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Magnetoelectronic effects in pyrochlore T}Mn,O-: Role of TI-O covalency

David J. Singh
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First principles calculations are used to elucidate the magnetic and electronic structure of pyrochlore
TI,Mn,05. It is found that the bonding has an important covalent contribution from TI-O interactions. The high
spin ferromagnetic ground state has a very large differentiation between minority and majority spin electronic
properties. In particular, the minority spin channel contains a single, nearly spherical high velocity Fermi
surface derived from strongly mixed combinations of Tl, Mn, and O orbitals, while the majority spin channel
contains three smaller Fermi surfaces with much lower Fermi velocities. The proximity to a band edge in the
majority channel may lead to localization of these states if sufficient disorder is present. In any case, highly
spin differentiated transport results, with the conduction dominated by the minority channel.
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INTRODUCTION the DEX model, which is based on Hund’s rule ions. Al-
though it is recognized that the DEX model is qualitative,
There has been a recent revival of interest in perovskitenuch discussion of the CMR manganates is based on it and
structure Mn oxides due to the discovery of colossal magneits extensions.
toresistancé CMR) effects in Lg_,D,MnO;, whereD is a The discovery of a CMR effect in pyrochlore structure
divalent cation, e.g., C52 In the regime neax=1/3, where ~ T12Mn,O7 (Refs. 12 and 1Bis of interest because this mate-
large CMR effects occur, these manganates have ferromagfal does not fit within the DEX framework. In this pyro-
netic ground states and are in a nearly cubic perovskite strug&hlore structure, each Mn ion is octahedrally coordinated by
ture. The high spin Mn ions have nominally full majority O ions as in the perovskites, leading to the expectation of
spin t, orbitals while the majority spire, orbitals have a Similar crystal field splittings, particularly a Mnd3t;, mani-
fractional occupation depending on As was recognized fold below thee, manifold. In an ionic model, TMn,0;,
early on®~® these alloys display strong couplings betweencontains only MA™ ions. This would result in a fully occu-
the doping level ), magnetic order, structure, and transport.Pied majority spirt,, manifold, with unoccupie@, and mi-

Understanding these is likely crucial for formulating a satis-nOrity spinty, states, exactly as in CaMpOThis provides
factory theory of the CMR effect. no plausible DEX mechanism. Subramangiral. find no

Zenef identified a mechanism, known as double ex-€vidence for O deficiency, which could provide an alternate

change DEX), that can qualitatively account for the relation- doping mechanism. Nonetheless, the ground state is ob-
ship between magnetic order, doping, and transport. In thigérved to be ferromagnetfcand metallic, and even more
picture, both ferromagnetism and metallic conduction argsurprising a CMR effect similar to the perovskites is ob-
stabilized by a partial occupation of a Mn majority sgp s_erved. CMR has 1a5Iso been observed in the In doped mate-
orbital. When only MA* ions are present, such as in fial, (T1,In);Mn,0,.

CaMnQ;, there is no partial occupation of a My orbital

and there are no ferromagnetic interactiqns in the DEX METHOD AND STRUCTURE
model. Doping is essential for ferromagnetism and conduc-
tion in the DEX framework. This paper reports the results of LSDA calculations of the

The qualitative predictions of the DEX model are alsoelectronic structure and some magnetic properties of
found in first principles calculations based on density func-TI,Mn,O; using the linearized augmented plane wave
tional theory’ 1! Such calculations have shown that the local(LAPW) method®*’ with local orbital extension¥ The cal-
spin density approximatioLSDA) can reliably describe the culations used a basis consisting of more than 2550 functions
electronic, magnetic, and structural properties of these marand a Brillouin zone sampling of 60 speclalpoints in the
ganate perovskites. CaMg@ predicted to be an antiferro- irreducible wedge. Core states were treated relativistically,
magnetic insulator in its ground state. LaMni® also found  while all scalar relativistic corrections were included for the
to be an antiferromagnetic insulator in accord with the DEXvalence states. No shape approximations were made to the
model, while intermediate compositions are found to be ferdensity or potential. This is important for open structures
romagnetic metals. However, LaMg@n the cubic perov- with low site symmetries like pyrochlore. The main result is
skite structure is found to be a ferromagnetic metal withthat in the ferromagnetic ground state, the electronic struc-
strongly hybridized(Mn 3d—O 2p) majority spin bands ture near theEg is very strongly spin differentiated, as was
around the Fermi energ§r, while the insulating ground found in the perovskite CMR materiaig? The mechanism
state occurs only when the distortion from the cubic perovdis, however, quite different, and arises from an unexpected,
skite structure is included. The strongly hybridized electronichighly itinerant minority spin state associated with the TI-O1
structure found in LSDA calculations is beyond the scope ofons in the pyrochlore structure.
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As mentioned, the Mn ions in J¥In,O; are octahedrally 8
coordinated by O ion&denoted OP The resulting octahedra — I
are arranged in an fcc crystal structufed3m, No. 227 6 \

sharing common vertices. The Mn-O-Mn bond angles are
approximately 134° rather than the 180° of perovskite. This
is less favorable for Mn-O-Mn hopping and may be expected | ><——v b
to lead to narrower less itinerant bands. The Mn arrangement

(four per primitive unit cell consists of corner sharing tetra- § 0

hedra, rather than the simple cubic perovskite lattice. This -

leads to a structure dominated by three membered rings so 2 emm———acs—— =
that antiferromagnetic interactions, if present, will be . ] -
strongly frustrated. The Tl ions lie on a similar lattice, | %

shifted bya/2 along 111, and coordinated by the O2 atoms —

comprising the Mn-O octahedra and additional O at¢des i
noted O}, which are approximately 0.3 A closer to the TI 8l < m . .
than the O2 atoms. (a)

The experimental crystal structure of Subramariaal

was used. This structure has a Mn-O bond length of 1.90 A,
with no evidence of a Jahn-Teller distortion of the octahedra. |

While consistent with the non-Jahn-Teller #nions in this °l ‘\
material, this is notable in view of the relationship of CMR 4
and structural effects in the perovskité$®

8

——e—— ————
ELECTRONIC AND MAGNETIC STRUCTURE § 0 [
Self-consistent calculations for ferromagneticMih,0, 2 ——
lead to a high spin state with a spin moment of 2.86er —— ]

Mn ion. However, as in the perovskites, this is not a pure Mn
moment. The spin moment within a 2.0 a.u. radius Mn
LAPW sphere is 2.fig . A reduction of this order also occurs ° — ]
in the ferromagnetic perovskites, and in that case is due to
hybridization with O % states, which account for much of () r
the “missing” polarization. However, the missing polariza-
tion is found in a remarkable location in,Mn,0,. The O2 FIG. 1. Majority (top) and minority (bottom) spin band struc-
spheregqradius 1.55 a.y.comprising the octahedra that co- tures of TpMn,O;. The Fermi energy is denoted by the dotted
ordinate the Mn ions contain a negligible polarization of onlyhorizontal line at 0 eV. The O<and Tl 5d bands are below the
0.006ug each. In contrast the O1 oxygen sphefesdius  lowest bands shown.
1.55 a.u), which coordinate the Tl ions and are located 4.10
A from the nearest Mn ion account for a polarization of substantial temperature range above the Curie temperature in
0.16ug each. Each 2.15 a.u. Tl sphere contributes 0,045  which the Mn moments remain intact but their directions
As mentioned, antiferromagnetic interactions betweerbecome disordered. The O1 and average Tl polarizations in
neighboring Mn atoms cannot be fully satisfied in the pyro-the ferrimagnetic cell are 0.8 and 0.03.5, respectively,
chlore structure because of the presence of three membered that these sites contribute almost the same proportion of
nearest neighbor Mn rings. Accordingly, calculations werethe total spin magnetization as in the ferromagnetic case. The
performed for an artificial ferrimagnetic cell in which one of projections of the DOS onto the Mn sites are similar to those
the four Mn spins was flipped relative to the other three inof the ferromagnetic cell, with the exception that the peak
order to investigate the possibility of antiferromagnetic inter-from —7 to —6 eV is suppressed and shifted to lower bind-
actions. The flipped Mn has six neighboring Mn of oppositeing energy with a resulting narrowing of the valence DOS.
spin, while the other Mn atoms have two neighbors of theThis peak consists of bonding combinations of O, Mn, and
opposite spin and four of the same spin. This metastabl&l states.
configuration was found to have an energy 0.033 eV per Mn The unexpected Tl and O1 polarization may be under-
atom higher than the ferromagnetic state, implying that thestood in terms of the band structure, shown in Fig. 1. The
Mn-Mn interactions are in fact ferromagnetic consistent withcorresponding electronic density of sta(B®S) is shown in
experiment. The total spin moment of this ferrimagnetic unitFig. 2. The majority spin DOS shows a manifold of primarily
cell is 5.94.5, which is very close to what would be ob- O 2p states extending from7 eV to Ex . The Mn majority
tained assuming Hund's rule ions. However, as in the ferrot,, states are concentrated in the upper part of this manifold
magnetic case the polarization inside the Mn spheres is corfrom about—2 eV toEg, while the next 12 bands extending
siderably lower,—2.46ug inside the LAPW sphere of the from 1.2 to 3.6 eV abov& are associated with the
flipped Mn and 2.5p5 in each of the other three Mn. The and Tl 6s states, which are hybridized with Op2states.
stability of the Mn moments when flipped is similar to that However, an examination of the projections of the DOS onto
noted previously in the perovskifésand implies a state fora the O1 and Tl spheregFig. 3 also shows an unexpected
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FIG. 2. Electronic DOS(eV™Y) of ferromagnetic TMn,O.
The Fermi energy is at zero. The solid lines ab@welow) zero are
the majority(minority) spin total DOS on a per unit cell basis. The
dashed lines are tha:-like projections onto the four Mn spheres in
the cell.

mixing of Tl and O 2 states both above and beld&y . This
strong TI-O1 covalency distinguishes,¥In,O, from the
perovskites, where tha (La,Ca site cation donates charge
to the active Mn-O bands, but otherwise is inactive in the
valence electronic structure. Further, the TI-O2 distance, )
while approximately 0.3 A longer than the TI-O1 distance, is _ _
still short enough at 2.46 A to allow hybridization of the  FIG. 4. The top(potiom) panel is a contour plot in €001) plane
TI-O1 states with the Mn-O2 states, particularly since below?! the charge density” ¢) associated with the majoriyninority)
Er these bands occur in the same energy region, i.e., ngtaies aEr . Tl atoms are at the center of the left and top edges,
siprsingly the O1 P and 02 P DOS are both cancer. (/1 %€ 1 1 bl it edaes T s st
trated between-7 eV andEg . The mixing of these states is and the finaFI)contou)r/ is. at 0 (;Hé’ug y o "’
responsible for the spin polarization on the Tl and O1 atoms. R

In both TLMn,O; and the CMR perovskites, the Mn-O o
hybridization is spin dependent. In both cases, majority spidhat the exchange splitting depends strongly on the band un-
Mn t,, orbitals overlap the O |2 states and hybridize der cpn&de_raﬂo)n In the ferromagnenq perovs_k|te CMR
strongly with them, while the minority spin states, which areMaterials, this leads to large majority spin Fermi surface de-
shifted by an exchange splitting of about 3 eV lie well abovefived from highly itinerant hybridized Mn @-O 2p states,

the O 2p manifold and hybridize much more weak{gote ~ a@nd only small near band edge minority spin sections, which
are likely localized due to disorder in these alloys. By con-

trast, in TbMn,O; 180° Mn-O-Mn bonds are absent. This
leads to narrower bands, so that the majority spinth}r-O

a3l - 2p bands are separated by a gap from the &jnderived
bands. As a result, there are only small near band edge Fermi
surfaces in the majority spin channel. These are from the
three flat(effective masses 1.1, 1.9, andh9 majority spin
bands, dispersing downwards frofhacrosskg leading to
three small Fermi surface sections containing a total of 0.086
holes per unit cell.

As in the perovskites there is a gap in the minority spin
channel between the Op2manifold and the Mnd states.
However, in TMn,O;, a single highly dispersive band
crosses the gap reaching a minimum at theooint. The
s | 1 charge density associated with this stdiey. 4) and projec-
| . . tions of the DOS onto various sites show that this state has
4 6 8 both strong Tl and O1 character and Md-302 character.

The 0.086 electrons contained in the resulting nearly spheri-

FIG. 3. Projection of the DOS onto the four Tl sphefeslid  cal minority spin Fermi surface would by themselves result
lines) and p-like character on the two O1 spher@mshed lingsas  in a polarization of the TI-O1 system opposite to that of the
in Fig. 2. Mn, but as mentioned, the TI-O1 covalency and mixing with
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Mn-O2 states extends through much of the valence bantesistivity since the itinerant minority spin electrons will
region in both the majority and minority spin channels. Thehave to spin flip to enter the itinerant minority spin states on
mixing with polarized Mn states causes an exchange splittinghe other side. One possible explanation for CMR in this case
of these bands and a net positive polarization on the Tl andupposes that the state near the Curie temperature consists of
O1 sites. However, while such mixing of Mn and TI statesrandomly oriented domainlike regions of aligned spins hav-
occurs through much of the valence band region, it should beng internal electronic structures similar to the ferromagnetic
emphasized that the heavy mass majority spin statés db  state. If the boundaries between these regions make a large
not have this character, but are rather predominantly Mrcontribution to the resistivity due to the differentiation of the
3d-02 in characte(Fig. 4). spin up and spin down electronic structures then CMR may
The presence of this minority spin band leads to a metallicesult. The origin of the spin differentiation of the Fermi
minority spin channel. The minority spin Fermi energy DOSenergy electronic structure in ;Mn,0O is, however, quite
is N (Eg)=0.24 eV'! with an average Fermi velocity, different from the spin dependent Mn-O hybridization and
v p=3.3X 10’ cm/s. The majority spin band edge is only resulting metallic majority spin channel in the perovskites. In
0.07 eV aboveE which leads to the expectation that disor- TI,Mn,O; the spin differentiation arises from a highly itin-
der may suppress the majority spin conduction. The lowerant TI-O-Mn derived band & in the minority spin chan-
Fermi velocityv ;= 0.6X 10’ reflects the high band masses, nel. The possibility of Tl covalency is not entirely unantici-
while N;(Eg)=1.2 eV'!is larger than the minority spin pated given the crystal chemistry of Tl ions coordinated by
DOS and strongly energy dependent. A crude estimate of th®. For example, among the high temperature superconduct-
spin polarization of the electrical conductivity may be ors a weaker but related covalency is found igBE,CuG;,
made by takingoxN(Eg)v 2 (Ref. 21), yielding a rather where TI-O covalency causes doping of the cuprate planes
large o/o,=6. This may be an underestimate due to theeven though this is a “clean” nearly stoichiometric
proximity to the majority band edge, which would lead to anmaterial?* The involvement of Tl states in the electronic
even larger spin differentiation. In any case, the large spirstructure of TyMn,O, nearE. should lead to stronger spin
polarization in the transport is consistent with the observaerbit induced spin flip scattering than in the CMR perovs-
tion of large magnetoresistance effects near the ordering tenkites. In the above scenario this suggests that very high mag-
perature analogous to heterogeneous magnetoresistive matestoresistances may be more difficult to achieve yMR,0;,
rials such as granular Co-Gt? relative to the perovskite CMR materials.

SUMMARY AND CONCLUSIONS
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