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Zone Boundary Softening of the Spin-Wave Dispersion in Doped Ferromagnetic Manganites
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We argue that the new distinct features observed in doped ferromagnetic man@anitBsMnO;
(RD = LasSr, PrSr, NdSr, and LaCa), the softening of the spin-wave dispersion at the zone boundary and
the increase of the spin-wave stiffness constant wjthave purely magnetic spin origin. They indicate
the breakdown of the canonical double-exchange limit, and reflect otherwise natural consequence
of the e,-band filling in the half-metallic regime. Details of the realistic electronic structure are
important and significantly modify the analysis based on the minimal tight-binding Hamiltonian for
e, electrons. [S0031-9007(99)08820-1]

PACS numbers: 75.30.Ds, 75.10.Lp, 75.30.Et, 75.50.Cc

The understanding of many fascinating propertiesof the long-range FM couplingy. They also argued
of colossal magnetoresistive perovskite manganitethat the next important contribution which improves the
Ri—-:D,MnO; (R = trivalent rare-earth ion, D = fitis Jg [8]. Even more pronounced softening was ob-
divalent ion) circles around two questions [1]: (i) whetherserved in the 50% doped manganiteg =i sMnO; and
the double-exchange (DE) mechanism alone is enough andd, 5Srp sMnO;, both in the FM state and within FM lay-
(if apparently not) (ii) whether a strong Jahn-Teller basecers in theA-type antiferromagnetic (AFM) state [9]. These
electron-lattice coupling is the trigger for the unusualobservations gave rise to several scenarios of the low-
behavior. Recent studies of the spin-wave dispersiotemperature behavior of doped manganites, among which
(SWD) of doped ferromagnetic (FM) manganites provideare the spin-lattice coupling, the orbital ordering, and the
a new piece of information, which is typically argued precursor of the AFM spin ordering. The purpose of this
based on these two standpoints. A brief sketch of the cumwork is to show that the observed softening of the SWD at
rent situation is given below. Perrirgg al. [2] measured the zone boundary is a natural consequence oé tHeand
the SWD of the high Curie temperatur&(= 355 K) filling in the half-metallic (HM) regime, implying that the
system Lg;Ph,3MnO; throughout the Brillouin zone and canonical DE limit is not appropriate and that neither the

claimed that a simple Heisenberg Hamiltonian lattice deformation nor the orbital ordering are required
1 for the SWD softening. We employ both the tight-binding
E[{e:}] = —3 D Jiei - e (1)  (TB) analysis and direct adiabatic frozen-spin-spiral calcu-

ik

lations ofw (q) [10] performed for the cubic virtual-crystal
(here,e; is the direction of magnetic moment at the site  alloy La,—,Ba,MnOs within local-spin-density approxi-
with solely the nearest-neighbor (nn) couplihgaccounts mation (LSDA).
for the entire dispersion relatio@(q) and also forT¢ to Our starting point is the fact that the total energy
within 15%. Furukawa [3] argued that the result seems tehange due to small nonuniform rotations of magnetic
be consistent with the DE limi/ /I < 1 (W being thee, moments near an equilibrium, i.e., the processes relevant
bandwidth/ being Hund’s coupling) of the FM Kondo lat- to the spin-wave excitations, can be exactly mapped
tice model (KLM). Similar classification has been ascribedonto the Heisenberg model (1) [11,12]. If the magnetic
to higherfc manganite La_.Sr,MnO; (T¢c = 378 K at  part of an effective one-electron pot}\antial is described

x = 0.3) in the region0.175 = x = 0.3, the spin dynam-  solely by the on-site exchange splittidg, between the

ics of which was reported to be regular for FM mate-majority-spin ) and the minority-spinlj states [13], the
rials [4]. The main controversies came later, when arparameterd; can be found as

unexpected softening of the SWD at the zone boundary .

was observed in several manganites with lower but yet ; — N Im[ de TrL{ggxag)k(s)gzgxaiO(S)}, )
very different T¢: Prye3Srh37MnOs (T = 301 K) [5], 27 —oo

Lay7;Ca3MnO; (T¢c = 242 K) [6], and Nd)7Sr3MnO; P .

(Tc = 198 K) [7]. Hwang et al.[5] showed that the where G is the one-electron Green function in the real
experimentalw(q) can be reproduced reasonably We”space,_and 'Erdfenotes the trace over the orbital |nd|ce§
by the Heisenberg Hamiltonian with the parameters (fo[{L}- Flrst, we discuss several basic features_ of magnetic
Plo.s3Sto37MNOs) J; = 10.1, J, = —0.6, J3 = 0.6, and interactions (2) for HM ferromagnets. Consider the TB

Js = 2.7 meV, thus clearly demonstrating the importanceHamiltonian {7 = —7 + A 18,,, where 7 = [|t5"|
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is the matrix of kinetic hoppings between nn orbitals (i) The ferromagnetic interactiaf’ (x) has a maximum
and 1 = ||8,,,8;1l is the unity matrix in the subspace atx =0, and vanishes at = *1 (I-spin band edges).
spanned by orbital and site indices. Assume thagt is Orsl the contrary, the intercatiary is antiferromagnetic.
the largest parameter in the problem and expah@) = |77 (x)| decreases nearly monotonously with At x =

~ L . —1 (filled 1-spin band) we obtain the standard limit for the
(el — #*)~"in the occupied part of the spectéa= er  gE interaction in the half-filled insulating statg(—1) =
up to the 2nd order dfel + 7)/Aex: Ge) = —1/Aex = JS(—1) = —(ddo)?/As. The behavior of the total nn
(el + 1)/AZ — (el + t)?/A,. Then, for the nn cou- exchange/; is determined by these two competing fac-
pling we have/; = J? + J;, where tors. Such a simple analysis can be very instructive for the

JID = —L Im[ de TI‘L{a(T)l(S)/t\lo}
2 —oo

3

understanding of th& dependence af,. Indeed, from
dJ1/dW = 0 we obtain the following equation of states:
, o JP(We,x) = =20 (We,x). If W < We, the W de-
is the DE contribution (a 1st order effect), and pendence of/, is governed by the FM DE interaction
1 er AL A JY and dJ,/dW > 0 (region | in the inset of Fig. 1).
s _ 1 1 1 g g
v = Aoy Im ]_m de Tr{eGoi(e)to} (4 it w > w,, the w depgzndence of, is governed by
is the superexchange (SE) contribution (a 2nd orde[fhe AF!\? SF 'n}erﬁt'odﬂl an((jjdjl/dWT<h0 (reglonl'll):t
effect). The same 2nd order term in the expansion lead € cntical valu€We depends on. € upper im
to the longer-range coupling of W¢, which take; place near = 0, can be estimated
o ' as We/I < 3.1. Sincel =1 eV [13], we haveW. =
1 Imf de TrL{a(T)k(s) %), (5) 3-1ev. For the FM manganites, the first-principles band
27 Aex —oo calculations yieldW > 3 eV [16]. Thus, the overall pic-

Jk=_

ture suggested by such calculations is far from the DE

where (1) = Y 7;7;0. For the one-dimensional one- '-' . » . .
(Dio = 2.; 110 Jimit, and corresponds either to the critical behavior with

band TB model these coupling parameters can be eW -~W to the SE reai
pressed analytically [14]. In Fig. 1 we show results for "™ ThC Olf] (I) de i reg|>m§. . ise o the |
a more realistic two-band model on a cubic lattice, where (if) The hole doping £ ) gives rise to the longer-

the hoppings between r#, orbitals have been parame- range FM interactions’, anc_j 4, WhiCh vanish in the
trized in terms of theddo Slater-Koster integral [15] undoped case = 0. These interactions compensate the

_ . reduction in the nn FM DE coupling in the smallregime
Eﬂfete \f\?:l t;‘é optilrggdsat())li'erz?/s) ; scpl)?ift?g th=e IL(?D_AXF;IC []thus contributing to the spin-wave stiffness constant
The’ main conclusions will also hold for the FM KLM, gV%]w(q)quo], and also give rise to the softening of the

which is based on a slightly different definition af SWD at the zone boundary. The validity of this scenario
[13]. We note the following ' can be checked experimentally if the electron doping

(x < 0) is possible. The present analysis suggests AFM
longer-range interactions in the electron doping regime,

5 5 which should result in the “hardening” of the SWD at the
5 J il ] zone boundary.
=y < T ] To conclude this model part, we would like to com-
= < ST Y ment on the current classification of the FM manganites.
% = oL N ] (i) The increase oD with x observed in La,Sr,MnO;
2 o 5 fmfi for 0.175 = x = 0.3 [4] cannot be ascribed to the DE
ol = w2 |, mechanism, but may be caused by the contribution from
kS ‘ ‘ ‘ SN Il longer-range FM interactions (particularly,) in the
o & S YT | regimeW /I > 2 (Fig. 1). (ii) The FM band structure is a
g — _\\\\\\ good starting point for the analysis of the low-temperature
5 o L 2 _“\\\:\{‘\\\ SWD, but not forT¢. Except for a small region near
2 - W §, o \\\\\ 1 x = 0, the mean-field Curie temperatur®™™ = Jo/3ks
. — 1w NN is a decreasing function af for all physically meaningful
L ] o S - ratiosW/I if Jo = >, Ji is evaluated in the FM ground
10 -05 2'0 0.5 1000 02 0'4X 06 08 10 gtate (Fig. 1), in straight contrast to the experimental find-

ing for La;—,Sr,MnO; [17]. In this context, the observa-
FIG. 1. Two-bandddo model on a cubic lattice with the tion that the same Heisenberg Hamiltonian explains both

Stoner-type intr_a-at_omic exc_ha_nge sp_littirmx =_I(4 - Xx). the low-temperature SWD and the in Lag;Phy3MnO;
Left panel: leading interatomic interactions obtained from the[z] is probably fortuitous ’ ’

1/A« expansion. The inset shows the equation of states: . . . MF
JP(We,x) = —2J5(We, x) (see text). Right panel: spin-wave The conclqsmns remain V.a|l.d iD and T¢o" are
stiffness constantZf) andJ, = 3, Ji, calculated in the same Calculated using a more realistic LSDA band structure

manner as in Ref. [10]. Only HM solutions are shown. [10] (Fig. 2). At larger lattice constants, where the
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[oe]

1 a=3.934A total

x=0

e Mn(t 29)

FIG. 2. Spin-wave stiffness constant and mean-field Curie
temperatureTe™™ = (1/3kg) Y, J for the Heisenberg Hamil-
tonian derived near the FM ground state in Ld8Ba,MnO;.

DOS (states/eV spin formula unit)

system is in the HM regimd) increases withe. As will

be discussed later, the deviation from the HM behavior at
smallera may significantly modify results of the simple
TB analysis forD. However, this should not be the
case for La,Sr,MnO;, which is known to be a good [ 3. Total and partial densities of states for cubic FM
candidate for the normal HM behavior [18] Then, theLaMnO3_ The Fermi energy is at zero. The inset shows
experimental trend(x) suggests that longer-range FM the population of thd-spin #,, band in La_,Ba,MnO; as a
interactions play important roles also in this compoundfunction ofx anda.

and the SWD (if measured throughout the Brillouin zone)
f‘:%:lhdefxnﬁf:gtﬁi tzgftén—lg?. atTtE: Zs?rgzlgoxr?dHagé::]rQ!?Emalysis of magnetic interactions [16,20]. Indeed, the sign

roblem ofJ, is resolved in the LSDA calculationdy <
character of the SWD reported for d#1;MnO; [2] % in Fig 4)2 Another impact of the Qp) band isZ(the
remains to be enigmatic. i o

From our point of view, it __. o .
. . . L " existence of extremely long-range magnetic interactions
:: l:g“gﬁ:}é dthiarl]t EEZ Ca;rzgﬁglr I?:En:'rgfzd/l <A(1JI d%fi)g)nal which can spread up to the 15th nearest neighbors
. gal P P : (Fig. 4). ltis interesting, however, that only the following
information about thex and/or pressure dependence Ofinteractions exhibit an appreciabtedependencer,, J.,

the SWD could clarify the situation. . I .
The simple TB model captures the essential pointsjg’ andJ;s. All of them are confined within the linear

Energy (eV)

of the problem, though some additional ingredients of *° Mn-O-Mn-.... chains parallel to tffd, 0,0 or [0, 1,0]
the realistic band structure may modify the analysis

guantitatively. For example, using= 0.8—-1.0 eV [13] = ; ;

and the experimental couplind, = 2.7 meV [5], W o 9 xx=0.0 Ox=0.3 .
can be estimated from the TB picture (Fig. 1) as 2.9- < | ’5 a=3.934A ©x01 +x=0.4 :
3.2 eV. With thesel and W, the nn coupling/; = e Rl + 3 *x=02  Dx=05 1
JP + J} can be further estimated as 14.3-20.7 meV, = | g %“ J, I
being substantially larger than the experimental value or-t-—F-0-*-00-—-0g00000-0
10.1 meV. The difference is primarily due to the nn e ‘ e
AFM SE interactions betweem, orbitals, which are S 1.0 15 |2|'?(.)-R. |2(é15units)3'o 3.5 4.0
missing in our TB model. The analysis based on the ® .

LSDA suggests that the relative strength of the AFM and

FM nn interactions associated correspondingly with the =

, ande, states in the hypothetical cubic LaMp@he o

experimental volumeg = 3.934 A) is characterized by
the ratio~1/3 [19].

Another discrepancy is more subtle. Although in the
perturbative TB analysig, is considerably suppressed
in comparison withJ, due to peculiarities of hoppings
between nre, orbitals (for comparison,J4| < |J,| in the
one-band KLM [3]), it remains to be positive far> 0.

w(q) (meV)

100

FIG. 4. SWD in La-,Ba,MnOs.

The first 15 real-space

parametersJ,}, whose distance dependence is shown in the
| . tant rol Si th o0 upper panel, have been Fourier transformed from the calculated
plays imporiant roles. oince the W)', (2p) energy w(q) (shown by symbols)—see Ref. [10]. SWD curves for the
separation is finite and comparable withx (Fig. 3),  Heisenberg Hamiltonian including these 15 nn interactions are
the Q2p) states cannot be easily eliminated from theshown by solid lines.

One can expect, however, that the itinerarf2© band
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if the system is not in the HM regime, the role of the
orbitals becomes more complex.

We thank O.N. Mryasov for pointing out the idea of
frozen-spin-spiral calculations—Ref. [10]. The work is
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