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Lattice distortion and magnetolattice coupling in CuO
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High-resolution powder x-ray-diffraction measurements on cupric oxide CuO are carried out in an extensive
temperature range from 100 K to 1000 K. Anomalies in the lattice constants appear at the known antiferro-
magnetic phase transitions &f; =230 K andTy,=213 K, respectively, suggesting strong spin-lattice cou-
pling in CuO. The Rietveld analysis with precise x-ray-diffraction data between 300 K and 1000 K clarifies a
different structural phase transition at 800 Kgf. Below 800 K, anisotropic behaviors in the Cu-Cu distances
are observed along tf[é.OT] and[101] directions. The Cu-Cu distance anthT] hardly changes in the
temperature range beloilvs, which is similar to the temperature dependence of the Cu-Cu distance in the
CuO, plane of the highF cuprate La_,Sr,CuQ,. We suggest that the structural phase transition is caused by
the softening ofAé Raman mode afs. The present study elucidates a strong spin-lattice coupling in CuO
below T, indicating persistence of magnetic interaction up to 3.5 times higher-temperature regidnthan
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I. INTRODUCTION lattice in copper oxides strongly correlate to each other.

Therefore, we think that the understanding of the correlation

The role of copper-oxygeiCu-O) bonds in the occur- mechanism is very important for the study of superconduc-
rence of superconductivity in Cu-based high-supercon- tivity in HTSC. The discovery of charge stripes in CuO sug-

ductors (HTSC) has stimulated many reinspections on thegests that CuO is a model compound for studying charge-

physical properties of cupric oxide, CuO, since CuO is thespln—lalttlce correlation. On the basis of 'FhIS concept_, we hgve
simplest compound containing Cu-O covalent bonds. Thé&Xtensively measured physical properties of CuO in a wide
magnetic properties, in particular, have been investigatefAN9€ of temperature including electric resistivity, magnetic

; ; o i ; . susceptibility, dielectric constant, heat-capacity, electron-
in detail because it is believed that the magnetic COUplm%iﬁrac[t)ion ;nd et difframtion measurem%ﬁ?sl%'zoso‘“
between 8 CW' spins plays an important role for ' y )

superconductivity in HTSG? Heat-capacity® and Another important result of these investigations is the finding

neutron-scatterirfg® measurements revealed two successiv of a different charge-spin-lattice coupled phase transition in
U0 at 800 K: anomalies in the electric resistivity, magnetic

magnetic transitions; Incommensurate antlferromagnetlgusceptibi"ty’ and heat capacity in the vicinity of 800 K, and

(AF) phase betweerTy; =230 K 3?1? Thn2=213 K, find lattice distortion below 800 KTg) are observed. Except for
commensurate AF phase beldii,."~ The AF transition, o+ preliminary x-ray-diffraction studies, to our knowledge,

however, is extraordinary being compared with that in other,, stryctural study on the temperature dependence of the
monoxides of 8 transition metals such as MnO, FeO, CoO, crystal structure of CuO has been ever reported to date. The
and NiO: the magnetic susceptibility only shows a subtlepyrpose of this work is to understand the phase transition
change atTy;, Tnp,*"?7'®and a broad maximum value through a detailed structural study. We have thus carried out
around 540 K." Another anomalous magnetic property is synchrotron x-ray diffraction on CuO at temperatures rang-
that the magnetic moment beloWy, is only 0.68 per Cu ing from 100 K to 1000 K. We demonstrate that strong mag-
spin®8 Although these features are explained by a quasi-onenetolattice correlation exists in CuO and that the lattice dis-
dimensional spin systef:>'8%there are still a lot of con- tortion at 800 K corresponds to a change of the local O
troversy about the magnetic structure in CuO. ionic coordination around Cii ion, which is attributed to
Recently, our group found different features in CuO: di-the softening of the\é Raman mode.
rect observation of charge ordering and charge stripes at am-
bient conditions® which is the first report, to our knowl- |, oy oEo ENTAL PROCEDURES AND DATA ANALYSIS
edge, of an experimental evidence to show a link between
CuO and HTSC. The charge ordering and charge stripes, The present study was based on two independent experi-
together with alternated spin stripes, have previously beements carried out at SPring-8, BL-02Bbw-temperature
observed in HTSC, such as 48Sr,CuQ,, YBa,Cu;0;_ 5, measurement between 100 and 300 K, and high-temperature
and B,SKLCaCy0y.2172° The alternated domain structures one between 300 and 1000 K, respectiyeBowder samples
of charge stripes and spin stripes are considered to be intrinvere prepared by grinding high-quality single crystals,
sic properties of HTSC. Furthermore, Biancaial. sug-  which were grown by the vapor-growth meth®drChis beam
gested that dynamic one-dimensional modulation with alterline is designed for the research of accurate structure analysis
natively distorted and undistorted lattices exists inwith powder samples and is able to collect high-angular reso-
HTSC?~?° These results show that the charge, spin, andution powder-diffraction data using a Debye-Scherrer cam-
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TABLE I. Structural parameters of CuO refined by the Rietveld analysis at high temperatures. The crystal model for the refinements is
space groufC2/c (No. 15, 4 Cu in 4¢): (3,3,0:3,20:4,2 4.2 2 1y 40in4(@): (0y,3:3.2+y,3:0y.2:3.3-vy,3).

T (K) a (A b (R) c (A) B (deg) Vv (A?) y (O) B (Cu B (0) Rwp/Rexp

99.8 4.6845711)  3.422199)  5.1288712 99.70379) 81.0473) 0.41955 0.191) 0.523)  3.35/1.36
119.2  4.6843@1)  3.4224%9) 5.1288312) 99.69679) 81.0513) 0.41996) 0.171)  0.394)  3.42/2.69
1385  4.6842011) 3.422579) 5.1286713) 99.68939) 81.0504) 0.41975 0.191) 0.433)  3.48/2.68
157.9  4.684181)  3.422629) 5.1286613) 99.68089) 81.0524) 0.42135 0.201) 0.463)  3.46/2.69
177.2  4.684261) 3.422649) 5.1287113) 99.67129) 81.0584) 0.42085) 0.221) 0.473)  3.37/2.69
196.6  4.68446l1) 3.422639) 5.1287812) 99.65779) 81.06%3) 0.42175 0.241)  0.523)  3.38/2.69
206.2  4.6845(011) 3.4225%9) 5.1286612  99.64979) 81.0643) 0.42135 0.281) 0.503)  3.29/2.69
2159  4.6844Q11) 3.422388) 5.1285312)  99.63939) 81.0593) 0.42155) 0.281)  0.473)  3.29/2.69
225.6  4.6844@l1) 3.422099) 5.1284412  99.62619) 81.0553) 0.42085 0.301) 0513)  3.27/2.69
2352  4.6844[1  3.421979) 5.1285712) 99.61239) 81.0563) 0.421G5 0.311) 0553)  3.24/2.67
244.9  4.6844@1) 3.422029) 5.1285313) 99.60009) 81.06G4) 0.42125) 0.321) 0573)  3.22/2.68
273.9  4.6848Q11)  3.422729) 5.1292413) 99.56709) 81.1034) 0.42155) 0.352)  0.623)  3.24/2.67
293.3  4.6855Q11) 3.423749) 5.1302313) 99.54519) 81.16G4) 0.42115 0.412) 0.774)  3.17/1.34

400 4.68889) 3.43186) 5.137198) 99.4195)  81.542)  0.4252) 0.445) 26723  2.45/2.03
450 4.69118) 3.43485) 5.13989) 99.3665)  81.712)  0.4232) 0.404) 1.8317)  4.02/0.94
500 4.69197) 3.43565) 5.14167) 99.31G4)  81.792)  0.4272) 0515) 22419  4.07/0.96
550 4.69389) 3.43725) 5.14398) 99.2635)  81.912)  0.4292) 0.635 2.2720) 3.94/1

600 4.695%8) 3.43796) 5.14618) 99.2195)  82.012)  0.4302) 0.675) 2.6521)  3.92/1.02
650 4.700%4) 3.43993) 5.14994) 99.1783)  82.211)  0.4271) 0.794) 1.9616)  2.64/1.61
700 4.70278) 3.44185) 5.15289) 99.1125)  82.352)  0.4272) 0.936) 2.4023  4.42/1.05
750 4.70586) 3.44304) 5.15497) 99.07%4)  82.472)  0.4352) 0.695 1.7220) 3.71/1.24
800 4.70747) 3.44295) 5.15627) 99.0544)  82.522)  0.4372) 0.825) 1.8620) 3.46/1.28
820 4.70987) 3.44364) 5.15797) 99.0444)  82.612)  0.4332) 0.926) 2.5021)  3.33/1.32
840 4.71118) 3.44396) 5.1599) 99.0355)  82.663)  0.4272) 0.987) 3.0527) 3.67/1.37
860 4.71317) 3.44425) 5.16017) 99.0274)  82.732)  0.4292) 1.066) 2.4321) 3/1.39

870 4.714%5) 3.44533) 5.16165) 99.0423)  82.802)  0.4261)  1.145 23217  2.64/1.6
880 4.71487) 3.44485) 5.16187) 99.0244)  82.802)  0.43%11) 1.096) 2.4021)  2.96/1.42
900 4.71747) 3.44545) 5.16367) 90.0184)  82.892)  0.4302) 1.106) 2.4121)  2.94/1.44
920 4.71976) 3.44494) 5.16477) 99.0144)  82.942)  0.4292) 1.206) 2.7922)  2.88/1.46
940 4.720%6) 3.44544) 5.16546) 90.0124)  82.972)  0.4302) 1.246) 26721  2.87/1.48
960 4.72166) 3.44614) 5.16647) 99.0124)  83.032)  0.4291) 1.276) 2.4220) 2.84/1.48
999 4.723%) 3.44494) 5.16666) 99.0063)  83.042)  0.4292) 1.356) 26121  2.85/1.48

era with an imaging plate. The incident x-ray was monochrogroup isC2/c (No. 15 with C/?* ions occupying the sym-
matized by a double crystal monochromator tuned to the
y y etry S|te 4(;) (4;4;0) (?11}11%) (4!4!0) (}1143115) and

wavelengths of 0.5 A for both experiments. The temperature
of the sample was controlled by a nitrogen gas flow cryosta®?  i0ns 4€): (0y.7), (5.3+Y.7), (0y.3), (3.3-y.3)
in the low-temperature experiment, and a high-temperatureith y=0.4184. The crystal symmetry did not change at the
gas flow system in the high-temperature measurement, réemperature range measured because the new appearance or
spectively, with the temperature deviation within 1 K. Pow- the annihilation of peaks could not be observed in the pow-
der patterns at temperatures ranging from 100 K to 1000 Kder patterns. The refinements of each powder pattern, finally,
were collected over the@range of 0°—68° in a step angle resulted in good values of the weight&dfactor, R, be-
of 0.01°. All powder-diffraction data were analyzed by the tween 0.02 and 0.0ésee in Table)l
Rietveld method, using the computer programTan-2000>*
For the refinements at each temperature, intensity data in the . RESULTS
26 range of 8°-60° were used. TRETAN-2000has a choice . .
over four kinds of peak profile functions and we finally se- A. The temperature dependences of the lattice constants in the
lected the Toraya’'s split pseudo-Voigt function because of range of 106-300 K
high flexibility as profile fitting. The temperature dependences of the lattice conssabts

The crystal structure of CuO at ambient condition wasc, 8, and volumeV at low temperatures are shown in Fig. 1
first investigated by Tunelet al® and then, the structural including the indicators oy, and Ty,. The crystal lattice
parameters were refined by Asbrink and Norfbyhe space changes corresponding to the magnetic phase transition are
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i ' The unit cell of CuO is monoclinic with a lower symme-
&~ 85 : . 1 try than other 8 transition metal monooxides, which are all
oL ' ' cubic. Therefore, it is considered that the extraordinary
; 8110 | . . . physical properties of CuO are probably caused by the lower
£ ! . symmetry and it is of interest to investigate the lattice distor-
—g 81.05 | ..-—--—-’I"'f"i . Tm . tion of CuO as a function of temperature. Shown in Table |
> . . . v . are the lattice constants, b, ¢, and 8 obtained from the
100 150 200 250 300

Rietveld analysis at various temperatures. The temperature
dependences are shown in Fig. 2 with each lattice constant
normalized by the values at 400 K, respectiv@lyhowever,

FIG. 1. The temperature dependences of the lattice constants #tas normalized by a formula-238/5(400 K) becaus¢ has
low temperatures. an inverse temperature dependence. The results qualitatively

agree with the results of our preliminary experimelitspt

clearly seen in these plots. First, the lattice constants exceghow clearer changes at 800 K. All normalized lattice con-
for B hardly change belowWy;, indicating the coupling of stants monotonously increase with increasing temperature at
the spin ordering to the lattice. Second, all of the latticethe same rate until 800 K, above which they show different
constants show small changes in the temperature dependeriégperature dependences. At temperatures higher than 800
at Ty; and Typ. K, a shows a rapid increase with increasing temperattre,

Previously we have reported the signatures of the chargeshows the nearly same rate, whiteand 8 show a much
spin-lattice coupling at the antiferromagnetic transitidgng ~ smaller temperature dependence. These imply that a struc-
and Ty, in dielectric constant measuremehts® Recently ~ tural instability like a structural phase transition occurs
further confirmation of this coupling has been made by thearound 800 K. Actually, heat-capacity measurement using
observation of abrupt steps on the temperature dependenglean single crystals showed that a second-order-like phase
curves of the thermal expansion coefficidht. transition occurs in the vicinity of this temperatdfeDe-
Kuz’'menko et al. also reported a spin-phonon coupling in tailed analysis of the structural change at the transition re-
CuO3® Therefore, we conclude that the lattice anomaliesvealed three specific features on the structure as are detailed
aroundTy; and Ty, are a direct witness of the magnetolat- below.
tice coupling. It is noted that there is a noticeable change in
the temperature dependenceaairound 150 K. In a previous
report of Mssbauer-source experiment, an unusual tempera-
ture dependence of the electric quadrupole interaction near o .
150 K was indicated® The present result clarifies that it is ~ The crystal structure of CuO, as shown in Fig. 3, consists
caused by a structural transformation. of a stack of CuO ladders alorid. 10] and[110] which

Temperature (K)

C. The intersecting and bending angles between two CuO
ladders
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FIG. 4. The temperature dependences of the intersecting angle
0, and the bending anglé,, which correspond to the angles of
0O(5)-0(1)-0O(7) and Q6)-O(1)-O(8), respectively. The oxygen po-
sitions are indicated by the numbers in parentheses according to
Fig. 3b).

FIG. 3. The crystal structure of CuO. The four nearest-neighbodistance alond101]. The temperature dependence of the
oxygen ions around a copper ion form a parallelogréanSharing ~ Cu-Cu distances abruptly changes at 800 K.TAt800 K,
the side of the parallelograms, two CuO ladders running alonghe temperature dependence is actually identical for the two
[110] and[110], respectively, are showr{b) The oxygen ions directions, while it is anisotropic af<800 K. The Ci3)-
around the copper ion can be also viewed as a distorteds CuOCu(4) distance along th¢101] direction turns to become
octahedral coordination, which is shown by the dim gray hatch. Thealmost constant al <800 K, while the C(1)-Cu(2) dis-

copper and oxygen ions at different sites are denoted by the numance continues to decrease monotonically with decreasing
bers in parentheses, which are used to indicate the distances afgimperature.

angle between ions.

E. The O?~ ion coordination around Cu®* ion
intersect in the direction ¢f001] by sharing G ions. The Another structural view of CuO can be drawn by consid-

relation between the two ladders can be represented by tr&ing that the four nearest-neighbof Oions and two next

intersecting and bending anglég and 0,: 0, is the angle  \o5re5t & jons (which are on the intersecting Cu-O ladder
between the running directions of the two ladders anthe around a C&" ion form a strongly distorted octahedral (4

angle between the parallelograms in each ladder. It should b$2) coordination as shown in Fig(t8 by the gray section.

noted that a statical precision 6f is much better than that ey arkable changes can be observed in the octahedral coor-

of 6, though the oxygen position shows comparatively ayination below and above 800 K. The temperature depen-
large uncertainty. This is becauge has no relationship with

the oxygen position, i.e.§; can be directly estimated from — T

the lattice constanta and b using the following formula: s22r ' o 1
cosé,=(b*—ad)/(a?+b?. As shown in Fig. 4,6, and 6, : J376
show contrasting temperature dependences below and aboy sar ‘ ]
800 K; #, becomes nearly temperature independent at lowel ~ m cmgat o & v - ~
temperatures, whilé, shows a maximum value at 800 K. It < %20 ® eTer T ‘ 137 f(,
should be noted that on precision of the fitting parameters theva = . S
errors ofy axis of the G~ ions are larger than those of other 3319 e {374 &
structural parameters, and therefore the erroé.ofs larger = e : g
than that of#; becausef; is calculated only from lattice ~°5 318 —— ' 1373 >
constants, b. o | & :

D. The Cu-Cu distances AN SRV ke

0 200 400 600 800 1000

The change in the lattice constants is directly linked with
the positional relation between €u ions, especially, it is
interesting to investigate the Cu-Cu distances along the spin- £, 5 The temperature dependences of the Cu-Cu distances.

ordering dil’eCtiOI{lOT] and other directions. Shown in Fig. Numbers in parentheses are according to Fil).3s is indicated
5 are the C(l)-Cu(2) distance alon§101] and C3)-Cu(4) by a broken line.

temperature (K)
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FIG. 6. The temperature dependences of the O-O distances and
the O-Cu-O angles in the distorted Cyi@ctahedron shown in Fig.
3(b). The numbers in parentheses are according to Hig. Ihe
copper and oxygen coordination is indicated in the inset.

Bg2: 633 cm!

dences of the O-O distances and O-Cu-O bond angles are
shown in Fig. 6. The O-O distances in the parallelogram FIG. 7. Raman mode displacements of CuO. The values of ex-

become identical and the O-Cu-O angles become 90perimental phonon frequencies by Kliche and Popésée Ref. 47
when the temperature exceeds 800 K, i.e., the coordinatiogre given.

change from a parallelogram to a lozenge. This means that
the ligand field around the &t ion takes a high symmetry symmetry and the O ions on sites wi@, symmetry, it is
above 800 K. possible to yield the vibration mod¥54? (q=0)

IV. DISCUSSION I'=4Au+5Bu+Ag+2Bg,

The powder synchrotron x-ray-diffraction measurementsvhere Au+2Bu are three acoustic modes, the siAB
of CuO clearly show that a structural change occur§at +3Bu modes infrared active, and the thikg+2Bg modes
=800 K. Since anomalous behaviors aroufglhave been Raman active. The ion displacements of the Raman active
observed in the electrical resistivity, magnetic susceptibilitymode are shown in Fig. 7. It should be noted that Cions
and specific-heat measurements with high-quality singlére stabilized at symmetry sites and only Qons are dis-
crystalst® it is reasonable to think that the structural changeplaced. TheAg Raman mode indicates displacements 6f O
correlates with electrons and spins. The change is charactépns along theb axis and corresponds to the interladder
ized by three structural feature®) the change of the inter- bending mode. Since the bending angle decreases with
secting and bending angles between CuO laddé)sthe  decreasing temperature beldw, it is implied that theAg
anisotropic temperature dependences of Cu-Cu distancesiode softens alg. In these measurements, as mentioned
and(c) the change of the local symmetry irfOions coor- above, we could not get sufficient precision on positional
dination around G ion. First, about the change of the determination of & ions. Recently, Yashima has repeated
intersecting and bending angles, it is reasonable to considéne investigation by neutron powder diffraction at high tem-
possible vibration modes in CuO. The primitive unit cell of peratures, and confirmed that the fractional coordingtes
CuO contains two molecular units and thus there are 12 viO?>~ ion is stable abov&g and decreases monotonously with
bration modes. Since the Cu ions are located on sites@ith cooling belowTs.* Their results are qualitatively in agree-
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ment with the present results, but the valueyds$ relatively Finally, it is interesting to note the change irf Qion
smaller. The subtle discrepancy is explained by the differcoordination around G ion at 800 K. The parallelogram
ence in the ability to determine the oxygen position betweehown in Fig. 6 forms a plane perpendicular[tb01] by
neutron and x-ray diffraction. The softening of thg mode  sharing all sides. Since large spin interaction exists in Cu-
can be verified by the investigation on the lattice dynamics iny_¢, zigzag chains anr[glOT] and the Cu-Cu distance in
CuO. Unfortunately Raman- and infrared-scattering meags gjrection does not change below 800 K, it seems that the

surements at high temperatures have not been done. symmetry change of the ligand field around®Ction causes
Second, the anisotropic feature of the Cu-Cu distances iFe change of interaction betweenCuspins

probably correlated with the magnetic properties in CuO.

The inelastic neutron-scattering measurements byef\al ** V. CONCLUSION
demonstrated that the exchange interactions betweén Cu
ions are strongly anisotropicJ(101)=80 meV, J(101) Powder x-ray-diffraction experiments of CuO in an exten-

—5 meV, J(010)=3 meV. Reflecting the anisotropic mag- sive temperature range have been carried out with synchro-
netic interaction, one-dimensional antiferromagnetic spin orffon x-ray, and the structural change as a function of tem-
dering anng[lOT] occurs as a long range beldly,, and perature hgs been mve_stlgated in detail by the Rietveld
strong anisotropic magnetic correlations and fluctuation aranaly5|s. Minor changes in the crystal structure are found at

observed well abovdy;.8° These properties are clues to the known antiferromagnetic transition'g{, andTy,, dem-
explain the extraordinary behavior of magnetic susceptibiIity.ons'[r"jltlng the coupling of th?.latt'ce o the magnetic order-
ing. A structural phase transition at=2800 K is clarified.

in CuO: it does not show the usual Curie-Weiss dependenc emarkable lattice changes Bt are characterized by three
aboveTy; but a broad maximum around 550 K. Therefore, it 9 : y
structural features as summarized below.

can be considered that the anisotropic behavior of the Cu-Cu . ; ;

distances below 800 K is correlated with the anisotropy of (1) The mtgrsectlng and bendmgangles between th.e Cuo
Cu-Cu interaction. A supporting evidence about the correlal@dders running along110] and [110] show contrasting

tion of the lattice changes and magnetic coupling comeéeMmperature dependences; the decrease of the bending angle
from our experiment on Li-doped Cutd Substitution of Cu  belowTs can be explained by the softening of thg Raman

by Li considerably decrease§y, and Ty,. Meanwhile, mode.

a-axis length, 8, and the Cu-Cu distance along thieOT] (2) Anisotropic temperature dependences of Cu-Cu dis-

increase with Li substitution. The structural change due to thances appear belols; the Cu-Cu distances along the an-

substitution strikingly resembles that of pure CuO Tat ![Efr(aerri?]g:g:r?élgnfgi%ﬁ;?ﬁgnt?];clfgggrr\]/elz ?IT_OStr (t:eunépera-
>800 K. According to the previous electrical, magnetic, and P e LSk 4

heat-capacity measurements that we carried out with singlgxwo'l43)'

crystal CuO'® it is natural to conclude that the structural ¢ t(s()j 'Iéhe syrr;n;]et(;y of (?_hlt(l)n shcoordmgtlo_rllhl_n ;hetdls-
changes aboVv&; are a result of charge excitation and dimin- orted CuQ octahedron slightly changes &. This feature

ishing of C&" spins, which are suspected to be due to holecorresponds to the cha_nge of the crystal fielc_J, anciir_nplies the
excitation from oxygen to copper site. Therefore, we conCh1ange of the electronic state off lectrons in C.a on.
This explains the previously reported electric and mag-

clude that the magnetic correlation in CuO exists until 800 fi I £ 800 I Th t stud X
K. It should be noted that the structural change at 800 K i€tic ahomarles a - 1€ present study supports our

similar to the structural phase transition of the HTSC,Sprevious indication of strong spin-lattice coupling, and sug-

La, ,SrCuO, (LSCO), in which a structural phase transi- gests that magnetic interaction in CuO persists umtl

tion from tetragonal to orthorhombic phase occurs. Due to_ 800 K at which a transition to a higher crystal symmetry

this phase transition, the Cy@lane distorts from square to occurs. This study also suggests that lattice distortion might

rectangle and causes buckling in the Gu@o-dimensional be an essential property of copper oxides containing Cu-O

planes, which plays an important role for the Superconducponds. Infrared and Raman experiments at high temperatures

tivity. The change in the bending angle between the £3u0,f:ﬁ demanded to study the structural instabilityl gtin de-
ladders in CuO may be similar to the buckling of the GuO '
plane in LSCO. Furthermore, it is surprising that the Cu-Cu
distances in Cu@plane of LSCO is nearly temperature in-
dependent in the orthorhombic ph&8ewhich is same as The authors thank A. Okazaki for useful discussion. This
those of CuO belowl's. These facts also indicate that the work was partly supported by The Venture Business Labora-
structural instability, especially the displacement of"O tory in Kyushu University, and Japan Science and Technol-
ions, is essential for copper oxide consisting of Cu-O units.ogy Corporation.
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