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The electronic structures of the narroyy band systems YTi@and YVO,; are studied using the generalized
gradient approximatio(GGA) and local-density approximatigi.DA)+U method. GGA fails in reproducing
the insulating nature of YTiQand the correct magnetic ordering of YYOThe LDA+U method improves the
GGA results in both of the above contexts through the enhancement in the orbital polarization. These results
are compared with those for the widgg, band system Lav@and more itinerang, system LaMnQ. The
problems of GGA and LDAU in predicting the ground-state magnetic ordering of LaMn@ll also be
discussed[S0163-1828)07332-9

[. INTRODUCTION the lattice constants. The LDAU method with the effective
Coulomb parametet .z common to botht,, and e, states
In a previous series of papefs we studied basic aspects even worsens the situati§riThe reason for this is that the
of the transition-metal oxide¢sTMO) with the perovskite ~AF coupling contributed by thé,, states is suppressed by
structure based on the band structure calculations. Particuléiie enhanced energy splitting between the occupied and un-
attention has been paid to the correlation among lattice@ccupiedt ,, states. Second, even if we use the experimental
distortion, orbital ordering, and magnetic ordering. Welattice structure, the energy ordering estimated by GGA
adopted the local-spin-density approximatiofi.SDA), among different magnetic structures is totally incorrect for
the generalized gradient approximati§n(GGA) and the YVOj, though GGA improves the LSDA result to some
local-density approximatiofLDA)+U method° as differ-  extent*!?2 The failure of the GGA calculation in this case
ent levels of approximations to treat the electron-electrormay be due to the very narrod bands caused by the re-
interaction. The perovskite TMO are categorized into twoduced anglezV-O-V [144° in YVO; (Ref. 13 versus
groups, thet, system and the 4 system, where the Fermi 156 ° in LavQ;, (Ref. 14]. (Note that the ionic radii of ¥*
level is located in thet,y and e, manifold, respectively. and L&" with coordination number of 12 are 1.25 and 1.36
While the ey orbitals are more or less itinerant because ofA, respectively).
the strong hybridization with the oxygem orbitals, thet,, In the present work we study these systems,
orbitals have much stronger localized character due to th&TiO5;, YVOg3, and LaMnQ. Our previous calculation for
weak p-d hybridization. With given crystal structures deter- YTiO5; showed that although GGA can reproduce the mag-
mined experimentally, the calculated degree of orbital polarnetic order and orbital order qualitatively, it cannot repro-
ization is nearly the same between LSDA and GGA forduce the insulating naturé.In fact, YTiO; is an FM Mott
the 4 system LaMn@. On the other hand, for the,, insulator, a rare case. Note that Lai® an AF Mott insu-
systems (Lav@, YVOgj, YTiO3), the orbital polarization lator. Mizokawa and Fujimori pointed out that the spin-orbit
is virtually nonexisting with LSDA and becomes appreciableinteraction plays an important role in LaTj3° We neglect
with GGA.*! These results seem to suggest that the controlit in our study of Y compounds expecting that a larger crystal
ling factor of the orbital polarization may be the Jahn-Tellerdistortion in the Y case makes the crystal field more impor-
(JT) lattice distortion for thee; system and the electron- tant than the spin-orbit interaction. Nevertheless, a possibil-
electron interaction for the,y system. The total energy cal- ity of an important role of the spin-orbit interaction will be
culations based on GGA can correctly give the lowest energpointed out in the intermediate temperature phase of YVO
to the observed ground-state magnetic ordering in most cas&¥e will show below that the LDA U method withU ¢ of
we studied. However, there were two obvious problems i2~3 eV resolves the problems in YTi&nd YVO;. These
our study. First, we found that the ferromagndfdV) state  values ofU¢ are consistent with our previous estimation by
becomes more stable than the obser&egpe antiferromag- the LDA+U, method in which the Coulomb interaction be-
netic (AF) state in LaMnQ if we optimize the JT distortion tweent,, electrons are allowed to be screened by &je
for the FM andA-type AF state separately even with the electrong’. In the present work, we applied the sardg;
experimental lattice constants for thetype AF staté. The  both tot,y andey states but the, states are anyway empty.
energy of the FM state decreases further with optimization of For LaMnQ;, problems are rather complex. As already
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TABLE I. Crystal structures and magnetic properties of YFiO 6.0 — T
(Refs. 19-2], YVO3; (Ref. 13, and LavVQ (Refs. 14, 22, and 33
a, b, andc are lattice constants in A, M-O denotes the bond dis-
tance in A between the transition metd¥) and oxygen, and
/ M-O-M is the bond angle in degree. M.O. denotes the magnetic
order andV the magnetic momentipng. Ty andTc are Neel and
Curie temperature, respectively.
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144 144 145 158, 156 FIG. 1. Comparison of the total DOS for YTiOobtained in
M.O. F G C C GGA and LDA+U.
M (ug) 0.84 1.6 1.0 1.3
Ty or Te (K) 29 77 118 140 Il. RESULTS AND DISCUSSION

Table | summarizes the experimental information about

) . the crystal structures and the magnetic properties of
mentioned, we know at least one possible reason for the?Tios, YVO,, and LavQ. The most important feature

failure of the LDA+U method. Therefore, just as an attempt i pe noticed is the large deviation from 180 ° for the angles
we applyUer only to theey states and show that this pre- , Ti-0-Tj and £ V-O-V for the Y case. It is also interesting
scription  significantly improves the situation. With the to note the change in the V-O bond length distribution in
LDA +U, method® we demonstrated that the effective Cou- YVO, associated with the change in the magnetic ordering.
lomb interaction betweeh,y electrons in LaMn@ is van-  Table Il shows the total energies of YTjGnd YVO; for
ishingly small by the efficient screening by tieg states. different magnetic structures, namely, ferromagnéfii),
Perhaps this argument can be a rationale for the neglect &-type antiferromagneti¢AF), C-type AF, andG-type AF
Ut for the t,gy states. Nevertheless, the present purely emstructures, obtained in GGA and LDAU. In these calcula-
pirical prescription requires justification with a more funda-tions, the experimental crystal structure for the ground state
mental approach. magnetic order is assumed. As for YEOthe FM state is

The details of the computational method are describedhe most stable both in GGA and LDAU, being consistent
elsewheré, and here we only mention two aspects. First, thewith the experimental observation. However, the energy dif-
number ofk points is 144 in the first Brillouin zone, which

corresponds to 48, 56, 60, and koints in the irreducible ’
GGA LDA+U

Brillouin zone for the FM,A-type, C-type, andG-type AF 10— ——1—TT— 11—
orderings, respectively. Second, the LBA method in the [ (@) YTiOs
present calculations is the one implemented in the Vanderbilt Z08F Te o o o
pseudopotential framework with the plane-wave basis S 06'_ 1 . ]
set!®17 Note thatU andJ are simply parameters arid § e o ;gggg;g;;g,'
=U—-Jissettobe 3.2eVand 2.8 eV for YTiand YVO;, S o4l o i
respectively. These values Uf,;, which are applied to both s | o« . I
t,y andey electrons, give reasonable band g4bs. 0218 o 8 °eTe o 8 87
0.0 A i 1 1 ’ , ’ ?
TABLE Il. The total energies E;)(meV/f.u.) measured from 1.0 T T T T T T T
the experimentally obtained one and magnetic momewits (ug) [ (b) YVOs Te 8 o o]
i ; : 5 08} o o -
of various spin orderings. 8 °
2osl8 ° 1 wl
YTiO, Yo, sTe o ¢ T 3R
GGA LDA+U GGA LDA+U g 04l . 4 J
ET M ET M ET M ET M 8 B r 1
02l®© © o 8§18 8 8 8
FM 0.0 080 00 0.82-674 176 483 181 L 1 o o o
A-type AF 81 071 20 0.81-457 169 338 1.78 0.0 = A (': é |': 'A 6 ('3

C-type AF 545 0.19 98 0.77—-41.8 161 156 1.77

G-type AF 37.0 0.23 105 0.76 0.0 156 00 1.73 FIG. 2. The orbital population in the majority spiistates for
(@) YTiO5 and(b) YVOs;.
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FIG. 3. (Color The spatiald
electron distribution in(a) FM
YTiO5 and(b) G-type AF YVO;.
The colors denote up-spitblue)
and down-spir{red) contributions.
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ference among these magnetic structures may be too large in 60 T
GGA to account for the low Curie temperature of 29 K. The s —— GGA
LDA +U method suppresses the energy difference by about 40 - “ono LDA
factor four. The neutron diffraction experiment for YYO
(Ref. 13 shows that th&-type AF state is the lowest-energy
phase. The first-order phase transition at 77 K from the
G-type to theC-type AF state suggests that the second low-
est energy phase may be of tletype AF state. Table I
clearly shows that the ordering of the stability among differ-
ent magnetic structures is totally incorrect in the results ob-
tained by GGA. On the other hand, the LBAJ method
resolves this problem of GGA. In the following we will ana-
lyze the origins of the difference between the GGA and
LDA +U calculations for both YTiQ and YVO; by exam-
ining the density of statedOS) and the orbital population. )
The total DOS for the FM YTi@ is shown in Fig. 1 for -80 -60 -40 -20 0.0
both GGA and LDA+U. In contrast to the LSDA result Energy (eV)
shown in Ref. 11, the GGA result has a clear dip in DOS at £, 4. comparison of the total DOS fdg) G-type and(b)
the Fermi level. The LDAU method produces a well- c.type AF YVO, obtained in GGA and LDA-U.
defined band gap being consistent with the experiment. The
magnetic moment of Ti within a sphere of 1.16 A is alsotrolled by the electron correlation rather than by the electron-
shown in Table II. Although LDA-U gives a slightly larger  phonon interaction in thé,y systems.
value for the magnetic moment than GGA for the FM state, YVO3; has a small band gap at the Fermi level in the
both are in fair agreement with the experimental value inG-type AF state as shown in Fig(&}, but it becomes me-
Table I. However, the magnitude of magnetic moment of Titallic with other magnetic orderings in GGA. However, the
strongly depends on the magnetic structure in the GGA reband gap does not control the energetics significantly in the
sults. The trend observed in Table Il is such that the magpresent case. In contrast to this, the variation in the majority
netic moment shrinks as the number of antiparallel pairs inspint,, bandwidth, estimated in GGA as 1.85 éWM), 1.52
creases. This is because in the AF ordering the majority spieV (A-AF), 1.21 eV(C-AF) and 1.05 eMG-AF), correlates
state on a given site can hybridize with the minority spinwith the variation in the total energies. A larggy, band-
state on the neighboring site with antiparallel magnetic mowidth results in a larger gain in the band energy. Anyway,
ment and this hybridization is strong in the Ti case due toas shown in Table Il, the total energy calculations by GGA
small exchange splitting in GGA. Such hybridization reducesare totally incorrect for YVQ. Experimentally, YVQ is
the magnitude of the magnetic moment. In the LPW cal-  an insulator with an energy gap of 1.2 eV, which is compa-
culation, the exchange splitting is significantly enhanced andable to thet,, bandwidth obtained by GGA. This suggests
thereby the intersite majority-minority hybridization is re- that YVO; is a strongly correlated Mott insulator and GGA
duced. This explains the reduction not only in the variationfails in describing its electronic structure. The situation
of the magnetic moment among different magnetic orderingshould be compared with that of La\yQvhere GGA can
but also in the variation of the total energies. The latter carpredict the ground-state magnetic ordering correctly at least
be associated with reduction in the kinetic exchange couwith the given experimental crystal structure. The difference
pling that is roughly proportional tt?/A, with t the effec-  between these two systems comes from the difference mostly
tive d—d hopping integral between neighboring Ti atomsin the ionic radius between E&a(1.36A) and ¥*(1.25A).
andA ., the exchange splitting. The orbital population in the The smaller ionic radius of ¥ causes a smaller. V-O-V
majority spin d states are shown in Fig.(&. Clearly, and thereby a smalleég, bandwidth. LavQ and YVO; form
LDA +U enhances significantly the orbital polarization. In good instructive examples showing how GGA fails as the
GGA, the orbital polarization also depends on the magnetibandwidth becomes narrower.
ordering sensitively, and the small orbital population in the The correct energy ordering among different magnetic
majority spin state for th€- andG-type AF states is due to structures is obtained by the LD®J method at least with
the small magnetic moment. The totdl electron number the given experimental crystal structure corresponding to the
does not depend on the magnetic ordering. The spatiab-type AF state. The corresponding DOS is shown in Fig.
d-electron distribution as a result of the orbital polarization4(a) by broken curves. The calculated magnetic moment is
in the FM state obtained by LDAU is shown in Fig. 8). slightly overestimated compared with the experimental
As suggested by Fig.(d), only onet,, orbital is occupied at  value. The orbital population among the majority-sdirr-
each Ti site. An interestng feature of Fig@Bis that the bitals is shown in Fig. @) for different magnetic orderings
orbital ordering is ofG-type, which is required in order to and for both GGA and LDA-U. Again, the orbital popula-
stabilize the FM state as suggested by the consideration utien depends strongly on the magnetic ordering in GGA,
ing the diagrams like Figs. 15-17 in Ref. 4. As the crystalwhile it is quite insensitive to the magnetic ordering in LDA
structure is available only above the Curie temperatiitke  +U. The failure of GGA and success of LBAU in the
bond arrangement in the crystal structure used in our calcyrediction of the ground-state magnetic ordering can be un-
lation is of C-type, being inconsistent with the orbital order- derstood by the diagram of Fig. 15 in Ref. 4 with the orbital
ing. This clearly suggests that the orbital ordering is con-opulation shown in Fig. ®). The diagram tells us that the
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AF coupling between the neighboring V moments along the LDA  LDA+U(1) LDA+U(2) LDA+U(3)
c axis will be stabilized if the orbital polarization is strong. W T T T
The condition is satisfied by the orbital polarization obtained |0 o0 80 o]8 8
by LDA+U but not by the one obtained by GGA as can be g ol ®° o ©
seen in Fig. ) for the FM state. The spatial-electron E o8 | © 4 4 N
distribution as a result of the orbital polarization in the g e ,gorbital
G-type AF state calculated by LDAU is shown in Fig. g Oy orbital
3(b). Clearly the orbital ordering is oE-type, the same as 3
the bond arrangement in this case. If the localis is taken S 06 _o T T T
along the longest V-O bond, the electron density distribution 01% ol° olo ]
in Fig. 3(b) corresponds to the nearly equal occupation pf °
andzx orbitals. oall—a 1 1 a1

F A F A F A F A

As mentioned already, YVQundergoes the first-order
phase transition from th@-type to theC-type AF state at 77 FIG. 5. The orbital population in the majority spihistates for
K. An important difference in the crystal structure betweenLamMnO,. In LDA+U(1), U of 2 eV is applied to the, ande,
the two phases is the fact that one longer V-O bond lies irelectrons. In LDA-U(2) and LDA+U(3), U of 2 eV and 4 eV is
the ab plane in the low-temperature phase while there arepplied only to thee, electrons, respectively.
two longer V-O bonds in theab plane in the high-
temperature phase. Judging from this V-O bond-length disdifferent parameter values in LDAU. Second, we pointed
tribution for theC-type AF state in Table |, we speculate that out in the Introduction one serious problem of our band
thexy orbital will be most preferentially occupied and the ~ structure calculation for LaMng if we optimize the crystal
and zx orbitals will be both half filled in the majority spin Structure, the FM state rather than thetype AF state be-
state. With the above orbital population, an argument basegomes the ground state. As long as we use the conlingn
on a diagram similar to Fig. 15 in Ref. 4 predicts a FM for botht,; andey orbitals in the LDA+U method, the situ-
coupling between V magnetic moments along ¢hexis. On  ation is never improved or even becomes worse than GGA
the other hand, a diagram similar to Fig. 17 in Ref. 4 sug-<alculations. If we adopt the orbital dependehg and solve
gests that the magnetic coupling within thb plane may be the LDA+U equations within the Hartree-Fock approxima-
little affected by the small rearrangement of the orbital po-tion, one of the possible ways to make theype AF more
larization associated with the phase transition. Therefore, thetable is to applyU only to thee, orbitals. This seems to
bond arrangement above 77 K is favorable to the magnetigontradict with the expectation that tieg states are more
ordering of theC-type AF. However, the present total- itinerant than thet,, states. However, in the LDAU,
energy calculation is not totally consistent with the aboveapproach developed by us where the electron-electron inter-
speculation. The&s-type AF is still slightly lower in energy —action in thet,, orbitals is allowed to be screened by g
than theC-type AF even with the crystal structure for the electrons, the screenéti; for thet , orbitals is vanishingly
C-type AF. The energy difference is, however, only 5 mevsmall in LaMnQ, because of very efficient screening by the
per formula unit, being of the energy difference shown in € states located just at the Fermi level. However, a problem
Table 1l where the total energies for Y\{Qvere estimated is that any hint about) ¢ for the ey orbitals is not given by
for the structure for th&s-type AF. There are two possible the LDA+U, method. The efficient screening of thg elec-
ingredients to be considered in the arguments on the transirons byey electrons in LaMn@ will be a real fact irrespec-
tion from the G-type to C-type AF. First, considering the tive of the approaches. Therefore, just as an attempt, we
near degeneracy betwega andzx orbitals with the struc- apply U only to theeg orbitals. Figure 6 shows the energy
ture for theC-type AF, we expect an important role of the
spin-orbit interaction. In fact, the spin-orbit coupling energy 80 T T T T

is the order of 10 meV. Second, the transition from the 0 k- o—etp. |
G-type to C-type AF may be partly caused by the entropy ATl
gain in theC-type AF, which we have not estimated. In Fig. 3 or - T A\ 7
4 the DOS for theC-type AF shows wider W band than E 20 |* _
that for G-type AF, reflecting the FM ordering along tlee N ‘k\

axis in theC-type AF. Loor ]

Finally, we would like to make two brief comments on
LaMnGO;. First, we have demonstrated so far that the elec-

tronic structures of the,q system like YTIQ and YVO; are LDA  GGA LDA+U LDA+U LDA+U
significantly modified by the approximations used for the e e
electron-electron interaction. However, the basic features of £ 6 The energy difference betwedntype AF and FM

the electronic structure of LaMnQ a typical example of the  giates for LamMn@ estimated by some different approximations.
ey system, are fairly insensitive to the approximations. Werhe experimental crystal structure was used for circles. For tri-
demonstrated this in our previous papir detail, and here  angles the internal coordinates are optimized with the experimental
we only show in Fig. 5 the orbital population estimated by|attice parameters. In LDAU(1), Uy of 2 eV is applied to the,,
some different approximations. It is clear that the orbitalande, electrons. In LDAFU(2) and LDA+U(3), U of 2 eV and
population is hardly affected by different approximations and4 eV is applied only to the, electrons, respectively.
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difference between thA-type AF and FM states estimated properly the correlation between the magnetic structure and
by some different approximations. For circles we used thesmall lattice distortion in two different phases of YYO
crystal structure obtained experimentally. For triangles we For both YTiO; and YVGO; the crystal structures obtained
optimized the internal coordinates with the experimental latexperimentally are assumed in the present calculations. For
tice parameters for tha-type AF state. It is clear that after the e, system LaMn@, GGA, and even LSDA can predict
the internal coordinate optimization the LBAJ method the ground-state magnetic structure properly for the experi-
with U only to theey orbitals can stabilize tha-type AF.  mental crystal structure However, the problem is not so
Nevertheless, this is nothing but a simple empirical analysisimple. Once we optimize the crystal structure theoretically,
of the problem and more fundamental approaches are résGA and even LDA-U cannot predict the ground state cor-
quired to check its validity. rectly. We have introduced an empirical corrections in the
LDA +U method in order to solve this problem.
I1l. SUMMARY
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