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5.1 Electrical impurities: 111Ag, 115Cd and 117mSn 

SrTiO3 is a band insulator; thereby reduction and high valence cation doping should be 

done for carrier generation. In this work, SrTiO3 implanted with metallic (111Ag, 115Cd, 117mSn 

and 59Fe) and rare-earth (169Yb) impurities. This section includes studies of weather 111Ag, 115Cd 

and 117mSn implants are incorporated on proper SrTiO3 lattice sites after annealing. Notice that 

the chemical nature of the metallic implants is diverse and determines not only their preference 

for specific lattice sites as well as the type of carriers generation in the SrTiO3 conduction band, 

for what the full lattice recovery of implantation defects is, in principle, required for their 

electrical activation. 

Silver 

Ag is a 4d transition metal of group Ib. Its radioactive isotope 111Ag decays with 7.45 d 

half–life by β− particle emission to the stable 111Cd isotope. It has been RT implanted in SrTiO3 

to a fluence of 1×1013 at/cm2 and it is expected to act as an acceptor impurity if incorporated on 

substitutional Sr-sites. The angular distribution of the emitted ß- particle from the crystal lattice 

within an energy window from 40 keV up to the β− endpoint energy of 1.03 MeV, was 

measured, around the <111>, <100>, <110> and <211> axes, in the as-implanted state and after 

10 min isochronal in situ vacuum annealing up to 900 °C. The subsequent quantitative 

evaluation of the Ag lattice site locations in the SrTiO3 was performed by comparing the 

measured angular distributions with simulated patterns for Ag on substitutional Sr, Ti, O and a 

variety of interstitial sites located along <100>, <110> or <111> in between the atomic 

positions. The 111Ag simulated patterns were calculated by the manybeam formalism for 

electron diffraction in single crystals as already explained. 
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Figure 5.1(a)–(d) show the normalized ß- emission yields measured in the vicinity of the 

<100>, <111>, <211>, and  <110> axes following implantation of 111Ag and annealing at 900 ºC. 

From the fact that channeling effects are observed along all major crystalline axes and planes it 

is obvious that the majority of Ag atoms must occupy substitutional sites or sites which are 

close to the substitutional positions. However, especially the <211> effects indicate that only a 

smaller fraction of Ag is occupying Ti sites, because Ti sites lead to a characteristic double peak 

structure along this direction (c.f. fig. 5.6, 5.10, 5.15 and 5.16), which is not observed in this 

experiment [1][2]. The best fits of the simulated patterns to the experimental ones are shown in 

figure 5.1(e)–(h) and they result from considering three fractions for the Ag atoms, namely, 

substitutional Ag on Sr- and Ti- sites, and random sites. The best fits at the referred annealing 

temperature revealed that 64% of Ag atoms occupied near-Sr sites with rms displacements of 

( ) Å19.01 ≈SrAgu  and 18% near Ti sites with ( ) Å20.01 ≈TiAgu , and the remainder random 

sites. The rms displacements from Sr and Ti substitutional sites are similar to each other but 

significantly larger than the thermal vibration amplitude of the Sr atoms of ( ) Å0773.01 ≈Sru  

and of the Ti atoms of ( ) Å0606.01 ≈Tiu . These high displacement values are due to Ag 

interaction with remaining point defects, but almost equal to the vibration amplitude of 

implanted Sr, as explained in the previous chapter. In addition, a similar rms displacement trend 

was observed by U. Wahl at al. in EC experiments performed with 67Cu in SrTiO3. This 

impurity belongs to the same group of Ag and it was implanted to a similar fluence, which 

resulted in a similar implantation depth profile. Cu SSr and STi fractions after sample annealing 

to 775ºC are higher than those measured for Ag after sample annealing to 900 ºC. 
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Figure 5.2(a) shows the Ag fractions obtained during the complete annealing sequence. 

Besides Ag on near-Sr, near-Ti and random sites, in the as-implanted state an additional fraction 

of 11% of Ag on octahedral interstitial sites was found. This was revealed by the fact that fit 

quality improved for all angular distributions if octahedral interstitial sites were included in the 

fit. The octahedral interstitial sites are located midway between two Sr atoms, i.e. 1.953 Å  from 

a Sr site along <100> directions but also 

midway between two Ti atoms, i.e. 

Å953.12 ×  from a Ti site along <110>. 

Upon annealing at 300 ºC the interstitial 

fraction of Ag completely disappeared, 

with the Ag fraction near Sr sites starting 

to grow. The substitutional Sr fraction 

further increased after annealing up to 

800 ºC. After  annealing at 900 ºC some 

of the Ag atoms seem to have been 

promoted from near-Sr sites to near Ti 

sites. 

Figure 5.2(b) illustrates that for 

both Ag on Sr and Ag on Ti sites the rms 

displacements perpendicular to all four 

investigated crystal directions are larger 

than the rms displacements of Sr or Ti 

atoms due to thermal vibrations. In addition, it is evident that annealing up to 600 ºC reduces the 

Ag displacements in comparison to the as-implanted state. The fact that this coincides with the 
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Fig. 5.1 Angular distributions of ß- particles emitted from 
111Ag in SrTiO3 around the <100> (a), <111> (b), <211> 

(c) and <110> (d) directions following RT implantation of 
111Ag and annealing for 10 min at 900 ºC. The best fits of 

the simulated patterns to the experimental ones are 

shown in (e)–(h). 
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major damage annealing step in SrTiO3 around 400 ºC [3] indicates that interaction with 

implantation-induced defects is responsible for moving the Ag atoms off-site, but that these 

defects are not yet completely removed even for the highest annealing temperature of 900 ºC. 
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Fig. 5.2 Substitutional fractions of 

Ag occupying Sr, Ti and octahedral 

interstitial sites and their rms 

displacements perpendicular to 

<111>, <100>, <110> and <211> 

axial directions as a function of 

annealing temperature in vacuum 

for 10 min. The dotted and 

dashed lines represent the RT Sr 

and Ti vibration amplitudes, 

respectively. 

Cadmium 

Cd is a 4d transition metal of group IIb. Its radioactive isotope 115Cd decays with 2.3 d 

half–life by β− particle emission to the stable 115In isotope. Having an atomic radius comparable 

to Ag, Cd2+ ions substitution is expected to preferentially occur at Sr sites without the need for 

charge compensation, whereas substitution of Cd2+ ions at Ti sites is compensated by oxygen 

vacancy formation to maintain neutrality. This solubility prediction is based Akhtar [4] 

computer simulations of SrTiO3, related to the mismatch between the dopant ionic radius and 

that of Sr2+ and Ti4+ ions. Nevertheless, in the end of the chapter, this approach for predicting 

impurity cationic substitution in ABO3 compounds will be evaluated together with all collected 

EC results.  

In this work, the lattice location of the radioactive isotope 115Cd implanted into SrTiO3 to 

a fluence of 1×1014at/cm2 was investigated by EC in the as implanted state and following 

10 min in situ vacuum annealing at 800 ºC. The ß- angular distributions were measured with a 
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position sensitive detector around the  <100>, <111>, <211>, <110> and <411> SrTiO3 axes, in 

order to achieve unambiguous information about the lattice site of the emitter. For extraction of 

the emission channeling patterns, an energy window was set from 18 keV up to 1 MeV. The Cd 

lattice site location was subsequently evaluated by comparing the experimental emission 

channeling patterns with theoretical ones. The best model of fit was obtained considering Cd an 

amphoteric impurity in SrTiO3. In fact, the fits revealed that Cd atoms are almost evenly 

distributed in Sr- and Ti- sunstitutional sites. 

The EC patterns along all the measured axes of SrTiO3, following 800 ºC annealing of 

115Cd are presented in Fig. 5.3(a)–(d). The best fits of the simulated patterns to the experimental 

ones are shown in figure 5.3(e)–(h) and revealed ∼42% and ∼39% Cd are substitutional at Sr 

(SSr) and Ti (STi) sites, remaining ∼19% at random sites. The best-fit values of the Cd rms 

displacements from SSr and STi sites, perpendicular to the <100>, <111>, <211>, <110> and 

<411> axes, were (0.05, 0.22)Å, (0.2, 0.2)Å, (0.18, 0.06)Å, (0.26, 0.05)Å and (0.06, 0.24)Å, 

respectively. Some of those rms displacements are larger than the thermal vibration amplitude 

of the Sr and Ti atoms of u1(Sr) = 0.077 Å and u1(Ti)=0.061 Å. Previous EC experiments 

performed with 111Ag in SrTiO3 yielded similar rms values following annealing at ∼800 ºC. 

Although comparing the SSr and STi obtained to Ag and Cd (Ag SSr: ∼64%, Ag STi: ∼18% and 

Cd SSr: ∼42%, Cd STi: ∼39%) one may conclude that while the first decreases, the second 

increases. This may be related with the atomic ionic radius of the species involved. Notice that 

Cd has an atomic radius of 0.97 Å, approximately equal to the average of Sr (1.12 Å) and Ti 

(0.605 Å) atomic radius, which seems to be responsible for Cd amphoteric behaviour. Instead as 

a group IIb metal Cd would be expected to strongly prefer Sr sites, which would also be Akhtar 

model prediction for divalent impurity metal cations.  
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The empirical trend for metallic elements of the same period V is also valid for Sn as will 

be next shown. Nevertheless, more EC studies are still needed to properly explore this topic but 

it would be very useful to be capable of predicting the amount of impurities at Sr- and Ti- sites 

in SrTiO3, or more generally, in ABO3, based on elemental properties. 
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Fig. 5.3 Angular distributions of 

the ß-  particles emitted from 
115Cd in SrTiO3 around the (a) 

<100>, (b) <110>, (c) <211> and 

(d) <111> directions following 

annealing at 800ºC. The best 

fits for each direction are shown 

from figure (f) to (h). 

The behaviour of the average fraction of Cd atoms at SSr and STi sites and of the RT rms 

displacements as a function of the annealing temperature is presented in figure 5.4(a) and (b). 

The results reveal that for 800°C vacuum annealing the fraction of Cd atoms at SSr and STi sites 

remained approximately constant, being SSr somewhat larger (∼ 3%) than the fraction of atoms 

at STi sites at 800ºC. In that temperature range, the rms displacement decreased considerably, 
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changing from around 0.4–0.05 Å (as implanted) to 0.26–0.05 Å. These unusually large rms 

displacements, which also vary considerably perpendicular to the five investigated axes, could 

be a consequence of displacements along particular crystal directions. However the quality of 

the fits didn’t improved by exploring the possibility of Cd occupying other sites. 
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Fig. 5.4 Fraction of Cd 

atoms at SSr and STi sites (a) 

and their rms displacements 

(b) perpendicular to <100>, 

<111>, <211>, <110> and 

<411> directions; following 

10 min vacuum annealing 

at 800 °C. The dashed and 

dotted lines represent the 

room-temperature Sr and Ti 

vibration amplitudes. 

In order to explain the large rms displacements of Cd at Sr sites before and after sample 

annealing, several scenarios might be possible. On of them may be the defect trapping by 

substitutional Cd, such as additional vacancies or interstitials. This effect is clearly reduced 

upon annealing at 800 ºC since the rms displacements decreased, but still remained far from 

what would be expected. This indicates that point defects induced by implantation do not fully 

recover at an annealing temperature lower than 800 ºC. This is corroborated by PAC 

experiments performed with 111mCd/111Cd and 111Ag/111Cd probes (see section 4.3), since these 

have shown that the fraction of Cd on Ti sites trapping a vacancy is nearly reduced to half after 

annealing to 710 ºC and completely vanished after annealing to 1000 ºC. Nevertheless, at this 

last temperature, local relaxation of a few lattice atoms around Cd seems to still exist.  
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Tin 

Group IV  elements such as Si, Ge, and Sn have been predicted by Akhtar et al to exhibit 

amphoteric behaviour in SrTiO3 crystals, i.e., they can occupy Sr- or Ti- sites. According to the 

authors all ions 4+ from this group having an ionic radius lower to ∼0.76  Å should occupy 

Ti4+sites in SrTiO3 without requirement for charge compensation. Thereby, excepting Pb4+ ions, 

which ionic radius is 0.84 Å, all other group IV +4 ions incorporated in SrTiO3 behave, in 

principle, as n-type dopants.  Tin has, in particular, a similar size to Ti4+, which makes of it a 

suitable element to study in SrTiO3 concerning its substitutionality in specific lattice sites as a 

function of annealing temperature by means of EC. If Sn highly substitutes Ti-sites in the 

crystal lattice, a SrSnO3 compound may be formed by introducing Sn in SrTiO3 either by ion 

implantation, or different techniques. It is demonstrated that, upon 900 ºC annealing SrTiO3 

implanted with Sn to a low fluence of 4×1013 at./cm2 it is obviously not possible to maximize 

enough the fraction of Sn atoms substituing Ti4+ sites in order to do that. However, the 

experiment presented here may give an important insight to those researchers that might be 

interested in synthesizing SrSnO3 by ion implantation. SrSnO3 is a large band gap 

semiconductor with a band gap exceeding 3 eV, which has gained increasing interest owing to 

its technical applications in the field of humidity sensors [4] , thermally stable capacitors [6] and 

electronic devices [7]. It is possible to modify the electronic configuration of Sn by substitution 

of higher valent cation such as rare earth (e.g. La3+) onto the A-sublattice. To preserve the 

electroneutrality, Sn4+ ions are reduced to Sn2+ and this change in ionization gives rise to an 

alteration of the colour and enhancement of the transport properties [6]. 

Lattice site location of 30 keV implanted 117mSn (t1/2 = 13.60 d) into SrTiO3 was studied 

by means of the EC technique. That is, the anisotropic electron emission yields, depending in a 
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characteristic way on the lattice sites occupied by Sn emitter atoms, were measured towards 

<111>, <100>, <110>, <211> and <411> crystallographic directions. The angular yield distributions 

were extracted with an energy window set from 30 keV 

up to 1 MeV in the 117mSn electron spectrum. The 117mSn 

level scheme is presented in figure 5.5. The metastable 

state decays by two primary transitions: the first is 

highly-converted (multipolarity M4, internal conversion 

coefficient 40.46=α ) and has an energy of 156.02 keV, 

the second is not as converted (mostly M1, 157.0=α ) 

and has an energy of 158.56 keV. The 314.4 keV transition is extremely weak, with a γ-ray 

transition probability Pγ of only 4.23×10-6 per decay. Using a position-sensitive detection 

system, the electron angular distributions around the four referred axes both in the as-implanted 

state as after a step-wise 10 min isochronal in situ vacuum annealing were measured (i.e. 200 °C, 

400 °C, 600 °C, 700 ºC, 800 ºC and 900 °C).  

The lattice sites of 117mSn were identified by comparing experimental channelling yields 

with simulated patterns for the emitting atoms on several sites with various root mean square 

(rms) displacements as well as various displacements between these sites. For instance, in figure 

5.6 are shown the simulated patterns for 100% of emitter atoms on SSr (a)-(d) and STi (e)-(h) 

sites along <100>, <110> , <211> and <411>. Their comparison with the measured ones in 

figure 5.7 clearly evidence that Sn atoms mostly occupy substitutional Ti sites. However, 

including both Sr- and Ti- lattice sites resulted in a significant fit quality improvement. Thereby, 

this was the fit approach followed in this experiment analysis, which is also in agreement with 

Akhtar prediction.  

 

Fig. 5.5 Adopted level scheme for the 

internal conversion decay of 117mSn. 
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Fig. 5.6 Simulated electron emission 

yields from 117mSn in SrTiO3 around the 

<100>, <110>, <211> and <411> axes 

considering full substitutionality of Sn 

atoms at Sr-, (a)-(d), and Ti-, (e)-(h), sites. 

The measured EC patterns following 900 ºC annealing, as the simulated patterns leading 

to the best fit are shown in figure 5.7. The channeling effects are mainly caused by emitter 

atoms on Ti-sites, which is also illustrated by the characteristic double peak structure of the 

<211> and <411> patterns. The best fits pointed to 18.6% of Sn on substitutional Sr- sites, 

66.3% on the Ti- sites, and the remainder on random sites. After annealing at this temperature 

the rms displacements of Sr and Ti lay around 0.13 Å and 0.11 Å, which are values higher then 

the atomic thermal amplitudes. These facts also indicate that optimal annealing temperature is in 

fact above 900 ºC.  
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Fig. 5.7 (a)-(e) Electron emission 

patterns for <100>, <110>, <211>, 

<411> and <111> axes measured 

after annealing at 900 ºC. Panels 

(f)–(j) represent the best two-

fraction fit of theoretical patterns 

to the experimental data. 

Figure 5.8 shows the results of the complete annealing sequence. As can be seen from 

figure 5.8 (a), annealing the sample to 900ºC significantly did not considerably changed the 

substitutional fraction of Sn atoms in Sr-sites (increases less then 4% up to 600ºC). The 

substitutional fraction of Sn atoms at Ti-sites increases almost 25%. However, the substitutional 

fraction on Sr sites also increased so that, the same Sr/Ti ratio (∼0.3) between those substitutional 

fractions is obtained along the entire annealing sequence. 

Still notice that Sn is a metal of the same period of Ag and Cd transition metals, thereby it 

may be included in the “trend” previously commented. According to which, the elements of 

period 5 when incorporated in SrTiO3 behave amphotericly, in such a way that, their SSr 

decreases with atomic radius while STi increases.  
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The influence of annealing on the rms displacements is shown in figure 5.8(b). This 

annealing behaviour is also similar to the previously discussed experiments, where a slight 

decrease in rms displacements was observed for increasing annealing temperature, indicating a 

better incorporation of Sn atoms in Sr- and Ti- lattice sites. However, the displacements are 

generally above the Sr- and Ti- vibration amplitudes, which may indicate that further annealing 

steps would be required to remove remaining defects. 
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Fig. 5.8 Fractions of (a) 117mSn 

atoms on Sr- and Ti- sites and 

(b) their rms displacements 

perpendicular to the indicated 

crystal axes for the complete 

annealing sequence. RT rms 

displacements of Sr and Ti 

atoms are u1(Sr) = 0.077 Å and 

u1(Ti)=0.061 Å. 

5.2 Optical impurities: 169Yb 

Rare earths (RE) have electronic configurations only differing in the occupancy of the 

well-shielded 4f shell, exhibiting therefore quite similar chemical behaviour. Depending on the 

oxidation number of the dopant ion, several types of substitution may occur in SrTiO3, i.e. 

substitution at the Sr site, at the Ti site, or simultaneously at both cation sites. Akhtar et al. 

reported in particular that this substitution mode strongly correlates with the ionic radius of the 

elements. On moving along the lanthanide series the substitution mode changes from Strontium 

to self-compensation. Hence although in all cases donor-type behaviour is expected, the 

effectiveness of lanthanides as donor dopants should be reduced by self-compensation. The shift 

in the preferred substitution mode occurs at a cation radius between 0.89 and 0.94 Å. Ytterbium 
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lanthanide lattice site location studies in SrTiO3 following ion implantation and several 

annealing steps up to 865ºC revealed the amphoteric behaviour of the dopant. Thereby, 

suggesting that Yb ions in SrTiO3 might have an oxidation state equal or above +3. The ionic 

radius of Yb3+ is 0.86 Å, which according to Akhtar model Yb is in the region of substitution 

behaviour change, previously referred. In this case, EC results also agree with this model 

prediction, against with what would be expected if substitution has been predicted based in 

criteria that only evaluate the difference between the ionic size of the host and dopant ions. For 

instance, )Yb(R)Ti(R)Yb(R)Sr(R iiii −〈− , therefore Yb could be expected to preferentially 

occupy Sr-sites, but that doesn’t happen for the experimental conditions just referred below.  

The lattice location of rare earth in SrTiO3 was studied by EC after 69Lu implantation to a 

fluence of 1×1014 at./cm2, which subsequently decays as follows: 

TmYbLu
ECEC Q

dt

Q

ht 169

909

26.32169

2293

06.34169 2121

=

=

=

=  → → . Lattice site location studies began only after all short-

lived contaminants have decayed, leaving only the desired long-lived isobar, 169Yb, inside the 

sample. The conversion electron energy spectrum of  TmYb 169169 →  decay (c. f. fig. 6.22) contains 

several peaks corresponding to the high energy Kα and Kß conversion electrons emitted in the 

keVkeV 15.31627.379 → , the keVkeV 93.13815.316 →  and the KeVKeV 19.11815.316 →  

gamma transitions, of which only the latter two are used in this experiment. Their electron 

conversion coefficients, αK, are 0.5 and 0.38, respectively.  

The electron angular distributions, providing information about the emitter (169Tm*) 

lattice site, were measured within the 15-250 keV energy window. This included the 100, 109, 

118, 121, 139, 188 and 248 keV conversion electrons emitted by the 169Tm*( st µ66.021 = ) state 

and the lower energy electrons from short-lived states, which are populated within a few ns after 

the 169Yb decay. Note that since the recoil energy in the *169169 TmYb→  nuclear decay is less 
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than 1.1 eV, it is most likely that 169Tm* has inherited the 169Yb lattice site. It is expected that 

the transmutation doping will not lead to the occupation of drastically different lattice sites, 

since both nuclei are rare earth elements with similar chemical properties. Nonetheless, these 

remarks should be kept in mind when discussing results. 

The annealing behavior of the Tm lattice sites was studied in SrTiO3 by measuring 

electron angular distributions around the <100>, <110>, <111>, <211>, and <411> axes 

immediately after sample implantation and after a 10 min in situ isochronal vacuum annealing 

sequence, up to 865 ºC.  Subsequent quantitative analysis was performed by comparing the 

experimental patterns to those simulated considering the emitter atom 169Tm at different lattice 

sites. However, no evidences were found of 169Tm at interstitial lattice sites. The theoretical 

channeling patterns along the <100>, <110>, <211> and <411> axes for 100% 169Tm situated 

on substitutional Sr- and Ti- sites are shown in figure 5.9 from (a) to (d) and from (e) to (h), 

respectively. These patterns are clearly incompatible with the experimental patterns shown in 

figure 5.10 from (a) to (e). These patterns show the angular dependent emission yields of 

conversion electrons in the vicinity of the <100>, <110>, <211>, <411> and <111> axes sample 

annealing to 865ºC. Direct comparison of the experimental pattern to the best fit results (fig. 

5.10 from (f) to (j)), assuming Tm occupying a mixture of Sr- and Ti- substitutional sites, shows 

a very good correspondence. Pronounced emission channeling effects are visible along all axial 

and planar directions, clearly evidencing that the majority of the 169Tm occupies substitutional 

sites. Whereas all patterns following the 800ºC and 865ºC annealing steps reveal full impurity 

substitutionality, this was not the case after annealing at lower temperatures since a significant 

fraction of Tm atoms occupying random lattice sites was identified. Contributions from emitters 

on interstitial sites can be ruled out, since these would result in a minimum channeling effect 

along the measured axes, which is not observed. 
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Fig. 5.9 Simulated channeling patterns 

considering 100% of emitter atoms (169Tm) at 

substitutional Sr- [(a)-(d)] and Ti- [(e)-(h)] sites. 

Fig 5.10 Experimental (a)-(e) and simulated 

(f)-(j) electron EC patterns from 169Tm following 
169Yb-implanted SrTiO3 annealing at 865 ºC, 

along several crystal axes. Best fits were 

obtained considering the implanted atoms 

amphoteric. 

An overview of the substitutional fractions found for this sample as a function of annealing 

temperature is given in figure 5.11 (a). It is observed that  ∼41% of 169Tm atoms are located on Sr 

(∼28%) and Ti (∼13%) substitutional sites already after RT implantation. Upon annealing at 200 

ºC the fraction of Tm located at random sites starts to decrease, while the Tm fractions near Sr- 

and Ti- sites start to grow. The promotion of Tm atoms from random sites to substitutional Sr- 

sites is more significant than to Ti- sites when annealing from 400 ºC to 600ºC, temperature at 

which both fractions are about the same. For higher temperatures, Sr- and Ti- substitutional 

fractions slightly increase up to ∼48%. That is, after 865ºC annealing ∼96% of 169Tm are 

incorporated on Sr- and Ti substitutional sites revealing the amphoteric behaviour of Yb. Indeed 
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there is also an experimental evidence reporting the amphoteric behaviour of another lanthanide, 

167Er, in SrTiO3 [1]. This was found by P. Araújo et al. following RT 60 keV implantation of the 

precursor isotope 167Tm (t1/2 = 9.25 d) to a fluence of 2×1012 at/cm2 and an annealing sequence up 

to 610ºC by means of EC. Er3+ ions have an ionic radius of 0.96 Å, which is bigger than that of 

Yb3+. Thus, indicating self-compensation as the most favoured substitution mode in SrTiO3, 

according to Akhtar model. In fact Er3+ ionic radius is also above the substitution transition mode 

of lanthanides, occurring between 0.89 Å and 0.94 Å, as referred. P. Araújo experiment gave 

quantitatively similar results to those obtained to 169Tm and both are in agreement with Akhtar 

predictions. The fractions of Er at Sr- and Ti- lattice sites increased linearly with temperature up 

to 610 ºC, reaching ∼ 20 % and ∼ 40 %, respectively. This clearly shows that after annealing at 

this temperature Er3+ ions behave amphotericly but preferentially occupies Ti substitutional sites, 

which most likely increase the oxygen vacancies in the crystal in order to compensate 

electroneutrality. These could explain the significantly high fraction of Er3+ ions sitting at 

random sites in the lattice. However, further annealing could promote some Er atoms sitting at 

random sites to Sr- substitutional sites as it was observed for 169Tm below 600ºC annealing. 

Notice that in this case the fluence dopant was 50 times higher than in that of Er used in P. Araújo 

experiment. Therefore, adding this to the fact that the same chemical behaviour is expected for 

both impurities, due to their similar oxidation and valence states, the different behaviour of the 

samples observed at 600ºC might be due to remaining implantation point defects in SrTiO3.  As 

shown in fig 5.11, the Tm atoms no longer prefer Ti sites at ∼600 ºC neither at higher 

temperatures. At those temperatures, the majority of Tm atoms are evenly distributed on Sr- and 

Ti- substitutional sites, remaining a smaller fraction (∼4%) of atoms randomly distributed at 

interstitial sites.  
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Fig. 5.11 (a) Substitutional 

fractions of Tm occupying Sr 

and Ti sites as a function of 

annealing temperature in 

vacuum for 10 min each 

(b) rms displacements per-

pendicular to the channelling 

axes, measured as a function 

of the same isochronal 

annealing temperature. The 

dashed lines corresponds to 

the vibration amplitude of Sr 

and Ti in SrTiO3, u1(Sr) = 

0.077 Å and u2(Ti)=0.061 Å. 

Figure 5.11-(b) shows the rms displacements u1(169Tm) from the ideal Sr- and Ti- sites. A 

first observation is that, the displacements are larger than the RT thermal vibration amplitudes of 

Ti (u1(Sr) = 0.077 Å) and Sr (u2(Ti)=0.061 Å) in SrTiO3. This means that the Tm atoms are scattered 

around the Sr and Ti sites in a broader distribution than would be expected if the main 

displacement would be due to thermal vibration. Another observable feature is that the rms 

displacements for each axis remain more or less constant up to 600 ºC and then slightly decrease 

to values closer to the thermal displacement values, but still higher. In fact, Sr and Ti averaged 

rms displacements perpendicular to the measured axes are ∼0.2 Å and ∼0.12 Å. This is possibly 

due to a higher presence of defects in the neighbourhood of Tm atoms at Sr sites than at Ti sites. 

Tm atoms should stick to different type of defects depending on the host cation site they occupy. 

For instance, according to Akhtar predictions when Tm atoms go to Sr sites electron 

compensation resulting from reduction is favoured, whereas for Ti substitution, oxygen vacancy 

generation is more favourable to maintain crystal neutrality. Diffusion of oxygen vacancies in 

SrTiO3 is very sensitive to temperature. Typical activation energies are between 825-1200 ºC, 
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which may justify the better incorporation of Tm atoms at Ti sites. The activation energies for 

cation vacancy diffusion are considerably higher (∼ 1875 ºC). 

In general, the rms displacement decrease can be attributed to the gradual removal of crystal 

defects in the vicinity of the impurity atoms since such defects could displace them, in this case, 

Tm atoms. Thus, ideally all the displacements should lie close to the RT thermal displacements. 

However, even after 865 ºC annealing, the Sr and Ti rms displacements still exceed the thermal 

vibration amplitude for all axes but not by the same amount. This result indicates that 865 ºC 

annealing is not sufficient to remove all implantation damage. 

5.3 Lattice site location and magnetic characterization of Fe-implanted SrTiO3 

The current knowledge on TM implanted into SrTiO3 with a special focus on their lattice 

location and magnetic characterization by means of thermal annealing is extended to Fe. Three 

SrTiO3 samples were characterized by EC with 59Fe probe to fluences of 2×1013, 1×1014 and 

1.9×1014 at./cm2. The last two samples were previously implanted with 56Fe to a fluence of 1×1015 

and 5×1015 at./cm2, thereby often named by “Fe pre-implanted samples”. 

EC measurements were made on the electrons emitted in the 59Fe ß- decay to the stable 59Co 

isotope. However, this required first waiting for the decay of all short-lived 59Mn (t1/2= 4.6 s) 

implanted atoms, which are the 59Fe precursors. Subsequently, ß- angular yields along <100>, 

<110>, <211> and <111> axes were recorded in the as implanted sample, when possible, and 

after a sequence of annealing steps up to 900 ºC. Complementary magnetic measurements were 

performed in the 56Fe-implanted samples by means of a SQUID. Since sample’s concentration 

of Fe is in the appropriate range for DMS applications, relevant information may be extracted to 

achieve new insight on the subject. Section 5.3.2 summarizes the major findings. 
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5.3.1 Fe lattice site location in SrTiO3 

Fe is an element from period 4 like Cu with an ionic radius of 0.645 Å close to that of Ti4+ 

(0.68 Å) ions in SrTiO3. These two elements seem to follow the same empirical trend suggested 

for group 4 elements (i.e. Ag, Cd and Sn), whose Ti fraction increased along the period.  

The experimental patterns along the four measured directions in the as implanted state and 

following the 900 ºC annealing step are shown in figures 5.12 and 5.13 together with the 

corresponding best fits. In both figures, the best fits were obtained considering fractions of Fe 

atoms located: (1) at Ti sites, (2) at sites displaced a certain distance from the Ti sites along 

<100> crystalline axes and (3) at octahedral interstitial sites; being this fraction more prominent 

in the as implanted state (like, implanted Ag and Cu in SrTiO3). Other combinations of 

theoretical yields for various lattice sites did not give satisfactory fits. The modulated sites 

included substitutional Sr- sites, substitutional Ti- sites, octahedral interstitial sites and SBàSO 

interstitial sites. The last are sites that are displaced up to 0.45 Å along the <100> directions 

from ideal Ti sites towards substitutional SO sites. The theoretical emission patterns along the 

<100>, <110>, <211> and <111> axes considering 100% of 59Fe atoms situated on those sites are 

summarized in figure 5.14. This shows that for every site, there is at least one angular yield which 

significantly differs from the others, which already demonstrates the specificity of the emission 

channelling technique. By means of consistently fitting of the results obtained along different crystal 

axes, one obtains one accurate lattice site determination of the radioactive probe atoms. For instance, 

comparing the simulated patterns for each axis considering 100% of emitter atoms at STi [fig. 5.14 (a)-(d)], 

STiàSO [fig. 5.14 (e)-(h)], SSr [fig. 5.14 (i)-(l)] and O [fig. 5.14 (m)-(p)] sites with the correspondent 

experimental patterns of figures 5.12 and 5.13, it is evident that the possibility of Fe at Sr sites can 

be ruled out. In fact, there is only one crystalline direction along which Sr- and Ti- characteristic 

patterns are identical and that is <111>, since the atomic rows consist of alternated Sr and Ti atoms. 
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Figure 5.12 and 5.13 (a)-(c) show the EC patterns for three crystal axes obtained 

following RT implantation of SrTiO3 with 2×1013 Fe/cm2 and after 900ºC annealing. The 

channelling effects are mainly caused by emitter atoms close to Ti sites as the characteristic 

double peak along <211> illustrates in the (c) and (g) patterns of figures 5.12 and 5.13. 

Comparing figure 5.12 to 5.13, it is evident that, along the <100> direction, Fe atoms 

change their preferred lattice site location with annealing temperature. That is, while following 

implantation Fe exhibits a well defined maximum along <100>, similarly to the channelling 

effect caused by the Fe atoms at Ti sites (c.f. fig. 5.14-(a)), after annealing the maximum yield 

decreases down to a value closer to that predicted to pattern (e) of figure 5.14, characteristic of 

Fe atoms at STiàSO sites. That is the fraction of Fe atoms at SBàSO sites increases with 

annealing temperature. In addition, after annealing the intersecting plans become more 

pronounced, which indicates the in the as implanted state existed a fraction of Fe atoms at 

octahedral interstitial sites that vanished. This effect is also visible along <110> axes as shown 

in figures 5.12-(b) and 5.13-(b), which are only comparable to figure 5.14-(b) meaning that a 

fraction of Fe atoms at Ti sites exists indeed before and after thermal annealing. This is in 

agreement with the channelling effects observed along <211>. Finally, the channelling effects 

along <111> suggest that Fe atoms preferentially occupy octahedral interstitial sites in the as 

implanted and following annealing the fraction of Fe atoms at the interstitial site STiàSO may 

increase, since a small minimum in the centre of the pattern maximum (c.f. figure 5.13-(d) and 

fig. 5.14-(h)) appears.  
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Fig. 5.12 Angle dependent ß- emission yields 

from 59Fe in SrTiO3 around the <100> (a), 

<110> (b), <211> (c) and <111> (d) axes. The 

patterns were recorded after ion implantation 

at RT. Best fits of simulated channelling 

patterns for a misxture of STi sites, STiàSO and 

SO sites to the experimental yields (e)-(h). 

Fig. 5.13 Angle dependent ß- emission yields 

from 59Fe in SrTiO3 around the <100> (a), 

<110> (b), <211> (c) and <111> (d) axes. The 

patterns were recorded after 900ºC annealing. 

Best fits of simulated channelling patterns for a 

misxture of STi sites, STiàSO and SO sites to 

the experimental yields (e)-(h). 

Fig 5.14 Simulated channelling patterns considering 100% of emitter 

atoms on STi (a)-(d), STiàSO (e)-(h), SSr (i)-(l) and octhaerdral, O, (m)-

(p) sites along <100>, <110>, <211> and <111> axes. The 

orientation and angular resolution has been chosen so as to match 

the experimental patterns of Figure 5.13. 
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In summary, patterns analysis lead to the conclusion that in fact best fits are only obtained 

considering a fraction of Fe atoms at substitutional Ti sites and SBàSO and O interstitial sites, 

rather the last becoming negligible with annealing. The fraction quantification of Fe atoms at 

substitutional and interstitial sites as a function of annealing in SrTiO3 for each crystalline 

measured direction is shown in figure 5.15. 

A first observation is that in the as implanted state Fe atoms preferentially substitute at 

octahedral interstitial sites and almost evenly substitute Ti and STiàSO sites. After 300ºC 

annealing, the octahedral fraction decrease by almost 40%. According to its behaviour for 

higher annealing temperatures, a correlation between octahedral- and Ti- sites occupancies 

seems to exist. The variation of these fractions with annealing temperature is low and opposite. 

After 900ºC annealing only ∼32% of Fe atoms substitute at Ti- substitutional sites, remaining 

∼43% of Fe atoms at STiàSO sites and ∼10% at octahedral interstitial sites. The rest of the Fe 

atoms (i.e. ∼15%) are at random sites. These results demonstrates that high annealing 

temperatures only significantly favour the occupancy rate of Fe atoms at STiàSO interstitial 

sites, which seem to be superior to Ti fraction by ∼10% over the entire annealing temperature 
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Fig. 5.15 (a) Substitutional fractions 

of 59Fe atoms occupying Ti 

substitutional sites and SBàSO 

and octahedral interstitial sites. (b) 

The averaged rms displacements 

of Fe atoms at Ti and SBàSO 

sites perpendicular to <111>, 

<100>, <110> and <211> axial 

directions as a function of annealing 

temperature are also shown. The 

dashed lines corresponds to the 

vibration amplitude of Sr and Ti in 

SrTiO3, u1(Sr) = 0.077 Å and 

u2(Ti)=0.061 Å. 
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range. Therefore to achieve higher fraction of Fe atoms at Ti- substitutional sites in SrTiO3, 

fluences above 2×1013 at/cm2 might be required. Nevertheless, according to Akhtar predictions, 

depending on Fe oxidation number (i.e. +2, +3 or +6), Fe atoms can only substitute at Sr or Ti 

sites in SrTiO3. EC shows that the oxidation number of Fe atoms might be higher than +2 since 

no evidence of Fe atoms at Sr sites was found. In fact, only ∼32% of Fe atoms might exist under 

the state +3. Thereby, the predominant type of defects that might exist in the lattice are not 

foreseen by Akhtar model to be oxygen vacancies, which would be responsible for crystal 

neutrality. These evidences clearly show that Akhtar model has limitations as such other older 

purposed models. Samples implanted to higher fluences are studied in the two next sections. 

Figure 5.15-(b) shows the averaged rms displacements of Fe atoms at Ti and STiàSO sites 

as a function of annealing temperature. This average was calculated according to the formula 

5.1, where rmsTi and rmsSO are the dynamic and static displacements of Ti and STiàSO sites. 

The constant value of 1.953 Å is the length of the vector considered between STi and SO sites.  
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The averaged rms values are similar to all that have been measured for implanted impurities in 

SrTiO3 by EC. They range from 0.17 Å to 0.24 Å, which show that are close to the thermal 

vibration amplitudes of Sr and Ti atoms ( ) ( )( )Å0606.0TiuÅ,0773.0Sru.,e.i 11 == . The 

somewhat higher averaged rms values observed in the as-implanted state are ascribed to the 

implantation damage in the surroundings of Fe atoms, which is then significantly removed 

during annealing at 300 ºC. In fact, the Fe averaged rms displacements after 300ºC annealing 

slightly increase as Ti-fraction, which may be due to the paring of +3
TiFe  with nearest-neighbour 

oxygen vacancies, VO. As referred, Akhtar model predicted that metals with oxidation number 
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of +3 preferentially occupy Ti sites and induce an oxygen vacancy compensation mechanism to 

preserve crystal neutrality. Therefore, it is not hard to believe that in fact paring of Fe3+ with 

oxygen vacancy may occur resulting in OTi VFe −+3  defects formation. These were very early 

detected by electron paramagnetic resonance (EPR) and are well-documented in the literature 

[9]. It points out that Fe atom within the OTi VFe −+3  defects move towards the OV  around 0.2 Å 

along <100> directions [10]. In line with this is the measured averaged rms displacement of Fe 

atoms from Ti substitutional positions along <100> axis, more precisely ∼0.2 Å after sample 

annealing at 750ºC and ∼0.17 Å after 900ºC. The average of the rms displacements of all axes 

illustrated in figure 5.15-(b) after the last annealing step is ∼0.2 Å. This strongly corroborates 

the hypotesis of the Fe displaced atoms in this 2×1013 at/cm2 Fe-implanted SrTiO3 sample be 

due to OTi VFe −+3  defects. 

Lattice location of 59Fe in 56Fe-implanted SrTiO3 

The angular distributions of the ß- particles emitted from 59Fe decay were measured 

around the <100>, <111>, <110>, <211> and <411> axial directions of 56Fe-implanted SrTiO3 

in the as implanted state and following 10 min in situ vacuum annealing at 200 ºC, 300 ºC, 400 ºC, 

500 ºC, 600 ºC, 800 ºC and 900 ºC. However, axial channelling effects weren’t observed upon 

annealing at 400ºC, which indicates that below such temperature the samples crystal lattice is 

amorphized. This is in good agreement with RBS/C results. After 400ºC annealing the angular 

distributions were only acquired along <100> axis and since the EC channelling effects were 

just barely seen the annealing sequence for the main crystalline directions proceeded for 

temperatures above 500ºC annealing.  

Figure 5.16 illustrates the normalized electron EC yields along all measured SrTiO3 crystal 

axes following annealing up to 900ºC for SrTiO3 implanted with 2×1013 at/cm2 of 59Fe and for 
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SrTiO3 pre-implanted with 56Fe to a fluence of 1×1015 at/cm2 and 5×1015 at/cm2. In the two later 

samples 59Fe atoms were implanted to 1×1014 and 1.9×1014 at/cm2 fluences (c.f. table 3.1).  
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Fig. 5.16 Normalized electron 

EC yield χmax measured along 

the major crystallographic 

directions of 1×1015 (a) and 

5×1015 at./cm-2 59Fe-implanted 

SrTiO3 samples following their 

implantation with (a) 1×1014 

and (b) 1.9×1014 59Fe at./cm-2, 

as a function of annealing 

temperature. 

From (a) to (c) figure 5.16 clearly show how the axial maximum yield varies with 

fluence. The blue and white dashed lines represent the lower and higher limits of the maximum 

yields variation over the main crystalline directions for the three samples. After the last 

annealing step the yields spread among different axes for each sample is the lowest and the 

averaged value found for the 2×1013 at/cm2, 1×1015 at/cm2 and 5×1015 at/cm2 Fe-implanted 

samples was: 1.54, 1.49 and 1.31. This evidences that increasing the fluence even after 900 ºC 

annealing the SrTiO3 crystal do not completely recover from implantation damage causing 

significant electron dechanneling that is responsible for the yields decrease with fluence. On the 
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other hand, the yields behaviour with annealing temperature is either somewhat constant for low 

fluences (∼1013 at/cm2) within a quite well defined annealing temperatures, remaining 

approximately constant below and above that range. This typically corresponds to a lattice 

damage recovery step which can extends over a smaller or bigger annealing temperature range, 

depending if the fluence is close or higher than ∼1014 at/cm2. 

From chapter 4 it has been concluded that SrTiO3 implanted with 7.9×1014 at/cm2 shown 

a pronounced recovery step stretching from 200ºC to ∼100ºC. However, figure 5.16-(b) shows 

that SrTiO3 implanted with Fe to a fluence slightly higher to that causes a shorter recovery step 

partially visible, since no axial channelling effects are visible below 400ºC. That is, 

implantation damage is significantly removed in the SrTiO3 sample implanted with 1×1015 

at/cm2 already following 600ºC annealing. Further annealing, slightly improves Fe 

incorporation in substitutional sites. The channelling yield behaviour is markedly for the <100> 

axis and directly correlates with implantation damage effect in the crystal lattice. Note that the 

SrTiO3 sample implanted with a low fluence of 56Fe (i.e. 2×1013 at/cm2) do not give rise to 

electron angular distributions with significant yields intensity variations, which points that for 

low fluence SrTiO3 samples the yields behaviour is highly sensitive to the fraction of implanted 

atoms occupying substitutional sites. 

Figure 5.16-(c) reveals that the maximum axial channelling yields for SrTiO3 implanted 

with 5×1015 at/cm2 are achieved after annealing at 600 ºC, meaning that implantation defects 

are significantly reduced. Above this annealing temperature the yields slightly decrease, 

which indicates that the fraction of Fe atoms occupying substitutional sites in SrTiO3 was may 

be reduced. 

The acquired ß- emission channelling patterns from 59Fe provided unambiguous 

information about the emitter lattice site. As an example, the evaluation of the Fe lattice site 
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location was performed by quantitatively comparing the experimental patterns acquired from 

the high fluence 56Fe pre-implanted sample with theoretical ones, using the 2D fitting procedure 

outlined in chapter 4 for the 89Sr-implanted sample to a fluence of 8×1014 at/cm2. In this 

procedure, the theoretical patterns for 59Fe at substitutional sites (SSr, STi) and O sites (SO) with 

varying rms displacements and a variety of interstitial sites were considered. Although, best fits 

were obtained with those theoretical patterns including a single fraction of 59Fe atoms at Ti 

sites. The 59Fe theoretical emission channelling patterns were simulated using atomic DT 

potentials, and for a diversity of angular smoothing Gaussian distributions widths. Fit quality 

improved by up to 6% considering broader smoothing Gaussian distributions. The experimental 

pattern mostly determining the potential choice seems to be related with the ion depth profile in 

the crystal matrix, which is determined by the ions incident energy (i.e. 40 keV and 60 keV to 

89Sr and 59Fe ions). On the other hand, the reason for using broader smoothing Gaussian 

distributions in simulations is may be due the development of a lattice mismatch between the 

implanted layer and the sample substrate if the implanted fluence is relatively high, i.e. bigger 

than ∼1014 at/cm2. This was learned by crossing the EC results obtained from 89Sr-implanted 

SrTiO3 to a fluence of 8×1014 at/cm2 with the 56Fe pre-implanted sample under analysis.  

The experimental emission patterns along the <100>, <110>, <211>, <411> and <111> 

directions, measured following 900ºC annealing are shown in figures 6.17 (a)-(d). Figures 5.17 

(e)-(h) represent the best single fraction fits of the corresponding theoretical yields, obtained by 

considering Fe on substitutions STi sites and varying the rms displacements u1(Fe). The 

remaining Fe atoms are on random sites that account for sites of very low crystal symmetry or 

in heavily damaged surroundings, contributing with an isotropic emission yield. For this 

annealing temperature, the best fit values were obtained from theoretical patterns simulated with 

a smoothing Gaussian distribution with sigma (FWHM/2) equal to 0.4º for <111> axial 



 CHAPTER 5 LATTICE LOCATION OF IMPLANTED IMPURITIES IN SrTiO3                                                                    154 

channelling pattern (fig. 5.17-(j)), to 0.35º for <110> and <211> axial channelling patterns (figs. 

5.17-(g-h) and to 0.3º for <100> and <411> axial channelling patterns (fig.5.17-(f) and -(i)). 

Each of these values is as explained in page 102  influenced by the experimental resolution of 

the setup 0.1ºand by the mosaic effect, meaning that the SrTiO3 do not correspond any longer to 

a perfect crystal, which is now affected by mosaic tilt an twist. Figure 5.18 points out that 

mosaicity decrease with temperature up to 900 ºC and that additional annealing may further 

decrease it to 0.1º or to a close value, as happened with 89Sr-implanted SrTiO3 sample (c.f. fig. 4.5). 

In any case, the 89Sr implanted sample and this Fe pre-implanted sample reveals that after 900 ºC 

annealing, the sigma spread over the measured directions differ by a factor 10. Therefore, it is 

also difficult to predict how much would improve the crystalline quality of this high fluence Fe- 

implanted after 900 ºC annealing. 

ß Fig. 5.17 Measured angular distribution of ß- emission 

yield from 59Fe in 5×1015 at/cm2 56Fe-implanted SrTiO3 

following 900ºC annealing (a)-(e). The best fits of the 

channeling patterns for each direction are also shown (f)-

(j). The angular resolution has been optimized fitting 

each pattern. 
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? Fig. 5.18 Smoothing distribution width taken to obtain 

the simulated ß- angular distributions giving the best fits 

for the 56Fe-implanted SrTiO3 sample following 56Fe 

implantation and annealing up to 900ºC to each axis. 
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Direct comparison of figures 5.17-(a-e) with figures 5.13-(a-e) show similar channelling 

effects along the main crystalline directions but the peaks of the high fluence Fe- implanted 

sample are broader but less intense. The first effect is due to mosaic effect and due to the fact of 

STi did increase with fluence. The second effect is mainly due to the bigger amount of point 

defects responsible for increasing de-channeling and hence, decrease yields in the high fluence 

Fe pre-implanted sample. 

The behaviour of the average fraction of 59Fe atoms at Ti-sites and of the RT rms 

displacements as a function of the annealing temperature is presented in figure 5.19-(a) and –(b-c), 

respectively. The results in the figure are presented to the high fluence pre-implanted sample 

after fitting the experimental with two sets of theoretical patterns. One, of them was simulated 

including the mosaicity effect (curves with open symbols) and other, neglecting it, i.e. 

considering a perfect crystal (curves with solid symbols). Upon annealing to 600 ºC the fraction 

of 59Fe atoms at Ti-sites significantly increases in both cases but the rms displacements 

increased considerably if the mosaic effect weren’t considered, and remained constant, close to 

Ti thermal vibration amplitude otherwise. The only exception to this trend was the rms 

perpendicular to <111>, which was remarkably high (0.28 Å) but comparable to that measured 

in the low fluence sample (0.23 Å). Further annealing up to 800ºC marginally affected the 

fraction of 59Fe atoms at Ti sites if the mosaic effect was included in the fits, which only shown 

a little tendency to decrease.  In addition, the rms displacements continued low and generally 

constant. Only the rms perpendicular to <211> slightly increased to 0.1 Å. This points that 

almost perfect incorporation of Fe at Ti-sites was already achieved after 600ºC annealing and 

that further annealing causes significant spread of the rms displacements extracted from both fit 

of the sample. A possible explanation may be related with the likelihood of existing specific 

defects that may be trapped by substitutional 59Fe, such as additional vacancies or interstitials. 

In fact, high temperature annealing is likely to introduce crystal defects in the near surface 
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layers, which can interact with Fe atoms, causing them to occupy lattice locations of lower 

symmetry. This is in line with the fact of the substitutional fraction of Fe atoms at Ti sites 

decreasing with annealing temperature either considering a perfect crystal or a crystal affected 

by the mosaic effect in the fits. If the mosaic effect is considered in the fits the decrease of STi 

from 600 ºC to 800 ºC and from 800 ºC to 900 ºC  is, ∼8.6% and ∼8.8%  thereby, almost 

negligible. Contrarily, if a perfect crystal is assumed such decreases along the referred 

annealing steps are ∼20% and ∼12%. 

The somewhat higher rms displacements measured after 900ºC annealing are mainly 

ascribed to the paring of +3
TiFe  with nearest-neighbour oxygen vacancies, VO, or interstitials 

since RBS/C analysis performed on this sample revealed that after this annealing step the 

implantation damage is largely removed. Complete removal is only achieved after 1250ºC air 

annealing (see section 4.1). 
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Fig. 5.19 Fraction of 59Fe on Ti- 

sites (a) as a function of annealing 

temperature and corresponding 

rms displacements (b-c) as 

determined by fits considering 

smoothed simulated patterns with 

optimum sigma, i.e. including 

mosaicity (curves with open 

symbols) according to fig. 5.18 

and fixed sigma to 0.1º, i.e. perfect 

crystal (curves with solid symbols). 

Accurate fractions can only be obtained after determining by measurement the tilt and 

twist mosaic components affecting SrTiO3 samples if implanted with high fluences. Only in this 

way the experimental data can be properly fitted with theoretical yields resulting from 
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simulations calculated to the correct smoothing distribution width. For the moment it is only 

possible to conclude that mosaicity is higher than 0.1º and lower than 0.4º. 

5.3.2 Magnetic characterization 

There has been tremendous interest in thin film oxide perovskite materials since the 

discovery of a large magnetoresistance (MR) at RT in doped mangnite perovskites [11]. The 

resistivity of materials is found to be at maximum around the Curie temperature, TC, which 

effect is referred as colossal magnetoresistance (CMR) [12]. These materials found in industry 

many applications [13]. However, there is also strong interest in developing new materials for 

spintronic devices, in which the spin of the electron rather than charge would carry the 

information of interest. Dilute magnetic semiconductors (DMS) have shown rapid progress in 

recent years, with some of them exhibiting a ferromagnetism signature above RT (e.g. GaMnP, 

GaMnN). However, very little work has been performed on oxide perovskite materials. Up to 

date there is just a prediction that BaTiO3 doped with Mn, Cr or Fe will be promising candidates 

for ferromagnetism [14]. For this reason SQUID magnetometry was performed in the 56Fe-

implanted samples previously characterized by RBS/C and EC. The aim was to identify 

sample’s magnetic state and how it may be determined by the Fe distribution in the implanted 

layers. The maximum concentration of Fe in the referred samples is 2 and 10 at. % in the peak 

of the implantation profile. Only the sample with higher fluence exhibited ferromagnetism 

signature, in particular around ∼100K but its nature wasn’t yet understood. The magnetic state 

(i.e. diamagnetic, paramagnetic, superparamagnetic or ferromagnetic) of the Fe-implanted 

samples will depend on whether Fe is diluted, form clusters or react with one or more elements 

of the matrix in such a way that magnetic compounds maybe formed. The phenomena 

responsible for the magnetic state are susceptible to vary with applied field and/or temperature. 

Therefore, the macroscopic magnetic dipole moment µ as a function of H and T was measured 
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and the average magnetic moment and the moment per implanted Fe atom as well as the TC 

were subsequently determined at IFIMUP SQUID magnetometer by P. Araújo et al. Data 

analysis was carried out by Lino Pereira under the scope of his diploma thesis [15]. That data is 

now combined with the EC results, just presented in the previous sections, and relevant work 

reported in the literature. 

Figure 5.20 shows the µ(T) curve for a virgin SrTiO3 sample as well as for the samples 

implanted with up to 2 and 10 at.% Fe after 10 min 900ºC annealing in vacuum. The applied 

magnetic field was 5.5 T. The µ(T) curve of the virgin sample evidences a pronounced increase 

in the magnetic moment around 73 K, which is not observed in the µ(T) curves of the implanted 

samples. Little is known about 

its nature. However, this 

phenomenon may be related to 

the SrTiO3 cubic to tetragonal 

structural phase transition 

occurring at 77 K, which is 

generally hindered in doped 

SrTiO3 [16]. On the other 

hand, it seems to be unlikely 

that implantation should be 

responsible for the suppression 

of the phenomenon, since it only affects a very thin layer of a few 100 Å compared with the 

whole substrate (0.5 mm thick). Therefore, another cause should be responsible for this 

phenomenon, namely, the vacuum annealing, which favours the oxygen vacancies generation.  

 

Fig. 5.20 Experimental µ(T) curves of SrTiO3 samples acquired to 

a magnetic field of 5.5 T. An oxygen contamination (condensation) 

in the sample was identified (1). 

virgin 

2% Fe 

10% Fe 
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The shape of all experimental µ(T) curves indicate the presence of paramagnetism, 

diamagnetism and diamagnetism, or possibly ferromagnetism if substrate diamagnetism is 

assumed to be identical for all samples. By fitting each experimental µ(T) curve with:  

( ) )T(T PMFMDM µµµ += +  (5.2) 

Quantitative information can be extracted from the plots of fig. 5.20. The three types of magnetism 

are taken in account in the equation above. The first factor is left free in the fit and accounts for the 

diamagnetic and ferromagnetic (if exists) contributions. The second factor is given by: 

( )xSBNg)T( sBSPM µµ =  (5.2) 

which apart from a constant, is the Brillouin function describing the total magnetic moment of 

an ideal paramagnetic material (c.f. eq. 3.7,). For spin quantum number, S value,  (i.e 1, 3/2, 2, 

5/2, 3 and 7/2), function 5.2 is fitted to the data, being considered that giving the minimum χ2 

value according the least square method of Leveberg-Marquardt [15].  

As an example, figure 5.21 illustrated this fitting procedure applied to the virgin sample 

for the low temperature range, i.e. from 5 K to 35 K. The best fit curve was found for S=5/2 

(see inset of figure 5.20), which determined the paramagnetic dipoles to be ∼1.5×1015. The 

results obtained from the Fe-implanted samples are summarized in table 5.1 and they were 

obtained by the same fitting procedure, but just after isolating the substrate paramagnetic 

contribution from the Fe implanted layer. That is, after subtracting the paramagnetic 

contribution from the virgin sample for each S discrete value. For statistic convenience all fits 

were performed over the entire measured temperature range (5, 150 K). 
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Fig. 5.21 Experimental µ(T) 

curve of the virgin sample for 

the low temperature and 

contamination free range and 

fit curves for different values 

of S. Inset plot shows the 

normalized deviation 

( )2
minχχ  giving S=5/2 as best 

fit. Applied magnetic field was 

5.5 T. 

 

Table 5.1: Extracted parameters from experimental µ(T) fitting of virgin and Fe-implanted SrTiO3 samples and 

from PIXE spectroscopy. 

SrTiO3 sample Ni (at.) NPM (at.) J PIXE
CuN  (at.) 

Virgin  1.5×1015 25  3×1016 

Fe-implanted with 2at % 3.69×1014 6.9×1014 27  7×1015 

Fe-implanted with 10at % 1.25×1015 2.1×1014 27  7×1015 

The 2% and 10% Fe-implanted samples fits gave the same S=7/2 but different number of 

paramagnetic dipoles, which revealed a tendency to decrease with fluence. Contaminant atoms 

of Cu were detected among the three samples by PIXE. The number of Cu atoms found in the 

samples was always a factor 10 bigger than the number of paramagnetic dipoles, which leads to 

believe that the paramagnetic contribution is marginally affected by the Cu atoms. This is 

understandable since cupper is not magnetic, contrarily to Cu2+ contributing 1.7µB to each ion 

magnetic moment. Therefore comparing NPM and NCu columns of table 5.1 it is evident that 

only a small percentage of Cu2+ may be doubly ionized. Moreover, it is interesting to note that 

the number of Cu atoms measured by PIXE in the Fe-implanted samples is the same and is 

lower than that measured in the virgin sample. Since this sample wasn’t submitted to any 
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thermal annealing as the Fe-implanted samples up to 900ºC in vacuum, is possible to had 

caused either Cu diffusion or defects generation, such as vacancies or  interstitials. This does not 

exclude the hypothesis of having still magnetic contamination invisible to PIXE contributing to 

the paramagnetic signal. 

In the case of the low fluence sample iPM NN >  therefore, the total angular momentum, 

J, become the total angular momentum of the electrons in the atomic orbitals, which takes into 

consideration the spin-orbit coupling. This translates into replacing the quantum number 

associated with spin, S, by J and Sg  by the Landé g-factor, Jg , in equation 5.1, where 

SLSLSLJ −−++= ,...1,  and 
( ) ( )

( )12
11

2
3

+
+−+

+=
JJ

LLSS
g J . Keeping 27=J  while varying 

Jg , through the quantum numbers associated with the spin, S, and the orbital, L, PMN  can be 

made equal to iN . Thereby, all (or almost) Fe ions implanted in the low fluence sample form a 

paramagnetic phase majority determined by the partially filled orbitals, since filled orbitals like 

21s , have zero total angular momentum. 

In the case of the high fluence sample, PMN  is ∼ 15% of the implanted fluence, which 

means that the majority of the implanted Fe atoms do not form a paramagnetic phase. In 

addition, magnetic dipoles in the paramagnetic phase behave as having an angular momentum 

above the Fe-spin value. 
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The substrate magnetic characterization was completed by measuring the µ(H) curve of 

the virgin sample at 10 and 100 K as shown in figure 5.22 (a) – blue and red lines. These curves 

exhibit an hysterestic signature, meaning that the substrate is not only diamagnetic and 

paramagnetic but also ferromagnetic. This finding implied to subtract all the substrate magnetic 

contributions from the µ(H) curves, also measured to the Fe-implanted samples (e.g. see figure 
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PIXE spectroscopy performed on a virgin sample of SrTiO3 and on two samples of 
SrTiO3 implanted with 2 and 10 at. % of Fe revealed the existence of contaminants. In 
all obtained spectra it was possible to clearly identify the presence of Cu atoms to a 
similar concentration on both Fe-implanted SrTiO3 samples. The measured values are 
summarized in the table where the measured implanted Fe concentrations are also 
referred. These are slightly higher then expected/requested but this fact is not 
mentioned in the text and certainly not due to Cu contamination, which is small. 
   

The error committed in [Cu] 
calculation on Fe-implanted 
samples is small (∼5%) but, on 
the virgin sample it is 
considerably higher, which is 
attributed to the low spectrum 
statistic. In this sample the Cu-K 
peak is visible but cannot be 
precisely fitted. Therefore, only 
a rough estimative of [Cu] could 
be obtained.  

Figures above show the PIXE 
spectrum acquired from the highest 

fluence sample. All the peaks are identified but special emphasis is given to the peaks 
corresponding to Fe and Cu elements, not belonging to the sample matrix.  

Element Virgin sample LF sample HF sample 

Fe (at./cm2)  1.69×1015 5.26×1015 

Cu (at.) 3×1016 7×1015 7×1015 
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5.22(b)), in order to investigate if their hysteresis signatures may be caused by any 

ferromagnetic phase that might be performed on the Fe-implanted layers (or DMS layers). The 

straightforward approach would be the simple subtraction of the (mass normalized) µ(H) curve 

of the virgin sample from the implanted sample curves. However, homogeneity of the 

ferromagnetic background between substrates from the same wafer cannot be guaranteed, 

thereby invalidating the method. Alternatively, a more precise method assuming that if the 

ferromagnetic phase is present in any of the samples due to some contamination, it is saturated 

for an applied field of 4 T, was used. At first the diamagnetic contribution from the substrate is 

removed from the Fe-implanted sample’s measured signal by subtracting a linear fit performed 

in the high field region (4000 < H < 5500 Oe) of the µ(H) curve (in figure 5.22-(a)). Then, the 

paramagnetic contribution from the diluted contamination in the substrate (e.g. Cu) and or in the 

DMS layer is removed from the Fe-implanted samples measured signal (µ(H)) by subtracting 

the fit curve performed with equation 3.6. This fit function at 100 K becomes linear since the 

non-linear terms of the paramagnetic contribution are negligible, but at 10K those non-linear 

terms become important and have to be determined with N and S parameters, previously 

calculated from the )(Tµ curve. 

 
(a) 

 
(b) 

Fig. 5.22 Experimental 

( )Hµ  curves acquired 

at 10K (blue line) and 

100K (red line) from virgin 

(a) and low fluence Fe-

implanted (b) samples. 

The 100K decreasing field 

curve of the virgin sample 

is not included in the 

analysis because of the 

strangely different slope 

is the positive region (1). 
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After applying the method just referred above to the µ(H) curves in figure 5.22(b), one 

obtains the curves shown in figure 5.23. The red and blue lines (dots) in figure 5.23 are thus the 

magnetic signal of the virgin sample after subtraction of the diamagnetic and paramagnetic 

contributions. In fact, they reveal a hysteresis with a constant saturation magnetization from 10 K 

to 100 K, which suggest a TC higher than 100 K. This comment extends to the low fluence 

sample, meaning that its implanted layer is non-ferromagnetic, compare µsat values of virgin 

and 2 at.% Fe-implanted sample in figure 5.23. However, Lino Pereira et al estimated with 

SRIM that for this implantation profile, ferromagnetism from Fe-implanted atoms is only 

expected when their concentration in SrTiO3 exceeds 4 at.%. This also evidences that Fe 

hystereses from low fluence sample seem to come from contaminants as in the virgin sample. 

The high fluence sample hysteresis (measured at 10 and 100 K) was isolated from the 

ferromagnetic substrate by subtracting 

the µ(H) curve of the virgin sample to 

that measured from the high fluence 

sample. The resulting curves are shown 

in figure 5.24. These are characterized 

by coercivities similar to the ones found 

for the low fluence sample, meaning 

that ferromagnetism signatures from 

implanted samples are due to the DMS 

layers. However, the 10 at.% Fe sample 

strong ferromagnetism signatures measured at 10 and 100 K are certainly attributed to the 

implanted layers. This is evidenced by the remarkably high effective magnetic moments 

measured at the 10 and 100 K (i.e. 7.5 and 6.8 µB). The measured magnetic moment per Fe 

 

Fig. 5.23 Comparison between the resulting hysteresis 

from the virgin and low fluence Fe-implanted samples 

(the former normalized to the last). 
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atom in the ferromagnetic phase decreased 0.7 µB when the temperature is raised by a factor of 

10. However, the decrease of saturation moment with temperature is not surprising since the 

radius of interaction between dipoles is expected to decrease [15]. These results pointed Fe-

implanted SrTiO3 sample as a promising candidate to exhibit strong ferromagnetism at RT. 

  
(a) (b) 

Fig. 5.24 (a) Completely corrected (DM + PM + contaminant FM) ( )Hµ  curves of high fluence Fe-

implanted SrTiO3 sample at 10K (blue line) and 100K (red line). Inset: Plot of the entire measured field 

range. At left, figure is a zoom of the referred curves in the field region of -2000 < H < 2000 Oe. 

Table 5.2 summarizes the most important date extracted from µ(H) curves of figure 5.24. 

Table 5.2: Characteristic hysteresis parameters of the high fluence Fe-implanted SrTiO3 sample. 

T (ºC) rµ  satµ  
sat

r

µ
µ

 ( )OeHc  

10K 1.0 7.5 µB 0.13 130 

100K 0.9 6.8 µB 0.13 170 

The momentum saturation value for the lowest temperature curve is huge, 7.5 µB per Fe 

atom, supporting thus the spin-only value of J≅7/2, determined from the µ(T) curve. There is no 

known secondary phase of the Fe or contaminant atoms in the samples to account for the 

observed hysteresis with such giant saturation moment. The most probable explanation may be 

connected with the formation of the impurity defect complexes when one or more point defects 

with non vanishing moment (e.g. vacancies) bind to a Fe atom. EPR and EC suggest the 
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existence of oxygen vacancies in the vicinity of Fe at Ti substitutional sites, even after 900ºC 

annealing. Therefore, a model assuming the existence of O
3
Ti VFe −+  complexes is proposed to 

explain the nature of ferromagnetism in the 10 at.% Fe implanted SrTiO3 sample at 10 and 100 K. 

Long-ranged magnetic ordering model 

Considering possible defect reactions due to vacancies, a long-ranged magnetic ordering 

mechanism may be proposed to explain the origin of ferromagnetic ordering in SrTiO3 

implanted with 10 at.% Fe. In fact, with this low magnetic concentration long-ranged magnetic 

ordering can only be produced if besides the classical dipole-dipole interaction between atomic 

magnetic moments, indirect exchange interactions are considered. Furthermore, according to 

Coey et al, in oxide-based diluted semiconductors the long range interaction will be mediated 

by bound magnetic polarons, which preferentially form around the localized defects with 

ferromagneticaly coupled transition metal pairs. Most likely, O
3
Ti VFe −+  pairs in the case of 

SrTiO3. The polaron confines in a hydrogenic orbital of radius rh shallow donors electrons, as 

majority carriers. Nevertheless, with the data here presented it cannot be concluded which type 

of defect species or reactions is energetically favourable in SrTiO3. Astala et al using a “first-

principles pseudopotential calculations” took account of various charge states of VO and found 

that the fully ionized state as +2
OV  has the smallest formation energy among them. However, 

they did not consider cation vacancies of Sr and Ti. However, since EC shown that Fe enters in 

the SrTiO3 lattice substitutionaly at the Ti4+ and do not occupy Sr sites, it is reasonable to 

speculate that cation vacancies may be negligible and oxygen vacancies are dominant. 

Moreover, Bhide and Bhasin reported in 1968 that, vacuum annealing tends to convert part of 

the Fe3+ into Fe2+ through the creation of more oxygen vacancies. In the presence of vacancies, 

extra levels appear near the valence band maximum or conduction band minimum in the band 
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gap of SrTiO3. The oxygen vacancy induced level was found to have shallow donor type 

character, which is composed of surrounding Ti 3d orbitals [17]. This indicates that even 

undoped SrTiO3 can become an n-type semiconductor by introducing VO.  

Finally, note that using ion implantation not only Fe ions are introduced in SrTiO3, but 

simultaneously many other defects in the implanted region, e.g. vacancies. Therefore, this can 

be thought of as an added advantage of ion implantation in case SrTiO3 ferromagnetism is 

mediated by charged carriers. That is, besides introducing the magnetic ions to introduce 

ferromagnetism, ion implantation also introduces the required carriers in SrTiO3. 

5.4 Conclusion 

The rational design of advanced materials assumes an understanding of the correlation 

between basic crystal chemistry and single structure-property relationships. Implicit in such a 

relationship is certainly an understanding of the connection between properties such as the ionic 

radius of implanted ions in ABO3 matrixes and the lattice sites that they would prefer occupy. In 

this sense, the combination of all lattice site location studies, performed with transition metals in 

SrTiO3 allowed to introduce an empirical model aiming to predict the fraction of certain 

implanted ions at Sr- and Ti- sites of the SrTiO3 perovskite structure. In addition, it points out 

some limitations of the Akhtar model based in theoretical simulations predicting the preferred 

host cation site by some implanted transition metal ions such as Cu2+. 

Figure 5.25 shows how the substitutional fractions of Fe3+-, Sn4+-, Cd2+- and Ag+- ions at 

Sr- and Ti- sites vary as a function of the ionic radius, after 900ºC annealing. Note that the 

implanted fluences are low and range from 1×1013 and 1×1014 at/cm2 (c.f. table 3.1). Besides, are 

included in the plot two data points labeled with a cross, which correspond to Cu Sr- and Ti- 

substitutional fractions in SrTiO3 after 600 ºC annealing. These points were not included in the 

fits of figure 5.25, which are represented by the red and blue dashed lines. However, one may 
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predict what would be the fractions of Cu atoms at Sr- and Ti- sites after 900ºC annealing, which 

are also marked in the plot by crosses inside a circle. The Cu data for both annealing temperatures 

are consistent with the derived occupation trends for transition metals. These trends evidently 

result from fitting the data of plot 5.25. However, two fitting approaches were followed. In one of 

them only data from ions of period 5 were considered and in the other data from ions of period 4 

(i.e. Fe) and 5 were considered, being this one giving the smaller variations between experimental 

and estimated Sr- and Ti- substitutional fractions. Besides, Fe revealed to be close to the first 

deduced trend, which suggested from the beginning that it could be included in the trend, 

contrarily to Cu, since his experimental data points were obtained after 600 ºC annealing. 
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Fig. 5.25 : Experimental substitutional 

fractions of Fe3+-, Sn4+-, Cd2+- and 

Ag+- ions at Sr (SSr) and Ti (STi) 

sites as a function of ionic radius 

following 900ºC annealing. The red 

and blue dashed curves are the 

linear fits performed to SSr and STi 

data sets including all the referred 

ions. The data points marked with 

a cross correspond to Cu2+, which 

experimental SSr and STi fractions 

were only available for SrTiO3 

annealed at 600ºC. 

It is evident that transition metal ions from the same period preferentially occupy Ti-sites if 

the ionic radius is lower than that of Cd2+ (0.97 Å), if equal they evenly distribute in Sr- and Ti-

sites, and if the ionic radius is higher Sr-sites are greatly preferred. In summary, SSr and STi are 

always inversely proportional except when the ionic radius of the implanted ion is approximately 

equal to 0.97 Å. 
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Table 5.3 summarizes the experimental values of SSr and STi obtained for each ion 

implanted in SrTiO3 and the predicted ones from the empirical trends shown in figure 5.25.  

Table 5.3: Experimental vs. theoretical SSr and STi obtained for each element implanted in SrTiO3 after 
sample annealing at ∼900 ºC as a function of the ionic radius (I and II refers to the two approaches mentioned in the text). 

Ion 
Ri  
(Å) 

Experimental Predicted I 
preSrSr −∆ exp

 
preTiTi −∆ exp

 

Predicted II preSrSr −∆ exp

 
preTiTi −∆ exp

 

  
SSr  
(%) 

STi 
(%) 

SSr 

 (%) 
STi 

 (%) 
  SSr  

(%) 
STi 
(%) 

  

Ag+ 1.26 64 18 64.6 16.6 -0.6 1.4 69 15.3 -5 2.7 

Cd2+ 0.97 42 39 40.7 42 1.3 -3 40.4 43.6 1.6 -4.6 

Sn4+ 0.71 18.6 66.3 19.3 64.7 -0.7 1.6 14.7 68.9 3.9 -2.6 

Fe3+ 0.64 0 80 13.5 70.9 -13.5 9.1 7.7 75.7 -7.7 4.3 

Cu2+ 0.69 33 52.4 17.6 66.5 12.7 70.9 

Er3+ 0.96 22 39 39.9 42.8 

[(SSr, STi)|TA=600 vs. 

(SSr, STi)|TA=900] 39.4 44.5 

[(SSr, STi)|TA=600 vs.  

(SSr, STi)|TA=900] 

Yb3+ 0.94 47.5 49.7 38.2 44.6 9.3 5.1 37.4 46.5 10.1 3.2 

By inspection of table 5.3 it turns out that these empirical trends might be not applied to rare-

earth impurities. For these ions, the difference between experimental and predicted values is 

bigger. This may be connected to the fact of rare-earth elements belong to f block instead of d. 

Nevertheless, it is interesting to remark that for Yb3+ the minimum preexp TiTi −
∆  was obtained for 

the linear fit equation only including period 5 ions, while preexp SrSr −
∆  revealed to be indifferent to 

this fact. Moreover, table 5.3 reveals that significant differences between measured and 

predicted substitutional fractions exist for Fe3+ ions. In particular, for the SSr fraction since STi is 

here the sum of Fe atoms at Ti-sites and at TiàO interstitial sites. This because the implanted 

Fe3+ ions preferentially go to Ti-sites but end up at displaced Ti sites (considered interstitial 

since the measured rms displacement is significant) to for STi-VO complexes. That is, Fe3+ at Ti 

sites pairs with the nearest-neighbor oxygen vacancies. The best fits to the experimental EC 

patterns were found for those only considering Fe ions at Ti- substitutional sites and SBàSO as 

O interstitial sites. However, before among other fit combinations, it was tried one considering 
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three fractions of Sr-, Ti- substitutional sites and O interstitial sites. These, gave worst χ2 values 

(∼5%) with very low SSr fractions and sometimes negative. Adding this to the fact that of ionic 

radii considerations [i.e. Ri (Fe3+) = 0.64 Å ↔ Ri (Ti4+) = 0.68 Å] favoring STi(Fe) such 

hypothesis was abandoned as well as other combinations with SSr. Nevertheless, the empirical 

model stressed that electronic defect properties of transition metal impurities in SrTiO3 suggest 

that a multiple charge states of a specified impurity species can be easily accommodated in 

perovskite oxides. Therefore, highlighting the difficulty of predicting the SSr.and STi fractions 

preferentially occupied by transition metals without properly considering the defect-induced 

lattice relaxation, which definitely affect the results. For this reason, one could still try to fit the 

experimental data of SrTiO3 sample implanted with 1×1013 at/cm2 with a fit where a 

fractionation of Fe atoms are considered to be at both substitutional sites plus two interstitial 

fraction of atoms .occupying SBàSO and O sites. And subsequently verify if the obtained 

results would match the predicted fractions for Fe at Sr-and Ti- sites by the empirical model. 

Another interesting point to study would be to introduce in the simulations generating the EC 

theoretical patterns a scattering potential including screening terms that takes in account the 

defect-induced lattice relaxation. This problematic is discussed by Piskunov el al in ref. [18]. 

The problem of host cation substitutional fractions prediction is particularly acute for 

transition metal oxides because of the degree of ionic-covalent bonding present and the 

competing interactions that this type of bonding generates. Because of this complexity the 

empirical trends referred above based on such small set of data are not that precise. However, 

despite still preliminary, the trends clearly reveal the amphoteric character of the majority of 

transition metals in SrTiO3 and represent a first order of assessment. The usefulness of more 

accurate empirical trends such as those here presented are of crucial importance to help 

evaluating theoretical models based in computer simulations predicting the preferred cation 
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occupancy of ions in SrTiO3 as Akhtar el al do. The model is interesting but EC revealed some 

of its limitations. Table 5.4 illustrates the main similarities found between the model and the EC 

experimental data as well as the main disagreements between model predictions and 

measurement. 

Table 5.4: Akhtar model vs. EC technique empirical results. 

Lattice sites 
predominantly 
substituted by 
impurity ions: E

le
m

en
t 

Impurity 
oxidation 

state 

Sr2+ Ti4+ 

Most probable charge 
compensation 
mechanism 

Ionic 
radius 

(Å) 

Impurity incorporation 
in Sr- and/or Ti- sites 

is enhanced if: 

Is the 
model in 

agreement 
with EC 
results? 

Ag +1 ×  Oxygen vacancy 
compensation 1.26 Ri ∼ 0.9  Å YES 

Cd +2 ×  No charge compensation 
is required 0.97 Ri ∼ 1.05  Å NO 

Sn +4  × No charge compensation 
is required 0.71 Ri < ∼0.76 Å NO 

Yb +3 × × Self-compensation 0.94 0.89 Å  ≤ Ri  ≤ 0.94  Å YES 

Fe +3  × Oxygen vacancy 0.64 Ri < 0.94  Å ? 

The model appears to be not reliable for all ions, since it doesn’t allow us to reproduce the 

lattice cation sites occupied by them when compared to experimental studies. A first 

disagreement was found for Cd divalent ion because the model states that, “monovalent ions 

(e.g Na+), divalent ions (e.g. Ba2+) and larger trivalent ions (e.g. La3+) readily replace Sr2+ ions” 

and Cd2+ evenly substitute at Sr- and Ti- sites. Thereby, according to PAC studies (see page 

132) 39% of Cd atoms are indeed at Ti sites and trap a vacancy. The interaction of CdTi atoms 

with specific defects evidences that some extra charge-compensating defects are required to 

maintain crystal neutrality. And this is not taken in account by Akhtar model for divalent ions. 

In this respect the empirical trends of figure 5.25 are more reliable for transition metal ions. An 

additional observation is that even those ions expected to have an oxidation state of +4 and 

replace Ti4+ host cations may also incorporate Sr2+ lattice sites. An example is Sn4+. EC studies 

reveal that Sn+4 also exhibit an amphoteric behavior in SrTiO3 since 18.6% of the implanted 

atoms occupy Sr2+ sites. Finally, some degree of doubt remains between the theoretical 
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predictions made for Fe based in Akhtar model and what had been learned from measurement. 

Indeed the majority of Fe3+ ions entered in Ti or near Ti-sites in the lattice, which would match 

the theoretical predictions and charge compensation mode since STi-VO complexes are very 

likely to form. On the other hand, it is missing to fit the experimental data considering a fraction 

of Fe atoms at Sr-, Ti-, TiàO and O sites in order to check if Fe3+ ions doesn’t have at all an 

amphoteric behavior for such low fluence after 900ºC SrTiO3 annealing. The fraction of 

impurities sitting at random sites in SrTiO3 this annealing step was ∼15-19%, which reveals that 

higher annealing temperatures are need to fully recover the crystalline lattice from ion 

implantation. The major experimental evidences found in this respect as well as the possibility 

of activating the magnetic properties of Fe-implanted ions in SrTiO3 by thermal annealing are 

listed in the table 5.5. 
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Table 5.5: Summary of chapter 5 main results. 

S
am

pl
e 

Fl
ue

nc
e 

(a
t/c

m
2 ) 

Te
ch

ni
qu

e 
Major findings 

11
1 A

g:
S

rT
iO

3 

1×
10

13
 

E
C

 

1. Ag ions are expected to preferentially occupy Sr sites in SrTiO3. 

2. In the as implanted state, Ag atoms occupy three lattice sites: Sr-, Ti- and octahedral interstitial- 

sites; to 24.3%, 20.7% and 11.2%. 

3. After 300 ºC annealing O fraction vanishes to zero. 

4. After 900 ºC annealing Ag SSr and STi become equal to 64% and 18%, while the remainder Ag 

atoms, i.e. 18%, sit at random sites. Averaged rms displacements perpendicular (⊥) to Sr- and 

Ti- sites are 0.19 Å and 0.20 Å. 

5. 0.19 Å > u1(Sr) and 0.20 Å>u1(Ti) ⇒ implantation induced defects are not yet removed after 

900ºC annealing. 
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6. Cd is foreseen to preferentially substitute Sr2+ in SrTiO3 by Akhtar et al. 

7. In the as implanted state, Cd atoms occupy two lattice sites: Sr- and Ti- sites to 40.7% and 

40.6%.  

8. After 800 ºC annealing, SSr= 42%, STi= 39% and the fraction of Cd atoms at random sites is 19%. 

Averaged rms displacements ⊥ to Sr- and Ti- sites are 0.15 Å. 

9. 0.15Å>u1(Sr)>u1(Ti) ⇒ Cd still interacts with point defects after 800ºC annealing, confirming 

PAC studies. 
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10. Ri(Sn)=0.69 Å∼Ri(Ti) and its oxidation state is +4 ⇒ Sn is predicted to clearly prefer Ti-sites. 

11. In the as imp. state, Sn goes two lattice sites: Sr and Ti sites, to 13.7% and 45.3%. 

12. After 900ºC annealing, SSr=18.6%, STi=66.3% and Sn random fraction is ∼15%. Averaged rms 

displacements ⊥ to Sr- and Ti- sites are 0.13Å and 0.11Å. 

13. 0.13 Å>u1(Sr) and 0.11 Å>u1(Ti) ⇒ SrTiO3 lattice is not yet fully recovered from ion implantation 

induced damage.  
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14. Yb3+ is expected to substitute for Sr- and Ti- cations according to. Akhtar et al. 

15. In the as implanted state, Yb atoms occupy two lattice sites: Sr- and Ti- sites to13% and 28%.  

16. After 865 ºC annealing, SSr= 47.5%, STi= 49.7% and the fraction of Yb atoms at random sites is 

19%. Averaged rms displacements ⊥ to Sr- and Ti- sites are 0.14 Å. 

17. 0.14 Å>u1(Sr)>u1(Ti) ⇒ Yb still interacts with implantation defects after 800 ºC annealing. 
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18. Fe atoms are expected to preferentially occupy Ti- sites (Ri(Fe)=0.645Å∼Ri(Ti)). 

19. After SrTiO3 900 ºC annealing, Fe atoms occupy three lattice sites: Ti-, Ti→O and O- sites to 

32%, 43% and 10%.The second fraction is possibly due to the pairing of +3
TiFe  with nearest-

neighbour oxygen vacancies created during vacuum annealing. 

20. Averaged rms displacements perpendicular (⊥) to Ti- sites range between 0.17 Å and 0.24 Å. 

21. 0.17 Å>u1(Ti) ⇒ Further annealing to remove remaining implantation damage from SrTiO3.  



 CHAPTER 5 LATTICE LOCATION OF IMPLANTED IMPURITIES IN SrTiO3                                                                    174 

1×
10

15
 

E
C

 

5×
10

15
 

E
C

 
22. RT EC channeling effects weren’t visible from low and high fluence 56Fe-implanted SrTiO3 

samples. This indicates that following implantation both samples stay amorphized. 

23. After 500 ºC annealing EC effects from both samples turn visible, indicating that implantation 

damage significantly decreased. <211>, 59Fe ß- angular emission yields reveal in particular, that 

Fe mainly occupies Ti-sites. 

24. Following 400-500 ºC annealing the Fe atoms reached already maximum substitionality at Ti-

sites of low fluence sample. Although, 59Fe atoms implanted in the high fluence sample are only 

fully substitutional at Ti sites following 600 ºC annealing. 

25. rms displacements definitely increase if the annealing temperature is exceeds 800 ºC, which 

indicates again that in Fe-implanted samples annealing may introduce oxygen vacancies 

favoring the formation of O
3
Ti VFe −+  pairs. 

26. Fraction quantification from EC fits wasn’t accurate because tilt and twist components of the 

detected mosaic spread wasn’t known. 
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27. The spin state of dipoles in virgin, 2at.% and 5 at.% Fe-implanted samples was: 5/2, 7/2 and 

7/2. 

28. The number of paramagnetic diopes is 15% of the number of implanted magnetic Fe ions in the 

high fluence sample, which indicate that it contains a non-paramagnetic phase majority 

attributed to the partially filled 4d orbitals. 

29. µ(H) curves measured at 10 and 100 K revealed: 

a. Hysteretic signature from the virgin sample ⇒ sample substrate is diamagnetic, 

paramagnetic and ferromagnetic.  

b. Hysteretic signature from 2at.% Fe-implanted sample, which according to SRIM 

simulations the ferromagnetism (FM) in the sample should be ascribed to contaminants as 

in the virgin sample. However, this is in contradiction with the similar measured values of 

coercivities for low and high fluence samples, which would indicate FM from DMS layers. 

c. Hysteretic signature from 10at% Fe-implanted sample. The effective magnetic moments of 

7.5µB and 6.8µB, measured at 10 and 100k, show that FM in this high fluence sample has 

to be attributed to the DMS layer. In addition, µsat is constant between 10 and 100K, which 

suggest a TC above 100K. 

30. Giant saturation magnetic moments may be related with the formation of impurity defect 

complexes, namely Fe(Ti)-V(O). Case in which, FM may be explained by a long-ranged 

magnetic ordering mechanism mediated by charged carriers as that proposed by Coey et al to 

explain the nature of FM in ZnO. 
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