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(Received 28 November 1994)

We report calculations of the noncollinear magnetic structures of YFe;; Mo, permanent-magnet
materials, using a novel variant of a spin-polarized tight-binding—linear-muffin-tin-orbital technique
allowing for local spin-quantization axes on each site and considering spin-orbit coupling. The ternary
YFe,-,Mo, compounds crystallize in the tetragonal ThMn;,, structure which can be stabilized only by
the partial substitution of Fe by an early transition metal like Mo. We show that the substitutional
disorder leads to canted spin structures at low Mo content (x ~ 1) and to spin-glass-like behavior at

higher Mo content (x ~ 3).

PACS numbers: 75.25.+z

In recent years the search for improved permanent-
magnet materials has been a very active field. A good
permanent magnet requires high Curie temperature, large
saturation magnetization, and large uniaxial anisotropy.
Fe-rich compounds of the type RFe;;— .M, (R =Y, Gd,
Nd, Sm; M =Ti, V, Cr, Mo) with the body-centered
tetragonal ThMn,, structure have a high potential as
permanent magnets [1—-11]. The addition of the metal
M is necessary to stabilize the otherwise unstable RFe;
compound. X-ray diffraction [1], neutron diffraction [2],
and Mossbauer spectroscopy [7] show that the M atoms
substitute preferentially for the 8i site of the iron in
the ThMn;, structure. Recent studies of YFe;,_,Mo,
show that the magnetization [8,9] decreases faster than
the Mossbauer hyperfine field [8,7] with increasing Mo
concentration. This may be due to the spin-glass-like
behavior which increases with increasing disorder due to
Mo substitutions. Such a phenomenon has been observed
for x =1 to 3, but not for x = 4 (Refs. [7,8]). It is
not clear why the sample with x = 4 did not show this
behavior. The standard electronic structure calculations
with a global spin axis fail to explain the observed
rapid decrease in the magnetization with increasing x
caused by spin frustration or noncollinear magnetism
[8]. Also, since these calculations are isotropic, they
do not give any information about the observed changes
in the magnetocrystalline anisotropy as a function of x
(Refs. [10,11]).

In this paper we present a calculation of the noncollinear
spin structure for supercells representing YFe;,_ Mo,
compounds with various degrees of disorder on the Fe
sites of the ThMn;, structure, based on a novel variant of
the spin-polarized tight-binding—linear-muffin-tin-orbital
(LMTO) method with local spin-quantization axes and in-
cluding an approximate description of spin-orbit coupling.
Our calculations show a considerable improvement over
the collinear results when compared to experimental data.
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Despite the undisputed success of the local spin-
density approximation (LSDA) in describing the itin-
erant magnetism in metals and alloys, the calculation
of noncollinear spin structures remains a challenge. In
recent years several attempts have been made to ex-
tend standard spin-polarized band-structure codes such
as the augmented-sperical-wave (ASW) or the LMTO
techniques to allow for different directions of the local
magnetic moments [12,13]. However, to date applica-
tions of these techniques have been restricted to systems
with only a few degrees of freedom, such as helical spin
structures or intermetallic compounds with frustrated an-
iferromagnetic structures. Recently, two of us have pro-
posed a novel approach based on the mapping of the
LSDA Hamiltonian onto a real-space tight-binding Hub-
bard Hamiltonian [14]:

H = Hband + Hexch + Hso’ (1)

where Hy,ng describes the nonmagnetic part of the band
structure, Hex., the magnetic exchange splitting, and Hy,
the spin-orbit coupling. The two-center tight-binding
Hamiltonian Hy,,q is constructed via a canonical trans-
formation from the self-consistent scalar-relativistic
LMTO Hamiltonian in the atomic sphere approximation
[15]. The formulation of the exchange part is based on
the assumption that the local exchange splitting Ay is
proportional to the local spin polarization,

Ay =Tipy, (2)

with an effective Stoner parameter /; for the band with
angular quantum number /, leading to

1 t
- E Z Ay Z XZ,-,ss’Cilms Cilms' » 3)

ilm ss’

Hexen =

where

X; = Dy azné{ 4)
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is the local Pauli_spin matrix &, referring to the local
quantization axis {;, rotated to a global spin axis (the D;,
are the rotation matrices at the site i, and m and s stand
for magnetic and spin quantum numbers). The ansatz
(3) for the exchange part of the Hamiltonian is based on
the observation that the proportionality (2) holds exactly,
with a universal value I, = (0.95 *= 0.015) eV for all 3d
and 4d metals (I = 2), if the local exchange splitting A
is defined in terms of the difference in the position of
the center of gravity of the spin-up and spin-down bands
[16] [for a general discussion of the mapping of the
LSDA exchange-correlation potential on Hubbard- (or
Stoner-)—type models, see, e.g., Anisimov, Zaanen, and
Andersen [17]; here we only note that in our case the
effective Stoner /; has to be identified with Hund’s rule
exchange]. The spin-orbit-coupling term is given by

Ho = > &6 Li, )

1
where ¢; is the spin-orbit-coupling matrix element cal-
culated with the self-consistent scalar relativistic wave
functions.

The self-consistent spin structure is then calculated us-
ing an iterative real-space recursion algorithm. Starting
with a random distribution of the local spin-quantization
axes ¢;, for each atomic site i the local spin-polarized par-
tial densities gf state n;,s(E) for spins parallel and per-
pendicular to ¢; are calculated using the recursion method
[18]. Integrating the n;, (E) up to the Fermi level defines
the updated local magnetic moment fi;;,,. In general, Lim
will have transverse components with respect to {; and the
new local quantization axis /! must be rotated into the di-
rection of the moment. The calculation is iterated until
the directions are stabilized and self-consistency accord-
ing to Eq. (2) has been achieved. The main advantage of
this technique is that in essence we calculate the magnetic
force that rotates the moment into the direction of easy
magnetization. Convergence is usually quite fast, except
when an almost collinear configuration is approached. In
this case, the force acting on the local moments is very
small close to equilibrium and convergence is slowed
down. The technique is also very useful in the absence
of competing exchange interactions because it immedi-
ately predicts the easy axis of magnetization and allows,
by repeating the calculation in the presence of a magnetic
field perpendicular to the easy axis, to determine the value
of the anisotropy constant without calculating very small
energy differences [19]. Here we concentrate on the non-
collinearity induced by the substitutional disorder, but it
is important to include the local anisotropies arising from
the spin-orbit coupling in the calculations.

The calculations have been performed for a periodically
repeated supercell containing 52 atomic sites (four formula
units or two ThMn;, unit cells). In a first series, Mo was
substituted only on randomly selected 8i sites (note that
in this case YFesMoy is again a fully ordered intermetal-
lic compound). In a second series, for x = 3 and x = 4
one Mo atom per formula unit was placed on an 8; in-

TABLE I. Absolute values of average local magnetic mo-
ments | z; | (in Bohr magnetons) in substitutionally disordered
YFe,,- Mo, alloys and magnetic moment @& per formula unit.
(a) Mo atoms are substituted only on the 8i sites; (b) Mo atoms
are distributed over the 8/ and 8; sites (cf. text). The results
given in the lines marked with an asterisk refer to the collinear
calculations (Ref. [8]); the results in the lines marked with a
double asterisk give the results obtained by Coehoorn (Ref. [3])
in the limiting cases of the ordered compounds.

(a)
ﬁt n
x Y(a) Mo(i) Fe(i) Fe(j) Fe(f) Theor. Expt.?
0** —0.39 — 232 226 1.86 24.1
1 -0.38 —0.58 228 2.09 1.61 18.7 23.7
1* =037 —-066 246 2.11 1.55 21.1
2 —-035 -043 227 194 1.55 10.3 14.2
2% =037 -0.53 228 201 1.62 17.7
3 —-030 -034 204 193 1.39 9.5 3.6
3*  —0.32 -—-042 2.03 1.89 1.50 14.0
4 -023 -0.23 - 1.52 1.02 8.9 1.7
4%  —0.27 -0.28 — 1.40 1.23 10.8
4*%%  —0.17 -0.21 - 1.34 1.23 8.9
(b)
m I
x Y(a) Mo(i,j) Fe(i) Fe(j) Fe(f) Theor. Expt.*
3 -0.12 =027 260 232 1.16 3.8 3.6
4 -0.16 -020 215 239 1.04 2.8 1.7

“Reference [8].

stead of an 8i site. The local spin-polarized density of
states, local moments, and spin splittings are calculated
self-consistently on all 52 sites, using 25 recursion steps
for d states and nine recursion steps for s and p states. The
results for the absolute values of the local moments (aver-
aged over the crystallographically equivalent sites) and for
the average moment per formula unit are given in Table I.
If the Mo atoms occupy only the 8 sites, we find a re-
duction of the calculated macroscopic magnetization com-
pared to the collinear case, whereas the absolute values
of the local moments are only little affected. This reduc-
tion is 12% for x = 1, 40% for x = 2, and 30% for x = 3,
whereas for x = 4 a collinear configuration is retained as
expected. This means that for larger Mo content these cal-
culations do not reproduce the observed reduction of the
magnetic moment. If for x = 3,4 one Mo atom per for-
mula unit is placed on one of the 8; sites, the macroscopic
magnetization drops dramatically and is now in very good
agreement with experiment. That the calculations under-
estimate the global magnetization for x = 1 and x = 2 is
probably a consequence of the small size of the super-
cell: In the real alloy, the Mo contents of the unit cells
fluctuate so that the strong disorder effects in those with
x = 1 and x = 2 will be averaged out against the absence
of disorder in those with x = 0 and the weaker disorder in
those with x = 3, as long as Mo occupies only the 8i sites.
Occupation of the 8 sites occurs only for high global Mo
concentrations. It is important to emphasize that, although
due to the disorder the global magnetization is strongly re-
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duced, the local magnetic moments are even increased on
the 8i and 8, Fe sites and only slightly reduced on the 8f
Fe sites. The negative moments carried by the Y and Mo
atoms are induced by the strong covalent coupling of the
Y and Mo d bands to the minority-spin band of Fe. The
Y and Mo local moments are also only weakly affected
by the disorder. Hence the reduction of the magnetiza-
tion results from the disorder in the directions of the local
moments.

This is illustrated in Fig. 1 where we show in the left col-
umn the distributions of the absolute values | z&; | of the lo-
cal moments and in the right column the orientations of the
local moments in the form of a vector model. Figure 1(a)
refers to the case where Mo atoms substitute only on the
8i Fe sites, and Fig. 2(b) to the case where substitution oc-
curs on the 8i and 8; Fe sites. The mechanism leading to

(@

YFegMo,

number of moments (arbitrary units)

absolute value of
magnetic moment(pg)

FIG. 1.

the formation of noncollinear spin structures lies in a com-
petition of ferromagnetic and antiferromagnetic exchange
interactions. In the YFe;;_,Mo, compounds, the Fe-Fe
nearest-neighbor distances dre-re vary between about 2.38
and 2.65 A. In such a case, the Fe-Fe exchange interac-
tions as a function of distance follow a Slater-Néel curve
with a zero close to dre-re ~ 2.45 A. It has been pointed
out [20] that the existence of strong antiferromagnetic Fe-
Fe exchange interactions is important for the height Curie
temperatures and large anisotropies of the YFe|,—, M, and
the closely related Y,Fe;; compounds. Collinear ferro-
magnetic ordering is possible only if the antiferromagnetic
coupling is locally outbalanced by stronger ferromagnetic
interactions. For YFe; 1Mo, we find that most moments
are concentrated along the z direction; only two Fe(8;) mo-
ments are oriented almost perpendicular to the preferred di-
rection. For YFe;(Mo,, the moments fan out in a wide an-
gle, and again we observe in the vector model a preference
of some Fe moments for an orientation in a plane perpen-
dicular to the direction of the global magnetization. This
is even more pronounced in YFeqMos; (and Mo on the 8
sites only) where the eight Fe(8;) moments lie in pairs in a
plane perpendicular to the other Fe spins which show only
a slight canting from the easy axis. This is the classical so-
lution for antiferromagnetic moments in an almost uniform
field resulting from the other Fe atoms. YFegMo, is again
a simple collinear ferromagnet (that our figures still show
some canting is an artifact: we start from a completely ran-
dom spin configuration, and to arrange all spins exactly
parallel would require extremely long computer runs). If
one Mo atom per formula unit is put on the 8; sites, the

(b)

YFegMo,

number of moments (arbitrary units)

b

0 1 2 3
absolute value of
magnetic moment(py)

Distribution of the local magnetic moments in disordered YFe;—,Mo, alloys. Left column: distribution of the absolute
values | &; | in the form of a histogram [full line, Fe(8i) and Fe(8;); dashed lines, Fe(8f)].

Right column: Vector model

representing the orientations of the local moments. (a) refers to Mo substitution on the Fe(8i) sites only, and (b) shows the case

where one Mo atom per formula unit was placed on an 8; site.
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character of the spin structure changes [Fig. 1(b)] com-
pletely: YFeoMo; now shows spin-glass-like behavior of
the Fe moments, whereas in YFegMo, the Fe moments are
arranged in a (x, z) plane with a strong antiferromagnetic
component in the exchange interactions. Hence the calcu-
lations show not only that the substitutional disorder can
lead to the formation of noncollinear—in the extreme case
almost spin-glass-like—spin structures, but also indicate
that the character of the anisotropy changes from uniax-
ial to planar with higher Mo contents. In principle, the
anisotropy can be calculated quantitatively by repeating
the calculations in applied fields of varying strength and
varying geometry. However, this will require a very high
additional computational effort.

In summary, we have performed first-principles
self-consistent noncollinear spin-polarized electronic
structure calculations for a permanent-magnet material
YFe ;- Mo, with a fairly complex disordered structure,
and the results explain reasonably well the observed
spin-glass-like behavior and the change in the magne-
tocrystalline anisotropy as a function of x.
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braska is supported by the U.S. Department of Energy
under Grant No. DE-FG2-86ER45262 and the National
Science Foundation under Grants No. INT-91-23488 and
No. OSR-925525. The cooperation has been supported
within the framework of the Memorandum of Understand-
ing between the National Science Foundation (U.S.) and
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FIG. 1. Distribution of the local magnetic moments in disordered YFe,, Mo, alloys. Left column: distribution of the absolute

values | &, | in the form of a histogram [full line, Fe(8i) and Fe(8;); dashed lines, Fe(8f)]. Right column: Vector model
representing the orientations of the local moments. (a) refers to Mo substitution on the Fe(8i) sites only, and (b) shows the case
where one Mo atom per formula unit was placed on an 8; site.
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