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We perform a first-principles calculation within the local density approximationsLDA d+U approximation
for the delafossite YCuO2.5, which up to now was considered as a sawtooth lattice. The magnetic interactions
are mapped onto a Heisenberg model whose exchange interactions are fitted to first principles total energy
calculations for different spin configurations. Four interactions appear to have a significant value. While
interplane interactions can be safely neglected, interchain interactions are much smaller than intrachain ones,
confirming the low-dimensional character of this system. Besides the nearest-neighbor intrachain antiferromag-
netic interactions, we find two unexpected ferromagnetic interactions that can play an important role. The
results are discussed in relation with recent experimental data.
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I. INTRODUCTION

Since the proposal by Anderson of a resonating valence
bond sRVBd state in triangular lattices of spins 1/2, the
search for real systems with these characteristics has not
stopped. Recently, several examples with peculiar physics
related to quantum spins in a triangular geometry have been
discussed: huge thermopower in NaxCoO2, unexpected su-
perconductivity in hydrated samples, and the puzzling ab-
sence of ordering in LiNiO2 in contrast with isomorphic
NaNiO2. Another interesting family is theRCuO2+d sR=Y,
La, etc.d delafossites, which depending on the oxygen over-
dopingd, give rise to different triangular-based lattices with
frustrated interactions between the induced Cu2+ ions.1 Pre-
liminary studies of the effective diluted kagomé lattices for
x=2.66 predicted interesting properties.2

Now, the synthesis of orthorhombic 2H single-phase
samples of YCuO2.5 has allowed one to elucidate its detailed
crystallographic structure.3 The additional x=0.5 oxygen
ions locate at the center of alternating sets of trianglesssee
Fig. 1d, providing exchange O-Cu-O paths betweenS=1/2
spins on alternatingD chains, therefore assumed to be nearly
independent. Due to the smaller Cu-O-Cu angle these
nearest-neighborsNNd antiferromagneticsAFd interactions
are expected to be weaker than in the high temperature su-
perconducting cuprates, but the prediction of further interac-
tions is not evident. On the other hand, up to now, no mag-
netic ordering has been observed down to low temperature.

From Fig. 1 we can extract the simplified picture of the
Cu-O plane shown in Fig. 2, which, considering only ex-
change paths through oxygen atoms, appears as a nice real-
ization of the sawtooth lattice. In fact, the Cu chains have the
topology of the sawtooth lattice in the sense that each Cu
triangle is connected to the following triangle in the same
chain by only one corner. When all bonds have the same AF
interaction values this lattice is known to show remarkable

properties: a double degenerate dimer ground state, with
kinks and antikinks pair-excitations and ak-independent re-
duced gap for the low-lying excitation modes.4,5 However,
the measured angles and distances for YCuO2.5 and the dif-

FIG. 1. Crystallographic structure of YCuO2.5 and definition of
the exchange-coupling parameters inside chainssJ1, J2, and J3d,
between chainssJ4 and J5d, and between planessJ6, J7, and J8d.
Only Cu1 atomssgrayd, Cu2 atomssdarkd, and interstitial O1 atoms
swhited in Cu planes are shown. While Cu1sblack circlesd adopts
tetrahedral coordination with two O ions in this planesand with two
other O ions out of the planed, Cu2 sgray circlesd adopts triangular
coordination with just one O in this plane. Selected O2 and O3
atoms which enter the path of super-super exchange-coupling in-
between planessJ6, J7, andJ8d are spotted with small black dots. Y
atomssnot representedd are enclosed in octahedra defined by O2
and O3 atoms. The primitive cell is shown with dotted lines. The
labels of Cu atomssenclosed in our simulation celld are given at the
center: atoms 1–8 belong to a first planesAd and atoms 9–16 to a
second planesBd.
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ferent coordination of the Cu ions3 indicate different interac-
tions between the two spins on the baseJ1 and between the
base-vertex NN spinsJ2 of the triangles. In the absence ofab
initio calculations for the AF interactions in YCuO2.5, some
of us have first studied the sawtooth lattice for various ratios
J1/J2.

6 By exact diagonalization we have shown that the el-
ementary excitation spectrum has a gap only 0.487øJ1/J2

ø1.53. The gap, dispersionless forJ1=J2, acquires increas-
ing k-dependence as the ratioJ1/J2 moves away from unity.
We have also shown that the gap closure is related to the
instability of the dimers in the ground state. For lower or
higher interaction ratios the results approach those of the
Heisenberg chain, with no gap and pairs of spinon excita-
tions exhibiting a strongly dispersive spectrum.6

Although we can find in the literature many other nearly
one-dimensional spin systems, YCuO2.5 is especially inter-
esting, since to our knowledge, it could correspond to the
first experimental example of aD chain with Sutherland-
Shastry type excitations.7 We perform here a first-principles
study for the delafossite YCuO2.5 in order to determine the
exchange interactions and to check the generally assumed
one-dimensional character of this system. Section II contains
the description of our theoretical approach. Section III pro-
vides the results concerning the electronic structure. We
show that, contrary to the local density approximation
sLDA d, the LDA+U is able to reproduce the experimentally
observed magnetic structures, band gap, and experimental
crytalographic parameters of the compound. Concerning the
magnetic ground state, our calculations reveal the relevance
of unexpected intrachain ferromagnetic interactions. Section
IV gives a summary and the conclusions of this work.

II. THEORETICAL METHODS

A. The Hamiltonian

In the following we will show that this complicated sys-
tem can be well-described by separating the electronicsH0d
and magnetic contributions in the Hamiltonian:

H = H0 +
1

2o
ki,jl

JijSi · Sj , s1d

where the summation is over all distinct pairs,Si is the spin-
vector on sitei, andJij is the exchange-coupling between the
moments on sitei and j , to be determined.H0 contains all the
nonmagnetic effects.

We want to determine the relevant exchange interactions
and calculate their values from first principles calculations.
The idea behind our method is the following: suppose that
the total energy of the system,Et, can be separated into a
nonmagnetic contributionspurely electronicd Enm and a mag-
netic contribution that can be expressed through exchange
interactionsEm=oJijSiSj, introducing as many exchange pa-
rameters as necessary. Then by calculating this total energy
for several magnetic arrangements, it is possible to extract
the values of the exchange interactionsJij . This procedure
assumes that the calculated magnitude of the magnetic mo-
ments do not depend on the magnetic structure, so it is ex-
pected to work well for localized spin systems, which is the
case of YCuO2.5. Although in Eq.s1d the Jij interactions are
Heisenberg-like, we restrict here to collinear magnetic con-
figurations which are sufficient to determine their values. Of
course, in a second step, the same parameters can be used to
determine the precise nature of the ground state, i.e., if it is
collinear or not. By looking carefully at the crystallographic
structure, it appears that eight exchange interactions must be
taken into accountssee Fig. 1d: three intrachainsJ1,J2,J3d,
two interchain sJ4,J5d, and three interplane interactions
sJ6,J7,J8d. Thus to be able to estimate these exchange inter-
actions, it is necessary to study at least nine magnetic con-
figurations. In fact we have studied 15 different collinear
ordered magnetic ground states in order to check the validity
of the method. If the energy of these 15 configurations can be
fitted reasonably well by the same eight exchange interac-
tions, the method can be considered as valid for this system.
Similar approaches have been successfully applied before on
very different systems.8–14

We can write the energy of our system as

E = E0 + J1/2o
i1,j1

16

smi1
· m j1

d1NN + J2/2o
i1,j2

32

smi1
· m j2

d2NN

+ J3/2o
i1,j2

16

smi1
· m j2

d3NN + ¯, s2d

wherei1 and j2 indexes run over Cu1 atoms and Cu2 atoms,
respectively, so thatmi1

is the moment of Cu1 atom located
at sitei andm j2

is the moment of Cu2 atom at sitej . In Eq.
s2d, the multiplicities of the different types of spin pairs in
the summation are the ones of the double primitive cell we
used for the calculations, namely a 72 atoms cell including

FIG. 2. Alternating chains in the triangular Cu planes of the
delafossite YCuO2.5. The extra O ionsswhite circlesd for x=0.5 are
located at the center of particular triangles of Cu ions, creating AF
super exchange only within these triangles. This gives nearly inde-
pendentD chains, indicated by thick black lines. Gray circles cor-
respond to the basis of each trianglesthese sites are shared with the
following and previous triangles in the same chain and called Cu1
in the textd, while black circles represent their vertex and are called
Cu2 in the text.
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16 Cu atoms displayed in Fig. 1. Inside chains, the exchange
couplings between Cu nearest neighborsfJ1 and label 1NN
in Eq. s2dg only involve Cu1 atomsssee Fig. 1d. Two types of
exchange-coupling interactions between Cu1 and Cu2 atoms
may be distinguished inside chains. They are denotedJ2 and
J3 and correspond to the secondslabel 2NNd and thirdslabel
3NNd nearest-neighbor distances with respect to Cu1 atoms.
As Cu2 atoms inside the same chain present neither direct
nor super or super-super exchange coupling between each
other, their interaction is neglected in the present model.

In addition to these intrachain interactions, we include
exchange coupling between chains and super-super exchange
coupling between planes in order to investigate their influ-
ence on the magnetic ground state of this compoundssee Fig.
1d. For this purpose, we add the interactions between Cu1c1
and Cu2c2 atomssJ4d and between Cu2c1 and Cu2c2 atoms
sJ5d, where c1 and c2 label two neighboring chains. More-
over, interplane interactions are taken into account by intro-
ducing theJ6, J7, andJ8 exchange-coupling parameters, the
Cu atoms involved in the exchange paths are shown in Fig.
1.

B. The first-principles method

All first-principles calculations were performed using the
projector augmented wavesPAWd method15,16 as imple-
mented in the ViennaAb-initio Simulation PackagesVASPd
program.17 This is an all-electron method, based on the den-
sity functional theorysDFTd,18,19 which allows a correct de-
scription of the valence wave functions and its nodal behav-
ior without any shape approximation on the crystal potential.
The PAW basis includes plane waves with a 414.3 eV cutoff
and spherical-harmonic terms through,max=4 inside the aug-
mentation spheres. Calculations include the
Ys4s24p65s24d1d, Cus3d104s1d, and Os2s22p4d atomic levels
as valence states, while the remaining inner-shell electrons
are treated within a rigid-core approximation.

The Vosko, Wilk, and Nusair interpolation20 for the
exchange-correlation potential is used within the local den-
sity approximationsLDA d. The effects due to the localization
of the d electrons of the Cu ions in the oxide are taken into
account within the LDA+U approximation as recently
implemented in VASP.21,22 In the so-called LDA+U
approximation,23 the spin-polarized LDA potential is sup-
plied by a Hubbard-like term to account for the quasiatomic
character of the localizedshere Cu 3dd orbitals. Hence the
localized electronssCu 3dd experience a spin- and orbital-
dependent potential, while the other orbitals are delocalized
and considered to be properly described by the LDA. Al-
though the LDA+U is still a mean-field approach, it has the
advantage of describing both the chemical bonding and the
electron-electron interaction. The corrected functional has
the following expression:24

ELDA+U = ELDA +
U − J

2 o
s

Trfrs − rsrsg, s3d

wherers is the on-site occupancy matrix,J is the screened
exchange energysapproximation of the Stoner exchange pa-
rameter and almost constant for the 3d transition-metal

ions=0.95 eVd,25 and U=Esdn+1d+Esdn−1d−2Esdnd is the
Hubbard parameter, describing the additional energy cost to
accommodate an extra electron on a particular site. However,
U is a renormalized quantity and contains effects due to
screening from other types of electrons, e.g., 4s and 4p from
the transition metal atoms, as well as electrons from nearest-
neighbor atoms, namely oxygen atoms. As a result, addi-
tional penalty energies are obtained on the LDA eigenvalues.
They correspond to the expected corrections due to the
strong one-site Coulomb repulsion of thed-electrons of the
metal in the oxide.

A previous calculation of the electronic structure of this
system was made by Mattheiss within the LAPW and TB
method:26 a metallic nonmagnetic ground state was found, as
expected when Coulomb interactions are not explicitly in-
cluded. Two important conclusions have been derived from
this calculation: the dominant orbital character at the Fermi
level is u3z2−r2l and the appearance of an O1 impurity band.
However, an insulating and magnetic ground state, which is
the purpose of our calculation, can only be obtained if the
Coulomb correlations are better taken into account.

It is still difficult to find a correct procedure to evaluateU
and J for compounds.25 To make a choice ofU and J, we
made a preliminary investigation of their influence on the
calculated electronic properties of the nondoped YCuO2
compound. Two density of statessDOSd are considered at the
calculated equilibrium volume of YCuO2 within the LDA in
Fig. 3sad, and LDA+U in Fig. 3sbd, namely 14.83 and
14.70 Å3/atom. Note that LDA+U does not strongly modify
the shape of the DOS and a difference ofU-J=5 eV was
found to recover the experimental band-gap width of the
nondoped compound, i.e., 3 eV, obtained by x-ray
absorbtion.1 This differenceU-J was kept fixed to study the
doped compound sinceU is an on-site quantity, unexpected
to change significantly as oxygen atoms are inserted in the
Cu planes. Numerical integrations in the Brillouin zonesBZd
were performed by means of the Hermite-Gaussian method27

with N=1 and a smearing parameters=0.2 eV. Four irre-
duciblek-pointss16 in the full BZd were found necessary for
differences of total energies and magnetic moments of our 72

FIG. 3. Total density of states of the nondoped delafossite com-
pound YCuO2, within sad the LDA and sbd the LDA+U approxi-
mations. The Fermi energy is represented by a vertical solid line.
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atoms cell to converge within 10−3 eV s6.25310−5 eV per
YCuO2.5 formulad and 0.01mB, respectively.

To optimize the geometry of the cells, we have performed
internal relaxation of the atomic positions for various vol-
umes using the Hellmann-Feynman theorem. We have con-
sidered the atomic coordinates as fully relaxed as the noise in
the individual forces is less than 0.005 eV/Å.

III. RESULTS

A. Lattice parameters, electronic structure, and magnetic
moments from first-principles

First, we want to outline that the structural parameters and
Cu positions in the compound are not very sensitive to the
magnetic ordering, as verified by the calculations. Conse-
quently, the analysis of the crystallographic data of YCuO2.5
is performed in the ferromagnetic configuration. The energy
Ea of all the other magnetic configurationssad were thus
calculated using these frozen lattice parameters and relaxed
positions. Table I displays the calculated atomic volume, lat-
tice parameters, and relaxed positions of atoms in YCuO2.5.

They are compared to recent x-ray synchrotron radiation and
neutron scattering measurements.3 The calculated equilib-
rium atomic volume of YCuO2.5 is found slightly underesti-
mated with 13.21 Å3/atom compared to the experimental
value of 13.8 Å3/atom. As theb/a andc/a axial ratios are
well-predicted by calculationsssee Table Id, this discrepancy
of the equilibrium volume with respect to the experiments
may be attributed to the usual LDA underestimation of vol-
ume.

An excellent agreement is foundsmore specifically with
neutron scattering measurementsd for the positions of Y,
Cu2, O1, O2, and O3 atoms. However, calculations are less
good for Cu1 atoms for which the discrepancy between the
experimental and calculated positions is 6% forx andz com-
ponents. Nevertheless, such calculated values are still accept-
able since a discrepancy of comparable magnitude is also
observed for Cu1 atoms between x-ray and neutron measure-
mentssTable Id. To conclude, note that the overall change
between the energy of the fully relaxed cell and the nonre-
laxed cell built upon the experimental datasfor a given mag-
netic configurationd is found to be less than 0.0006 eV/

TABLE I. Atomic volumesVd, lattice parametersad, and axial ratiossb/a andc/ad of YCuO2.5 obtained
within the LDA+U compared to x-ray synchrotron radiation and neutron scattering measurements. Relaxed
position of inequivalent atoms of the primitive cellsspace group :Pnmad are added.

Lattice parameters

LDA+U X-raya Neutrona

V sÅ3/at.d 13.21 13.80 13.77

a sÅd 6.131 6.196 6.189

b/a 1.795 1.810 1.811

c/a 1.150 1.154 1.155

Position of atoms

Atomssited sdirect coordinatesd LDA+U X-raya Neutrona

Ys8dd x 0.752 0.754 0.754

y 0.023 0.022 0.023

z 0.119 0.121 0.118

Cu1s4cd x 0.064 0.070 0.079

y 0.250 0.250 0.250

z 0.157 0.147 0.148

Cu2s4cd x 0.594 0.592 0.597

y 0.250 0.250 0.250

z 0.887 0.880 0.880

O1s4cd x 0.751 0.743 0.746

y 0.250 0.250 0.250

z 0.116 0.108 0.115

O2s4cd x 0.100 0.107 0.104

y 0.089 0.086 0.088

z 0.111 0.111 0.109

O3s4cd x 0.567 0.578 0.567

y 0.089 0.090 0.088

z 0.854 0.847 0.857

aFrom Ref. 3.
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formula. Hence we chose to use the relaxed set to determine
the exchange-coupling interactions.

First-principles results show that YCuO2.5 is a magnetic
half-metal within the LDA+U approximationfFig. 4sadg,
however, with a very low density at the Fermi level. This
result is not inconsistent with transport data on polycrystal-
line YCuO2.51 which suggest that YCuO2+d becomes a semi-
conductor for d=1/2 with a small band-gap width of
,0.23 eV compared to the 3eV of YCuO2.

1,3

Note from Fig. 4sbd that the compound is found to be a
nonmagnetic insulatorsEg,2 eVd within the LDA. Thus
LDA fails to induce magnetism in YCuO2.5 and to lower the
band-gap width from 3.0 to 0.23 eV when YCuO2 is doped.
This inability of the LDA to describe the features of Mott
insulatorssmagnetism and gapd finds its origin in the well-
known prejudice caused by the homogeneous electron gas
description only piloted by Hund’s rule interactions, while in
reality the on-site Coulomb interactionssprovided by LDA
+Ud are mainly responsible for these properties.28,29

Within the LDA+U, most of the interstitial O1spd levels
fall within the range of O2spd and O3spd statesfFig. 4sadg.
However, our calculations predict that the self-doping O1
atoms produce additional impurity-type states in the host in-
sulator gap. This was already emphasized by the nonmag-
netic tight-binding calculations of Mattheiss.26 The shape of
the DOS projected on O1 and Cu sites allows one to assess
unambiguously that the formation of thesep-impurity levels
is due to their hybridization withd states of Cu atoms. On
the contrary, the lack of similarities between the shape of the
projected DOS on O2 or O3 atoms and the DOS of Cu atoms
suggests that the octahedra of oxygens surrounding Y atoms
may interact very weakly with Cu planes. Let us mention
that a noticeable hybridization is obtained between the Ysdd
states andp-states of their surrounding O2 and O3 atoms.

The calculation of the projected magnetic moments en-
closed in the augmentation spheres centered on each Cu and
O1 atoms shows thatsid the difference of magnitude between

the magnetic moments of Cu1 and Cu2 atoms is less than
0.05mB for a given magnetic configuration and thatsii d the
difference between the magnetic moments of either Cu1 or
Cu2 atoms considered in the ferromagnetic and AF configu-
rations was less than 0.1mB. From these values, we can con-
sider that the Heisenberg model is appropriate for this system
since the doped YCuO2.5 compound is expected to have
well-localized moments on the Cu atoms and the moments
are unlikely to change dramatically between Cu atoms.
Moreover, note from Table II that the calculated total mo-
ments of the 16 Cu atoms cell is always found to be an even
multiple of 1mB. If we consider O1-Cu1-O1 and O1-Cu2
groups as extended sites, the magnetization of the system is
exactly recovered by summing upswith the appropriate signd
a spin-1/2 per extended site.

B. Exchange-coupling parameters

We calculated the total energies of 15 different collinear
magnetic configurations using cells containing 36sprimitive
celld or 72 sdouble celld atoms. These 15 configurations are
described in Table III. For each of these configurations the
magnetic energyfEq. s2dg can be written as a combination of
the eight exchange interactions, as shown in Table III.

In the following, all the energies of the magnetic configu-
rationsa are defined with respect to the ferromagnetic en-
ergy sa=1d, yielding the excess energyDEa/1=Ea−E1,
whereEa is defined in Eq.s2d. The exchange-coupling pa-
rameters were fitted to the 15 first-principles excess energies
by minimizing the squared error between these latter and
those predicted by Eq.s2d.

The expression of the excess energies for the 15 investi-
gated magnetic configurations as a function of the exchange-
coupling parameterssJid, as well as their first-principles and
Heisenberg model predicted values, are shown together in
Table II for three different fits: The first one involves all the
pair spin clusterssfit 1d, fit 2 skips interplane interactions and

FIG. 4. Total and site-projected density of
states of YCuO2.5. O2 sO3d atoms are the oxygen
atoms defining the octahedron enclosing Y at-
oms, while O1 atoms are the oxygen atoms re-
sulting from the doping of delafossite YCuO2.
They are located in the Cu planes. The Fermi
energy is represented by a vertical line. The den-
sity of states of O3 atoms is very close to the one
of O2, and it is not represented. Minority and
majority spin channels are spotted with↑ and ↓
symbols, respectively.
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finally, fit 3 only retains the pair spin clusters inside chains.
The corresponding exchange-coupling parameters are given
in Table IV. The agreement is very good for the complete set
of parameterssfit 1d with an rms error between the first-
principles and Heisenberg model which does not exceed 1

meV per formula unit. The intrachain interactionssJ1, J2, and
J3d are found to be larger than the interactions between
chains and two orders of magnitude larger than the interac-
tions between planes. Fits 2 and 3 show that these three
interactions are sufficient to predict the energy of the most

TABLE II. Ab initio excess energies,DEa/1 sin meV/formulad, compared to excess energies predicted
from the three fit Heisenberg models for the 15 investigated magnetic configurations. Fit 1 uses all the
interactions, fit 2 skips interactions between planessJ6, J7, and J8d, and fit 3 just retains the inner-chain
interactions. The corresponding first-principles total spin moment of the 16 Cu atoms cell are added for each
configurationa.

Energy
smeV/formulad

Total moment
smBd Ab initio

Heisenberg

fit 1 fit 2 fit 3

DE1/1 16.0 0 0 0 0

DE2/1 0.0 18.2 17.2 0.0 0.0

DE3/1 0.0 217.7 217.4 218.2 216.2

DE4/1 0.0 218.4 219.2 218.2 216.2

DE5/1 0.0 240.0 240.3 238.5 239.2

DE6/1 0.0 238.2 237.1 238.5 239.2

DE7/1 0.0 19.3 110.2 110.0 0.0

DE8/1 14.0 28.9 28.7 29.8 211.2

DE9/1 12.0 217.6 217.4 219.6 222.4

DE10/1 10.0 222.7 224.7 225.1 227.3

DE11/1 7.9 222.0 222.8 220.9 226.4

DE12/1 6.0 225.1 226.8 226.2 224.5

DE13/1 4.0 229.8 229.3 230.3 229.4

DE14/1 2.0 234.6 234.46 234.4 234.3

DE15/1 0.0 277.0 276.34 276.0 273.3

TABLE III. Expression of the excess energiesDEa/1 sdivided by m2d as a function of the Heisenberg
model parameters for the 15 investigated magnetic configurationsa. These latter are defined by the series of
signs1 sfor S= +md and 2 sfor S=−md corresponding to the sign of the moments of the 16 Cu atoms as
labeled in Fig. 1, following the same order.

Energy Magnetic configuration Heisenberg model

DE1/1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

DE2/1 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 −J6−4J7−J8

DE3/1 1 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 −sJ1+J2+J3d−J5−J6−2J7−J8

DE4/1 1 1 2 22 2 1 11 1 2 22 2 1 1 −sJ1+J2+J3d−J5−2J7

DE5/1 2 2 1 1 2 2 1 11 1 2 2 1 1 2 2 −2J2−sJ3+J4d−J6−J8

DE6/1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 −2J2−sJ3+J4d−4J7

DE7/1 1 2 2 1 1 2 1 2 1 2 2 1 1 2 1 2 −J4−J5− 1
2J6−2J7− 1

2J8

DE8/1 2 1 11 11 11 11 11 11 11 −1
4sJ1+J2d−0.125sJ3+J4d− 1

4J6− 1
2J7

DE9/1 2 1 11 1 2 1 11 11 11 11 1 −1
2sJ1+J2d− 1

4sJ3+J4d− 1
2J6−J7

DE10/1 2 1 11 1 2 1 11 1 2 1 1 2 1 1 −1
2J1− 3

4J2− 3
8sJ3+J4d− 1

4J5− 1
2J6−J7− 1

4J8

DE11/1 2 1 11 1 2 1 11 1 2 1 1 2 1 1 −3
4sJ1+J2d− 1

2sJ3+J4d− 1
4J5− 1

4J6− 3
2J7− 1

4J8

DE12/1 1 11 2 1 1 2 2 1 11 11 1 2 2 −1.25J2−0.625sJ3+J4d− 3
4J5− 5

2J7− 1
4J8

DE13/1 1 11 2 1 1 2 2 1 1 2 1 11 2 2 −3
2J2− 3

4sJ3+J4d− 1
2J5−3J7

DE14/1 1 11 2 1 1 2 2 1 1 2 2 1 1 2 2 −1.75J2−0.875sJ3+J4d− 1
4J5− 7

2J7− 1
4J8

DE15/1 2 1 1 2 1 2 1 2 2 1 1 2 1 2 1 −J1−J2− 1
2J6−2J7− 1

2J8
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stable spin arrangements. However, we show below in Sec.
III C that interchain interactionsJ4 also play an important
role.

It is interesting to relate these magnetic interactions to the
exchange paths in the lattice. In spite of the suggested im-
portantz-orbital occupation,26 the interplane interactions ap-
pear to be negligible. The NN AF interactions yield an inter-
action ratioJ1/J2,0.5, indicating the absence of spin gap in
the sawtooth lattice. As suggested6 from the measured angles
and distances3 theJ1 interactions between Cu1-O-Cu1 bonds
sbases of the trianglesd are weaker than those for the Cu1-
O-Cu2 base-vertex bondJ2. The most striking result here is
the relevance of the ferromagnetic interactionJ3, difficult to
predict without performing the present calculations. This
huge interaction is not expected since there is no trivial oxy-
gen mediated exchange path. It it certainly due to a direct
exchange between Cu1 and Cu2 type ions, and it completely
modifies the initial picture proposed for this system.

C. Magnetic ground-state at low temperature

As a first step, we focus on the one-dimensional model
including the ferromagneticJ3 interaction in order to show
its influence on the determination of the ground state. To this
purpose, we subjected our Ising spin-Hamiltonian to a “di-
rect enumeration ground state search”30 in which every spin
configuration that can be constructed from a unit cell withN
Cu sites is examined. We used cells withNø8. We have
validated the results of the direct enumeration search by per-
forming standard Monte CarlosMCd simulated annealing at
low temperature. Simulations were performed with a one-
dimensional supercell containing a total of 1000 spins. The
number of Monte Carlo steps per spin was 300 000 for each
temperature, and the first 150 000 were excluded from cal-

culations of the excess energy to allow for equilibration. MC
calculations found the same ground state obtained with the
direct enumeration search. This lattersconfiguration 16d,
which actually corresponds to the lowest collinear mean field
energy state when only the three intrachain interactions are
considered, is shown in Fig. 5.

The excess energy of the new statesFig. 5d was found to
be equal to284.5 meV/formula, taking into account only the
intrachain interactions. In this new state, allJ3 interactions
are satisfied, and 3/4 of theJ2 interactions, while in state 15
shown in Fig. 6, allJ3 and half of theJ2 interactions are
satisfied. In fact sinceJ3 andJ2 are the largest interactions,
these two states correspond to the best compromise: this is
the reason why these two configurations are much lower in
energy than all others. However, let us mention that the en-
ergy difference between these two states, namely211.2
meV/formula using fit 3, is of the order of the total contri-
bution of the interchain interactionss10 meV/formulad.
Therefore the two magnetic configurationssFigs. 5 and 6d
may be considered as degenerate. A finalab initio calculation
has confirmed this quasidegeneracys10 meV/formulad.

With these values of the exchange interactions, it would
be possible to study the magnetic properties of this system
including also noncollinear configurations. It would be also
interesting to extend the MC simulations to the two-
dimensional Hamiltonian, since theJ4 interaction is of the
same order of the energy difference between configurations
15 and 16. Such calculations are beyond the scope of this
paper. Of course long range ordering will not be observed
since the system is not three-dimensional, but the magnetic
short range correlations of YCuO2.5 will be governed by the
underlying magnetic structures of Figs. 5 and 6. Experimen-
tally, no magnetic ordering has been found in this system
neither bymsR31 nor by neutrons32 even at low temperature,
we suggest that this is due to its low-dimensional character.

FIG. 5. Configuration 16 corresponding to the magnetic ground
state obtained from our fitted Ising modelsfit 3d retaining the inner-
chain interactions onlysJ1, J2, andJ3d. This configuration adopts a
spin geometry in agreement with the sign of everyJ3 and 3/4 of the
J2 interactions and cancels contributions ofJ1.

TABLE IV. Exchange-coupling parameterssin meV/formulad for the three different fits to theab-initio
data.

J1 J2 J3 J4 J5 J6 J7 J8

fit 1 23.34 56.62 261.27 29.70 3.10 27.06 21.30 5.07

fit 2 19.97 56.05 260.68 212.94 2.90

fit 3 25.10 48.16 257.08

FIG. 6. Second lowest statesconfiguration 15 from Tables II and
III d obtained from our fitted Heisenberg modelsfit 3d. This configu-
ration adopts a spin geometry in agreement with the sign of everyJ3

andJ1 interactions and cancels contributions ofJ2.
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On the other hand, the susceptibility maximum observed at
400 K32 is consistent with the magnitude that we obtain for
the exchange interactions.

IV. CONCLUSIONS

We have taken advantage of the precise determination of
the crystallographic structure of YCuO2.5 to calculate the ex-
change interactions values using first-principles methods. We
would like to point out that theab initio methods are well
suited to investigate the properties of this system becausesid
the magnetic moments on Cu are almost independent of the
magnetic configuration, andsii d we have been able to fit the
magnetic energy of the 16 different magnetic configurations
with eight parameters with good accuracy. This confirms that
Eq. s2d can be used to go further in the study of the magnetic
properties of YCuO2.5. Our results explain the absence of
magnetic ordering: the interplane interactions are negligible
while the interchain interactions are much smaller than the
intrachain interactions, leading to a low-dimensional behav-
ior. Within the chains of triangles, the ratio of the base-base

sJ1d and base-vertexsJ2d interactions isø0.5 where no gap
is expected in the sawtooth lattice. Furthermore, an unex-
pected third neighbor ferromagnetic interaction appears to be
of the same order and it will change the magnetic correla-
tions. Since no oxygen is involved in this case, we can say
that it most probably corresponds to direct Cu-Cu exchange
interactions.

We can conclude that the delafossite YCuO2.5 presents an
important ferromagnetic intrachain interaction in addition to
the AF superexchange ones. So, it will show short range
correlations related to the magnetic structures 15 and 16,
shown in Figs. 5 and 6. The role played by the interchainJ4
interaction must be further investigated. These features
should be confirmed by further experiments and calculations
involving two-dimensional Hamiltonians but also noncol-
linear magnetism.
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