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Electronic-cluster model of yttrium iron garnets

R. J. Wojciechowskf, A. Lehmann-Szweykowska, and R. Michas
Institute of Physics, Adam Mickiewicz University, ul. Umultowska 85, 61-614 RpPadand

G. A. Gehring
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

P. E. Wigen
Department of Physics, Ohio State University, Columbus, Ohio, USA
(Received 22 December 2003; published 30 June 004

We review electronic and magnetic properties of yttrium iron garnets, considered as a superlattice of quan-
tum dots of two different types. Those are the tetrahedral and octahedral iron-oxygen clusters characterized by
their respective localized energy levels with the orbital eigenstates, specified by the clusters’ respective point
symmetries. We discuss two-dot mechanisms of the superexchange coupling between spins, attached to the
orbital states, via the-d tunneling, only(between clusters of different typesor via the p-d tunneling
combined with the next-nearest neighlfsp hopping (between clusters of the same typ&he electronic
density of states of a superlattice of the clusters is found and analyzed both for pure and valence-
uncompensated garnet systems. A scheme of control of the superexchange coupling due to an external mag-
netic field, applied to the system is proposed.
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[. INTRODUCTION dron isS,, and that of the octahedron . The clusters of
either type can be labeled by their respective central iron

Interesting experimental data indicate that in yttrium ironsites. The overall symmetry of the garnet is cubic and its
garnetYIG’s) with valence-uncompensated doping, such aspace symmetry group '@ﬁo. The p-d clusters of the same
Ca:YIG, an application of the external magnetic field cantype are separated from one another, whereas the nearest-
significantly influence both the magnetic properties and theneighbor octahedron and tetrahedron share an oxygen corner.
electric transport in the systetm® The theoretical analysis It also has to be mentioned that 12 sites of a tli@dddeca-
presented in this paper is an attempt to propose a micrdiedra) type are populated by three-valence yttrium ions with
scopic model, which could explain the empirical data inthe closed electronic shells. Since an interpretation of the
terms of the quantum dot approach. Quantum dots are gaesults concerning YIG, doped with calcium, is a priority in
neric systems for exploring the physics of small, coherenthis paper, it seems to be more convenient to express an
guantum structures. Valence-uncompensated doping on yélectronic structure of the system in terms of holes rather
trium sites induces either excess electréag., Si:YIG, or  than in terms of the electrons. The argument is that all the
compensating hole@.g., Ca:YIQ in the system. Compen- available experimental information indicates that the electric
sating holes and/or electrons, when located in quantumeonductivity in Ca:YIG is of thep type.
confined structures such as iron-oxygen octahedrals and tet- Thus, the system consists of holes of two types: the
rahedrals, can influence the magnetic structure of the wholearrow-band 8 holes and p holes, which populate the an-
system. Moreover, they can be transported between differemn eigenstates. The simplest possible Hamiltonian, which
units. In our study, both the orbital and spin degrees of freeean be used as a point of departure to account for the mag-
dom are treated at the same footing. The crystal unit cell ofietic and transport properties of YIG and its derivatives, is
YIG is built from 12 tetrahedralFeQ,) and 8 octahedral an extended three-band Hubbard mduel:
(FeQ,) iron-oxygenp-d clusters*® In pure YIG the ground
state(L=0,S= g) of F€* has all five orbital states occupied .. . . .
by the electrons with mutually parallel spins. This specific H=Hzy+Hy+Hpqt+Hg, (1)
situation indicates why a concept of compensating holes, in-
duced by valence-uncompensated doping, can be useful in
interpretation of the electronic structure of the derivatives of
YIG. In the tetrahedral cluster, the central iron site is sur-
rounded by the four oxygen nearest neighbors, whereas the U
octahedral cluster, apart from its central iron, consists of six A v A A
anion sites. In the undoped system the @ns have all their " deg‘m Mam™® i?m M.o.m M, -m» @
six orbital and spin states occupied. In the case of the oxygen o o
ions again the concept of compensating holes seems to be
easy to interpret. The point symmetry group of the tetrahewhere

|:|3d =E, > figm*+Da i gm* Eq > N gm

i,a,m i,8,m j,Bm
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N . 1 At express the extended Hubbard model in terms of thargl
Hap=Ep > ”f,o,m+§ > tit(0,0")C 5t o7 m 2p states, and in the specific case assume the right order of
fom f.f'00",m the cubic doublete,) and triplet(t,y) at the octahedral and
(3 tetrahedral iron sites. Of course, the relative energy positions
of the 3 and 2 states, i.e., the parametek,, E,, andE,
must be also changed accordingly.

In the first step of our procedure, this Hamiltonian is pro-
jected separately onto the tetrahedron and octahedron, ne-
glecting both thep-p hopping and, also, the occurrence of
where the mutual oxygen corner between each pair of the nearest-

neighbor (NN) tetrahedral and octahedral clusters. The
! G om: (5)  group-theoretical analysis provides information on all the
. o symmetry-permitted hybridizingBand 2 states$ which
The HamiltonianH3, describes the narrow-bandl lectron  can then be used as proper initial states in the perturbation
states, in the localized limit, with the strongest on-site Hubprocedure, with the-d tunneling term considered as a per-
bard repulsion between the opposite-spin stdt@s—m) turbation. Finally, a four-dimensional Hilbert subspace is ob-
taken into accounthe parametel)). Five orbital 3l states tained, whose basis consists of twd &nd 2 orbital states
are separated into thg, triplet (8) ande., doublet(«) under ~ with nonzero matrix elements of the-d hybridization be-
the influence of the largest cubic contribution to the crystatween them, and two spin states attached to either of #iem.
field. The ground state of thed3compensating hole in the In the next step, the interclustprd hybridization that results
tetrahedral position is thgy triplet (the energyEy), and in  from the occurrence of the mutual oxygen corner of the near-
the case of the octahedral site it is #yedoublet(the energy ~ est tetrahedral and octahedral clusters is taken into account
E,). The parameter®, and D, are the energy separation together with the direcp-p hopping, which gives rise to the
between the cubic energy levels at the tetrahedral and octanotion of the carrier.
hedral sites, respectively. Both types of the motion, i.e., that between clusters of the

The indicesi,j label thea andd iron sites, respectively. same symmetry, mediated by tiped tunneling combined
Of course, the summation oves, 8, and o in the Hubbard  with the p-p hopping, as well as that between tetrahedral and
term runs over all the orbital states at all the iron sites. Théctahedral clusters, mediated solely by (ke hybridization,
second term of the Hamiltonie(rh:izp) concerns the 2 elec- result in broadening of the singlg-hole energy levels, which
tron states. ThepRtriplett,, at the oxygen sites is not splitin &€ attached to each of the 20 iron-oxygen clusters of the

the cubic crystal field. A possible direct intrasystprp hop- ~ ¢ryStal unit cell.

ping to the next-nearest neighb®NN) site? is considered, /S Might have been expected, the Hubbard on-site repul-
but the Hubbard on-site repulsion is neglected as small isive interaction between holes with the same orbital states

comparison with that at the iron ions. and opposite spins finally'results.in the occurrence of the
_ - _ magnetic superexchange interactions between the clusters,
The third term of the HamiltoniatH,,.o), i.e., the 2-3d g fyrther it determines a type of the magnetic order of the
tunneling between the oxygen and iron orbital states, acynpole system.
counts for a possible intersystem communicatigp(i, f) The problem of superexchange will be discussed, in great
are two-site tunneling integrals. The indiceand f denote  getail, for the orbital ground states in terms of the difference
bot_h the sites a_lnd the appropriat_e or_bital and spin states Igp energies, corresponding to the paraligpin tripley and
calized at the S|te§. The Hamiltonian is extended by the Stamntiparallel (spin singlef mutual orientations of the spins,
dard Zeeman terril, [see Eq(16)]. attached to the respective orbital ground states ofptie
With an external magnetic field applied to the system weclusters'® The outlined procedure serves also as a starting
can control both its magnetic interactions and the electrigoint in a calculation of the cluster electronic density of
transpor10 Different orientations of the applied field with states.
respect to the crystal axes can play a crucial role in the pro- The paper is organized as follows. In Sec. Il, the energy
cess due to the orbital contribution to the magnetic momenlevels and their respective eigenstates, labeled by the irreduc-
of the particles. ible representations of the respective symmetry groups, are
The on-site exchang@lund) interaction is omitted in the thoroughly discussed. Also, the question of the hole localiza-
Hamiltonian (1) for the following two reasons: first, what tion on either the iron or oxygen sites of the cluster is ana-
really matters most in our analysis is the Hubbard repulsioyzed on the basis of the wave functions of the cluster’s
between carriers on the same orbital and opposite spin statesbital eigenstates. In Sec. Ill, magnetic superexchange inter-
at the same site since the symmetry enables us to specifctions between two clusters of different types are introduced
precisely the single-hole orbital states. Second, the Hundnd analyzed with special emphasis put on the question of
term can be perturbatively includétl.lt determines arS  spin factorization of the respectiye-d and p-p transition
=5/2 state of the 8 electrons and it is taken into account by matrices. The magnitude of the superexchange integral be-
assuming the Hund rule. tween the iron-oxygen clusters is analyzed as a function of
In order to apply the model to the YIG derivatives with the tunneling parameter. Moreover, the influence of an exter-
electric conductivity of bothn and p types, one should nal magnetic field on the inter-cluster exchange mechanism

and

Hpa= 2 Voqli,HdE + H.c., (4)
if

A~ _ At ~ A~ _ A
ni,a—,m - di,o—,mdi,o',m! nf,(r,m =C
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is studiedt*15which shows how the exchange coupling cansinglet and the doublet, which corresponds to the irrreducible
be controlled experimentally. For valence—uncompensatedepresentatioagg and its complex conjugate. Again, as in the
doping, extra holes are induced, and consequently the exase of the octahedron, both thd @nd 2 states are ob-
change mechanisms need to be reanalyzed. tained by using the projection procedure. Likewise, the ap-
Section IV deals with a diagonalization of both thed  propriate Cartesian products of theé &nd 2 states are equal
and p-p spin-factorized transition matrices for the whole su-either to the irreducible representatib or to the irreduc-
percrystal unit cell consisting of 20 iron-oxygen clusters. Fi-ible representatiom™. Analogous to the previous case, the
nally, the electronic density of stat¢éEDOS is obtained. oxygen wave function of each tetrahedri®) is a linear
Within the framework of the proposed quantum dot model, acombination of the four single-sitﬁg, or e%; states with half
connection between the model parameters and magnetaf the sites having the opposite phase factor to that of the
properties of the system is discussed with the indication foothers.
the antiferrimagnetic ground state, which is in agreement After some simple algebra, from each<2 submatrix
with the experimental results. corresponding either to the spin(a) or m’(d), two eigenen-
ergiesk; andEg (I=a,d) are obtained with their respective

eigenstates. The eigenenergies are given in the following
Il. SINGLE-HOLE ENERGY LEVELS AND EIGENSTATES form:

OF THE p-d QUANTUM DOTS

Bl = V2AE +Ep) + V2V(Ey~B)*+ 4y]Vo (1), (6)
In the first step of the procedure described above, the

truncated Hubbard Hamiltonian, is projected onto a singlevhere both the on-site energiBsas well as the coefficients
iron-oxygen cluster of either type. It turns out that, due to they are determined by the relevant irreducible representations
presence of the on-site Coulomb repulsion, the matrix of th@f the symmetry group. In the same diagonalization proce-
projected Hamiltonian is naturally factorized with respect todure four corresponding eigenstates are determined with con-
the spin. For clusters of both types, the orbital wave functributions of the appropriated3state determined by the co-
tions are assumed in the LCMO-likénear combinations of  efficients C(lll) and c(l?), whereas the contributions of the
molecular orbitals form, i.e., as linear combinations of the oxygen statesP), are determined bng) and cgl” (I=a,d),
single-particle 8 and 2 states, with their coefficients deter- respectively. The coefficient can be also expressed in a stan-
mined in a diagonalization procedure with thal tunneling  dard simple form:
as a perturbation. Within the framework of the group theory, @ — (@
we can precisely determine the original proper symmetry- Cy’ =Cg =cog\/2) (7
permitted single-hole statés-or obvious physical reasons,
those are linear combinations of thesd 8hd 2 states,
which guarantee nonvanishimgd tunneling. For the sake of e = - ¢ = sin(\ /2), (8)
further discussion, it seems to be important to remember that
they must be eigenstates of these irreducible representationdiere
of the respective point symmetry groups, whose Cartesian
product, if the point groups are extended to the space group tan(\) = 2y Vi/(E - Ep). (9)
of the crys'gal, can induce one of the transitive irredltécibleThe second X 2 submatrix of the Hamiltonian, which cor-
representationsirreps of the space symmetry groupy”.  responds to the opposite value of the spin, i.en, for an
For the octahedral cluster, all the Cartesian products argstanedral clustefa) and -m, for a tetrahedral clustefd),

equal to the irreducible representatiaﬁfi. The cubic doublet 554 gives two eigenenergies for either clustgs and
e is not actually split as the two irreps of the groGg E, (I1=a,d):

which label the 8 wave functions obtained from the doublet,

are mutually complex conjugate. Those m} and (egﬁ)*, E'2(4) =1/2E+U+Ey) + 1/2V(U - E,+ E)?+ 47’|2V§.d(|)-
respectively. The cubic triplen%1 is split into a singlet, la-

beled by the irreducible representatiagﬁ, and the doublet (10

labeled again bye® and its complex conjugate. Eigenstates  Again, the 3l contribution to the eigenstates are deter-

both at the iron center of the cluster and at each of its oxygefined by the Coefﬁciemg;(zf) and C<2‘|‘->, whereas the [ con-
sites can be obtained by the well-known projection proceyiputions are given by?f;f) and Cgfll) for the clusters of both

dure. The eigenstate of all the octahedral oxygen HRgs))

types:
is given by a linear combination of the single-halestates, P
wherev is €%, (€%)", anda’, respectively, at each site with c? =cif = cog\ /2) (11)
half of the states having the opposite sign of their phase
factors. and
In the case of the tetrahedron, the ground-state cubic trip- ¢ =¥ =sin(\/2), (12)

let tyy is split into thebgg singlet and the doublet whose states

are labeled by the complex representaldﬁgpand its conju-  where

gate, respectively. The excited cubic doublet is split into the o o

a3} andb3j singlets. The P ty, triplet states are split intb3} tan(\)) =2y Vi/(U + E - Ep). 13
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FIG. 1. The lowest-lying and first excited energy levels of the
octahedrala) cluster as a function of thp-d hybridization param-
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FIG. 2. The lowest-lying and first excited energy levels of the
tetrahedrald) cluster as a function of the-d hybridization param-

eter, V. Solid lines show the orbital doublets, mutually conjugate eter,V. Dotted lines show the orbital sextet, all the mutually con-
linear combinations ofeg®)" andef¥; dotted lines show the orbital  jugate linear combinations &£ with 34 ande3 with e3%; dashed-
singlets, linear combinations andaZs; dashed lines show the dotted lines show the orbital singlets, linear combinationsaif
orbital doublets, mutually conjugate linear combination:e@fand with bgg; dashed lines show the orbital doublets, mutually conjugate
€. Values of the relevant model parameters are given inside thénear combinations ob3} with egg; solid lines show the orbital
figure. doublets, mutually conjugate linear combinationsaég with eg‘g,.
Values of the model parameters are given inside the figure.

The eight energies are expressed in terms of the model p@yameter, there is a crossing of the ground energy levels,
rameters, which are the cubic crystal-field ground-state enety,q the lowest-lying appears to be a singlet linear combina-
gies of the single-holedlocalized at the octahedréE,) and  tion of the agﬁ and a¥® eigenstates. The remaining orbital
tetrahedral(Ey) iron site, respectively. For certain represen-qoyplet consists of a linear combination of the irreducible
tations, the ground-state energies must be shifted by the ePepresentationaegﬁ and eﬁe' and their complex conjugates.
ergy distance between the cubic doublet and triplet at thehis doublet, however, is expressed in terms of the original
octahedralD,), and tetrahedralDy) iron sites, respectively.  on cybjc functions. Both the orbital singlet and the doublet at
The on-site Coulomb repulsion paramete, energy of the /=, reach the point oE,+D,, i.€., that of the cubic triplet.
2p single hole localized at the oxygen sit€,), and energy  The appropriate excited doubletith opposite spinis also
cost of the transfer between iron sites and their oxygen neapresented in Fig. 1. The on-site repulsion paramétgis
est neighbors, i.e.E,—E, and E,—Ey, appear also in the fixed.
formulas for the single-particle energies. Since we have de- |n Fig. 2, the lowest and first excited energy levels of the
cided to discuss the problem in terms of holes rather thap-d tetrahedral cluster are presented as a function of the tun-
electrons, we have, doublet as a ground state of thel 3 neling parameter. In this case, for the whole range of the
holes on a octahedral iron site, agltriplet on a tetrahedral.  tunneling parameter, a highly degenerate energy level is ob-
The energy leveE, is lower thanEg. tained as a ground state of the cluster. Those are actually
All possible two-site tunneling parameters are reduced tahree doublets, consisting of mutually conjugate functions,
two basic ones, which are those between th@®mic states  and their degeneracy is accidental. The first doublet is a lin-
and the appropriated3(x*,y?,7°) atomic state$V,) and the  ear combination o&S} with e?;;, and its complex conjugate;
appropriate 8 (xy,yz,zX atomic stateqVy). The original  the second i%34 combined withb3, and the complex con-
basic tunneling parameters are then modified due to the brgugate. The third doublet is represented by mutually conju-
ken symmetry of the-d clusters. gate linear combinations df?g and eg‘r‘,. The energy of the
In Fig. 1, all the lowest and first excited energy levels ofthree doublets originates at the enefgy The corresponding
the octahedrap-d cluster, corresponding to the possible Car-energy eigenlevel with the opposite spin is given in the dia-
tesian products of thed3and 2 states, are presented as gram as well. The remaining energy levels, originating from
functions of the tunneling parameter. Among the lowest andhe cubic doublet, i.e., at the poif +Dgy, are the orbital
first excited levels, there is one orbital singlet and two orbitalsinglet (a3, b33 and two doubletsas),e>%) and (b3}, €5%)
doublets. As seen, in spite of the reduction of the overallyith their respective conjugate combinations. Again, all the
cubic symmetry, the orbital doublet is still a ground state foropposite-spin energy levels begintE,.
a large range of th@-d tunneling. The doublet consists of  |n order to compare tha andd results with each other, in
two mutually conjugate linear combinations of tb§ and  Fig. 3 two complete sets of the four energy eigenvalues,
()" eigenstates. It is the only line in Fig. 1 that begins atwhich include the respective ground states of the tetrahedral
the energy equal td=,. The excited twin function(with  and octahedral clusters, are shown. For the tetrahedral
opposite spin is also indicated in the diagram. Like the cluster, each of the four energy levels correspond to its
other excited eigenstates, with=0, its energy tends t&,.  three orbital doublets, whereas for the octahedral cluster the
For larger (and rather unrealisticvalues of the tunneling eigenstates are the single orbital doublets. The energies are
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FIG. 4. Probability of localization at the iron sites for the
FIG. 3. All four energy levels of the sets with the respective lowest-lying and corresponding opposite-sp.in energy Ievelg of the

ground states of the octahedtdhshed linesand tetrahedralsolid octahedral and tetrahedral clusters, respectively, vpitiéybrid-

lines) clusters, respectively, versus thel hybridization parameter, 12ation parametery, with (B=0.5 eV) and without(B=0) the ex-

V. The remaining model parameters take the following vales: €Ml magnetic field.

=8 eV,E,;=-15eV,E4=-0.44 eV,Ep: 2.5 eV.

for both the octahedral and tetrahedral clusters with respect

given as functions of the tunneling parameters. For the saki® the tunneling parametex/, without as well as with an
of simplicity, we assumed the tunneling parameters to b&xternal magnetic field. The result can be changed by an
equal to each other, i./,=V,=V. The Hubbard parameter, appl|ca.t|_on of the f.|eldl, wh|ch has .the t(_andency to lower the
U, is fixed. The actual values of the microscopic parameter@robability of localization at iron sites, increasing thereby a
are the same as those given in Figs. 1 and 2. possibility of localization at the oxygens. We have decided
Localization probabilities either at the iron, or at the sur-Not o display the occupation probabilities at the oxygen
rounding oxygen sites, for different eigenstates of the sam@ltes, since they represent a mirrorlike reflection of those for
Hilbert subspace, are determined as modulo-squared coeff2€ iron, however, with the reversed order of the respective
cients of the appropriate contributions to the respectivéigenstates. The probability of localization is bigger at an
eigenfunctions. For instance, the localization probability at°ctahedral rather than at a tetrahedral iron site. It means that
the iron site in the ground and its opposite-spin excited enthere is a possibility either of formation of a‘Fectahedral
ergy level are determined as follows: iron ion or the compensating hole will get I(_)cahzed at the
oxygen sites hybridizing with the tetrahedral iron states. The
PEIe:|C%I|2 (14) results, used as an illustration in Fig. 4, correspond to the
two lowest-lying eigenstates of each of the te@andd sets
and given earlier in Fig. 3.
Fe 121 From two possible contributions to the magnetic moment,
P =lcal%, (15) the spin is already considered, by taking into account the
. _ Hubbard term in the Hamiltonia¢2). This is an occurrence
whereI:a,_d. The probabilities are analyzed as functions Ofof the orbital contribution, which explains the splitting of the
the 'gunnelmg parametevz ar)d further, also, as those of a eigenenergy levels. The Hubbard Hamiltonian projected onto
varying .external magnetic field, since we believe that, byfhe p-d clusters is extended by the standard Zeeman term:
application of an external magnetic field, an external contro
of the system can be maintained. As might have been ex-
pected, for the lowest-lying eigenstate, the probability of lo- A - 22
calization at the iron site exceeds that at the surrounding Hz=-ueB- 2 (L +29), (16)
oxygens. In the states with the spin orientation opposite to !
that of the ground energy level, there is a larger probability
that the hole and/or electron gets localized at the surrounding A -
oxygens. It holds for both types of clusters. In pure YIG,wherel; and§ denote the orbital angular momentum and
only the lowest of each set of the four energy levels is occuspin operators of the-d clusteri, respectively. Both in the
pied, and the hole remains at the iron site. In calcium-dopegases of the octahedron and tetrahedron, we restrict our dis-
YIG, for instance, a compensating hole, which must have itgussion to the effect of the field applied along one of the
spin opposite to those of the holes already present at therincipal axes of the bulk system, i.e., tfELD axis, which
cluster, will occupy the oxygens. However, there is a finiteis identical with the orientation of one of the main axes of
probability that it can get localized at the iron, forming a the octahedron, but not of the tetrahedron.
Fe**, which has been earlier suggested in the literature. The influence of the magnetic field on the four energy
Let us now analyze the probability of the occupation oflevels of the octahedral clusté), already given in Fig. 3, is
the iron sites in the lowest-lying and first excited eigenstatepresented graphically in Fig. 5. As the field gets stronger,
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FIG. 5. Effect of the external magnetic field, applied along the FIG. 7. Probability of localization at the iron sites for lowest-
(112 axis on the doublet eigenvalues of the octahedral cluster. Théying (the upper curvgsand the corresponding opposite-sgthe
eigenstates are the same as those given in Fig. 3. The solid ahewer curve$ energy levels of the octahedr@he solid lineg and
dashed lines show both eigenenergies of each doublet. Values of tiietrahedralthe dashed lingsclusters, respectively, vs strength of
relevant model parameters are given inside the figure. the applied magnetic field. Again, values of the model parameters

are given inside in the figure.

crossings of the middle-lying energy levels occur, which can

imply both a flip of the spins attached to the appropriate The probability of localization for the central iron sites,

orbital eigenstates and an appropriate change of the hol€efined like that in Fig. 4, is shown as a function of the

electron localization. magnetic field for a selected fixed value of the tunneling
As mentioned before, in the case of the tetrahedron, thearametelV, in Fig. 7. Again, the occupation probabilities

orbital degeneracy of the ground energy level is much highefor the oxygen sites do not need to be shown explicitly. With

It turns out that the field lifts completely the sixfold degen- increasing strength of the field, the localization at the central

eracy. Three of the four sets of the resultant energies versufn sites decreases, which means that it gets larger at the

the applied field are presented in Fig. 6. Again, crossings o@xygens. Thus, due to the applied field, there is a finite prob-

the m|dd|e-|y|ng energy levels occur, Suggesting a Change (ﬂ.b”lty that the particle will be moved and its Spin state al-

the spin orientation accompanied by the appropriate chandgérnated.

of the localization. As follows from this discussion, the prob-

ability of localization in pure YIG is dominant at the iron Ill. PAIRS OF THE OCTAHEDRAL AND TETRAHEDRAL

sites, which means that the iron contribution also dominates p-d CLUSTERS

in the p-d hybridized wave function, and, consequently, the

high orbital degeneracy is only virtual. It becomes really

important, however, when the system is doped and extr

holes or electrons are introduced. Compensating particles oc-; . : .

cupy the opposite-spin hybridized eigenstates with Iarge}"”th a mixed pair of thep-d clusters. For the sake of sim-

probability of localization at the oxygen sites, and the higherpl'c'ty’ each cluster is con_S|dered as a quantum dot W!th a
orbital degeneracy. selected set of the four orbital states, attached to it, forming a

basis of its Hilbert orbital subspace. As mentioned before,
each pair of the nearest clusters belonging to the different
sublattices share a common oxygen site that enables their
mutual communication via the-d tunneling only. The selec-
tion of the cluster orbital states for further discussion has
been done on the basis of magnitude of gid tunneling
U=8.0¢V E,=—0deV matrix elements between tleeandd clusters as well as on
oF~ V=0.5eV E =2.5eV >~ their response to the magnetic field. The diagonalization of
the projectedp-d tunneling Hamiltonian is performed for
these selected sets of the respective single-hole eigenstates.
Two cases need to be considered:

(i) The clusters have the same spin orientation in their
respective ground statéerromagnetic order or spin triphet

B(eV) (i) The clusters have opposite spins in their respective
ground stategantiferromagnetic order or spin singlet

FIG. 6. Effect of the external magnetic field, applied along the In each case, different off-diagonal transition matrix ele-
(111 axis, on three of the set of the four eigenvalues of the tetraments of thep-d Hamiltonian are obtained. As an example,
hedral cluster. The eigenstates are the same as those in Fig. 3. Vawo of the possible 16 matrix elements are presented below
ues of the relevant model parameters are indicated inside the figuren an explicit form:

In order to get more insight into the electronic structure of
e transition metal oxides of this specific type, within the
ramework of the cluster modé¥;'®let us start the analysis

ENERGY(eV)
\ o
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(i) for ferromagnetic order 0.5———T——T——T1
AL5= (ASD" = ciicilaVa + V2egleifa’ Vv, (17) R —/
(i) for antiferromagnetic order @_ O e R ]
_ ) Qn I ././. ..... ‘.\:. ...... ,f"”,,
A= (ASY)" = cDcBaV, +2cca’Vy.  (18) S D b TP
2
The coefficientae can be expressed as follows: =05k — B=0 7]
- = B=0.2eV
— . L e B=0 ©
a= (1ML +y3)(-1+i). (19 "=+ B=02eV
. . s | s | L 1 L 1 L
After some simple algebra, two different sets of the two- ‘I 02 04 06 08 1
cluster single-particle energy levels with their respective V(eV)

eigenstates are found. Within the framework of this ap-

proach, pure YIG differs from its derivatives in the number FIG. 8. The superexchange integd), between spins attached
of holes per quantum dot. In pure YIG, the population is oneo the ground orbital eigenstates of theand d clusters vs the
hole per cluster, which means that two of eight two-clusterhybridization parameteY, without the external magnetic field,
energy levels are occupied. The total ground-state energy dér pure(the solid ling and dopedthe dotted curvesystem. And,
the two-cluster system is therefore a sum of the two lowestthe spin triplet-singlet energy differen€gg with the external mag-
lying single-hole energy levels. As might have beennetic fieldB=0.2 eV again for pur¢the dashed curyeand doped
expected®!tin pure YIG, the spin-singlet ground-state en- (the dotted-das.hed curysystem. The relevant model parameters
ergy level lies below the spin-triplet one for a wide range oftaké the following valuesU=8 eV, E,;=-1.5 eV, E4=-0.44 eV,
values of the tunneling paramet¥t, which means that a pair 2ndEp=2.5eV.

consisting of the octahedral and tetrahedral clusters favors Valence-uncompensated doping induces extra holes or ex-
mutually opposite directions of spins in their respective or- P ping

bital ground states. Thus, the ground state of the two cluste%%;;??gocn; $I (;h?hesytiti?? 're\llgl\tglr?t tr?ciefriasn;gzva?(rakd %ft tthhltse
must be a spin singl€iS=0). Information on the difference LT s )

) . . same pair of two hybridizing clusters, so the third of the set
between the ferromagnetic and antiferromagnetic two-clusterf he eiaht ei £ 1h ; b ied. And
energyD,q enables us to estimate superexchange integrals S the eight eigenstates of the pair must be occupied. And,
T=0 K ags functions of the microscopic model using Eq.(8), with the energies defined as sums of the three
parameter$”-18 The conclusion is based on a well-known lowest-lying single-hole energy levels, we obtain the super-

" . ... exchange coupling integral between the pair of the spins,
supposition that in the z_;lbs_ence of the external magnetlcf'elérjtttached to the respective orbital ground states of the clus-
this energy difference is simply equal to the superexchang

integralJ,4 between two spin§=1/2, attached to the orbital fers. It turns ou_(Flg. 8 that _rather paralle_l than antlparallel_
i mutual orientation of the spins in the orbital ground states is
ground states of the clusters:

favored, which means that an extra hole can change the sign
J.=E.—-E (20) of the superexchange interaction. Magnetic properties of the
ad= = b system are then influenced in two ways: not only directly by
whereE; and E,; stand for the ferromagnetic and antiferro- reducing the resultant spin, but also by changing the mag-
magnetic energies of the two-cluster system, respectivelyletic interactions.
The results in Fig. 8 show the superexchange intetyaior In our analysis, an influence of the strong molecular mag-
pure (the solid ling and dopedthe dotted ling system as a netic field is omitted so our conclusions concerning the ex-
function of thep-d hybridization parametev. With the mag-
netic field applied to the system, the spin triplet-singlet en-
ergy difference as a function &f is presented for puréhe
dashed lingand dopedthe dashed-dotted linsystems. The
Hubbard repulsion parameter is fixed. In Fig. 9, the spin
triplet-singlet difference in energy,4 is given as a function
of the applied magnetic field, for a fixed value of the hybrid-
ization parameter, and with the same, as previously, values of
U=8eV,E,;=-1.5eV,E4=-0.44 eV, andE,=2.5 eV.
In the undoped system the superexchange intelyais
positive, as expected, with the external magnetic field equal

D ,(eV)

to zero. The corresponding triplet-singlet energy difference -1 _(')’4 ' _('),2 ' (') ' 0',2 ‘ 014

D,q4 changes its sign, however, at some finite magnetic field,
and on the whole, it displays a particularly compMxde-
pendence resulting from possible crossings of the second and FiG. 9. The spin triplet-singlet difference in ener@yg vs the
third energy levels of the both clustei. Figs. 5and § To  applied magnetic field for an undoped system. Values of the rel-
obtain the result with a weaker external magnetic field weevant model parameters ate=8 eV, E,=-1.5 eV,E4=-0.44 eV,
should take into account the molecular field. andEp=2.5eV.

B(V)
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ternal magnetic field effects can provide only a gross quali- 0,003
tative result.

Within the framework of the present approach, the super-
exchange interaction Hamiltonian consists of the contribu-
tions, corresponding to the interactions between particular
pairs of spins. It can be expressed in the following simple
form:

1V, T_(eV)

|:|ex: E J(avﬁ)éa ' éﬁ! (21)
aB

where the summation runs over all the relevant orbital eigen-
states of the respective quantum dots, &g, denote the
S=1/2 spins attached to the orbital states. Therefore, what 0
we estimate from Eq8) is the particular contribution to the
interaction, i.e., the integral(a, 8) with « and B being the
ground orbital eigenstates of the respective clusters. FIG. 10. The exchange integralg, (the solid ling andJyq (the
The problem becomes more complicated for two hybrid-dashed lingbetween spins, attached to the orbital ground states of
izing clusters of the same type. The octahedral clusters shatee NN octahedral and tetrahedral clusters, respectively, vpthe
no oxygen sites. And the same is true about the tetrahedralp tunneling parametety, for the pure system and without the ex-
clusters. Therefore a possible intrasublattice communicatioriérnal magnetic field. Values of the system parametdrs8 eV,
involving clusters of one type, may occur via a combinationfa="1.5 eV,E4=-0.44 eV,E,=2.5 eV.
of the p-d with p-p tunneling. Some simple space-symmetry
analysis clearly proves that only the dir@ep hopping to the
next-nearest oxygen neighbors is important as it brings th
hole to the nearest cluster of the same sublafti&ad, it is

thust, is the NNN tunneling integral between the dtomic
States. The coefficients,)'s determine the oxygen contri-

; bution to the respective hybridizedd32p single-patrticle
mg %aatsrii{gn?;rghi;ygfsjggtteh de g:::ztzrss.p?ci d&ﬁﬁé“g%ﬂ{ hy_cluster state. The numerical coefficientsdmare found in the
bridized eigenstates of two clusters of the same type. Againgroup-theorencal projection procedfre.

o i ) . ' As before, in the case of the mixed pair of theand d
like in the previous case one has to consider the spin degre%ﬁjsters both pure YIGRef. 16 and its derivatives obtained
of freedom. Two cases are distinguished from each other: '

by valence-uncompensated doping are discussed. Again,

(i) Both clusters have same spins attached to their respegith respect to pure YIG, they differ in a number of the holes
tive ground energy levelgferromagnetic order or spin trip- and/or electrons per cluster. The superexchange intedyals
let). andJyq, respectively, are found from E¢R0) with appropri-

(i) The clusters have spins of the mutually opposite ori-ately defined ground-state energy levels. For the same range
entation attached to their ground energy lev@stiferro-  of the microscopic parameters, values for the exchange inte-
magnetic order or spin singhet grals are much smaller than those obtained for the magnetic

In either case, a different set of off-diagonal matrix e|e_interacti0n betwegn _mixed, i.e., tetrahedral-octahedral pairs.
ments corresponding to possible transitions between the clu§&nd: they clearly indicate that the antiparallel mutual orien-
ters is obtained. Since no spin-orbit coupling is consideredi@tion of the ground-state spins is favored. The numerical
every transition between the clusters occurs with spin cont€Sults are shown in Figs. 1@r the pure systemand 11
servation. (the doped systemmThe superexchange integrdls, and Jyq

As an example, both for the-a andd-d pair, two of the '€ prese_nted as_functions of the NNN tunneling param-

16 possible off-diagonal matrix elements of the tunneling®te": tz: With the fixed values of the Hubbard parametar,

Hamiltonian are given below in an explicit form: and thep-d hybridization parametey. _
. . o Again valence-uncompensated doping changes the sign of
(i) ferromagnetic orde¢spin triplet

the magnetic interactions in favor of the mutual parallel ori-

AZE00) - Ba(d)cgg)(d)cg(d)1 (22) entation of the relevant spins. All the estimations of the su-

perexchange interactions in YIG, such as a comparison of

(i) antiferromagnetic ordeispin singlet inelastic neutron scattering data with the spin-wave spectra
(see Ref. 15 for detgilremain in mutual agreement with

AL = By Chaa Sl (23)  respect to the sign and magnitude of the intersublattice su-

perexchange interaction. In almost all of the well-known pa-
pers on YIG, the same value df, is found (see: Refs. 16
— - and 17 and the references thepeWithin the framework of
Pa=2Bq4= 1125 (24 the model proposed here, the inter-sublattice interaction is
It is reflected in the formulas that transitions between thehe only one whose origin is consistent with that of the
hybridizing clusters result from the direptp tunneling be-  Anderson superexchange. With respect to the actual magni-
tween the oxygen sites that are mutual second neighbors, amgde ofJ,4 however, it seems rather obvious that we derive

where
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only one contribution to the resultant exchange parameter As mentioned above, in the case of pure YIG one hole per
between the tw@-d clusters[Eq. (20)], versus the total one, quantum dot is assumed. It means that 20 eigenstates are
which is estimated from the spin-wave spectra. In this modelpccupied and the Fermi level is identical with the highest of
the intrasublattice magnetic interactions are mediated botthem. Within the framework of this approach, different
by the p-d hybridization and by the NNN-p tunneling. In  valence-uncompensated derivatives of YIG differ from one
spite of its alternating-spin origin, in the pure system theanother in the number of electrons or holes per quantum dot.
interactions favor the antiparallel spin orientation, and theifThe extra holes in the Ca-doped system gives rise to a shift
respective magnitude is much smaller than that of the interef the Fermi level to the right toward higher energies.
sublattice interaction, which also remains in agreement with In the real crystal, 5 electrons are located at each cluster;
the results obtained from the experimental data. however, we focus our attention on the one playing a crucial
role in the determination of the magnetic and electric prop-
erties of the crystal. Consequently a diagonalization of the
IV. THE ELECTRONIC DENSITY OF STATES 80 80 Hamiltonian matrix must be performed. All the di-
OF THE SUPERLATTICE agonal matrix elements are simply equal to one of the appro-
priate four eigenenergies of the iron-oxygen clusfeez Eqs
Within the framework of the present approach, the crystal5) and(6)]. The off-diagonal matrix elements take the fol-
of YIG can be regarded as a cubic superlattice of octahedrapwing form:
and tetrahedral quantum dots with a set of the specific orbital R .
and spin eigenstates attached to each of them, forming its H(@i = (i €XRiq - i), (29
Hilbert space. Thus a crystal unit celllof YIG consists of 8Wherer]k=ﬁ—r*k and boti¥, andf, are the position vectors of
octahedral and 12 tetrahedral inequivalent quantum dotgpe jron'ions in the superlattice unit cell. The indidemndk

They can be labeled by their respective central iron ions. Thg, e tormula denote also the appropriate orbital states of
simplest way of estimating their size is a comparison of thgy o ¢justers

iron a(d)-to-oxygen distance with half of the lattice constant 4 4t giagonal matrix elements fall into two categories:
(a/2). As the iron-oxygen distances are almost identical, thet ; angk denote the clusters of different symmetry, i.,
ratio is approximately of the same order, i.e., 6 per a quanznqq, respectively, then the matrix elemef is determined

tum dot. by the p-d hybridization. Its specific form depends upon the

Communication between the nearest quantum dots of thgiita| eigenstates of the respective clustiss Egs. (16)
same type is mediated by tied hybridization combined  5,4(17)]. If the matrix element is between the clusters of the

with next-neighborp-p hopping, whereas the_ir_lter_sublattice same type, then the functidiiid),;  results from the NNNp
transfer can be mediated solely by @ hybridization be- -p tunneling. Again, its specific form is dependent on the

C"’,“:]SE ofr:he k(]:om:nc_)n oxygen site kt{handdrtl:lustlerslshare orbital statesee Eqs(21) and(22)]. The off-diagonal ma-
with each ot Fr', t '; mteres};}ng that as the r?|mp.e SFE’;’"Cet'rix elements are nonzero provided that the spins attached to
symmetry analysis shows, with respect to fip hopping, 8 yhe respective orbital states are equal to each other. It means
octahedral quantum dots split spontaneously into fouréonefhat the final form of the Hamiltonian can only be found if a
dimensional chains along the threefold crystal aEED)." ) ;5] magnetic orientation of the quantum dots is assumed.
The reason is that the space symmetry permits each octahgince we analyze also an influence of the external magnetic
dral cluster to exchange holes and/or electrons with only tW@je|q it seems to be sensible to select just the two magnetic
of its six nearest neighbors. It suggests also an occurrence fycture€%21 Those are collinear ferromagnetic order of all
the strong anisotropy, both of the transport and magnetigpins attached to the orbital ground states of the clusters, and
properties. In the case of the clusters of the tetrahedral typgoljinear antiferrimagnetic order in which all spins of the
no such restrictions are imposed by symmetry. clusters of one type are aligned in one direction and opposite
_Inorder to find the electronic density of states we have g those of the clusters of the other type. In either case, a
diagonalize the spatial Fourier transform of the Hubbardjifferent form of the projected Hamiltonian is obtained.

Hamiltonian (1) projected onto the crystal unit cell of YIG The electronic density of stat&(E) can be expressed as
with a set of the single-hole eigenstates attached to each @f|;ows:

the hybridizing clusters. The off-diagonal matrix elements
can only be_ determined after having assumed a mutual spin D(E)=D A SE-E), (26)
orientation in all the clusters. E.

For the sake of clarity, this procedure can be considerably
S|mp||f|ed by Considering 0n|y a contribution to the elec- where the summation in the formula runs over all the eigen-
tronic density of states, coming from the orbital ground statevalues of the projected Hamiltonidk;). For each contribu-
of each cluster. It means that each quantum dot is charactelion to the density of states, the summation is also performed
ized by its four-dimensional spin-orbital Hilbert space, and,over the wave vectog along the(I'XRI’) loop in the simple
of course by its position in the crystal unit cell. There is ancubic Brillouin zone, i.e., froml’=(0,0,0 to X=(0,,0),
additional argument for considering only this specific contri-farther toR=(, 7, 7) and finally back to the point of depar-
bution to the density of states. The first excited energy leveture. The density of states is analyzed with respect to micro-
lies above the Fermi level and plays a crucial role in thescopic model parameters. Numerical results are shown in
charge and spin transport. Figs. 12 and 13, where the curves represent EDOS both for
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0 0.25 0,5 0,75 1 FIG. 13. The EDOS of YIG with mutually antiparalléashed
t,(eV) line) and paralle(solid line) spins of the orbital ground states of the

a andd clusters in the external magnetic figlB=0.5 eV and the

FIG. 11. The exchange integrals, (the solid ling andJyy (the ~ Sa@me values of andt; like those in Fig. 12
dotted ling between spins attached to the orbital ground states of
the NN tetrahedral clusters, respectively, vs fhp tunneling pa-  states. Both the energies of the octahedral and tetrahedral
rametert,, in the doped-system, without the magnetic field. Valuesdots as well as localization of the holes and/or electrons ei-
of the microscopic parameters are like those in Fig. 10. ther at the central iron or the surrounding oxygen sites can be

controlled by an application of the external magnetic field.

ferro- and antiferromagnetic mutual orientation of the The magnetic moment of each quantum dot consists of the
ground-state spins of the andd quantum dots. The effect spin and orbital contributions and the external control of the
depends upon the external magnetic field applied to the sysituation can be maintained due to the standard Zeeman
tem (Fig. 13. The specific orientation of the external mag- term.
netic field, i.e., along th€111) axis, serves merely as an  Mutual communication between the dots of different
illustration. The problem was studied on a broader scalefypes occurs via the-d hybridization, whereas the transfer
showing that the system is anisotropic, which may be exOf the holes and/or electrons between the homogeneous dots
plained as a result of the orbital contribution to the magnetids mediated by thep-d hybridization combined with the
moment of each quantum dfgee Eq(15)]. -p tunneling to the next-nearest oxygen neighbors. The su-
perexchange interaction between spins attached to the
ground orbital states of the different clusters, estimated as a
difference in the spin triplet and singlet energies, turns out to

In conclusion we have proposed and analyzed a microl_)e_antiferromagnetic, i.e., it favors antiparallel mutual orien-
scopic model of yttrium iron gamets with excess holes oft@tion of the spins. The most remarkable feature of the cou-
electrons, induced to the system, by valence-uncompensat@§nd, however, is the change of its sign, which occurs at
doping. The system is considered as a superlattice consistiggMe finite value of the external magnetic field. The ex-
of two types of thep-d quantum dots with different sets of change coupling between spins, attached to the ground or-

the localized eigenvalues and their respective orbital eigerPit@ eigenstates of the homogeneous dots, estimated in the
same way, is mediated by thed hybridization combined

V. CONCLUSIONS

012 with the p-p tunneling. It turns out to be antiferromagnetic as
S L L well, which is compatible with the empirical data. The ratios
1 of the intra- and intersublattice interactions remain in agree-
' ment with the experimental results.

0,08 = Within the framework of this model, the electronic den-
8 i H sity of states is also found. It is characterized by the sharp
2 " ' peaks corresponding to the eigenstates of the crystal unit

004k | 1 i | cell, consisting of 40 quantum dots. Thg spin_s of the quan-

’ :: l " tum dots can be controlled through their orbital degrees of
i P p freedom, by an application of the external magnetic field.
l:INAA I :',.':- k Y
04 '\-II|2:,}: i: :l:él; L )l\IA ’i
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