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The spin lattices of magnetic oxides LiCuVO4 and CuO are made up of CuO, ribbon chains. The incommensurate
and commensurate magnetic superstructures of these oxides were examined by calculating the total spin exchange
interaction energies of their long-range order spin arrangements on the basis of the isotropic spin exchange and
classical spin approximations. The incommensurate superstructure (0, 0.532, 0) of LiCuvVO, was analyzed to find
that the next-nearest-neighbor spin exchange interaction Jyn, is more strongly antiferromagnetic than the nearest-
neighbor spin exchange interaction J,, in the CuO, chains. With this finding, we reassessed the relative strengths
of the spin exchange interactions of LiCuvVO, and CuO and then analyzed the relative energies of their long-range
order spin arrangements. The incommensurate superstructure (0, 0.532, 0) of LiCuVO, is explained when the
Jon/Jnnn ratio is —0.40. Both the incommensurate superstructure (0.506, 0, —0.483) and the commensurate
superstructure (0.5, 0, —0.5) of CuO, which occur at 231 and 212.5 K, respectively, are well explained in terms of
the calculated total spin exchange interaction energies. The incommensurate superstructure of CuO becomes
commensurate by a slight change in one interchain spin exchange interaction, which is due probably to a slight
structure change brought about by the temperature lowering.

1. Introduction

As building blocks of their magnetic lattices, a number of ° ° ° ° °
magnetic oxides have Cy@ibbon chains containing spin-
1/, Cw?* ions (Figure 1a). For instance, LiCuM®and Li-
CuG,? have isolated Cu@ribbon chains while Cu®, (a)
Cw0;3, 4 and AgCuw,O3 ° have CuQ@ribbon chains condensed

by oxygen corner-sharing. Upon lowering the temperature,
some of these oxides undergo a long-range order (LRO) spin
ordering which leads to magnetic superstructérésThe

physical and structural properties of magnetic solids are
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Magnetic Superstructures of LiCuV@and CuO

the magnetic superstructure of LiCuY@ontains four Cer
ions per magnetic unit cell, and the associated spin arrange-
ment (Figure 1b) shows that the NNN spins are antiferro-
magnetically coupled, while the NN spins are oriented nearly
orthogonal to each othé&fThis means that the antiferromag-
netic NNN spin exchange interactiok,, (<0) is much
stronger in magnitude than the NN spin exchange interaction
Jnn (either ferromagnetic or antiferromagnetic), i@ <
L |Jdnnnl. CoOnsequently, the intrachain spin exchange parameter
@ of —45 K, deduced from the magnetic susceptibility of
"""""" LiCuVO,, must refer to the NNN spin exchandg, not to
the NN spin exchangé,, Indeed, this conclusion has
recently been verified by Kremé?who fitted the magnetic
(a) (b) susceptibility of LiCuVQ using the high-temperature series
expansion formula of Buler et all* The interchain spin
exchange of LiCuVQis found to be much weaker than the
intrachain spin exchandeso that the occurrence of the
__________ b magnetic superstructure in LiCu\M@ust largely be driven
i_ by the tendency for each Cy®©hain to have its NNN spins

5 : : : 2 order antiferromagnetically.

In the three-dimensional lattice of cupric oxide C& @l
oxygen atoms participate in corner-sharing between adjacent
CuG; chains, and every two CuyQchains condensed by
oxygen corner-sharing are not perpendicular to each other

(c) (see below). CuO exhibits an incommensurate antiferromag-
Figure 2. (a) Arrangement of the Cuhains in LiCuvQ (Cu = larger netic superstructure (0.506, ©0.483) belowTy; = 231 K,

circles, O= smaller circles). (b) Perspective (top) and schematic projection \which becomes a commensurate antiferromagnetic super-

(bottom) views of how Cu@ square planes are condensed with svVO . _ 7b 4
tetrahedra (.= shaded circles). (c) Extended projection view showing how structure (0.5, 0;-0.5) belowTy, = 212.5 K® In CwOs

CuQ; chains are linked by V@tetrahedra to form a CuvQayer parallel and AgCw0s,° the CuQ ribbon chains form the G@s;
to theab-plane. The Lt ions are located between the Cuyfayers. lattice by oxygen corner-sharing, and the?Cions of this
lattice form a pyrochlore spin lattice, an archetypal geo-
the two Cu-O---O—Cu super-superexchange (SSE) paths. metrically frustrated spin lattic®. Nevertheless, CD; was
The interchain NN spin exchange interactions of these ¢4 44 to undergo an LRO spin arrangement below 42.3 K
magnetic oxides are either SE or SSE interactions depending, torm a magnetic superstructure (0.5, 0.5, 6.5)o
on how their Cu@chains are arranged in the crystal lattice. |,nderstand such incommensurate and commensurate mag-
In LiCuVO,, the CuQ chains are aligned along the petic superstructures of transition metal magnetic oxides, it

crystallographid-direction (Figure 2},and each Cugxhain s necessary to know the signs and the relative strengths of
has two Cé" ions per chemical unit cell. The magnetic the spin exchange interactions associated with various spin
susceptibility of LICuVO, exhibits a broad maximum & exchange paths. For this purpose, either first principles or

= 28 K and is described by a Heisenberg antiferromagnetic qygjitative electronic structure calculations are carried out
chain model with spin exchange parameter-@b K (under  for various spin dimers (i.e., structural units containing two
the convention in which each pairwise spin exchange gpin sites) of a magnetic solid under consideratfoi.In
interaction is written as-J;S-S instead of—2J;S-3). A the qualitative analysis based on extendedchkdl tight
recent neutron diffraction stuflystablished that LiCuv binding (EHTB) calculationd? the relative strengths of SE
forms an incommensurate magnetic superstructure (0, 0.5325,,d SSE interactions of transition metal oxides depend
0) below 2.1 K, which is equivalent to (0, 0.468, 0). This gensitively on the diffuseness of the oxygen 2p orBitf.
superstructure is close to the commensurate one (0, 0.5, O)Thys, there arise occasions requiring the calibration of
In this commensurate approximation, each guBain in calculated results on the basis of appropriate experimental
- results. In the previous studies of £4'% and CuOY’ their
™ (Se%tzorps%;r; fés%;f]:m’z"g’l; ' (th) %ZR;IY%.BXELTT]?:;& f_c"'g_; spin exchange parameters were calibrated using the assign-
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ment of J,, = —45 K for LiCuVQO, which is incorrect Table 1. Cu--Cu Distances and Relative Strengths of the Spin
according to the recent neutron diffraction stéidy pointed =~ Exchange Parameters of LICuYO
out above. Thus, the spin exchange parameters of thesepath  nature  Cu-Cu(A)  —(Ae)?[(meV)] Jarlks
oxides should be reassessed using the correct assigdgent  J,, SE 2.899 —530 -3.4
= —45 K for LiCuVO,. Jnnn SSE 5.799 —7060 —45

Ja SSE 5.652 —4700 1108  —30 (-0.7¢

In predicting what LRO spin arrangement is energetically

favorable for a given magnetic solid, it is necessary to @The numbers in parentheses were obtained using the spin dimers
. . . . . containing the VQ tetrahedra (see the text).

calculate its total spin exchange interaction energies for all

possible incommensurate and commensurate LRO spin

arrangements. For a magnetic solid whose spins are coupled (a) . . Cu;06

by isotropic spin exchange interactions, this can be achieved

by employing the classical spin and the internal field —  — ...

approximations as described by Freiser more than four (b) R . Cu 04

decades ago (hereafter the Freiser method, see secttén 4).

Given a set of spin exchange parameters assigned to a

magnetic solid, this method determines what LRO spin

arrangement leads to the lowest total spin exchange energy

state. Consequently, the Freiser method may be used to test ()

whether the assigned set of spin exchange parameters is ¢

consistent with its LRO magnetic superstructure and what — _ _

set of spin exchange parameters is redired (o explain thelure % Thiee tpes of sin dimers i i oxides made up of £u0

observed magnetic superstructure. Recently, the Freisercu,o; for an interchain SSE interaction, () spin dimer,Ou for an

method has been employed to interpret the magnetic interchain SE interaction.

structures of LiFepD;,'%2° NaFeRBO;,2° and Fg(S0y);.2* o _ _ . _ _

In the present work, we use the Freiser method to gain planeg containing their .magnetlc orbitals (i.e., the singly
insight into what electronic factor is responsible for the ©ccupied molecular orbitals) are coplanar only for those
formation of the incommensurate magnetic superstructuresinteractions along the-direction:“ It is noted that theJ,
in LICuvO, and CuO as well as for the conversion of the andJalnte_ractlons are both SS_E mteractlons. The spin dimer
incommensurate structure of CuO to the commensurate ong’€Presenting thén, interaction is given by the G cluster
that a slight temperature lowering brings about. Our analysis (Figure 3a), and that representing the, andJa interactions
of the commensurate superstructure of@ywill be reported by the CuOg cluster (Figure 3b). In LICuv@Q the adjacent
later. The present work is organized as follows: in section CUQ; chains contained in thab-plane condense with VO
2 we briefly describe the crystal structures of LiCuy4hd tetrahedra, as depicted in Figure 2b, to form a Culé&9er
CuO to specify their spin exchange paths. In section 3, we (Figure 2c), and the Liions are located between the CuyO
estimate the relative strengths of the spin exchange param-ayers.
eters of LiCuvQ and CuO on the basis of spin dimer Note that the SSE interactiond,,, and J, become
analysis. The essence of the Freiser method is summarizedyualitatively different once the effect of the \(@trahedra
in section 4. The origin of the incommensurate superstructurejs taken into consideration. In the Spin dimer representing
of L|CUVO4 is discussed in section 5. We analyze the the Ja interaction, the two oxygen atoms of each-Gk--
incommensurate and commensurate superstructures of Cu@—cy exchange path form an-&/—0 bridge (Figure 4a).
in section 6. Implications of our results presented in sections Thjs js not the case in the spin dimer representingJthe
5and 6 are discus_sed i_n secti_on 7. Important findings of our ;teraction (Figure 4b). As will be discussed in the next
work are summarized in section 8. section, this difference between thg,andJ, has a profound
consequence on the relative strengths of their spin exchange
interactions.

The arrangement of the CyChains in LiCuVQ is shown The atoms of a unit cell in CuO are shown in Figure 5a,
in Figure 2a. There are four €uions in a unit cell as and the arrangement of the Cu@bbon chains in CuO is
indicated in Figure 2a. The spin exchange paths to considershown in Figure 5b. There are four €uons in a unit cell,
for LiCuVO, are Jnn, Juin, and the interchain interactiai and their positions are indicated in Figure 5a and are listed
along thea-direction (Table 1). The interchain interactions jn Taple 2a. The spin exchange paths to consider for CuO
along the & + ¢)- andc.—dire_ctions should be much weaker 410 3. 3. and the interchain interactioris, J,, and Js
than that along the-direction, because the CuGquare  gefined in Table 2b with the help of Figure 5c. Here, all the

s : . 961 123 2003 interchain interactions are SE interactions, and the spin
893 Eflljssig,,\é.flzogﬂg?gérv;}a]ﬂ ‘? Wurh, C.; Masquelier, Solid dimers representing them are given by the;@uclusters

State Sci2002 4, 973. _ (Figure 3c). As can be seen from Figure 5c, the SE paths of
(20) Whangbo, M.-H.; Dal, D.; Koo, H.-Dalton Trans, in press. CuO give rise to several different magnetic chains, i.e., [Cu-

(21) Dai, D.; Whangbo, M.-H.; Koo, H.-dnorg. Chem, submitted for .
publication. (2)—0O—Cu()—0OJw» (k = b, c, d, e) chain¥’
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Magnetic Superstructures of LiCuV@and CuO

(a) (b)
Figure 4. Two different SSE paths of LiCuV#® (a) interchain interaction
with the SSE paths bridged by \i@etrahedra, (b) intrachain interaction
with the SSE paths not bridged by \@trahedra.

Jmn = Jac
Jonn= Jeo
Ji = Jae
J2 = Jas
Js = Jab

(c)

Figure 5. (a) Atoms of a unit cell in CuO. (b) Arrangement of CuO
chains in CuO. (c) Arrangement of severaPCions surrounding one Gt
ion in CuO (Cu= larger circles, G= smaller circles). The Cu atoms labeled
a—e are used to define the spin exchange paths in Table 2b.

3. Spin Exchange Interactions of LiCuVQ, and CuO

In general, a spin exchange paramektés written as] =
Jr + Jar, Where the ferromagnetic terdpa (> 0) is small, so
that the spin exchange becomes ferromagnetic {.e.,0)
when the antiferromagnetic terdge (<0) is negligibly small
in magnitude. Spin exchange interactions of magnetic solids
are mostly antiferromagnetic (i.eJ < 0), and can be
discussed by focusing on the antiferromagnetic tefgps*
If each spin site of a magnetic solid contains one unpaired
electron and if the two spin sites of a spin dimer are
equivalent, then the antiferromagnetic tekgais written as*

Jar = (A8 U4 @)

Table 2. Cu Atom Positions and Spin Exchange Parameters of CuO

(a) Fractional Coordinates of the Cu Atoms in a Unit Cell

X y z
Cul 0.25 0.25 0

Cu2 0.75 0.25 0.5

Cu3 0.75 0.75 0

Cu4d 0.25 0.75 0.5

(b) Cu--Cu Distances and Relative Strengths of Spin Exchange Paths
path nature Cu-Cu (A) —(Ae)? [(meVy] Jarlks

Jnn SE 2.901 (a-c)? —441 -2.8

Jnnn SSE 5.801 (e-c)? —7160 —45

N} SE 3.083 (a-ep —7230 —46

Jp SE 3.173 (&-d)? —8650 —-55

J3 SE 3.749 (&-b)? —137000 —870

aThe labels ae in the parentheses refer to the Cu atoms defined in
Figure 5c.

Ae

Figure 6. Spin—orbital interaction energye between the two magnetic
orbitals representing the two spin sites of a spin dimer.

whereAe is the spir-orbital interaction energy (Figure 6)
between two magnetic orbitals representing the two spin sites,
andU. is the effective on-site repulsion. For a set of closely
related magnetic solids, thé.s value is nearly constant so
that the trend inJar is well approximated by that in the
corresponding-(Ae)2.14

In describing the spin exchange interactions of magnetic
solids in terms ofAe values obtained from EHTB calcula-
tions, it is found* necessary to employ doubieSlater type
orbitals (STOsY for both the d orbitals of the transition metal
and the s/p orbitals of the surrounding ligand atoms. The
atomic orbital parameters of Cu and O employed for our
calculations were described in the previous study oyOg:tf
The radial part of the O 2p orbital(r), is written as

X2p(r) = r[C exp(=Zr) + C exp(=Z'r)] )

where¢ > ¢'. The (Ae)? values depend most sensitively on
the value of the diffuse exponegitaccording to the previous
study?® which examined how theAg)? values vary as the
¢’ value is gradually increased §$x) = 1.659(1+ x), i.e.,

as the diffuseness of the O 2p orbital tail is gradually
decreasedx(= 0). Here, theZ'(0) value represents the value
taken from the STOs tabulated by Clementi and Ré&étti.
The assignment aod,, = —45 K in LiCuVO, required the
use of a more contractef(x) value, i.e.,;'(0.125), for the
calculation of Ae)2.6 However, as discussed in section 1,
Jonn = —45 K and|Jn| << |dnnnl in LICuVO,. The latter is

(22) Clementi, E.; Roetti, CAt. Data Nucl. Data Tabled974 14, 177.
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reproduced by a more diffusg(x) value, i.e.,'(0). Thus,

for the various spin exchange paths of LiCuy&hd CuO,
we recalculate theirXe)? values using th&'(0) value on
the basis of the spin dimers representing the spin exchange
paths (Figure 332 Our results are summarized in Tables 1
and 2b for LiCuvQ and CuO, respectively. The spin
exchange parameters obtained frgff0) show thatl,,, <

0 andJ,, =~ 0, while the reverse was the case in terms of
those obtained fron{'(0.125). The parameters calculated
with both ¢'(0.125) and¢'(0) show that the dominant
antiferromagnetic interaction of CuO is the interchain SE
interactionJ;. However, thel; interaction is more strongly
antiferromagnetic with the use @f(0).

To determine the LRO magnetic superstructure expected
for LiCuVO, and CuO using the Freiser method, rough z ¢
estimates of the relative strengths of their spin exchange % I_X’ I_a
parameters are needed. For this purpose, we convert the b Oo@ -

calculated Ae)? values into the corresponding spin exchange
; ; ; Figure 7. (a) Bonding and antibonding levelg, andy_, respectively,
parameters by Scahng them lmearly in such a way that the of a spin dimer CpOg representing an SSE interaction. (b) Energy-lowering

—(Ae)? value for the intrachain NNN spin exchange path effect of the V g, level on the antibonding leve}_ in the interchain SSE
Jnnn Of LICUVO,4 becomes-45 K. The resulting parameters  pathJ of LiCuvO,. The V d,, orbital makes a bonding interaction with

are listed in Tables 1 and 2b. In employing these parameters Poth O 2p orbital tails ofy— in the Cu~0---O—Cu paths.
it should be recalled that a spin exchange parandetensists
of two terms, i.e.J = Jr + Jar, but our estimation ignored  4a,b, show a significant reduction of tiiee value for the
the ferromagnetic ternd.. For a given spin dimer whose path J, but not for the pathl,,,. The (Ae)? value for J,
spin sites are described by two magnetic orbigaland ¢., estimated by including the effect of the V@etrahedra,
the J- term is equal to R, whereKy; is the exchange  shown in parentheses, is negligible compared with that for
repulsion integral betweegy andg,. TheKj, value can be Jnn The latter is consistent with the observed magnetic
non-negligible if the p-orbital tails of the magnetic orbitals superstructure (0, 0.532, 0) of LiCuM®which shows that
¢1andg;, are located on a same ligand atom, but it becomes the interchain SSE interactions along tiendc-directions
negligible otherwisé#?* Thus, the effect of thér term is are ferromagnetic.
more important for SE interactions than for SSE interactions
(see section 6 for further discussion). 4. Classical Spin Analysis of Magnetic Superstructures

It is noted from Table 1 for LiCuV@that when the A€)?
values of the SSE interactions are calculated using the spin
dimers CyOg (Figure 3b), the interchain NN interactidl
is only slightly weaker than the intrachain NNN interaction
Jnnn in disagreement with experimehthis failure results
from neglecting the fact that the \fQinits affect the SSE
interactionsJ, and Jnn, differently. The Ae for an SSE
interaction is the energy difference between the bonding level
4+ and the antibonding levap_ (Figure 7a) of the spin
dimer. In the pathl, the empty d orbital of the V atom
forming the O-V—0O bridge with the oxygen atoms of the
Cu—0---O—Cu path (Figure 4a) interacts in-phase with bot
O 2p orbital tails of the antibonding levgl_ (Figure 7b),
thereby lowering they_ level. However, by symmetry, this
effect does not occur for the bonding leyel. Consequently,
the interaction energye is reduced. Such a preferential 1
reduction of the interaction energye does not occur in the o, (k)= fzag exp(k-R) (3)

N

(a) se

The Freiser methdfl assumes that spins can adopt all
possible directions in space (the classical spin approxima-
tion), the orientational distributions of the spins are inde-
pendent, and the spin exchange interactions are isotropic.
Suppose that a magnetic solid is in an LRO magnetic state
i, in which the spin siteg (=1, 2, ...,m) of the unit cell
located at the coordinate origin (i.e., the lattice ved®or
0) have the mean spimg. At high temperatures, the spins
are completely disordered so thﬁtz Oforallu=1,2,..,

m. As the temperature is lowered, an ordered spin state may
h setin thereby leading to nonzeaﬁ.

For a magnetic solid with repeat vectasb, andc, the
ordered spin arrangement can be described in terms of the
“Bloch” spin functionso,(k)

case of the exchange palf,, because the oxygen atoms of

each Cu-O---O—Cu path do not form an ©V—0 bridge

(Figure 4b). Our calculations of the\¢)? values using the  whereN is the number of unit cells in the magnetic solid
spin dimers including two V@tetrahdra, presented in Figure andk is the wave vector. The lattice vectBris written as

(23) Our calculations were carried out by employing the CAESAR and R= na + nbb + n.c 4)
SAMOA program packages (Dai, D.; Ren, J.; Liang, W.; Whangbo,
M.-H. http://chvamw.chem.ncsu.edu/). .

(24) Kahn, O.Molecular MagnetismVCH Publishers: Weinheim, 1993.  wheren,, n,, andn. are integers, and the wave veckocan
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be written as

k = xa* + x,b* + x.c* (5)
wherea*, b*, and c* are the reciprocal vectors, angd, Xy,
andx; are dimensionless numbers. Then, the B¢R) term

of eq 3 becomes exiZr(Xana + XoNp + X)) It is convenient

to denotek by showing only its dimensionless components,
i.e.,k = (Xa X, Xo). The ordered magnetic stagg(k) (i =
1—m) is described by the linear combination of the Bloch
spin functionso,(k):

Yi(K) = Cyi(K)oy(k) + Cy(K)oa(k) + ... + Ciri(K)or(k) (6)

The presence of up spin or down spin at a spin gits
signified by the sign of the coefficier@,i(k). To determine
the coefficientsC,i(k) (« = 1 — m), we need to consider
the spin exchange interaction energiegk) between two
Bloch spin functionsy,(k) and o,(k):

E(K) =— ZJ,W(R) expik-R) ()

The matrix elemeng,, (k) satisfies the relationshig,,(k)
= [£.(K)]*. Then, the energyEi(k) values associated with
the ordered magnetic staig(k) (i = 1 — m) are obtained
by diagonalizing the interaction matri(k):825

E1a(K) &1aK) ... Eam(K)
Ea1(K) Ealk) ... Eom(K)

20 = ®)

Namely

2(k)C,(K) = E(K)C,(k) ©

whereC;i(K) is the column vector of the coefficients, (k).

Cu(k)
Colk)

Cmi(k)

Ci(k) = (10)

(M2, Y, M) means that the magnetic ordering doubles the
unit cell length along each crystallographic direction.

5. Incommensurate Superstructure of LiCuvVQO,

The spin exchange parameters of LiCuM®able 1) show
that the interchain NN interactions have a very weak
antiferromagnetic componedtg. Thus, it is not surprising
that the Cu@ chains are ferromagnetically ordered along
the a- and c-directions in the magnetic superstructure (0O,
0.532, 0). Thus, we will consider only the spin ordering
within a single Cu@ chain.

Consider that a Cugibbon has the repeat distancand
one spin site per unit cell (Figure 1a). Then, the lattice vector
is given byR = nb and the reciprocal vector By* = 2x/b,
and the phase factor, exp(R), of eq 3 becomes exiab).
Because each unit cell contains only one magnetic site, the
spin exchange interaction matrix has one matrix element,
i.e., &11(K). Consequently, this element itself is the magnetic
interaction energ¥e (k). Applying eq 7, we expresg;(k):
as

Ey(K) = &14(k)
= —J,lexp(—ikb) + exp(kb)] — I, Jexp(—i2kb) +
exp(2kb)]

= —2[J,,,coskb) + J,,,cos(kb)] (12)

To find thek value at whichg;(k) has the lowest energy,
we let

dE,(K) :
K 2b sinkb)[J,,, + 4, coskb)] =0 (12)
Then, we obtain three solutions:
atk=0 E,=-20,+J,,) (13a)
atk = % E,=20,—J,)  (13b)
atk = % arcco%— 4?]::") E,= :J”—::n +23,, (13c)

At k = 0 the phase factor exigib) becomes (I) which
represents a ferromagnetic spin ordering.kAt x/b the

As mentioned above, one obvious solution of eq 9 is given phase factor exjKnb) becomes<1)", which represents an

by 02 =0 for all u = 1, 2, ...,m, which represents the
completely disordered spin state at high temperattfrEer

antiferromagnetic spin ordering. Whég, is antiferromag-
netic (i.e.,Jun < 0), E3 is lower in energy than eithdt; or

a given set of spin exchange parameters, one can determin&z, and thek value leading toEz depends on the ratio of

the value ofk that leads to the lowest enerdyy, of Ei(k)
(i=1, 2, ...,m), which occurs from the lowest-lying band
Ei(k). This particulark point may be denoted bi,,. Then,
the highest temperaturg, at which the free energy of an

ordered spin state branches off from that of the disordered

spin state is related t&, as T, = —Eq/3ks,'® and the
magnetic superstructure associated Withs described by
Yi(km). For instancek, = (0, 0, 0) means that the magnetic
unit cell is the same as the chemical unit cell, whilg =

(25) In ref 18, the symbolgi(k) are used instead d(k).

Jn/Jnnne Figure 8 shows a plot of the reduced wave vector,
Xp = kib* = bk/27, versus the ratid,y/J.nn according to the

relationship
Jnn")
4‘]nn

The magnetic ordering that quadruples the chemical unit cell
(i.e., Xo = 0.25) occurs whedh/Jwnn = 0, i.e., when the
nearest neighbor interactiaf, = 0 andJn,, < 0. Forx, =
0.25, the phase factor exkiib) becomesij", which is+1,

Xp = bk_1 arcco€—

(14)
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0.5 Table 3. Pairs t1—v) of the Spin Sitesy, v = 1—4) Leading to the
Spin Exchange Interactioran, Jnnn, J1, J2, andJz
0.4 1 path within a unit cell between unit cells
e Jnn (1_3)! (2_4)
N g3 Jnnn (1-1), (2-2), (3-3), (4-4)
S ¢ 3 (1-4), (2-3) (1-4), (2-3)
X [ . J 1-2) (1-2), (3-4)
b 02 : Js (3-4) (1-2), (3-4)

: first approximation, therefore, the commensurate magnetic
0.11 : superstructure (0.5, 6;0.5) of CuO that sets in beloi,
: = 212.5 K can be viewed as a consequence of ordering the
Js-chains. However, this reasoning cannot answer the ques-
tion why an incommensurate magnetic superstructure such
Jon / Jnnn as (0.506, 0;-0.483) occurs in CuO. In the following, we
Eigure 8. Wave vector z_associated with a L_RO spin arra_ngemen't of 2Cu0 examine the relative strengths\]aﬁ, Jnnn J1, J2, andJz needed
{r']t:gfgctfgg'g Zitﬁgﬁgﬁ'ggn‘éftiiha’g::n"Lag‘)’_ when the intrachain NNN 4 ayplain the incommensurate and commensurate super-
structures of CuO on the basis of the Freiser method.
I R There are four Ctf ions per unit cell (Figure 5a, Table
2a), so that there are four spin basis functiopg) (« =
1—4) to consider. The pairgct-v) of the spin sitesu, v =
1-4) leading to the spin exchange interactidas Junn, J1,
Jo, andJ; are listed in Table 3, while the nonzero contribu-
(@) tions to the matrix elements,, (k) from the various spin
0 1 5 3 4 exchange paths of CuO are summarized in Table 4. Thus,
the nonzero matrix elemeng, (k) are given by

/ \\ / \\ / gll(k) = E33(k) = _2Jnnn COS(ZIXa - 2‘7-[Xb)
(b) EooK) = E4a(K) = =235, COS(2TX, + 277X,)

Figure 9. (a) Local complex coordinate at each Cigguare plane, where I3 (k) =-J {1 + exp[—i27r(x + Xc)]} —

h . - . 612 2 a
R and | refer to the real and imaginary axes, respectively. (b) LRO spin . .
arrangement of a CuCchain predicted whed,, = 0 andJumn < O. Jlexp(—i2rx,) + exp(=i2mx,)]

0.0 : ;
-4 -2 0 2 4

i, —1,—i,+1, .., forn=0, 1, 2, 3, 4, ..., respectively. As &15(K) = —J[exp(—i2rx,) + exp(—i2mx,)]
shown in Figure 9a, the real and imaginary axes at each spin ] )
site may be chosen along the diagonal directions of the,Cu0 §14(K) = {1+ exp(-i2mx,) + exp(-i2rx) +
plane. Then, the phase factd"Ghows that the spin vectors exp[—i2n(x, + xJ)1}
at the sites spiral along the chain as depicted in Figure 9b.

Figure 8 shows that ifl., is close to zero but does not  &24(k) = —Ji{1+ exp(-i2zx,) + exp(2rx;) +

vanish, thex, value becomes 0.2% 9, whereo is a small expli2n(—x, + x)1}
positive number. Then, thex,/value becomes a noninteger

number close to 4, so that the resulting magnetic superstruc- &ou(K) = —J,[exp(2rx,) + exp(—i2wx,)]

ture becomes incommensurate with respect to the underlying

chemical lattice. Ea4k) = —J,[exp(i2x;) + exp(-i2nx )] —

Jo{ 1 + explizr(x, — x)I}
6. Incommensurate and Commensurate
Superstructures of CuO The Ej(k) versusk plot calculated foid,, = 0, Jypn = J1 =
J, = —40 K, andJ; = —800 K is shown in Figure 10a. The
plot consists of two groups of dispersion curves well
separated in energy. The spins of thechains are antifer-
romagnetically ordered in the lower-energy group but are
ferromagnetically ordered in the upper-energy group. The
energy separation between the two groups is solely governed
by the magnitude o8;, but the dispersion relation within
each group does not depend dn For the purpose of
showing the dispersion relations of both groups within a plot,
we takeJ; = —200 K without loss of generality.

(26) Goodenough, J. BMagnetism and the Chemical BanilViley: The Ei(k) versusk p|0t presented in Figurg 10b shows
Cambridge, MA, 1963. thatk,, does not occur around (0.5, 8,0.5) using thel,n,

The spin exchange parameters of CuO (Table 2b) show
that the interchain SE interactial is much more strongly
antiferromagnetic than other interchain and intrachain SE
interactions, which reflects the fact that theCu—O—Cu
angle is the largest for the SE path Cu{®—Cu(b) (i.e.,
145.8).17%Thus, the strongly interacting spin units of CuO
are the one-dimensional chains [Cu{&®—Cu(b)-0]. made
up of theJ; exchange paths (hereafter referred to aslthe
chains), as shown by the filled cylinders in Figure 5c. To a
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Table 4. Nonzero Contributions to the Matrix Elemerds, (k) from 2000 800
the Spin Exchange Paths between the Spin @itesdv (u, v = 1—4) 4&
of CuC? L]
u v cell Cu-Cu contribution ta&,, (k) 1000 4004
1 1 [1,1,0] 5.801 —Jnnn €XPi271(—Xa + Xo)] /
[1,-1,0] 5.801 —Jnnn €XPli27(Xa — Xo)]
1 2 [-1,0,-1] 3.173 —Jo exp[—i2r(Xa + X)]
[0,0,0] 3.173 - 04 04
[-1,0,0] 3.748 —J3 exp(—i2rXs)
[0,0,—1] 3.748 —Jzexp(—i2mzxe)
1 3  [-1,0,0] 2900  —Jmexpi2 /
[0,-1,0] 2.900 —Jnn €XP(—i27Xp) ~1000+ -400+
1 4 [0,—-1,-1] 3.083 —J1 exp[—i2n(Xp + XJ)]
[0,—-1,0] 3.083 —J1 exp(i2mxy) L
0,0, 1] 3083 —Jexplizu) 1>
[0,0, 0] 3.083 - -2000 -800
2 2 [-1,-1,0] 5.081  —Jnmnexpl—i2m(%+ Xo)] y r L R Yy r bR
[1,1,0] 5.081 —Jnnn €XPI277(Xa + X5)] (@) (0, -40, -40, -40, -800) (b) (0, -40, -40, -40, -200)
2 3 [0,-1,1] 3.083 —Jy expli2n(—Xp + X))
[0, -1, 0] 3.083 —J1 exp(—i2mxp)
[0.0,~1] 3083 —J,expl-i2rx) 600 600 600
[0,0, 0] 3.083 -
2 4 [100 2000 —Jmexpl2mx) k N
[0, —1,0] 2.900 —Jnn €XP(—i27txp) 3004 3004 300_/
3 4 [0,0,—-1] 3.173 —J; exp(=i27xg)
[1,0,0] 3.173 —J; exp(27rxa)
[0,0,0] 3.748 —J3
[1,0,-1] 3.748 —Jz expli2r(Xa — X)] 0 ol o

aThe spin pair (3-3) is equivalent to (1), and the spin pair (44) is
equivalent to (2-2).

Jonn 1, Jo, andJ; parameters listed in Table 2b. To find a 300_; / '300_/ / '300'/\/

condition necessary fdt, to occur around (0.5, 0;-0.5),
we varied the values @k andJ, while keepingJny, = 0, Jnmn

. i -600 -600 -600
= —40 K, andJ; = —200 K. As shown in Figure 10¢e, Y r L R Y r L R Y r L R
km occurs around (0.5, 6;0.5) if J, is weakly ferromagnetic (¢) (0, -40, -20, 20, -200) (d) (0, -40, -10, 20, -200) (e) (0. -40, 0, 20, -200)
and if J; is weakly antiferromagnetic. Figure 10. Dispersion relations of the magnetic energy levels calculated

. . for CuO for various sets of spin exchange paramet®s Jnnn, J1, J2, J3).
Figure 10e shows thdm becomes (0.5, 0-0.5) only if The values of the exchange parameters and the magnetic energy are given

J1 =0, i.e., only if the spin ordering along the [Cufe)— in units of K. In terms of the reciprocal vectoas, b*, and c*, the wave
Cu(e)-0Ol. chain (Figure 5¢) has no influence on the stability ~Vvector points are given bf = (0, 0, 0),Y = (0, 0.5 0), L = (0.8, 0,
of the spin arrangement. In the LRO spin arrangement given %% a1dR = (0.5, 0.50% 0.5¢").
by the pointk = (0.5, 0,—0.5), each [Cu(a)O—Cu(b)- 7 Di .

) ; ! . Discussion
Ol chain has an antiferromagnetic arrangement as expected,

and each [Cu(a)O—Cu(c)-0O].. chain (i.e., the Cugxibbon The relative strengths of the spin exchange parameters
chain) has antfW)., spin arrangement as found for the GUO  needed to explain the magnetic superstructures of CuO using
chains in LiCuVQ.Y" In addition, each [Cu(2)O—Cu(d)- the Freiser method deviate somewhat from those estimated

O].. chain has a ferromagnetic spin arrangement while eachon the basis of spin dimer analysis by calculating)g. It
[Cu(a)-O—Cu(e)-O]. chain has ant{W). spin arrange-  should be recalled that the spin exchange parameters
ment?’ estimated from Ae)? values refer to the antiferromagnetic
Figure 10c,d shows thé&t, becomes incommensurate (0.5 termsJar, because the ferromagnetic terdgsvere ignored
+ 0, 0,—0.5+ €), whered ande are small positive numbers, in this analysis. It is important to have a rough estimate of
if J; is negative but close to zero. Our calculations show Jr to see whether the spin exchange parameters required by
that forJon = 0, Junn= —40 K, J, = 20 K, andJ; = —200 the Freiser method to explain the magnetic superstructures
K, km becomes (0.508, 6;0.483) when); ~ —3.6 K. This of LiCuVO, and CuO are reasonable.
incommensurate value is quite close to the observed incom- Each CuQ@ chain of LiCuvVQ, has two Cd&" ions per
mensurate super structure (0.506;-@.483). It is important ~ chemical unit cell. Since its superstructure (0, 0.532, 0) is
to note that the incommensurate superstructure becomesquivalent to the superstructure (0, 0.468, 0) xhealue of
commensurate by a small changelJinfrom —3.6 K to 0. the CuQ chains leading to the observed superstructure is
This finding is consistent with the experimental observation either 0.266 or 0.234 if each Cy@hain were regarded as
that the incommensurate structure becomes commensuratkaving one C' ion per chemical unit cell. Then, the use
by a slight lowering of the temperature (from 231 to 212.5 of x, = 0.266 and 0.234 in eq 14 leads ig/Jnnm = 0.40
K).7™ It is most likely that the temperature lowering induces and —0.40, respectively. Given thah.,, = —45 K, the Ju,
a slight change in the crystal structure, which in turn makes value can be either18 or 18 K. However, the choice of
the weak antiferromagnetic interactidnvanish. Jn = 18 K is correct because thige contribution toJy, is
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Table 5. Spin Exchange Parametels, and Jynn Estimated for the
CuG; Ribbon Chain of LiCuG,

Jnr/ke (K) Jnnrlke (K)
this worlé —4.3 —53
first principle$ 100 -62
first principle$ 142 —-22
neutron scatterirfy —2.8 1.9

aThe Jar values are based on the\d)? values. Reference 27.
¢ Reference 28¢ Reference 29.

Table 6. Comparison of the Geometrical Parameters Associated with
the Spin Exchange Patldg, and Junn in LiCuVOs,, Li,CuG,, and CuG

LiCuvO Li,CuQ,° Cudd
(a) Cu-O—Cu PathJy,
Cu-0 1.951 1.958 1.961
O—Cu 1.951 1.958 1.951
0OCu—0O—Cu 96.0 94.0 95.7
(b) Cu—0:---O—Cu Pathlynn
Cu-0 1.951 1.958 1.961
O---0 2.900 2.863 2.901
O—Cu 1.951 1.958 1.951
OCu—0---0 138.0 137.0 138.0
00:--0O—Cu 138.0 137.0 137.7

a2 The lengths and angles are in angstrom and degree units, respectively
b Reference 1¢ Reference 29 Reference 3.

weak (i.e.,—4 K, Table 1) and because thk value is
positive. As already pointed out, the repulsion intedtal
(= Je/2) of an SE interaction originates mainly from the O
2p-orbital tails residing on the same bridging oxygen atoms.
The Jy, interaction has two CaO—Cu superexchange paths.
Consequently, from),, = 18 K andJar = —4 K, the J¢
value per Cut-O—Cu path is estimated to be about 11 K.

A much greater estimate Jf is obtained by considering
the spin exchange interactions of,CuQ, which consists
of isolated Cu@ribbon chains. Table 5 lists thla, andJnn
values of its Cu@ chain calculated by first principles
electronic structure calculatiof$® as well as the corre-
sponding values from the present spin dimer analysis. Our
estimate for the SSE path,, is comparable to those from
the first principles calculations. The SE pdthis estimated
to be strongly ferromagnetic by the first principles calcula-
tions. Our estimate shows that the contribution of fhe
term toJn, is negligible, so that thé,, values estimated from
first principles calculations may be interpreted as reflecting
mainly the J- values. Then, thd,, value of 106-140 K
obtained from the first principles suggests thevalue of
50—-70 K per Cu-O—Cu path. This value o8 would be
an overestimate because the geometrical parameters of th
Jnn and Jonn paths of LpCuQ, are very close to those of
LiCuVvO, (Table 6).

It should also be pointed out that the spin wave of Li
CuQ; observed at 1.5 K from a neutron scattering st@dy
presents quite a different picture in terms of both the signs

(27) Mizuno, Y.; Tohyama, T.; Maekawa, S.; Osafune, T.; Motoyama, N.;
Eisaki, H.; Uchida, SPhys. Re. B 1998 57, 5326.

(28) de Graaf, C.; Moreira, I. de P. R.; lllas, F.; Iglesias, O.; Labarta, A.
Phys. Re. B 2002 66, 14448.

(29) Boehm, M.; Coad, S.; Roessli, B.; Zheludev, A.; Zolliker, M:;ngo
P.; Paul, D. M.; Eisaki, H.; Motoyama, N.; Uchida,Burophys. Lett
1998 43, 77.
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and the magnitudes @, and J.. (Table 5). According to
this study, the interchain SSE pail. along the & + ¢)-
direction has the strongest antiferromagnetic interaction (i.e.,
Jac = —4.5 K). The latter implies that the magnetic orbitals
representing the two spin sites of a spin dimer overlap more
strongly in theJ,. path than in thel,,, path. The latter is
highly unlikely, given that the two magnetic orbitals repre-
senting the C# spin sites are not coplanar in tldg path

but are coplanar in thé,, path. It is desirable to determine
the magnetic structure of }C€uQ, by neutron diffraction
measurements.

Our analysis of LiCuVQusing the Freiser method shows
that its magnetic superstructure originates essentially from
the tendency for each Cy@hain to have their spins order
antiferromagnetically. This tendency arises from the fact that
Jnnn < 0, Jnn > 0, andJnn < |dnnrl. Our estimates of the spin
exchange parameters are in agreement with this conclusion.
The incommensurate superstructure of LiCuMfiginates
from the fact that the NN interactiod, is nonzero.

The three interchain SE interactiods J,, andJ; of CuO

(Jar = —46,—55, and—870 K, respectively, Table 2b) each
have one CtO—Cu path. According to the above estimate
of Jg, theJ; andJ; interactions could become either weakly
ferromagnetic or weakly antiferromagnetic, whereaskhe
interaction should remain strongly antiferromagnetic (i.e., in
the range of—800 K). The latter estimate is in good
agreement of thgs value, —780 4+ 233 K, deduced from
the neutron scattering study.Both the incommensurate
superstructure (0.506, 0;0.483) and the commensurate
superstructure (0.5, 6;0.5) of CuO are explained in terms
of the total spin exchange interaction energies calculated by
the Freiser method. The conversion of the incommensurate
to the commensurate superstructure requires only a slight
change in the interchain interactiagh from —3.6 K to O.
The latter is fully consistent with the experimental observa-
tion that the incommensurate structure becomes com-
mensurate by a slight lowering of the temperature (from 231
to 212.5 K)7

8. Concluding Remarks

The magnetic superstructure of LiCuy®elow 2.1 K
shows that the NNN spins are antiferromagnetically coupled
in each chain, and hence, the NNN spin exchange interaction
Jnnn IS More strongly antiferromagnetic than the NN spin
exchange interactiody,. Thus, the intrachain spin exchange
?)arameter of-45 K, deduced from the magnetic susceptibil-
ity of LiCuVOy,, should be assigned thn, The magnetic
superstructure of LiCuV@is largely driven by the tendency
for each Cu@ chain to have their NNN spins order
antiferromagnetically. Our classical spin analysis of LiCuVO
using the Freiser method shows that the incommensurate
superstructure originates from nonzedg, and that the
observed incommensurate superstructure mdahnn
—0.40. The latter leads to the estimalg = 18 K. The
incommensurate superstructure (0.506;-0,483) of CuO
is explained by the Freiser method,Jf is weakly ferro-
magnetic and if); is weakly antiferromagnetic. The conver-
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