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Abstract. The time differential perturbed angular correlation (PAC) method has 
been applied to study defects in iron monoxides, using ion-implanted lllIn probes. 
Besides a bmad distribution of electric field gradients two well-defined quadrupole 
couplingconrtantr~"~beendetected: YQ =97(4)MHz,r) = Oanduq = 71(2)MHz, 
n = 0.32(2). The f k t  one w a  associated with an indium-imn vacancy complex. while 
the second one, visible in a high-temperature meam-ment, w- tentatively assigned 
to indium having trapped two iron vacancies and one interstitial imn atom (the so- 
called Roth-type cluster). Structural transformaticns between different complexes 
and the Fel-,O - Fez04 phase transition are discussed. From the analysis of the 
vacancylinterstitialratio, asizeablefrractionof 4:1 defect clustersat low temperatures 
can be excluded. The proposed defects are compared with those recently observed 
in the chemically and structurally similar cobalt monoxide COO. 

1. Introduction 

The ferrous oxide wustite Fe0  is a material with a defective sodium chloride structure 
in the paramagnetic phase. Below the NBel temperature (TN i3 200 K which strongly 
depends on the deviation from ideal stoichiometry [l]), Fe0 becomes antiferromagnetic 
and the structure changes from cubic to rhombohedral with a small distortion along 
the [ I l l ]  axis. Fe0 is thermodynamically unstable below 843 K. Upon quenching as 
well as upon heat treatment below TN, Fe30, nucleates and easily forms islands of 
different sizes within the wustite structure. 

Magnetite (Fe304) has the cubic inverse spinel structure with half the Fe3+ ions 
on tetrahedral sites (labelled A sites) and the other half on octahedral sites (B sites), 
whereas all Fez+ ions are located on octahedral sites. Fe30, is a ferrimagnet with a 
Nee1 temperature of 850 K. A Verwey (electronic) transition takes place at Tv = 120 K 
and involves the iron ions on the octahedral sites. Below 'Iv the octahedral Fe3+ ions 
and Fe2+ ions align in mutually perpendicular rows [2]. Above Tv an exchange of a 
thermally activated d electron of Fe2+ takes place between octahedral ions. 

Among the four transition metal monoxides with the same structure in the para- 
magnetic phase (MnO, FeO, COO and NiO) wustite exhibits the largest deviation from 
stoichiometry. Using the notation Fe,-,O, I extends up to 0.16 [3]. I t  is generally 
accepted that the oxygen sublattice is nearly perfect so that 2: > 0 corresponds to 
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the presence of cation vacancies. Charge neutrality requires that some of the iron 
ions are in the Fe3+ state. Neutron diffraction studies [4] revealed that the apparent 
concentration of vacancies in Fe,-,O exceeds the value of I determined by chemical 
analysis. This can be explained by assuming that part of the iron ions are located 
on interstitial tetrahedral sites [5]. Because of the large variety of stoichiometric 
compositionsof Fe,-,O, many properties are still unclear and the system is the subject 
of detailed studies; in particular the nature of defects, their structure, clustering and 
ordering have been investigated extensively [G-111. 

In the past few years, ion implantation of radioactive impurities suitable for per- 
turbed angular correlations (PAC) of "/-rays has become a very powerful tool to study 
microscopic properties in many metal oxides [12-141. As examples related to the 
transition metal monoxides, we refer to recent investigations of supertransferred mag- 
netic fields [I51 in NiO, COO and MnO [lG-181 and studies of the COO -+ Co30, 
structural phase transition [19]. The main advantage of the PAC technique (compared 
with macroscopic methods such as x-ray diffraction, neutron scattering or chemical 
analysis) is the possibility of distinguishing between various microstructures occurring 
in the nearest neighbourhood of the dilute probe atoms. Thus, the method is able 
to monitor the changes in the microstructures after subsequent thermal treatments 
and in this way to supply information about the defect chemistry. Another advan- 
tage of the PAC method in comparison with Mossbauer spectroscopy (which is most 
suitable for investigating iron compounds) is its high and stable sensitivity in a broad 
temperature range. 

The  aim of this work was to study the defect structures in Fe,-,O and the 
Fe,-,O - Fe,O, phase transit.ion by means of implanted "'In impurity ions. The 
paper is organized as follows: In section 2 we present a short review of previous experi- 
ments as well as the results of theoretical studies related to the subject. In section 3 
the PAC method and the experimental procedure are described. The experimental 
results and their analysis and interpretation are presented in sections 4 and 5. 

2. Summary of previous resuIts 

Theoretical evidence for the structure of defects comes from lattice energy calculations 
based on the Born model, performed by Catlow and Fender [IO]. These authors 
examined: (i) simple isolated point defects like cation vacancies, octrahedral Fe3+ 
and tetrahedral Fe3+; (ii) clusters of 1-4 cation vacancies trapped a t  octahedral Fe3+ 
ions; (iii) defects containing tetrahedral Fe3+ ions with up to four Fe vacancies. It 
was concluded that the 4V, +Fe:+ configuration (often called the 4:l cluster) is the 
dominating one among the simple defects in Fe,-,O. Catlow and Fender [lo] also 
proposed larger stable aggregates of this basic 4.1 defect, i.e. corner-shared clusters 
(13:4, 16:5), edge-shared clusters (62, 8:3, 10:4) and a corner-linked cluster (7:2) 
Finally, they suggested that nucleation of the inverse spinel structure of Fe30, occurs 
via the transformation of G:2 and 8:3 clusters to 1G:5 clusters. 

Most experimental studies of Fel-,O were carried out a t  high temperature (in the 
thermodynamical stability region of wustite) or a t  room temperature (on quenched 
samples). A cluster configuration consisting of two iron vacancies and one tetra- 
hedral interstitial cation was  proposed by Roth [4] as an interpretation of neutron 
diffraction measurements at room temperature and was later confirmed by the x-ray 
investigations of Smuts 1201. However, most subsequent experiments favoured larger 
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defects. The room temperature x-ray studies of Koch and Cohen [7] suggested the 
existence of clusters with fourteen cation vacancies and four iron interstitials. The 
room temperature neutron difkaction experiments by Battle and Cheetham [5] and 
high-temperature neutron diffraction studies by Cheetham et al [8] provided support 
for the existence of 4:l  clusters. More recently, Anderson and Sletnes [6] studied 
defect ordering in quenched Fe,-,O samples by combining electron diffraction and 
microscopy. They postulated a cluster size of ten vacancies and three interstitials. 

The hyperfine interaction studies of iron monoxides with Mijssbauer spectroscopy 
[21-231 have preferentialIy explained the experimental findings in terms of simple 
defects. Shirane et a /  [21] connected the observed quadrupole splitting E = 0.3 mms-'  
with cation vacancies which destroy the cubic symmetry at  the Fe nucleus. A similar 
quadrupole splitting was found by Hrynkiewicz and coworkers [22] who investigated 
samples with I rangingfrom 0.002 to 0.250. For samples with E > 0.084 they observed 
a double Zeeman splitting which they attributed to the presence of the magnetic 
phase. Larger defect aggregates were proposed by Greenwood and Howe [II, 24, 251 
who performed Mossbauer spectroscopy on quenched F,-,O samples. These authors 
suggested the formation of clusters of four cation vacancies around a tetrahedral Fe3+ 
ion and the direct transformation of four 4:l defects towards a 13:4 cluster. 

3. PAC method and experimental procedure 

3.1. Principle ofthe PAC method 

The theory of perturbed angular correlation (PAC) is well described in several review 
articles and textbooks, see for example [26]. Here we give only a short introduction 
to the commonly used formalism and adopted notations. The PAC technique [27] 
is based on the observation of the y-y directional correlation of two y-rays emitted 
successively from the PAC probe nucleus [28]. In our case the 'llCd nuclei populated 
in the EC decay of ll'In (Tllz = 2.7 d) were the source of the angular correlated 171- 
245 keV gamma cascade with the intermediate isomeric state (mean life 7 = 122 ns, 
spin I = 5/2+, quadrupole moment Q = 0.83 b,  magnetic moment p = -0.766 pN) 
probing the local magnetic field and/or the electric field gradient (EFG). As usual, the 
experimental perturbation function R(t) 

N( t ,  8 = 180") - N ( t , O  = 90') 
N ( 1 , O  = MO0) t 2 N ( t ,  8 = 90") 

R ( t )  = 2 

was extracted from the time differential coincidence rates N(t,  0 = 1 8 0 O )  and N(1,Q = 
90'). This ratio is directly related to the perturbation factor G,(t) 

R(t) = AzFG,(t). 

The effective anisotropy coefficient A;; of the y y  cascade depends on the spins of the 
nuclear states, the multipolarities of the gamma radiations and the detector geometry 
[29]. The perturbation factor G,( t )  contains all the information on the hyperfine 
interactions between the quadrupole moment Q of the probe nucleus in its intermediate 
state and the electric field gradient, and/or the nuclear magnetic moment p and the 
local magnetic field Ifhf. As the results presented in the following sections will be 
described in terms of either the pure magnetic dipole interaction or electric quadrupole 



4572 Z Inglol el a/ 

interaction, we do not discuss the case of combined electric and magnetic hyperfine 
interaction. Often the total observed disturbance of the angular correlation results 
from different hyperfine interactions. The experimental perturbation function is then 
expressed as 

where f i  represents the fraction of probe atoms with the same local environment and 
thus being exposed to the same EFG or magnetic field. 

The EFG tensor is completely defined by two independent parameters: the com- 
ponent with the largest magnitude V z z ( ~ V z z ~  2 lVggl 2 lV=.l) and the asymmetry 
parameter q = (V== - Vvv)/Vsa.  For a polycrystalline sample exhibiting randomly 
oriented EFG the perturbation factor is usually parametrized as in [26]: 

3 

G2(t) = s2n(q)d(!?n(q)uQ; CoS[gn('l)VQtl exP[-gn(rl)6tl. (4) 
"=O 

The factor d(g,(q)vQ; 7,) takes into account the finite time resolution T~ of the appara- 
tu s  [30]. The EFG is characterized by the quadrupole coupling constant vQ = eQV,,/h, 

Q' 
the asymmetry parameter q and the width of the Lorentzian distribution 6 around U 
The coefficients sZn of the harmonics can be calculated by diagonalizing the Hamil- 
tonian for the hyperfine interaction of the EFG with the nuclear quadrupole moment 
[26]. Finally, the functions gn(q) give the relation between the transition frequen- 
cies wn(n = 1-3) in the quadrupole splitted intermediate state and the quadrupole 
coupling constant uQ via  the relationship w, = gn(q)vQ. 

In the case of a magnetic dipole interaction randomly oriented in space, the R( t )  
function is analysed with the expression 

where H,, is related to the Larmor frequency wL = pNgHhf/h.  

3.2. Ezperimenlal details 

In this section we specify the sample preparation and heat treatments and give some 
details of the PAC measurements. Commercially available powders of Fe0 and Fe30, 
(Johnson-Matthey; purity 99.99%) were pressed onto silver foils. The Fe0 structurc 
was verified via x-ray diffraction. The Giittingen heavy ion implanter IONAS [31] en- 
abled us to introduce the "l1n activity viaion implantation. A total dose of some 10" 
l'lInt ions was implanted with an energy of 400 keV. The maximum concentration 
of "'In in the implantation profile w a s  less than 

The following sets of PAC measurements were carried out where the indexes a and 
m refer to annealing and measuring conditions: 

(1) PAC spectra were taken a t  room temperature after subsequent isochronal an- 
nealings of Fel-,O at the temperature T, = 300-773 K, the annealing time t ,  = 30 min 
and the oxygen pressure p , ( 0 2 )  < 0.16 mPa. 

at.%. 
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(2) The second set of PAC spectra in Fe,-,O was taken at room temperature after 
successive isothermal annealings of Fel-,O samples at T, = 373 K and with t ,  ranging 
between 30 and 240 min. The partial oxygen pressure was below 0.16 mPa. A find 
24-h PAC measurement was recorded at T, = 373 K and p,(O,) < 0.2 mPa. 

(3) After implantation into Fe,-,O two successive measurements at T, = 373 K 
and 873 K were taken, p,(O,) being less than 0.2 mPa in both cases. Another high- 
temperature measurement was performed at  893 K. A low-temperature measurement 
at T, = 14 K was carried out for a '"In-doped sample which had been annealed at 
373 K. 

(4) Finally, a "'In-implanted Fe,O, sample was annealed a t  773 K (t, = 30 min, 
p,(O,) < 0.16 mPa) and PAC data were taken at  room temperature, 373 and 873 K, 
all at p,(O,) < 0.2 mPa. 

As usual for each set of measurements, an as-implanted PAC spectrum was taken. 
The PAC measurements were performed with a conventional slow-fast four detector 
apparatus equipped with NaI(T1) detectors, with each detector registering start and 
stop events. Some measurements were done by means of a fast-fast arrangement with 
BaF, detectors. More details are available in [32]. All R(t) spectra were fitted using 
the program MINUIT [33]. 

4. Results 

4 .1 .  "'In implanfed into Fe304 

We start the presentation of the experimental results with the PAC measurements 
in the magnetite Fe,O,. We have chosen these R(t) spectra in order to be able to 
monitor the presence of Fe,O, within the Fe,-,O structure. Detailed PAC studies of 
this system are in progress and will be published later. 

Several R(t) functions as well as their Fourier transforms are displayed in figure 1. 
The first spectrum from the top relates to the measurement a t  room temperature 
after annealing at  773 K. The perturbation function exhibits two well defined Larmor 
frequencies wL1 = 173(1) MHz and 2wL1 and shows two additional broad frequency 
distributions around U,,, = 164(5) MHz and 2wL2. The observation of these two fre- 
quency doublets suggests pure magnetic hyperfine interaction and the data were fitted 
with equation (5). These two fractions are also sufficient to describe the R(t) function 
taken at  373 K (see figure 1( a)), but significant changes of the Larmor frequencies were 
observed: U,,, (373 K )  = 159(1) MHz and wL2 (373 K) = 151(3) MHz. Both spec- 
tra are characterized by the same ratio of fractions f(wLl)/f(wL2) = 4.1(3). Finally, 
the R(t) function measured a t  873 K is typical for electric quadrupole interaction: 
most of the "'Cd nuclei (77%) do not experience any EFG (vQ1 = 0). The remaining 
probe nuclei, with nearly equal fractions f, and f,, are subject either to an axially 
symmetric EFG with vQ, = 42(2) MHz and 6, = 3 MHz and to an asymmetric EFG 
represented by vQ3 = 136(4) MHz, 6, = 26 MHz and q, = 0.59, respectively. All 
hyperfine parameters are listed in table 1 .  

4.2. Isochronal annealing of Fe,-,O 

Examples of the perturbation functions taken in the isochronal annealing course of 
Fe,-,O are depicted in figure 3. The hyperfine parameters which describe the R(t) 
functions of this programme are also listed in table 1. The variations of the fractions 
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a T, = 293 K 

@,w---i T, = 373 K 

T, = 873 K 
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0.000 L 
0.0 0 . 5  1.0 

0 [Gt iz ]  
Figure 1. 
measured below the Nee1 temperature TN (e )  and (6) lls weU as above TN (c). 

The R(i) functions and their Fourier transforms or "'Cd in Fe304 

f; representing different surroundings of l l lIn after subsequent annealings are shown 
in figure 4. The asimplanted sample (figure 3(a)) is charactcrized by two fractions 
with broadly distributed quadrupole frequencies: f, refers to an axially symmetric 
complex with vQ4 = 97(3) MHz and 6, = 38(5) MHz.  While the parameter vQ4 
was quite stable in all asimplanted spectra, the other parameters varied within the 
following ranges: 6, (25-38 MHz), vQs (40-61 hlBz) and Ss (30-50 MHz).  It  was 
possible to improve some fits by introducing another smalI fraction fs 5 5% with 
uQ6 = 0 MHz, 6, < 6 MHz and 7, = 0. 

After the first annealing at  373 K some changes were observed: a small increase 
in f4 accompanied by the reduction in 6, to 17(2) MHz, a significant decrease in 
f5 and the appearance (or increase) of f,. Next, considerable changes took place 
after the annealiing at 523 I(, where fs dropped to zero, f5 started to decrease and 
simultaneously the Larmor frequency wL1 = 172 MHz known from Fe,O, appeared. 
After the 673 K annealing all three fractions f4, f5 and fi reached more or less stable 
values. Starting from the annealing at  523 K, a rise in 6+ was noticed up to 30 MIIz 
a t  773 K,  while decreased from 19(3) to 7(1) MHz. 
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4 
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Figure 2. The R(1)functionanditsFourier transformof "'Gd in Fei-,O measured 
below the N6el temperature. 

4.9. Isothermal annealing of Fe,-,O 

The three fractions f4-fs introduced in the previous section were sufficient to describe 
all R(1) functions obtained in the course of the isothermal annealing at 373 K .  Their 
small changes after successive annedings are shown in figure 5. All hyperfine interac- 
tion parameters were also found to be quite stable. The separated points in figure 5 
(not connected with the other ones) represent the measurement performed at  373 K. 
With the exception of reduced 6, and Ss values, all other EFG parameters were the 
same as in the room temperature measurement. 

4.4. High-temperalure PAC measurements in Fe,-,O 

The results of the PAC measurements at  different measuring temperatures are shown 
in figure 6 .  The perturbation function measured at  873 K (figure 6(b)) where Fe,-,O 
is thermodynamically stable, compared with the one measured at  T,, = 373 K 
(figure 6 ( a ) ) ,  contains a second well-defined quadrupole interaction with vQ, = 
71(2) MHz, 6, = 6.5(5) MHz and q., = 0.32(2). It is clearly visible in figure 7 
that the production of this fraction f7 is associated with a decrease in fractions f4+ 

No significant differences were detected in the fractions when the high-temperature 
measurement was performed either directly after implant,ation or after the 373 K 
measurement. 
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Figure 3. Perturbation functions and assodated Fourier transforms representing 
characteristic stages after subsequent isochronal annealing6 of Fer-rO. The first 
spectrum shows the as-implantedstate of the sample. 

5. Interpretation 

5.1. F%04 

As the implanted In ions are expected to replace, at least partially, Fe ions, we will try 
to correlate the observed magnetic hyperfine doublets in Fe,04 with the population of 
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Figure 4. Variation of the fractions j i ,  j+-js in the PAC spectra of the isochronal 
annealing programme of F ~ E - ~ O .  
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Figure 5.  
T. = 373 K. The points to the right come from the measurement at T, = 373 K. 

Ftactions f&-js of "'Cd in complere after isothermal annealings at 

the A and B site positions in the inverse spinel structure. Using the value of -0.306 
for the nuclear g-factor in "'Cd [34], we obtain from the measured Larmor frequency 
wL1(RT) = 173(1) MHz the hyperfine field H, = 11.8(1) T at room temperature. 
This number is in very good agreement with the result H I ' =  12.1 T reported by 
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293 173(1) 2.5(5) 164(5) 28(3) 
373 159(1) 2.0(5) 151( 3) 24(5) 

( a )  Electric quadrupole interactions in Fe301 

Fraction up (MHz) S ( M H z )  r) 

fi 0 <4 0 
I2 4 2 ~  3 0 

..,, 
~~ ~ 

.,.. 

h 136(4) 26 0.59(4) 

( c )  Electric quadrupole interactions in Fel-,O 
~~~ 

YQ (MHz) ~ ( M H z )  n 
~~~ ~~ 

1 4  97(3) ll(l)* 0 
f5  34-61 22'-50 0.5-0.9 
fs 0 <6 0 
f i b  71(2) 6.5(5) 0.32(2) 

The lowest value of 6 refers to the meaSUrement at 373 K, 
Measured at 873 K. 

Asai e t  al [35]. These authors performed a PAC experiment on ll'Cd/ll'ln probes in 
Fe304 in the temperature range of 85-300 I(, with an external magnetic field applied 
perpendicularly to the detector plane. They attributed the hyperfine field of 12.1 T 
to IllCd at the tetrahedral position (A site). 

This interpretation of wLI  is further corroborated by Mossbauer experiments in 
Fe,O, [36], The room-temperature Mksbauer spectra consist of two well-resolved Zee- 
man patterns with intensities in the ratio 1:2. The deduced hyperfine fields are in the 
ratio H A / H B  = 1.07 and the B-site linewidth was  observed to be considerably larger 
than the A-site linewidth. This difference in linewidths is still not fully understood 
[37l. A direct comparison of our results (wLI/wL2 = 1.05 and a similar difference in 
linewidths 6L1 and 6L2) with those from Mossbauer spectroscopy suggests the second 
PAC Larmor frequency wL2 should he interpreted as being due to Il'Cd atoms at the 
B site. However, one should be cautious with this assignment, as the observed broad 
frequency distribution around wL2 might also arise from a superposition of several 
distinct patterns. A more definite interpretation may be gained from further detailed 
studies of this system, in particular using a single crystal. I t  is evident that the de- 
crease in both Larmor frequencies at the higher measuring temperature T, = 373 K 
is due to the thermal excitation of the atomic spins and staggered magnetization, as 
expected from a Curie-Weis-type critical behaviour. 

Now we would like to discuss the results of the PAC measurement taken at 873 K,  
i.e. above the Nee1 temperature. We first note that the fraction f i  with the well- 
defined Larmor frequency wL1 has disappeared; instead, 77% of the lllCd probes feel 
no hyperfine interaction at all. Indeed, the cubic symmetry of the A site implies 
vanishing EFG at the probe atom in this position. The origin of the two fractions fi 
and f 3  with finite EFGs detected at this high temperature is less clear. The axially 
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Figure 6 .  PAC spectra and Fourier transforms for 'l'Cd in Fe,-,O measured at 
373 and 873 I<. 

symmetric EFG ( f i )  could be related to the defect-free octahedral B position, while the 
other one (f3) could be connected with a deformed octahedron or simple point defects 
such as cation vacancies or interstitials. These point defects have been proposed to 
explain the high-temperature diffusion data in magnetite [9]. 

5.2. Fe,-,O 

5.2.f. Antiferromagnetism. In many transition-metal monoxides nearly 100% of the 
implanted "lin ions enter substitutional metal sites. This was the case in NiO, CuO 
and COO as was confirmed by studies of the supertransferred magnetic field and its 
temperature dependence [12, 16, 171. Unfortunately, we have not observed any well- 
defined signal in the low-temperature (T, = 14 K) PAC measurement of an annealed 
Fe,-,O sample which could be attributed to pure magnetic hyperfine interaction. 
The supertransferred magnetic field and the N6el transformation of impurity atoms 
in wustite, indeed, may be very difficult to observe by the PAC method: the antiferro- 
magnetism could be strongly masked by (i) the presence of different defects which 
could create paramagnetic and ferromagnetic islands within the bulk material [4, 381; 
and (ii) in the case of probe nuclei with a large quadrupole moment, by strong EFGs 
which would cause the Fourier spectrum to split into many components. In the low- 
temperature measurement only a very broad frequency distribution was detected (see 
figure 2) which is different from that visible in the room temperature experiment 
and possibly represents several types of magnetically ordered defects. An additional 
explanation comes form a direct comparison of as-implanted Fe,-,O and Co,-,O 
samples at T > T, [19, 391. The R(t) function of 'llCd in Co,-,O is characterized 
by an 80% fraction with vQ = 0 representing 'llIn at defect-free cation sites, while 
the former one exhibits not more than 5% of such a cubic fraction. This dramatic 
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difference between the two monoxides is probably due to their natural deviation from 
stoichiometry: for I < 0.01 in Col-,O the chance of finding a nearest-neighbour 
vacancy a t  the In site is smaller than in Fe,-,O. 

&- 3 0 -  

50 

- 40 
x 

20 

10 

60 1 

I- 0 0  t 

- 

- 

0 -  f7 

Figure 7. Evolution of fractions fr-a and appearance of fraction fr. After the 
measurement at T, = 373 K,  the sample was heated to the temperalure where 
Fel-.O ir thermodynamicdly stable. The measurement at 873 K was recorded 
without any previous thermal treatment. 

5.2.2. Defect configurations. The authors of the previous x-ray and neutron diffraction 
and hyperfine interaction experiments (see section 2) have mainly concentrated on 
one type of defect under specific thermodynamic conditions. The interpretation of the 
present results requires the assumption that several types of defects coexist. 

(1) f,. We tentatively attribute this fraction, which rises up to 52%, to 'llIn atoms 
on substitutional Fe sites with one nearest-neighbour vacancy in the metallic sublat- 
tice. This interpretation is based on the followingconsiderations: f, has been observed 
after implantation where the distribution of radiation-induced vacancies overlaps with 
Ihe "'In implantation profile. Axially symmetric EFGs attributed to monovacancies 
have also been observed in Mossbauer spectroscopy (MS) experiments [21-231. Indeed, 
the point charge model (PCM) predicts axial symmetry for this complex (see later). 
Finally, the similarity of the coupling constants measured for '"Cd in Fel-,O and the 
structurally and chemically similar COO [19] corroborates this conjecture (see table 3). 
The postulated In-VFe complex is more visible in the isothermal PAC spectra at 373 K 
where it has a small width parameter 6,, = 11 MHz (see figure G), compared with the 
strong damping of this fraction at  room temperature (6, FJ 30 MAz) .  This decrease in 

for increasing temperature may be correlated with so-called after-effects observed 
in many semiconducting and insulating oxides. These effects are a consequence of the 
electron capture (EC) decay of the "'In nucleus and the large time constants required 



Defects in Fe,-,O and ihe Fe,-,O -i. Fe304 phase transition 4581 

to re-establish an unperturbed electron configuration in the '"Cd daughter atom [28]. 
A recent PAC survey of "'Cd implantations in many metal oxides has revealed that, 
indeed, the room temperature damping is mainly due to the l l lIn decay [40]. 

(2) f5 and f6. f5 is characterized by a very broad frequency distribution. In the 
isothermal programme, it partially emerges after the first 30 min annealing. In the 
isochronal annealing cycle, fraction fs transforms into the magnetic fraction typical 
for the Fe,O, phase (see figure 4). Due to the broadly distributed EFG, we cannot give 
a unique interpretation of this fraction, but suggest that it contains several clusters of 
different size consisting of iron vacancies and interstitials. 

We have also found evidence for a small fraction f6 with vanishing EFG which we 
attribute to substitutional impurity atomson unperturbed sites. This fraction emerges 
after the first 373 K annealing and has disappeared above 500 K. We tentatively 
associate the fs and fs with the segregation of Fe,-,O into vacancy-poor and vacancy- 
rich phases [ l l ,  411 which are connected with the migration and agglomeration of 
existing vacancies in the first steps of the Fel-,O --+ Fe,O, phase transformation. 
It is plausible to assume that the cubic f6 is located in the vacancy-poor region of 
Fe,-,O, while the highly disturbed f5 may be located in the vacancy-dch region. 

In order to test our proposed association of f4-6 with the Fe,-,O phase, we carried 
out an x-ray diffraction analysis of the sample after the 373 K isothermal annealing. 
Since no Bragg reflexes due to Fe,O, nor additional ones could be observed, we con- 
clude that the sample still is in the iron monoxide phase. 

(3) f,. This is the second fraction with well-defined quadrupole interaction para- 
meters. Figure 7 suggests that  this fraction (f, = 30% at 853 K) mainly originates 
from the decrease in f, by 20% between 373 and 853 K. Its interpretation as an 
interstitial Fe3+ ion decorated with two Fe vacancies (Ruth-type cluster [4]) is based 
on PCM arguments presented later. 

5.2.3. EFG eslimafes with the PCM. The PCM has been adopted as a guide in distin- 
guishing between different complex configurations and in describing transformations 
between them. These calculations require information about the polarizability of 
conduction electrons and the probe atom shell. While one can neglect the former 
contribution in semiconductors, the second one enhances the EFG by at  least an order 
of magnitude, relative to PCM. Another limitation of the PCM is related to the lattice 
relaxation in the neighbourhood of the probe atom. The calculated EFG is, indeed, 
very sensitive to  small changes in the atomic coordinates. In spite of these well known 
shortcomings, the PCM often provides reasonable estimates for the asymmetry param- 
eter q and the ratio of quadrupole frequencies. As an example, we mention the results 
of our PAC experiments on '"Cd in COO (see table 2) where the defect configurations 
had also been attributed on the basis of the PCM [19]. Indeed the predicted vanishing 
asymmetry parameters and the 2 : l  frequency ratio of the linear V,,-In,-Vco and 
In,-V,, complexes nicely agreed with the measurement. 

Several complexes have been examined and the calculated EFG parameters are 
presented in table 3. These calculations were performed by including all atoms in 
a shell of 50 8, radius around the probe atom, The frequencies were normalized 
with respect to that of the presumed In-monovacancy configuration (uq4). When 
comparing the calculated asymmetry parameters 1) and frequency ratios, it appears 
that the parameters of f ,  best fit to a 2V,-In,-Fe3+ cluster where the interstitial 
Fe3+ ion is coordinated by an oxygen tetrahedron (so called Roth-type cluster). 
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Table 2. Experimcntd PAC parameters for defects in transition metal monoxidcs 
trapped to "'In. 

a Linear molecule. 
Rothlype cluster. 

Table 3. Results of the PCM calculations for selected defect configuralions in iron 
monoxide. 

Exp. VpC-Fe:" 2 V ~ ~ - F e f $  2 V ~ ~ - F e ; l ~  

( u ~ / v q r )  0.73(3) 1.76 0.74 0.64 
1) 0.32(2) 0.72 0.84 0.32 

Fe,: Fe ion at its normal substitutionai position 
Fe,: Fe ion at interstitid positioncoordinated by anion tetrahedron. 

We now shortly discuss the ch~arge transfer associated with the transformation 
of f4 into f,. Figure 8 depicts the proposed atomic configurations as previously 
discussed: the nearest-neighbour substitutional FeZt ion jumps idto the interstitial 
Fe3+ position thereby releasing one electron. This explanation is in line with the 
temperaturodependent change from p- to n-type conductivity in the iron monoxide 
[23]. Localization of the sixth d-electron at  the interstitial Fe ion, i.e. formation of the 
2V,-Fe:t complex, seems to be less likely, on the basis of the asymmetry parameter 
predicted by the PCM (see table 2). 

I t  is possible that the interstitial iron ion is involved in an electron hopping pro- 
cess. Such electron hopping has been found in Fe,O, [36] and has been postulated to 
occur in Fel-,O in the presence of large defect aggregates [25]. We do not know the 
electron hopping frequency in Fel-,O. If we assume that this frequency is not much 
smaller than that predicted for Fe,O, (v-l = 1.1(2) ns at  room temperature [36]), 
an electronic state with an average charge of +2.5 should be taken for the interstitial 
and one of the nearest-neighbour iron ion. PCM estimates for this configuration gave 
q = 0.5 and vQ/vQ4 zz 0.7. 

5.2.4. Vacancy-inferslifiaI ratio. In Fe,-,O, the iron vacancyfiron interstitial r& 
tio ( V / I )  provides a guide to the cluster size [5-81. For the various defect clusters 
proposed in the analysis of neutron, x-ray and electron diffraction and microscopy 
experiments presented in section 2, V f I  varies from 2.8 to 4.2. Based on the fractions 
f l  found in the PAC measurements and their proposed defect Configurations, we can 
estimate V f I  and compare these values with the previous results. In our calculation 
we have assumed that the fractions fs, f, and f, represent probe atoms having in 
their nearest surroundings no defect, one vacancy and two vacancies i- one intersti- 
tial. Furthermore, we assume, at  this stage, that the fraction fs also has  a well-defined 
vacancy/interstitial ratio for which we adopted the values postulated in the literature, 
i.e. 4:1, 6 2 ,  73, 8:3, 10:3, 10:4, 13:4 and 16:5. The calculated V f I  ratios are plot- 
ted in figure 9 in comparison with the values from [5-81. The overall agreement is 
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0 "'In 
0 02- 

0 Fe2+ 

Fe3' 

VFe2+ 

Figure 8 .  The proposed structural transformation between In-VF. and I~-(ZVF.- 
Fe:+) complexes. 

surprisingly good. Although we cannot differentiate between the various defect clus- 
ters with V / I  5 4, the results show that the formation of the 4:l cluster is not the 
predominant process at 373 K (curve a). 

6. Conclusions 

The PAC method with "'ln/"'Cd probes has been employed to study the Fe,-,O + 
Fe,O, phase transition and the defect structures in Fe,-,O. We have demonstrated 
that this method is well suited to distinguish between different local environments 
of the nuclear probe. A well-defined hyperfine field has been measured in the ferri- 
magnetic Fe,O, corresponding to the Larmor frequency wL, = 173(1) MHz at room 
temperature. It has been associated with the presence of '"Cd on substitutional A 
sites in the inverse spinel structure of magnetite. The same signal has been observed 
in the isochronal annealing process of Fe,-,O above 500 K. 

Guided by the PCM and its success in the structurally and chemically similar 
COO, we assigned various measured electric field gradients in Fel-,O to specific defect 
structures: the quadrupole coupling constants vQ4 = 97(3) MHz,  q4 = 0 were identified 
with In,-V, pairs, while the quadrupole interaction parameters vB7 = 71(2) MHz,  
r / ,  = 0.32(2) were tentatively assigned to the so-called h t h - t y p e  structure. The latter 
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T,, [KI 
Figure D. Fe vacancy-tc-interstitial ratio V F ~ / I F ~  in Fq_,O. The full lines and 
the shaded area repreent the value of V F J I F ~  when fs is attrihuted to: (a )  the 4:1 
complex; ( b )  the 8:3 complex; (c)  the 10:4 complex; and ( d )  m e  of the complexes 
6:2, 1 3 4 ,  16:5 or 10:3. The broken Lines connect the full liner LhrougL temperature 
ranges where a sliwp PAC signal from FesOa h w  been observed; they do not indicate 
VI1 valucs. The previous VII ratios obtained from diffraction measurements are 
labclled with their references [5-81. 

configuration which is visible above 850 K partially seems to develop from the In,-V, 
configuration. Finally, we discussed the vacancy-interslitial ratios of the proposed 
defects, in comparison with the values available from x-ray, neutron and electron 
diffraction and microscopy. At low temperatures, the 4:l  cluster can be eliminated as 
the dominant component. 

Further PAC investigations in cubic metal monoxides appear to be very helpful 
in our understanding of the defect chemistry in compounds. Studies of TiO, KbO 
and VO would be particularly profitable because these systems show deviations from 
stoichiometry on either side of their composition. Such PAC measurements are in 
progress. 
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