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Delafossite oxidesABO, (A=Ag, Cu; B=Al, Cr, Fe, In, Nd, Y) studied
by perturbed-angular-correlation spectroscopy using at*Ag(8~)*'Cd probe
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The electric-field gradientEFG at '*'Cd nuclei dilutely substituting am\ cation site in delafossites
ATB™30, has been measured using a perturbed-angular-correlation technique. The radioactive isotope
Miag(B~)MCd was used as the hyperfine probe and introduced into the samples by thermal diffusion. The
EFG’s measured using’d'Ag —Cd probe are compared with those measured using'fhe— ''Cd 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.
[S0163-182698)01329-7

. INTRODUCTION CuFeQ, CuCrG, and AgCrQ are antiferromagnetit® The
delafossite oxides thus present two distinct cation sites and,
Properties of solids such as magnetic order, electroniin hyperfine interaction studies with radioactive impurity
structure, structural phase transitions, defects, and chemicptobes, each of these two sites can be occupied by the probe
bonding are often studied by means of the perturbed-angulagtoms.
correlation (PAC) method via the hyperfine interaction of  In the previous PAC studythe electric-field gradient of
radioactive probe nuclei with their electronic environment. **in(EC)**!Cd nuclei in delafossite&"'B*30, (A=Ag,
The local oxygen configuration around the cation site inCu; B = Al, Cr, Fe, In, Nd, Y} was measured. For each
many binary and ternary metal oxide&,05; andA,Cu,0s) compound at least one EFG with axial symmetry was found,
has been studied in a systematic manner by RRefs. 1  Which was attributed td*in probes on the substitutionl
and 2 using an*4n(EC)™Cd probe. These investigations Sit€. The assignment of the probe site location was based
revealed a correlation between the electric-field gradienff@inly on chemical arguments that suggest a preference for

(EFG) at '*'Cd probe nuclei on a substitutional cation site
and parameters like the ionic radius of the cation and the
cation-oxygen bond length. Similar studies have been carried
out recently on delafossite oxidésBO,, extending the ear-
lier systematics.In this context the delafossite oxides pro-
vided an interesting comparison: while the basic crystal
structure remains the same, the ionic radii of Bxelement
in these compounds cover a much larger range than the pre-
viously studied binary and ternary oxides.
DelafossitesA *'B* 20, crystallize in a hexagonal layered
structure that belongs to the space gr&gm or P63/mmc
(Fig. 1). The trivalent ionsB*2 are located at the center of
regular oxygen octahedra that are inclined and connected by
monovalent ionA 1. TheR3m hexagonal delafossites con-
tain three ABO, molecules per unit cell and have lattice
constantsa andc ranging from 2.8 to 3.8 A and 17 to 19 A,
respectively.
The hexagonal description can also be viewed as a se-
quence of planes with different ions in the order%B™*3-
O 2-A*-02-B"3-0 2, forming two-dimensional triangular
lattices. In the familyA*B*30,, A can be Cu, Ag, Pd, and
Pt whileB is Al, Ga, In, Sc, Y, Cr, Fe, rare earths, etc. These
compounds exhibit a variety of interesting properties. The
Cu- and Ag-based compounds are semiconductors, while Pt-
and Pd-based compounds are conductdfee compounds FIG. 1. Delafossite structureR@m).
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FIG. 2. Simplified decay scheme &tin and 1*'Ag. The values

of magnetic moment ) and quadrupole moment)) are taken
from compilations in Refs. 8 and 10, respectively.

the ™ln probe for a trivalent cation site. PAC, conversion

electron M@sbauer spectroscopy measurements in CyfFeO

and low-temperature PAC measurements of CufeO
CuCrQ,, and AgCrQ (Ref. 7 provided additional support,
although indirectly, for theB site localization of the''lin
probes. The measured EFG’s fO'Cd at theB site’ show a

relatively weak temperature dependence and cannot be r

produced with the simple point-charge modelCM) calcu-
lations, except for the case of AglpOrhe authors attributed

this observation to the partially covalent character of cheml-H

cal bonding in these compounds.

In the present work we report on the systematic study o

EFG’s in all the delafossite oxides studied previoushow
using radioactive!!Ag probes that decay via th@™ process
to the same hyperfine-interaction-sensitive leveltCd as
the 4in probe nuclei employed in the previous work. How-
ever, on the basis of the different chemical nature of Ag, on
expects them to occup# cation sites that are bonded to
oxygen neighbors in a linear chaisee Fig. 1 The radioac-
tive decay of**'Ag and *in proceeds through the 245 keV
5/2" state in'**Cd having the half lifeT,,, = 85 ns, quad-
rupole momentQ=0.83(14) b, and magnetic moment
w=—0.76uy, as displayed in Fig. 2.

This particular feature of two radioactive parent atoms
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tween the present experiment, where the radioacthisyg is
introduced into the sample by thermal diffusion, and the pre-
vious results where **4in nuclei were ion implanted into the
samples, the compounds CuNd@nd CuYQ were also
measured using thermally diffusédin.

Both 1Ag and '*in probes were introduced into the
oxide samples by thermal diffusion at 1073 K. The carrier-
free in was obtained from Nordion International Inc. in
the form of a dilute InG solution. The radioactive solution
containing carrier-free''!Ag was prepared at IPEN, 8a
Paulo, from the decay of**™9Pd, which was produced by
the nuclear reactiort*®Pd(n, y)*™9pPd. About 100 mg of
natural Pd metal were irradiated in a thermal neutron flux of
10" n/cn? s for about 40 h in the IEA-R1 nuclear reactor at
IPEN. The isotopes*™Pd and!'9Pd have short half-lives
(5.5 h and 22 min, respectivglyand eventually decay to
1IAg. The radioactive isotopét'Ag has a half-life of 7.45
days and beta decays to the excited states of*tf@d as
shown in Fig. 2.

Carrier-free''!Ag was obtained by chemically separating
Ag from the Pd after neutron irradiation. The irradiated Pd
was dissolved in a small volume of aqua regia. The solution
was evaporated to complete dryness and taken up in 12M
HCI. This solution was then loaded on top of a column con-
?éining Bio-Rad AG 1-X8(100 mesh anion exchange resin
preconditioned with concentrated HCI. The silver activity
was washed off the column with a solution of concentrated
Cl while Pd remained on the column under this condition.
few drops of concentrated HNOwere added to the col-
ected solution and it was evaporated to complete dryness.
The conical Pyrex tube containingt!Ag was then rinsed

with a couple of drops of distilled water. Part of this solution

was deposited on the delafossite oxide sample that was dried
under an infrared lamp. The activity was diffused into the

G‘Samples by heating in a resistance furnace at 1073 K during

24 h in a N flux. The same procedure was adopted for
thermal diffusion of the''!in activity into the CuNd@ and
CuYO, samples.

The PAC method is based on the hyperfine interaction of
nuclear moments with extra nuclear magnetic fields or
EFG’s. A detailed description of this method can be found in
Ref. 9. In the case of electric quadrupole interaction, the
erturbed time-differentialy-y angular correlation can be

with quite different chemical nature but decaying to sam
hyperfine probe level, provides an interesting situation an%
directly leads to an unambiguous information with regard to
the site location of the probes in this class of ternary oxides. W(6,t)=1+ A,,Go(t)P,(cOs ), 1)
Another motivation for the present work was to compare the

EFG measured after thermal diffusion 5fin (and **Ag) where 6 denotes the angle petween .th.e detectdrs, the
probes with those obtained aftétin ion implantation and Unperturbed angular correlation coefficient of they cas-

subsequent annealing of the radiation-induced lattice danfade, and>;(cos6) the Legendre polynomial. The perturba-
ages. tion factor G,,(t) contains detailed information about the

hyperfine interaction. In case of a static quadrupole interac-
tion in a polycrystalline sample and the nuclear level with
spin I=2, the perturbation factor is expressed as

xpressedneglecting theA,, term) as

II. EXPERIMENTAL PROCEDURE

The delafossite oxides samples used in the present inves-
tigation were prepared at the University of tiogen where
part of the samples had been used in the earlier PAC
experimentdwith ion-implanted**in. In the present study, @)
the compounds AgCre) AgInO,, CuAlO,, CuCrG,
CuFeQ, CuNdQ,, and CuYQ were measured usingt!Ag  where the amplitudeS,, and frequencies,, depend on the
probes. In order to check for any possible differences benuclear quadrupole frequency

3
G ) =Syt 2, SonCOS wpt)exp — wiTR/2)

X exp( — w26%t212),
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FIG. 3. PAC spectra and the corresponding
Fourier transform fot'iin— *!Cd in delafossites
at room temperature.
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eQV,, along with their Fourier transforms. The experimental pa-
wq=m () rameters extracted from the analysis of the data are listed in
Table I. For comparison, the results for tBesite in each of
and the asymmetry parameter defined as these compounds, obtained in the earlier wbHave also
been included in this table. In this case only the values at-
Vyy=Vix tributed to delafossite phases are shown. Using the value of

=7, (4) Q=0.83(14) (Ref. 10 for the nuclear quadrupole moment
of the 245 keV state ot'Cd, we obtained the experimental
with 0 <#=<1. As usualV, is the principal component of yalues of tha/,, presented in Table Il. As observed for tBe
the EFG tensor. site® the asymmetry parametey for the A site is also zero
The terms expf wi74/2) and expfwi&t%/2) take into  for all the compounds studied. This is, indeed, expected in
account the effects of the finite time resolution of the detecview of the known point symmetry of both andB atoms in
tors 7 and the distribution of the EFG around a mean valuethe delafossite oxides.

with a width 6, respectively. _ _ The experimental data for most of the samples could be
The experimental _perturbauon functidt(t) is calculated fitted to a single quadrupole frequency with very smafl (
from the measured time spectra as follows: ~2%) distribution. However, in a few cases an additional

EFG component, with less than 10—15% site population, was
W 180C°,t) — W(9C,t) B i observed that was attributed to impurity phases, most prob-
- W(18@,t) + 2W(90P,1) _AZZZ fiG2a(1) ably binary metal oxides. This observation contrasts with the

©)

and depends on the relative fractiofjsof different EFG’s
that contribute to the PAC spectrum with corresponding per-
turbation factorsG,(t). 1ipg 1y, a

TABLE |. Experimental hyperfine parameters for delafossite ox-

The PAC measurements were carried out with a convencompound wo(Mrad/s) 8(%) n wo(Mrad/s) &%) 7
tional slow-fast coincidence setup consisting of four BaF
scintillation detectors. This setup permitted simultaneous acCUAIO, 86.50.4 1.90.2 0 23.60.49 15 0
quisition of eight time-differential coincidence spectra. TheCuCro, 65.10.3y 2.30.2 0 19.80.2 41) O
time resolution of the system was about 0.8 ns for theCuFeQ 88.20.3 0.60.2 0 19.60.2 0.5 0
gamma cascades 173-245 keV and 97-245 keV, which at@uNdG; 66.10.3 1.40.1) 0 22.00.6 2.6 0
populated in the decays dtlin and 1*'Ag, respectively. All 20.80.)° 250.1)° 0P
the samples were measured at room temperature. CuYyo, 4550.3 1.10.1) 0 21.40.3 2(1) 0
22.20.)° 2.20.° o°
ll. EXPERIMENTAL RESULTS AgCro, 83.90.3 0.30.) 0 20.60.2 0.5 0
AgInO, 98.90.4) 0 0 14309 44 0

Results of the least-squares fit of the experimental PAC
spectra to the function given by E@2) for some of the 2Reference 3.
delafossite samples studied are presented in Figs. 3 and®#his work.
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FIG. 4. PAC spectra and the corresponding
Fourier transform for''!Ag—'Cd in delafos-
sites at room temperature.
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results obtained in Ref. 3 where the authors reported signifipossible difference in the observed quadrupole interaction
cant contributions of the impurity phases, some of them nothat could be attributed to the different methods used for
completely identified. A predominantly single phase found inincorporating the radioactivé*iin nuclei into the samples.
most of the samples in the present study most probably réFhe results presented in Table | show good agreement be-
sulted from the higher temperature, and the longer annealingveen the present results and those obtained atfém im-
times, used during diffusion of the activities. We will not plantation. The result may be especially important to PAC
consider the minor phases in further analysis of the resultswork using ion-implanted samples, since it reinforces the
Measurements in the Cu;Gand CuNdQ samples were generally accepted idea that despite the fact that ion implan-
also carried out using*lin probes in order to verify any tation produces radiation damage of the crystal lattice, most

TABLE II. Experimental and calculated values of Mising PCM forA andB sites in delafossites.

g 1 A site B site
Compound %4 7 IVs" 7 Ve 7 Vi 7
(1071 VIm?) (1071 Vim?) (1071 VIm?) (107* Vim?)
CuAlO, 27.44 0 7.47 0 —44.19 0 3.33 0
CuCro, 20.84 0 6.28 0 —44.80 0 3.03 0
CuFeQ 27.96 0 6.21 0 —-46.01 0 212 0
CuNdOG, 20.97 0 6.98 0 —47.52 0 11.81 0
Cuyo, ? 14.43 0 6.68 0 —46.92 0 10.60 0
AgCro, 26.62 0 6.53 0 —32.99 0 2.42 0
AgInO, 31.34 0 4.53 0 —31.78 0 4.54 0

aP65/mme
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of it is annealed out by appropriate thermal treatment, and
the impurity atoms relax into substitutional sites during an- s @) v O Cuprite
nealing. | ° ¢ Tenorite
v A Rutile
3F A v Corundum
I v v O  Bixbyite, C-site
IV. DISCUSSION o ® Bixbyite, D-site
A. Site location 2r v Z
One of the main motivations for this work was to deter- ODw 4 & %°
mine the location of the radioactive probe atoms substituting ! 2 v ® 006
host cations in the delafossite oxides. The quadrupole fre VZXp Q 8 Mg
guencies given in Table | and in particular those for AgInO |7,PoM| 4 19 o o, ° L L
where the probe atoms are not impurities, clearly show thal "z b) ”
the site of *!Ag and **in are not the same, or else they ¢ CuBO,( Ag)
would give rise to identical quadrupole frequencies since sl ° 4 AdBO( Ag)
both parent nuclei eventually decay t6'Cd for which the | a O CuBO( 1)
interaction is measured. In addition, the fact that we observe o o £ AdR0.C W
only a single quadrupole frequency with very small distribu- 2r
tion in both cases indicates that the probe atoms are mos
likely placed at the substitutional sites. These observations L
therefore constitute a direct evidence tHatAg and *in ! a
atoms in fact substitute Ag and In sites, respectively, in :.' ° o
AgInO,. Since the measured quadrupole frequencies for 0 L , L . L . L .
iag and *n in all the other delafossite oxides studied are 18 20 22 24 26
likewise quite different, we conclude that we are dealing d (cation - O) [A]
with different probe sites in these compounds and that the
radioactivel!!Ag substitute thed atoms and'*lin substitute FIG. 5. The ratioveXPVPM s plotted versus the bond length

the B atoms in the oxide®\BO,. This conclusion is obvi- (cation-Q in oxides(a) taken from the compilation in Ref. 21 and
ously consistent with the expected chemical affinity of Ag(b) for the A sites(present dateandB sites(data from Ref. 3in
and In for univalent and trivalent cations and strengthens théelafossites.

assignments of site location made in Ref. 3.

CuAlO,, CuCrQ, CuFeQ, and AgCrQ but somewhat
overestimated for CuY®and CuNdQ.

Our method of analyzing the results is similar to that em-

Theoretical predictions of the EFG for impurity atoms in ployed by Wiardaet al?! and Attili et al2 for **in in binary
a solid matrix are still a challenging problem. Very few de- oxides and delafossites. Adding the present data forAthe
tailed calculations involving band structures have been persite to this systematics, in Fig. 5 we have plotted the ratio
formed in oxides. Luthiret al. have recently reportétion  |\/xp\PCM| versus the cation-oxygen bond length of the
cluster EFG calculations fot*'Cd in HfO, and ZrG. The (undoped matrices. It had been concluded that binary oxides
standard approach in the past therefore was to perform thgith hond lengths exceeding 2.1 A should have a predomi-
calculation of EFG using the simple PCM. We have adoptechantly ionic bonding, whereas those with bond lengths of
this approach to calculate the values\gf andz both atthe  |ess than 2.1 A have a partially covalent bonding with both
A and theB sites, using the usual lattice sum method. Forpegative and positive contributions to the EFG. This leads to
these calculations, lattice parameters at room temperatutgspitting of the ratidVeXp/VPCM| into two groups for small
were taken from literatufé*°to obtain the relevant coordi- pon lengths. e
nates of the ions. Formal charges-et, +3, and—2 were. Originally, this splitting was thought to be a consequence
assigned @, B, and oxygen atoms, respectively. The latlice of the different crystal structures of the binary oxides. Bhe
sum was performed numerically up to a distance of 7Gsite EFG's in the delafossites showed a similar trend, but no
A from the probe nucleus. The resulting values/§f' were  spiitting for small bond lengths was observed. Since the
then multiplied by (I-1y..), where y,=—29.27 is the (delafossites cover a wide range of cation-oxygen bond
knowr® Sternheimer antishielding factor for Cd, to deducelengths from 1.912 A to 2.374 A, while the crystal structure
the EFG at the nuclear sité; ™. Table Il lists the resulting remains the same, it was argued that, indeed, the cation-
values ofvfzc'\’I and » in comparison with the measured oxygen bond length is the decisive parameter responsible for
parameters obtained with thB'Ag and '*iin probes. The the disagreement between the experimental and PCM values
predicted and measureg values are in perfect agreement for the EFG’s at shorter bond lengths. With the present data
with each other at both sites. This is not the case for thdor the A site included in the systemati¢see Fig. %, we
calculated and measured values |df,,], except for the now have a second group of EFG's in delafossite oxides at
AgInO, samples, where excellent agreement is found fobond lengths ok<2.1 A that are smaller than predicted by
both sites. The PCM overestimates the EFG atAtsite in  the PCM. Bartot al! studied, via PAC with'*in impuri-
CuBO, by a factor of up to 3. For th8 site the calculated ties, bixbyite oxides that exhibit two sites, labeleédand D
values are underestimated by a factor of about 2—3 fosites, having identical valences. Fo'Cd onD sites in sev-

B. Comparison with the PCM
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eral bixbyites, smaller EFG’s than predicted by the PCM 40
have been encounterddee Fig. 5. In contrast to this, the I
delafossites offer two sites with different valences, but they
also show the splitting.

20

0

[10°' V/m]

C. Distortion effects at the probe sites

One effect, which may strongly influence the quadrupole$ _
hyperfine interaction of an impurity probe atom, is the local >
distortion of the lattice introduced by the probe, particularly
when the radioactive parent nucleus undergoes a transmut: 100k : : :
tion via B processes or electron conversion leaving the . ! . ciyo L |
daughter atoms on the corresponding lattice(sitef the 06 04 -02 00 02 04 06 08 10
parent atorfs). This is the case ot''Ag and *in decaying Oxygen shift [A]
to *1Cd. In most cases, the ionic size of Cddiffers from _ _ _
that of the host ion it replaces and may therefore cause a F!C- 6. PCM calculations dfzzasaf“”‘:t'og of the first oxygen
local distortion of the crystal lattice. Usually the PCM doeseighbor shifts around Cd (site A) and Fé* (site B) ions in
not consider such distortion and for that reason may fail tq-u~¢@: The dashed lines show the corresponding experimfal
reproduce the experimentally observed field gradients. PCN2USS for theA site andB site (positive and negatiye The ionic
. . : . - . equilibrium Cu-O and Fe-O distances in Cuke@e 1.84 A and
calculations including distortion have been carried out for

example for1*)Cd in TiO, (Ref. 22 and, indeed, led to 2.03 A, respectively.

agreement with the experimental quadrupole interaction P35ther effects such as covalent bonding cannot be igrigréd.
rameters. ; ; .
. - To illustrate this point, we shortly comment on the results of
In order to verify whether the deficiency of PCM for the ,, previous PAC experiment for ti sité® and the Ms-

A and B sites in delafossites can be explained by Iatticeb : : i
) . . o) auer effectin the compound CuFeQSince the Mesbauer
distortion caused by the probe idh'Cd*?, we extended the probe isotopeFe is a host atom, it does not introduce any

PCM calculations by including the distortion of the neareSt'.lattice distortion. The Nssbauer data giveveP=3.72

neighbor oxygen ions. These were displaced from theireqw;<1021 Vicm?, corresponding to a lattice EFG (leazn

librium positions in such a way as to preserve axial symme-" 1 5 .
try around the probe in order to reproduce the experimentally_o'37>< 10" Vviem? if we use t.he. Sternhe|mer factor
—9.14 (Ref. 29 of Fe. In a similar fashion, the PAC

observed values ofy=0. Furthermore, the usual Sternhe- 7=~ latt_ P >
imer antishielding factory,,= —29.27 was adopted in the data gaveVy; =0.21x107 Vicm®. If we now compare
calculations. these values with that predicted by the simple PCORf,

A site cations in delafossite oxides are monovalent and=0-065x 10°* V/em?, we immediately notice that) in the
have a twofold linear coordination parallel to theaxis. In  case of the’’Fe Massbauer experiment there remains a large
the calculations, the two oxygen ions directly bonded todiscrepancy by a factor of 5.6, in spite of the fact that no
Lcq+2 ere shifted from their equilibrium positions and lattice distortion is expectedp) in the case of the'*'Cd
the lattice sum was performed with these new coordinates tBAC experiment, where a lattice distortion is likely to occur,
arrive at values of/2" andVvdis=V/at(1— 5 ) TheB cat- the discrepancy is less severe §.2).
ions in delafossites have a sixfold coordination of oxygen
nearest neighbors in a trigonally distorted octahedral con- V. CONCLUSIONS
figuration characterized by ;4 point symmetry. The oxygen

- . . 1 - s
ions of this octahedron were displaced in a symmetric man- El_ectrlc-ﬂeld gradu_entg at lc.d Impurities have_been_de-
ner along the principal axes. Positive as well as negativéerm'ned at the substitutiondl site of the delafossite oxides

{ABO,) using the PAC method. The radioactive tracer

shifts were allowed in the calculation. The resulting value
of VI as a function of shift are plotted in Fig. 6 for the Cu . .
and Fe site in CuFeDas an example. The shifts necessary TABLE Ill. Isotropic oxygen shifts necessary to reproduce the

. ) . experimental VY, values for theA andB sites in delafossites.
to achieve agreement with the experiment for each com- P Yz

pound are listed in Table lll. For tha site, in all the caszes A site B site

fthe shifts are positive as expected f_or_ oversiZéiCd" Compound  Oxygen shift  Isotropic shift Isotropic shift
ions. However, most shifts are unrealistically large and cer- A) for +VEXP (R) for —VEP (A)
tainly would also affect the next-nearest and farther ions 2 2
around the probes. Since the sign\gf, is not determined in  CuAlO, +0.25 -0.12 +0.73
the PAC experiments, fd sites, both positive and negative CuCro, +0.39 -0.13 +0.68
shifts lead to agreement with the measured EFG’s. HoweveGureg +0.25 -0.17 +0.67
taking into account the oversized €dion, we should con-  cuNdo, +0.44 +0.28 +1.17
sider only positive shifts. As can be seen from Table IlI, thecyyo, 2 +0.61 10.11 +2.00
required shifts are again quite large in practically all theagcro, +0.13 —0.16 +0.70
cases. AgInO, 0 0 +0.93

The results demonstrate that these simplifying assump-
tions do not lead to a realistic description of the data, andP6;/mmc




PRB 58 DELAFOSSITE OXIDESABO, (A=Ag, Cu;B=Al, ... 2569

ag(B~)1Cd used in the present investigation enabledvalues and the PCM calculation. This was done by dislocat-
definite identification of the probe location in these com-ing the positions of the nearest-neighbor oxygen ions around
pounds. An analysis of the previous PAC results using theeither theA or B cations and at the same time keeping the
n(EC)MCd tracer, in conjunction with the present re- symmetry of the EFG. The calculations showed that in most
sults, clearly shows that in these delafossitéag and *in  cases unrealistically large shifts would be required to obtain
radioactive atoms substitut® and B cation sites, respec- agreement with experiment.

tively.
The experimental EFG’s at th& site determined in the
present investigation fit in well with the trend previously ACKNOWLEDGMENTS

established for theB site in delafossites and in binary
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