing combination of matrix elements: a,[3M2—J(J+ 1)]A8(r2). (B1)
GGG e o o ol e e
SISO gl (A0 saeeerS Soeent regaried neren as a quaniy whih de-
wheregs;,=2/7, g7,=52/63, and(3 3| A[|33)?=15/98: see ay= (23)%(23+2)+6(2J)(2J+2) + 6885 (B2)
Table 2 of Ref. 13. 180(2J—1)(23)(2J+2)(23+3)

Similarly, the energy of the final state of the intermultiplet s formula is just an adaptation of the general equation due
transition|£2) is only affected by virtual transitions to and to Judd® for the groundLS term of samarium f¢; °H).

97 . . ’ . . .
from |3%), which according to Lande interval rule is situ- The sought qUaNtitEer= E7/2.772~ Es12.5iS obtained by

ated 2\ =7A, higher in energy. Taking into account that aqding the correctionéd1) to the right-hand side of Ed4),
(31|2S,|%%)%=1456/405, Ref. 13, andy,=106/99, we get which results in
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Einter=Asot 55’ #eBext (21a7— 10as) AX(r?). (420872~ 60Bs52) A3(r*) + 1260y7,248(r®)
(B3) ~—0.2354%(r*) +0.1924X(r ). (B4)

Here the integers are the expectation value®©§fand O3
. . taken directly from Table 17 of Ref. 6 and it has been taken
Tiwerefore, Eq.(BZl needs to hbef used J.UStftW'Ce to r?et into account thays,=0. The rest of the Stevens coefficients
asp=13/315 anday,=26/1575(the former is of course the o this approximate calculation were taken from the conve-
usual ground-multiplet Stevens coefficient, as found, e.g., ifyjent four-digit tabulation given in Ref. 4QTable 3.4
Table 20 of Ref. & Substituting these values in E®3) and  thereoj.
solving it for ugBey yields Eq.(6). The magnitude ofA%(r*) is unlikely to exceed~3 meV,
Let us briefly consider the effect of the higher-order crys-whereas forAX(r) the estimated upper limit is-1 meV.
tal field. Following exactly the same pattern as above, weThe corresponding contributions B, are ~0.7 and~0.2
arrive at the conclusion that EB3) should be incremented meV, respectively. These can be neglected skgg, is de-

by the following amount: termined experimentally only tec2 meV.
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