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Double exchange and superexchange in a ferrimagnetic half-metal
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The mean field theory proposed originally by Kubo and Ohata for manganites is generalized for a ferrimag-
netic half-metal and applied to the magnetite. The relevance of both the double exchange interaction and the
superexchange one for the spin ordering in the condu@isgblattice of magnetite is shown. The shortcom-
ings of the mean-field approximation are discussed.
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Spin-dependent electron transfer was intensively studiethter- and intrasublattice SE interactions will be represented
in the last years. Especially, the materials of the perovskitdy means of the effective fields. The model will be applied to
family R, _,A,MnO; (R=La,Pr,Nd;A=Sr,Ca, e.g.) are in magnetite and corresponding numerical results will be dis-
the focus of interest owing to the anomalously large mag- cussed.
netoresistance effects in the vicinity of the metal-insulator The MF decoupling of the ferrimagnetic sublatticeand
transition. On the other hand, these doped manganese oxidBgwill be carried out replacing the intersublattice SE interac-
attracted nowadays a revived attention in connection with th&on by the effective SE fields. These effective fields, propor-
development of the spin-electronic devidess they exhibit tional to the equilibrium values of the spincomponents of
the “half-metallic” behavior in the ferromagnetic phabé-  the sublatticesma(eq)=(Si)eq and Mmg(eq)=(Sg)eq, Will
deed, in the ferromagnetic conducting phase of the dopedct as “external fields” in the sublattice® and A, respec-
manganites, the itinerant charge carriers are spin polarizeiively. The equation for the equilibrium value of, at fixed
owing to the strong Hund’s rule coupling to the localized (but unknown value ofmg(eq) is given by the well-known
spins and, consequently, they appear to be a possible sourequation of the MF theory,
of a highly spin-polarized current.

Another candidate for the spin electronics is the ferrimag- Ma=SBJ A apMg(€Q) +AaaMa]. (D)
netic magnetite that, especially because of the high Curie
temperature T,~870 K), has promising application at room Here,Bs denotes the Brillouin function and the coefficients
and higher temperatures. In the temperature range above the,, (With @,y equal toA, B) are defined as
Verwey transition, theB sublattice of octahedral sites in
magnetite may be represented by the systetdpfocalized Nay=BSdyz,(a), 2
spinsS=5/2 and ofNg/2 itinerant electrons.Owing to the
Hund’s coupling, the spins of the itinerant electrons are an
tiferromagnetically coupled to the localized spins, forming
thusS’ =2 spins which are at each time randomly distributed?»(¢), ands=1KgT. . .
over the sites of th® sublattice. Consequently, th sub- The CO”O!'“OU for the equm.brlum v'alue of the sprrom-
lattice of magnetite represents a system resembling the ho@gnent per ion in thé& sublattice, at fixed vglue aha(eq),
doped manganites and the question about the role of th‘@{'II be deduced by means of a generalized treatment of
double exchanggDE) interaction in magnetite naturally KUPO andz O_hat&. At first, the MF parameter A
arises. Indeed, the magnetization of Beublatice was de- ~AS9usHeq Will be introduced, where the effective field
duced using the Kubo-Ohata DE mean fiéMF) theony in HZ; determines the probabilties of the orientations of the
Ref. 7. However, the latter treatment did not take into ac-SPin in theB sublattice. Consequently, the mean value of the
count the antiferromagnetic exchange coupling between th&Pin z component per ion in th& sublattice, with the con-

A (tetrahedral and B sublattice. No checking of the correct- centrationx of the itinerant carriers, is equal to

ness of such approximation was made. Moreover, the itiner-
ant spins were added tinstead of subtracted fronthe lo-
calized spins; in particular an unphysical valse=2.9 for

the effective spin in thé sublattice was used when fitting
the theory to the experimental results. whereS' is the spin composed of spilgsands=1/2 accord-

Motivated by the above facts, the MF theory of the twoing to the Hund's rule $=5/2 andS’ =2 for the magnetite
sublattice ferrimagnet, which takes into account both the suThe condition for the equilibrium MF parameter [or,
perexchangé€SE) and the DE interactions, is developed in equivalently,mg(eq)] is deduced from the extremum free
the present paper. In particular, the existence of itineranenergy of theB-sublattice system, i.e., of the itinerant elec-
spin-polarized charge carriers in one of the sublattices-  trons and localized spins, subjected to the effective SE field
ignated asB in the magnetitewill be assumed and the fer- proportional toma(eq). Accordingly, we shall consider
romagnetic ordering in this sublattice will be characterized
by the MF parametex introduced by Kubo and Ohafarhe fe=F/Ng=xu+Q+(Hgp—-TS® (4)

where the SE constant},, are symmetrical ina,y, the
number of nearest-neighberions to thea ion is denoted by

!

g)\

ms(k)=<5§(>\)>=(1—X)SBs(>\)+XS'Bsr( )
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as the MF approximation of thB-sublattice free energy per 7
ion, which is to be minimized at fixedh(eq)® Here u 1.
means the chemical potentid), is the grand-canonical po-
tential of the itinerant carriers having the density of states
(DOS) gx(e),

8=5/2, 8'=2, DE only
S$=5/2, 8'=2, DE + SE -
(5+8')/2=2.9, DE only

(=}

Qz—lf degy(e)In(1+efr=2)y, (5)

m (T)/mB(O)

and the contribution to the energy arising from the effective “o.

SE field from the sublatticd, as well as from the SE inter-
action inside the sublatticB, is

(Hsp=— [mB)\BAmA eq) + 3\ ggm3]. (6)

0 500 1000 1500
T (K)

The MF entropy of the ion spinS,S’ randomly distributed
in the B sublattice is FIG. 1. Comparison of reduced magnetization of the sublattice
B calculated with DE only, $+S')/2=2.9 as in Fig. 8 of Ref. 7;

S 1 DE only, S=5/2,S'=2; and with both DE and SEexchange pa-
S3(N)=kg| [(1=x)Invg(N) +xInvg (N)]— 3 )\mB rameters of Ref. 7¢=—0.32 eV).
(7
W|th BSS_ ()\BAmA+ )\BBmB)+)\ O (11)

m which is to be solved together with Eq4.) and (3).
exp A § ' For the special case of zero SE, the Kubo-Ohata fefsult
obtained, namely,

ve(N) = 2 ex S), vSf(x>=|2

mi<2
Im|<

)
The DOS implies the effect of the spin order on the band- A=— MmN (12
width; accordingly, the chemical potential determined by the
equation The opposite limitting case;=0, gives the following rela-
tion between the equilibrium values ®fmg,my:
:f dsgx(s)m ) A=AgaMa+AggMg, (13

which leads to the standard MF equations for the two-
is A dependent, too. Consequently, the extremum of (. sublattice ferrimagnet, if Eq$l) and(3) are used.
with respect to the parametgrat fixed temperature is to be At first, we reconsider the possible application of the
determined on the curve(\,B) defined by Eq.(9). The  Kubo-Ohata theofjto theB sublattice of magnetite, as it has
extremum conditions with respect to the variahléor mg) been attempted in Ref. 7. In the latter paper, the temperature
obtained in this way, together with E@l), represent the dependence of the MF parameiethas been calculated ac-
system of coupled equations determining self-consistentlyording to Ref. 6 using the above equatidisys. (10) and
the equilibrium sublattice spim components. (12)] and mg(N\)/S=Bg(\); the A-sublattice magnetization
The approximations of the above equations, corresponchas been consecutively determined by E. using Jag
ing to the theory of Ref. 6, consist in replacing the = —46 K, Jyo=—22 K for the Heisenberg exchange con-
temperature-dependent  carrier free energy by thetants. Very good fit of the experimental temperature depen-
temperature-independent mean energy._Using thE notation @knce of theB-sublattice magnetization was achieved in Ref.
Ref. 6, the latter quantity is equal tay(\)e, wheree is the 7 taking Tc=875 K for the Curie temperature ar®@l=2.9
mean “bare” band energy alf=0 and the DE band- for the effective spin of th&-sublattice ions. However, this
narrowing factoryg(\) equals choice of the effective spin is wrong, as the spins ot 'Fe
and Fé" ions are equal t&=5/2 andS' =2, respectively.
1 S 25+1 The B-sublattice magnetization calculated according to Eqgs.
vs(M)=> 2 29+ 1°0t"< 23 A (3), (10), and(12) of the present paper is compared with that
of Ref. 7 in Fig. 1. The comparison shows that the tempera-

ture dependence ohg, calculated according to the Kubo-
X | coth(h) = _CO”_< 25” (10 Ohata theory, differs appreciably from that presented in Ref.
- 7, if the correct value&s' =2 is used.
Replacing in Eq(4) the termxu+Q by ys(\)e, the condi- Besides, applying the original equations of Ref. 6 to mag-
tion for the minimum offz reads netite one assumes that the Curie temperature is mainly de-
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termined by the mean band energy characterizing the
strength of the DE interaction. Assuming this point of view,
the following relation between the experimental Curie tem-
perature and the mean band energy

1 (2S—1)(4S+1)(S+1)— i
45 CsS(25+1) N (14)

kBTC: -

is obtained from Eqs(3) and(12) if A—0+, where

m(T) /m(0)

S+1 S'(S'+1) |
cg=(1-Xx) 3 +X 35 (15

Substituting x=1/2,S=5/2,S'=2, and the valueT.
=870 K, (—&)=0.32 eV is obtained. To test thm)consis-
tency of such a procedure, we look for the changd gfif -
the SE interactions are taken into account. Using Efjs.
and(3), the following relation betweea andT results from T (K)
Eq. (11):

FIG. 2. Comparison of the calculated and experimental reduced
_ magnetizations in magnetite. Parameters in units of K are
_ & 1(@2S-1){4S+1)(St+D) Ipa=—22, Jag=—46, Jgp=— 11, 5= — 272.
kgTc 45 cgS(25+1)

o CAYABCB o For the magnetite the prefacter, equals toZ[(e/%)a]?,
+Aga———=—*+AggCeg, (16)  wherea is the distance between thi& site and the nearest

1=Calan oxygen ion,a=0.2059 nm. Setting then=(T)/Ng, the es-

timatee = — 272 K is obtained. This value ef is two orders

Whereray are equal to the coefficients, , for T=T¢ and i )
i of magnitude smaller than the Hund’s coupling consthnt

=(S+1)/3. Substituting the ab determinete, . S
\(/:vAeII(as JA)B=_4Lé ;I j;;‘i_;zio‘éid JeBsTgn usedaii and, consequently, the assumption of infinitef the DE

Ref. 7, the Curie temperatuiB.= 1590 K results from Eq. theory is justified (the discussion of the dependenceTof

(16): the corresponding temperature dependence of the r&n the ratio ofJ to the hopping constant in manganites may
duced B-sublattice magnetizatiang is shown in Fig. 1. Pe found, e.g., in Ref. 12
Consequently, the results based on the DE tHeonjy are For the SE parameterd,, and Jop we take the same
changed entirely if the SE interactions are taken into accour¥alues as De Gravet al,” Jya=—22 K andJag=—46 K,
and, therefore, the latter interactions cannot be disregardecs these values reproduce well the temperature dependence
Accordingly, the generalized MF equatiof&gs.(1), (3),  of m,, provided thatmg(T) is taken from the experiment.
(11)] with the relevant parameteesandJ,,; will be consid- ~ The remaining paramete¥gg is determined from Eq(16).
ered. The estimate of the mean carrier kinetic energy iBthe Using the above values &f, Jaa, andJag and the experi-
sublattice per iong, cannot be based on the known bandmentalTc=870 K, it follows Jgg= —11 K. The magnetiza-
calculation of the magnetitée.g., Ref. 9 and the references tion curves calculated with this set of parameters according
therein, as these calculations do not take into account théo Egs.(1), (3), and(11) are compared with the experiment
electron correlations and, especially, the electron-phonon inin Fig. 2. We also considered the fitting of the experimental
teraction that reduces strongly the electron transport irBthe curves by means of the SE parameters only. The curves cal-
sublattice. In fact, the measured temperature dependence @iilated in this way are close to those in Fig. 2, but this fit
the dc conductivity in magnetite was satisfactorily_ inter- \with e =0 requires a ferromagneti-B interaction(positive
preted by means of the small polaron m_ot?ethe analysis of Jgg), which contradicts the situation in the spinel ferritds.
the optical CondUCt.'V'tW(“’) made in t_h|s paper shows the Relatively poor quantitative agreement between the calcu-
tsr:gailrla?gag?tnoTt?]);rg?engt:gg;h_el}_ai?:trﬁlg'%r; tfé(r‘]‘geggénof lated curves and the experimental ones in Fig. 2 shows that
P : 9 b the inclusion of the DE interaction into the MF description of

the latter contribution at the room temperature from Ref. 1Othe ferrimaanet does not improve the calculated magnetiza-
the mean kinetic energyT) of thed electrons in theB sub- g P a9
ion dependences, contrary to what was proposed in Ref. 7.

lattice may be estimated by means of the sum rule for th 0 check this statement, we tried to vary the model param
; i 11 , -
real part of the optical conductivity(w), eters at fixedTc to obtain better fit, but the discrepancy
5w between the theory and the experiment remained. Most likely
_J o(w)dw=—oy(T). (17) this dlscrep_ancy is to be attn_buted to the |nsuff|C|en(_:y of the
mJo MF approximation. Namely, it was showhfor the Heisen-
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berg ferromagnet that a more rapid drop of the magnetizatiotheony’ with the experimental magnetization curve achieved
when approachind ¢ (in comparison with the MF curvess ~ in Ref. 7 appears only owing to the unphysically large
obtained if the short-range order effects are taken into acB-sublattice effective spi%=2.9.

count. We note that an inclusion of the exchange-striction _ (2) On the other hand, the fit of the magnetization curves
term would lead to a similar effe¢®.The better agreement of without the DE interaction requires the positive value of the

the calculatedn,(T) with experiment could be ascribed to SE Interaction ConSta'thB’ In contradiction to the negative
N o Jgg in similar ferrites.

the fact that the MF approximation gets better with increas- — .
ing number of neighbors. The Feion on theA site has 12 T_he mode| parameters, J,, were dete_rmlned on t.h‘?
nearest magnetic neiahbors. while the iron ions ortsies basis of the experimental data for the optical conductivity,
h - mag gnbors, w hb | sublattice magnetizations, and the Curie temperature. Rela-

ave six nearest magnetic neighbors only. & tively poor quantitative agreement of the calculated and ex-
_In summary R ggnerallzatlon of the MF DE thedby . perimental magnetization curves is to be ascribed mainly to
inclusion of the SE fields for a two-sublattice half-metallic the deficiency of the MF description that does not take into
ferrimagnet was presented. Applying this generalization 19 ccount the short-range effects
magnetite we found the following. '
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