RAPID COMMUNICATIONS

Strong ferromagnetism and weak antiferromagnetism in double perovskites:
Sr,FeM Og (M =Mo, W, and Re)

PHYSICAL REVIEW B, VOLUME 63, 180407R)

Z. Fang! K. Terakura?® and J. Kanamoti
1JRCAT, Angstrom Technology Partnership, Central 4, 1-1-1 Higashi, Tsukuba, Ibaraki 305-0046, Japan
2JRCAT, National Institute for Advanced Industrial Science and Technology (AIST), Central 4, 1-1-1 Higashi, Tsukuba,
Ibaraki 305-8562, Japan
SResearch Institue for Computational Sciences (RICS), AIST, Central 2, 1-1-1 Umezono,
Tsukuba, Ibaraki 305-0046, Japan
4International Institute for Advanced Studies, 9-3 Kizugawadai, Kizu-cho, Soraku-gun, Kyoto 619-0225, Japan
(Received 21 February 2001; published 24 April 2001

Double perovskites SFEMOg (M=Mo and Re exhibit significant colossal magnetoresistance even at
room temperature due to the high Curie temperat(#&8 and 401 K However, such a high Curie tempera-
ture is puzzling, given the large separation between magnetic elerffe@tsMoreover, withM =W, the
electronic and magnetic properties suddenly change to insulating and antiferromagnetic witrektienNe
perature of only 16:37 K. Based on detailed electronic structure calculations, a mechanism is proposed
which stabilizes the strong ferromagnetic stateNbr=Mo and Re and is passivated fist=W.
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Intensive studies on the perovskite transition-metal oxidesnsulator and the Nal temperature is only 1637 K8 Why
(TMO), particularly manganites, have revealed a variety ofis the W case so different from the Mo and Re cases despite
phenomena only for half a decaidmong those phenom-  the fact that W is the & analogue of Mo and next to Re in
ena, colossal magnetoresistaf@VR) has been attracting the row of the Periodic Table?
strong attention not only as a challenging subject of funda- we will show that the strongerf O)—5d(W) hybridiza-
mental science but also as an important phenomenon for pgon compared with the [2(0)—4d(Mo) hybridization is the
tential teChnOlOgical application. With regard to the |attermain source of the difference between Mo and W pushing
aspect, materials with not only the half-metallic nature buthe 59 states higher in energy and passivating the FM stabi-
also Curie temperaturd¢) much higher than room tempera- |ization mechanism in SFWO. Deeped Sevels in the Re
ture is strongly desired in order to realize strong CMR effectsase compared with the W case cancel the effect of enhanced
at room temperature. It was demonstrated that some of thg-d hybridization and restores the FM stabilization mecha-
double perovskite TMO such asFeMoQ; (SFMO) and  pism. Note, however, that the standard LSDlacal spin-
Sr,FeReQ (SFRQ are suitable candidatés.They are half density approximation or GGA (generalized gradient
metallic according to the band-structure calculations andpproximatiof’ cannot describe properly the ground state of
their T.'s are 419 and 401 K. SFWO. As Fed states are strongly localized in these sys-

The present work deals with two fundamental problems intems, the local Coulomb repulsidd.¢, which is semiem-
these double perovskite TMO by performing detailed elec-pirically taken into account by the LDAU method in the
tronic structure calculations. In both of SFMO and SFRO,present work, plays crucially important roles.
the magnetic moments of Fe are aligned ferromagnetically We adopt the plane-wave pseudopotential method. The
and the induced moments on Mo and Re are coupled antifeBd states of Fe, d states of Mo, 8 states of W and Re, and
romagnetically to Fe moments. Therefore these materials ca?p states of O are treated with the ultrasoft pseudopoteftials
be regarded as ferrimagnetic. However, we regard them and the other states by the optimized norm-conserving
ferromagnetic(FM) because Mo and Re are intrinsically pseudopotential®. The cut-off energy for describing the
nonmagnetic in the sense that their magnetic polarizatiomvave functions is 30 Ry, while that for the augmentation
cannot be sustained spontaneously by the exchange potentaarge is 200 Ry. The crystal structures of all the three sys-
on these atoms. Actually their negative momefis., anti- tems are cubic with the nearest Bd—distance given as
parallel to Fe momentsare induced by Fe moments through 3.945, 3.975, and 3.945 A foM=Mo, W, and Re,
the 4d(5d)—3d hybridization. Now the first fundamental respectively>!! For the FM state, the number &f points
qguestion is why theT, is so high despite the fact that Fe used in thek-space integration is 19 in the irreducible Bril-
atoms are very much separated with nonmagnetic elementsuin zone. For the AF state, two different configurations,
(Mo, Re sitting in between. We will point out that a FM AFI and AFII*? are considered. In the ARIAFII) configu-
stabilization mechanism proposed by Kanamori andation, the magnetic moments are aligned ferromagnetically
Terakurd operates in SFMO and SFRO. The same problenwithin the (001) ((111) plane and alternate along th@01]
was treated recently also by Sarregal. for SFMO® The  ([111]) direction. The number df points in the AF configu-
second question concerns the striking difference ofation is chosen to be equivalent to that in the FM configu-
Sr,FeWQ; (SFWO from SFMO and SFRO in the electronic ration. As for the electron-electron interaction, we adopt first
and magnetic properties. SFWO is an antiferromagriéff)  the standard GGA(Ref. 7 and then the semiempirical
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FM AF TABLE I. For each SjFeMOg (M =Mo, W, and Re, the first
row shows the total energies per Fe meV), and the second and
the third rows list the magnetic moment® ug) of Fe andM,
3.0 L 1 L J respectively. Both the GGA and the LDAU (U=4.0 eV) re-
sults are given. The number in the bracket fé=W is the total
energy for the AFI state.

0 2l
N e ) GGA LDA+U
— e
L= ffo(f% 11 = Mowa ) FM AFII FM AFII
' : : : 0 84 0 58
: : : ; M =Mo 3.73 3.68 3.97 3.96
_30¢ 1T 1 ~0.30 0 -0.39 0
3 0 64 (145) 0 -30
g . I\ ! ' M=W 3.65 3.63 3.87 3.68
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g — Fe (3d) LJV/ — Fe (3d) 0 103 0 52
30F — W) 1 I —weo {  M=Re 3.70 3.63 3.95 3.91
: : : : -0.78 0 ~0.86 0
30 - B B

GGA calculations. Particularly, they are half metallic in the
FM order and this half metallicity is preserved even in the
LDA +U calculation as shown later. In Table I, the total
energies for AF states with reference to those for FM states

-
>
™y

0.0

M

ol ] — iz(éf‘i)) 1 [ = ;Z(é‘fl)) | are given for the three materials. The calculation for the AFI

: . , , , state forM =W suggests that this magnetic order may have
80 40 00 40 80 40 00 40 no chance of being realized in these materials. Therefore the

AFI order will not be considered hereafter. Clearly, the FM

Energy (eV) state is significantly more stable than the AFIl state in the

GGA calculations for all three systems. The results in GGA
are qualitatively consistent with experimental facts for
SFMO and SFRO but inconsistent for SFWO, which is anti-
ferromagnetic and insulating experimentdlipeferring the
discussion on the stability of ferromagnetism for SFMO and
SFRO for a while, we first discuss the problems of SFWO
LDA +U method® The details of the implementation of the and how to solve them.
LDA+U method in the pseudopotential scheme can be The LDOS for the AF state of SFWO has a very sharp
found in our previous publicatiof. peak of the Fei,, state origin just at the Fermi level. This
Figure 1 shows a summary of the GGA calculations forsuggests that the AFII state obtained in this stage may be
three materials $FeM Og with M=Mo, W, and Re in both  unstable. Although the symmetry in the AFII state is reduced
FM and AF states(Note that only the results for AFIl are to Day, lift of degeneracy irt, orbits is not strong enough
shown here for the AF statedhe thin solid lines denote the to split thet ,4 band. The situation is quite similar to Feo.
local density of statesLDOS) for Fe 3d orbits and thick |n this case, the lattice is elongated alofil1) direction
broken lines LDOS for 4 (Mo) or 5d (W, Re) states. The (even with the GGA level treatmenand furthermore the
results forM =Mo and Re in FM state are basically the samejocal Coulomb repulsiony.) strongly enhances the orbital
as those shown in the previous wofi&The oxygerp bands  polarization making the system insulating. On the analogy of
extend from—8 to about—4 eV, the Fe majority spitt,;  FeO, we first studied effects of rhombohedral distortion of
bands from about-4 to —2 eV, followed by the majority SFWO in GGA and found that such distortion either elonga-
spin &4 bands extending up to near the Fermi level. In thetion or contraction along111) direction simply increases the
majority spin state, the band just at and above the Fermiotal energy. The cubic lattice for SFWO even in the AFII
level is oft,y character oM. In the minority spin statet,;  state is actually observed experimentally. As these analyses
states of Fe ani coexist around the Fermi level. The for- suggest that there is little chance of stabilizing the AF state
mal valence of the combination of Meis +8, meaning that for SFWO with the GGA level calculation, we applied the
the number of electrons per Ad is 6 forM=Mo and W,  LDA+U method to these materials. Although the LBA
and 7 forM=Re. In both FM and AF states, the majority method is semiempirical, it still provides us with some im-
spin bands of Fe are completely filled with five electrons andportant insights into the problems. We &&; to be 4 eV and
the minority spin bands accommodate one electronMor applied it only to the Fe d orbitals for the sake of simplicity.
=Mo and W, and two electrons fol =Re. These materials As was described in our previous papet; is nonzero in a
are predicted to be metallic in both FM and AF orders withrather limited region around the Fe nucleus and its actual

FIG. 1. The calculated local density of statdsDOS) for
SLFeM Oz (M=Mo, W, and Re¢ in GGA. The left(right) panels
are for the FM(AFII) states. The energy zero is taken at the Fermi
level.
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FIG. 2. The LDAt+U version of Fig. 1.

value does not have definite meanirig.
Figure 2 shows the LDAU version of Fig. 1, and Table a schematic illustration explaining the mechanism. The states
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FIG. 3. A schematic illustration of a mechanism to stabilize the
ferromagnetic state. The pan@) demonstrates a typical case for
the Kanamori and Terakura mechanisms, wkileshows the case
of SL,FeMOg (M =Mo and Re. The hybridization paths are indi-
cated by dashed lines with arrows. The sg@tidshed curves denote
the bands withoutwith) hybridization.

of strong AF coupling between Fe and Mo in which they
pointed out strong effective exchange enhancement at Mo
due to the 8 (Fe-4d(Mo) hybridization. Kanamori and
Terakuré proposed a more general idea for the mechanism
where a nonmagnetic typical element located at the midpoint
of neighboring high-spin @ elements contributes to stabili-
zation of the FM coupling of the @elements. Figure () is

| includes the corresponding total energies. The commowf the typical element located in between the majority and
characteristic feature in Fig. 2 is the enhancement in theninority spin states of @ elements are tentatively callgd
exchange splitting of Fe. Nevertheless, the electronic strucstates. The key concept in this mechanism is the energy gain

ture remains qualitatively the same for SFMO and SFRO ircontributed by the negative spin polarization of the nonmag-

both FM and AF states except the fact that the weight of Manetic element induced by the-d hybridization. Such spin
and Red states increased significantly around the Fermipolarization does not exist in the AF configuration and there-
level. On the other hand, in SFWO, while the change in thefore there is no energy gain due to the spin-state relaxation at
FM state is minor, the AF state shows a dramatic changéhe typical element. In the present problem, tltestates of

from Fig. 1 to Fig. 2. The,y band of Fe splits due to orbital Mo and X states of W and Re correspond to {hetates in

polarization induced byJ. and the occupied state in the Fig. 3(@). The analogy is obvious in the majority spin state in

minority spin state just below the Fermi level isaf, char-
acter. A band gap opens up and the AFIl state becomes motmmnds and the@bands are not well separated and the Fermi
stable than the FM state. The insulating nature of the grountével lies in the 3 bands after including the hybridization,
state of SFWO is now correctly reproduc@dThe fact that
the Nesl temperature is only 637 K may suggest that the mechanism discussed above and the double exchange
stabilization of the AFII state in the present calculation may(DE).%® Figure 3b) illustrates the situation corresponding to

the FM order. In the minority spin state, as the ér 5d)

we need a careful analysis to distinguish the FM stabilization

be overestimated. However, the quantitative aspect can #8FMO and SFRO where thd t,, bands are slightly below
tuned byU .

the Fe ones. We first treat the up and down spin states sepa-

Having shown the calculated results which are qualitarately and then consider the electron transfer between two
tively consistent with experimental facts, we start discus-spin states. The standard DE mechanism takes account of the
sions on the underlying mechanisms in relation to the twgorocesses only in the first step. As for the hybridization be-
fundamental questions raised at the beginning of the presetween M (=Mo, W, Re bands and the majority spin Fe

paper. The first one concerns the mechanism of the strongands, the total energy change caused by band shift due to

stabilization of the FM state for SFMO and SFRO. Recentlythe 3d—4d(5d) hybridization does not depend on the rela-
Sarmaet al. proposed an interesting explanation to the origintive spin direction between the neighboring Fe atoms up to
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the second order in the hybridization matrix elemenfor The second question concerns the origin of the different
example, the upward shift of the up spihbands by 22/A behavior of W from other two elements Mo and Re. It is
in the FM state balances the upward shift of the both 8fin clear from the above arguments that in order to answer this
bands byt?/A in the AF state wheré\ denotes the energy question, we have to clarify the origin of the difference in the
separation. Subtle features exist in the minority spin statesnergy position of the minority spin, bands. We assign the
Not only the band shift but also band broadening have to bg.q hybridization between oxygen amd to the main source
considered. It is obvious that the width of the minority spin o this difference. As the & orbital of W is more extended

bands will be wider in the FM state than in the AF state. ASthan the 41 orbital of Mo, the stronger B(0)—5d(W) hy-

the Fermi level lies in the minority spin bands, the bandy i, ation pushes thedsband, which is the-d antibonding

broadening contributes to the stability of the FM state, like in ; - ; A
7 . state, higher in energy. This mechanism is supported by the
the standard DE' In the present problem, we have an add"fact that thep-d bonding counter part is clearly deeper for

}'0”?" etffﬁft n thFe_ Fl\/és)tat_?h(_:om:ngtfromtthe ?ectror:jtrans-SFWO than for SFMdsee Figs. 1 and)2As Re has deeper
er Just fike In Fig. 2a. IS electron transter produces g, .1 than W to accommodate one matelectron, the

A nge7eTgY Scheme for SFRO becames smiar o tat for SFHO.
' In summary, we showed that the electronic structures and

SFRO, theM t,, bands in SFWO are slightly above the Fe magnetic ordering in the ground state of,EeMOg (M

ones. In this case, thil t,4 bands are basically empty and
: =Mo, W, and Re are properly reproduced by the LDAU
;Tgbiﬁfaﬁg%nmt;ﬂjﬁ;mf IQiOt( @? f;ugsg}cg{:;c’fr:r g::?NZM method. A mechanism was proposed to explain the high Cu-
9 P ' rie temperature foM =Mo and Re cases. An explanation

while the_ DE mechanism may siill _be effe.Ct'V?' Although was also given to the sudden changes in the electronic and
Table I still shows small negative spin polarization at the W : ies in thid = W Th hani
atom, this is due to the stronged53d hybridization in the magnetic properties in thiel =W case. The mechanism pro-

' 0posed by usis very useful to predict qualitatively the change

minority spin state than in the majority spin state. We als : : :
speculate that the main reason of considerable relative stabil- the magnetic states by changing constituent elements.

ity of the FM order for SFWO in the GGA calculation is the ~ We thank the Tokura Group members in JRCAT for pro-
rather unstable electronic configuration in the AFIl order.viding us with experimental information. Thanks are given
Because of this, a change in the electronic structure in thalso to Professor N. Hamada and Professor D. D. Sarma for
AFIl state from GGA to LDA+U reduces the energy of the valuable discussion. The present work was partly supported
AFIl state dramatically. by NEDO.
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