PHYSICAL REVIEW B, VOLUME 63, 014417

Origin and pressure dependence of ferromagnetism iA,Mn,0O, pyrochlores
(A=Y, In, Lu, and TI)
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Nonconventional mechanisms have been recently invoked in order to explain the ferromagnetic ground state
of A,Mn,0O; pyrochlores A=Y, In, Lu, and T) and the puzzling decrease of their Curie temperatures with
applied pressure. Here we show, using a perturbation expansion in the Mn-O hopping term, that both features
can be understood within the superexchange model, provided that the intra-atomic oxygen interactions are
properly taken into account. An additional coupling between the Mn ions mediated by tr&/Mi(5s) bands
yields the highelT:’s of these two compounds, this mechanism enhancing their ferromagnetism for higher
pressures.
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The observation of colossal magnetoresistaf@R) in tions, relevant in this case with a very low number of
Tl,_In,Mn,O, pyrochlore$=3 challenges our understanding carriers’ or simply hybridization of the localized moments
of this phenomenon with important technological applica-with the itinerant TI(&) states have been invokeds pos-
tions. In fact, in contrast with their perovskite counterparts,sible mechanisms for the CMR.
these systems do not present mixed®¥hMn** valences, However, recent measurements showing a decrease of the
they have a small number of conduction carrierslQ” 3 per  ferromagneticT. with increasing applied pressure for all
formula unid, and they do not exhibit Jahn-Teller effect or A,Mn,O, compound® have been interpreted as contradict-
anomalous spin diffusion, denying both the usual double exing the original superexchange picture. The data establish
change and the polaronic mechanisms invoked in that casthat materials with loweill - possess a larger negative pres-
Furthermore, in spite of the similar CMR effect observed, thesure shift €@T./dP=-3.8, —2.5, —1.6, and —0.4
magnetic transition does not occur between a lowK/GPa, anddInTs/dP=-24.5, —20.8, —11.2, and
temperature metal and a high-temperature semiconducting 0.3%/GPa, forA=Lu, In, Tl, and In, respectively A
state like in the perovskites, but both the ferromagnetic ananore exotic scenario has been suggested with antiferromag-
the paramagnetic phases show metallic behavior. These cometic (AF) coupling between NN Mn ions overcome by
pounds belong to the larger family 85Mn,0O; pyrochlores, longer-range ferromagnetic interactions, due to the frustra-
the metallic behavior of th&=TI compound being the ex- tion of the former in the pyrochlore lattiCeAlso, the en-
ception, since all other members are insulators. But they alhancement of the ferromagnetic coupling in Sbh-substituted
show long-range ferromagnetic ordering and can be classiFl,Mn,0; compounds has been discusSeas strongly sup-
fied in two groups according to their transition porting this proposal. But taking into account the structural
temperatureé:TC~15 K for A=Y and Lu, whileTc~125  parameters of these systems, the justification of the necessary
K for A=1In and TI. exchange constants seems difficult.

Considering the Mfi"-O(1)-Mn** bond angled, a ferro- Here we show that the observed weakening of the ferro-
magnetic superexchange picture between nearest-neighb®agnetism with moderate pressures can be understood
(NN) Mn ions has been initially suggest&din fact, follow- ~ Wwithin the conventional superexchange model, provided that
ing the Goodenough-Kanamori-Anderson rLﬁeg;he 2] the intra-atomic Hund interactioﬂﬁ of the oxygen has a
~132° of this pyrochlore structure falls into the range insignificant value, while the excitation enerdyof the O(2p)
which a sign reversal of the exchange constants is expecteélectrons to the emptg, levels of the localized Mn ions is
Using the phenomenological approach for the angular depersmall. Comparison with other oxides should indicate that
dence of the exchange interactions for the similar case dhese can be reasonable assumptions. The resulting exchange
Cr*-02"-Cr" ions? Shimakawaet al* found a slightly interactionJ is ferromagnetic due to the MA-O(I)-Mn**
ferromagnetic exchangginteraction, in agreement with the bond angle, and when an external pressure is applied,
low Curie temperatures observed for,Mn,O, and increases while the intra-atomic paramel@r remains un-
Lu,Mn,0,. Furthermore, without proposing a particular changed, inducing the observed decreasd& of However,
mechanism, they pointed out the possible role of the hybridan additional mechanism is still necessary to account for the
ization of the In(%)/TI(6s)-O(2p)-Mn(3d) orbitals in en-  observedT:’'s above 120 K. We propose a superexchange
hancingT¢ in these two compounds. coupling between the Mm{;) states mediated by the

On the other hand, taking the ferromagnetic ordering a$n(5s)/TI(6s)-O(2p) bands, which also explains the in-
an experimental fact, different theories attempted to explairrease ofT - reported later for higher pressurgsAlthough
the CMR effect. Scattering against ferromagnetic fluctuathe relevant bands become strongly spin polarized, the ferro-
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magnetism and the conduction in the,Mh,O, compound A O —t5 -t 0 O
appear to be less coupled than in the perovskites, in agree- 0 A t t 0 0
ment with experimental resultd:*® ! 2

We now calculate the exchange interaction between two —t, t; 20+U,=J3 0 t,
manganese ions of the pyrochlore lattice, forming an afigle Hyp= —t; t, 0 0 t t @

between them through an intermediate full oxygen atom
O(l). Each Mn ion has an inet}, core withs= 3/2 and, for 0 0 t2 b A0
simplification, let us consider just a single emgty orbital 0 O ty t, 0 A

state[in fact, only the orbital directed towards Q(is rel-

evani, onto which an O(R) electron can hop, provided that wheret,=t cos@?2) andt,=t sin(6/2), which we solve for

it has the same spin orientation, e.g., the Hund’s rule energs/A <1 up to fourth order in the hopping elementin pre-
cost on the Mn ionJMn is taken as infinite, avoiding hops of vious calculations? theJS andU, terms have been omitted,
antiparallel spingtherefore it is not necessary to include the losing the contribution that can give rise to the ferromagnetic
Coulomb repulsion on the Mn iohsThe O() ions mediate interaction. We obtain

the superexchange interaction, the foyr &ectrons moving
back and forth between the O and the two NN Mn orbitals

2 4 4 _ 10
within the same plane. We cdllthe Mn-O() hopping ma- Zi 2141+ cos( 0)0] 20Uy JH)o )
trix element, A the energy difference between the @{2 i A2 A+ﬁ—J—H A3 AJrﬁ_-J_H
levels (px,py) and thee, state of each Mn sited( ,d,), JS 2 2 2 2

is the Hund's rule energy on the O ions, dnd the Coulomb 2
repulsion between two holes on the same O atom. These two
last parameters are of crucial importance since they will bénstead, when the two NN core Mn ions are antipardbe.,
responsible for the ferromagnetic interaction for the relevan§ = up ands,=down), there are three spin-up and three
Mn—OEI)-Mn angles 0 (0~130.8°, 131.4°, 132.4°, and gpin-down possible occupations for the four oxygen hopping
133.4° forA=In, Lu, Y, and TI, respectwep{4 A electronst*  |d;py,d,p,), |d1py,dapy), [Py, Puby),
When the core spins of two NN Mn iors ands; are  |d;p,,d,py), |dipy.dapy),  |dipy.PxPy).  [PxPy.d2py),
ferromagnetically aligned, the possible occupations for thép,p, ,d,py), and|pspy,pPxPy), Where now the two first in-
parallel hopping spinge.g., up spinsare |[d;py), |dipy), dexes correspond to the spins up and those after the comma
|did,), |pxPy), |Pxd2), and |pyd,). The corresponding to the spins-down occupations, respectively. They yield the

Hamiltonian reads: following Hamiltonian:
|
2A+U, 0 —t, 0 0 0O -t 0 0
0 20+U, —-t, Jg 0 0 0 -t O
—t -t A 0 0 0 0 0 -t
0 J0 0 2A+U, 0 -t t, O
H, = 0 0 0 0 2A+U, -t, 0 t, (3)
0 0 0 —t —ts A 0 0 t
—t1 0 0 to 0 0 A 0 -t
0 —-t, 0 0 t, 0 0 A —t
0 0 -t 0 0 t, -t —-t, O
We calculate again the ground-state energy uff torder, obtaining
2t? 2t* t4Jgsir?(6) 3tU,
E :__+ — + =
oA Up\2 ()2 Up\2 ()7 Up|2 (307
2 2
Al A+ —]| — 2A% [ A+—]| — Ad | A+ —]| —
2 4 2 4 2 4
t(JR)?sirf(0) DG t(JR)%U, W
U U,\2 (392 U,\2 (39)?] U U,\2 (I9?]°
an A+ =2l a+ 22| - 203 | A+—| — AN A+ 2|l a+ 22| -
2 2 4 2 4 2 2 4

The difference of the leading eigenvalues is
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FIG. 1. Angle dependence of the NN Mn-Q{Mn exchange
interaction J, Eq. (5), for typical parameters;]ﬂ=0.8 ev, U,
=1 eV, A=0.1eV. Continuous(dashefl curve: t=0.07 eV {
=0.08 eV).
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Thus, to the AF result of Ref. 14 are added now othe

terms, which, depending on the, J, andU, values, can

yield a ferromagnetic coupling for the bond angle of thes
pyrochlores, without the necessity of invoking more compli-
cated mechanism$.As expectedJS must have a significant

value, as is the case for other oxides in which this parametgg,er in ener

also induces a ferromagnetic interaction, e.g., NaNith
6~95° for NN Ni ions within the same layér. For ¢
=135°, the condition is

>, ©®)

4 U
J‘H3>§(A+—p

I
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FIG. 2. Variation ofJ with the energy differenc& between
O(2p) levels and the Mrg;) states, given by Eq(5), for J9
=0.8eV,U,=1 eV, t=0.07 eV, andd=133°.

parameters! appears as a confirmation of this mechanism:
the directionak, levels of the Mn ions will go up in energy,
and instead, the intra-atomi¢, will not significantly change.
Figure 2 shows the change of the exchange interadtisith

A, which is an increasing parameter with the applied pres-
sure. We can see in Fig. 3 that, for the angles relevant to
these pyrochlores, the resulting ferromagnetic interaction can
decrease, even if there is a simultaneous increase of the
Mn-O(l) hoppingt.

However, the systematic study performed by Shimakawa
et al* provides evidence that there is an additional feature
determiningT, since theA=In, Tl compounds, with simi-
lar Mn-O distances and angles to those/fsfY, Lu, have
both To~125 K. The important difference between both
groups of pyrochlores is the nature of theatom surrounded
by inequivalent oxygen ionjave call O(l) the closer onds
that is reflected in the corresponding band structfireer
the Y compound, the first unoccupied states correspond to
the Mn(gy) levels, the Y-O[l)-O(l) states having higher
energies. Then the only relevant mechanism is the one cal-
culated before, yielding -~ 15 K.

In contrast, the In(5)- and TI(6s)-O(I1)-O(l) bands are
gy and strongly hybridized with the emgty
orbital 18 Therefore, the,, electrons can go to these states of
energyA’ (we callt’ the corresponding matrix elemerind
due to the Iarge]M”, this hopping will induce a strong fer-
romagnetic interaction)’ between the Mn ions. We can
estimaté’

J(eV)

which means that the Of) levels must be close to the
Mn(e,) state. In Fig. 1, we plot the angular dependence of
Eq. (5). To our knowledge, there are not yet photoemission
experiments nor constrained calculations yielding these en-
ergies for theA,Mn,0O; pyrochlores. Therefore, we take the
conventional wisdom foU , andJS (Refs. 5 and 1p(values
somewhat smaller than for the Mn ions in the CMR
perovskite’), and we derive thé andt parameters neces-
sary to reproduce the observed critical temperaturesAfor
=Y and Lu.

This first calculation shows that the superexchange alone
can explain the ferromagnetic ordering of these compounds FIG. 3. Variation ofJ with the simultaneous increase Afand
at ~15 K. Furthermore, the observed decreasdél gfwith ~ the Mn-O() hopping t. Continuous curve:A=0.08 eV, t
pressure, inducing an isomorphic reduction of the lattice=0.06 eV. Dashed curvet =0.12 eV,t=0.08 eV.
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tr2 lowed by an increase off with applied pressure, the
J'=0.8Tc=—~100 K, (7)  minimum critical temperature corresponding tel GPa.

A We expect a similar behavior fés= In without an enhanced
which yieldst’ ~0.14 eV forA’~2 eV.* The majority-spin  change in the magnetism due to the eventual insulator-metal
empty band will be strongly polarized parallel to the momenttransition induced by higher pressure. The increase of the
of the Mn ions. ferromagnetic coupling in F(Mn,_,Sh,)O; (the Sb substi-

On the other hand, we can understand why the conductiotution acting as a negative pressurean be understood
band in TbMn,O; is strongly polarized in the opposite di- within the same picture, more easily than considéfiran
rection: it will lower its energy by hybridization with the AF superexchange coupling between NN Mn ions.

O(l) states that do not participate in the superexchange fer- We conclude that when the oxygen intra-atomic interac-
romagnetic coupling. tions are properly included in the calculations, the superex-

In those cases, in which the conduction band approachehange between NN Mn ions suffices to explain the ferro-
(as in A=In) or crosses the Fermi levéfor A=TI), we  magneticT¢'s~15 K of A,Mn,O; pyrochlores, as well as
expect a relatively smaller decrease of the critical temperatheir decrease with applied pressure. Instead, an additional
ture (as observetl and even a rise 6F for higher pressures mechanism involving the IN@/TI(6s)-0(2p)-Mn(ey)
when these bands are modified, further lowering their enerbands and the,, electrons is necessary to account for the
gies. Recent measuremetitsonfirm this change of ten- higher T¢’s~125 K and their nonmonotonic behavior with
dency for ThbMn,O-, i.e., they show an initial decrease fol- pressure.
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