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Noncollinear spin states and competing interactions in half-metals
and magnetic perovskites
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The high-field spin structure of magnetic perovskites and related magnetoresistive materials is
investigated by model calculations. Competing exchange as well as real-structure-dependent
random field, random anisotropy, and Dzyaloshinskii—-Moriya interactions yield a noncollinear
magnetic structure that may be called a spin colloid. The noncollinear structure, which contributes
to the zero- and finite-temperature spin mixing and reduces the magnetoresistance, is strongly field
dependent. @005 American Institute of PhysidDOI: 10.1063/1.185141]2

I. INTRODUCTION mate for magnetic and anisotropic forces, as compared to

The spatial maanetization distribution or spin structure iSelectrostatic forces. For example, typical susceptibilities are
P g P f the order ofa? because they reflect the competition be-

of crucial importance for the magnetoresistive behavior o . N .

X . : tween magnetic and electrostatic interactions.
perovskites and related materials, such as half-metallic ferro-
magnets. Typical experiments are performed in high mag-
netic fields, where the spin state is close to saturation and thg Hejsenberg exchange
magnetoresistive behavior approaches that of ideal
half-metallics>? In low fields or at remanence, the same  Heisenberg exchange is a relatively strong interaction
samples exhibit huge drops in band polarization, as observe®df electrostatic origin and has the familiar structure
for NiMnSb>* This deviation from perfect spin alignment J(Ri~Rj) S$S5=J; §S;. It is isotropic so that uniform spin
results in spin mixing and negatively affects the magnetorefotation does not change the exchange energy, even if the
sistance of half-metallic ferromagnéts. system is noncubic. For example, layered structures tend to

The materials of interest tend to exhibit a subtle compe&xhibit bond anisotropy, that is, intra- and interlayer ex-
tition between ferromagneti¢FM) and antiferromagnetic changes may be d|fferth,buF the exchange does not de-
(AFM) interactions, specifically in the vicinity of charge- pend on whether the magnetization is in plane or normal to
ordering transition. In addition, in some half-metals thelayers. _ _ _
there exist incommensurate spin stafesf similar origin. 'On a continuum level, the anisotropic exchange is de-
The situation is further complicated by the simultaneousScribed by
presence of random magnetocrystalline anisotropy and
Dzyaloshinskii-Moriya (DM) interactions at the grain Eex:ff‘](r —r')M(r)M(r’)dvdV, (1)
boundaries. Here we use a generalized nhanomagnetic or “mi-
cromagnetic” approach to study the field dependence of thas compared to the more familiar expressigh(VM )%dV.

magnetization. Fourier transformation diagonalized(r-r’) and yields
terms of the typel(k), as compared ték?2. Noncollinear or
Il. ENERGY CONTRIBUTIONS incommensurate spin states then correspond to a minimum

of J(k). Examples are the helimagnetism of elemental rare-

The key to the understanding of noncollinear spin strucearth metald? characterized by & vector parallel to the
tures is the relativistic classification of the underlying axis, and the spin structure of some semi-Heusler alloys,
mechanism&® The starting point is the Pauli expansion of where thek vectork, is given by the intercept of transverse-
the Dirac interaction in terms of the electron veloaityec,  optical phonon and magnon modes.
wherea=4me £2/fic~1/137 is Sommerfeld’s fine-structure Note that the bond anisotropy described in Eg.must
constant” For example, expanding the free-electron energynot be confused with the proper exchange anisotropy involv-
mc®V1+v?/c? yields the rest energy micthe electrostatic ing exchange constant,, Jy,, andJ,, rather than the iso-
energy my/2, and the lowest-order relativistic correction tropic constants. The latter anisotropy is a small relativistic
(a/2)? mv?/2. In the magnetic analogy, the last contribution correction to the isotropic exchange and will be neglected.
describes, for example, magnetostatic interactions and mag-
netocrystalline anisotropy.

Subsequent terms in the expansion differ by factors of: Relativistic interactions

2— ig i i i . .
the order ofa®=1/137. This is an order-of-magnitude esti- Second-order magnetocrystalline anisotropyas ex-
ploited permanent magnets and magnetic recording media, is
¥Electronic mail: rskomski@unlserve.unl.edu of the typeX. .5 K, M, Mg, whereK 4 is a 3X 3 spin-space
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2
E :f {A(r)[V(M/MS)]ZK(r)[r](Ir\A#] - uoMH }dv.

S
(o) @
Here A(r) is the local exchange stiffnesk,;(r) is the first
uniaxial anisotropy constant, amdl is the external magnetic
field. Minimizing and linearizing Eq(3) for a fieldH=H e,
(a) (b) yields

FIG. 1. Simple real-space illustration of Dzyaloshinskii—MorizM) in- _ 2m + + 1 -
teractions:(a) nonzero interaction in magnets with low symmetry gbg AVm +Kym HoMsHM Ky(ra(r). (4)
absence of DM interactions for crystals with inversion symmetry.

As explained elsewhefe'* the derivation of this equation
anisotropy tensor. Another relativistic contribution is the DM exploits M (r)=MJm(r)%e,/2+Mm(r) and n(r)=a(r)?n,/2
interaction +a(r).

Hom = - 33;D;;SS;- ) Note that Eqs(3) and(4) ignore the field dependence of

the atomic magnetic momentsgl;=Mg(H). In magnetoresis-

In an itinerant description, the vect@; is proportional to  tive oxides, this effect is not necessarily small, but the
(Ri-Ro)(Rj—R,), whereR, is the position of the not neces- change is parallel to the external field and has no lowest-
sarily magnetic atom that mediates the interactibio be  order effect on the relevant perpendicular magnetization
operative, the DM interaction requires local environmentscomponent.

with sufficiently low symmetry(absence of inversion sym- Equations(3) and (4) apply to simple ferromagnets but
metry). It occurs, for example, in some crystalline materials,are easily generalized to the present materials. First, to de-
such asa-Fe,0; (haematits, in amorphous magnet§,and  scribe competing exchange, the exchange-stiffness term in
in spin glasseg'.lz’BThey are also encountered in magnetic Eq. (4) must be replaced by an integrfl(r —r’) m(r’)dV'.
nanostructured! where they have recently been discussed inSecond, both the source or force teftn)=K,(r) a(r) and

a different context” the “effective-anisotropy” termK(r)+u, M(r) H/2 be-

Figure 1 illustrates the physical origin of the DM inter- come more complicated. In particular, there is a random DM
action. In solids with low symmetry, Fig.(d), the hopping  or spin-canting contribution té(r).
electrons are able to benefit from the spin-orbit interaction in  Adding the contributions discussed in Sec. Il yields the
triangular configurations, thereby establishing a well-definegjeneralized linear micromagnetic equations
axial vectorD;; perpendicular to the plane of hopping. In L
crystals with inversion symmetry, Fig(H), the correspond- . N AN 4 _
iné DM contributions ca?wlcel by){sym?nefr@A major erf)“fect I =rHm(r)dv’ +Qm + ZMOMSHm =fm, ©
of the DM interaction isspin canting Due to the relativistic
nature of the DM interaction, typical canting angles areVhere
small, of the order of 0.1°, but they are easy to measure in K,,-Ko K
structures whose underlying nonrelativistic spin structure is Q=< K
antiferromagnetic(This yields the small net moment of so-
called weak ferromagnets, such asFe,0;.) The relative gnd
importance of DM interactions is particularly pronounced in
the vicinity of FM-AFM and other exchange-related transi-
tions.

The magnetostatic self-interactiofield is of relativistic _ » .
origin, too. In inhomogeneous magnets, it is obtained b))-|ere the summanon ovqannclud_es all n_elghbors of the atom
Fourier transformatioh’ and for strong magnetic fields, the 2tfi that contribute to the DM interaction.
structure of the term ik ®k/k?. Compared to exchange,

Ak?, magnetostatic interactions do not vanish ksx0, so

that they are important on mesoscopic and especially macr@®. Approach to saturation

scopic length scales* Aside from thek dependence, the
magnetostatic self-interaction term is very similar to the
magnetocrystalline anisotropy, so that we incorporate it int

< ) (6a)

Xy Kzz_ Kyy

1
F= K+ Ky + SMES (D8~ D 8y). (6b)

Equations(5) and (6) describe the high-field spin struc-
ture of the magnet. Assuming thHlt is large, we can solve
0Eq. (5) by series expansion. For strong fields, the leading
interaction is of the typel(r-r’')+h &(r-r’)/2, whereh
11l. CALCULATION AND RESULTS ~H. Since the addition of a unit operat@r —r’), does not
change the eigenmodes of an operator, the noncollinearity of
the magnetization state is given by the eigenmoded(iof

Kap:

A. Basic formalism

For well-textured hard-magnetic materifishe local —r’). If the exchange was ferromagnetic, the eigenmodes
magnetizationM (r) is obtained by minimizing the micro- would be plane wavespin waveg and the spin structure
magnetic energy function&l would be ferromagneti¢k=0) with some random nanoscale

Downloaded 05 Sep 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



10C305-3 Skomski et al. J. Appl. Phys. 97, 10C305 (2005)

[ ] h=DJ/2, then the saturated or aligned state becomes un-

2 stable, and the magnet’s spin state switches to a true nonlin-
5 ) ear noncollinear state.

o '

50

‘a; IV. DISCUSSION AND CONCLUSIONS

One reason for the complicated spin structure is the non-

diagonal character d@ in Eq. (6a). In terms of Fig. 2, spin

o (arb. units) colloids exhibit a mixing of then, andm, components. The

details of the modulation of the noncollinear spin structure

FIG. 2. Typical transverse magnetization modiée spatial coordinate,is  are complicated and depend on factors such as the involved

measured alongo/ko). Recall thatM,(r) =MJ1-m,(r)2-my(r)?* materials parameters and the size and geometry of the grains.
A simpler but explicated treated case is antiferromagnets

modulation due to random local anisotrofk>0). In anti-  with random anisotropy, wherk,==/a and D;; =02° Note

ferromagnets, the presence of sublattlces slightly complicategat them,— m, mixing is not visible in Eq. (7) due to the

the structure of Eqg(3) and (4)." projection onto twaok-space modes.

In general, the eigenmodes & —r’) are incommensu- In summary, we have investigated how competing inter-
rate, that is, the wave vectdr, does not correspond to an actions affect the spin structure of half-metallic ferromag-
integer multiple of the lattice constant. Figure 2 illustratesnets. Our generalized micromagnetic approach reveals that
this point by showing the magnetization componeptilong  competing exchange interactions vyield difficult-to-suppress
ko/k, The main oscillation reflects the competing exchangewave-vector-dependent modulations of the spin structure. In
J(r-r’), whereas the noise is due to DM and other randomaddition, there are small random anisotropy and

contributions. Dzyaloshinskii-Moriya noncollinearities at the grain and
phase boundaries. These noncollinearities lead to spin-
C. Two-mode description colloidal behavior and open a harmful second spin channel in

_ half-metallic ferromagnets.
In k space, the whole spectrum kfvalues is necessary

to explain the spin structure of the system. A semiquantitaACKNOWLEDGMENTS

tive solution is to restrict the consideration to the most im- This work is supported by NSF-MRSEC, NRI, and
portant wave vectork=0 andk=Kk,. Projecting the prob- ~nra ' ’
lem onto the two modes yields the equations
<f> /. Yu. Irkhin and M. 1. Katsnel'son, Phys. Us87, 659 (1994).
my=————— (7a) 2p_ A. Dowben and R. Skomski, J. Appl. Phy85, 7453(2004).
h+AJ/2 3Ch. Hordequin, E. Lelievre-Berna, and J. Pierre, Physic2®, 602
(1997.
and “C. N. Borcaet al, Phys. Rev. B64, 052409(2001).
f °R. Skomski and P. A. Dowben, Europhys. LeB8, 544 (2002.
M. = 0 (7b) ®Spin Electronicsedited by M. Ziese and M. J. Thornt¢Springer, Berlin,
° h-AJ2° 2001).

P. A. Dowben and R. Skomski, J. Appl. Phy83, 7948(2003.

Here (m) and (f) are the transverse-magnetization and °R. Skomski and J. M. D. CoeyPermanent MagnetisrilOP, Bristol,
][andom forcr? volurlne avefrarg‘;emo anl? fo~J explikqr) h géaggsiomsku J. Magn. Magn. Mate272-276 1476(2004.
(r)dV are the amp itude of the noncollinear mode and t €9, Jones and N. H. MarcH heoretical Solid State PhysicgWiley, Lon-
corresponding Fourier-transformed inhomogenity, and the don, 1973.

. . . . . 11 : :
(positive) eigenvalue differencAJ describes the relative sta- A Kaﬁ*&?gf- Sk?\;lﬂsk'é g-zgoz?ggggnovy S. S. Jaswal, and D. J. Sell-
L . myer, rans. Magn39, .
bility of thg noncc::llnearhStatE' li h 12K, Moorjani and J. M. D. CoeyMagnetic Glasse¢Elsevier, Amsterdam,

Equation(7) shows t at the noncollinear exc ange)) 1984).
suppresses ferromagnetic excitatidias but enhances and *k.-H. Fischer and A. J. HertSpin Glasse¢Cambridge University Press,
stabilizes the noncollinear mode. In a very large positive,, Camb”dge 1991

R. Skomski, J. Phys.: Condens. Mattes, R841(2003.
field, both(m) andm, approach zero, that i#), approaches 15 M. Sandratskii, Phys. Rev. B4, 134402(2001.

saturation. With reduced field strengthy both volume- A detailed proof requires careful summation over all pairs of neighbors

averaged random forceéf), and random-force projections 1Whlle taking into account thad;=-Dj;.

onto the chiral mode‘o tend to destabilize the ferromagnetic A. Michels, J. Weissmidiller, U. Erb and J. G. Barker, Phys. Status Solidi
’ o . A 189 509 (2002.

state. However, due to the opposite sign of Mkecontribu- 18 £ Brown, MicromagneticsWiley, New York, 1963.

tion, the incommensurate mode is more enhanced, and wheéfs. Richter and R. Skomski, Phys. Status SolidilB3 711 (1989.

Downloaded 05 Sep 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



