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First-principles determination of exchange interactions in delafossite YCuQs

O. Le Bacd and A. Pasturel
Laboratoire de Physique et Modélisation des Milieux Condensés, CNRS, Boite Postale 166, 38042 Grenoble, France

C. Lacroix
Laboratoire Louis Néel, CNRS, Boite Postale 166, 38042 Grenoble Cedex 9, France

M. D. NUfez-Regueiro
Laboratoire de Physique des Solides, CNRS-UMR 8502, Batiment 510, Université Paris-Sud, 91405 Orsay, France
(Received 29 September 2004; published 25 January)2005

We perform a first-principles calculation within the local density approximatid»A)+U approximation
for the delafossite YCug&x, 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 properties: a double degenerate dimer ground state, with

Since the proposal by Anderson of a resonating valencinks and antikinks pair—gxcitations 'and<dndependent re-
bond (RVB) state in triangular lattices of spins 1/2, the duced gap for the low-lying excitation mod&sHowever,
search for real systems with these characteristics has n8te measured angles and distances for Y&4anhd the dif-
stopped. Recently, several examples with peculiar physics
related to quantum spins in a triangular geometry have been
discussed: huge thermopower in a0, unexpected su-
perconductivity in hydrated samples, and the puzzling ab-
sence of ordering in LiNi@ in contrast with isomorphic
NaNiO,. Another interesting family is th&CuO,, 5 (R=Y,

La, etc) delafossites, which depending on the oxygen over-
doping &, give rise to different triangular-based lattices with
frustrated interactions between the induced*dans?! Pre-
liminary studies of the effective diluted kagomé lattices for
x=2.66 predicted interesting propertfes.

Now, the synthesis of orthorhombic 2H single-phase
samples of YCu@s has allowed one to elucidate its detailed
crystallographic structure. The additionalx=0.5 oxygen
ions locate at the center of alternating sets of triangte®
Fig. 1), providing exchange O-Cu-O paths betwegmnl/2 ¢

spins on alternating chains, therefore assumed to be nearly FIG. 1. Crystallographic structure of YCy@and definition of
independent. Due to the smaller Cu-O-Cu angle thes T :

P . . . . g . ﬁwe exchange-coupling parameters inside chéis J,, and J;),
nearest-neighbofNN) antiferromagnetic(AF) interactions @etween chaingJ, and Jq), and between planed, J,. and Jq)

are expect(_ad to be weaker than in the.hlgh tempera_lture S )nly Cul atomggray), Cu2 atomgdark), and interstitial O1 atoms
perco_nductlng_cuprates, but the prediction of further mteraczwhite) in Cu planes are shown. While Cublack circles adopts
tions is not evident. On the other hand, up to now, no MaGtarahedral coordination with two O ions in this pla@&d with two

netic ordel_’ing has been observed d‘?W” to Iow_temperatureother O ions out of the planeCu2 (gray circles adopts triangular
From Fig. 1 we can extract the simplified picture of the

‘ : - A coordination with just one O in this plane. Selected O2 and O3
Cu-O plane shown in Fig. 2, which, considering only ex-atoms which enter the path of super-super exchange-coupling in-
change paths through oxygen atoms, appears as a nice regwween planegls, J;, andJg) are spotted with small black dots. Y
ization of the sawtooth lattice. In fact, the Cu chains have th%toms(not representgdare enclosed in octahedra defined by 02
topology of the sawtooth lattice in the sense that each Cdnd 03 atoms. The primitive cell is shown with dotted lines. The
triangle is connected to the following triangle in the samelabels of Cu atomgéenclosed in our simulation cglare given at the
chain by only one corner. When all bonds have the same Akenter: atoms 1-8 belong to a first plae and atoms 9-16 to a
interaction values this lattice is known to show remarkablesecond planéB).
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Il. THEORETICAL METHODS
A. The Hamiltonian

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

1
H:H0+§ZJ”Si-§, (1)
(iLp

where the summation is over all distinct paigsjs the spin-
vector on sitd, andJ;; is the exchange-coupling between the
moments on sitéandj, to be determinedd, contains all the
nonmagnetic effects.

We want to determine the relevant exchange interactions
and calculate their values from first principles calculations.
FIG. 2. Alternating chains in the triangular Cu planes of theThe idea behind our method is the following: suppose that

delafossite YCu@s The extra O iongwhite circles for x=0.5 are the total en_ergy Of th? Systerg, can b? separated into a
located at the center of particular triangles of Cu ions, creating AI'-nor?magneF'C C,omr'bu'['o(purely electronig E,, and a mag-
super exchange only within these triangles. This gives nearly indeD€tic contribution that can be expressed through exchange
pendentA chains, indicated by thick black lines. Gray circles cor- interactionsE,=2J;§S;, introducing as many exchange pa-
respond to the basis of each triandfleese sites are shared with the rameters as necessary. Then by calculating this total energy
following and previous triangles in the same chain and called Cufor several magnetic arrangements, it is possible to extract
in the tex, while black circles represent their vertex and are calledthe values of the exchange interactialjs This procedure
Cu2 in the text. 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 YCuQs Although in Eq.(1) the J;; interactions are
Heisenberg-like, we restrict here to collinear magnetic con-
figurations which are sufficient to determine their values. Of
oo . ; . ) course, in a second step, the same parameters can be used to
Initio caIcngUons fqr the AF mteractlong n YC@@_ SOME " determine the precise nature of the ground state, i.e., if it is
of us 6tuave first stgdled th.e sgwtooth lattice for various ratiog.y|jinear or not. By looking carefully at the crystallographic
J1/J,.° By exact diagonalization we have shown that the el-ircture, it appears that eight exchange interactions must be
ementary excitation spectrum has a gap only 048y/J,  taken into accountsee Fig. }: three intrachain(J;,J,,J3),
=1.53. The gap, dispersionless {=J,, acquires increas- o interchain (J,,Js), and three interplane interactions
ing k-dependence as the ratig/ J, moves away from unity. (3. 3, 30). Thus to be able to estimate these exchange inter-
We have also shown that the gap closure is related to thgetions, it is necessary to study at least nine magnetic con-
instability of the dimers in the ground state. For lower orfigyrations. In fact we have studied 15 different collinear
higher interaction ratios the results approach those of thgrdered magnetic ground states in order to check the validity
Heisenberg chain, with no gap and pairs of spinon excitaof the method. If the energy of these 15 configurations can be
tions exhibiting a strongly dispersive spectrim. fitted reasonably well by the same eight exchange interac-
Although we can find in the literature many other nearlytions, the method can be considered as valid for this system.
one-dimensional spin systems, YCufis especially inter-  Similar approaches have been successfully applied before on
esting, since to our knowledge, it could correspond to thevery different system$:14
first experimental example of A chain with Sutherland- We can write the energy of our system as
Shastry type excitation'sWe perform here a first-principles

ferent coordination of the Cu ioh#dicate different interac-
tions between the two spins on the bdgend between the
base-vertex NN sping, of the triangles. In the absenceatf

16 32
study for the delafossite YCuQ in order to determine the _

. . : E=Ey+J,/2 P i +J,/2 o
exchange interactions and to check the generally assumed 0"~ El iy 1)1+ J2 EZ (i - 1ig)ann
one-dimensional character of this system. Section Il contains 16
the description of our theoretical approach. Section Il pro-

. ; : +J4/2 i )ant 2
vides the results concerning the electronic structure. We 3 ,12;‘2 (i, 1, o @

show that, contrary to the local density approximation

(LDA), the LDA+U is able to reproduce the experimentally wherei; andj, indexes run over Cul atoms and Cu2 atoms,
observed magnetic structures, band gap, and experimenté@spectively, so that; is the moment of Cul atom located
crytalographic parameters of the compound. Concerning that sitei and »;, is the moment of Cu2 atom at sifeln Eq.
magnetic ground state, our calculations reveal the relevand@), the multiplicities of the different types of spin pairs in
of unexpected intrachain ferromagnetic interactions. Sectiothe summation are the ones of the double primitive cell we
IV gives a summary and the conclusions of this work. used for the calculations, namely a 72 atoms cell including
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16 Cu atoms displayed in Fig. 1. Inside chains, the exchange
couplings between Cu nearest neighbdrsand label 1NN

in Eq. (2)] only involve Cul atomgsee Fig. 1 Two types of
exchange-coupling interactions between Cul and Cu2 atoms
may be distinguished inside chains. They are dendjeahd

J; and correspond to the secofidbel 2NN and third(label
3NN) nearest-neighbor distances with respect to Cul 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 compdsed Fig. ; " + 5 ! 7i -
1). For this purpose, we add the interactions between.Cul energy (eV)

and Cu2, atoms(J,) and between Cy2 and Cu2, atoms . .
(Js), where c1 and c2 label two neighboring chains. More- FIG. 3. Total density of states of the nondoped delafossite com-
over, interplane interactions are taken into account by introP?Und YCUQ, within (a) the LDA and (b) the LDA+U approxi-
ducing theds, J-, andJ; exchange-coupling parameters, the mations. The Fermi energy is represented by a vertical solid line.
Cu atoms involved in the exchange paths are shown in Figons=0.95 eV,2°> and U=E(d")+E(d"Y)-2E(d") is the
1. Hubbard parameter, describing the additional energy cost to
. o accommodate an extra electron on a particular site. However,
B. The first-principles method U is a renormalized quantity and contains effects due to
All first-principles calculations were performed using the SCreening from other types of electrons, e.g.add 4 from
projector augmented wavéPAW) method5!6 as imple- the transition metal atoms, as well as electrons from nearest-
mented in the Vienna\b-initio Simulation Packagévasp) ~ neighbor atoms, namely oxygen atoms. As a result, addi-
programt’ This is an all-electron method, based on the dendional penalty energies are obtained on the LDA eigenvalues.
sity functional theory(DFT),81°which allows a correct de- They correspond to the expected corrections due to the
scription of the valence wave functions and its nodal behayStrong one-site Coulomb repulsion of theelectrons of the
ior without any shape approximation on the crystal potentialmetal in the oxide. . .
The PAW basis includes plane waves with a 414.3 eV cutoff A Previous calculation of the electronic structure of this
and spherical-harmonic terms througih,=4 inside the aug-  System was made by Mattheiss within the LAPW and TB
mentation spheres. Calculations include themethod?® a metallic nonmagnetic ground state was found, as
Y (4s?4pf5s24dt), Cu3d1%sl), and G2s22p?) atomic levels €xpected when Coulomb interactions are not explicitly in-

as valence states, while the remaining inner-shell electron@uded. Two important conclusions have been derived from
are treated within a rigid-core approximation. this calculation: the dominant orbital character at the Fermi

The Vosko, Wilk, and Nusair interpolatih for the level is|322—r?> and 'ghe appearance_of an O1 impurity b_and_.
exchange-correlation potential is used within the local dentiOWever, an insulating and magnetic ground state, which is
sity approximatior(LDA). The effects due to the localization th€ Purpose of our calculation, can only be obtained if the
of the d electrons of the Cu ions in the oxide are taken intoCOUlomb correlations are better taken into account.
account within the LDA+U approximation as recently It is still difficult to find a correct progedure to evaludte
implemented in vasP2422 In the so-called LDA+U and J for comp_oundé_‘.5 To r_nak_e a ch0|cv_e c_JU andJ, we
approximatior?® the spin-polarized LDA potential is sup- made a preliminary investigation of their influence on the

plied by a Hubbard-like term to account for the quasiatomicc@/culated electronic properties of the nondoped Y&uO
character of the localizethere Cu @) orbitals. Hence the c0mpound. Two density of state€SOS) are considered at the

localized electrongCu 3d) experience a spin- and orbital- c@lculated equilibrium volume of Y Cufwithin the LDA in
dependent potential, while the other orbitals are delocalizef9: 3@’ and LDA+U in Fig. 3b), namely 14.83 anq
and considered to be properly described by the LDA. Al-14-70 A'/atom. Note that LDA+U does not strongly modify
though the LDA+U is still a mean-field approach, it has thet€ shape of the DOS and a difference bJ=5 eV was
advantage of describing both the chemical bonding and th{pund to recover the experimental band-gap width of the

electron-electron interaction. The corrected functional hadondoped compound, i.e., 3 eV, obtained by x-ray
the following expressioR? absorbtiort This differenceU-J was kept fixed to study the

doped compound sindd is an on-site quantity, unexpected
u-J v oo to change significantly as oxygen atoms are inserted in the
Eiparu =Epa + 2 2 Trlp” = %], @ cu planes. Numerical integrations in the Brillouin zdBZ)

7 were performed by means of the Hermite-Gaussian méthod
wherep” is the on-site occupancy matrid,is the screened with N=1 and a smearing parameter=0.2 eV. Four irre-
exchange energfapproximation of the Stoner exchange pa-duciblek-points(16 in the full B2 were found necessary for
rameter and almost constant for thel 3ransition-metal differences of total energies and magnetic moments of our 72
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TABLE I. Atomic volume (), lattice parametefa), and axial ratiogb/a andc/a) of YCuO, 5 obtained
within the LDA+U compared to x-ray synchrotron radiation and neutron scattering measurements. Relaxed
position of inequivalent atoms of the primitive céfipace group Pnma are added.

Lattice parameters

LDA+U X-ray? Neutror?
Q (A%at) 13.21 13.80 13.77
a(h) 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

Atom(site) (direct coordinates LDA+U X-ray? Neutrori
Y (8d) X 0.752 0.754 0.754
y 0.023 0.022 0.023
z 0.119 0.121 0.118
Cul(4c) X 0.064 0.070 0.079
y 0.250 0.250 0.250
z 0.157 0.147 0.148
Cu2(4c) X 0.594 0.592 0.597
y 0.250 0.250 0.250
z 0.887 0.880 0.880
O1(4c) X 0.751 0.743 0.746
y 0.250 0.250 0.250
z 0.116 0.108 0.115
02(4c) X 0.100 0.107 0.104
y 0.089 0.086 0.088
z 0.111 0.111 0.109
03(4c) X 0.567 0.578 0.567
y 0.089 0.090 0.088
z 0.854 0.847 0.857

% rom Ref. 3.

atoms cell to converge within 1®eV (6.25x 10° eV per  They are compared to recent x-ray synchrotron radiation and
YCuO, 5 formula) and 0.0, respectively. neutron scattering measuremehtShe calculated equilib-
To optimize the geometry of the cells, we have performedium atomic volume of YCuQs is found slightly underesti-
internal relaxation of the atomic positions for various vol- mated with 13.21 A/atom compared to the experimental
umes using the Hellmann-Feynman theorem. We have coRmlue of 13.8 &/atom. As theb/a andc/a axial ratios are
sidered the atomic coordinates as fully relaxed as the noise igell-predicted by calculationGee Table), this discrepancy

the individual forces is less than 0.005 eV/A. of the equilibrium volume with respect to the experiments
may be attributed to the usual LDA underestimation of vol-
ume.
. RESULTS . - .
An excellent agreement is four{dhore specifically with
A. Lattice parameters, electronic structure, and magnetic neutron scattering measuremenfer the positions of Y,
moments from first-principles Cu2, 01, 02, and O3 atoms. However, calculations are less

First, we want to outline that the structural parameters an@00d for Cul atoms for which the discrepancy between the
Cu positions in the compound are not very sensitive to thé&xperimental and calculated positions is 6% @mndz com-
magnetic ordering, as verified by the calculations. ConsePonents. Nevertheless, such calculated values are still accept-
quently, the analysis of the crystallographic data of YgyO able since a discrepancy of comparable magnitude is also
is performed in the ferromagnetic configuration. The energybserved for Cul atoms between x-ray and neutron measure-
E“ of all the other magnetic configuratiorfe) were thus ments(Table ). To conclude, note that the overall change
calculated using these frozen lattice parameters and relaxdmtween the energy of the fully relaxed cell and the nonre-
positions. Table | displays the calculated atomic volume, latlaxed cell built upon the experimental ddfar a given mag-
tice parameters, and relaxed positions of atoms in YGuUO netic configuratioh is found to be less than 0.0006 eV/
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LDA+U with U=6¢eV LDA
®) 1

total l

FIG. 4. Total and site-projected density of
states of YCu@s O2(03) 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 YCyO
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 02, and it is not represented. Minority and
majority spin channels are spotted withand |
symbols, respectively.

1 —_— Ol —_— 02
— 02 -— Ol
(¢) l o)
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 2 0 2 4 6 8
energy (V) energy (eV)

formula. Hence we chose to use the relaxed set to determirtbe magnetic moments of Cul and Cu2 atoms is less than
the exchange-coupling interactions. 0.05ug for a given magnetic configuration and th@p the
First-principles results show that YCyQis a magnetic difference between the magnetic moments of either Cul or
half-metal within the LDA+U approximationFig. 4(a)], Cu2 atoms considered in the ferromagnetic and AF configu-
however, with a very low density at the Fermi level. This rations was less than Q4. From these values, we can con-
result is not inconsistent with transport data on polycrystal-sider that the Heisenberg model is appropriate for this system
line YCuGO, 5, which suggest that YCug)s becomes a semi- since the doped YCug, compound is expected to have
conductor for §=1/2 with a small band-gap width of well-localized moments on the Cu atoms and the moments
~0.23 eV compared to the 3eV of YCu®? are unlikely to change dramatically between Cu atoms.
Note from Fig. 4b) that the compound is found to be a Moreover, note from Table Il that the calculated total mo-
nonmagnetic insulatofE,~2 eV) within the LDA. Thus  ments of the 16 Cu atoms cell is always found to be an even
LDA fails to induce magnetism in YCu£3, and to lower the multiple of 1ug. If we consider O1-Cul-O1 and O1-Cu2
band-gap width from 3.0 to 0.23 eV when YCu@® doped. groups as extended sites, the magnetization of the system is
This inability of the LDA to describe the features of Mott exactly recovered by summing (with the appropriate sign
insulators(magnetism and gadinds its origin in the well- a spin-1/2 per extended site.
known prejudice caused by the homogeneous electron gas
description only piloted by Hund’s rule interactions, while in
reality the on-site Coulomb interactioriprovided by LDA
+U) are mainly responsible for these properfig#’ We calculated the total energies of 15 different collinear
Within the LDA+U, most of the interstitial Q) levels  magnetic configurations using cells containing(B@mitive
fall within the range of O2p) and O3p) states[Fig. 4@].  cell) or 72 (double cel) atoms. These 15 configurations are
However, our calculations predict that the self-doping O1described in Table lll. For each of these configurations the
atoms produce additional impurity-type states in the host inmagnetic energjEq. (2)] can be written as a combination of
sulator gap. This was already emphasized by the nonmaghe eight exchange interactions, as shown in Table IIl.
netic tight-binding calculations of Matthei$sThe shape of In the following, all the energies of the magnetic configu-
the DOS projected on O1 and Cu sites allows one to asses$gtions « are defined with respect to the ferromagnetic en-
unambiguously that the formation of thegémpurity levels ~ ergy (a=1), yielding the excess energpE*'=E“-E',
is due to their hybridization withl states of Cu atoms. On whereE® is defined in Eq(2). The exchange-coupling pa-
the contrary, the lack of similarities between the shape of theameters were fitted to the 15 first-principles excess energies
projected DOS on O2 or O3 atoms and the DOS of Cu atomby minimizing the squared error between these latter and
suggests that the octahedra of oxygens surrounding Y atontBose predicted by Eq2).
may interact very weakly with Cu planes. Let us mention The expression of the excess energies for the 15 investi-
that a noticeable hybridization is obtained between ti@) Y gated magnetic configurations as a function of the exchange-
states angp-states of their surrounding O2 and O3 atoms. coupling parameterg);), as well as their first-principles and
The calculation of the projected magnetic moments enHeisenberg model predicted values, are shown together in
closed in the augmentation spheres centered on each Cu afhable Il for three different fits: The first one involves all the
01 atoms shows thét) the difference of magnitude between pair spin clustergfit 1), fit 2 skips interplane interactions and

B. Exchange-coupling parameters
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TABLE II. Ab initio excess energies\E¥? (in meV/formulg, 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 plafks J;, and Jg), 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.

Heisenberg
Energy Total moment
(meV/formula (ug) Ab initio fit 1 fit 2 fit 3
AEML 16.0 0 0 0 0
AE?1 0.0 +8.2 +7.2 0.0 0.0
AE31 0.0 -17.7 -17.4 —-18.2 -16.2
AE#1 0.0 —-18.4 -19.2 -18.2 -16.2
IN=2E 0.0 —40.0 —-40.3 —-38.5 -39.2
AES/! 0.0 —-38.2 -37.1 —-38.5 -39.2
AE™! 0.0 +9.3 +10.2 +10.0 0.0
AE8/! 14.0 -8.9 -8.7 -9.8 -11.2
AE9 12.0 -17.6 -17.4 -19.6 -22.4
AEL01 10.0 —22.7 —24.7 -25.1 -27.3
AE1 7.9 -22.0 -22.8 —-20.9 —26.4
AE21 6.0 -25.1 —26.8 -26.2 —245
AE31 4.0 -29.8 -29.3 -30.3 —29.4
AE41 2.0 -34.6 —34.46 —34.4 -34.3
AES1 0.0 -77.0 -76.34 -76.0 -73.3

finally, fit 3 only retains the pair spin clusters inside chains.meV per formula unit. The intrachain interactiods, J,, and

The corresponding exchange-coupling parameters are gively) are found to be larger than the interactions between
in Table IV. The agreement is very good for the complete sethains and two orders of magnitude larger than the interac-
of parametergfit 1) with an rms error between the first- tions between planes. Fits 2 and 3 show that these three
principles and Heisenberg model which does not exceed ihteractions are sufficient to predict the energy of the most

TABLE lIl. Expression of the excess energia&®'! (divided by x?) as a function of the Heisenberg
model parameters for the 15 investigated magnetic configuratiombese latter are defined by the series of
signs+ (for S=+u) and — (for S=—u) 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

AEY? ++++++++++++++++ 0

ABY - ———— - — - ++++++++ —Jg-4-Jg

AE®1 4+ - ——— - — - = —(+d+Iy) -5 I 20T

AE41 +4+ - —— -+t + - —— -+ + —(J1+3,+35) - J5— 23,

AES1 - -+t - -+ttt -+ 4+ - - —2J5-(J3+J4) —Jg—Jg

AE®1 —— - — -+ -+ 20-(J3+)-4)

AETR e it S N PR R | I NI N S

AE®1 e e e —7(J1+35) -0.12533+3,) - 335~ 537
AE1 e e e e SR A ~2(01+3) -3 (Js+d) - 35—

AEOL o b b — b -+ - —301-20,-3(35+3,) - 35— 236373 0g
AEWL  — b -+ - —2(3+3) -3 (Js+3p) - 15— 35— 33,338
AE2L b — b — =t - - -1.250,-0.629J3+J,) - 335- 33,1 Jg
AEBL b - — b -+ - — —23,-3(33+3) - 335-3%;

AEWT 4 44—+ 4 — -+ - — 4+ — = —1.75),-0.878J3+J,) - 135~ 23,- 13
AEBL b — b — - — =+ =+ —3y-J,-236-23,- 334

014432-6



FIRST-PRINCIPLES DETERMINATION OF EXCHANGE. PHYSICAL REVIEW B 71, 014432(2005

TABLE IV. Exchange-coupling parametet®m meV/formulg for the three different fits to thab-initio

data.

Jy J, Js Ja Js Js J; Jg
fit 1 23.34 56.62 —-61.27 —9.70 3.10 —7.06 —-1.30 5.07
fit 2 19.97 56.05 —60.68 —-12.94 2.90
fit 3 25.10 48.16 —57.08

stable spin arrangements. However, we show below in Seculations of the excess energy to allow for equilibration. MC
[Il C that interchain interactiond, also play an important calculations found the same ground state obtained with the
role. direct enumeration search. This latteronfiguration 18,

It is interesting to relate these magnetic interactions to thevhich actually corresponds to the lowest collinear mean field
exchange paths in the lattice. In spite of the suggested imenergy state when only the three intrachain interactions are
portantz-orbital occupatiort® the interplane interactions ap- considered, is shown in Fig. 5.
pear to be negligible. The NN AF interactions yield an inter- The excess energy of the new stéégg. 5 was found to
action ratioJ,/J,<<0.5, indicating the absence of spin gap in be equal to—84.5 meV/formula, taking into account only the
the sawtooth lattice. As suggestdtbm the measured angles intrachain interactions. In this new state, &linteractions
and distancéghe J, interactions between Cul-O-Cul bonds are satisfied, and 3/4 of thlg interactions, while in state 15
(bases of the trianglgsre weaker than those for the Cul- shown in Fig. 6, allJ; and half of theJ, interactions are
O-Cu2 base-vertex bongp. The most striking result here is satisfied. In fact sincd; and J, are the largest interactions,
the relevance of the ferromagnetic interactiandifficult to  these two states correspond to the best compromise: this is
predict without performing the present calculations. Thisthe reason why these two configurations are much lower in
huge interaction is not expected since there is no trivial oxy€energy than all others. However, let us mention that the en-
gen mediated exchange path. It it certainly due to a direcérgy difference between these two states, namelyl.2
exchange between Cul and Cu?2 type ions, and it completeljmeV/formula using fit 3, is of the order of the total contri-

modifies the initial picture proposed for this system. bution of the interchain interaction$l0 meV/formula.
Therefore the two magnetic configuratioiSigs. 5 and §
C. Magnetic ground-state at low temperature may be considered as degenerate. A fatainitio calculation

) ) ) has confirmed this quasidegenerdt® meV/formula.

_ As afirst step, we focus on the one-dimensional model \wjith these values of the exchange interactions, it would
including the ferromagnetid; interaction in order to show pe possible to study the magnetic properties of this system
its influence on the determination of the ground state. To thi$nc|uding also noncollinear configurations. It would be also
purpose, we subjected our Ising spin-Hamiltonian to a “di-interesting to extend the MC simulations to the two-
rect enumeration ground state seaf€lift which every spin  gimensional Hamiltonian, since thk interaction is of the
configuration that can be constructed from a unit cell Wth  same order of the energy difference between configurations
Cu sites is examined. We used cells with<8. We have 15 angd 16. Such calculations are beyond the scope of this
validated the results of the direct enumeration search by Pefaper. Of course long range ordering will not be observed
forming standard Monte CarlMC) simulated annealing at sjnce the system is not three-dimensional, but the magnetic
low temperature. Simulations were performed with a onesport range correlations of YCy@will be governed by the
dimensional supercell containing a total of 1000 spins. Th§nderlying magnetic structures of Figs. 5 and 6. Experimen-
number of Monte Carlo steps per spin was 300 000 for eacth”y, no magnetic ordering has been found in this system
temperature, and the first 150 000 were excluded from calpgither byusRe! nor by neutror® 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 modét 3) retaining the inner- FIG. 6. Second lowest stateonfiguration 15 from Tables Il and
chain interactions onlyJ;, J,, andJs). This configuration adopts a IIl) obtained from our fitted Heisenberg modfid 3). This configu-
spin geometry in agreement with the sign of evéyand 3/4 of the  ration adopts a spin geometry in agreement with the sign of elgery
J, interactions and cancels contributionsJef andJ; interactions and cancels contributionsJgf
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On the other hand, the susceptibility maximum observed atJ;) and base-vertex,) interactions is<0.5 where no gap
400 K* is consistent with the magnitude that we obtain foris expected in the sawtooth lattice. Furthermore, an unex-

the exchange interactions. pected third neighbor ferromagnetic interaction appears to be
of the same order and it will change the magnetic correla-
IV. CONCLUSIONS tions. Since no oxygen is involved in this case, we can say

) ~_ that it most probably corresponds to direct Cu-Cu exchange
We have taken advantage of the precise determination Gfteractions.

the crystallographic structure of YCy@to calculate the ex- e can conclude that the delafossite YGu@resents an
change interactions values using first-principles methods. Wenportant ferromagnetic intrachain interaction in addition to
would like to point out that theb initio methods are well  the AF superexchange ones. So, it will show short range
suited to investigate the properties of this system beclise correlations related to the magnetic structures 15 and 16,
the magnetic moments on Cu are almost independent of the,own in Figs. 5 and 6. The role played by the interchiin
magnetic configuration, ang) we have been able to fit the jnteraction must be further investigated. These features
magnetic energy of the 16 different magnetic configurationgnould be confirmed by further experiments and calculations

with eight parameters with good accuracy. This confirms thafolving two-dimensional Hamiltonians but also noncol-
Eq.(2) can be used to go further in the study of the magnetiginear magnetism.

properties of YCuQs. 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- The computations presented in this paper were performed
ior. Within the chains of triangles, the ratio of the base-basen the cluster PHYNUMCIMENT, Grenoblg.
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