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Why spin excitations in metallic ferromagnetic manganites are isotropic
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We consider thé¢-J model for doped manganites, and show that double exchange for correjattattrons
favors in the ferromagnetic metallic phase an orbital ligliie., orbital-disorderedstate. Therefore the spin-
wave stiffness igsotropic andincreaseswith hole dopingx, providing a direct measure of the kinetic energy
«x of strongly correlatedgy electrons. The superexchange interactions, which stabilize orbital order at low
doping, are frustrated in the orbital liquid and only reduce the stiffness constant, leading to a quantitative
explanation of the magnon dispersion.
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Strong Coulomb interactions in transition-metal oxidesobserved in the FM metallic manganite¥ best exemplified
are responsible for numerous fascinating phenomena. Thdwy the isotropic spin waves in kaPh, ;MnO;.1
suppress charge fluctuations in the Mott-Hubbard insulators, In this paper we investigate the microscopic origin of the
and replace them by superexchani§&) interactions. While isotropic magnetic properties of the FM metallic
these interactions are antiferromagnéf&) when they fol- manganites?*® and demonstrate that orbital fluctuations
low just from the Pauli principle for a single orbital, they play a prominent role in this phase, stabilizing an isotropic
have a richer structure when degenerdterbitals are in-  orbital liquid (OL) phase with disordered orbitals. Thereby
volved, as in cuprates or manganites. It is evident that irwe consider(i) why the FM metallic phase ierbital disor-
such situations the orbital and spin degrees of freedom hawéeredin a system which seems to have such a strong ten-
to be considered on equal footih@nd the SE interactions dency towards orbital ordering, an@d) what the physical
are highly frustrated even on a cubic lattice. This was reimeaning is of theincrease of the spin-wave stiffnessth
cently recognized as the origin of interesting quantum effectéiole dopingx (Ref. 14. In addition, we show that the SE
both forey andt,, electrons: However, in undopee, sys- ~ cannot be ignored, and that it reduces the spin-wave stiffness
tems such frustration is likely removed by the Jahn-Tellerconstant down to experimental values.
(JT) effect, which leads to a structural phase transition and We study the manganiteJ model
stabilizes orbital ordering. The best example is undoped

LaMnO; with A-type AF spin order which coexists with or- Hyy=H+HS+H}+Hp, (1)
bital order’* and can be understood only as a superposition
of the cooperative JT effect and the SE. derived for strongly correlateel; andty, electrons at MA™

The theoretical understanding of doped manganese oxid?mnu) ions in thetg e -5E (tg -4p,) state determined by
9%9- 9

La,_xAMnQ;, with A=Sr,Ca,Pb, is among the most chal- |y nyg ryle, Model(1) includes the kinetic energy in the
lenging current areas of research in condensed-matter phygz | H,) describing the DE atl—o 15 the SE which fol-

iC.S‘ Experime_ntal_ studies have revga_lled their rich phas%ws from virtual charge excitations due ég (H3) andt,
diagrams’ originating from the competition between charge, Yy electron hopping at large)>t, and the intersite %T
spin, and orbital degrees of freedom. Charge fluctuations ar.g_|J '

: ._interaction Hyy).
thereby partly suppressed by the large Coulomb interactioff! AR . .
U=5.9 eV (Ref. § between twoe, electrons on the same The kinetic energyH, describes the electron hopping

ion. In addition, the Hund’s exchangk,~0.7 eV couples =0.41 eV(Ref. 6 between pairs of directiona, orbitals

the s=1/2 spins of thegy electrons strongly to th&=3/2 |£:>J> ;’”eg‘te:f' 2a|orzlg tr:je&igdividl;al l_)_ondgf,ij ) ir.]e., |§b>'
core spins of the,, electrons, resulting in largs=2 spins X%, 3y"—r?, and "% for (ij) along the cubic
of Mn3* ions. When LaMnQ is doped, holes that are cre- 2XiS @=a, b, or ¢, respectively(we denote by¢) the or-

H 2__ 52 2__ 2 2_\,2 H
ated iney orbitals can move but only when all spins are thogona[ orbitaleey”—27, z°—x", andx Yo respeqtlvely,.
parallel, as explained by the double-exchang®E) perpendicular to the bondin order to derive the spin exci-

mechanisr, thus leading to a ferromagneti€M) state. tations we separate the spin dynamics from the charge and

When the orbital degeneracy is ignored, as in the original DI-__orbital dynamics, representing the electron creation operator

theory, isotropic magnon excitations are obtaifiétbwever, diTzrr“f"‘iJrrrCiJrz by a fsrmmn with orbital flavorc, and a
when the orbital degrees of freedom are taken into accounBchwinger bosona;,. The number of bosons per site,
one finds that the kinetic energy is lowered when orbital>.&i,i,, depends on the electron configuration, and thus
order occurs and the system becomes effectively lowewe introduce a slave boson for a hole, with the boson num-
dimensionaP~*! Such states have broken cubic symmetry,ber operatoe/e;=0 (efe;=1) for Mn** (Mn*") ions, re-
and thusanisotropic magnetic excitations! It is therefore  spectively. The physical space is defined by the local con-
puzzling whyisotropictransport and magnetic properties are straint ZUafaaiU+erei=4. Here we use the average
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constraints ,a/ a;,= 28 with 25=4—x and(e/e,)=x. The ok @] o1 e ()]
kinetic energy, from the electron hopping in the subspace N

i i i i % 00 < 00 RN
without double occupancies ef; orbitals, is then 2 . — ~__

t im ug’ 01 F N\ ™ 149 o1} <<
Hi=— == a' cl.cia,, 2 T~
t 28% (ij%r,tr leigEiete @ 02} -02

wherecl,=c/,(1-n;s). The band energy and the spin dy- 0.0 0.1 0.2 0.3 04 05 0.0 0.1:02 0.3 04 05
namics in a FM metallic state are then obtained by expand- x X
ing the Schwinger bosons in E): FIG. 1. Energy gains with respect to the polariéd phase as

functions of dopingx: (a) kinetic energyAE,;,/t, and (b) total
energyAE,,/t, for polarized|x) (dashed lines |z) (long-dashed
lines), staggered+)/|—) (pluses, and OL (full lines) phases. At
low doping the orbital ordered staté@sAF (circles and FI (dia-
In analogy to frustrated magnetic systems, the kinetic enmonds states are more stabi{b).
ergy [Eq. (2)] is orbitally frustrated, i.e., the contributions
coming from different bonds cannot be minimized simulta- bel hich i d in th dooed
neously, as the directional orbita{$¢)} point in different (see below which is so pronounced in the undope

,9-11 R
directions. In order to demonstrate that the ground state is air]yStenﬁ becomes unstable at larger doping where the

OL., we rewriteH, using thecomplex orbitalg +) and|—), netic term H, dominates, it is replaced by the OL state.

. . S . . This OL phase is characterized legual fermion densities
which are linear combinations of the conventional real orbit-

g ; for any pair of orthogonal orbitals, sqn;.)={ni; )
—|y2_ 2 —|252_,2 i i4(8)
als {|x)=[x*~y%),[z)=[32°~r%)}, with creation operators _1(1_y) "and is qualitatively different from the one con-

¢l =(1/2)(cl,Ficl). In lowest(zeroth order in 15, one  sidered beford®°Its kinetic energy is obtained by summing

1 t 1 4 t t
29; al,a,~1- zs(alja +aa —2ajja;). (3

1(b)] one finds that when the orbital ordering induced by SE

obtains over the occupied states in the effective bandsg,
=—tq(x)[ A= By], which arenarrowed by the Gutzwiller
H®= —%t(E) [E?+Ej++~cfr_Ej_+e’iXa EiT+Ej— factor q(x)=q;-(x)=2x/(1+x) [so thatE,;,>q(x)], with
]

the dispersion given byA,=c,+c,+c,=3y and Bﬁ
ey~ =CZ+Cy+Co—(CyxCy+CyC,+C,C,), With cy=cosk,, efc.
+e'Xe Ci_Cj+], (4)  These bands are isotropic, and interpolate between the limit
of an almost empty uncorrelated band=(1) and localized

€y electrons at half-filling x=0).

The energy of the spin excitations is determined by the
st order term in the 19 expansionEq. (3)] of H,. After
averaging over the fermions, one finds the effective DE in-
teraction,Jpe=(H{")/2252, wherez=6 for a cubic lattice.

with the phasey, depending on the bond direction, n
=+27/3,x.=0. As Eq. (4) is manifestly invariant under
cubic rotations, it provides a good starting point to analyzefir
the metallic FM phase of doped manganites.

In order to treaH(?), we use the slave-boson functional
integral method pf Kotliar anq Ruckenstirin the limit U The magnons aresotropic in the OL state, with wEE
—o0, and adapt it for the ortﬂtal degrees of freedbniere = JpezS(1— 7,). The spin-wave stiffnesB pe=JpeS (Note
the occupiedg, orbitals|+ )=/, |0) are represented by fer- that we do not include a facta? in the definition ofD,
mion (f'.) and boson ', ) operatorsg!. «cfl, bl e, with ~ Whereais the lattice constants determined by th&inetic
the local constrairibL b, + bit bi7+eiTei —1.With all sites  €Nergy of the correlatedeelectrons which in the OL state

assumed equivalent, mean-field approximation leads to IS thefefOfe. proportional to the ba.nd. narrqwing factor
' g(x)—it vanishesn the undoped—0 limit, andincreases

with hole doping XFig. 2), in qualitative agreement with the

HO=— > -3t [q.f] f+aq flf_ observations in FM metallic manganitésThis expresses the
bA== 1 gradual release of the kinetic energy in a correlated system
4 i when the carriefhole) concentration increases. We empha-
+\g.q_(e e £l f_+etiXe £ £,)],  (5) thole) P

size that this experimental finding is reproduaady when

with n,.=f! f,. and band narrowing Gutzwiller factors the local correlations betweeg, electrons are included,

\/q_=[>_</(1—_<n-_ >)]1/2 A similar expression is obtained while the opposite and incorrect resule decreasing with
+ 1= . . . . . . .

for two-sublattice states, as for instance for alternating orX: IS obtained in electronic structure calculatitttat ignore

bital |+)/|—) (AO+) order. The Lagrange multipliers;, eS¢ correlations.

o . - The SE is somewhat intricate, as it involves both AF and
originate from the. local constraints in the .boson space, anEM contributions, most of them orbital dependent, and is
have been found in a self-consistent solution. ' ’

oo therefore highly frustrated. Whereas the largest Mn®*
We calculated the kinetic enerdﬁkif.(HEO)) for several  jyiaraction ig F)I</I and thus would add to the%ﬁit achieves
metallic phasegFig. 1(a)], reproducing,inter alia, lthe e~ jts full strength only for a particular orbital orientation. In the
ported transition fronjx) to |2) orbital polarization: How- o[ phase, when the, orbitals are disorderegnd the SE is
ever, this is not a transition between ground states, becauseigbtropig, the AF interactions dominate and the net Q&
any finite dopingx=1—n disordered orbitals give an even posesthe DE.

lower Eyi,. Indeed, considering the total enerfsee Fig. Explicitly, the SE is obtained by starting from the high-
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0.0 01 02 03 04 05 FIG. 3. Magnon dispersiofEq. (9)] as obtained at=0.30(full

X line), and the experimental points for .#k, ;MnO; (circles and
dashed ling after Ref. 13.
FIG. 2. Spin-wave stiffnes® as a function of hole doping

from DE (dashed ling and including also the SE terrffsill line) in given byH;=HS$+H} would be anisotropic. The intersite JT
Eq. (9), for A-AF (AF), FI, and FM metallic phases. Experimental jnteractionH ;; favors alternation of occupied, orbitals?
points correspond to La,S,MnO; (Ref. 14 (diamond$ and it peing spin independent does not contribute to the mag-
Lay Py ;MnO; (Ref. 13 (filled circle). The staggered A® state non energy.
is shown forx>0.15 (open circlek The contributions to the energy and the spin excitations
- 4 . L ) due to the SE terms are easily evaluated using again the
spin °E and “A, states of the M#i" and Mrf* ions, with the Schwinger bosonga!; ,a!,}, leading in the FM state to
spin operatorsS; being S=2 or S=3/2, respectively, and o
considering the charge excitatiod8d™=d!"*d""*. Such S-S=SS—3VSS/(al|a; +al a;,—2ala;), (8

processes have to be analyzed carefully, and the intermedia\;ﬁth S/(S;)=2 or 3/2. One finds that all SE terms contribute

states projected on the eigenstates of the respective ions; . . o -
Mn?*, Mn®**, and Mrf" 2! Consider first the SE induced by niz?le >m_a<gnnc;nfg;ssre]z;srl)c;rilr,{\l/\g;|<|:2>|fngr?g|c|n the OL state
I( - If ’ ’

the €y electrons,

o= (Jpe—Isp)Z8(1— ), 9)
je/& & je/& & 11
Hae:“Ej) {{-J1(S-5+6)+3(S- 5 -4)]Qj with Jse>0, reducing the dispersion from that given by the
o DE. The strongest AF interactionsJ§ come from thee,
+3%(S-S-3)Q%, (6)  excitations for MA*-Mn*" pairs. As a result, the stiffness
3 ) ij

_ 1 o1 o constanD = (Jpe—Jsg S is significantly reduced, and this
with  Qj'=nin;, Qj=ni(1—n))+(1—njn;, and Qj reduction increases witk (Fig. 2). The calculated values
=(1-n)(1—ny) indicating the locale, electron occupa- reproduce the increase Bfwith increasing observed in the
tion. The Mr**-Mn®* SE interactions {; and J5) are FM manganites fox>0.15 (Ref. 14.
«t?/U, whereas the Mh"-Mn®" SE is strongest withl$ The spin-wave stiffnes®=7.45 meV obtained ax
=0.3 is thusisotropic?? and agrees W?ZH with the universal
o — . . values reported by Fernandez-Bataal.~ at x=0.3 doping.
\éolveddhas tﬁnly iﬁultanor;' ene;'ngHt. thAlslmmtfetracy?ns Thus it is also close toDe,,=8.79 meV measured in
ep3e+n °2+ € _Or |a_ configuration a _e nsite(s): 9; Lay PhyMnO; (Ref. 13 (see Fig. 3 This agreement is
Mnl -Mn”" pairs this was analyzed in Ref. 5, ed;,  gratifying indeed, as no fit was used but all parameters were
=15{te("AD} (it nieng), while for Mn**-Mn®"  gerived from spectroscopic det& and further improvement
pairs one findsflgz%{tz/e(?’E)}[(l—ni)njpL Nig(1—n)]. is only possible by including the quantum fluctuations be-
Next, consider the SE induced by, hopping, yond the mean-field approximation in the OL phase. Note
that although the states with polarized complex orbitals, i.e.,
t cta a 1, 4t,2 a o1 the ferro orbital state with+ ) orbitals at all site§FO+) or
Hy= <|EJ> [1(S- S =4 Qi +J2(S-5=3)Q;j the staggered A@ state!” would give isotropic magnons as
well, they do not offer a valid explanatidfias they are both
+35(S-S-HQ, (7)  unstable against the OL state.

o R ) The manganites at<0.15 are insulating, and are orbital
which is weaker tharH; by almost an order of magnitude orgered, with eitheA-AF or FM spin order. This behavior is
because of the smaller hopping amplituei¢/3. Again the  generally understood to be due to polaronic effé&tshich
SE interactions)} andJ}, for Mn®*-Mn®* and MrP*-Mn**  dominate at low carrier concentration. Considering a po-
pairs, respectively, are orbital dependébtt only weakly laronic model with localized, electrons®® we find that the
s0). Therefore, in any state with ordered real orbitals the SESE interactions in combination with the JT interaction

«t?/J,,, because the excited Mh low-spin 3E state in-
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stabilize orbital order in either thA-AF phase at doping Note added in proofRecently, we became aware of the

=0.11, or in the FM insulatingFIl) phase at 0.1%x<0.15 recent data for the magnetic coupling in insulating and me-

[Fig. 1(b)]. The anisotropic magnons in this regime are ex-tallic ferromagnetic La_,CaMnO;.2’ In particular it was

plained by the SE alongFig. 2), while the DE is blocked by found that(i) also for Ca doping the spin-wave stiffneé3ds

the polaronic localization of the, electrons™ proportional tox, but only in the metallic regime >0.2
Summarizing, the isotropy of the spin excitations in thedominated by the DE, whiléi) D is smaller(typically by a

FM metallic phase of doped manganites is naturally exfactor larger than twpin the insulating regime and exhibits a

plained by theorbital liquid state of disordered orbitals,  giscontinuity at the transition of the metallic ph&3eOur

triggered by doping. In this state the magnon excitation engeoretical descriptiorisee Fig. 2 in particularreproduces

ergy is proportional to the kinetic energy of thgelectrons,  poth these experimental features.

and thus measures directly th@nd narrowing due to the

strong correlations This explains the increase of the spin-  We thank G. Aeppli and G. Khaliullin for valuable discus-

wave stiffness with increasing hole doping, observed insions. This work was supported by the Committee of Scien-

La; _,Sr,MnO3; compounds. tific Research(KBN) Project No. 5 PO3B 055 20.
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