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Effect of lattice relaxation on magnetic anisotropy: Zr-doped SmCo,;
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The magnetic anisotropy enerdMAE) in rare-earth/transition-metal hard magnets originates from the
onsite anisotropy of the rare-earth element with additional contribution from the transition-metal sublattice.
While SmCg can be transformed to Sio,; by partial substitution of Sm by Gadumbbells, the MAE in
Sm,Coy; is noticeably smaller compared to that in SmgCélowever, small dopings of nonmagnetic Zr
significantly increase the MAE in Sj80,;. We show that the changes to the MAE in S0, can be traced
down to the reduction of the crystal field at the Sm site due to the Co sublattice relaxation upe@€&m
substitution which is subsequently restored upon substitution ef-Zo.
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The magnetic anisotropy enerdMAE), the difference of Co ions relaxes towards the center point of the Gamb-
between the ground-state energies due to rotation of the magell, so that the distance between this point and the surround-
netization direction, is one of the most elusive electronicing Co’s is only 2.38 A, while the Co-Sm distance increases
properties. Not only is it very difficult to compute, being a to 3.04 A, compared to 2.89 A in SmE4® There is also a
small difference of very large numbers, but also it often in-minor, unimportant warping of the Co planes resulting from
cludes comparable contributions from different physical ori-the dumbbell ordering.
gins. Even in the elementary metals the physics of the MAE The MAE in Sm-Co compounds arises from the on-site
is not well Understooa.ParadOXica”y, the MAE of more magnetic anisotropy of the Smf &hell, which Strong|y de-
complicated hard magnets, such as Sm-Co compounds, jfends on the crystal field, and, to a lesser extent, on the Co
often easier to rationalize. In particular, we have proposed guplattice itself Qualitatively, the large MAE of Sm in
consistent physical picture of MAE in YGoRef. 2 and  smCg can be understood as follows: The spin-orbit interac-
SmCaq; (Ref. 3 based on first-principles calculations. How- tion in the 4f shell favors Hund’s 2nd rule ordering of thé 4
ever, SmCoy, although technologically more important, is states to maximize the projection of the orbital moment onto

less well understood. Indeed, despite crystallographic simithe magnetic-field direction. The deepest state has the orbital
larities, the MAE of SmCo,; (Ref. 4) is much smaller than

that of SmCqg (Refs. 5-8, 3.6x10° J/n? compared to
26X 10° J/n?, respectively, corresponding to 5.0 meV/Sm
compared to 16 meV/Sm. On the other hand, the MAE can
be substantiallyby a factor of twg enhanced with one Zr
per 19 atom unit cefl:° It seems, at first glance, extremely
puzzling how such a small doping can so greatly change an
electronic property which is mostly associated with the qua-
siatomic 4 shell of the Sm atom. Indeed, doping with up to
~30% Fe, a magnetic element, leads to only modest in-
creases in the MAE! Zr does not change the structure of the
d band enough to directly contribute to this large increase of
the MAE! so the source must be changes to the crystal
structure which have a subtle but profound impact on the
MAE.

In this paper we show that the picture which explains the
MAE in SmCgq; (Ref. 3 can also explain both the reduced
MAE in Sm,Coy; and its giant increase with Zr doping. Both
effects appear to be related to the changes in the crystal field
on the Sm site.

First, we need to understand the crystallographic differ-
ence between the two compounds. The crystal structure of

Smy,Coy; is derived from that of SmGdFig. 1(@)] by replac- FIG. 1. (a) Crystal structure of SmGo Sm (or Y) lies in the

Ing eyery third Sm atom by a @Odumt?be”! or'entedz P~ middle of the hexagonal Q&c) layers, while the C@g) lattice
pendicularly to the hexagonal plane. Figui®)lshowss of  forms a Kagome lattice in th&Y plane. (b) Two-thirds of the

the SmCoy; unit cell, including one Sm and one GAuMb-  ¢rystal structure of SpCoy,. One of the Sm atoms of the SmCo
bell. Note that the neck of the dumbbell appears in thegrystal structure is replaced by a Coumbbell with distortions to
former Sm-Cg plane, having a much smaller effective in- the Co lattice. These distortions include an increase in the size of
plane radius than the Sm ion for which it substitutes. Therethe Co ring around Sm and a reduction of the size of the Co ring
fore, as one can see from Figb}, the surrounding hexagon around the Cg¢dumbbell.
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momentL =3, the next ond.=2, etc. If one neglects the (@)
i . . . ; 50 . .

crystal field entirely, according to atomic Hund’s rules the SmCo5 - Sm {
whole 4f shell rotates with the field with no change in en- il
ergy. However, if the crystal field is present, the energy of its 40f
interaction with the 4 shell contributes to the MAE, and this 35t
contribution gets larger with a stronger crystal field. On the  >30}
other hand, if the spin-orbit interaction were mustmaller o5t
than the crystal field, as in the case of Co, the orbital moment  feo} m = -2
would have been quenched£0) and all 4 states would 15| -3 -3
have included combinations of the spherical harmonics with 10l
both signsmm= =3, m=*2, etc. In this situation, when the st
magnetic field is rotated, thef &hell does not rotate, making 0 . . . .
any interaction of itgsmal) orbital moment with the mag- - © “Energy foV] = 4
netic field the source of the MAE. Obviously, the optimal
situation is when both interactions are of the same order of 5 r r
magnitude, producing f4 states which are neither pure Sm2Co17 - Sm f
spherical harmonics nor pure latti¢eal) harmonics but a 20
mixture of the two.

This exactly describes the situation in Smaas illus- >15]
trated in Fig. 2a).’® The peaks in the density of states cor- 2
respond to the individual #states. The lowest energy peak &
is formed by the spherical harmonic with=3, in accord @10r m= P 8
with Hund’s 2nd rule. The next peak is formed by the second
and third “Hund” states withm=2 andm=1, but, contrary 5t
to the situation in a free ion, the distance between the two is \
practically zero. The remainingf4states are mixtures of 0 - x - s 4 T
different spherical harmonics, intermediate between atomlike Energy [eV]
“pure-m” states and the lattice harmonic states. This is an  (c), . .
indication that the two competing interactions, crystal-field Sm2Co152r - Sm 1
and spin-orbit, are similar in strength, corresponding to the 51
largest MAE among the Sm-Co compounds, 16 me\/f&.
After subtracting the MAE of YCg 4 meV/f.u.X® which we 4]
have shown corresponds to the MAE of the Co sublattice >
itself®> we find 12 meV/Sm for the Sm onsite MAE in gs
SmCag,. b m = 21| [lo,-1 -2

Now we compare this with Sgo,,. First of all, the 2} 3.-3 033
MAE of Y,Co,;, —1.6 meV/f.ul’ has the opposite sign to
that of YCa,.1® With the experimental MAE for SaCo-, H
~10 meV/f.u.? this gives 5.8 meV/Sm after subtracting off )u
the Co contribution, substantially less than in SCim- = = -ZEnergy-'[zeV] 7

deed, when we compare the density of state plots for §mCo
[Fig. 2@)] and for SmCo;; [Fig. 2(b)], we observe that in
Sm,Co,; the 4f states, in terms of their width and their

FIG. 2. The Sm 4 character of SmGg SmCo;;, and
Sm,CoysZr, all with relaxed lattice parameters and internal coordi-

ordering, much more closely resemble atomic orbitals. Thesgates. Note the peaks of individual character in SpCoy; arising

4f states are ordered by Hund's 2nd rule and are nearly purigom weak crystal field effects. In Smgand SmCo,<Zr the peaks

spherical harmonic states, the only difference from the freare combinations of real and lattice harmonics due to strong crystal-

atom being that the #levels are not equidistant. Since the field and spin-orbit interactions, which are best for large MAE.

spin orbit coupling is obviously the same in both com-

pounds, we conclude that the crystal field in Slo;; is  tal field is defined by the ratitf,/(eq— €;) (for band ener-

substantially weaker. gies 4 and ¢;), we see that up to 50% reduction of the
This fact can be traced down to different crystallography.crystal field in SmCo,; may be expected for some 4tates

The main contribution to the crystal field comes fraif compared to that in SmGb

hybridization™* Using Harrison's canonical scalirt, we We shall now turn to the dramatic increase in the MAE

find that thed-f hopping amplitudest(;) should depend on ghserved in SpCo,, upon Zr doping”'° A variety of dop-

the Sm-Co distancelY), approximately, aD'*!"*1=p°, ants used on Syoy;, including Fe, Mn, Cr, Cu, and Al,

The difference of 4% in the Sm-Co distance translates into ahich dope the Co interlayer sites showed a small increase

25% difference inty. If we recall that in the limit of large in the anisotropy; but the large increase of the MAE was

separation between the Cad 2&ind the Sm 4 bands the crys- found for V, Ti, Zr, and Hf(Ref. 10 which dope either the
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TABLE I. The atomic positionsrhombohedral coordinatesf Sm, Cg (dumbbel), and Zr as well as the
Co atom lying closest to these atoms in S&0,; and SmCo,sZr before and after relaxation. The nearest-
neighbor Sm-Co, CaCo, and Zr-Co distances are given in angstroms (A), along with the Sm-Co nearest-
neighbor distance in SmGo

Before relaxation After relaxation
SmyCoyy
Sm 0.343,0.343,0.343 0.359,0.359,0.359
Co 0.283,0,0.717 0.284,0,0.716
Co, 0.099,0.099,0.099 0.0953,0.0953,0.0953
Sm-Co 3.04 A 3.05 A
Co,-Co 237 A 2.38 A
Sm,CoysZr
Sm 0.343,0.343,0.343 0.331,0.331,0.331
Co 0.283,0,0.717 0.316,0,0.684
Zr 0,0,0 0,0,0
Sm-Co 3.04 A 2.88 A
Zr-Co 2.38 A 2.65 A
SmCg
Sm-Co 2.89 A 2.89 A

Sm or the Ce-dumbbell site due to their large atomic ratfii. though the effect of Zr on YCo,; has not been measured, Ti
The dopant which has been found to produce the largesind Mo, which like Zr dope on the Gosite, change the
increase in the MAE is Z(Refs. 9,10 where the MAE in- MAE direction from planar to uniaxial, from

creases from~10 meV/f.u. to~20 meV/f.u.(or from 5.0  —1.6 meV/f.u. in Y,Co;; to 2.2 meV/f.ut’ for one Ti per
meV/Sm to 10 eV/Sm(Ref. 9 with ~6% Zr replacement formula unit. Subtracting off the latter number from the
for Co, which is approximately one Zr per unit cell. MAE of Sm,Coy;+Zr,%° the Sm contribution to the MAE

Some controversy exists in the literature about where thg,creases from 5.8 meV/Sm in S@o,; to 8.9 meV/Sm
Zr atoms go within the Speo;; crystal structure. Fujii hon a doping of one Zr per unit cell. We conclude that the
etal”and Rabenbergt al.™ suggested that the Zr atoms 5in source of the MAE by Zr doping is due to the increase

replace the interlayer Co, but that would have led to a sig;, w6 g MAE. Note that zr doping does not increase the
nificant increaseof both a and ¢ parameters, which is not MAE in other Sm-Co materials. For instance, Zr doping in

R R 10,20 1 i
seen n th_elr datd’ Ray? pomted' out that the Igrg.e SmCg;,, where Zr prefers the Sm site, significantly reduces
atomic radius of Zr would prevent this type of substltutlonthe MAE 22

but would probably favor substitution of the Cdumbbell . . .
sites, though substitution for Sm was possible. Lefevre Direct calculations of the MAE, as we had performgd n
et al® performed an x-ray analysis of Zr substitutions in Y C0s (Ref. 2 and SmCg (Ref. 3, would prove very diffi-
Sm,Coy, which found that~90% of the Zr goes into the Sm  Cultin SmyCo;7 due to its much more complex crystal struc-
sites and~10% to the Ce dumbbell sites, which is consis- ture. However, it is feasible to investigate the differences in
tent with the significantlecreasef a and a smalincreasein the electronic structure and crystal field due to changes to the
cin his Samp|es_ However' the MAE for these Samp|es Weré:rystal structure with Zr substitution for the Qdumbbells
not measured. On the other hand, in previous stddf&8  We began by performing full structural relaxation on both
where the large increases in the MAE have been measure8mCo; and SmCoysZr (full Zr substitution for the Ce
an opposite trend has been observed, a significantasein dumbbells in the unit celifor the total volume, c/a ratio, and
a and a smalblecreasen c. This strongly suggests that Zr in internal coordinates. The volume and c/a ratio changed by
these studies substitutes mostly for the, dambbells since =<2% from the experimental values for both materials.
the skinny, out-of-plane dumbbell is replaced by a sphere\While all of the internal coordinates were allowed to change,
unlike in Lefevre et al’s*® samples. As discussed below, the intermediate Co laydwhich did not contain Sm, Zr, or
since the Zr substitution of the Sm sites does not change thide Cg dumbbells showed changes in their positions by
Sm-Co distance significantly, no increase in the MAE would=2%. The relaxed positions of the Co in the same layer as
be seen for this substitution. Preparation conditions may lea8m, Zr, or the Ce dumbbells, which show strong changes
to differences in the observed Zr substitution. Our calculawith Zr doping, are given in Table | along with the nearest-
tions assume Zr replacing the Cdumbbells which we show neighbor Sm-Co, Zr-Co, and ¢ddumbbel)-Co distances.
leads to the large increase in the MAE. The Sm-Co distance in Smgds given as a reference. The
The MAE of SmCoy; is lower than that of SmGonot  relaxed Sm-Co and Zr-Co nearest-neighbor distances are
only because the onsite MAE of Sm is reduced but als®.87 and 2.65 A, respectively. The latter number is 0.27 A
because the MAE of the Co sublattice changes sign. Alarger than the Sm-Godumbbell distance in Spto;-,
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meaning the neighboring Co’s are pushed away from Zr andnalyzing the structure of thef 4tates, rendered by our first
closer to the Sm ions. As a result Sm-Co distance becomgsrinciples LDA+U electronic structure calculations, we con-
smaller, very close to that in Smgo clude that the weaker crystal field effects are responsible for
We can now see the effect of this shortening of the Sm-Ca substantial reduction of magnetic anisotropy in,Sm-,

distance on the crystal field on Sffig. 2c)]. As in SmC@,  as compared to SmGo The restoration of the anisotropy
only the lowest peaks represent “pumg-states. The other  ypon small doping with Zr is due to lattice relaxation around
states are strong mixtures of spherical harmonics with differyne 7y atom, which we have calculated directly, and found it
ent values ofm, just as in SmCg but very different from g ficient to restore the crystal field on the neighboring Sm to

Smy,Co,7. We see that the crystal field in S@o;5Zr is simi- nearly its SmCg value.
lar in strength to that in SmGoand considerably stronger

than in SmCo;7, consistent with the fact that the MAE of  This work was supported by the Office of Naval Research

the Sm ions in SpCoy; is closer to that in SmGoand is  and DARPA under Grant No. 63-8250-02. We are grateful to

much larger than that in S§€0;5. D. A. Papaconstantopoulos, A. M. Gabay, and G. C. Hadiji-
In conclusion, we present a theoretical picture of forma-panayis for useful discussions.
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