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Infinite-layer LaNiO ,:  Ni'* is not Cu?*
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The Niion in LaNiO, has the same formal ionic configuratiod®3as does Cu in isostructural CaCy®ut
it is reported to be nonmagnetic and probably metallic whereas CasuOmagnetic insulator. Froab initio
calculations we trace its individualistic behavior ) reduced 8—2p mixing due to an increase of the
separation of site energietsq—s,) of at least 2 eV, and(2) important Ni3i(3z2-r?) mixing with
La 5d(3z2-r?) states that leads to Fermi surface pockets of d.@Baracter that hole dope the Ni dand.
Correlation effects do not appear to be large in LapiBowever,ad hocincrease of the intra-atomic repulsion
on the Ni site(using the LDA+U methoylis found to lead to a correlated staté) the transition metadi(x?
-y?) and d(3z2-r?) states undergo consecutive Mott transitiofis); their moments arantialignedleading
(ideally) to a “singlet” ion in which there are two polarized orbitals; aiit) mixing of the upper Hubbard
3d(322—r?) band with the La B(xy) states leaves considerable transition methtBaracter in a band pinned
to the Fermi level. The magnetic configuration is more indicative of? ih in this limit, although the actual
charge changes little withl.
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[. INTRODUCTION One of the most striking features of LaNiQs that it
potentially provides a structurally simple example of a
The perovskite oxide LaNi@ purportedly an example of monovalent open shell transition metdlidn. Except for the
a correlated metallic Nf system, has been investigated over divalent C* ion, thed® configuration is practically nonex-
some decades by a few grotpSor possible exotic behav- istent in ionic solids. In particular, the formal similarity of
ior. The oxygen-poor lanthanum nickelate L_aNimis also Nil* and C3* suggests that Nt compounds might provide a
attracted attention, because of characteristic changes of iffatform for additional high temperature superconductors. It
electronic and magnetic properties as the 0xygens are rs yhase and related questions that we address here.
moved. It is mftalllc at 2'7.5X<3’ but semlcond.uctmg fpr In this paper we present results of theoretical studies of
2.50<x<2.65" Forx=2.6, it shows ferromagnetic ordering the electronic and magnetic structures of Lapi@nd com-

with 1.7 ug/Ni below 230 K* and magnetic behavior of the . .
x=2.7 material has been interpreted in terms of a model opare with the case of CaCyQor isovalent Ca,SLCUO,)

ferromagnetic clustefsAt x=2.5, where formally the Ni is which is well characterized. A central question in transition
divalent, a perovskite-type clor,npound Ni.O- forms. in metal oxides is the role of correlation effects, which are cer-
’ - 20

which NiOg octahedra lie along axis directed chains and (@inly not knowna priori in LaNiO; as there is little charac-
NiO, square-planar units alternate in theb plane. This terization of the eX|§t|ng mate_rlal..We look at rgsults both
compound shows antiferromagnetic ordering of the Nio from the local density approximatioL.DA) and its mag-
units along thec axis but no magnetic ordering of the NjO Netic generalization, and then apply also the LDA+U corre-
units® lated electron band theory that accounts in a self-consistent
Since LaNiQ with formally monovalent Ni ions was syn- mean-field way for Hubbard-like intra-atomic repulsion char-
thesized by Crespiet al”8 it has attracted interést! be-  acterized by the Coulomb repulsion U. Our results reveal
cause it is isostructural to CaCyf¥ the parent “infinite  very different behavior between LaNjCGand CaCu@, in
layer” material of highT, superconductors, and like CaCuO spite of the structural and formaP charge similarities. The
has a formatl® ion among closed ionic shells. However, it is differences can be traced ) the difference in @ site en-
difficult to synthesize and was not revisited experimentallyergy between Ni and Cu relative to that of G@) the ionic
until recently by Haywardet al. who produced it as the ma- charge difference between €aand L&* and associated
jor phase by oxygen deintercalation from LaNi& Their = Madelung potential shifts, an@®) the participation of cation
materials consist of two phases, the majority being thebd states in LaNiQ.
infinite-layer (NiO,—La—NiG,) structure and the minority We also discuss briefly our discovery of anomalous be-
being a disordered derivative phase. Magnetization and nelnavior in the transition metald ion as described by LDA
tron powder diffraction reveal no long-range magnetic order+U at large U. Although well beyond the physical range of U
in their materials. Its paramagnetic susceptibility has been fitor LaNiO,, we find that LDA+U produces what might be
by a Curie-Weiss form in the 150T/K <300 range with characterized as @ “singlet” ion in which the internal con-
S=1 and Weiss constari=-257 K, but its lowT behavior ~figuration is oned(x*~y?) hole with spin up and one
varies strongly from this form. More recently, this samed(3z>—r?) hole with spin down, corresponding to an extreme
group has produced the isostructural and isovalent nickelatgpin-density anisotropy on the transition metal ion but
NdNiO,.* (nearly) vanishing net moment.
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For CaCuQ@, we used the same conditions as the previous
calculation done by Eschrigt al. using FPLO®

I1l. RESULTS
A. LDA Results

We present the LDA results. The paramagné®idl) band
structure with its energy scale relative to the Fermi ené&igy
is given in Fig. 2. A complex of Laftbands is located at
+2.5 eV with bandwidth less than 1 eV. The @ Bands
extend from about -8 to —3.2 eV. The Nil ®ands are dis-
tributed from -3 to 2 eV, with the localizeth, complex
near -1.5 eV, while the broad Lal5states range from
-0.2 to 8 eV. Unlike in PM CaCus) there are two bands
. . crossingEg. One is like the canonical(x?—y?) derived band

FIG. 1. (Color onling Crystal structure of LaNig) isostructural i, v oy yrates, rather broad due to the strdpg antibond-
to CaCuQ. Niions are in the origin and La ions in the center of the . = . . . .
unit cell. It has no axial oxygens. ing interaction with oxygemy, py states anq enclosing holes

centered at th& point. The other band, lying at —0.2 eV at
I' and also having its maximum at tme:(%;,g,o) point, is
a mixture of La 5l(322—r?) states and some NOB3z%-r?)

In the samples of LaNiQsynthesized and reported by CNT%?—Cfe:.wAt!fn%d%i;mz band indicates importance  of

Hayward et al, there exist two phases with space group . : . . )
P4/mmm(No. 123 but different site symmetri#Z We focus Using a simple one-band tight binding model:
on the majority infinite-layer phase, which is isostructural = eg— Dt eik’.pi

with CaCuQ.*? In the crystal structure shown in Fig. 1, Ni kTR &R

ions are at the corners of the square and La ions lie at the

center of unit cell. The bond length of Ni—O is 1.979 A, the Ni3d(x*~y?) band shown in Fig. 3 can be reproduced
about 2% more than that of Cu-O in CaCu@.93 A). We  with a few hopping amplitudes, but requiring more than
used the lattice constaras3.870 93 Ac=3.3745 Al3with ~ might have been anticipated. The site energy.#93 meV,

a (\;‘Ex VE) supercell space groupt/mmm (No. 139 for slightly above the Fermi level, and the hopping integ(ais
AFEM calculations. meV) are t(100 =381, t(110=-81, t(001)=58, andt(111)

The calculations were carried out with the full-potential =—14. There is no hopping along th&01) direction. As
nonorthogonal local-orbitalFPLO) method® and a regular anticipated from the cuprates, the largest hopping is via
mesh containing 198 points in the irreducible wedge of t(100. However, to correctly describe tlkg dispersion from
the Brillouin zone. Valence orbitals for the basis setX-R (i.e., alongm/a,0 k) together with thdack of disper-
were  La 33p3d4s4p4d5s5p6s6p5daf,  Ni3s3pdsdpdd,  sionfrom I'-Z (0,0 k,) and alsoM-A (7/a,m/a,k,), the
O 2s2p3s3p3d. As frequently done when studying transition third neighbor hopping termig111) must be included.
metal oxides, we have tried both of the popular forms of The comparison of the single band tight binding param-
functional®l” of LDA+U method® with a wide range of eters with those of CaCuQs given in Table I. It should be
on-site Coulomb interaction U from 1 to 8 eV, but the noted that the state in mind is af-y?> symmetry state that is
intra-atomic exchange integrak1 eV was left unchanged. orthogonal to those on neighboring Ni/Cu ions, i.e., an

Il. STRUCTURE AND CALCULATION
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FIG. 2. LDA paramagnetic band structure of
= r LaNiO,. The Ni3(x?-y? band crosses the
fL 00 —= Fermi level(zero energyvery much as occurs in
o r \ — cuprates(see Fig. 3. The La4 bands lie on
] 2.5-3.0 eV. The La&3z2-r?) band drops be-
[~ | | low Eg atI" andA.
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2.0

10 FIG. 3. “Fatband” representation of

Ni 3d(x*-y?) in LDA. This band appears at first
very two-dimensional, but is not becaudg the
saddle point atX(0,#/a,0) is not midway be-

tween thd” andM(#/a, 7/a, 0) energies, an¢R)
/ k, dispersion between th¥ and R(0,#/a,m/c).
The dispersions along thé—R and M—A lines
(not shown in this figureare simple cosine-like
and dispersionless, respectively.
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x?—y? symmetry Wannier orbital. In Ni, the on-site energy is were made. A stablg2 x V2 AFM state, whose band struc-
0.3 eV above what it is in CaCuQlying aboveEg rather ture is shown in Fig. 5, was obtained, with spin moment
than below. This difference is partially due to the different0.53 ug per Ni. This state has lower energy by 13 meV/Ni
Madelung potential in the two differently charged com-than that of PM state. This is a very small energy difference
pounds, but it also reflects some intrinsic hole doping in thdor this size of moment, suggesting the energy versus mo-
nickelate that leads to a lower Fermi level. The largest hopMent curve is very flat. Just as for the paramagnetic case, the
ping amplitudethe conventional) is 71% of its value in the AFM state has entangled bands of Ld Ni3d, and O D
cuprate, while the second’) is essentially the same. The _character near the Ferml_energy. In contrast to the unpolar-
t(001) =t, is also 70% of its value in the cuprate, while the 1Zed cas€and CaCu@), with AFM order the large electron
other amplitudes are the almost unchanged. pocket has primarily Ladi(xy) character and the slightly oc-

The LDA Fermi surfaces are shown in Fig. 4. As for the CuPied 2e|e£:tron ppcketz aﬂ; has a combination of
cuprates, the Fermi surface is dominated by theentered L@ 5d(3z°—r) and Ni &(3z°—r*) character. Attempts to ob-
hole barrel. In this system neighboring barrels touctRat t@in a FM solution always led to a vanishing moment.
=(mr/a,0,m/c) because the saddle pointRthappens to lie The strong difference between CaGu@nd LaNiG; is
at Er. The Fermi surfaces also include two spheres containthérefore already evident from the LDA results as well as
ing electrons. The sphere &, with mixed Ni and La from the experimental data. CaCy@ strongly AFM, a re-
d(322—r?) character, contains about 0.02 electrons. Thesult which LDA entirely fails to predict, and only nonmag-

A-centered sphere is mainly Ni(zX) in character and con- N€tic solutions are found. LaNiOshows no magnetism,
tains ~0.07 electrons per Ni. The barrel, whose radius Ofwhereas LDA finds the antiferromagnetically ordered state is

0.8r/a in the (1,1 k,) direction is almost independent kf lower in energy(albeit by a small amountThe differences

but which varies alond1,0 k,), possesses about 1.1 holes,
accounting for the total of the 1.0 hole that is required by
Luttinger’s theorem and also fits the formal'Nivalence
(which, being a metal and also mixing with La as well as
with O states, is not very relevant

To investigate magnetic tendencies, attempts to find both
ferromagnetic (FM) and antiferromagnetidAFM) states

TABLE I. Tight binding parameterén meV) for Ni 3d(x?—y?)
of LaNiO, and Cu 2i(x>~y?) of CaCuQ. g, is the site energy and
t's are hopping integrals. Rati@in %) is hopping integrals for
LaNiO, to those for CaCu@

Parameters LaNi© CaCuQ |Ratid (%)
€9 93 -200
1100 381 534 I FIG. 4. (Color onling Paramagnetic Fermi surface in the local
t(110 -81 -84 96 density approximation. In the cent@ot visible), i.e., I, there is a
(00D 58 83 70 sphere[a radius 0.26r/a)] having d(3z2-r?) character of Ni and
(10D 0 -2 0 La. The cylinder with radius 0(8/a) contains Nid(x>-y?) holes,
t(111) -14 -19 74 whereas another sphef@ radius 0.4/a)] at each corner contains

Ni d(zx) electrons.
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FIG. 5. LDA band structures of LaNiQ
graphed on the same energy scale. Top panel:
paramagnetic; bottom panel: antiferromagnetic.
The Ni3d bands lie above -3 eV and are dis-
-3.0 jointed from the O P bands(not shown which

begin just below -3 eV. The antiferromagnetism
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introduces the gap in the Mipo band midway
betweenl” andM in the range 0—1 eV. The sym-
metry points are given such &8,0 x) for I'(Z),
(1/2,1/2 x) for X(R) and(1,0 x) for M(A). x is
zero for the first symbols and 1 for the symbols in
parentheses.
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between these two systems also are highlighted in the folef intra-atomic repulsion and compare with observed behav-
lowing sections. ior. In Sec. IV we compare and contrast with CaGuO
Upon increasing U from zero in the antiferromagnetically
ordered phase, the spin magnetic moment of Ni increases
B. Consideration of correlation with LDA+U from the LDA value of 0.53ug to a maximum of 0.8 at
As noted in Sec. |, no magnetic order has been observeld =3 eV. Surprisingly, folJ >4 eV the moment steadily de-
in LaNiO,, either by magnetization or by neutron scattering.creases and by =8 eV it hasdroppedto 0.2 ug/Ni, which
Although the local density approximation often does quiteis less than half of its LDA value, as shown in Fig. 6. We
well in predicting magnetic moments, for Weak|y or near|y emphasize that this behavior is unrelated to the observed
magnetic systems renormalization by spin fluctuations bebehavior of LaNiQ (which is nonmagnetjc However, this
comes importaR®-22and such effects are not included in the unprecedented response of the transition metal ion to the
local density approximation. The small energy difference inimposition of a largeU gives new insight into a feature of

energy between the AFM and nonmagnetic solutions indithe LDA+U method that has not been observed previously.
cates the error is in some sense small. We now relate some details of the results that are intended to

There is still the unsettled question of the strength of corenhance our understanding of the LDA+U method in mate-
relation effects due to an intra-atomic repulsion U on the Nifials such as these; the remainder of this subsection is prob-
site. For example, there is not yet any specific heat data tably irrelevant to the interpretation of data on LaliO
show whether the carrier mass is enhanced or not. Making This “quenching” of the local moment with increasikg
the analogy to CaCuQ(same format® configuration, same results from behavior of Ni &3z°—r?) states that is analo-
structure, neighboring ion in the periodic taplevhich is a  gous to those of theddx*~y?), but with the direction of spin
strong antiferromagnetic insulator, suggests that effects du@verted(then with additional complicationsAs usual for a
to U might have some importance. As we have noted above]® ion in this environment, the majorityd8x>—y?) state of Ni
this analogy seems to be rather weak. Here we apply this fully occupied even at=2 eV, while the minority state is
LDA+U “correlated band theory” method to assess effectscompletely unoccupied dt/=3 eV, where the moment is
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372—r? hole with spin down. Dark and light surfaces denote isoc-
ontours of equal magnitude but opposite sign.
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FIG. 6. Behavior of the Ni magnetic moment vs the interaction

) : X ) states, but is oppositely directed, leading to an on-site “sin-
strengthU in antiferromagnetic LaNiQ

glet” type of cancellation.

This movement of states with increasibighas been em-
maximum and the system is essentially“l\lS:%. One can phasized in Fig. 7 for easier visualization. The resulting spin
characterize this situation as a Mott insulatird{3—y?) or-  density on the transition metal ion &Bt=8 eV is pictured in
bital, as in the undoped cuprates. B3 eV, the density of Fig. 8. There is strong polarization in all directions from the
states has a quasi-one-dimensional van Hove singularity dusbre except for the position of nodes. The polarization is
to a flat band just belowbordering the Fermi energy as can strongly positive(majority) in the lobes of the @(x>—y?)
be seen in the@DOS shown in Fig. 7. Upon increasitgto  orbital, and just as strongly negatiyminority spir) in the
4 eV, rather than reinforcing thszé configuration of Ni  lobes of the 8(3z°—r?) orbital. The net moment igearly)
and thereby forcing the La and O ions to cope with electronkanishing, but this results from a singlet combinati@s
hole doping, the Ni(3z2-r?) states begin to polarize. The nearly as it can be represented within classical spin pigture
charge on the Ni ion drops somewhat, moving it in theof spin-half up in one orbital and spin-half down in another
Nil*—Ni2* direction, with the charge going into the orbital that violates Hund’s first rule. The magnetization den-
La 5d—0O 2p states. Idealizing a bit, one might characterizesity is large throughout the ion, but integrates (teearly)
the movement of (unoccupiedd majority character of zero.
3d(3z°-r?) well aboveEg as a Mott transition of these orbit-  This behavior is however more complicated than a Mott
als, which is not only distinct from that of thed@?—y?) splitting of occupied and unoccupied state, as can be seen

1 K
\ ]
5 | n LDA / J' _ d(3zz_l_z)
v i V- | e FIG. 7. (Color onling Change of the
1 TR EE R A I —— Ni 3d(3Z2-r?) and 3I(x®—y?) densities of states
./‘\ U—3 eV » as on-site Coulomb interactidd increases. One

can easily identify a splitting“Mott transition”)

of the 3(x?>—y?) states occurring nea’=0, and
the light (green lines outline their path with in-
creasingJ (majority is solid, minority is dashed

A distinct Mott transition involving oppositely di-
rected moment of the 83z2—r?) states is out-
lined with the dark(purple) lines. This moment is
oppositely directed. The conceptual picture is
also complicated by the splitting even Et=0
which persists in the majority states, leaving a
band atEg with strong Ni31(322—r?) character
as well as the expected upper Hubbard band at
4 eV.

N(E)
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from the substantial Ni@ character that remains, even for [ i
U=8 eV, in a band straddlingg while the rest of the weight k= g};;( "
=== N X-y

moves to~4 eV. In both of these bands there is strong mix-
ing with La 5d(xy) states. What happens is that as the “upper
Hubbard 2(3z2°-r?) band” rises adJ is increased, it pro-
gressively mixes more strongly with the Ld(&y) states,
forming a bonding band and an antibonding band. While the

antibonding combination continues to move upward with in- I I
creasingJ, the bonding combination forms a half-filled band 7 gu’l;d(xz_yz)
which remains akg. ~ I
Thus we have found that for the Niion in this environ- ;
ment, increasingy (well beyond what is physically plausible 3r P
for LaNiO,) results inS=3 Ni*! being converted into a [ AW A A
nominal Ni2 ion (the actual charge changes little, howegver . [ AT Ned
in which the two holes are coupled into an intra-atorSic -8 -6 -E E -2V 0 2
=0 singlet. This behavior involves yet a new kind of corre- ~En (€Y)
lation between thg (3_32242) _states and the CEXZ__VZ) FIG. 9. (Color onling Comparison of LDA projected paramag-
states, but one which is due tdriven by the local environ-  etic pos LaNiQ (upper paneland CaCu@ (lower pane). Note
ment. the separation of the NiBstates from the Of2states in the upper

This behavior is quite different from the results for panel, which does not occur for the more strongly hybridized
=8 eV reported by Anisimov, Bukhvalov, and Ri€ausing cuprate.

the StuttgartrBLMTO-47 code. They obtained an AFM insu-
lating solution analogous to that obtained for CaGa®with . , _
a single hole in the @shell occupying the &x2—y?) orbital Ni ion. As we .have found a}nd in apparent agEeement Wlth’
that antibonds with the neighboring oxygep,2rbital. The experiment, this compound_ is a metal, and the “charge state
reason for this difference is not clear. Their code make®f @ transition metal atom in a metal usually has much less
shape restriction on density and potential that are relaxed ifignificance than it is in an insulator. It may be because the
our code, it appears that Ld 4tates were not included, and compound is metallic that it is stable, but in this study we are
the LDA+U functional form was not strictly identical to not addressing energetics and stability questions.
what we have used, but we do not expect any of these dif- Haywardet al** had already suggested that the experi-
ferences would be responsible for the difference in solutionghental findings could arise from reduced covalency between
It is established that multiple solutions to the LDA+U equa-the Ni3d and O 2 orbitals, and the 30% smaller value of
tions can occut32*and we have also foun@h other appli- the hopping amplitude reflects the smaller covalency, as
cationg that different starting points can be used to encourdoes the increased separation between thedNardd O D
age the discovery of alternative solutions. Our attempts to dgands. It is something of an enigma that in CaGudd
so have always led only to the solutions given in Fig. 7.  other cuprates, LDA calculations fail to give the observed
antiferromagnetic states, while in LaNiQ.DA predicts a
IV. COMPARISON WITH CaCuO , AND DISCUSSION weak antiferromagnetic state when there is no magnetism
Although Ni*! is isoelectronic to Ctf, both the observed ©Observed. In the cuprates the cause is known and is treated in

and the calculated behavior of LaNiQire very different @ reasonable way by application of the LDA+U method. In
from CaCuQ. In contrast to CaCu§) LaNiO, is (appar- this nickelate, application of the LDA+U methoq 'does not
ently) metallic, with no experimental evidence of magnetic S€em to be warrantegdithough behavior occurs it if it usgd
ordering for LaNiQ. The differing electronic and magnetic Rather, the prediction of weak magnetism adds this com-
properties mainly arise from two factors. First, the @a 3 Pound to the small but growing number of syste@eZn,*®
bands lying in the range of 4 and 9 eV are very differentlyS&In,*® and NiGa?? for examplg in which the tendency
distributed from the broader and lower Ld Bands in the toward magnetism is overestimated by the local density ap-
range of —0.2 and 8 eV. Second, in CaGu@ 2p states Proximation. It appears thz_:lt this ten_dency can .be corrected
extend to the Fermi level and overlap strongly with @u3 by accounting for magnetic fluctuatioffs?* The isovalent
states, and the difference of the two centers is less than 1 e¢ompound NdNiQ reported by Hayward and Rosseinsky
as can be seen in Fig. 9. Thus, there is a stropg3  May _help to clarlfy this ur_lusual nickelate system, e_llthough
hybridization that has been heavily discussed in Aigima- it microstructure is not simple and the Nd magnetism will
terials. In LaNiQ, however, Ni 8 states lie just below the impede the study of the Ni magnetic behavior.
Fermi level, with O D states located 3—4 eV below the cen-
ter of Ni bands. Thereforg-d hybridization, which plays a
crucial role in the electronic structure and superconductivity
of CaCuQ, becomes much weaker. The authors acknowledge useful communication with M.
Hayward during the course of this research, and discussions
with J. Kune§ and P. Novak about the behavior of the LDA
Aside from the formal similarity to CaCufQthe interest +U method. This work was supported by National Science
in LaNiO, lies in the occurrence of the unusual monovalentFoundation Grant No. DMR-0114818.
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