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Exchange Interactions and Curie Temperature of
Y—Co Compounds

A. Kashyap, R. Skomski, R. F. Sabiryanov, S. S. Jaswal, and D. J. Sellmyer

Abstract—The Curie temperature of rare-earth Co in- II. METHOD OF CALCULATION

termetallics is investigated by self-consistent spin-polarized
electronic-structure calculations on Y—Co compounds. The total  FOr rhombohedral YCg hexagonal YCg, and hexagonal ¥

exchange interaction of a given site with all other sitesX,) is Co0i7, self-consistent, semirelativistic, spin-polarized electronic
calculated by the linear-muffin-tin-orbital method using the local  structure calculations are performed using the linear muffin-tin
force theorem and employed to obtain mean-field Curie-tem- gpitals (LMTO) method within the atomic sphere approxima-

perature estimates. The theoretical predictions for YCq, YCos, .. - - . . .
and Y;Cour are in fair agreement with the experimental Curie tion [7]. A minimal basis set consisting of s, p, and d orbitals is

temperatures. For YCas, the variation of exchange interactions US€d for both type of atoms and Barth-Hedin exchange-corre-
(J;;) with distance is analyzed, and it is discussed how the presencelation potential is used. The spin up and spin down local densi-
of nonequivalent cobalt sites affects the Curie temperature of the ties of states (DOS) and magnetic moments are calculated using
compounds. the linearized tetrahedron method. Due to the considerable dif-
Index Terms—Curie temperature, exchange interactions, ferent sizes of Y and Co atoms it is necessary to assume dif-
magnetic moment, permanent magnets, rare-earth cobalt inter- ferent Wigner—Seitz (WS) cell radii. The ratio of WS radii is
metallics, YCos. kept at 1.35 for all compounds, as suggested by Coehoorn [8],
and the crystallographic data for Y-Co compounds are taken
I. INTRODUCTION from Pearson’s Handbook [9]. The interatomic exchange inter-
. , i actions (;;) are calculated in the Heisenberg approximation.
ARE-EARTH transition-metal intermetallics have 10ng A method to calculatd;;, based on the local approximation to
been valued as permanent-magnet materials. Rare-eaifh gensity functional theory has been developed by Liechten-
cobalt intermetallics combine reasonably high magnetizatiogginet 41.[10], [11]. Using spherical charge and spin densities
with high or very high anlsotropl_es and high Curie temp_eraturtaﬁd a local force theorem, expression Jgris
[1]-[3], which makes them suitable for advanced high-tem- .
perature permanent magnets [4]. Due to the smallness of the, 1 " i ij1 j ijl
de Gennes factor of samarium, the Curie temperature is largely  ~ 4r Im/ deAj ()T (e)Ay ()T (e). (1)
determined by the interatomic exchange of the cobalt atoms N
[2], [5], and in fair approximation it is sufficient to considerHere, T}’ (¢) is the scattering path operator in the itej)
isostructural intermetallics with a nonmagnetic rare earth, sutgpresentation for different spin projectiofs =T, |), and
as yttrium. Aj(e) = ti;' —t;]' is the difference of the inverse single-site
It is interesting to study the interatomic exchange from acattering matrices. The total exchange of a given site with all
atomic point of view because of its crucial importance for theites(J, = >, , Jo:) can also be calculated from the relation
Curie temperature, and because it plays an important role in the o
realization of the leading rare-earth anisotropy contribution [2]y — 1 Z Im / de{A?(g)[Tng (e) — Tg%l, (e)]
The tools for the first-principle study of the interactions have dm T J—
been developed in the pontext of Y-Fe compounds [6]. Herg, + A?(E)TE‘EA?, (E)TE% &)} @)
we perform the calculations for Y—-Co compounds and investi-
gate how the magnetic properties are affected by the local entiire parametei, reflects the energy change due to small-angle
ronment. The calculated results are compared with the availatdgation of the moment at one site. In contrast to Iheit is
experimental data. given by the site-diagonal scattering matrix (or Green function),
wherei = j.

LL' -

Ill. RESULTS AND DISCUSSIONS

An approximate mean-field approach to calculate the Curie
Manuscript received January 6, 2003. This work was supported in part by t@mperature is to use the relatidh = 2(J,)/3kg whereJj

DOE, AFSOR, NRI, NSF MRSEC, and CMRA. , is the exchange interaction averaged over all inequivalent sites.
A. Kashyap, R. Skomski, S. S. Jaswal, and D. J. Sellmyer are with the Center

for Materials Research and Analysis and Department of Physics and Astronorﬁ'r?re' we lljse this approglmatlon to Cal(?wate the Curie temper'a-
University of Nebraska, Lincoln, NE 68588 USA (e-mail: akashyap2@unl.eddure and discuss corrections due to the involvement of nonequiv-
R. F. Sabiryanov is with the Center for Materials Research and Analysis agfbhnt sites.

Department of Physics, University of Nebraska, Omaha, NE 68182-0266 USA . . —
(e-mail: rsabirianov@mail.unomaha.edu). Table | summarizes the theoretical predictions and compares

Digital Object Identifier 10.1109/TMAG.2003.815744 them with experimental data. For all compounds, it lists the WS
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TABLE | 20
THE WS CeLL RADII (IN ATOMIC UNITS), DOSAT THE FERMI LEVEL (IN | A Co(2¢)
STATES/RY), MAGNETIC MOMENTS (IN pt5), EXCHANGE PARAMETERS (IN % Co (3g)
meV) AND CURIE TEMPERATURE(IN K) FOR Y—Co GCOMPOUNDS 15 —| X

YCos YCos Y,Coy; %‘ 10
WS Cell Radii e
Y 3.5022 3.5426 3.5487 =
Co 2.5598 2.6242 2.6287 ™y

-
A A
DOS .y *
Down 270.80 129.36 994.75 * * &
Up 93.23 1538 95.52 0 * A
Magnetic Moment i
Total (Theory) 4.81 6.97 25.89 5 - ] : | ;
Total (Expt.) 4.95 7.52 27.50
Col 0.67 1.40 1.72 2 3 4 5
Co2 0.82 1.52 1.50 Distance(R)
Co3 0.49 1.54
Co4 1.57 Fig. 1. Distance dependence of the interatomic exchange for the two
nonequivalent Co sites in YGo The data include 35 neighbors for both the

Exchange J, Co sites.
Col 16.86 123.91 186.42
Co2 22.17 132.15 159.77
Co3 10.74 igg-gi The average exchange interaction for ¥Gs 128.85 meV,
Cod ' corresponding to a Curie-temperature estimate of 998 K. This
Exchange< J;> 13.96 128.85 171.83 is very close to the experimental value of 987 K. FaiCt,,

the Curie temperature is slightly overestimated. By comparison,

) for Y=Fe compounds the method overestimates the Curie tem-
Curie Temperature

Theory perature by 25%. For YGo the agreement is worse. Thg
Expt. 108 998 1330 values for YCq are small and very disparate in magnitude, in-
305 987 1186 dicating that the mean-field approximation is poor in this case.

The main reason is that the comparatively low Co content causes
the alloy to remain close to the onset of ferromagnetism. This

radii, the calculated and | DOS at the Fermi level, theoret- IEe,igds to long-range spin fluctuations and to corrections to the

ical and experimental magnetic moments, exchange constal Stie temperature [16], [17].

and_ theoretical and experimental Curie temperatures. The Xaple | reveals a considerable dispersion of the This
perimental data are taken from [12].

We see that the agreement for the magnetic moment is qLir\}pgkes it necessary to distinguish between nonequivalent sites.

i ) . o : Ote that even on a mean field level, site-resolved exchange
reasonable. The inclusion of spin-orbit interaction would fur-

) . . |pteractions yield Curie-temperature corrections.
ther improve the total magnetic moment but here we are mainly -7 ; . i
The basic idea is to write down separate mean-field equa-

Inct)ﬁgedssfefjrrllg Tr?)i?;urjl:grgfeﬁi( (C)??r?g icl)rl;taelzaz:ttcl)?:ss ilg rt: e(fr(?[ecdot ons for the nonequivalent sites, as discussed in other contexts
P ' : P [2], [5], [14], [15], [18]. Linearization of the Brillouin functions
be about 0.25%:5 in YCo;5 [13].

Fig. 1 shows the distance dependence of the exchange in%gre-n leads to an eigenvalue problem, and the largest eigenvalue

. . o : IS equal to the exact mean-field Curie temperature. The calcula-
actions for two different Co sites in YGoThe exchange inter- _; . ) . . . .
L . o tion, which will be published elsewhere, involves intersublattice
action is very strong at small interatomic distancesdaufacto .
short-range, its magnitude rapidly decaying with interatomlecXChange constants derived from (1).
ge, 9 bidly ying The anisotropic exchange parameters listed in Table | yield a

distance. Th_e same trend is found in Y{Cand n YQCOU' gronounced anisotropy of the exchange stiffness, making it nec-
By contrast, in Y=Fe compounds the exchange interactions are

weaker, have a somewhat longer range, and exhibit more p(raos_sary to distinguish betwee, for magnetization gradients

parallel to thec-axis andA | for magnetization gradients in the

nounced RKKY-type oscillations [6]. This reflects the well-est asal plane. This vields a variety of micromaanetic phenomena
tablished instability of the ferromagnetism of dense-packed ke P ) Y Y 9 P '

. : stch as a dependence of the Bloch wall width on the orientation

intermetallics [2], [5]. L .
Average exchange interactions for all the three compoun%lfsthe wall and a directional dependence of domain-wall ener-
ies. For example, in YGahe intra-sublattice interaction of the

studied are given in Table I. With the increase of Co concent 0.2¢ atoms corresponds to only about 127 K as compared with

tion, _the average exchange |r_1teract|ons .for Co atoms nere e 2c—3g intersublattice exchange of about 770 However,
considerably, thereby increasing the Curie temperature. This'is

in agreement with experiment and with mean-field type modelThe bond anisotropy considered in this paper is nonrelativistic, that is, it
predictions. By contrast in Y=Fe Compounds band-structure @ees not involve spin-orbit coupling and is independent of the magnetization

fects tend to vield a d B ith i . t it direction. It must be distinguished from the much smaller exchange anisotropy,
ects tend to yield a decrease0f with increasing transition ich involves spin-orbit coupling and yields a small direction-dependent con-

metal concentration. tribution of typically less than 1% to the spontaneous magnetization.
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in the present case the strong intersublattice exchange ensur¢g
a stable Co 2c magnetization, and the Curie-temperature reduc-
tion is very small, about 5%. Note that exchange anisotropy carP]
also be calculated by performing calculations of the total mag-[4]
netic energy [19], but the present approach makes it possible
to assign the net exchange anisotropy to individual sites anqS]
to trace the origin of the exchange anisotropy. From a formal
point of view, this will be achieved by a Fourier-transformation (6]
method, in analogy to the use of the Lindhard function [20] to
discuss RKKY interactions iR-space. 7

From the point of view of future research, this study estab-
. ; 8]
lishes a new approach toward the understanding and develor}-
ment of multisublattice permanent magnets. First, the exchange
parameterd;; enable a direct access to many-sublattice mean—[g]
field analysis [21], which provides reliable finite-temperature
predictions of magnetic properties. In the past, intersublattice
interactions were approximated in terms of parameters of th&0]
type Jrr, Jrr, @and Jrr [5], [21], [22], ignoring the transi-
tion-metal dispersion shown in Fig. 1 and in Table I. Second,
as mentioned above, the bond anisotropy of ifjeleads to [11]
far-reaching but largely unexplored anisotropic micromagnetic
phenomena. Third, a site-resolved analysis will make it possible
to gauge how specific substitutions will affect the finite-temper-[12]
ature magnetization and anisotropy of high-temperature permags)
nent magnets.

In conclusion, we have investigated how the Curie temper-

. o . - [14]

ature T, of rare-earth cobalt intermetallics is realized by in-
teratomic exchange. Electronic-structure calculations on Y—-Cgi5]
compounds have been used to analyze the leading transition-
metal contribution tdl'.. Compared with Y—Fe compounds, (1)
the interatomic exchange is stronger but exhibits a more rapid
decay with increasing distance and less pronounced oscillationﬁ.7
Further research is necessary to explore the consequences 01]
the existence of more two or more transition-metal sublatticeg18]
particularly with respect to the temperature dependence of the

» . . : 19
rare-earth and transition-metal sublattice anisotropies. [20}

[21]
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