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Magneto-optical effect in the weak ferromagnets LM O3 (M = Cr, Mn, and Fe)
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It is shown that antiferromagnetic spin order coupled through the spin-orbit interaction with the lattice
distortion can lead to a nonvanishing ferromagnetic component of the orbital magnetization and strong optical
nonreciprocity in transition-metal perovskite oxides with orthorhombic structure. This magneto-optical effect is
expected to display very peculiar orientation dependence and disappears for particular directions of the anti-
ferromagnetic spin magnetization. Based on the first principles band structure calculations, elements of the
conductivity tensor relevant for this phenomenon are evaluated for the seried/dd4{ axides withM =Cr,

Mn, and Fe[S0163-1827)06513-3

Magneto-optical properties of various compounds have _ £ Er
been a subject of very intensive study for the past couple of ~ Li,p=— > S Imf dETr {L,G{LsGi}, (2
decades due to their potential applicability in the technology Te==1 o
of high density data storage. Traditionally, the range of ma-
terials considered in this field was essentially restricted tavhereG;; is the site-diagonal block of the scalar-relativistic
ferro- and ferrimagnets. For the conventional antiferromagGreen’s function with the spis, L, are Cartesian compo-
nets, the magneto-optical effect is averaged out as a consgents of the angular momentur,is the spin-orbit interac-
quence of the time-reversal symmetiy)( though destroyed tion (SOI) parameter, and Trruns over the orbital indices.
microscopically, but restored on the macroscopic scale. The simplest example whesandM| can be noncollinear
However, for several classes of the antiferromagri@feM) s 5 ynjaxial specimen. Thed! is defined by its longitudinal
compoundsT remains broken macroscopically, suggesting a(ﬁ‘i‘) and two transversalL("L) diagonal matrix elements and

nonreciprocity in optical phenomendBroad interest in this Eq. (1) becomes cob=(sino-+r co20)/(sinko+r2co2e)2
problem has been attracted recently in connection with spon- " i :

= _ i | . . . .
taneous violation off predicted by so-called anyon models wherer =L, /L is the anisotropy of the orbital magnetiza-
of high-T. superconductivity and discovery of the nonrecip- tion. If r # 1, spin and orbital magnetic mpmenis a:re collin-
rocal optical effects in magnetoelectric £¥;.2 ezirggyly In tfhe h.h'ﬁh symmetay dlrehcnons?—g and

One of the modes of violation in antiferromagnets gives g_ t', or:je OtWtI‘IlC correspofn s 1o td? glroun statte con-
rise to the phenomenon of the weak ferromagnetissoch guration due to the energy ot perpen .:z,::u ar magnetocrys-
breakdown is quite typical for many distorted perovskitetalllne anisotropy(MA) proportional to sifg. More gener-

transition-metal oxide§Intuitively, the relationship between aly: the collinear alignment oé and M__is realized when
weak ferromagnetism and nonreciprocal optical behavior ighey are parallel to the principal axes 6f. This picture is
straightforward: the net magnetic moment results in the faknown and has been considered recently in the context of
mous Faraday and Kerr rotations, but the effect is believed t90th magneto-optical propertieand magnetic circular x-ray
be small and proportional to the “weak” ferromagnetic dichroismt® of uniaxial compounds.
magnetization. However, such an intuitive picture is very  If a crystallographic cell contains several formula units,
incomplete. In the present work we show that local noncoltwo factors might become additionally importat; orien-
linearity between spin and orbital magnetic moments protational modulation, which makes the local directions to be
posed recentfy’ for the ground state of compounds with different for different magnetic sitegji) interatomic spin
relatively low symmetry is the crucial aspect of optical non-coupling, which forbids independent rotation of each spin
reciprocity in the weak ferromagnets. magnetic moment. Then, the collinearity condition between
First, we propose a simple scenario of this noncollinearitye and M, , though existing locally for individual magnetic
stressing the local environment of magnetic sites and intersite, cannot be preserved globally for the lattice built by such
atomic spin coupling. Generally, the orbital magnetic mo-sites leading to the noncollinear alignment between spin and
ment at the sitd is related with the direction of the spin orbital magnetic moments in the ground state.
magnetization e= (sind cosp,sind sing,cosé) as M! =Lie Both factors are present in the antiferromagnetic insula-
and canted frone by the angle tors LaM O3 with M= Cr, Mn, and Fe. All of them have the
orthorhombicD3! structure characterized by substantial ro-
tations ofMOg octahedra relative to each other kind of
cost = (e, Lle)/(LieLlie)t? (1)  “orientational modulation’) and show strong Heisenberg
coupling between spin magnetic moments leading to the
AFM spin ordering ofA type whenM= Mn and G type
L' can be found through the real space exparisibom  whenM= Cr or Fe(Fig. 1). The noncollinearity of the spin
which we hold only the local term: magnetic moments, arising from the antisymmetric
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FIG. 1. Orientation of theVilOg4 octahedra in two neighboring
ab planes. Directions of the spin magnetic moments in LaMnO
and LaFeQ are shown by black and white arrows.

Dzyaloshinsky-Moriya(DM) exchange interaction, is sup-
pressed by the strong Heisenberg t&thThus, as a guide-

line for numerical calculations we employ a perturbative ap

proach starting from the collinear spin arrangement.

Using the LMTO-Green'’s function technique based on

the local-spin-density approximatidhand experimental pa-
rameters for the crystal structuteé*we estimatel’ charac-

terizing the distribution of the orbital magnetization at the
transition metal sites. Results are shown in Table I. Since
inversion is only one local symmetry operation associated

with the transition metal site, all elements©fare generally
nonvanishing. The relative orientation®andM| has to do
with atomic Hund’s third rule:¥ is close to 180° ¢ and
M| are antiparallgland 0° € andM, are parallel for the
less than half- and more than half-filledd 3states in
LaCrO; and LaFeQ. In LaMnOs, which has the nearly

TABLE I. Local effect of the SOI on the orbital magnetization
developed at the transition metal site: matfik given by Eq.(2)
relative to the orthorhombic axes b, andc (in ug), and corre-
sponding range of variations for the angles bethfmandMiL given
by Eqg. (1) (in degrees

M Zi “Pmin/\lfmax

Cr —0.0377 —0.0043  0.000 174
—0.0043 —0.0396 -0.0011 180
0.0002 —0.0011 —0.0404

Mn —0.0027  0.0102  0.00 0
0.0102 —0.0112 -0.0027 180
0.0006 —0.0027 —0.0021

Fe 0.0499 —0.0002 —0.000 0
—0.0002  0.0527 —0.0026
—0.0006 —0.0026  0.050
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half-filled 3d shell and largely distorted crystal structure,
¥ varies in the whole interval from 0° to 180°.

In order to obtain the net orbital magnetic moment given
by the averaged matrik=3"_, £ we note that each of the
four formula units inD3% can be generated from that at the
origin, sayi =1, by the symmetry operationét) {E|0}, (2)
{Cyqlai2+b/2}, (3) {Cyplar2+b/2+c/2}, and (4) {C, | c/2}.

In the notation{p|t}, p is the point group operation,is the
translation, and &, is the 180° rotation around the ortho-
rhombic axisa (a=a, b, andc).

A straightforward application of these symmetry opera-
tions to Eq.(2) in the case of ferromagneti&M) spin or-
dering yields

L, 0 0
R 1
LF: 4 O Lbb 0 , (3)
0 0 L&

as expected for the orthorhombic compound.

For the AFM spin ordering oA type, the symmetry op-
erations(3) and(4) appear in combination with permutation
of the spin indicess— —s in the scalar-relativistic Green's
function. Then,

0 O 0
R 1
£A=4 O O EbC , (4)
0 L& 0
and the net orbital magnetic moment isM_

=4(0,LL.cosh, Ll sindsing). Therefore, M, |lc for dlb,
M _||b for €|c, andM =0 for €|a.

Similar calculations for theés-type AFM spin ordering,
when the symmetry operation®) and (4) are conjugated
with s— —s, give

0 0 £l
£, 0 0

and M =4(LL cos9,0,L% sind cosp). Then, M| |c for €a,
M ||a for é|c, andM =0 for €|b.
The operations— —s does not change the MA energy

Ewa= (e 7€),Y” which is an even order effect with respect to

the SOI. Thereforer has the same form a&" both for FM
and AFM spin ordering, and the easy magnetization direction
is one of thea, b, andc.

Thus, using the symmetry arguments based on the local
picture for the SOl we have shown that even when the spin
magnetic moments are aligned antiferromagnetically, the or-
bital magnetization can exhibit a nonvanishing ferromagnetic
component either in thbc plane or in theac plane depend-
ing on the type of the spin ordering. This effect coexists with
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TABLE II. Initial spin magnetic configuratio, induced orbital

magnetic configuratioh, angle between spin and orbital magnetic 17 1
moments in theV (3d) states¥ (in degreey and the one-electron
magnetic anisotropy enerdi,, (in 10~° Ry per formula unit mea-
sured from the most stable configuraticss obtained in the first
principles band structure calculations.
M S L ¥ Ema

G, r, 173 0.29 .
Cr Gy r, 172 0.02 :U,

G r, 176 0 =)

Aa r 97 2.98 =
Mn Ay r, 134 0 g

A Iy 95 271 ‘€

= 3 ,
a r, 1 0

Fe Gy ry 2 0.49 0 b ]

G I, 3 0.71

-1t

the antisymmetric DM exchange interaction. Both of them -2 LaFeO, (G)
disappear in a higher symmetry. For example, tilting of 3t . . ‘ ‘
MOg octahedra is a necessary condition for the DM 0 1 2 3 4 5

interaction’® Without it, two neighboringab planes shown
in Fig. 1 become equivalent and the symmetry operan

transforms tqCy|0}. Then, Lac= ﬁéa.: Lie= Eéb:O and we FIG. 2. Antisymmetric part of the conductivity tensor obtained
haveM =0 always for the AFM spin ordering. for different magnetic configurations in MO3: I'; (dot-dashey
Appearance of the net orbital magnetization directly af-r, (gasheg I'y (dotted, andT', (solid). AFM spin configuration
fects the propagation of polarized light in the medithn. ysed as a starting point is given in parentheses. Results for the FM
Considering the polar Kerr effect, proportional to the anti-spin ordering in LaMnQ are shown in the inset.
symmetric component of conductivity tensefw),*"*Erota-
tion of the polarization vector of linearly polarized light can
be observed in the direction fore|b(a), in theb(a) direc-  pjtude of a magnetic moment ardF is the weak FM
tion for €|c, and the magneto-optical effect is prohibited component. For LaMn@ where MT~3.7u5 and
when gla(b) for the antiferromagnetic spin ordering of MWF~0.1ug,%* it gives MWF/MT<0.03. Canting of the
A(G) type™ orbital moments renormalizes the magnitude of the magneto-
Finally, we turn to the first principles calculations where gptical effect dramatically. In LaMn@ the ratio of
we fix e sequentially alonga, b, andc directions of the  |m[s*(w)] obtained for theA-type AFM spin ordering with
orthorhombic cell and evaluate the responding band structurg|p to the one for the FM spin ordering witc is only
after inC|Udin92030| as a pseudoperturbation in the ASA-aghout 0.5 atw~4 eV. Thus, we expect essentially no differ-
LMTO method™ We would like to stress again that while ence in the magnitude of the magneto-optical effect in the
initial arrangement of the spin magnetic moments was totally,ormal FM and the weak FM states inM& . If the former
collinear, the obtained distribution of the orbital magneticis reachable for various ferromagnetically ordered films of
moments(Table 1) is noncollinear and, depending on the e hole-doped LaMn@?* experiments for the antiferro-
interatomic spin coupling and direction of the spin magneti-nagnetically ordered compounds are highly encouraged.
zation, belongs tl% one of the four types compatible with the 1he analysis of the MA energ§Table 1)) shows thal’, is
space group Dz, (Ref. 4: T'1(Aa=Gp—=Cd, TI'2(Fa  the lowest energy configuration in LaMnCand LaFeQ.
—Cp—Gy), T'3(Ca=Fp—Ay), andl'y(G,— Ap—F).* Thus the nonreciprocal optical rotation is expected in¢he
Then, the calculation of the interband optical conductivity girection for both compounds. In LaCeOtwo low energy
is a matter of routiné® The diagonal part ofr(w) for the  configurations', andT'; are nearly degenerate. If the FM
series of LM O3 has been discussed in Ref. 23. The anti-component along is allowed inI',, I'; structure is totally
symmetric component”(w) is shown in Fig. 2. For all AFM and excludes the magneto-optical effétt.
compounds the main structure ef\(w) around 4 eV corre- To summarize, the noncollinear magnetic ordering im-
sponds to the charge-transfer excitations )2 M (3d). It posed by general symmetry rules has a different manifesta-
is instructive to compare this effect in the weak FM and in ation for the spin and orbital counterparts. Even if the spin
saturated state where the spin magnetic moments are alignedncollinearity is suppressed, the orbital magnetic moments
ferromagnetically. A naive estimation for the reduction of can remain noncollinear. Appearance of the net orbital mag-
o) in the weak FM state based on the assumption thanetization in the regime of weak ferromagnetism leads to the
the orbital magnetic moments always rigidly follow the spin optical nonreciprocity which can be as large as in conven-
ones might be the order &1 WF/MT, whereM T is the mag- tional spin ferromagnets. This is the new example of the

Photon Energy (eV)
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