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We study double-exchange models with itineragtelectrons in spinel and pyrochlore crystals. In both cases
the localized spins form a network of corner-sharing tetdzh. \We show that the strong directional dependence
of t24 orbitals leads to unusual Fermi surfaces that induce sgperstructures and noncoplanar orderings for
a weak coupling between itinerant electrons and localizgalss Implications of our results to Zr®W, and
Cd;,0s,07 are also discussed.

Orbital degrees of freedom have attracted much attention
due to their crucial role in the stability of many unusual gée
of correlated materials [1]. In particular, the presenceef
generate orbitals in frustrated magnets can lift the spin de
generacy through various spin-orbital interactions. FattM
insulators with spins residing on a frustrated lattice, hsuc
as triangular or pyrochlore, geometrical constraints @nev
spins from reaching a simple Néel order. The occurrence of
long-range orbital order due to either Jahn-Teller digtort
or orbital exchange reduces the magnetic frustration bgtere
ing disparities between nearest-neighbor (NN) exchange co

stants and paves the way for magnetic ordering [2, 3]. FIG. 1: A unit cell of the pyrochlore lattice and the configima of
. local oxygen octahedra in (a) spinel and (b) pyrochloretetgs The

quever, some of the magnetic 0rq§rs observeq IN 9€%5ye and red balls denote the (B-site) transition-metal @xydyen
metrically frustrated compounds are difficult to explaiarst  jons, respectively.

ing from the strongly coupled Mott-insulator regime. For ex
ample, several vanadium spinels [4—6] exhibit a complitate
magnetic structure witht|.| - - - collinear ordering along cer- However, most of these studies ignore the orbital deperedenc
tain chains that is very puzzling from the viewpoint of local and consider only isotropic electron hopping.
ized spin models. Below we shall provide a simple explana- |n this Letter we examine DE models with itineran,
tion for the observed spin superstructures based on a doublglectrons in both spinel and pyrochlore structures witregain
exchange (DE) model which takes into account orbital degenformulas AB,O, and A,B,O-, respectively. In addition to the
eracy. The DE model arises naturally for multiband com-jtinerant electrons, there are localized magnetic moments
pounds in which a narrow band of localized electrons coexsijding on the B-sites of the crystal which form a 3D network of
ists with a wider band of itinerant electrons. It can also becorner—sharing tetrahedra. These moments are approximate
viewed as a mean-field approximation to the Hubbard Hamilyy classical vectors under the assumption that the ferremag
tonian. A well studied case is the DE model with |t|nera£|t netic nature of Hund'’s Coup”ng does not lead to Strong quan-
electrons on the cubic lattice [7]. This model has been showgym fluctuations. The Qoctahedron surrounding the B-sites
to describe the rich physics of colossal magnetoresistence creates a cubic crystal field which splits tiidevels into the
perovskite manganites [8]. e, doublet and the lower-energy, triplet. The strong de-
Recently there has been tremendous interest in DE modsendence of electron hopping on orbital orientation leads t
els on frustrated lattices [9—16]. The Fermi surface gegmet peculiar Fermi surfaces in both cases. In particular, the-el
plays a crucial role [11, 16] in the nonlocal effective spjsin  tron subsystem reduces to a set of cross-linking Kondo shain
interaction that results from integrating out the itingrelec-  in spinels. We show that this feature leads to a weak-cogplin
trons in the weak-coupling regime. The magnetic structuregnstability towards the previously mention¢tl].| superstruc-
stabilized by itinerant electrons are thus often difficaltin-  ture in vanadium spinels. Fermi surface nesting of differen
derstand using short-range spin models. For example, an un¥igin leads to noncoplanar all-in-all-out magnetic ordter
usual noncoplanar magnetic order, in which spins on differe pyrochlores, which is a candidate state for the intermediat
sublattices point toward the corners of a tetrahedron,daeh  insulating phase of GDs,Oy.
to appear in different coupling regimes and various commen- Frustrated Kondo-chainsin spinels. In the spinel structure,
surate filling fractions on the triangular lattice [11-14/e-  a common quantization axis can be definedtfgrelectrons
cent investigations of DE models on pyrochlore lattice aéso  at all crystal B-sites [Fig. 1(a)]. The shape of thg orbitals
veal interesting behaviors such as electronic phase depara is such that the strongest overlap is between the samelerbita
[15] and a complex noncoplanar order [16] at quarter-filling along a particular NN direction, e.g., between g orbitals




along either g110] or [110] bonds in thery plane. Keep-
ing only this dominant term, electrons in a given orbitatesta
can only hop along the correspondifig0) chain on the py-
rochlore lattice. We thus divide these chains into threesyp
yz, zx, andzy, depending on the active orbitals along the
chain. Since the kinetic energy preserves the orbital flavor
the Hamiltonian is a sum of contributions from different or-
bital sectorsH = 3" H,,, where

H,, = —t Z (C;’rmacjma + hC) o jH Zsl *Sim; (1)

(ig)llm

m = xy,yz, zx ands;,, = %Zaﬁ cjmaaaﬁcimﬁ. Here the
first term describes NN hopping of, electrons along &110)
chain of typem; t is the dominatingido transfer integral.
Cime 1S the creation operator fet-electrons at siteé with or- (©
bital flavorm = zy,yz, zx and spinae =1, |. The second

term in Eq. (1) describes an effective on-site Hund’s coupli FIG. 2: (a) The noncoplanar all-in all-out magnetic orded &h)
betweent,, electrons and localized classical spiis(with  collinear spin superstructure with wavevec@r= (0,0, 2 /a) in
normalization|S;|=1). Regarding model (1) as a mean-field spinels. Note theft] --- order alongyz andzz chains and a
approximation for a three-band Hubbard Hamiltonian that ha [¥14 -+ Neel order oncy chains in (b). Panels (c) and (d) show the

h Kineti 7 the effecti i corresponding electron band structures of the three 1Dnshaith
the same kinetic energy term &5 the effective coupling con- different orbitals. In panel (c) all three types of bandslzak-filled,

stantisJy = 4(U/9 + 4Ju/9)|(si)| whereU + Jp is the  |eading to the noncoplanar order in (a) when perturbed bydkun
Coulomb repulsion between two electrons in the same orbitajoupling. The filling fractions in (d) aré/2 for =y band andi /4
and.Jy is the bare Hund’s coupling [17]. for bothyz andzz bands. Inclusion of i gives rise to the collinear

H models a collection of ferromagnetic (FM) Kondo chains superstructure in (b).
coupled together by the local moments. While a classical
Kondo chain is a relatively simple system, the fact that each
spinis shared by three chains with different orbitals idtroes ~ Stabilized by strong single-ion anisotropies, the DE Hamil
geometric frustration. Numerical methods such as MontdonianH is rotationally invariant; any global rotation of the
Carlo (MC) become very inefficient for conventional 3D DE all-in-all-out order leads to another ground state-of
models because the dimension of the electron Hamiltonian The situation is more complicated for transition metaldwit
to be diagonalized for each spin update scale€asc L?  two d-electrons per site like the vanadium spinels @
for systems with linear siz&. On the contrary, foid, one  where A= Zn, Cd, or Mg. In ideal cubic spinel, equal dis-
only needs to diagonalize matrices whose dimension scales &ibution of electrons among the Kondo chains corresponds
L x L for the three Kondo chains intersecting at the updatedo 1/3 filling fraction. The classical ground state of a singl
spin. The reduced dimensionality of the problem thus allowsondo chain atl/3-filling has at1] magnetic order with a
for studying the ground states &f with the aid of unbiased period of3/. Again such a simple arrangement of spins is
large-scale MC simulations. precluded by geometric frustration. Our numerical minigniz

We first consider the case with thrdeslectrons per site. tion on large finite systems yields a 3D noncoplanar magnetic
The electron energy is minimized by placing one electron aprder with wavevectoQ = 2% (1,1,1), wherea = 2v21
each of the three different 1D bands, giving rise to halédill is the length of a conventional cubic unit cell; the extended
Kondo chains with a Fermi wavevector = 7/2l [Fig. 2(c)], ~ magnetic unit cell contains 108 spins.
wherel is the NN distance. The two Fermi points are nested Collinear superstructure in vanadium spinels. Instead of
by a commensurate wavevectgr, = 2kr = /I, leading the above complex order which preserves orbital degener-
to magnetic Néel order in the presence of Hund’s couplingacy, experiments showed that vanadium spinels undergo a
However, direct inspection shows that such a collinearl Néecubic-to-tetragonal structural transition with latticenstants
order cannot be simultaneously attained on all chains of the < a = b [4-6]. Contrary to the elongation, which is fa-
pyrochlore lattice. Instead, MC simulations 6n= 8 lattices  vored by a Jahn-Teller ion with twig,, electrons, the observed
(with 16 L3 spins) show that the total energy is minimized by tetragonal compression can be understood as originating fr
the noncoplanar all-in-all-out spin order shown in Fig.)2(a the band Jahn-Teller instability. The lattice distorti@sults
The magnetic order of each chain consists of FM and stagn a crystal-field splitting of the,, levels as shown schemat-
gered components, which are perpendicular to each other. &ally in Fig. 2(d). With twod-electrons per site, the lower
similar noncoplanar structure also occurs in pyrochlom-co energyzy orbital is always occupied by one electron in the
pounds, e.g. HgTi»O7, generally known as spinice [18]. Itis intermediate and strong-coupling regimes . By assuming tha
worth noting that while the noncoplanar spins in spin ice arehe mean-field derivation of Eq.(1) can be extended into the




3

intermediate-coupling regime, we obtain a DE HamiltonianK [24—26]. The resistivity increases by 3 orders of magni-
with S = 1/2 local moments provided by the electron that is tude upon cooling belo@),;. The transition is accompanied

localized in eachy orbital: by a sharp reduction of magnetic susceptibility, indicgtine
occurrence of AFM order [25]. The specific-heat anomaly
Hpp = Z Hyp + Jar Z Si - S;. 2 at Ty is found to be well described by a mean-field BCS-
MEYz,2w (i7)llzy type phase transition. The electron activation energyinéta

The lattice distortion also reduces the hopping integralipf ~ fromresistivity measurements also exhibits a BCS-likegveh
electrons providing further justification for the derivatiof ~ ior nearZ’ [25].
Eq. (2). HereJr is the exchange constant between local- These experimental observations justify a mean-field ap-
ized spins along thél10] and [110] chains. As the magnet Pproach for the metal-insulator and magnetic transition in
is cooled, antiferromagnetic (AFM) spin correlations depe  C0s07. As discussed above, the mean-field approxima-
first along these chains as indeed observed [4]. A long-rangéon reduces the multiband Hubbard model to the following
3D magnetic order resulting from interactions betweerediff DE model:
ent spin chains sets in at a lower temperature [4—6]. However, . mn =
the c?ossing-chain coupling is geomeFt)ricaIIy fl’l[JStrijEHhiy Hur = - Z Z B3 CimaCina — JH Z Z Si+Sim- (3)
NN spin interactions are taken into account [19, 20]. v o
Here we provide a Simp'e picture of the unusual magnetid*ere the orbital indexn refers to the quantization axes
order of these vanadates based on the DE model (2). B&f the local crystal fields which are different in the four
cause the othed electron can occupy eitherz or zz or-  honequivalent crystal B-sites [Fig. 1(b)]. Contrary to the
bitals, the corresponding bands are both 1/4 filled. In prescase of spinels, the orbital flavor is not conserved by the ki-
ence of Hund’s coupling/y, the usual Fermi-point nesting Netic term.  To obtain the hopping matrix, we expand the
thus leads to the formation qﬂ\\l,\l, - Superstructure with tgg orbital wavefunction at a given sublattieein the basis
q1/4 = 2kp = m/2l on bothyz andzx chains. In the weak- of common coordinates for the cubic pyrochlof ;Si)) =
coupling regime, this collinear ordering (same amplituole f a? , |¢x). The details of the transformation coefficients,,
+q,,4) is always more stable than the singlepiral order be-  can be found in Rgf. [27]. The resulting hopping matrix is
cause both wavevectorg,,, and—q, 4, are required to gap 7. = >, a5, ar, (¢r|Hi|¢r). Here the transfer integral
the two Fermi points of each chain. The corresponding 3D(¢x|H:|¢;) is expressed using the Slater-Koster (SK) param-
collinear magnetic order [Fig. 2(b)] characterized by waaee  eters [28].
tor Q = (0,0, 1) is consistent with the experiments (we shall We again start by considering only the dominatalo
from now on express the wavevectors in uni2af/a for con-  hopping in the SK parameters; the calculated tight-binding
venience). This collinear structure is also free of geoiwatr spectrum is shown in Fig. 3(a). In the metallic pyrochlore
frustration as individual chains are in their respectiveugid ~ Cd,0s,0~, the OS™ ion has three!l electrons corresponding
states simultaneously. The mechanism for the formation ofo a half-filled band. The Fermi level lies at= 0 for this fill-
this magnetic order is similar to the orbitally induced Pisie ing fraction and the resultant Fermi ‘surface’ consistshoéé
instability in the spinel MgTiO, [21]. lines and four points at the boundary of the Brillouin zone.
Although the above collinear spin order can also be exThe three Fermi lines are diagonals of the square surface at
plained within a local spin picture, ad hoc third-neighbor  the zone boundary, while the Fermi points are located at the
AFM exchange has to be introduced in order to stabilize thénigh symmetry L-poink;, = (%, %, %) [Figs. 3(a) and (b)].
] structure alongyz and za chains [19]. On the other Interestingly, this unusual Fermi surface can be nested by
hand, our approach based on the itinerant DE model providdiree wavevector€; = (1,0,0), Q2 = (0,1,0) andQs =
a natural explanation for the formation of these superstruc(0, 0, 1). In particular, the Fermi lines are topologically equiv-
tures in absence of orbital order. In addition, recamini-  alentto three ‘circles’ each of which can be completely e@st
tio calculations and experimental studies indicated that somby one of theQ) vectors [16]. To determine the optimal ground
vanadium compounds are indeed close to the metal-insulatstate we minimize the energy among all the spin orderings for
transition [22, 23], giving further support to the itinetgoic-  which the non-interacting system has a divergent susdkptib
ture adopted here. Although the above conclusion is validty. In other words, we introduce a variational amplitude fo
only for weak.Jy /t, and is based on a mean-field treatment ofthe uniform ordering withQ, = 0 and each wavevectd;
the multi-band Hubbard model, a more exact calculation thathat leads to perfect nesting of the Fermi surface. Resttict
takes into account the electron correlations gives a ctamgis to this particular set of magnetic structures, our simdlate
result which will be presented elsewhere. annealing minimization yields a noncoplanar spin ordercha
Noncoplanar magnetic order in metallic pyrochlore. We  acterized by a single wavevect@, = 0; the magnetic unit
now turn to DE model with degenerate orbitals on the py-cell is the same as the crystal one. Spins on the four inequiv-
rochlore structure [Fig. 1(b)]. Our theory provides a plales  alent sites point toward the corners of a tetrahedron. The so
explanation for magnetic ordering and metal-insulatangira  called all-in-all-out structure shown in Fig. 2(a) is an exa
tion in the pyrochlore oxide G&®s,0;. This compound un- ple of the noncoplanar ‘tetrahedral’ order. The correspond
dergoes a continuous metal-insulator transitiohai ~ 225 ing band structure is shown in Fig. 3(c) for Hund’s coupling
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coupled by localized moments. Our theory provides simple
and elegant explanations for the unusual spin superstaictu
observed in several vanadium spinels. We also proposed a
novel noncoplanar ‘tetrahedral’ order for the magnetiaiins
lating phase of the pyrochlore @ds, 0.
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