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Abstract. The time differential perturbed angular correlation of "'Cd has been measured 
after implantation of the radioactive mother isotope "'In into Co304. Besides a broad 
distributionofelectric field gradients ((vQc) = 105(5) MHz, rjc = 0.8(1)) two fractionswith 
uQA = 0 and vQe = 145 MHz, qe < 0.15 are found which have been associated with "'In on 
substitutional A and B sites of the spinel lattice. During isochronal annealings at various 
oxygen partial pressures, the distribution widths and ds and the asymmetry parameter 
qe approach zero; simultaneously, vQB slightly decreases. The changes are correlated and 
quantitativelyexplained in the point charge model. 

1. Introduction 

In recent papers [l-31 we reported on perturbed angular correlation (PAC) studies 
on the first oxidation stages of COO to Co30,.  We observed the incorporation and 
agglomeration of cation vacancies in up to three-dimensional complexes with spinel-like 
microstructures. We also presented first results of PAC experiments on the reduction of 
C~~O,andfoundsimilar~~cspectraforCo,-~O, A > OandCo3_,04, A C Oindicating 
similar environments of the "'Cd probes. 

This work is aimed at the clarification of the nature of "lln sites after implantation in 
Co30,,  and at the understanding of microphysical processes observed duringisochronal 
annealing programmes at various oxygen partial pressures. Literature data on the defect 
chemistry of Co304 are scarce. Thus, the interpretation will mainly refer to electric field 
gradient (EFG) calculations in the point charge model (PCM) based upon the well known 
lattice structure of the Co304 spinel [4]. 

In the following section we will briefly describe the PAC method and the sample 
treatments. After presentation of the experimental results, we will outline the PCM 
calculations and discuss them in comparison with the experimental findings. 

2. Experimental 

2.1. PAC method and apparahls 

The PAC probe nucleus "'Cd is populated by the electron capture of '"In (half life 
T1l2 = 2.8 days) followed by the 4+-+ a+- f' nuclear transitions to the I'lCd ground 
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state. If the quadrupole moment Q of the isomeric $+ level interacts with an EFG, the 
angular correlation of the two successively emitted y-quantaisperturbed. Consequently, 
the correlation function is modulated with a time-dependent perturbation factor 

Here, 6isthe widthofaLorentziandistributionaround V p . S . ( V )  andg,(q) are functions 
of the EFG asymmetry parameter q. This parameter is defined via q = (V, - Vyv)/Vzz 
where V,, are the elements of the diagonalized EFG tensor with the setting 
I V,, 1 a I V,, j 2 I V,  I. Because of the Laplace equation V,, + Vyv + V,, = 0 the EFG ten- 
sor is completely defined by 7 and VZ2.  The latter enters into the quadrupole frequency: 
vQ = eQV,,/h. If several fractions f; are present, the perturbation function G(I) = 
Zf,Gt)( t )  with ZJ  = 1 is extracted from the function 

N(n, f) - N(n/?, I )  

"n, I )  + ZN(n/2,  I )  
R(t) = 2 =AS?G(t) 

where N(0, 1) denotes the background corrected coincidence spectrum obtained with 
tyo detectors positioncd at the respective angles 0 = jr/2 and JI. A is the effective 
anisotropy coefficient of the y - y cascade corrected for finite detector size and solid 
angle. For"'Cd,therelevant numbersareA22 = -0.176,AE: = -0.13, Q = 0.83 b; the 
lifetime of the isomeric state is z = 122 ns 151. 

The coincidence spectra were measured with a conventional slow-fast detector set 
up consisting of four NaJ(TI) detectors. Four spectra with 0 = n and eight with 0 = 
z/2 wcrc recorded simultaneously. The geometrical average of equivalent combi- 
nationsentered into the R ( t )  algorithm. The total time resolution was 3.9 ns ("HM). 

2.2. Sample treamtenfs 

The Co,04 powder of 99.9985% metallic purity (Ventron Alfa Produkte) was pressed 
on aluminium or nickel foils. The I '  !In activity was introduced by meansof the Giittingen 
heavy ion implanter IONAS [6]. With animplantationenergy of 450 keV, adoseof 10" 
atoms at an average depth of 80 nm was obtained. The maximum concentration of "'In 
in the implantation profile is lower than IO-'. 

Isochronal annealing programmes up to  800 K or 1073 K were performed at oxygen 
partial pressures of 0.2 Pa, 0.2 kPa and 2 kPa. The duration of each annealing step was 
15 min. each followed by a PAC measurement. 

3. Results 

All measured hyperfine parameters are collected in table 1. The pcrturbation function 
of the as-implanted samples is characterized by three contributions labelled A, B and C 
(figure l (a) ) .  Only one of them (B) exhibits a quite sharp EFG with vyS = 146 MHz, 
qB = 0.15,6, = 5.5  MHz and a fractionfs - 45%. The other two perturbations are due 
tobroati~~Gdistributions:(r.~~)=0,6~=30(10)MHzand(v~~) = 10S(5)MHz,qc= 
0.8(1), aC = 30(10) MHz. With one exception (see below), these threc fractions are 
sufficient to describe all R(I )  functions obtained in the course of the annealing 
programmes. Figure l ( a )  gathers three typical R(I) functions and their Fourier trans- 
forms measured in the as-implanted state and after annealings at T, = 600 K and 
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Table 1. Hyperfine parameters of "'Cd in Co304. 
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Fraction vo (MHz) rl 6 (MHz) 

<25 - A 0 
B 14S147 <0.15 <5.6 
C 105(10) 0.8(1) 25(10) 
D 9 2 ( 3  <o. 1 6(1) 
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Figure 1. (a) 'Typical R(1) functions and their Fourier transforms of "'Cd in Co,O, observed 
in the course of an isochronal annealing programme at p ( 0 2 )  = 0.2Pa. (b)  Perturbation 
function R(I)  and corresponding Fourier transform of "'Cd in Co,O, taken after annealing 
at 973 K andp(0,) = 2 !+a. 

700 K at ~ ( 0 , )  = 0.2  Pa. Figure 2 shows the fractionsf, as a function of the annealing 
temperature T,for the threeoxygenpartiaIpressuresp(0,) := 0.2 Pa,0.2 kPaand2 kPa. 
fB stays constant until it drops down at pressure-dependent temperatures which are 
550K(0,2Pa),1000 K(0.2 kPa)and1100 K(2 kPa),respectively.Hyperfineparameters 
of fraction B undergo small but significant changes: SB decreases to less than 1 MHz, qe 
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FigureZ.Fractionsl~(~).fn(A).fc(@) andfo(A) 
as function of the annealing temperature T, for 
various oxygen partial pressures. 

Figure3. Correlationsbetween S.. qB, voBand 6 ,  
presented as functionsof 6 .  The line is calculated 
(section 4.2). 

to 0.04 (figure l(b)) and vas is diminished by approximately 1.5 MHz. All variations 
are correlated as shown in figure 3, where qB and vQB are plotted against 6*. 

Fraction fA exhibits a maximum at T, = 600 K, irrespective of the oxygen pressure. 
The distribution width 6, decreaseswith increasing temperature, All obtained6, values 
are plotted against as in figure 3 and again a correlation is found. For explanation of the 
lines in figure 3 see section 4.2. 

Finally, fc has a more or less clear minimum at about T, = 600 K. aC vanes con- 
siderably between20and100MHz,butinaoon-systematicway.(rac)isquiteconstant. 
It might be interesting to note that the fundamental frequencies o = g,(q)up are similar 
for B and C. This was the reason for attributingfc to a strongly distorted B environment 
[I].fBismainly transformedtof,atp(O,) = 0.2Pa, tofcat0.2 kpaandtoanewfraction 
(uaD = 92 MHz, q = 0) at 2 kPa. In the last case fD vanishes and fB is restored to 70% 
by oxidation of the sample in air at 770 K. 

4. Discussion 

We would like to discuss the following questions: 

(i) To which structural microsurroundings should the perturbations be attributed? 
(ii) How can the correlations of the hyperfine parameters aA, as, qB and ups be 

understood? 
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Figure 4. Next-neighbour A, B and 0 ions of a spinel B site. The 0 ions are relaxed from 
the face centres along (111) by 0.18A. The arrangement is displayed with respect to the 
cubicsystem(o)and the(lll)symmetryaxis(b). 

(iii) What physico-chemical processes cause the variation of fractions in the 
annealing programme? 

4. I .  Interpretation ofperturbations 

Co30, forms a normal spinel lattice, i.e. the tetrahedrally coordinated A sites are 
occupied by Co2+ ions and the octahedral B sites by Co3+ ions [4]. The 02- ions are 
arranged in a slightly distorted FCC structure. Each of them is coordinated by three B 
and one A ion and relaxed towards the base of the B3A pyramid by 0.18 8, (figure 4(a)). 
One has to expect that implanted In ions, at least partially, come to rest on substitutional 
lattice sites. From that point of view it is interesting to compare the measured hyperfine 
parameters with results from other experiments and EFG calculations. 

The symmetry ofthe A sites suggests a vanishing EFG. This is confirmed by the results 
of PAC experiments on Fe,O, by Asai et a1 [7] who measured a pure magnetic hyperfine 
interaction below the Nee1 temperature. Mossbauer studies of various spinels [8] also 
prove the absence of A-ion electric quadrupole interactions. Thus, we associate the 
fraction f A  with the population of the corresponding spinel sites. The EFG distribution 
width decreasing with increasing annealing temperature is attributed to random lattice 
defects caused by implantation damage and/or thermodynamical deviation from the 
ideal stoichiometry. Furthermore, we propose that f B  corresponds to "'In ions on the 
spinel B sites. Spencer and Schroeer [8] found finite EFG in various spinels, among 
them Co,O,. The quadrupole splitting of the Mossbauer isotope 57C0 in Co,O, was 
0.54 mm s-*. With respect to the quadrupole moment QF, = 0.08 b [9] and the anti- 
shieldingfactor (1 - ym)Fc = 10.64of Fe3+ [IO] we obtain a V,, = 6.0 X lo2' V m-2. The 
quadrupole frequency vQB = 145 MHz measured here yields V,, = 2.4 x lo2' V m-2 
with (1 - ym)cd = 30.27 [ll]. 

Attempting to calculate V ~ B  in the PCM, we arrive at some problems. Figure 4(a) 
sketches the next-neighbour shell of a Cd ion on a B site. The arrangement is redrawn 
in figure 4(b) with respect to the rotational symmetry axis along the (111) orientation. 
From the figure it follows that each sub-shell contributes to the axially symmetric EFG at 
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Table 2. EFG V,, and quadrupole frequencies UQ = l( l  - yoc)eQV,,j'hl 01 "'Cd on a Co,O, 
B site caused by the nexl neighbour's CO" (A), CO" (B) and Or- (0) PC. The angle 8 is 
measured with respect to the (11 1) plane perpendicular to the EFG I axis. 

PC 8 (dcg) V,, (IOzo V mP) vV ( M H r )  

A 10.02 -4.20 255 
B 54.74 11.19 680 
0 39.70 -5.49 334 
A t B + O  - ~ ~ 1.50 91 

, . ., 

Figure 5. EFG at a B site in Co,04 calculated i n  the PC model as function 01 lhe considered 
sphere radius I. The inserts X, denote the nth shell of Xions, 

the Cd site. The high EFG of the B sub-shell is nearly cancelled by the negative con- 
tribution of the A and relaxed 02- ions, as can be seen from table 2. According to figure 
5, the PC quadrupole frequency approaches zero if the calculation sphere is enlarged to 
more than 12 .&. Therefore, we suggest that the EFG is determined mainly by next- 
neighbour interactions in agreement with the suitability of cluster calculations 1121. 
There isa large contribution to the EFG due to the relaxation of the 02- ions. In the non- 
relaxed case the oxygen coordination has cubic symmetry. The angle 0 to the (1 1 I) plane 
would then be 35.3" and the EFG from the oxygen ions would vanish. Consequently, 
the quantitative EFG calculation has to be considered as quite speculative because 
a relaxation angle of 1' changes U% by 77MHz. In this frame, agreement between 
the measured and the calculated values of u p B  is obtained with e = 39.0' (EFG > 0) and 

We do not know anything about the lattice relaxation caused by the large size of the 
CdZ' ion (radius0.97 A) compared with the Co3+ ion (radius0.63 A), but we will arrive 
at some new arguments in the discussion of the hyperfine parameter correlations. 

Finally, perturbation C remains unclear. The unsystematic changes of Sc do not 
allow well-founded conclusions, but suggest that they probably hide more than one 
fraction. Possible interpretations are strongly disturbed B sites and Cd ions located as 
interstitials or at grain boundaries. 

e = 42.80 (EFG < 0). 
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One could suggest that the impurity In3+ ions are distributed randomly on the A and 
B sites of the spinel lattice corresponding to a ratio of fA: fB = 1 : 2. That would mean 
that the fitted fractions of the broadly distributed frequencies are not reliable. We 
checked this hypothesis and found, by fitting with the above constraint, a significantly 
worse xz and a totally unsystematical variation of all parameters belonging to  the third 
fraction. Thus, we have shown that the distribution of In". ions on the non-equivalent 
spinel sites is not random (in agreement with [13]) but depends on the thermodynamic 
state of the oxide. 

4.2. Correlations ojhype6neparameters 

As outlined in section 3,  the PAC parameters qB and veB vary in the course of the 
annealing programmes in a correlated way (see figure 3) .  Qualitatively, this fact can 
easily be understood. The ideal EFG (veB = 145 MHz) is disturbed by random defects in 
the sensitivity range of the PAC probe. This affects all three hyperfine parameters 
mentioned above. The strength of such an effect has been investigated by Forker [14] 
who assumed Gaussian EFG distribution widths 4 around V!z and qo and monitored the 
parameters 6, V,, and q obtained from a fit of the averaged calculated perturbation 
functions. Indeed, he found considerable effects, e.g. for 4/V,, = 10% and qo = 0 he 
received the fit result 6/V,, = 0.1, q = 0.12 and V,, = 1.01 V!z .  A comparison with the 
correlations presented in this work shows that there exists a considerable quantitative 
discrepancy. For 6B/vQB = 3.8% we haveqB = 0.16andAvyB/vQB = l%.Thedeviation 
from the model calculation cannot be attributed to the Lorentzian distribution type used 
in this work. 

In the following we present a simple quantitative model which explains our exper- 
imental findings. The basic idea is thzt the EFC of a random lattice defect is mainly 
transferredvia thenext-neighbouroxygen ionsto the ~ ~ c n u c l e u s , d u e  to the polarization 
of the O?- 2p orbitals which overlap with the "'Cd 5s wave function. (A similar idea 
explainedthe super-transferofmagnetichyperfine fields to "'Cdin the antiferromagnets 
COO, MnO and NiO [15].) A certain random defect may produce an EFG with the 
strength W at the PAC nucleus and this changes the ideal lattice EFC with < 0 and 
qo = 0. Diagonalization of the resulting EFG tensor gives, with sufficiently small I.v: 

V,, = X/4 + 3Y/4 q = 3 1 ( X -  Y ) / ( X  + 3Y)I 

with 

x = V:z + w Y =  ((lqZ)Z - 2 v ~ z ~ Y c o s 2 8  + W?)'/? 

where 8 is the angle between the point charge and the x-y plane of the undisturbed EFC 
V g .  The L axis of the EFC is turned by the angle 

q = arcctg[Wsin2O/(Vz, - Wcos28 + Y ) ]  

It is clear that V,  and q strongly depend on 8. If V,, and q were averaged over 8 and a 
Gaussian distribution of U', one should obtain similar results to those of Forker [14]. 
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Our method here is different. A Lorentzian distribution of width 6 around V'& is 
described by 

Z Inglot and D Wegner 

P(VZZ) = 6 / 4 S 2  + (VZZ - w21 

P(V!, 2 6 )  = 4 P ( q z ) .  

vg = (P; ' t  + PI'1)/2 

6 = ( P ; l t  + PC't)/2 

so that 

Vice versa, we have 

and 

where P ; ! _  denotes the inverse function of P(V,,) with function value V,, > qz and 
Vzz  < V:r, respectively. (The same arguments apply to the two other components of 
the EFG tensor.) The model treats a Lorentzian distribution as a balance of two EFG 
centres with lever length 6 .  This simplification allows us to estimate how the change of 
an axially symmetric EFG induced by an EFG distribution of width aA acting with an angle 
6 can be calculated. We assume that = W is due to random defects in the lattice and 
monitored in our PAC measurements by 'l'Cd ions on A sites. Then the EFG transfer 
angle 0 is the only free parameter. Comparison with the experimental correlations for 
the hyperfine parameters of perturbation B in figure 3 yields B = 43". The corresponding 
dependences between dA, dQ, AvaB and qB are inserted as lines. With respect to the 
simplicity, the agreementwith the experimentsisquite nice,especiallyas thecalculations 
by Forker [14] do not apply in our case. 

In the foregoingsectionwenotedthat thePCEFGat Bsitesinthespinel latticestrongly 
depends on the angle B of the oxygen ions with respect to the (111) plane. We found 
agreement between experimental and~cvaluesof uaefor B = 37.0"and 0 = 42.8". The 
results of this section clearly favour the second possibility. The structure of the lattice 
(figure 4) suggests a relaxation along the (111) axis parallel to the EFG symmetry axis 
because the next octahedral site in this direction is empty. 

4.3. Annealing behaviour 

In this section the variations of the fractions with the annealing temperature are 
discussed. From figure 2it isclear that the behaviour observedat different oxygen partial 
pressures is very similar. For all three oxygen activities fc reaches a minimum value 
around T, = 600 K. From this independency and the quite low activation energy we 
argue that the underlying process is the recombination of implantation-induced Frenkel 
pairs, i.e. mainly short range migration of interstitial atoms. 

The most striking change in the annealing curves is the dropping infB at pressure- 
dependent temperatures. A comparison with the CO-0 phase diagram [16] shows that 
this occurs 100 K @(O,) = 2 kPA) to 350 K (0.2 Pa) below the respective Co,04/Co0 
phase equilibrium temperatures. One should expect that Co,04 is reduced to COO by 
desorption of oxygen at the surface and incorporation of CO interstitials, which is the 
reverse of the COO oxidation mechanism [l. 171. On the other hand, it is known that the 
spinel stores excess oxygen at the surface and grain boundaries according to the formula 
Co,04+, [MI. (The existence of catiooicvacancies (Co,_,04) is excluded by the study 
of sensitive bulk properties.) Consequently, it is not reasonable to assume the above 
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reduction mechanism, at least in the sense that a homogeneous concentration of CO 
interstitials is introduced with increasing temperatures. From our experiments we are 
not able to define one process as being responsible for the decrease offB. Figure 2 shows 
thatf, in one case is transformed to fA (0.2 Pa), in a second case tofc (0.2 Pa) and finally 
to a new fractionf, (2 kPA). As the decrease offs is taken as a sign of the beginning 
dissociation of Co304, the denotations of the remaining fractions have to be considered 
with care. As long as the hyperfine parameters do not change we do not see any reason 
to choose additional labels, but it might be possible that serious variations of the probe 
surroundings are not reflected in the hyperfine parameters. For example, any cubic 
environment causes va = 0. Thus, the PAC results allow different interpretations for 
each of the given oxygen partial pressures. One possible explanation could be the 
segregation into the two microphases COO and Co203 which occurs, more or less 
completely, depending on the respective transition temperatures. 

5. Summary 

PAC measurements with '"In as implanted and after annealing have been conducted on 
thespinel Co30,.  Three different fractions have been found, twoof which are associated 
with occupations of the A and B lattice sites. This interpretation is confirmed by 
comparison with other experiments and with point charge calculations which correlate 
the distribution widths and 6, and the hyperfine parameters vpB and qB quan- 
titatively. 
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