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Exchange-controlled magnetic anisotropy

Ralph Skomski®
Department of Physics and Astronomy and Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588

The magnetocrystalline anisotropy of &ansition-metal atom@ctinides is investigated. A simple

model Hamiltonian reproduces the observed huge low-temperature anisotropy of cubic actinide
compounds such as US and predicts the temperature dependence of the anisotropy. The dominance
of the spin—orbit and crystal—field interactions means that the magnitude of the anisotropy is limited
only by interatomic exchange. One consequence is that cubic and unidizgnets have similar
magnitudes of the anisotropy and similar temperatures dependencie00®American Institute

of Physics. [DOI: 10.1063/1.1451903

I. INTRODUCTION II. ORIGIN OF ANISOTROPY

For many decades, advances in permanent magnetism Magnetocrystalline anisotropy is the result of three fun-
have relied on the trend of realizing relativistic spin—orbitdame_ntal |nter_act|ons: s_pm—orblt coupll_ng, crystal—flgld in-
coupling in magnetic compounds and developing micromagzgracuon' and |nte_ra_1to_m|c exchgnge. Spm—_(_)rplt coupling is &
netically adequate morphologies. The result of that progres@gher'Order relativistic correction to the Sctinger equa-

L o tion. In the independent-electron approximation, it has the
have been uniaxial rare-earth transition-metal magnets ex-

hibiting impressive overall hard-magnetic properties. Theforrn H:)\,I'S wheres is the SP".]’I 1S the °”°""?" momen-
m, and\ is the one-electron spin—orbit coupling constant.

first decades of the 20th century saw the development o .

uniaxial 3d-based magnets, such as Bagfhg, whereK; or hydrogen-like atoms
=0.33 MJ/n?. The first 1:5 permanent magnets, developed .
in the late 1960s, were YGanagnets, whose anisotropy is \= Tcza“ Z 1)
due to the extraordinarily strong easy-axis contribution of the 2 ndl(1+1/2(1+1)°
Co atoms in the 1:5 structufeLater, emphasis shifted to-

ward SmCg and SmCoy; based sintered magnets, particu- wherem is the electron mass; is the velocity of light,

larly for high-temperature applications, and to JRé,,8.>  =1/137 is Sommerfeld’s fine-structure constanis the ef-

The success of the rare-earth transition-metal permaneifi¢ctive charge of the nucleus, amdand| are the principal
magnets is closely linked to the anisotropy contribution ofand angular quantum numbers of the electron, respectively.
the rare-earth ion%* This exploits the strong rare-earth Equation(1) shows that the spin—orbit coupling is particu-
spin—orbit coupling and leads to room-temperature anisotrdarly strong for the inner electrons in heavy elements, where
pies as high as 19 MJfhfior SmCg. On the other hand, due the effective nuclear charge is large and the electrons move
to the small radius of the rare-eartif &hells, about 0.5 A, fast.

the crystal—field interaction of the rare-earth dlectrons is The spin—orbit coupling is isotropic with respect to a
quite small(about 0.01 eV. This prevents the rare-earth at- Simultaneous rotation éfandl, but the orbital motion of the
oms from having even higher anisotropy. electronsi is affected by the anisotropic crystal field, for

The 5f electrons of actinides, such as U and Th, areexample by theg—tyq splitting in cubic materialé® From a
metallic or—in compounds—at least close to being itinerantbasic point of view, there is no difference between the
Correspondingly, the crystal field acting on thé &ectrons crystal—field splittings in insulators and metals. In insulators,
is much larger than # crystal fields, and the strong spin- the main contribution is from the electrostatic crystal fiéld,

orbit coupling is exploited quite efficiently. Indeed, some cu-Whereas in metals the leading contribution is from linear
bic actinide compounds, such as US, exhibit huge anisotrgz®mPination l%f atomic orbitalSLCAO-type interatomic
pies on the order of 100-1000 M However, the low hybridization.™ Translated into band-structure theory, the

Curie temperature of the materials prevents the explmtaﬂoﬁ Iﬁctrostattr:c c;lortl)tr'lc?utl?n correts%or:.ds t.o (tjhe ctJn S |:e etnergy,
of the high anisotropy at or above room temperature. W ergasll © hybridization contribution Is due to interatomic
. . . hopping.~ The crystal—field interactioft{cr determines the
The present work investigates the magnetocrystalline an- : 4
. . - . . . symmetry of the magnetocrystalline anisotropy and affects
isotropy in the limit of strong spin—orbit coupling and strong

tal—field interacti lized irf nagnets. Particu- > Sucndth:
crystal-Tield intéraction, as reafized | agnets. Farticu- Finally, the realization of magnetocrystalline anisotropy

lar emphasis is on the finite-temperature behavior of the ires interatomic exchange. Without interatomic exchange

anisotropy. (s)=0, and the electrons responsible for anisotropy do not
couple to the spontaneous magnetization. This is particularly

dElectronic mail: rskomski@unlserve.unl.edu important at finite temperatures.
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FIG. 1. Temperature dependence of the anisotropy of some rare-earth
transition-metal intermetallics. Note that yttrium is a nonmagnetic’ rare!V. MODEL AND CALCULATION

earth.
To investigate the magnetocrystalline anisotropy contri-

bution, we restrict ourselves to the ionic picture and start
from the Hamiltonian

Il. 3d, 4f, AND 5d MAGNETS H=HceL)+ASL+hgy-S, (2

whereh,, is the interatomic exchange field. Sinkgr and\

In 3d-based magnets, such as Fe, ¥Coand dominate, the state of the ion is determined by the competi-
BaFgq;0y9, the anisotropy is limited by the quite weakl3 tjon between crystal—field and spin—orbit interactions. With-
spin—orbit coupling\ ~0.05 eV, which competes against a gyt spin—orbit coupling, the electrons adapt to the crystalline
strong crystal—field splittingl eV or more. The analysis of  environment and tend to form standing waves with zero or-
the problem shows that the uniaxial anisotropy per atom agjtal moment(quenching, but the spin—orbit coupling intro-
\?IA, whereA is the crystal—field splitting in insulators, or duces some circular current character. In any case, the out-
the bandwidth in metals. In cubic materials, the anisotropy igome of the simultaneous diagonalization7é and A S.L
even lower, on the order of*/A°. _ is a set of well-defined quantum ground statgs. Herei

By contrast, in metallic and nonmetallic rare-earth mag-—1_ N labels the quantization axes, which correspond to the
nets, the limiting parameter is the crystal—field interaction.y crystallographically equivalent easy magnetization direc-
Due to the rare-earths’ large atomic weight, the spin—orbitions. For exampleN=2 for uniaxial anisotropy anéil=6
coupling is sufficiently strong to create Hund's-rules atomsfor cubic anisotropy with easy axes along the cube edges
(A=0.2 eV), but the small radius of thef 4rbital leads to a  (K,>0). In lowest order perturbation theory, the anisotropy
very effective screening of the crystal field by conductionenergy per atom is then given by
electrons(0.02 eV or less Rare earths are therefore very .
ineffective in exploiting spin—orbit coupling. The exchange ~ Ea=minjhe,.(#i|S41), )
between the transition-metal sublattice and the rare-eart\bg,herehex points in the direction of the spontaneous magne-
sublattice is moderately stron@bout 0.01 eY. Figure 1  tization.
illustrates that this coupling is sufficient to create a large  To further evaluate Eq3), we have to specify the rela-
anisotropy at low temperatures, but above room temperatuf@e importance of the spin—orbit coupling. Whers small,

K, strongly decreases. The exchange between rare-earth @e spin—orbit coupling acts a small perturbation to the
oms is even lower than the rare-earth transition-metal excrystal—field splitting(band structure This limit is encoun-
change and is usually neglected. In a sense, room tempergred in 3 magnets, but also indtand 50 magnets such as
ture rare-earth anisotropy is created by the rare-eartPdCo and PtFe. In the present context, this case is not very
sublattice but realized by the transition-metal atoms. interesting. The opposite limit, where the spin—orbit cou-

The anisotropy of 5 magnets is determined by two fac- pling dominates the crystal—field interaction, is also realized
tors. First, both the spin—orbit and the crystal—field interacin 4f intermetallics. However, in # compounds the inter-
tion are very strong, on the order of magnitude of 1'8V. atomic exchange is sufficiently strong to couple the rare-
Second, the interatomic exchange tends to be very low, searth atoms to the transition-metal sublattice, so that the an-
verely limiting the finite-temperature anisotropy. The relativeisotropy is essentially equal to the crystal-field
strengths of the crystal—field and spin—orbit couplings mayinteraction’~* This mechanism breaks down when the
be estimated from the orbital moment, whose magnituderystal-field interaction exceeds the interatomic exchange.
scales as3./A. In uniaxial 3d magnets, the orbital moment is Figure 2 illustrates the difference by showing schematic spin
on the order of 0.Jug . In 5f magnets, the orbital moment is structures for@) rare-earth solids antb) actinide solids.
comparable to the spin moment. For example, in US, arock- In the limit of strong spin—orbit coupling, the minimiza-
salt ferromagnet withTc=177 K, us=3.5ug, and u = tion of Eq. (3) has a very simple meaning: spin and orbital
—2 ug, so thatu~1.5ug.° moment are rigidly coupled and point in the easy direction
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FIG. 4. Temperature dependence of the anisoti@ghematic

FIG. 3. Rotation of the magnetization of a sampl@: strong interatomic

exchange antb) weak interatomic exchange. Simplifying somewhat, these .
two limits are realized in 8 magnets and 5 magnets, respectively. In conclusion, we have shown that the large low-

temperatures anisotropies of fnagnets such as US are lim-

ited by interatomic exchange. Cubic and uniaxial exchange-
whose projection ontd,, is largest. Figure 3 shows the controlle_d.an?sqtropies are of the same order of magr_1itude
exchange-controlled anisotropy enery(6) as a function apd exhibit S|m|Iar. temperature depen'dences. The anisotro-
of the magnetization anglé. Note that cubic and uniaxial pies are characterized by a nonanalytic angular dependence

anisotropies are very similar, except for a rather trivial geo-2nd €xhibit a quite weak temperature dependence below the
metrical factor. Curie temperature.
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