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Delafossite oxidesABO2 „A5Ag, Cu; B5Al, Cr, Fe, In, Nd, Y … studied
by perturbed-angular-correlation spectroscopy using a111Ag„b2

…

111Cd probe
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The electric-field gradient~EFG! at 111Cd nuclei dilutely substituting anA cation site in delafossites
A11B13O2 has been measured using a perturbed-angular-correlation technique. The radioactive isotope
111Ag(b2)111Cd was used as the hyperfine probe and introduced into the samples by thermal diffusion. The
EFG’s measured using a111Ag→111Cd probe are compared with those measured using the111In→111Cd probe
and with the calculated values using the point-charge model including the local distortion introduced by the
probe. The results are also discussed in terms of a previously observed correlation between the electric-field
gradient and the cation-oxygen bond length in these delafossites and other binary oxides.
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I. INTRODUCTION

Properties of solids such as magnetic order, electro
structure, structural phase transitions, defects, and chem
bonding are often studied by means of the perturbed-angu
correlation ~PAC! method via the hyperfine interaction o
radioactive probe nuclei with their electronic environme
The local oxygen configuration around the cation site
many binary and ternary metal oxides (A2O3 andA2Cu2O5)
has been studied in a systematic manner by PAC~Refs. 1
and 2! using an111In(EC)111Cd probe. These investigation
revealed a correlation between the electric-field grad
~EFG! at 111Cd probe nuclei on a substitutional cation s
and parameters like the ionic radius of the cation and
cation-oxygen bond length. Similar studies have been car
out recently on delafossite oxidesABO2, extending the ear-
lier systematics.3 In this context the delafossite oxides pr
vided an interesting comparison: while the basic crys
structure remains the same, the ionic radii of theB element
in these compounds cover a much larger range than the
viously studied binary and ternary oxides.

DelafossitesA11B13O2 crystallize in a hexagonal layere
structure that belongs to the space groupR3m or P63 /mmc
~Fig. 1!. The trivalent ionsB13 are located at the center o
regular oxygen octahedra that are inclined and connecte
monovalent ionsA11. TheR3m hexagonal delafossites con
tain threeABO2 molecules per unit cell and have lattic
constantsa andc ranging from 2.8 to 3.8 Å and 17 to 19 Å
respectively.

The hexagonal description can also be viewed as a
quence of planes with different ions in the order O22-B13-
O22-A1-O22-B13-O22, forming two-dimensional triangula
lattices. In the familyA11B13O2, A can be Cu, Ag, Pd, and
Pt whileB is Al, Ga, In, Sc, Y, Cr, Fe, rare earths, etc. The
compounds exhibit a variety of interesting properties. T
Cu- and Ag-based compounds are semiconductors, while
and Pd-based compounds are conductors.4 The compounds
PRB 580163-1829/98/58~5!/2563~7!/$15.00
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CuFeO2, CuCrO2, and AgCrO2 are antiferromagnetic.5,6 The
delafossite oxides thus present two distinct cation sites a
in hyperfine interaction studies with radioactive impuri
probes, each of these two sites can be occupied by the p
atoms.

In the previous PAC study,3 the electric-field gradient of
111In(EC)111Cd nuclei in delafossitesA11B13O2 (A5Ag,
Cu; B 5 Al, Cr, Fe, In, Nd, Y! was measured. For eac
compound at least one EFG with axial symmetry was fou
which was attributed to111In probes on the substitutionalB
site. The assignment of the probe site location was ba
mainly on chemical arguments that suggest a preference

FIG. 1. Delafossite structure (R3m).
2563 © 1998 The American Physical Society
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the 111In probe for a trivalent cation site. PAC, conversio
electron Mössbauer spectroscopy measurements in CuFe2,
and low-temperature PAC measurements of CuFe2,
CuCrO2, and AgCrO2 ~Ref. 7! provided additional support
although indirectly, for theB site localization of the111In
probes. The measured EFG’s for111Cd at theB site3 show a
relatively weak temperature dependence and cannot be
produced with the simple point-charge model~PCM! calcu-
lations, except for the case of AgInO2. The authors attributed
this observation to the partially covalent character of che
cal bonding in these compounds.

In the present work we report on the systematic study
EFG’s in all the delafossite oxides studied previously,3 now
using radioactive111Ag probes that decay via theb2 process
to the same hyperfine-interaction-sensitive level in111Cd as
the 111In probe nuclei employed in the previous work. How
ever, on the basis of the different chemical nature of Ag, o
expects them to occupyA cation sites that are bonded
oxygen neighbors in a linear chain~see Fig. 1!. The radioac-
tive decay of111Ag and 111In proceeds through the 245 ke
5/21 state in 111Cd having the half lifeT1/2 5 85 ns, quad-
rupole moment Q50.83(14) b, and magnetic momen
m520.76mN , as displayed in Fig. 2.8

This particular feature of two radioactive parent ato
with quite different chemical nature but decaying to sa
hyperfine probe level, provides an interesting situation a
directly leads to an unambiguous information with regard
the site location of the probes in this class of ternary oxid
Another motivation for the present work was to compare
EFG measured after thermal diffusion of111In ~and 111Ag)
probes with those obtained after111In ion implantation and
subsequent annealing of the radiation-induced lattice d
ages.

II. EXPERIMENTAL PROCEDURE

The delafossite oxides samples used in the present in
tigation were prepared at the University of Go¨ttingen where
part of the samples had been used in the earlier P
experiments3 with ion-implanted111In. In the present study
the compounds AgCrO2, AgInO2, CuAlO2, CuCrO2,
CuFeO2, CuNdO2, and CuYO2 were measured using111Ag
probes. In order to check for any possible differences

FIG. 2. Simplified decay scheme of111In and 111Ag. The values
of magnetic moment (m) and quadrupole moment (Q) are taken
from compilations in Refs. 8 and 10, respectively.
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tween the present experiment, where the radioactive111Ag is
introduced into the sample by thermal diffusion, and the p
vious results,3 where111In nuclei were ion implanted into the
samples, the compounds CuNdO2 and CuYO2 were also
measured using thermally diffused111In.

Both 111Ag and 111In probes were introduced into th
oxide samples by thermal diffusion at 1073 K. The carri
free 111In was obtained from Nordion International Inc. i
the form of a dilute InCl3 solution. The radioactive solution
containing carrier-free111Ag was prepared at IPEN, Sa˜o
Paulo, from the decay of111m,gPd, which was produced by
the nuclear reaction110Pd(n,g)111m,gPd. About 100 mg of
natural Pd metal were irradiated in a thermal neutron flux
1013 n/cm2 s for about 40 h in the IEA-R1 nuclear reactor
IPEN. The isotopes111mPd and111gPd have short half-lives
~5.5 h and 22 min, respectively! and eventually decay to
111Ag. The radioactive isotope111Ag has a half-life of 7.45
days and beta decays to the excited states of the111Cd as
shown in Fig. 2.

Carrier-free111Ag was obtained by chemically separatin
Ag from the Pd after neutron irradiation. The irradiated
was dissolved in a small volume of aqua regia. The solut
was evaporated to complete dryness and taken up in 1
HCl. This solution was then loaded on top of a column co
taining Bio-Rad AG 1-X8~100 mesh! anion exchange resin
preconditioned with concentrated HCl. The silver activ
was washed off the column with a solution of concentra
HCl while Pd remained on the column under this conditio
A few drops of concentrated HNO3 were added to the col
lected solution and it was evaporated to complete dryn
The conical Pyrex tube containing111Ag was then rinsed
with a couple of drops of distilled water. Part of this solutio
was deposited on the delafossite oxide sample that was d
under an infrared lamp. The activity was diffused into t
samples by heating in a resistance furnace at 1073 K du
24 h in a N2 flux. The same procedure was adopted
thermal diffusion of the111In activity into the CuNdO2 and
CuYO2 samples.

The PAC method is based on the hyperfine interaction
nuclear moments with extra nuclear magnetic fields
EFG’s. A detailed description of this method can be found
Ref. 9. In the case of electric quadrupole interaction,
perturbed time-differentialg-g angular correlation can be
expressed~neglecting theA44 term! as

W~u,t !511A22G22~ t !P2~cosu!, ~1!

where u denotes the angle between the detectors,A22 the
unperturbed angular correlation coefficient of theg-g cas-
cade, andP2(cosu) the Legendre polynomial. The perturba
tion factor G22(t) contains detailed information about th
hyperfine interaction. In case of a static quadrupole inter
tion in a polycrystalline sample and the nuclear level w
spin I5 5

2 , the perturbation factor is expressed as

G22~ t !5S201 (
n51

3

S2ncos~vnt !exp~2vn
2tR

2/2!

3exp~2vn
2d2t2/2!, ~2!

where the amplitudesS2n and frequenciesvn depend on the
nuclear quadrupole frequency
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FIG. 3. PAC spectra and the correspondi
Fourier transform for111In→111Cd in delafossites
at room temperature.
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4I ~2I 21!\
~3!

and the asymmetry parameter defined as

h5
Vyy2Vxx

Vzz
~4!

with 0 <h<1. As usual,Vzz is the principal component o
the EFG tensor.

The terms exp(2vn
2tR

2/2) and exp(2vn
2d2t2/2) take into

account the effects of the finite time resolution of the det
tors tR and the distribution of the EFG around a mean va
with a width d, respectively.

The experimental perturbation functionR(t) is calculated
from the measured time spectra as follows:

R~ t !52F W~180o,t !2W~90o,t !

W~180o,t !12W~90o,t !
G5A22(

i
f iG22

i ~ t !

~5!

and depends on the relative fractionsf i of different EFG’s
that contribute to the PAC spectrum with corresponding p
turbation factorsG22

i (t).
The PAC measurements were carried out with a conv

tional slow-fast coincidence setup consisting of four Ba2
scintillation detectors. This setup permitted simultaneous
quisition of eight time-differential coincidence spectra. T
time resolution of the system was about 0.8 ns for
gamma cascades 173–245 keV and 97–245 keV, which
populated in the decays of111In and 111Ag, respectively. All
the samples were measured at room temperature.

III. EXPERIMENTAL RESULTS

Results of the least-squares fit of the experimental P
spectra to the function given by Eq.~2! for some of the
delafossite samples studied are presented in Figs. 3 a
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along with their Fourier transforms. The experimental p
rameters extracted from the analysis of the data are liste
Table I. For comparison, the results for theB site in each of
these compounds, obtained in the earlier work,3 have also
been included in this table. In this case only the values
tributed to delafossite phases are shown. Using the valu
Q50.83(14)b ~Ref. 10! for the nuclear quadrupole momen
of the 245 keV state of111Cd, we obtained the experimenta
values of theVzz presented in Table II. As observed for theB
site,3 the asymmetry parameterh for the A site is also zero
for all the compounds studied. This is, indeed, expected
view of the known point symmetry of bothA andB atoms in
the delafossite oxides.

The experimental data for most of the samples could
fitted to a single quadrupole frequency with very smalld
;2%) distribution. However, in a few cases an addition
EFG component, with less than 10–15% site population, w
observed that was attributed to impurity phases, most pr
ably binary metal oxides. This observation contrasts with

TABLE I. Experimental hyperfine parameters for delafossite o
ides.

111Ag 111In a

Compound vQ(Mrad/s) d(%) h vQ(Mrad/s) d(%) h

CuAlO2 86.5~0.4! 1.9~0.2! 0 23.6~0.4! 1.5 0
CuCrO2 65.7~0.3! 2.3~0.2! 0 19.8~0.2! 4~1! 0
CuFeO2 88.2~0.3! 0.6~0.2! 0 19.6~0.2! 0.5 0
CuNdO2 66.1~0.3! 1.4~0.1! 0 22.0~0.6! 2.6 0

20.8~0.1! b 2.5~0.1! b 0 b

CuYO2 45.5~0.3! 1.1~0.1! 0 21.4~0.3! 2~1! 0
22.2~0.1! b 2.2~0.1! b 0 b

AgCrO2 83.9~0.3! 0.3~0.1! 0 20.6~0.2! 0.5 0
AgInO2 98.8~0.4! 0 0 14.3~0.9! 4.4 0

aReference 3.
bThis work.
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FIG. 4. PAC spectra and the correspondi
Fourier transform for111Ag→111Cd in delafos-
sites at room temperature.
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results obtained in Ref. 3 where the authors reported sig
cant contributions of the impurity phases, some of them
completely identified. A predominantly single phase found
most of the samples in the present study most probably
sulted from the higher temperature, and the longer annea
times, used during diffusion of the activities. We will n
consider the minor phases in further analysis of the resu

Measurements in the CuYO2 and CuNdO2 samples were
also carried out using111In probes in order to verify any
fi-
t

e-
ng

.

possible difference in the observed quadrupole interac
that could be attributed to the different methods used
incorporating the radioactive111In nuclei into the samples
The results presented in Table I show good agreement
tween the present results and those obtained after111In im-
plantation. The result may be especially important to PA
work using ion-implanted samples, since it reinforces
generally accepted idea that despite the fact that ion imp
tation produces radiation damage of the crystal lattice, m
TABLE II. Experimental and calculated values of Vzz using PCM forA andB sites in delafossites.

111Ag 111In A site B site
Compound uVzz

expu h uVzz
expu h Vzz

PCM h Vzz
PCM h

(1021 V/m2) (1021 V/m2) (1021 V/m2) (1021 V/m2)

CuAlO2 27.44 0 7.47 0 244.19 0 3.33 0
CuCrO2 20.84 0 6.28 0 244.80 0 3.03 0
CuFeO2 27.96 0 6.21 0 246.01 0 2.12 0
CuNdO2 20.97 0 6.98 0 247.52 0 11.81 0
CuYO2

a 14.43 0 6.68 0 246.92 0 10.60 0
AgCrO2 26.62 0 6.53 0 232.99 0 2.42 0
AgInO2 31.34 0 4.53 0 231.78 0 4.54 0

aP63 /mmc.
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of it is annealed out by appropriate thermal treatment,
the impurity atoms relax into substitutional sites during a
nealing.

IV. DISCUSSION

A. Site location

One of the main motivations for this work was to dete
mine the location of the radioactive probe atoms substitu
host cations in the delafossite oxides. The quadrupole
quencies given in Table I and in particular those for AgInO2,
where the probe atoms are not impurities, clearly show
the site of 111Ag and 111In are not the same, or else the
would give rise to identical quadrupole frequencies sin
both parent nuclei eventually decay to111Cd for which the
interaction is measured. In addition, the fact that we obse
only a single quadrupole frequency with very small distrib
tion in both cases indicates that the probe atoms are m
likely placed at the substitutional sites. These observati
therefore constitute a direct evidence that111Ag and 111In
atoms in fact substitute Ag and In sites, respectively,
AgInO2. Since the measured quadrupole frequencies
111Ag and 111In in all the other delafossite oxides studied a
likewise quite different, we conclude that we are deali
with different probe sites in these compounds and that
radioactive111Ag substitute theA atoms and111In substitute
the B atoms in the oxidesABO2. This conclusion is obvi-
ously consistent with the expected chemical affinity of A
and In for univalent and trivalent cations and strengthens
assignments of site location made in Ref. 3.

B. Comparison with the PCM

Theoretical predictions of the EFG for impurity atoms
a solid matrix are still a challenging problem. Very few d
tailed calculations involving band structures have been p
formed in oxides. Luthinet al. have recently reported11 on
cluster EFG calculations for111Cd in HfO2 and ZrO2. The
standard approach in the past therefore was to perform
calculation of EFG using the simple PCM. We have adop
this approach to calculate the values ofVzz andh both at the
A and theB sites, using the usual lattice sum method. F
these calculations, lattice parameters at room tempera
were taken from literature12–19 to obtain the relevant coordi
nates of the ions. Formal charges of11, 13, and22 were
assigned toA, B, and oxygen atoms, respectively. The latti
sum was performed numerically up to a distance of
Å from the probe nucleus. The resulting values ofVzz

latt were
then multiplied by (12g`), where g`5229.27 is the
known20 Sternheimer antishielding factor for Cd, to dedu
the EFG at the nuclear site,Vzz

PCM . Table II lists the resulting
values of Vzz

PCM and h in comparison with the measure
parameters obtained with the111Ag and 111In probes. The
predicted and measuredh values are in perfect agreeme
with each other at both sites. This is not the case for
calculated and measured values ofuVzzu, except for the
AgInO2 samples, where excellent agreement is found
both sites. The PCM overestimates the EFG at theA site in
CuBO2 by a factor of up to 3. For theB site the calculated
values are underestimated by a factor of about 2–3
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CuAlO2, CuCrO2, CuFeO2, and AgCrO2 but somewhat
overestimated for CuYO2 and CuNdO2.

Our method of analyzing the results is similar to that e
ployed by Wiardaet al.21 and Attili et al.3 for 111In in binary
oxides and delafossites. Adding the present data for thA
site to this systematics, in Fig. 5 we have plotted the ra
uVzz

exp/Vzz
PCMu versus the cation-oxygen bond length of t

~undoped! matrices. It had been concluded that binary oxid
with bond lengths exceeding 2.1 Å should have a predo
nantly ionic bonding, whereas those with bond lengths
less than 2.1 Å have a partially covalent bonding with bo
negative and positive contributions to the EFG. This leads
a splitting of the ratiouVzz

exp/Vzz
PCMu into two groups for small

bond lengths.
Originally, this splitting was thought to be a consequen

of the different crystal structures of the binary oxides. TheB
site EFG’s in the delafossites showed a similar trend, but
splitting for small bond lengths was observed. Since
delafossites cover a wide range of cation-oxygen bo
lengths from 1.912 Å to 2.374 Å, while the crystal structu
remains the same, it was argued that, indeed, the cat
oxygen bond length is the decisive parameter responsible
the disagreement between the experimental and PCM va
for the EFG’s at shorter bond lengths. With the present d
for the A site included in the systematics~see Fig. 5!, we
now have a second group of EFG’s in delafossite oxides
bond lengths of,2.1 Å that are smaller than predicted b
the PCM. Bartoset al.1 studied, via PAC with111In impuri-
ties, bixbyite oxides that exhibit two sites, labeledC andD
sites, having identical valences. For111Cd onD sites in sev-

FIG. 5. The ratioVzz
exp/Vzz

PCM is plotted versus the bond lengthd
~cation-O! in oxides~a! taken from the compilation in Ref. 21 an
~b! for the A sites~present data! andB sites~data from Ref. 3! in
delafossites.
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eral bixbyites, smaller EFG’s than predicted by the PC
have been encountered~see Fig. 5!. In contrast to this, the
delafossites offer two sites with different valences, but th
also show the splitting.

C. Distortion effects at the probe sites

One effect, which may strongly influence the quadrup
hyperfine interaction of an impurity probe atom, is the loc
distortion of the lattice introduced by the probe, particula
when the radioactive parent nucleus undergoes a transm
tion via b processes or electron conversion leaving
daughter atoms on the corresponding lattice site~s! of the
parent atom~s!. This is the case of111Ag and 111In decaying
to 111Cd. In most cases, the ionic size of Cd12 differs from
that of the host ion it replaces and may therefore caus
local distortion of the crystal lattice. Usually the PCM do
not consider such distortion and for that reason may fai
reproduce the experimentally observed field gradients. P
calculations including distortion have been carried out
example for 111Cd in TiO2 ~Ref. 22! and, indeed, led to
agreement with the experimental quadrupole interaction
rameters.

In order to verify whether the deficiency of PCM for th
A and B sites in delafossites can be explained by latt
distortion caused by the probe ion111Cd12, we extended the
PCM calculations by including the distortion of the neare
neighbor oxygen ions. These were displaced from their e
librium positions in such a way as to preserve axial symm
try around the probe in order to reproduce the experiment
observed values ofh50. Furthermore, the usual Sternh
imer antishielding factorg`5229.27 was adopted in th
calculations.

A site cations in delafossite oxides are monovalent
have a twofold linear coordination parallel to thec axis. In
the calculations, the two oxygen ions directly bonded
111Cd12 were shifted from their equilibrium positions an
the lattice sum was performed with these new coordinate
arrive at values ofVzz

latt andVzz
dis5Vzz

latt(12g`). TheB cat-
ions in delafossites have a sixfold coordination of oxyg
nearest neighbors in a trigonally distorted octahedral c
figuration characterized byD3d point symmetry. The oxygen
ions of this octahedron were displaced in a symmetric m
ner along the principal axes. Positive as well as nega
shifts were allowed in the calculation. The resulting valu
of Vzz

dis as a function of shift are plotted in Fig. 6 for the C
and Fe site in CuFeO2, as an example. The shifts necessa
to achieve agreement with the experiment for each co
pound are listed in Table III. For theA site, in all the cases
the shifts are positive as expected for oversized111Cd12

ions. However, most shifts are unrealistically large and c
tainly would also affect the next-nearest and farther io
around the probes. Since the sign ofVzz is not determined in
the PAC experiments, forB sites, both positive and negativ
shifts lead to agreement with the measured EFG’s. Howe
taking into account the oversized Cd12 ion, we should con-
sider only positive shifts. As can be seen from Table III, t
required shifts are again quite large in practically all t
cases.

The results demonstrate that these simplifying assu
tions do not lead to a realistic description of the data, a
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other effects such as covalent bonding cannot be ignored15,23

To illustrate this point, we shortly comment on the results
the previous PAC experiment for theB site3 and the Mo¨ss-
bauer effect7 in the compound CuFeO2. Since the Mo¨ssbauer
probe isotope57Fe is a host atom, it does not introduce a
lattice distortion. The Mo¨ssbauer data giveVzz

exp53.72
31021 V/cm2, corresponding to a lattice EFG ofVzz

latt

50.3731021 V/cm2 if we use the Sternheimer facto
g`529.14 ~Ref. 24! of Fe. In a similar fashion, the PAC
data gaveVzz

latt50.2131021 V/cm2. If we now compare
these values with that predicted by the simple PCM,Vzz

latt

50.06531021 V/cm2, we immediately notice that~a! in the
case of the57Fe Mössbauer experiment there remains a la
discrepancy by a factor of 5.6, in spite of the fact that
lattice distortion is expected,~b! in the case of the111Cd
PAC experiment, where a lattice distortion is likely to occu
the discrepancy is less severe ('3.2).

V. CONCLUSIONS

Electric-field gradients at111Cd impurities have been de
termined at the substitutionalA site of the delafossite oxide
(ABO2) using the PAC method. The radioactive trac

FIG. 6. PCM calculations ofVzz as a function of the first oxygen
neighbor shifts around Cu11 ~site A) and Fe13 ~site B) ions in
CuFeO2. The dashed lines show the corresponding experimentalVzz

values for theA site andB site ~positive and negative!. The ionic
equilibrium Cu-O and Fe-O distances in CuFeO2 are 1.84 Å and
2.03 Å, respectively.

TABLE III. Isotropic oxygen shifts necessary to reproduce t
experimental Vzz values for theA andB sites in delafossites.

A site B site
Compound Oxygen shift Isotropic shift Isotropic shift

~Å! for 1Vzz
exp (Å) for 2Vzz

exp (Å)

CuAlO2 10.25 20.12 10.73
CuCrO2 10.39 20.13 10.68
CuFeO2 10.25 20.17 10.67
CuNdO2 10.44 10.28 11.17
CuYO2

a 10.61 10.11 12.00
AgCrO2 10.13 20.16 10.70
AgInO2 0 0 10.93

aP63 /mmc.
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111Ag(b2)111Cd used in the present investigation enable
definite identification of the probe location in these com
pounds. An analysis of the previous PAC results using t
111In(EC)111Cd tracer, in conjunction with the present re
sults, clearly shows that in these delafossites111Ag and 111In
radioactive atoms substituteA and B cation sites, respec-
tively.

The experimental EFG’s at theA site determined in the
present investigation fit in well with the trend previousl
established for theB site in delafossites and in binary
oxides.3,21 In these compounds the deviation of the measur
EFG from the predictions of the PCM correlates with th
cation-oxygen bond length. The present results are in agr
ment with the earlier suggestion3 that covalent bonding is
most probably responsible for this deviation, although
quantitative explanation of the effect has been reached
PCM calculations of EFG’s were also carried out, taking in
account distortions caused by the probe impurity, in an
tempt to remedy the discrepancy between the experime
n
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values and the PCM calculation. This was done by disloc
ing the positions of the nearest-neighbor oxygen ions aro
either theA or B cations and at the same time keeping t
symmetry of the EFG. The calculations showed that in m
cases unrealistically large shifts would be required to obt
agreement with experiment.

ACKNOWLEDGMENTS

This work was partially supported by CNPq~Conselho
Nacional de Desenvolvimento Cientı´fico e Tecnolo´gico-
Brazil!, FAPESP~Fundac¸ão de Amparo a` Pesquisa do Es
tado de Sa˜o Paulo-Brazil! and DFG~Deutsche Forschungs
gemeinschaft!. The assistance of the IEA-R1 research reac
staff in the irradiation of the samples and of Profess
Mekata, Professor Schwarzmann, and Dr. Ziegeler in
preparation of several delafossite samples is thankfully
knowledged.
,

,

:

.

*Author to whom correspondence should be addressed. Electro
address: rfranzin@net.ipen.br

1A. Bartos, K. P. Lieb, A. F. Pasquevich, M. Uhrmacher, an
ISOLDE Collaboration, Phys. Lett. A157, 513 ~1991!.

2A. Bartos, M. Uhrmacher, L. Ziegeler, and K. P. Lieb, J. Alloy
Compd.179, 307 ~1992!.

3R. N. Attili, M. Uhrmacher, K. P. Lieb, L. Ziegeler, M. Mekata,
and E. Schwarzman, Phys. Rev. B53, 600 ~1996!.

4D. B. Rogers, R. D. Shannon, C. T. Prewitt, and J. L. Gillso
Inorg. Chem.10, 723 ~1971!.

5M. Mekata, N. Yaguchi, T. Takagi, T. Sugino, S. Mitsuda, H
Yoshizawa, N. Hosoito, and T. Shinjo, J. Phys. Soc. Jpn.62,
4474 ~1993!.

6Y. Oohara, S. Mitsuda, H. Yoshizawa, N. Yaguchi, H. Kuriyama
T. Asano, and M. Mekata, J. Phys. Soc. Jpn.63, 847 ~1994!.

7M. Uhrmacher, R. N. Attili, K. P. Lieb, K. Winzer, and M.
Mekata, Phys. Rev. Lett.76, 4829~1996!.

8Table of Isotopes, 7th ed., edited by C. M. Lederer and V. S
Shirley ~Wiley, New York, 1978!.

9E. Karlsson, E. Matthias, and K. Siegbahn,Perturbed Angular
Correlations~North-Holland, Amsterdam, 1964!.

10R. Vianden, Hyperfine Interact.15/16, 1081~1983!.
11J. Luthin, K. P. Lieb, M. Neubauer, M. Uhrmacher, and B
ic Lindgren, Phys. Rev. B57, 15 272~1998!.
12T. Ishiguro, A. Kitazawa, N. Mizutami, and M. Kato, J. Solid

State Chem.40, 170 ~1981!.
13W. Dannhauser and A. P. Vaughan, J. Am. Chem. Soc.77, 896

~1955!.
14C. T. Prewitt, R. D. Shannon, and D. B. Rogers, Inorg. Chem.10,

719 ~1971!.
15T. Ishiguro, N. Ishizawa, N. Mizutami, and M. Kato, J. Ceram.

Soc. Jpn.92, 25 ~1984!.
16H. Haas and E. Kordes, Z. Kristallogr.129, 259 ~1969!.
17T. Ishiguro, N. Ishizawa, N. Mizutami, and M. Kato, J. Solid

State Chem.49, 232 ~1981!.
18E. Gehle and H. Sabrowsky, Z. Naturforsch. B30, 659 ~1975!.
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