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Basal-plane anisotropy for SmCo,;: The crucial role of J mixing
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The sixth-order basal-plane anisotropy constéptvas deduced at different temperatures for,8m;. The
values were derived from measurements of the anisotropy Hglgerformed along the two hard directions
corresponding to the crystallograptdcand b axes. In the frame of a single-ion model with exchange and
crystal field,K3 is proportional to the sixth-order crystal-field term. However, the sixth-order term is zero for
the Sni™ ion within the ground state multiplet. The experimental data were then compared with e&Kg(iije
calculated considering the three lowest-lyihgnultiplets. Using perturbation theory it was shown tKgtis
directly proportional to the sixth-order crystal-field paraméigg even in the case of strongmixing due to
the exchange field. The best fit of the experimental data was obtained by means of a set of parameters which
are consistent with those given in the literature, and in particular an accurate determin&jgmvat possible.
The results of the theoretical calculation were also compared with anisotropy field measurements on the
isostructural compound EEo,,, for which theJ mixing is not expected to be significant.

I. INTRODUCTION multiplet,® was suggested. However, the available experi-
mental data were not accurate enough to confirm this hypoth-
Rare-earth—transition-met4RE-TM) intermetallic com-  esis. An attempt was made to treat the basal-plane anisotropy
pounds with TM= Co, Fe are an important class of materi- of the Sm sublattice in (Sg¥,_,),Co,; in the frame of a
als because of their outstanding magnetic properties. In pafwo-multiplet systent? but no quantitative agreement with
ticular they show a strong magnetocrystalline anisotropyihe experimental data was found. Later on, a study of the
(MCA) which is mainly produced by RE ions as a conse-magnetic properties oR;Fe;,B (R=Sm, Nd, Py has re-

quence of the crystal fieCF) acting on the 4 electrons. In vealed that sixth-order CF terms and excitéanultiplets

addition the TM sublattice, which is responsible for the largecontributions are indispensable to explain some anomalous
properties of the anisotropy in these compouHds.

magnetic moment and high Curie temperatures characterist ;

of RE-TM compounds;? also supplies a relevant contribu- In the present work the ba_sal-plane ar_usotropy of
tion to the anisotropy, which is dominant at high tempera-smzcol,7 was mgasured and the sixth-order anisotropy con-
tures. Of special interest has been the 2:17 family of com-StantK3 (which is only due to the RE sublatticevas de- .
pounds and particularly the easy-axis &n,,, which is the duced. It was then shown that the results of a theoretical

: . alculation based on the single-ion model are quantitatively
basic constituent of one of the most complex and powerfu . . . P
. . . L consistent with the experimental dataJimixing effects on
permanent magnefsGiven the interest in applications, the

e the Sni™ lowest electronic levels are considered. In this
rhomboedral R3m) SmyCo;; compound has been exten- frame the value of the sixth-order crystal field parameter
Sively studied during the last decades. However, also due tBGG! which was shown to be proportiona| K)é’ was de-

the lack of single-crystal samples, some questions are stiyed. The results of the theoretical calculation were also
open: for example the accurate determination of high-ordegompared with anisotropy field measurements on the isos-
anisotropy ternfs and a guantitative evaluation of the tructural compound ECo,,, for which theJ mixing is not
J-mixing effects for SmM* 4f multiplets. In fact it is known expected to be significant.

that Sni* ion has a small gagabout 1400 K between the

®Hy,, (fundamental and the®H-, (first excited multiplets.

For this reason, Sm compounds may show particular proper- Il. RESULTS AND DISCUSSION

ties due to the mixing of states belonging to different
manifolds?® After the first successful attempts to treat the
MCA of RCo; and R,Co;7 compounds in the frame of a The polycrystalline samples S@o,; and EpCo,; were
single-ion model with exchange and crystal fieldmixing  obtained by arc melting technique. High purit99.99%
calculations performed on Smgshowed a fair agreement rare-earth and cobalt elements were melted in a water-cooled
with experimentg:® The single-ion nature of the MCA in copper crucible under %10 ! torr argon pressure. In order
these compounds was confirmed and the existence of sixtlte compensate the loss of samarium during melting a 5%
order anisotropy of the samarium ions sublattice, which canexcess with respect to the ideal composition was added. The
not be accounted for considering only the groundingots were remelted three times to insure homogeneity, then

A. Experiment
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FIG. 1. SPD measurements of the anisotropy field ofGoq, at . )
different temperatures. The SPD peak enlarges at lower temper%- FIG. 2. Temperature dependence of the anisotropy field for

. . . . ) Co;7 and EpCoy;. Two distinct values were detected for the
tures, as is expected in presence of two different anisotropy f'eld%orrrr}i‘lecr)léompou%dog temperatures lower than 200 K. The experi-

. . . mental values have been corrected for the demagnetizing field.
wrapped in tantalium foil, annealed under argon atmosphere

at 900 °C(7 days and then quenched in water. Thermomag-gard directions in the basal plane,(b), and they can be

escribed by Eq(2). The occurrence of two different values
of H, for saturating alon@ andb directions is also evident
from the differences in the magnetization curidgH) of

netic analysis and x-ray diffraction showed the presence o
rhomboedral 2:17 phase only. Singular point detect®RD)
measurement$'® of the anisotropy field were then per-

formed at different temperaturég8 — 300 K. In order to inal | Ref 1 if th | ;
enhance the SPD signal, grain oriented specimens were prﬁgtgberocuréﬁiatoss%?ﬁ;ti(one - 10, even if the one along is

pared by aligning in a magnetic field the powder grains dis- Thus knowledge oAH, at a given temperature allows to

perTsr(]ag Lgt?a:esrignomenolo ical approach to the problem Ogetermine the basal-plane anisotrapy constéftiwhich is
P 9 bp P only due to the Sm sublatticdy the simple relation

the magnetocrystalline anisotropy consists in writing the an-
isotropy energy as a sum of trigonometric functions of the AH, Mg

angle 6 between the magnetization direction and the easy KézT. 3
magnetization axigin our case the crystallographecaxis)
and the azimuthal anglé. For R,Co,; the anisotropy free

. . . The same measurements were performed on the isostruc-
energy expression up to the sixth order is

tural compound EICo,;. No basal-plane anisotropy was de-
_ . . .6 ' 6 tected in the considered temperature ra — 293 K. It

E(0,¢)=Kysit 6+ Kosinf'-+ Kosinf -+ KsirP6 cos 6¢1 is worth noticing that we pdo not egggt any relevant
@ J-mixing effect for this compound, since the spin-orbit mul-

which accounts for the overalRE and Co system anisot- tiplets for EF* ion are well separated in energy. The experi-

ropy. The basal plane anisotropy free enekp( #/2,¢) is  mental values oH, for the two compounds are shown in

described by the sixth-order term and is a periodical functiorfig. 2.

of ¢ (with a period of7/3), which has a maximum ap

=n(w/3) (assuming thatk3>0) and a minimum atg B. Theory

=(2n+1)(m/6),n=0,1, ... ,5.From the total energy of the

system in an applied magnetic field, given By: EA(6, ¢)

—H-Mg, the expression of the anisotropy fieid, , defined

as the field value required to saturdde in a hard direction,

Assuming the validity of a single-ion model with ex-
change and crystal field to account for the magnetocrystal-
line anisotropy of the Sm sublattice, the Hamiltoniah'fs™

can be derived. For the two directions in the basal plaag H=\L-S+2ucH..-S+HA 4
x andy, defining thex axis asf#=7/2, ¢=0) the anisotropy Hetlex cF @
field is expressed by In the ground-state multiplet the crystal-field tekir can
be written by means of Stevens operator equivalents as
2K +4K,+6K3*+6K4
Ha= Ms : @ A er=B20%+BYO+BIOY+BEOE, 5)

In the case of SgCoy; the single sharp SPD peak de- whe_reB‘,;":AS_(rK)G)K and®y is theKth-order Stevens fac-
tected at 293 K, which represents the anisotropy field whefOr (in the original notation@,=a, @,= 8, O¢=7). In this
all the directions in the basal plane are equivaleet, there ~ frameKg is directly proportional to the crystal-field param-
is no in-plane anisotropy broadens with decreasing tem- eterBg (Ref. 16:
perature(Fig. 1) and develops into two peaks, as it should be
if two different anisotropy fields are present. In this case the

1 15 1
fy_ onbl A0 L T2 A2 A\ T /A6
two detected values correspondig along the two different Ka(T)= 1656 (Og) + 2 (O8)+3(Og) + 2 (Og)]- (6)
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However, as the Stevens fact®r for the ground multiplet . e
(°Hsy,) of S ion is zero, this description predicts absence Mo /
of basal-plane anisotropy for S@o;,; at all temperatures
[K4(T)=0]. This is not consistent with the experimental
data, which give a value of 3:21(P erg/cn? for K} at 78 K.
This fact may be attributed to the smallness of the gap be-
tween the two lowest S#i energy multiplets. The strong
exchange field in the ferromagnetic phase causes the spin-
orbit multiplets of SM* to mix heavily; this effect is ne-
glected in Eq.(6), as the thermal average of Stevens opera-
tors (OR) is taken over ground multiplet states only. Thus
the contributions of excited multiplets] (mixing) has to be
taken into account. To evaluate matrix elements between
states with differeng®*"**the formalism of Racah's tensor  FiG. 3. Structure of energy levels of $fion. The effect of
operators must be used. The crystal-field Hamiltonian can bRE-TM exchange interaction on the two lowest manifolds is shown.
rewritten as On the right side, the effect of crystal field on the three lowest
. . . . . . eigenstates is shown. A different scale had to be used due to the
HCF: Bzoczo+ B40C40+ B60C60+ B66(C66+ CG—G)’ (7) smallness of the CF Spllttlngs

500 K

(rescaled)

where the crystal-field parameteg, differ from the BE in

Eq. (5) by constant coefficients and operator{Cq} depends on the angl¢ through the factor

e'Q? only. Therefore the total single-ion Hamiltonian can be

47 \120 written as
Cro= m) 2, YR(6, ). (8)
O (xY) — 3 "y
The partition function H Ho* BegH (15
oA J v
rex i (9)

- . - 0= /2
allows us to calculate the free energy- —kgT In Z for each Ho=AL-S+2ugHe,S,+Baol Cao

given set of parameters. +B,{C,A0=m2 g fE 0=/ 16
From Eq.(1) a simple way to expres§; in terms of the 4ol Cacl ool Ceol (18

anisotropy energy can be deduced:

and
Ei 0= 2 6=0|—E, 6= = 4= 2| =2K.. (10
A G_Ea(b_ —EA 0_51(;{)_5 - 3 ( ) . 231. 3\/5—5 . .
H'= =5 Ceot 35 (Cezt Ce-2)

Notice that the directiory= /6 in the basal plane is equiva-
lent to they (¢= =/2) direction because of hexagonal sym- 66 . A 1 . A
metry. In the following the calculation will be carried out + —(CestCq_a)+ 55(Ceet+Cs_5). (17
within the subspace consisting of the ground multiglet,, 32 32

and the two lowest excited multiplef$,, and ®Hg/,. The

two Hamiltonians to be diagonalized are The plus sign in Eq(15) corresponds to thg direction for
the exchange field. The brackets and the rotation angles in
HO=\L.S+ 2upH xS+ |2|CF (11) the first member of Eq(15) have been omitted for simplic-
ity.
and In the ferromagnetic phase the exchange interaction is
~ ) - much stronger than the crystal field, so the crystal-field pa-
HY=AL-S+2ugHexSy+Her. (12 rameterBgg does not affect significantly the energy levels

By rotating the reference frame in order to align the ex- (Fig. 3), although it will be crucial to account for the effect
change field with the angular momentum quantization axis (W€ are considering. Thus, knowing the eigenvalugy @nd
axis), Egs.(11) and(12) become, respectively, eigenvectors |{)) of Hy, first-order perturbation theory can
be used to find the eigenvalues laf® and Y (E® and
{HONSZF2= AL S+ 2ugHe, S, H{Hert 35 (13 EM | respectively.
and

A A ECN=E+Begi|A']i). (18)
{AOL T TE=NL - S+ 2ugHe, S, +H{HcetyTh. (19 I I

The general rules for any rotation of tensor operators are wellhe internal energy of the system for each direction of the
known"8|t is worth noticing that the rotated Racah tensorexchange field is
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5 _ ¢ - [see Eq.(6)]. The parameters, Hqy, Bxo (K=2,4,6) de-
alculation . . o
o Experimentdl termine the unperturbed elgenvaIuE:;?_: however, it is
known that the exchange parameter is responsible for the
main structure of energy levels, while the crystal fi@dd in
particular the terms of order higher than the segarah be
considered as a perturbatidfig. 3). Thus, while even large
variations of the crystal-field parameteBx, should have
little effect on the curveK3(T), a change of théd,, value
can modify it strongly. For the above reasdBg and Bgg
were neglected, while the literature values-410 K (Ref.
15), 2ugHe=442 K, andB,,=—208 K (Ref. 19 were
used. A good fit of the experimentll;(T) is obtained with

(10%erg/ct®)
w

K3
N

0 . ' . + Begs= —410 K (Fig. 4). As a result of our calculation, the
0 50 100 150 200 250 basal-plane anisotropy constamtCaK has a value of about
TK 4.7x 10° erg/cn?. The composition of the lowest eigenstates

of Sn* ion calculated with these parameters is reported in
FIG. 4. Temperature dependence of the basal-plane anisotropygple |.
constantK; for SmyCoy7. All attempts to satisfactorily fit the experimental data in
the considered temperature range using parameters signifi-
E E0Y) ax Ei(x’y) cantly diffe_rent from those p_roposed above were unsuccess-
kgT ful. In particular, the extension of the flat low-temperature
E(X ) zone is directly correlated to the energy splitting between the
) ground and the first excited state, which increases with the
kgT exchange field. In other words, increasiHg, results in an
£0 enlargement of the temperature range in whik}(T)
> (E?i566<i||:|'|i>)exl{__l) =K3(0). . .
i kgT Moreover, the SPD analysis of the isostructuraj G,
E° (19 compoundfor which we do not expect a particular relevance
E ex K T) of J-mixing effec) shows thatk 3(T) is zero within the ex-
B perimental uncertainty at temperatures higher than 100 K,
so that even if the calculated value ¢€5(0) for this compound is
larger than for SpCo;;.° In fact, as shown in Fig. 2, the

22 GlAr ||>exp( E’ ) value of the anisotropy field for ECo,; drops more rapidly

Uy =

Eex

kgT than for SmCo,;;. This can be explained assuming that the
AU=UN-UM =B £ : sixth-order anisotropy terms remain relevant at higher tem-
2 ex ) peratures for the latter compound. This suggests that an ef-
kBT fect of strongd mixing for intermetallic compounds of the
(20 R,Co,7 class may be a significant change in the temperature

From this formula A U= Bgg), it can be inferred that also the dependence of the anisotropy field.
free energy difference between the two configurations is pro-

portional to Bgg (AF=AU+TAS, with AS=[j(1/T')

X{[d(AU)]/oT'}dT"). It follows that IIl. CONCLUSIONS

The basal-plane anisotropy of $8v,; cannot be ac-
counted for without considering the contributions of the ex-
which implies that a variation of the crystal-field parametercited J manifolds of Sm™ ion. This confirms the importance
Bes does not modify the shape of the culkg(T), calculated  of the J-mixing effect for Sm-Co intermetallic compounds.
by means of Eq(10). In other wordsBgg can be considered The measurement of the in-plane anisotropy field and the
as a scaling factor: the same happens in absendeniXing deduction of the sixth-order anisotropy const&it can be

K3(T)=xBgs (atalltemperaturgs (21

TABLE |. The composition of the six lowest eigenstates is tabulated. Only states accounting for more
than 0.25% of the total wave function are listed.

Energy(K) Eigenstate composition
0.00 —0.97935/2,—5/2)+0.19667/2,— 5/2)
216.79 +0.95865/2,— 3/2)— 0.27667/2,— 3/2)
461.32 —0.93715/2,— 1/2)+0.33627/2,— 1/2) — 0.05909/2,— 1/2)
739.05 —0.91825/2,+ 1/2)+0.38377/2,4 1/2) — 0.07459/2,+ 1/2)
1060.46 —0.90185/2,+ 3/2) +0.41967/2 + 3/2) — 0.087%9/2,+ 3/2)

1449.64 —0.89585/2,+ 5/2)+0.43277/2,4+ 5/2) —0.09369/2,+ 5/2)




PRB 62 BASAL-PLANE ANISOTROPY FOR SiCo,;: THE ... 9457

considered as a direct evidence of the strengtli-ufixing From a comparison of the anisotropy of gbo;; and
effect in this compound and it offers a good way to estimateEr,Co,; it appears that an effect &f mixing might be the

the sixth-order CF parametBgg. In fact it has been shown, smoothing of the temperature decreasekg{T). This hy-

with good approximation, that; and Bgg are proportional pothesis should be verified by measuring and analyzing the
at all temperatures even in case bfixing of the lowest temperature dependence of the basal-plane anisotropy con-
multiplets. stant for the whole 2:17 class of compounds.
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