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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 atTN15230 K andTN25213 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 K (TS). Below 800 K, anisotropic behaviors in the Cu-Cu distances

are observed along the@101̄# and @101# directions. The Cu-Cu distance along@101̄# hardly changes in the
temperature range belowTS , which is similar to the temperature dependence of the Cu-Cu distance in the
CuO2 plane of the high-TC cuprate La22xSrxCuO4. We suggest that the structural phase transition is caused by
the softening ofAg

1 Raman mode atTS . The present study elucidates a strong spin-lattice coupling in CuO
below TS , indicating persistence of magnetic interaction up to 3.5 times higher-temperature region thanTN1.

DOI: 10.1103/PhysRevB.69.104104 PACS number~s!: 61.10.Nz, 61.50.Ks
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I. INTRODUCTION

The role of copper-oxygen~Cu-O! bonds in the occur-
rence of superconductivity in Cu-based high-TC supercon-
ductors ~HTSC! has stimulated many reinspections on t
physical properties of cupric oxide, CuO, since CuO is
simplest compound containing Cu-O covalent bonds. T
magnetic properties, in particular, have been investiga
in detail because it is believed that the magnetic coup
between 3d Cu21 spins plays an important role fo
superconductivity in HTSC.1,2 Heat-capacity3–5 and
neutron-scattering6–8 measurements revealed two success
magnetic transitions; incommensurate antiferromagn
~AF! phase betweenTN15230 K and TN25213 K, and
commensurate AF phase belowTN2.7–11 The AF transition,
however, is extraordinary being compared with that in ot
monoxides of 3d transition metals such as MnO, FeO, Co
and NiO: the magnetic susceptibility only shows a sub
change atTN1 , TN2,4,12–16 and a broad maximum valu
around 540 K.17 Another anomalous magnetic property
that the magnetic moment belowTN2 is only 0.68 per Cu
spin.6,8Although these features are explained by a quasi-o
dimensional spin system,5,12,18,19there are still a lot of con-
troversy about the magnetic structure in CuO.

Recently, our group found different features in CuO:
rect observation of charge ordering and charge stripes at
bient conditions,20 which is the first report, to our knowl
edge, of an experimental evidence to show a link betw
CuO and HTSC. The charge ordering and charge stri
together with alternated spin stripes, have previously b
observed in HTSC, such as La22xSrxCuO4, YBa2Cu3O72d ,
and Bi2Sr2CaCu2O8.21–26 The alternated domain structure
of charge stripes and spin stripes are considered to be in
sic properties of HTSC. Furthermore, Bianconiet al. sug-
gested that dynamic one-dimensional modulation with al
natively distorted and undistorted lattices exists
HTSC.27–29 These results show that the charge, spin, a
0163-1829/2004/69~10!/104104~7!/$22.50 69 1041
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lattice in copper oxides strongly correlate to each oth
Therefore, we think that the understanding of the correlat
mechanism is very important for the study of supercond
tivity in HTSC. The discovery of charge stripes in CuO su
gests that CuO is a model compound for studying char
spin-lattice correlation. On the basis of this concept, we h
extensively measured physical properties of CuO in a w
range of temperature including electric resistivity, magne
susceptibility, dielectric constant, heat-capacity, electr
diffraction, and x-ray-diffraction measurements.15,16,20,30–33

Another important result of these investigations is the find
of a different charge-spin-lattice coupled phase transition
CuO at 800 K: anomalies in the electric resistivity, magne
susceptibility, and heat capacity in the vicinity of 800 K, a
lattice distortion below 800 K (TS) are observed. Except fo
our preliminary x-ray-diffraction studies, to our knowledg
no structural study on the temperature dependence of
crystal structure of CuO has been ever reported to date.
purpose of this work is to understand the phase transi
through a detailed structural study. We have thus carried
synchrotron x-ray diffraction on CuO at temperatures ra
ing from 100 K to 1000 K. We demonstrate that strong ma
netolattice correlation exists in CuO and that the lattice d
tortion at 800 K corresponds to a change of the local O22

ionic coordination around Cu21 ion, which is attributed to
the softening of theAg

1 Raman mode.

II. EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

The present study was based on two independent exp
ments carried out at SPring-8, BL-02B2~low-temperature
measurement between 100 and 300 K, and high-tempera
one between 300 and 1000 K, respectively!. Powder samples
were prepared by grinding high-quality single crysta
which were grown by the vapor-growth method.30 This beam
line is designed for the research of accurate structure ana
with powder samples and is able to collect high-angular re
lution powder-diffraction data using a Debye-Scherrer ca
©2004 The American Physical Society04-1
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TABLE I. Structural parameters of CuO refined by the Rietveld analysis at high temperatures. The crystal model for the refine

space groupC2/c ~No. 15!, 4 Cu in 4(c): ( 1
4 , 1

4 ,0;3
4 , 3

4 ,0;1
4 , 3

4 , 1
2 ; 3

4 , 1
4 , 1

2 ), 4 O in 4(e): (0,y, 1
4 ; 1

2 , 1
2 1y, 1

4 ;0,ȳ, 3
4 ; 1

2 , 1
2 2y, 3

4 ).

T ~K! a ~Å! b ~Å! c ~Å! b ~deg.! V (Å 3) y ~O! B ~Cu! B ~O! RWP /Rexp

99.8 4.68457~11! 3.42219~9! 5.12887~12! 99.7037~9! 81.047~3! 0.4195~5! 0.19~1! 0.52~3! 3.35/1.36
119.2 4.68437~11! 3.42245~9! 5.12883~12! 99.6967~9! 81.051~3! 0.4199~6! 0.17~1! 0.39~4! 3.42/2.69
138.5 4.68422~11! 3.42257~9! 5.12867~13! 99.6893~9! 81.050~4! 0.4197~5! 0.19~1! 0.43~3! 3.48/2.68
157.9 4.68415~11! 3.42262~9! 5.12866~13! 99.6808~9! 81.052~4! 0.4213~5! 0.20~1! 0.46~3! 3.46/2.69
177.2 4.68428~11! 3.42264~9! 5.12871~13! 99.6712~9! 81.058~4! 0.4208~5! 0.22~1! 0.47~3! 3.37/2.69
196.6 4.68446~11! 3.42263~9! 5.12878~12! 99.6577~9! 81.065~3! 0.4217~5! 0.24~1! 0.52~3! 3.38/2.69
206.2 4.68450~11! 3.42255~9! 5.12866~12! 99.6497~9! 81.064~3! 0.4213~5! 0.28~1! 0.50~3! 3.29/2.69
215.9 4.68443~11! 3.42238~8! 5.12853~12! 99.6393~9! 81.059~3! 0.4215~5! 0.28~1! 0.47~3! 3.29/2.69
225.6 4.68448~11! 3.42209~9! 5.12844~12! 99.6261~9! 81.055~3! 0.4208~5! 0.30~1! 0.51~3! 3.27/2.69
235.2 4.68447~11! 3.42197~9! 5.12852~12! 99.6123~9! 81.056~3! 0.4210~5! 0.31~1! 0.55~3! 3.24/2.67
244.9 4.68443~11! 3.42202~9! 5.12853~13! 99.6000~9! 81.060~4! 0.4212~5! 0.32~1! 0.57~3! 3.22/2.68
273.9 4.68482~11! 3.42272~9! 5.12924~13! 99.5670~9! 81.103~4! 0.4215~5! 0.35~2! 0.62~3! 3.24/2.67
293.3 4.68552~11! 3.42374~9! 5.13023~13! 99.5451~9! 81.160~4! 0.4211~5! 0.41~2! 0.77~4! 3.17/1.34
400 4.6885~8! 3.4318~6! 5.1371~8! 99.419~5! 81.54~2! 0.425~2! 0.44~5! 2.67~23! 2.45/2.03
450 4.6911~8! 3.4348~5! 5.1398~8! 99.366~5! 81.71~2! 0.423~2! 0.40~4! 1.83~17! 4.02/0.94
500 4.6919~7! 3.4356~5! 5.1416~7! 99.310~4! 81.79~2! 0.427~2! 0.51~5! 2.24~19! 4.07/0.96
550 4.6938~8! 3.4372~5! 5.1439~8! 99.263~5! 81.91~2! 0.429~2! 0.63~5! 2.27~20! 3.94/1
600 4.6959~8! 3.4379~6! 5.1461~8! 99.219~5! 82.01~2! 0.430~2! 0.67~5! 2.65~21! 3.92/1.02
650 4.7005~4! 3.4399~3! 5.1499~4! 99.178~3! 82.21~1! 0.422~1! 0.79~4! 1.96~16! 2.64/1.61
700 4.7027~8! 3.4418~5! 5.1528~8! 99.112~5! 82.35~2! 0.427~2! 0.93~6! 2.40~23! 4.42/1.05
750 4.7053~6! 3.4430~4! 5.1549~7! 99.075~4! 82.47~2! 0.435~2! 0.69~5! 1.72~20! 3.71/1.24
800 4.7074~7! 3.4429~5! 5.1562~7! 99.054~4! 82.52~2! 0.437~2! 0.82~5! 1.86~20! 3.46/1.28
820 4.7093~7! 3.4436~4! 5.1579~7! 99.044~4! 82.61~2! 0.433~2! 0.92~6! 2.50~21! 3.33/1.32
840 4.7111~8! 3.4439~6! 5.1590~9! 99.035~5! 82.66~3! 0.427~2! 0.98~7! 3.05~27! 3.67/1.37
860 4.7131~7! 3.4442~5! 5.1601~7! 99.027~4! 82.73~2! 0.429~2! 1.06~6! 2.43~21! 3/1.39
870 4.7142~5! 3.4453~3! 5.1616~5! 99.042~3! 82.80~2! 0.426~1! 1.14~5! 2.32~17! 2.64/1.6
880 4.7148~7! 3.4448~5! 5.1618~7! 99.024~4! 82.80~2! 0.431~1! 1.09~6! 2.40~21! 2.96/1.42
900 4.7174~7! 3.4454~5! 5.1636~7! 99.018~4! 82.89~2! 0.430~2! 1.10~6! 2.41~21! 2.94/1.44
920 4.7197~6! 3.4449~4! 5.1647~7! 99.014~4! 82.94~2! 0.429~2! 1.20~6! 2.79~22! 2.88/1.46
940 4.7205~6! 3.4454~4! 5.1654~6! 99.012~4! 82.97~2! 0.430~2! 1.24~6! 2.67~21! 2.87/1.48
960 4.7216~6! 3.4461~4! 5.1664~7! 99.012~4! 83.03~2! 0.429~1! 1.27~6! 2.42~20! 2.84/1.48
999 4.7239~6! 3.4449~4! 5.1666~6! 99.006~3! 83.04~2! 0.429~2! 1.35~6! 2.61~21! 2.85/1.48
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era with an imaging plate. The incident x-ray was monoch
matized by a double crystal monochromator tuned to
wavelengths of 0.5 Å for both experiments. The temperat
of the sample was controlled by a nitrogen gas flow cryo
in the low-temperature experiment, and a high-tempera
gas flow system in the high-temperature measurement
spectively, with the temperature deviation within 1 K. Po
der patterns at temperatures ranging from 100 K to 100
were collected over the 2u range of 0° –68° in a step angl
of 0.01°. All powder-diffraction data were analyzed by t
Rietveld method, using the computer programRIETAN-2000.34

For the refinements at each temperature, intensity data in
2u range of 8° –60° were used. TheRIETAN-2000has a choice
over four kinds of peak profile functions and we finally s
lected the Toraya’s split pseudo-Voigt function because
high flexibility as profile fitting.

The crystal structure of CuO at ambient condition w
first investigated by Tunellet al.35 and then, the structura
parameters were refined by Åsbrink and Norrby.36 The space
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group isC2/c ~No. 15! with Cu21 ions occupying the sym-

metry site 4(c): ( 1
4 , 1

4 ,0), (3
4 , 1

4 , 1
2 ), ( 3

4 , 3
4 ,0), (1

4 , 3
4 , 1

2 ) and

O22 ions 4(e): (0,y, 1
4 ), ( 1

2 , 1
2 1y, 1

4 ), (0,ȳ, 3
4 ), ( 1

2 , 1
2 2y, 3

4 )
with y50.4184. The crystal symmetry did not change at
temperature range measured because the new appearan
the annihilation of peaks could not be observed in the po
der patterns. The refinements of each powder pattern, fin
resulted in good values of the weightedR factor, Rwp , be-
tween 0.02 and 0.04~see in Table I!.

III. RESULTS

A. The temperature dependences of the lattice constants in the
range of 100–300 K

The temperature dependences of the lattice constantsa, b,
c, b, and volumeV at low temperatures are shown in Fig.
including the indicators ofTN1 and TN2. The crystal lattice
changes corresponding to the magnetic phase transition
4-2
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LATTICE DISTORTION AND MAGNETOLATTICE . . . PHYSICAL REVIEW B 69, 104104 ~2004!
clearly seen in these plots. First, the lattice constants ex
for b hardly change belowTN1, indicating the coupling of
the spin ordering to the lattice. Second, all of the latt
constants show small changes in the temperature depend
at TN1 andTN2.

Previously we have reported the signatures of the cha
spin-lattice coupling at the antiferromagnetic transitionsTN1
and TN2 in dielectric constant measurements.16,33 Recently
further confirmation of this coupling has been made by
observation of abrupt steps on the temperature depend
curves of the thermal expansion coefficient37

Kuz’menko et al. also reported a spin-phonon coupling
CuO.38 Therefore, we conclude that the lattice anomal
aroundTN1 andTN2 are a direct witness of the magnetola
tice coupling. It is noted that there is a noticeable chang
the temperature dependence ofa around 150 K. In a previous
report of Mössbauer-source experiment, an unusual temp
ture dependence of the electric quadrupole interaction n
150 K was indicated.39 The present result clarifies that it
caused by a structural transformation.

FIG. 1. The temperature dependences of the lattice constan
low temperatures.
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B. The temperature dependence of the lattice constants in the
range of 300–1000 K

The unit cell of CuO is monoclinic with a lower symme
try than other 3d transition metal monooxides, which are a
cubic. Therefore, it is considered that the extraordin
physical properties of CuO are probably caused by the lo
symmetry and it is of interest to investigate the lattice dist
tion of CuO as a function of temperature. Shown in Tabl
are the lattice constantsa, b, c, and b obtained from the
Rietveld analysis at various temperatures. The tempera
dependences are shown in Fig. 2 with each lattice cons
normalized by the values at 400 K, respectively.b, however,
was normalized by a formula 22b/b(400 K) becauseb has
an inverse temperature dependence. The results qualitat
agree with the results of our preliminary experiments,16 but
show clearer changes at 800 K. All normalized lattice co
stants monotonously increase with increasing temperatur
the same rate until 800 K, above which they show differe
temperature dependences. At temperatures higher than
K, a shows a rapid increase with increasing temperaturec
shows the nearly same rate, whileb and b show a much
smaller temperature dependence. These imply that a s
tural instability like a structural phase transition occu
around 800 K. Actually, heat-capacity measurement us
clean single crystals showed that a second-order-like ph
transition occurs in the vicinity of this temperature.16 De-
tailed analysis of the structural change at the transition
vealed three specific features on the structure as are det
below.

C. The intersecting and bending angles between two CuO
ladders

The crystal structure of CuO, as shown in Fig. 3, cons
of a stack of CuO ladders along@110# and @ 1̄10# which

at

FIG. 2. The temperature dependences of the lattice consta
All data are normalized by the values at 400 K. Aboutb, refer to
the text. The temperatureTS , at which a charge-spin-lattice couple
phase transition was previously reported, is indicated by a bro
line.
4-3
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intersect in the direction of@001# by sharing O22 ions. The
relation between the two ladders can be represented by
intersecting and bending anglesu1 and u2 : u1 is the angle
between the running directions of the two ladders andu2 the
angle between the parallelograms in each ladder. It shoul
noted that a statical precision ofu1 is much better than tha
of u2 though the oxygen position shows comparatively
large uncertainty. This is becauseu1 has no relationship with
the oxygen position, i.e.,u1 can be directly estimated from
the lattice constantsa and b using the following formula:
cosu15(b22a2)/(a21b2). As shown in Fig. 4,u1 and u2
show contrasting temperature dependences below and a
800 K; u1 becomes nearly temperature independent at lo
temperatures, whileu2 shows a maximum value at 800 K.
should be noted that on precision of the fitting parameters
errors ofy axis of the O22 ions are larger than those of oth
structural parameters, and therefore the error ofu2 is larger
than that ofu1 becauseu1 is calculated only from lattice
constantsa, b.

D. The Cu-Cu distances

The change in the lattice constants is directly linked w
the positional relation between Cu21 ions, especially, it is
interesting to investigate the Cu-Cu distances along the s
ordering direction@101̄# and other directions. Shown in Fig
5 are the Cu~1!-Cu~2! distance along@101# and Cu~3!-Cu~4!

FIG. 3. The crystal structure of CuO. The four nearest-neigh
oxygen ions around a copper ion form a parallelogram.~a! Sharing
the side of the parallelograms, two CuO ladders running al

@110# and @ 1̄10#, respectively, are shown.~b! The oxygen ions
around the copper ion can be also viewed as a distorted C6

octahedral coordination, which is shown by the dim gray hatch.
copper and oxygen ions at different sites are denoted by the n
bers in parentheses, which are used to indicate the distances
angle between ions.
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distance along@101̄#. The temperature dependence of t
Cu-Cu distances abruptly changes at 800 K. AtT.800 K,
the temperature dependence is actually identical for the
directions, while it is anisotropic atT,800 K. The Cu~3!-
Cu~4! distance along the@101̄# direction turns to become
almost constant atT,800 K, while the Cu~1!-Cu~2! dis-
tance continues to decrease monotonically with decrea
temperature.

E. The O2À ion coordination around Cu2¿ ion

Another structural view of CuO can be drawn by cons
ering that the four nearest-neighbor O22 ions and two next
nearest O22 ions~which are on the intersecting Cu-O ladde!
around a Cu21 ion form a strongly distorted octahedral (
12) coordination as shown in Fig. 3~b! by the gray section.
Remarkable changes can be observed in the octahedral
dination below and above 800 K. The temperature dep

r

g

e
m-
nd

FIG. 4. The temperature dependences of the intersecting a
u1 and the bending angleu2, which correspond to the angles o
O~5!-O~1!-O~7! and O~6!-O~1!-O~8!, respectively. The oxygen po
sitions are indicated by the numbers in parentheses accordin
Fig. 3~b!.

FIG. 5. The temperature dependences of the Cu-Cu distan
Numbers in parentheses are according to Fig. 3~b!. TS is indicated
by a broken line.
4-4
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LATTICE DISTORTION AND MAGNETOLATTICE . . . PHYSICAL REVIEW B 69, 104104 ~2004!
dences of the O-O distances and O-Cu-O bond angles
shown in Fig. 6. The O-O distances in the parallelogr
become identical and the O-Cu-O angles become
when the temperature exceeds 800 K, i.e., the coordina
change from a parallelogram to a lozenge. This means
the ligand field around the Cu21 ion takes a high symmetry
above 800 K.

IV. DISCUSSION

The powder synchrotron x-ray-diffraction measureme
of CuO clearly show that a structural change occurs atTS
5800 K. Since anomalous behaviors aroundTS have been
observed in the electrical resistivity, magnetic susceptibil
and specific-heat measurements with high-quality sin
crystals,16 it is reasonable to think that the structural chan
correlates with electrons and spins. The change is chara
ized by three structural features:~a! the change of the inter
secting and bending angles between CuO ladders,~b! the
anisotropic temperature dependences of Cu-Cu distan
and ~c! the change of the local symmetry in O22 ions coor-
dination around Cu21 ion. First, about the change of th
intersecting and bending angles, it is reasonable to cons
possible vibration modes in CuO. The primitive unit cell
CuO contains two molecular units and thus there are 12
bration modes. Since the Cu ions are located on sites witCi

FIG. 6. The temperature dependences of the O-O distances
the O-Cu-O angles in the distorted CuO6 octahedron shown in Fig
3~b!. The numbers in parentheses are according to Fig. 3~b!. The
copper and oxygen coordination is indicated in the inset.
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symmetry and the O ions on sites withC2 symmetry, it is
possible to yield the vibration modes40–42 (q50)

G54Au15Bu1Ag12Bg,

where Au12Bu are three acoustic modes, the six 3Au
13Bu modes infrared active, and the threeAg12Bg modes
Raman active. The ion displacements of the Raman ac
mode are shown in Fig. 7. It should be noted that Cu21 ions
are stabilized at symmetry sites and only O22 ions are dis-
placed. TheAg Raman mode indicates displacements of O22

ions along theb axis and corresponds to the interladd
bending mode. Since the bending angleu2 decreases with
decreasing temperature belowTS , it is implied that theAg
mode softens atTS . In these measurements, as mention
above, we could not get sufficient precision on position
determination of O22 ions. Recently, Yashima has repeat
the investigation by neutron powder diffraction at high te
peratures, and confirmed that the fractional coordinatesy of
O22 ion is stable aboveTS and decreases monotonously wi
cooling belowTS .43 Their results are qualitatively in agree

nd

FIG. 7. Raman mode displacements of CuO. The values of
perimental phonon frequencies by Kliche and Popovic~see Ref. 47!
are given.
4-5
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ment with the present results, but the value ofy is relatively
smaller. The subtle discrepancy is explained by the dif
ence in the ability to determine the oxygen position betwe
neutron and x-ray diffraction. The softening of theAg

1 mode
can be verified by the investigation on the lattice dynamics
CuO. Unfortunately Raman- and infrared-scattering m
surements at high temperatures have not been done.

Second, the anisotropic feature of the Cu-Cu distance
probably correlated with the magnetic properties in Cu
The inelastic neutron-scattering measurements by Aı¨n et al.44

demonstrated that the exchange interactions between C21

ions are strongly anisotropic:J(101̄)580 meV, J(101)
55 meV, J(010)53 meV. Reflecting the anisotropic mag
netic interaction, one-dimensional antiferromagnetic spin
dering along@101̄# occurs as a long range belowTN1, and
strong anisotropic magnetic correlations and fluctuation
observed well aboveTN1.8,19 These properties are clues
explain the extraordinary behavior of magnetic susceptibi
in CuO: it does not show the usual Curie-Weiss depende
aboveTN1 but a broad maximum around 550 K. Therefore
can be considered that the anisotropic behavior of the Cu
distances below 800 K is correlated with the anisotropy
Cu-Cu interaction. A supporting evidence about the corre
tion of the lattice changes and magnetic coupling com
from our experiment on Li-doped CuO.45 Substitution of Cu
by Li considerably decreasesTN1 and TN2. Meanwhile,
a-axis length,b, and the Cu-Cu distance along the@101̄#
increase with Li substitution. The structural change due to
substitution strikingly resembles that of pure CuO atT
.800 K. According to the previous electrical, magnetic, a
heat-capacity measurements that we carried out with si
crystal CuO,16 it is natural to conclude that the structur
changes aboveTs are a result of charge excitation and dimi
ishing of Cu21 spins, which are suspected to be due to h
excitation from oxygen to copper site. Therefore, we co
clude that the magnetic correlation in CuO exists until 8
K. It should be noted that the structural change at 800 K
similar to the structural phase transition of the HTSC
La22xSrxCuO4 ~LSCO!, in which a structural phase trans
tion from tetragonal to orthorhombic phase occurs. Due
this phase transition, the CuO2 plane distorts from square t
rectangle and causes buckling in the CuO2 two-dimensional
planes, which plays an important role for the supercond
tivity. The change in the bending angle between the Cu2
ladders in CuO may be similar to the buckling of the Cu2
plane in LSCO. Furthermore, it is surprising that the Cu-
distances in CuO2 plane of LSCO is nearly temperature in
dependent in the orthorhombic phase,46 which is same as
those of CuO belowTS . These facts also indicate that th
structural instability, especially the displacement of O21

ions, is essential for copper oxide consisting of Cu-O un

*Corresponding author. Electronic address:
hiro-yamada@aist.go.jp

1A.J. Millis, H. Monien, and D. Pines, Phys. Rev. B42, 167
~1990!.

2P. Monthoux, A.V. Balatsky, and D. Pines, Phys. Rev. B46,
10410
r-
n

n
-

is
.

r-

re

y
ce
t
u
f
-
s

i

d
le

e
-
0
is

o

c-

u

.

Finally, it is interesting to note the change in O22 ion
coordination around Cu21 ion at 800 K. The parallelogram
shown in Fig. 6 forms a plane perpendicular to@101̄# by
sharing all sides. Since large spin interaction exists in C
O-Cu zigzag chains along@101̄# and the Cu-Cu distance in
this direction does not change below 800 K, it seems that
symmetry change of the ligand field around Cu21 ion causes
the change of interaction between Cu21 spins.

V. CONCLUSION

Powder x-ray-diffraction experiments of CuO in an exte
sive temperature range have been carried out with sync
tron x-ray, and the structural change as a function of te
perature has been investigated in detail by the Rietv
analysis. Minor changes in the crystal structure are found
the known antiferromagnetic transition atTN1 andTN2, dem-
onstrating the coupling of the lattice to the magnetic ord
ing. A structural phase transition atTS5800 K is clarified.
Remarkable lattice changes atTS are characterized by thre
structural features as summarized below.

~1! The intersecting and bending angles between the C
ladders running along@110# and @ 1̄10# show contrasting
temperature dependences; the decrease of the bending
belowTS can be explained by the softening of theAg Raman
mode.
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tances appear belowTS ; the Cu-Cu distances along the a
itiferromagnetic spin-ordering direction is almost tempe
ture independent similar to that observed in La22xSrxCuO4
(x;0.143).

~3! The symmetry of O22 ion’s coordination in the dis-
torted CuO6 octahedron slightly changes atTS . This feature
corresponds to the change of the crystal field, and implies
change of the electronic state of 3d electrons in Cu21 ion.

This explains the previously reported electric and ma
netic anomalies at 800 K.16 The present study supports ou
previous indication of strong spin-lattice coupling, and su
gests that magnetic interaction in CuO persists untilTS
5800 K at which a transition to a higher crystal symme
occurs. This study also suggests that lattice distortion m
be an essential property of copper oxides containing C
bonds. Infrared and Raman experiments at high temperat
are demanded to study the structural instability atTS in de-
tail.
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