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In cupric oxide CuQ, each Cu?* ion has 12 nearest-neighbor Cu?* ions grouped into six pairs related by inversion
symmetry. The relative strengths of the Cu—O—Cu superexchange interactions in cupric oxide CuO were estimated
by spin dimer analysis to confirm that the strongest superexchange interactions form one-dimensional antiferromagnetic
chains along the [101] direction, and the remaining interactions are weak. We analyzed ordered arrangements of
these one-dimensional antiferromagnetic chains to examine why the antiferromagnetic phase transition of CuO
below 212.5 K adopts a (2a, b, 2c) superstructure. The local spin arrangement around each Cu?* ion is more
balanced in the ordered spin structures leading to a (2a, b, 2c) supercell than in any other ordered spin structures.

1. Introduction

The magnetic properties of cupric oxide CuO have been
examined extensively in studies including magnetic suscep-

tibility, 15 neutron diffractiorf; 8 neutron scatterinyNMR,0-12
and specific heat measuremetitsThis attention to CuO
resulted largely from the facts that many structural and
magnetic properties of CuO resemble those of Higbuprate

superconductors, and that CuO exhibits unusual magnetic
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properties. The structural building blocks of cupric oxide are
CuQ; ribbon chains made up of edge-sharing GwQuare
planar units. The three-dimensional lattice of CuO is con-
structed from these Cuyhains by oxygen corner-sharing
(Figure 1a)-* Because the ribbon planes of every two GuO
chains condensed by corner-sharing are not perpendicular
to each other (Figure 1b), each Ttsite is connected to its
10 adjacent Cit sites by four kinds of CaO—Cu super-
exchange paths [i.e., Cu@pP—Cu(2), Cu(1)-O—Cu(3),
Cu(1-0O—Cu(4), and Cu(LyO—Cu(5)] (Figure 1c). Each
CW?" ion is surrounded by two additional €uions uncon-
nected by a CtO—Cu superexchange path (Figure 1a). The
12 Cw#'ions around each Ctiion are grouped into six pairs
related by inversion symmetry.

As the temperature is increased abdwe = 231 K, the
magnetic susceptibility of CuO does not decrease according
to the Curie-Weiss law, but increases, passes through a wide
maximum at 540 K, and then diminish&sThus, CuO
behaves as one-dimensional (1D) antiferromagnetic chains
above Ty;. Below Ty = 231 K, CuO becomes a three-
dimensional collinear antiferromagnet with a magnetic mo-
ment 0.68s per C#' ion 2°which is considerably smaller
than the pure spin value 4g. CuO undergoes a phase
transition belowTy; to form an incommensurate antiferro-
magnetic structure with propagation vector (0.506;0,483).
Below Ty, = 212.5 K, the latter is transformed into a
commensurate antiferromagnetic structure with propagation
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Figure 1. (a) Perspective view of corner-sharing Gu@bon chains in
cupric oxide CuO. (b) Zoomed-in view of corner-sharing Gu@bon
chains. (c) Zoomed-in view of a CuyQ@ibbon chain showing the unit cell
vector directions. The strongly interacting €0—Cu superexchange paths
are presented by filled cylinders.

vector (0.5, 0,-0.5)%° Thus, the magnetic phase transition
below Ty, doubles the unit cell along thee andc-directions.

It has been identified that the strongest antiferromagnetic
interactions between the adjacent?Cions of CuO occur
along the [10] direction through the superexchange paths
having the largestiCu—O—Cu angle (i.e., 145%, i.e.,
Cu(1)-0O—Cu(2). (In Figure 1b,c, the CuO bonds repre-
senting these paths are indicated by filled cylinders.) This is
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Table 1. Geometrical Parameters antigj? Values Associated with the
Four Superexchange Paths Cu{D—Cu() (j = 2—5) of CuCb

path  Cu--Cu Cu-0 OCu—0O—Cu —(A€? —Jar
j=2 3.749 1.961, 1.961 145.8 51500 73
j=3 2.901 1.961, 1.951 95.7 3360 4.8
j=4 3.173 1.951,1.951 108.9 1160 1.6
j=5 3.083 1.951, 1.961 104.0 360 0.5

aThe distances in A units, and the angles in dtghe —(Ae)? values
are in units of (me\A, and the—Jar values in units of meV.

+ 20 meV from the spin-wave velocity = |J|d = 250 +
75 using the distance between the nearest neighbor?Cu
ions along the [10[Ldirection (i.e., 3.75 Af. This agrees
well with the value of 73 me¥ estimated from the
relationship|J] = 1.56(kgTmad® for the magnetic susceptibil-
ity of a 1D antiferromagnetic Heisenberg chain usifgx
= 540 K} where Tnax is the temperature at which the
magnetic susceptibility is maximum. Thég value of CuO
is approximately half that estimated for 4GuQ, (i.e., 115
meV)’

A structural motif and magnetic properties similar to those
of CuO are also found for paramelaconite,Og*¢*° The
Cw,0; lattice of C@#t ions, which results from C@; by
removing the diamagnetic Cuons, is made up of corner-
sharing Cu@ribbon chains. The magnetic susceptibility of
Cw0s shows a maximum around 75 K and a sharp decrease
below 42.3 K!® The magnetic phase transition below 42.3
K leads to a supercell (2a, 2b, 28)i.e., it doubles the unit
cell along each crystallographic direction. Recently, we have
showrf® that the magnetic properties of £ and its
isostructural analogue AGu,05?'2% are well explained on
the basis of the relative strengths of their -€D—Cu
superexchange interactions estimated by spin dimer analysis.

The spin exchange interactions between the 1D antifer-
romagnetic chains of CuO have been regarded as weak
because the associate€u—O—Cu angles are much closer
to 9C° than to 180 (Table 1). To a first approximation,
therefore, the incommensurate and commensurate magnetic
superstructures of CuO are ordered structures of the 1D
antiferromagnetic chains. Nevertheless, it is not well under-
stood whether an ordering of the 1D antiferromagnetic chains
gives rise to other magnetic superstructures equally probable
as the (2a, 0, 2c) superstructure and whether the interactions
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Table 2. Exponents;; and Valence Shell lonization Potentidlg of

V. Slater-Type Orbitalg; Used for Extended Hkel Tight-Binding
A Calculatior?
atom Hii (eV) Gi o g CP
0, Ae 4, Cu 4s -11.4 2.151 1.0
Cu 4p —6.06 1.370 1.0
Cu 3d —14.0 7.025 0.4473 3.004 0.6978
J (0] 2s —32.3 2.688 0.7076 1.675 0.3745
v o} 2p —14.8 3.694 0.3322 1.866 0.7448
'+

aH;’s are the diagonal matrix elementg|He"|yi) where Heff is the
effective Hamiltonian. In our calculations of the off-diagonal matrix elements
Hij = Oti|He| 0 the weighted formula was used. See: Ammeter, JigBu
H.-B.; Thibeault, J.; Hoffmann, RJ. Am. Chem. Sod 978 100, 3686.
b Coefficients used in the doubleSlater-type orbital expansion.

Figure 2. Orbital interaction diagram between two magnetic sites in a
spin dimer, where the spirorbital interaction energye is defined as the
energy difference of the two singly filled orbitals of the spin dimer.

between the 1D antiferromagnetic chains possess anyg,. If Aeis the spin-orbital interaction energy (Figure 2)
energetic or statistical factor favoring the (2a, 0, 2c) super- betweeng; and ¢,, then the antiferromagnetic terdae is
structure. In the present work, we probe these questions byrelated toAe ag6:20.28.29,31

evaluating the relative strengths of the various-@+Cu

superexchange interactions of CuO on the basis of spin dimer Jar = — (AU 1)
analysis and then analyzing possible orderings between the

1D antiferromagnetic chains that double the unit cell along V\:herle Ueflf Its Jhe effef_tlve I_(()jn-stlte rer;ulsmn. Ig(t))r a se: of
the a-, b-, andc-directions. closely related magnetic solids, thies value would be nearly

constant and hence could be used to approximate antiferro-
2. Spin Dimer Analysis magnetic] by —(Ae)220:30

In calculating theAe values for various spin exchange
paths of the CuO lattice, it is necessary to specify the
corresponding spin dimers. Within each Guibbon chain,
the spin dimer for the nearest-neighbor interaction is the
edge-sharing dimer GOs. Between adjacent corner-sharing
CuG; ribbon chains, the spin dimer for the nearest-neighbor
interaction is the corner-sharing dimer £y. Table 1
summarizes some geometrical parameters associated with the
spin dimers of CuO*

In describing the spin exchange interactions of magnetic

The strengths of spin exchange interactions (i.e., spin
exchange parameted’ in an extended magnetic solid can
be determined by performing electronic structure calculations
for the high- and low-spin states of spin dimers (i.e.,
structural units consisting of two spin sit&s¥® or electronic
band structure calculations for various ordered spin arrange-
ments of a magnetic solf. In understanding physical
properties of magnetic solids, it is often sufficient to estimate
the relative magnitudes of thelivalues on the basis of tight-

bind_ing electronic structure cal_culatioif@.ovZHO In general, solids in terms ofAe values obtained from extended tkel
a.spin exchange paramegas written as] = Jg + Jar, where_ molecular orbital calculation®;33it is found necessaf§2°0

the ferromagnetic ternd: (>0) is _sm{all io that the spin to employ doublé: Slater type orbitals (STO¥)for both
exc_?ange becomes ferroma<gnet.|c ("b‘l'. gl) when”the the d orbitals of the transition metal and the s/p orbitals of
antiferromagnetic termxe (<0) is negligibly small in 0 surrounding ligand atoms. The atomic orbital parameters
magnitude. Splp exchange !nteracnons of magnetic solids of Cu and O employed for our calculations are summarized
are mostly antflferromagnet|ch(|.eJ <f 0) and can be i Table 2. TheAe values are affected most sensitively by
discussed by focusing on the antiferromagnetic terms, the exponent’ of the diffuse STO of the O 2p orbital. Our

16,20,28-30 . . .
Jne- studied®3° on other magnetic solids show that tilevalue

Suppose that each spin site of a magnetic solid contains, gy qpriate for studying spin exchange interactions of
one unpaired electron, the two spin sites of a spin dimer are ;5 gnetic oxides should be increased from that of Clementi

equivalent, and the two spin sites of a spin dimer are 54 Roetf4 by 10-13%. Thel” values of the O 2p orbitals
represented by nonorthogonal magnetic orbitals (i.e., singly jisted in Table 2 are those increased by 12.5%.
occupied molecular orbitals of the spin monomefsyand

3. Relative Strengths of Spin Exchange Interactions
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Figure 3. Eight possible spin arrangements in the 13 Cions connected, by
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(d)

(2a, b, 2¢)
(9)

superexchange paths, to a givéh i6n. The up-spin and down-spin €u

(2a, b, 2c)

(h)

sites are indicated by shaded and unshaded circles, respectively. For convenience, the cénimal i€assumed to have an up-spin. The arrangements a
and b retain the chemical unit cell (a, b, ¢). The arrangements ¢ and d lead to a (2a, 2b, 2¢) supercell, the arrangements e and f to a (a, 2b, cjisupercell, an

the arrangements g and h to a (2a, b, 2c) supercell.

the Cu(1)}-O—Cu(2) paths. As expected, the antiferromag-
netic exchange interaction through the Ce{@®—Cu(2) path

cell (@ b, c) or double the unit cell along tha-, b-, or
c-direction. With this restriction, there are only eight different

is by far the strongest. The second strongest antiferromagnetiavays of ordering the 1D antiferromagnetic chains surround-

exchange interaction occurs through the Ca{@)-Cu(3)
paths. The remaining two superexchange paths 1)
Cu(4) and Cu(1)yO—Cu(5) provide much weaker antifer-
romagnetic interactions. It is noted that the Ct{@)-Cu(3)
path has a smalldflCu—O—Cu angle than do Cu(H)O—
Cu(4) and Cu(yO—Cu(5) (i.e., 95.7 vs 108.9 and
104.0), but it provides a stronger antiferromagnetic interac-
tion. The Cu(l) and Cu(3) atoms are connected by two
Cu—0—Cu bridges. In contrast, the Cu(1) and Cu(4) atoms
are connected by a single E@—Cu bridge, and so are the
Cu(1) and Cu(5) atoms.

For the Cu-O—Cu superexchange interaction of,CaiQ,,
the Jar value is estimated to be-145 meV from our
calculation of Ae)? usingUe = 705 meV. The Ca-O—Cu
superexchange path of }&uQ,% has a shorter CuO bond
length (i.e., 1.907 A) and a larg&fCu—O—Cu angle (i.e.,

174.5) than does the strongest superexchange path of CuO

(i.e., Cu-O = 1.961 A and OCu—O—Cu = 145.8).
Consequently, the antiferromagnetic superexchange interac
tion is much stronger in L&UO, than in CuO. It should be
noted that thelar value of —145 meV is not far from thd
value of =115 meV estimated experimentaflyThus, it is
expected that the relative strengths of the spin exchange
interactions of CuO determined from the calculatea)?
values are reliable.

4. Ordering of the One-Dimensional Antiferromagnetic
Chains

It is important to investigate what possible commensurate
magnetic superstructures of CuO result from ordering of 1D

ing a given 1D antiferromagnetic chain (Figure-3g. The

two spin arrangements of Figure 3a,b retain the chemical
unit cell. The ordered spin structure of Figure 4a results from
the spin arrangement of Figure 3a, and that of Figure 4b
results from the spin arrangement of Figure 3b. The two spin
arrangements of Figure 3c,d lead to a supercell (2a, 2b, 2c¢).
The ordered spin structure of Figure 4c is obtained from the
spin arrangements of Figure 3c,3d. The two spin arrange-
ments of Figure 3e,f give rise to a supercell (a, 2b, ¢). The
ordered spin structure of Figure 4d results from the spin
arrangements of Figure 3e,f. Finally, a supercell (2a, b, 2c)
is derived from the spin arrangements of Figure 3g,h. The
ordered spin structure of Figure 4e is obtained from the
patterns of Figure 3g,h.

5. Discussion

Table 1 shows that the three Cutl)—Cu() (j = 3—5)
superexchange interactions, which control the interactions

between the 1D antiferromagnetic chains, are weak. Thus,
one might speculate that the three interchain superexchange
interactions can be either weakly ferromagnetic or weakly
antiferromagnetic. Then, all the eight possible spin arrange-
ments of Figure 3ah are equally probable. This leads to
the prediction that, at temperatures belBy, a unit doubling
should be observed not only along taeand c-directions

due to the spin arrangements c, d, g, and h, but also along
the b-direction due to the spin arrangements c, d, e, and f.
The latter prediction is inconsistent with the results of the
available experiments?® Consequently, it is necessary to

antiferromagnetic chains. For simplicity, we limit our discus-
sion to those orderings that either keep the chemical unit

1190 Inorganic Chemistry, Vol. 42, No. 4, 2003
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Table 4. Local Spin Distributions around €t lons in the Ordered
Spin Structures of CuO that Result from the Ordering of 1D

V Antiferromagnetic Chains
casé superstructure spin distributi®n  Ncs@® Nncse
a (a, b, c) to(4h, 8) 0 5
(8t 4) 0
b (a, b, c) (41, 8) 0 5
I (8t 4) 0 5
c,d (2a, 2b, 2c) . (61, 6)) 0 5
. (61, 61) 0 5
e, f (a, 2b, c) (41, 8) 4 1
@b @b.c) (8t 4 4 1
(a) (b) g, h (2a, b, 2c) t: (61, 61) 4
. (61, 6%) 4 1

aThese cases are defined in Figure? 3The notations are defined as
follows: for example}: (mf, nl) means that the 12 spins surrounding each
up-spin C@" site divided intom up-spins andh down-spins¢ Ncsprefers
y to the number of compensating spin pairs, &ladsp the number of non-
compensating spin pairs.

leading to the (2a, b, 2c) supercell over the other ordered
spin structures. Thus, we analyze the local spin distributions
around each spin site. As already pointed out, each Cu
ion is surrounded by 12 nearest-neighbofCons grouped
into six pairs of C&" ions related by inversion symmetry at
the central C&" ion. The 10 nearest-neighbor €uons that
are not involved in making a 1D antiferromagnetic chain
with the central C#" ion lie within the narrow distance range
2.90-3.17 A (Figure 1, Table 1). It is of interest to see how
up-spins and down-spins are distributed among the 12
nearest-neighbor spin sites surrounding each spin site. Table
W Wy 4 summarizes these local spin distributions in the ordered
74’4'4”';'19 spin structures derived from the eight spin arrangemenlis a
SORIKOR of Figure 3. The 12 Cll ions surrounding each €uion
are divided into equal numbers of up-spin and down-spin
(2a, b, 20) ions in the ordered spin structures leading to the (2a, b, 2¢)
(e) and (2a, 2b, 2c) supercells, but into unequal numbers of up-
e 4 Ordered soin struct derived from the eiaht ble soi spin and down-spin ions in the ordered spin structures leading
Flgure 4 ordered shin suclyes defived o ihe eight Possle 5 1o the (a, 2b, c) supercellor retaining the chemical unit cel
from the pattern of Figure 3b, (c) from the patterns of Figure 3c,d, (d) (&, b, ). Thus, in terms of the numbers of up-spin and down-
from the patterns of Figures 3e,f, and (e) from the patterns of Figures 3g,h. spin ions around each spin site, the local spin arrangement

(2a, 2b, 2¢) (a, 2b, ¢)

(c) (d)

Table 3. Nature of the Spin Ordering along the CutD—Cu() (j = around each CZU ion is balanced only in the ordered spin
2—5) Spin Exchange Paths in Cupric Oxide CuO structures leading to the (2a, b, 2c) and (2a, 2b, 2c) supercells.
Cu(1)-O—Cu()® To further distinguish the ordered spin structures possess-
cas€ superstructure j=2 i=3 j=4 i=5 ing the unit Ce'”5 (a, b, ), (a, 2b, C), (?a,.b7 2.0), ?nd (2a, Zl?,
a (@ b, 0) AEM EM AEM AEM 2c), we examine the nature of spin distribution in each pair
b (a, b, c) AFM  AFM AFM  FM of spin sites related by inversion symmetry at eaci™Cu
c,d (23,2b,2c)  AFM  AFM,FM  FM AFM, FM site. Of the six pairs of spin sites surrounding each spin site,
e f (a, 2b, c) AFM ). AFM (1) L 4 tof 1D antif tic chain with
g.h (2a, b, 2¢) AEM i), M (e one pair is used to form a 1D antiferromagnetic chain wi

ath for 10 those listed in Fiouré Bhe Cu(L}-O—C the central C¥" ion. Thus, only the spin arrangements in
supereiiﬁacn?: ?);?hsrarc; dec;isneedlsir:9 FilgnurelglL::r. Th'eesyrlrjl(bgl_s AFl\kllGaznd FM .the remalnlng five pairs are mportapt for the Inte_rCham
mean antiferromagnetic and ferromagnetic arrangements, respectively.  interactions. In each of these five pairs, the two spins can

be either opposite (i.e., compensating) or identical (i.e.,

consider that there exists an energetic factor favoring the noncompensating). The number of compensating spin pairs
spin arrangements g and h over the spin arrangemerits a  (Ncsp and that of noncompensating spin paMsdsp around

Table 3 summarizes the nature of the long-range spin each spin site in the ordered spin structures of Figureeda
ordering along the directions of the Cu{i)—Cu(2), are summarized in Table 4. The spin distribution around each
Cu(1-0O—Cu(3), Cu(1)>0O—Cu(4), and Cu(LyO—Cu(b) spin site is more balanced whBigspis larger. Thus, in terms
spin exchange paths in the ordered spin structures of Figureof the number of compensating spin pairs around each spin
4a—e. From the consideration of these long-range spin orders,site, the local spin arrangement around each @mn is much
it is not clear why CuO prefers the ordered spin structures better balanced in the ordered spin structures leading to the

Inorganic Chemistry, Vol. 42, No. 4, 2003 1191
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unit cells (2a, b, 2¢) and (a, 2b, c) supercells than in those chains are weak. Thus, the magnetic superstructures of CuO
leading to the unit cells (a, b, ¢) and (2a, 2b, 2c). can be viewed as ordered structures of the 1D antiferromag-
This discussion reveals that the local spin arrangementnetic chains. Our analysis of the local spin arrangements in
around each Ct ion is most balanced in the ordered spin ordered spin structures possessing the unit cells (a, b, ¢), (a,
structures leading to the unit cells (2a, b, 2c) both in terms 2p, c), (2a, b, 2c), and (2a, 2b, 2c) reveals that the local spin
of the numbers of up-spins and down-spins around each spingrrangement around each @ton is most balanced in the
site and in terms of the number of compensating spin pairs ordered spin structures leading to the unit cells (2a, b, 2c)
around each spin site. The experimental observation of thepgoth in terms of the numbers of up-spins and down-spins
(2a, b, 2c) supercell beloW; leads us to conclude that such  5round each spin site and in terms of the number of
a balanced local spin distribution around a spin site with compensating spin pairs around each spin site. From the
?nversion _symmetry is energetically favorable. If this facto_r experimental observation of the (2a, b, 2c) supercell below
is weak, it would be possible to observe weak magnetic 1 it is concluded that such a balanced local spin distribu-
reflection peaks corresponding to the (a, 2b, ¢) and (2a, 2b'tion around a spin site with inversion symmetry is energeti-

2c) supercells. cally favorable.
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