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Emission Mossbauer spectroscopy in TiQ single crystal
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An almost perfect single crystal of TiOwas doped by about 50 ppm 6fCo. Mossbauer spectra were
measured versus sample orientation, temperature, and thermal history. It was found that Co occupies both
substitutional and interstitial sites being a fast diffuser, while located interstitially. It decays to(Be g) in
unperturbed lattice sites, Fe (S=2) in lattice sites associated with the ¥Ovacancy, F&" (S=0) in
interstitial sites having adjacent /O, and finally to F&" (S= %) in unperturbed interstitial sites. Thermal
history of the sample could be erased by heating to about 750 K. Substitutional iron foll§{@ogdecay
could be observed solely in the host lattice at elevated temperatures. High-temperature data indicate two charge
states of iron, i.e., B¢ and FE". F&* with S=2 exists in the vicinity of defects and converts gradually to
F&" (S=0) with the increasing temperature, while3fg(S= g) resides in the unperturbed lattice sites. A
host matrix becomes more covalent at very high temperatures as well as slightly anharmonic. No significant
diffusivity of the substitutional iron could be seen. The total area under the spectrum follows unusual pattern
due to the gradual disappearance of the signal coming from iron located interstitially, i.e., a transfer of iron
atoms into fast diffusing interstitials with increasing temperature occurs. All processes were observed to be
reversible upon heating/cooling.
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[. INTRODUCTION (EC) decay still exists. The resulting Mebauer spectra
of 5'Co-doped crystal may not relate to properties of the
Rutile (Ti0,) has been a subject of many different typesideal crystal due to intrinsic crystal defects. It is also well
of investigations, reviews of which are given by Millot known that very dilute dopants may lead to results quite
et al! This compound is frequently classified as an oxygen-different from those for percent doparits.
deficient(metal-excessnonstoichiometric oxide. The extent  Unfortunately, the Mesbauer spectroscopy cannot be
of the nonstoichiometry and the types of major defects indone with absorbers containing iron in the ppm range. There-
rutile are still a matter of discussion and a source of controfore, to obtain ppm range spectra, rutile has to be doped with
versy as well. The nature of defects has been the subject GfCo, the latter decaying t6’Fe. Such Mssbauer sources
numerous studies with different techniquesge Ref. 1 and can give us some information about the behavior of iron in
references therein for detgilsGenerally, the studies indicate the ppm range. There are, however, some complications be-
that titanium dioxide is oxygen deficient and suggest exiscause the iron enters the lattice not directly, but rather as a
tence of predominant atomic point defects being either intercobalt ion, and the subsequent Auger processes frequently
stitial titanium ions or oxygen vacancies, or both, or combi-produce a number of different charge states of the resulting
nations of these defects with impurities in the latficé. ions. It should be noted that the surrounding defect configu-
Rutile belongs toP4,/mnm space group. The crystal

structure of rutile is schematically shown in Fig. 1. The cat-
ion sublattice constituted of titanium ions is body-centered
tetragonal. Each titanium ion is surrounded by a slightly dis- O-f.
torted octahedron of six oxygen ions. The octahedra are
linked to each other forming chains parallel to tbexis.
Between the chains are regions of low electron density, the
so-called “open channels” or easy diffusion channels. At
regular intervals ofc/4 along the channel are potential Jmmmmmme 0
minima which are possible interstitial sites for cations. The o ’
open channels cause anisotropy in the diffusion process and

may allow fast diffusion of smaller ions parallel to the te- D})g o i — -~
| ]

OO Oxygen
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tragonal axis:®
Features of the Mgsbauer spectroscopy allow us to use it

as a tool to study the behavior of dopants in the host lattice. ig o)
[}

A considerable fraction of investigations have focused on
5’Fe, with both stable iron and radioactivéCo as dopants. O
Although the behavior of iron as a dilute impurity is quite [ R— )
well understood now, however, much uncertainty about the S ¢
relationship between the parent cobalt ion and the iron

daughter ion which results from th&/Co electron capture FIG. 1. Crystal structure of rutile and channel arrangement.
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ration will be related still to the Co impurity and not to the X 5.6 mm. Neither rocking curve measurements nor standard
Fe ion; at least during the lifetime of the excitétFe Moss-  diffraction patterns of the above plate detected measurable
bauer state. mosaicity.

Impurity ions incorporated into the host matrix introduce A Mossbauer source was made by diffusing in 5 mCi of
uncompensated charge. Therefore the difference in the totahrrier-free®’Co leading to about 50-at. ppm of Co and Fe
charge of the crystal has to be compensated by introducingesulting from decay altogether. Commercial 0.1-n aqueous
defects. Oxygen vacancies and interstitial ions are created &olution of cobalt in HCI was diluted with deionized water
maintain charge neutrality. and neutralized with the help of saturated ammonia vapor.

In order to interpret the Mssbauer data of’Co doped Resulting solution was deposited on the crystal and dried.
rutile it seems reasonable to assume atomic point defe@ubsequently the sample was slowly heated to 1173 K under
model based on simultaneous existence of interstitidf Ti the 20% Q/80% He partial pressure mixture flow at normal
and V&~ vacancies. The virtual reaction of the formation of pressure. The sample was kept in the Pt boat. The same kind
Ti** under the equilibrium conditions for pure rutile can be of atmosphere and sample holder were used during the mea-
expressed as surements.

A control sample was made in the same way with the
Ti+20=Ti*" +4e+0,(g), (1 natural cobalt. X-ray patterns and rocking curves are the
same for the undoped crystal and the above control sample.
Doped samples acquired pale yellow color distributed evenly
within the sample volume.

where Tf*, O, e denote cation, atom, and electron, respec
tively. The formation of oxygen vacancy under the equilib-
rium conditions is as follows:

1 I1l. EXPERIMENT
0=VO0? +2e+ Eoz(g). 2)

A. Sample environment

The Massbauer technique has been also applied to study The sample in a holder described above was placed in a
diffusion processes in solids on the microscopic seédie. furnace equipped with the uniaxial goniometer which al-
most cases, the diffusivity measurements on,Tli@ve been lowed to rotate the sampla situ. Mossbauer data were col-

performed with the radioactive-tracer sectioning technftﬁje. lected for a beam outgoing in t}«[éTlo] plane along the
A tracer impurity diffusion measurements suggest that bothollowing directions: (110, 12.2° from the (110 axis,
crystal and the point defect structures strongly influence th@llp, 37.5°, and 49.5° from th¢110) axis. A goniometer
diffusivity in rutile.® The diffusion coefficients in TiQare rotation axis was parallel to the largest dimension of the
sensitive to electric charge of the impurity ions and exhibit asample. The hot zone of the furnace employs solely high-
very strong anisotropy?° This large anisotropy is due to the purity alumina, platinum, rhodium, sample material, and pro-
open channels being parallel to thexis>® The experimen-  tective atmosphere. A heater is separated from the sample
tal results indicate that divalent impurity ions like Co can area by the vacuum tight alumina tube. A temperature was
diffuse rapidly along the rutile open channels by the intersti-controlled by means of Pt-R10% Rb thermocouple. The
tialcy mechanism, while trivalent or mixed-valence impuri- peam exit window having 22-mm diameter was made of
ties as Fe prefer lattice substitutional positidrishe impu-  iron-free beryllium. A distance between sample and the win-
rity charge state is more important than its size as far agow was about 165 mm. The sample remained uncovered
diffusivity in titanium dioxide is concerned. from the top. A computer based virtual temperature control-
The present paper is concerned with the study of theer was used to maintain sample temperature within 2-K ac-
charge states and environment YFe ions in TiQ single  curacy.
crystal following®’Co decay by using the Msbauer effect
as a microscopic probe to measure the internal crystalline
fields and electronic charge densities at #iee nuclei. Ad-
ditionally, the paper discusses results of the high-temperature A single line K,>’Fe(CN)x 3H,0 vibrating absorber in
Mossbauer measurements performed on,Téidgle crystal conjunction with Kr-filled proportional detector was used to
doped with°'Co. collect spectra. A typica-ray spectrum is shown in Fig. 2.
The main aim of this work was to study the behavior of One can notice x-ray fluorescent lines originating in the Pt
the very diluted dopant in single crystal of rutile at room andsample holder mainly due to the 124-keV line. Normal and
elevated temperatures. High temperaturesshmuer data ob- anticoincidence spectra were measured for eacksidauer
tained by means of the emission spectroscopy in, Bifigle ~ spectrum in order to evaluate background under the resonant

B. Data collection

crystals is reported. line. A typical background measuredas (S+B)/S, where
S stands for a contribution due to the 14.4-keV line, wile
Il. SOURCE PREPARATION is a contribution due to other photons, was 1.1.

Mossbauer spectra were collected in a multiscaler round
High-purity (completely transparenand almost stoichio-  corner triangular mode in 4096 chanrt8land subsequently
metric single crystal of TiQwas made by MaTeck. A plate folded with addition of two adjacent channels. Spectra were
having thickness of about 100m was cut with(111) direc- measured at well defined elevated temperatures for sample
tion perpendicular to the surface of dimensions 4.3orientations specified above and subsequently for the same
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FIG. 2. Typical directy-ray spectrum with the overlaid anti- 2 (K)

coincidence spectrum showing single-channel analyzer window.

orientations having the sample quenched to room tempera
ture. A temperature range covered extended from room tem-
peraturg(RT) until 1388 K. The cooling curve of the furnace
upon having switched off power is almost exponential with
the time constant being about 19 min.

608 (K)

502 (K)

C. Data processing

Mossbauer spectra were fitted to multiple sites described
by the hyperfine Hamiltonians assigned to each site. It was
found that there is no directional dependence of the line in-
tensities. A _Lorentzi_an app_rqximatio_n was used as the source g 3 Mmassbauer spectra versus quench temperaturéd )
resonant thickness is negligibleTypical values ofy* were  sample orientation
ranging from 0.8 to 1.0, whilensriT*?*3ranged from 0.13% '
at low temperatures to 4.3% at the highest temperatures. All results obtained below 750 K originate from the ini-

tially slowly cooled sample from 1173 KLO h cooling time.

IV. RESULTS The annealing sequence for these low temperatures as fol-
lows: 8 days at 502 K, 8 days at 402 K, 9 days at 608 K, and
days at 712 K.

Typical high-temperature spectra are shown in Fig. 4. No
gnal from interstitials could be observed at elevated tem-
eratures. Remaining iron was found to be in two valence
tates, namely, Bé and F&" located at regular lattice po-

Velocity (mm/s)

Spectra measured at room temperature after quenchi
from elevated temperature depend solely upon the initial
temperature. They do not depend upon the sample orientgi
tion.

A spectrum shape is perfectly reproducible after the sam

thermal history of the sample. A memory of the PreVIOUSqitions. Divalent iron exists in two spin configurations, i.e.,

thermal history could be erased by heating the sample tQ._ _ s .
about 750 K for 24 h. The activity remains inside the sample%igﬁ si)ri]r? 'S: é+0 'tel’:]%(;ntéagggetr?%pgitiﬁnhgg Er;?]légehathe

volume as the count rate decreases solely due to the radiobntribution corresponding to high spinFedecreasetsee
active decay of cobalt. Typical spectra of the quenche P 9 gh sp

sample are shown in Fig. 3. able 1V). This component disappears above approximately

Each RT spectrum consists of the components listed in
Table I. Hyperfine parameters of the above components are
summarized in Table Il. Linewidths of particular compo-

TABLE I. Components of the room-temperature spectra.

N ) ’ Valence Charge and spin configuration  Location
nents and the total channel contribution are listed in Table
lll. A lattice contribution follows from the normalization to 1 Fe* (5=3) [Ar]3d°7T 1111 lattice
unity. Quadrupole splittings and shifts are independent of the2 Fe't (S=2) [Ar]3d® 1) 1711 lattice
initial temperature once the equilibrium at high temperature3  F&* (S=0) [Ar]3d® 70 1] 11 channel
is reached, and the cooling rate is fast enotghmore than 4 fe* (s=%) [Ar]3d 1L TLTT1 channel

half an hour from the initial temperature to 750.K
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TABLE Il. Hyperfine parameters of the RT spectta.denotes
quadrupole splitting and 1.S. stands for a total shift versus metallic
iron. Positive velocity corresponds to source approaching absorber
One has to note that hyperfine structure is measured within the
source.

No. I.S.[mm/g| A [mm/g]
1 —0.46(2) 0

2 —0.77(1) 1.724)
3 0.341) 0.732)
4 —-2.12(1) 0

fect

800 K. This effect is related to the increased covalency withig
temperature. Quadrupole splitting ofFewith S=2 is tem- &
perature dependent as it is shown in Fig. 5. Populationdof 3 8
orbitals equilibrates with increasing temperature accountingg
for the observed decrease in quadrupole splitting.

Fe* (S=2) seems to be a quite stable iron valence state
in a rutile lattice, since it was encountered in the whole tem-
perature region studied. An apparent reduction to divalent
iron may be seen above 1000(kee Fig. 6. The solid lines
in Fig. 6 represent the slope 7.810" 4 mm/sK due to the
Dulong-Petit rule.

The data included in Table 1V indicate that no significant
broadening of linewidths corresponding to substitutional im-
purities was detected, i.e., no lattice diffusion was observed.
High-temperature spectra do not depend upon sample orien
tation as well as the spectra of the quenched sample.

-4.00 0.0 4.00

V. DISCUSSION AND CONCLUSIONS

An impurity is able to enter the host TiQattice substi- Velocity (mm/s)

tutionally and/or interstitially. Therefore multiple valence  rig 4 Typical high-temperature spectra fdr11) sample ori-
states of’Fe represent different and distinguishable localgntation.

environments in which the impurities could reside in the host

lattice. EC decay converts the paredCo?* located at the tent oxygen-deficient material and the tetravalent titanium
regular lattice positions either to Feor FE€™ daughter ions. interstitials are present as well.

The oxidation state of the daughter ion depends on the im- Trivalent iron is a result of Co EC decay, provided the
purity surrounding, i.e., it is mainly related to a variety of parent atom is isolated and located in undisturketdleast
possible defects. Almost stoichiometric rutile is to some ex{ocally idea) substitutional cation site. In other words, the

TABLE Illl. Linewidths of particular components and the total channel contribution at room temperature.
A temperature shown denotes the initial temperature of quench.

Linewidth [mm/g|

TIK] Fe' (S=5/2) Fé&' (S=2) Fé&' (S=0) Fé' (S=3/2) Channel contributiofi%)]
502(1) 0.896) 0.697) 0.527) 0.735) 34(2)
608(1) 0.793) 0.474) 0.354) 0.5713) 30(1)
7122) 0.792) 0.464) 0.295) 0.554) 19(1)
817(4) 0.673) 0.909) 0.342) 0.424) 32(1)
208(1) 0.71(3) 0.927) 0.322) 0.322) 31(1)
10092) 0.683) 0.606) 0.392) 0.393) 37(1)
11131) 0.71(3) 0.635) 0.332) 0.342) 33(1)
12152) 0.694) 0.568) 0.253) 0.342) 35(1)
12862) 0.594) 0.9598) 0.232) 0.292) 29(1)
13892 0.61(5) 1.1010) 0.232) 0.272) 32(1)

125101-4



EMISSION MOSSBAUER SPECTROSCOPY IN TiO. .. PHYSICAL REVIEW B 63 125101

TABLE IV. Linewidths and contributions of particular components at elevated temperatures.

Linewidth [mm/s| Contributions[ %]

TIK] Fe' (S=5/2) Fé' (S=2) F&' (S=0) Fe' (S=5/2) Fé&' (S=2) F&" (S=0)

4021) 0.596) 0.696) 25(3) 50(4)

5021) 0.575) 0.905) 33(4) 67(4)

608(1) 0.544) 0.81(5) 39(4) 61(4)

7122) 0.595) 0.44(5) 0.5020) 59(6) 32(7) 9(3)
817(4) 0.649) 0.5010) 0.557) 55(13) 20(15) 25(7)
908(1) 0.81(5) 0.547) 72(6) 28(6)
10092) 0.846) 0.517) 73(5) 27(5)
11131) 0.897) 0.537) 69(6) 31(6)
12152) 0.856) 0.601) 73(5) 27(5)
12862) 0.848) 0.7012) 71(7) 297)

anion sublattice in the vicinity of impurity is complete. Two  The most interesting result is a presence of unusual
Fe** ions substitute for Ti* ion resulting in a single oxygen Fe'™ (S=2) charge state. The resonance line corresponding
vacancy (V3~) maintaining charge neutrality. However, to “exotic” monovalent iron was observed to have an iso-
defects induced in the crystal are of nonlo@ltrinsio char-  mer shift of —2.12 mm/s at RT. This very large shift indi-
acter. Oxygen vacancies which accompany trivalent iron imcates a charge state of1 for the iron in a 8 configura-
purities are at the next-nearest-neighbor oxygen positions &bn. The exotic iron is present solely after quench and at
least. Since F& do not feel the effect of far distant oxygen elevated temperatures not exceeding 40Qsie Fig. 7 for
vacancies the spectral component due to trivalent iron wagetailg. Monovalent iron is suggested to represent an iso-
observed to remain practically unsplit. A quadrupole interaciated state. It is present only in a perfect, i.e., undisturbed
tion is either very small or partly canceled, however, it in-tetrahedral channel surrounding. Therefore it produces a
fluences the linewidth of this component. Moreover?'Fe single resonance line of a large isomer shift, the latter indi-
does not exist as a channel residing impurity. It is generallyating a very low electronic charge density at the iron
accepted and also confirmed by diffusion stutifethat ions  nucleus. F&* is a result of radioactive decay of parent cobalt
with radii less than 0.73 A(for example F&") cannot oc- jon diffusing rapidly along the open chanrfend trapped
cupy channel sites of rutile. into the “ideal” (free of intrinsic defectsinterstitial poten-
Room-temperature spectra also show a presence of regtial minima by the abrupt quench. It should be noted, that
lar substitutional divalent iron for which the excited state, |Fe!™ represents a metastable state and it has been previously
=3, is split by a quadrupole interaction. The isomer shiftobserved by emission Msbauer spectroscopf;'8the lat-
and the quadrupole splitting are in the range characteristiger having the suitable time window of observation. It has
for FE* with spin configuratior8= 2 both. C3* residing at  been detected in single crystals being previously quenched
distorted oxygen octahedral surrounding, and being disturbegnd having the Co dopants in the ppm range diffused into.
by the near-neighbor oxygen vacancy decays to a high spin For a Co impurity “frozen” in the channel disturbed by
Fe*. The broadened lines observed for this valence statthe oxygen vacancy at the neighborhood the daughter is
suggest the existence of nonequivalent iron-vacancy conFe?* with S=0. Hence this component represents some as-
plexes and possible slightly different cobalt-vacancy dissociated state, i.e., it is due to the existence of a local defect.
tances. One should note that this ion cannot be regarded as an ordi-
nary substitutional one since its spectral component disap-
I pears at elevated temperatufese Fig. 7.
It was observed that contributions corresponding to inter-
stitials are practically temperature independent for the

- t quench performed from initial temperatures exceeding ap-
g"“' t proximately 750 K(see Table Il for details The appropri-
@ t ate thermal treatment is able to erase the previous thermal
O 124 history of the sample. The data included in Table Il indicate
f that in most cases a linewidth reduction in a channel is ob-
104 served. The narrow lines suggest well-defined sites upon

such an erasure.

The absence of a change in a doublet symmetry/
asymmetry with the sample orientation relative to the direc-
tion of the y-ray beam is due to multiple vacancy-impurity

FIG. 5. Quadrupole splitting of & (S=2) versus tempera- configurations. A lattice distortion in the vicinity of impurity
ture. averages to nearly cubic local symmetry over different sites,

0.8 ——————T——r——T—T——T——TT—
200 340 390 440 490 540 590 640 690 740 790 840
TIK]
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and hence accounts for the observed effect. Similar RT spec- 1/k? In(Ar/(Ag7). The evolution of the above MSD versus
tra were obtained by NagYyand his co-workers upon inde- temperaturel has been approximated by the following rela-
pendent diffusing®’Co into a single crystal of TiQfrom the  tionship:

same batch as ours.

The most remarkable result of the Skbauer measure- 1 Ar
ments performed at elevated temperatures is a disappearance - —2|n<m
of the signal coming from the channel at about 400 K. This is K RT
due to a very fast diffusivity of interstitial Co impurities and \yitpy k denoting the wave number of the 14.4-keV 8dbauer
daughter Fe. The Mssbauer lines corresponding to dopants,ggiation (7.3 A1) andx taking on the form
diffusing rapidly along the open channels via the
interstitialcy/channel mechanisnbecome too broad to be T-To
detected and give rise to the spectrum background. The X= . (5)
strong evidence for such a behavior is the falloff in the tem- Q
perature dependence of the spectrum total &ea Fig. 8  parameter€, «, 8, T,, andQ were fitted to the data yield-
The spectral area at each temperatue)(is scaled by the ing curve shown in Fig. 8. The characteristic temperature
mean value of the spectral area obtained at Rx()). The To=640(33) K.

X

)=C+(aT+,B) (4)

1+¢e*

areaA; can be calculated as follow#\g+ is calculated using In the temperature range between 800 and 1200 K the
the same expressigin function described by the relatio@) is linear versusT in
accordance with the Debye model. The onset of channel dif-
AL n fusion can be observed and accounts for the considerable
AT:ﬁ E cry, (3) increase in MSD, e.g., the characteristic drop in the spectral
' area. One has to note, that while the temperature is raised the

significant part of’Co residing in lattice positions at RT can

wheren stands for the number of sites present in the spectransfer into the channel and become a fast diffuser. Hence
trum, A_ is the total Lorentzian amplitudéhe thin source such process results in additional increase of the MSD.
approximation is valid due to the reasons discussed in previfherefore the shape of the MSD function versus temperature
ous sectiojy B denotes the baselin@umber of counts far- indicates that the energy of the interstitial Co/Fe is higher
off resonancg C; stands for theith site contribution,I’; than the energy of the substitutional Co/Fe. The data below
represents the linewidth corresponding@p, and\ is de- 500 K belong to the quantum region, where the recoilless
fined in data collection subsection. fraction is almost temperature independent. It should be

One can define effective mean-squared displacementioned that they could not be reliably evaluated due to
ment (MSD) relative to the effective RT MSD as the quite significant statistical errors. The values and their
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FIG. 8. Effective MSD versus temperature. The highest tem-
perature poinfopen circleé was excluded from the fitting procedure
due to the onset of anharmonicity.

7.00 % Effect

perature. A lattice thermal expansion makes the crystal ap-
parently more covalent, and hence’*Fdasomer shift moves
gradually towards Fe shift, i.e., an apparent reduction oc-
curs(see Fig. 6.

A quadrupole interaction experienced by’FgS=2) di-
minishes with the increasing temperature due to the thermal
equilibration of the crystal field levels. The substitutional
iron diffuses slowly even at high temperatures as one cannot
see any line broadening. This finding is in agreement with
the tracer results of Sasadd al® and indicates that the jump
barrier from the channel to the lattice positions is high. The
. . parameter MSD becomes nonlinear as a functionT cdit
Fe'(S=3/2) . highest temperaturessee Fig. 8 due to the onset of the

' vibrational lattice anharmonicity.

-4.00 0.0 4.00
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