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ABSTRACT
Samples of Cudel_XO were prepared by codecomposition of the
nitrates. Single phase products were obtained for x £ 0.15. The presence of
Cu(II) in Dy} symmetry coordination has been confirmed by magnetic
susceptibility and ESR spectra. The results are discussed, compared with
those of the system Cu,Mg;_,0, and interpreted in terms of the Cu(II)

coordination symmetry and the electron orbitals.




Introduction

The structure of copper(II) oxide contains Cu(II) with zssentially
square planar coordination of oxygen around copper (1l). This coordinaticn 1is
also found to exist in the high T, superconducting oxides (Z2,3). The
structure of copper(II) oxide is shown in Fig. 1, and the essentially square
planar coordination of the oxygen around the copper is clearly scen. The
space group is C2/c with unit cell dimensions a = 4.6837(5)&, > = 3.4226(5)A,
c = 5.1288(6)A and @ = 99.54(1)°. The structure is a distorted PdO type, and

each copper has 4 O0' neighbors at 1.96A and two apical oxygens, 0" at 2.73A.

The magnetic susceptibility of copper(IT) oxide shows an anoxaly
at 230 K which has been interpreted as an indication fer antiferromagnetic
ordering (4,5). No ESR spectrum has been observed for the square planar
copper {(II) in copper(II) oxide because there is sufficient electron

delocalization to give rise to nmetallic behavior.

The structure of PdO was reported by Huggins is +vell as !‘ocre and
Pauling and was confitrmed by Waser (5-3). The corpound crystallizes with
space group P42/mmc with two PdO molecules per unit cell. The cell paruneters
are a = 3.03(1)A and ¢ = 5.33(1)A. The atomic positicns ara: tvo F. at
(0 0 0), (1/2 1/2 1/2) and two O at (1/2 0 1/4), (1/2 0 3/4). 7r: structure
of PdO is shown in Fig. 2. Each oxygen atom 1s bound to fou: palladiun atoms
at the corners of a nearly regular testrahcedron, and =2ach pallaiiua aton fornms
four co-planar bonds to oxygen atoms at the corners cl the rectangle. The
structure of copper(IlIl) oxide can be scen as a di-tortced PdO type. There arc

no reports in the literature concerning the exrent of solid scolution be2tween




CuO0 and PdO. It was thought that PdO might be an c<xcellent hcst for
investigation of square planar coordinated Cu(II) both as to 1ts magnetic
properties and electron spin resonance. The possibility of obtaining
localized square planar Cu(II) in a PdO matrix resulted in this study of the

systenm Cudel_xO.

Experimental

Samples of Cudel_xo were prepared by codecomposition of the
corresponding nitrates. The starting materials were high purity copper metal
(5-9's RAesar Chemical Co.) and palladium metal (3-9's Strem Chemical, Inc.).
Both copper and palladium metal were prereduced in 85%Ar/15%ﬂ2 at 450 and
900°C, respectively. The palladium was then heated under vacuum at 350°C for
one half hour to drive off the adsorbed H,. The appropriate weights of copper
and palladium metals were dissolved in 1:1 nitric acid in erder to convert the
metals to the corresponding nitrates. The solution vas drisd on a hot plate
and then decomposed at 350°C for 6 hrs, ground, and heatcd 3t 300°C for i3
hrs. During the heating period, the samples were ccoled to rocna tamperature

and ground twice.

X-ray diffraction patterns of samples were obtained with a Philips-
Norelco diffractometer using monochromatic high intensity CuXa; radiaticn
(A = 1.5405A). For the qualitative identification of the¢ phase prosent, the
diffraction patterns were taken from 12° ¢ 28 ¢ 72° with a scan rate of 1°
26/min and a chart speed of 30 in/hr. The scan rate used to obtain x-ray
patterns for precision cell constant determination was 0.25° Z8/min with a

chart speed of 30 in/hr. The cell parameters were determinced by a least-




squares refinement of the reflections using a computer program which corrscts

for the systematic errors of the measurement (9).

Magnetic susceptibility measurements over the temperature range 77-530 K
#ere carried out using a Faraday balance with a field strength of 10.4 kOe.
Field dependency measurements were carried out at both 77 K and roon
temperature. Electron spin resonance spectra were recorded using a Bruker

ER220D Spectrometer.

Results and Discussion

Samples of the copper-palladium oxide system CuyPdq_,C were prepared by
the codecomposition of copper and palladium mixed nitrates. Attempts to
substitute 2.0 mole percent of palladium for copper 1n JopperII) oxide gave
an x-ray diffraction pattern of the product which showed the prescnce of
unreacted P4d0. Hence, there does not appear %o -& any :ppraciidle solubility
of palladium in copper(II) oxide. From x-ray diffracticn ana.ysis 1T vas
observed that samples containing up to 15 mole percent oi copger in P40 were
single phase materials. For the sample centaining 17.% nols percent cSopper,
step counting over the (111) reflecticn of CuQ at a 28 angle of 32.74°
indicated the presence of a separate copper (II) phase oxida. Ths structur2s of
PdO is shown in Fig. 2 and the systen CuyPdy_0 (0 = x = 0.:5) crystallizes
with this structure. The cell paraneters are given in Table I and 1t can be
seen that there is a slight decrease in both a and ¢ parametcrs as copper(II)

is substituted for palladium(II).

Magnetic susceptibility measurements were made 1s functions of both

applied field and temperature. The magnetic susceptibility data ave plotted




in Fig. 3 as reciprocal susceptibility versus temperature. All of the copper
containing samples showed paramagnetic behavior, and the results are tabulated
in Table I. No field dependency was observed, but it can be seen from the
Weiss constants in Table I that antiferromagnetic interactions are present.
The effective moments given in Table I compare favorably with the spin-only
value of 1.73 BM. However, the Weiss constants are seen to increase, which is
consistent with the increase in the copper content. In a previous study of
the system Cu,Mgq_,0 {10), samples containing up to 15 mole percent of copper
showed almost ideal Curie behavior. A partial explanation of the observed
difference in the magnetic behavior of copper(II) in MgO and PdO can be
related to a difference in the copper symmetry. In the Pd0O structure, Cu(II)
assumes a distorted square planar (D2h) symmetry, whereas in Mg0O, Cu(II) is
octahedrally coordinated (Oy). Fig. 4 compares the one-electron energy
diagrams of copper(II) in both crystallographic environments. It can be scen
that for the substitution of Cu(Il) for magnesium in an octahedral site, the

e_ orbitals are degenerate and are 3/4 filled, whereas in a square planar

g

environment, the degeneracy is removed and the d(xl—v3> Jrbital 1s nali-

filled. Thus according to the rules of superexchang:s, the antiferronagnetic

coupling of the unpaired electron in the half-fillzd d(x:_yl) crbhital rtia
oxygen p-orbitals in the Cu,Pdy_,0 structure 1s strenger than the lateractions
present in the Cu,Mgq_4O0 system. A further consideraticn which undoubtediy
plays a role in the differences observed in the nagnetic properties of
Cu,Pdy_,0 and Cu, Mgy _,0 is the electronic behavior of the hest structure. g0

is an insulator whereas PdO shows metallic behavior which may afZfcct the

nature of the superexchange interactions.

ESR spectra were obtained of Cu0/Pd0 samples, ranging in CuO content
from 15% down to 0.2%. Although the overall shape of the spectrun was

independent of copper concentration, the resolution i1nproved dramatically as




the concentration decreased. The most dilute sample jave the spectrum sn0Wn
in Fig. 5 where the mey = * 3/2 parallel features are vell resolved intc *3Cu
and ¢3Cu contributions. The g-tensor and ®3Cu hyperfine tensor components
were determined by a nonlinear least-squares fitting procedure (11) and zre

given in Table II.

The g-tensor anisotropy is due to spin-orbit admixture of d d and

vz Yoxv
dxy character into the predominantly d(xz_yz) copper orbital containing the
unpaired electron; these admixtures contribute to Ixr Iy and g,,
respectively. The departure from axial symmetry thus reflects lifting of the
degeneracy of the d,, and dyz orbitals. 1If A, and AY have the same sign,
spin~orbit coupling effects almost entirely account for the departure of the
hyperfine tensor from axial symmetry. If Ay and AY have diffcrent signs, we
would have to invoke admixture of up to 0.4% d.2 character to account for the
hyperfine tensor. Using equations given by cGarvey (12,13) 2nd the dipeclar

coupling parameter, P = 0.03%99 cm~! (14), we can estinate the setal d(goayl
contribution to the orbital containing the unpaired cicctron, o5 = 2.75-2.36,
depending on the signs of the perpendicular hypsrfine ccaponents; the

remaining spin density is presumably in aetal 45 and 4p and <xygen

contributions to the half-occupicd orbirtal.

The ESR spectrum of CuQ in P40 is dranatically different frea that :n
Mg0, where the spectrum is isotropic at 77 K with (3> = 2,192, <A¢¥> = (8.5 x
10-4cm-t (15). Linewidth effects in the 77 K spectrum suggested a prccess
which averages the g- and hyperfine tensor anisotropics. Coffman (16) found
that an anisotropic spectrum is obtained at liquid heliun temperatures, hut
one very different from that expected for Cu(II) if the tetragonal distertion

is static; his results could be explained assuming quantun ~echanical

tunnelling between equivalent tetragonal distortions of the cctahedral Cu-:




site. Using Coffman's results and the above value of P, we can estimate

0q = 0.64. Thus, quite apart from the dynamical Jahn-Teller distortions :in
MgO, the cc r d-electron spin density is significantly lower in 4gC than in
P40, suggesting greater delocalization of spin in ¥gO. This result 1is
consistent with the interpretation of the magnetic susceptbility data if we
distinguish between spin delocalization into oxygen orbitals (greater in the
CuyMgy_,0 system} and spin polarization of oxygen orbitals (greater in the

CuyPd;_,0 system).
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Table I

Properties of Polycrystalline Cu..pd._,0

Cell Parameters (4) Weiss Constant
X a c u(BMY) ()
0.00 3.044(2) 5.328(5) -—== -—=-
0.05 3.036(2) 5.331(5) 1.85 - 70
0.10 3.032(2) 5.327(5) 1.83 ~-129
0.15 3.029(2) 5.307)5) 1.81 -217
Table II

ESR Parameters for 0.2% Cu0 1in PdO

gy = 2.077 [A,] = (22.2 £ 0.2) x 10°* ca!
gy = 2.066 ij = (10.3 2 1.0) % i0-% co-!
g, = 2.334 Ayl = (154.3 £ 0.3) = 10°" ox-!




Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Figure Captions

Structure of copper{II) oxide.

Structure of palladium oxide.

Temperature dependence of the inverse magnetic

susceptibility of members of the systenm

Cu,Pd;_,0.

Electron energy levels of Cu(II) 1n octahedral (Oy)

and square planar (Djy) symmetries.

(a) ESR spectrum of 0.2% Cu0 in P40 at 130 X
Vo = 9.461 GHz; (b) Computer-simulatcd spectrui

using parameters of Tabl= II.
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