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Singlet and triplet doped-hole configurations in LgCugsLigs04
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The ordered alloy LglisCugs0, is found to be a band insulator in local density approximatioDA )
calculations with the unoccupied conduction band having predominalily,. symmetry and substantial
weight in O 2 orbitals. This is equivalent to a predominant local singlet configuraditin or a low-spin
Cu®*" ion with both holes in orbits havingl,._,» symmetry, i.e., Zhang-Rice singlets. A fairly modest
reduction of the apical Cu-O bond length is sufficient to stabilize a high spin triplét @nic configuration
with holes in bothd,2_,2 andds,2_,2 orbits in LDA + U calculations. This leads us to identify the low energy
triplet excitation found in nuclear quadrupole resonance studies by Yoshehati as a local high-spin
Cu®" ionic configuration accompanied by a substantial reduction of the apical Cu-O separation, i.e., an
anti-Jahn-Teller triplet polarofS0163-18207)02319-9

The substitution of lithium for copper in L&LuO, is for- The calculation of the electronic structure of NaGCui@ a
mally equivalent to Sr doping on the La site as each donatel®cal (spin) density approximatich[L(S)DA] showed that
one hole per dopant. In lightly doped samples Li and Sithis compound can be described as a conventional insulator
doping have essentially indistinguishable effects on the magwith a band gap arising from simple covalent effegbsd
netic properties and lattice structdré.However, in-plane hybridization. The unoccupied band has more oxygen char-
substitutions for Cu and out-of-plane substitutions for Laacter than copper thus confirming the conclusion from CI
were found to be very different in the conductivity. i has  calculations that “doped” holes are situated predominantly
an ionic radius essentially the same as that of"&uand  on oxygen orbitals. The key structural element of the crystal
brings a hole with it into the plane. But the alloys structure of NaCu@Q is the same as in layered cupratés
La,Cu,_,Li,O, are never metallic nor superconducting soexample, LgCuQ,): CuO, plaquettes with the Cu atoms in
that this hole must be localized in contrast to the mobilethe center of a square of oxygen atoms. However in layered
holes introduced by out-of-plane substitutions. The solidcompounds the squares are corner-sharing and the Cu-O-Cu
solubility of Li is such that complete filling of the copper bond angles are nearly 180° resulting in very brgedbr
band(at 50% Lj can be achieved. At this composition the Li band, while in NaCu@ the squares are edge-sharing and
and Cu ions form an ordered superlatfiée which all Cu  those angles are close to 90° and the corresponding band-
ions are surrounded by four in-plane ™} ions (1s?, closed  width is much smaller.

shell electronic configuration leading to isolated Cu® In La,Cug sli 0504 the CuQ, plaquettes are separated by
clusters. This compound was found to be a diamagnetic inki ions, so that there are no Cu-O-Cu bonds at all and one
sulator. can expect an even narrongdo band than in NaCuQ We

The nuclear quadrupole resonan¢BlQR) study of have performed LDA calculation for L&ug sLi g =04 Using
La,Cugslip=s04 (Ref. 4 reveals a magnetic excitation of the linearized muffin-tin orbital method in an atomic-spheres
the doped-hole state with an energy sf1l30 meV. This approximation(LMTO-ASA).° The results(Fig. 1) show
energy is much smaller than the estimation of the singletthat, indeed, the ground state is a nonmagnetic insulator with
triplet splitting of the local Zhang-Rice singfetvhich is of  a sizable gap value~1 eV), compared to the 0.3 eV value in
the order of few eV. There are also indications that this magNaCuQ,.2 The unoccupied band is again rather narrow and
netic excitation is coupled to the charge fluctuation or latticewith a symmetry of Cu centeredi.._,> orbitals. It contains
distortion around the Cu site. 40% Cu 3 orbitals and 60% O g states, indicating the

La,Cugslips04 is not the only compound with formally strongly covalent nature of the singlet ground state. The top
trivalent copper which is a diamagnetic insulator. Anotherof the valence band is predominantly oxygen in origin, how-
example is NaCu@® Spectroscopy measurements and con-ever there is significant admixture of,2_,2 orbitals of cop-
figuration interaction(Cl) calculations by Mizokawat al.’ per.
led them to conclude that the ground state of NaGu® Our results shows that in order to reproduce singlet
dominated byd°L (L: ligand holg configurations and not by ground state of the doped hole in J@ugdLi ¢ O, there is
d® as for a simple C&" ion. The ligand holed are not no need to take into account Coulomb interaction corrections
metallic because strong-d hybridization betweerd® and  to the one-electron LDA. However the magnetic excited state
d°L configurations leads to a split-ofL-like discrete state cannot be explored in a calculation scheme which does not
above the oxygen continuum. include Coulomb interactions inside tlieshell of copper.
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8 5 4 > 0 2 the LDA total energy functional and to add orbital- and spin-
40 —r dependent contributions to obtain the exéeithin a mean-
1 /XY Total DOS a field approximation formula:
30 - XZ,yz .
] ] 1
20 _ E:ELDA_Eav"_E 2 Umm NmeNmr — o
mm ,o
10 - 1
] L AN _ 5 2 Unw = In) ol ()
=0 N e 6 m#m’,m’,o
= ) ' M
o
{ Taking the derivative with respect g, gives the orbital-
3 A 44 dependent one-electron potential:
S Plane O |
[}
8 42
5 - -
3 Vino(1)=Vipa(1) + 2 (Umir = Ue) Ny
8 g
a — 0
5 ¢ B + E (Umm’_Jmm’_Ueﬁ)nmo
m’#m
Xy 1 1
/ i + Uett E_nma _Z‘]’ ()
0 . 2 with Ugs=U—2J. The Coulomb and exchange matrices
-8 0 2 Unw and J,,y are expressed through the integrals over
Energy(eV) products of three spherical harmonics and screened Coulomb

and exchange parametdssandJ.'®

A nontrivial problem is what value of the screened Cou-
lomb interactionU to use. For insulators, such as late
transition-metal oxides a good approximation is to calculate
static screening of thd-d intrashell Coulomb interaction in
a supercell LDA calculatiof?

The question is what symmetry should the lowest energy
excited states have? The band gap separates states which are
For example, the undoped cuprates experimentally are anthoth mainly oxygen but due to the hybridization with Cu
ferromagnetic insulators while LDA gives a paramagnetic3d orbitals the states have a symmetry xt—y? and
metallic ground state. The reason for this discrepancy is tha§z2—r2 for the unoccupied and occupied bands, respec-
while in a LSDA the Spllttlng between majority and minority t|Ve|y '|'he)(2_y2 band is h|gher in energy due to the Jahn-
spin states is driven only by the exchange interaction with are|ier-distorted Cu@ octahedra in LaCug dLi o0, crystal
value of the Stoner parameter ef1 eV, the real driving strycture: the length of the Cu-O bond in thb plane is 1.8
force for the antiferromagnetic insulator solution must be the the distance to the apical oxygen is larger — 2.4 &.
much larger direct Coulomb interaction parameter8JeV.  follows that the lowest energy excitation will be from the
This contradiction was resolved in the so-called LB (formally) de_y2dy2 2, singlet configuration to the
method where orbital-spin polarization caused by the Coudxziszd&Lr2T triplet configuration.

lomb interaction is directly taken into accodfit™ _ We have performed LDAU method calculations for
The main idea of the LDA- U method is that LDA gives ot singlet and triplet configurations. We find that a starting
a good approximation for the average Coulomb energy ofiipjet configuration is not a stable solution but self-
d-d interactionsk,, as a function of the total number df  consistently converges to the singlet solutigfine singlet
electronsN=2 Ny, , wherenn,, is the occupancy of a splution of LDA+U method is practically the same as for
particulard,, orbital: pure LDA, because in the absence of the orbital-spin polar-
ization the LDA+U correction to LDA is irrelevant. How-
ever, if the copper-apical oxygen bond length is contracted
1 1 by 16% (0.38 A), then a stablériplet solution appears and
E.=-UN(N—1)— > JN(N—2). (1)  becomes the ground statéor 16% contraction the total en-

2 4 ergy of the magnetic solution is still 0.06 eV higher than the
nonmagnetic one, however already for 17% contraction the
triplet energy is 0.1 eV lower.

But LDA does not properly describe the full Coulomb and It is instructive to follow the changes, with copper-apical
exchange interactions betweehelectrons in the samd oxygen bond contraction, of the two bands below and above
shell. So Anisimowet al1®'! suggested subtractirfe, from  Fermi energy(Fig. 2). For the undistorted structurfFig.

FIG. 1. The total(a) and partial[O 2p (b) and Cu 3 (c)]
densities of stateOY9) for La,LiCuy 0,4 calculated in the un-
distorted crystal structure. The bands formed by diffeckotbitals
are marked by arrows.
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come kinetic energy Figure Zc) shows that for the critical

20 ' 15 . 10 . 05 . 0.0 . 05 10 15 . 20 value of the distortion(16%9 this condition is nearly satis-

fied.
104 2 Similar effects were found in a supercell LBAJ calcu-
/ lation for a doped hole in La_,Sr,Cu0O,.2® In that work two
1 1 solutions were found for a hole introduced in the GuO

054 z J plane: one solution had the symme$—y? with the hole
\ spin antiparallel to thel hole of Cu atom, while the other
T 1 one had 3°—r? symmetry and spin parallel to the Cu spin.
' The latter solution was present only for a contracted apical
b | Cu-O distance0.26 A contractioh The total energy calcu-
410 lation in a full-potential scheme including the lattice relax-
ation showed that the total energy minima for these two so-
lutions were very close in energy with the triplet state only
05 54 meV higher than the ground state singlet.

As the hopping between CuyO octahedra in
La,Cugeligs0,4 is smaller than in LaCuO,, one would
expect more localized states in the former and, hence, a
larger separation between the singlet ground state and ex-
| cited triplet state. The value found in NQR measurenfents
- 130 meV looks quite reasonable from this point of view.

_______ ; 2] We would like to emphasize that while the excited mag-
00 ] \/\/ G T ] netic state is a triplet witls=1, the actual magnetic moment
0.5 - residing in Cu 3 orbitals found in the LDA-U calculation
is very small: 0.85. That is due to the fact that the bands
] (or Wannier orbitalsof x2—y? and %?—r? symmetry have
20 ' _1"5 ' _1'_0 ' _0'_5 ) 0.0 ' 075 10 15 20 only .40%. qf Cu 31 orbitals contribution,_being mainly oxy-
gen in origin as implied by the predominancedL many
Energy(eV) electron configurations in model CI calculations.
In conclusion, we find that LDA correctly gives a band

FIG. 2. The partial Cu 8 densities of stategDOS) for ~ insulator ground state for LaiosCugsO, with the
LayLi o &Cug <O, for the LDA+U calculation. Upper panéh): non- ~ Unoccupied  conduction band  having predominantly
magnetic solution in the undistorted crystal structure. Middle paneflx2—y2-Symmetry and substantial weight in @ drbitals —

(b): nonmagnetic solution with 16% contraction of the copper-2 State equivalent to a formal valence uin a low-spin
apical oxygen bond length. Lower parie): magnetic solution with ~ configuration or a Zhang-Rice singlet. A reduction of the
16% contraction of the copper-apical oxygen bond length. Cu-O apical distance stabilizes a high-spin configuration and
this leads us to identify the 130 meV triplet excitation ob-
served in NQR with such a local configuration, i.e., an anti-
Jahn-Teller polaron. Two aspects of the experiments remain
to be clarified — the origin of the low energy nuclear spin
relaxation process which dominates at lower temperature at
T=170 K and secondly the absence of a significant activated
Igpntribution to the uniform susceptibility from the 130 meV
triplet excitations — at least below room temperature.
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2(a)] those bandsthe lower one ofd;,2_,2 symmetry and
the higher one ofl,2_,2) are well separated from each other
and the admixture of thd;,2_,2 orbitals to the valence band
is relatively small. With distortion the hybridization of the
Cu3dj,2_,2 orbitals with the apical oxygen® orbitals be-
comes stronger and the antibonding band goes higher in e
ergy and the admixture of the,,2_,2 -orbitals in this band
becomes strongéfFig. 2(b)]. In order for the magnetic state The work was partly supported by Russian Basic Re-
to be stable, the splitting between spin-up and spin-dowsearch FoundatiofRFBR Grant No. 96-02-161670ne of
bands must become large enough that the top of the spin-ugs (V.1.A.) wishes to thank the “Zentrum fuTheoretische
dy2_2 band does not overlap with the bottom of spin-downStudien” at the Institute for Theoretical Physics, ETH-
ds,2_;2 band (in other words magnetic energy must over- Zurich for hospitality.
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