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Electron paramagnetic centers in donor-doped CaTiQ single crystals

K. Ueda, H. Kawazoé&, and H. Hosono
Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori, Yokohama 226-8503, Japan
(Received 17 August 1999; revised manuscript received 21 Octobe) 1999

Electron spin resonance signals observed in donor-doped Ga3i@le crystals (Ca,Y,TiO; or
CaTi,_4Nb,O3) were analyzed and the results were discussed from a viewpoint of carrier generation. Several
types of signals were observed in insulating samples, and they were tentatively assigned to some acceptors
such as Al impurity and the defects relating oxygen excess. Two types of signals with sharp and broad features,
both of which are assignable to electron-trapped-type centers, were observed in conductive samples. The
origins of the sharp and broad signals were attributed to electrons tightly trappedoioiis and electrons
loosely localized around donors, respectively, from analysis of angular and temperature dependence of the
signals. The concentrations of the centers for the sharp and broad signals were estimagd @b be
~3x10"%® cm~2 in the H,-reduced samples withk=10"% and ~3x 10 cm™2 in the as-prepared samples
with x=10"2, respectively. Although no obvious correlation between electroconductive behavior and signal
intensity was observed for the sharp signals, intensities of the broad signal increased as the electroconductive
behavior turned from metallic to semiconducting belev25 K. Therefore, it was found that the electrons
responsible for the broad signals convert into conduction electrons when they are thermally released at high
temperatures, and their concentration is high enough to influence the electroconductive behavior.

. INTRODUCTION spectroscopy: 8 These studies revealed that the bottom of
the conduction band is mainly formed by a Td Band in the
Alkaline earth titanates,MTiO; (M=Ca,Sr,Ba, are titanates and electrons generated by donor-doping occupy the
known as insulating or dielectric oxide materials in stoichio-bottom of the conduction band. On the other hand, studies on
metric states. However, it is well recognized that these mathe electronic states of dopants are not so extensively under-
terials become n-type electrical conductors by taken as those on electronic structures. Although there were
donor-doping:~® The donor-doped conducting materials aresome examinations about paramagnetic centers in the alka-
in practical uses such as resistors, thermistors, and sensolige earth titanates, most of them concentrate on the phase
Donors are usually introduced into the materials by catiorfransition of the materials, photochromism or spectroscopic
substitution or reduction treatment, which generates oxygefeatures of the centers such as transition metal 187
vacancies. The technique of doping is a key process in th&herefore, the studies about the electronic states of dopants
application of these materials. and their effects on electroconductive properties are limited.
We have studied electronic transport properties of non- Some researchers have reported Fe, Cr, and Mn-related
doped and donor-doped CaTi@®ingle crystals for the total centers in SrTi@ and BaTiQ which can act as acceptors.
understanding of their semiconducting properties. For thiRegarding other acceptors, Ensign and Stokowski have
purpose, examinations of the electrical conductivity, elecfound an AB* center’® and Schirmeret al. have resolved
tronic structure of the material and electronic states of donoranother AF* center in SrTiQ.3* Varnhorstet al. have re-
are required. Analysis of the electroconductive propertiesolved various O centers associated with alkali ions in
and electronic structure of CaTi®ave been already carried BaTiO;.%2 On the other hand, as for donors, van Engelen and
out and the results were published elsewHeréAnalysis of  Henning have detected a °Ti center in SrTiQ,*® and
the electronic states of donors and their influence on the eleScharfschwerdet al, Possenriedeet al. and Takedaet al.
trical conductivity will be reported in the present paper. have found Ti* centers in BaTi@.3*~% Although a N4+
Finding a correlation between the electronic states of donorsenter has been clearly observed in rutiieletection of do-
and electroconductive properties of the materials is essentialors like La and Nb ions in the alkaline earth titanates has
in the analysis, because the donors that contribute to theot been reported so far except the study by Possenriede
generation of conduction electrons are practically of impor-et al3® Most of these studies do not deal with the electrical
tance for the control of the electrical conductivity. Since ox-conductivity of samples directly. Accordingly, it seems that
ide semiconductors, including the alkaline earth titanates, areorrelations between the electronic states of donors and car-
polar or ionic materials, the way of local lattice relaxation rier generation by donor doping have not been understood
around the dopants and the change in the valence states wéll in these materials yet.
dopants in the oxide semiconductors are expected to be dif- The purpose of the present study is observation of elec-
ferent from those in the conventional semiconductors. tron spin resonand&ESR ) signals in Y- or Nb-doped CaTiQ
Several studies on the electronic structures of the alkalinsingle crystals and their assignment from the results of not
earth titanates were carried out on the basis of theoreticainly ESR but also electrical conductivity measurements. It is
calculations like an energy band calculation and experimenwell known that ESR is a useful and sensitive technique for
tal estimations by normal and inverse photoemissiorthe observation of electronic states of localized spins. The
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dopants, Y and Nb, under nonionized states can be paramag- 10—
netic centers in CaTiQif they substitute Ca and Ti ions, Ca, Y TiO,
respectively. Therefore, ESR measurements on nondoped i

and Y- or Nb-doped CaTi@single crystals were carried out 10"k
with the examination of correlations between ESR signals i
and electrical conductivity.

70,

60 x=102

(as-prepared) J

o (Sem™)

50
Il. EXPERIMENT

40

Single crystals were used as samples to avoid the effects
of grain boundaries on carrier transport and carrier genera-
tion or compensation. Samples, non-doped and donor-doped
CaTiO; single crystals were prepared by a floating zone
method using an infrared furnace. Details of sample prepa- : o
rations were described in the previous paper. F (H,reduced a1000°0)

Y and Nb ions were selected as donors so that these ions 4 . . e
are known to substitute Ca and Ti ions, respectively. The 10050 100 150 200 250 300
composition of the crystals is nominally expressed by
Ca,_,Y,TiO; or CaTi_,Nb,O; (x=0, 104, 103, and
10"2). H, reduction treatments were carried out on insulat- FIG. 1. Temperature dependence of electrical conductivity in
ing samples withx=0, 10 %, and 10 2 to induce electrical the as-prepared single crystal of ,CaY, TiO3 with x=10"2 (solid
conduction. The samples were annealed infldw at 600, line) and the H-reduced crystal withk=10"* (dotted ling. Inset
800, or 1000 °C for 6 h. magnifies the electrical conductivity of the= 1072 crystal below

Electrical conductivities of the as-prepared crystals with70 K in the linear scale of the conductivity.
x=10 2 were measured at low temperatures. Temperature
dependence of the electrical conductivities was monitored bgxpected impurities such as 3l ions at Tf* sites or oxy-
the dc four-probe method in the temperature range from 1.Gen excess caused by deviation of cation ratio, Ca/Ti. How-
to 273 K. Samples were cut out in a shape of a rod about gver, upon the K reduction, the donor-doped samples with
mm long, and ohmic electrodes were attached to them using=10 * and 10 2 showed a drastic change from insulators
Ag-Zn paste. to n-type electrical conductors and metallic behavior at room

ESR measurements were performed in the temperatutemperature. These phenomena are not dependent on donor
range from~3 K to room temperature using afiband spec- species, that is, the results on Y-doped samples are similar to
trometer(Bruker ESP 300Ewith a dual cavity and goniom- those on Nb-doped samples.
eter. The spectrometer was operated with microwave fre- Figure 1 shows the electrical conductivity of the as-
quency~9.66 GHz and modulation field 0:10.2 mT. Thegy  prepared sample ok=10"2? Y concentration and the
values of signals were calibrated by using the signal oiH,-reduced sample ok=10* at low temperatures(The
DPPH (@=2.0036) in the rear cavity without changing a data for thex=10"* sample was taken from the previous
sample position. The concentrations of paramagnetic centeggaper!) Metallic behavior was observed in the temperature
were estimated from their signal intensities in comparisorrange from 273 to~25 K in these samples. On the other
with the signal intensity of G in CuSQ,-5H,0. hand, semiconducting behavior obviously showed up below

Samples for the measurements of powder patterns were25 K in thex= 102 sample. Therefore, it becomes evident
prepared by crushing and grinding single crystals. Crystalghat the electroconductive behavior in the as-prepared sample
used for the observation of angular variations in resonanceith x=10"2 Y concentration varies from metallic to semi-
magnetic field were cut in a shape of a rectangular rod wittconducting at~25 K as temperature decreases.
the sides~2 mm so that the surface planes of the crystals
become perpendicular to the crystal axes, referring to Laue
photographs. The crystals were fixed at the edge of a quartz
glass rod and rotated in the cavity by a goniometkr.the 1. General features

present papera, b, andc axes of CaTiQ are taken in the The single crystals ok=0, 1074, and 103, which are

space group, Pbnm, in which the lattice constants satisfy,qlating in the as-prepared states, showed many and fairly
a<b<c.®) complicated signals. Although sharp signals, supposedly re-
lated to F&* ions, were observed, the other signals were too
ll. RESULTS complex to be analyzed. Dependence of the signal intensities
on microwave power or that of the resonance fields on crys-
tal orientation with respect to magnetic field was checked for
Only the crystals with dopant concentratios 102 were  their separation and classification. Nevertheless, the attempt
electroconductive and showed metallic behavior in the aswas unsuccessful and the analysis of the complicated signals
prepared states, as described in the previous pafee  has been suspended. It should be noted, however, that the
other crystals with lower dopant concentrations0, 10 4, complicated signals were observed in both the nondoped and
and 103 were insulating at room temperature or slightly donor-doped samples with low dopant concentration only
p-type conductive at high temperatures, probably due to unwhen the samples were insulating at room temperature.

0 20_40 60
T(K)

Conductivity (Secm’™)
=

)

e
o

Temperature (K)

B. ESR signals

A. Electrical conductivity
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PR T T T T T TABLE I. ESR parameters of signdl Theg-values @), direc-
tion cosine of principal axel) and hyperfine coupling constants
J (c) (A) evaluated from the powder pattern and single-crystal spectrum
. of the sample witrx=10"* Nb concentration. The numbers de-
2 B noted in the subscript express four independent signals for signal
S |- }—'_| originated from chemically equivalent centers with different orien-
a tations. The direction ok,y,z corresponds to that of the crystal
& coordinatea,b,c, respectively.
> WJ (b)
@ X y z
2
£ }_|_‘ Jpowder 1.836 1.983 1.914
A 01 1.839 1.983 1.913
. g1(x) 0.7684 0.6396 0.0201
(@) I g1(y) —0.5854 0.7153 —0.3816
91(2) —0.2585 0.2815 0.9241
g 1.836 1.985 1.916
L L L L L L 92(x) 0.7930 0.6054 0.0685
340 350 360 3?0 ?80 390 400 410 I, 9aly) 05865 0.7281 03548
Magnetic Field (mT) 92(2) 0.1649 —0.3216 0.9324
FIG. 2. Powder patterns of ESR signals observed-atK in 93 1.835 1.987 1.911
Ca _,Y,TiO5 powders with different dopant concentratioria) x 95(x) 0.8482  —0.5228  —0.0856
=10"* with H,-reduction at 1000°C,(b) x=103 with s 9s(y) 0.5085 0.7583 0.4080
H,-reduction at 800 °C, antt) x=10 2 in the as-prepared states. 03(2) —0.1483 —0.3896 0.9090
A signal attached * symbol is derived from DPPH for calibration of U4 1.836 1.973 1.917
g values. 94(x) 0.8441 —-0.5357 —0.0241
After H, reduction treatments, the donor-doped crystals l4 94(y) 0.4995 08017 ~0.3283
with x=10"% and 103 became conductive, and simulta- 94(2) 0.1951 0.2651 0.9443
|A| (MHz) 85 15 39

neously the complicated signals disappeared in their spectra
Instead of the disappearance of the complicated signals, four
sharp signals with equivalent intensity appeared at low tem- ] .

peratures below-100 K. In the case of the reduced crystal ~ The general observations described above are equally
with x=10"3, another signal with broad feature came toValid for both Y-doped and Nb-doped cases. Therefore, ei-
appear at lower temperatures belew0 K in addition to the ~ ther case is shown in the following sections.

sharp signals. On the other hand, the non-doped sample with

x=0 did not show any remarkable changes in the ESR spec- 2. Shape of signals and hyperfine structure

tra before and after the Heduction treatments. This is prob-
ably because the non-doped sample is still insulating aft
the H, reduction treatments.

The blue colored crystals witk=10"2, which show high
electrical conductivity at room temperature in the as-
prepared states, gave no signal at room temperature. Holeﬁ
ever, they showed a broad signal in the temperature ran
below ~20 K, which is the same as the broad signal ob
served in the Breduced crystal withx=10"3.

To identify these signals and classify the overlapped sig
nals, the powder patterns of the signals were measure®at

K. Figure 2 shows ESR signals observed for the powders of _
the reduced samples witk= 104 and 102 and the as- . TABLE II..ESR parameters of sign®. The g-values(g) and
prepared sample witlk=10"2. It can be clearly seen that durgcﬂon C(;)S'_nel‘)f pr'Tcl'pal aﬁe@) e;/?rl]uated frlom _theo_pzoxlvger
two different signals with orthorhombic symmetry, sharp angPatter and single crystal spectrum of the sample Wil

) . concentration. The direction of,y,z corresponds to that of the
broad signals, were observed through a series of the samplés

. . . . tal dinate,b tively.
with different dopant concentrations. The sharp signal wag Y>& coordinale,b, ¢, respectively

observed in the reduced samples witk 104 and 103,

Figures 3a) and 3b) show typical single crystal ESR
e§pectra for signal observed in the reduced crystal with
=10% and signalB in the as-prepared crystal witk
=102, respectively.

The paramagnetic center responsible for sighbhs four
dependent orientations in the crystal. Therefore, four inde-
gg‘?endent signals with equivalent intensity were detected in
“the single crystal spectra measured under an arbitary crystal
orientation, as shown in the inset of FigaB These centers
are chemically equivalent because the powder patterns for

and the broad signal was seen in the reduced sample with X Y i
x=10"3 and the as-prepared sample with 10 2. Both sig- Opowder 1.816 1.906 1.752
nals were observed without illumination. Tables | and Il g 1.810 1.898 1.748
summarize theirg values estimated from the powder pat- g(x) 0.9836 —0.0671 —0.1674
terns. The sharp and broad signals are hereafter called signals | a(y) 0.0641 0.9977 —0.0229
A and B, and the corresponding paramagnetic centers are 9(2) 0.1686 0.0118 0.9856

referred to centeré andB, respectively.
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where microwave penetrates was evaluated to-8B8 um,
which denotes the sample is sufficiently thicker than the skin
depth. The parametéy/B that was defined by Feher and Kip

in Ref. 41 was estimated from ESR spectra observed at vari-
ous orientation. The value of the parameter varied between
370 2.0 and 3.0, and the average was 2.5. No hyperfine structure
was observed for signd@ even at low temperature;3 K.

This might be due to the broadness of the signals, or the
. | nature of centeB.

[N | S ) 3. Angular variation of resonance fields

Intensity (arb. units)

350 360
Magnetic Field (mT)

Intensity (arb. units)

iy i

' . L Theg value of an electron localized in paramagnetic cen-

340 350 360 370 380 390 . . . . : .
Magnetic Field (mT) ters is generally mflugnced by .the spin-orbital interaction.

The magnitude of the influence is reflected to the difference

. T - - between they value of the electron and that of a free elec-

tron. Therefore, the analysis of tlgevalue provides impor-

tant environmental information about the paramagnetic cen-

ters. Spin HamiltonianH, used in the following analysis is

expressedH = B8BgS+IAS, whereB, B, g, A, S andl

are a Bohr magneton, external magnetic field, g tensors, hy-

perfine coupling tensors, electronic and nuclear spins, re-

spectively. For the analysis of signd) only a Zeeman term

was considered, because no hyperfine structure was observed

for signalB.

Figure 4a) shows the angular dependence of the g values
for signal A observed in the reduced crystal with Nb concen-
trationx=10"*. Theg? tensors for signah were determined
by the curve fitting by the least square method. The principal
, . , , g values and directions of the principal axes obtained by the

350 355 360 365 370 375 diagonalization of the tensors are listed in Table I. The hy-
Magnetic Field (mT) perfine coupling constants for signal were determined
similarly with g values, construction of 42 tensor and its

FIG. 3: ESR signals obser\_/ed aB K in the single crystals of diagonalization. They are also listed in Table I.

Ca, Y,TiOs, (@ x=10"* with H,-reduced 1000°C,(b) x The g values obtained for the single crystals are in rea-
=107 in the as-prepared states. In Figa3 signals marked by *  gonaple agreement with those for powder samples, but a
symbol are unknown and inset shows intense four signals observebq,na” deviation is seen between them. The deviation is prob-
at an arbitrary orientation with respect to magnetic field. ably due to some experimental errors by crystal cutting or

signal A resulted in a single type of signal with sharp featuresample setting. Since ESR spectra for powder samples are
(Fig. 2. The width of the signals is-0.2 mT and fairly ~regarded as total projection of signals from numerous small
narrower than that of signd. A pair of the signals com- crystals, theg values for powder samples are more reliable
pletely overlap at a particular angle, providing only two sig-than those for single crystal samples. The directions of the
nals in spectra as shown in Fig(a® At the angle, the hy- principal axes are almost parallel to the directions from Ti
perfine structure of “'Ti(1=3,NA=7.28%) and “°Ti(l ions to O ions coordinated in Tigbctahedra. Similar obser-
=1 NA=551%) was obviously detectedl @nd NA ex-  Vvation has been reported in Srhidy van Engelen and
. ; 3 ; H 34

press the nuclear spin quantum number and natural abuttenning® and in BaTiQ by Scharfschwerdet al.
dance, respectively.The origin of the hyperfine structure  Figure 4b) shows the angular dependence of ¢healues
was identified by the number of the signals split by theirfor signal B observed in the Nb-doped crystal witk
nuclear spins and the intensity ratio of the signals, because 10 >. ESR parameters for sign&@ were estimated and
the hyperfine structure of the two Ti isotopes overlaps comthey are listed in Table II. Thg values resolved are in good
pletely due to the accidental coincidence of their gyromagagreement with the values for powder samples within ex-
netic ratio® The intensity ratio of one of the inner six sig- perimental errors. The directions of the principal axes are
nals to one of the outer two signals was estimated to b&most parallel to those of the crystal axes.
~3.0, which is close to the ideal value;2.8, calculated
from their natural abundances.

In contrast to signal, signal B [Fig. 3(b)] has a broad Figure 5 shows the temperature dependence of the signal
width, ~3 mT, which is more than ten times larger than thatintensity for signalsA and B observed in Y- and Nb-doped
of signal A. The shape of the signal is distorted from the samples with the dopant concentratioa 10 * or 10" 2. The
Lorentzian shape and the way of the distortion is similar tosignal intensities in Fig. 5 are normalized by the intensity at
that explained by Dysoff*! The large signal width and the lowest temperature in each sample.
asymmetrical shape indicate that the centers of the signals Signal A appeared below~100 K and its intensity in-
are located in highly conductive materials. The skin depthcreased with a decrease in temperature. On the other hand,

Intensity (arb. units)

4. Temperature dependence of signal intensity
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(degree) FIG. 5. Temperature dependence of relative intensity of ESR

1.90 T ' g i T " signals observed in single crystals of ;CaY,TiO; and
CaTi_4Nb,O;. Dashed and solid lines denote sigh&lsand B,
respectively. Symbols indicate samples in which the signals were
observed: open square and circle, Y- and Nb-doped 0™ * with
H,-reduction at 1000 °C, solid square and circle, Y- and Nb-doped
x=10"2 in the as-prepared states, respectively.

1.88
1.86

184 acceptors are possible paramagnetic centers rather than Y or

Nb donors in the as-prepared states. Therefore, it is supposed
that the acceptors are responsible for the many and compli-
cated signals observed in the insulating samples.

1.80 . . N s - The idea is experimentally supported by the observation
0 %0 100 180 200 that H, reduction treatment extinguished the signals ob-

0 (degree) served in the samples af=10 “ and 10 3, which became

highly n-type electroconductive after the treatment. This ob-
servation suggests that a part of the electrons generated by
1000°C: signalA, (b) x=10-2 in as-prepared states: signél the H, reduction are trapped at the acceptor centers, which

Single crystals were rotated keeping the direction of external magg“/e éhe Compllc?ted signals, and az a conseiu?']ncedtg_e' Cer;_
netic field inab plane, and angl® denotes the angle between the ters become no longer ESR active because of the additiona

direction of magnetic field and axis. Four types of symbols for (rapped electrons. _ _
signal A indicate four independent resonances due to chemically 10 Pe discussed are the assignment of the signals and the
equivalent centers with different orientations. Solid curves aredetermination of their origins, that is, the identification of the

simulated by the calculation with the optimized ESR parameters. acceptors. From the results of electroconductive properties of
the samples reported in the previous paper, two possible ori-
signalB was observed in much lower temperature range thagins for the acceptors were proposed: one i&"Ampurity
signalA. It appeared below-20 K and gained its intensity as defects at Ti* sites, and the other is oxygen excess mainly
decreasing temperature. derived from the deviation of the cation ratio, Ca/Ti, from
The concentration of centeA was estimated to be the stoichiometry. In both cases, nonstoichiometry of oxygen
~3%X10"® ecm 2 at~3 K in H,-reduced samples with dop- plays an important role in the compensation for donors and

ant concentratiox=10"*. On the other hand, the concen- p-type electrical conduction.
tration of centeB was evaluated to be-3x 10" cm™3 at In the present ESR measurements? ‘Atenters at Ti"

~3 K in the sample with dopant concentratigrs 10 2. It sites were not observed for any samples, nevertheless its con-
should be noted that the concentration of ceBtes approxi- ~ centration,~1000 ppm, is high enough for the detection of

1.82

FIG. 4. Angular variation ofj values for ESR signals observed
in single crystals of Ca ,Y,TiOs, (8 x=10"* with H,-reduced

mately ten times higher than that of center the centers. In addition, the signals derived from the oxygen
excess could not be separated or extracted from the compli-
IV. DISCUSSION cated signals. Although Fe-related signals were observed, the
concentration of Fe ions in the samples is less than 100 ppm,
A. Assignment of ESR signals which is one order of magnitude lower than that of Al ions.

Consequently, as stated in the results section, the assignment

) ) ) _ of the many signals was unfortunately suspended owing to
Several different types of signals with complicated angu+neijr complexity.

lar dependence were observed in the insulating single crystal
samples ofk=0, 10 4, and 102 in the as-prepared states.

The previous study revealed that the insulating samples show
p-type electrical conduction at high temperature and have Signal A shows orthorhombic symmetry and gsvalues
some acceptors in the crystalé\s far asp-type electrical are smaller than that of a free electray,=2.0023. The
conduction can be observed, it is resonably assumed that tiegative shiftg—g., indicates that signa originates from

1. Complicated signals observed in insulating samples

2. Signal A



PRB 61 ELECTRON PARAMAGNETIC CENTERS IN DONOR .. 7445

an electron-trapped-type paramagnetic center. Signabs 3. Signal B

observed at relatively high temperature and its signal width SignalB has a larger negativgshift than signalA, show-

is rather narrow in comparison with sign@l These obser- ing that the origin of signaB is an electron-trapped-type
vations demonstrate that an electron trapped at ceéwier  center. However, different from signdl, signal B was ob-
considerably localized and the energy level of the center igerved as a signal with a distorted shape at lower tempera-
relatively deep from the bottom of the conduction band. Thetures and its signal width is fairly broad. The temperature
detection of hyperfine structure due to a single Ti isotopedependence of its signal intensity implies that the energy
41T, or “°Ti, evidenced that an electron trapped at cester level of the center for signaB is quite shallow from the

is localized fairly close to a Ti nucleus. Therefore, sighAal bottom of the conduction band, and its broad signal width
can be assigned to a’Ti paramagnetic center, at which an may suggest that electrons are localized not tightly but
electron is tightly and deeply trapped with an influence of Tiloosely with a spatial spread over several ions around the
nuclear spin. central ions.

This assignment is further supported by another observa- The sh_ape of signaB is dySODian,_ which is frequently
tion that the direction of the principal axes nearly coincidesobserved in metals or graphite with high conduction electron
with that of the direction cosine of Ti-O vectors in the FiO concentratlc_)n. The distortion of the signal shape originates
octahedra. In addition, signa&l consists of four signals indi- fr_om the Sk”? effect by cqnduchon electrons, a_nd thg dyso-
cating the presence of four chemically equivalent sites in th r:an abzorpfuon olbserved 'g meta:ls or graﬁ)hm_a IS :agsrl]gn.ed t?
crystal, which is consistent with the fact that CaJiBas e conduction e ectrons_. Ince t_e Samples In which signa
four independent Ti sites crystallographically. B was obse_zrved have _h|gh electrlca_l conductivity with me-

. . . . tallic behavior, conduction electrons in them cause the dyso-

Tg proceed t‘? more detailed discussions of sghddet US " nian distortion of signaB. However, it should be noted that
con5|der_the origins of electron_s trapped a?*Tlcenters_. signal B showed large temperature dependence of signal in-
Sharp signals analogous to signal were observed in ensity at low temperatures. Moreover, the average value of
Hp-reduced pure SrTipby van Engelen and HenniigThe  the parameteA/B for signalB was 2.5, which is close to the
signals they observed hagevalues almost the same as thoseyg|e, 2.7, predicted by Feher and Kip for stationary para-
of signal A and they observed hyperfine structure of Ti iso-magnetic centers that are distributed throughout the volume
topes simultaneously. Therefore, the centers for their signalgnd give a Lorentzian type of signal. Therefore, sigBal
were supposed to be identical with cerfeiSince no dopant should be assigned to quite shallow electron-trapped-type
is included in the sample they used, oxygen vacancies intrazenters rather than free delocalized electrons in the present
duced by the reduction treatment are the most reasonabtmse.
origin of the trapped electrons. They concluded thét Tis It is not anticipated that oxygen vacancies are responsible
located at a Sr site. However, the conclusion seems to bfer the signal, because the samples were not treated,in H
inappropriate for the present case under the consideration eéducing atmosphere. Although the donor centers| ¥r
coulombic interaction at a Ti or Sr/Ca site and their ionicNb** centers, were not detected evern-& K, signalB may
radii. be tentatively attributed, from the following discussion, to

Recently, oxygen vacancies in BaEki@ere intensively donor-related centers at which some of the conduction elec-
studied using ESR techniques by Scharfschwerdal®*  trons are loosely trapped in a large space including a few
Three types of signals were observed in their samples andns.
three corresponding models were proposed. Although accu- If a hydrogen-atom-like model is applied to the donors, an
racy in angular analysis in our experiments is not as high asrbital for the trapped electron is expected to have relatively
that in their experiments, I —V, centers or isolated ¥t large radius and the binding energy would be small because
centers they proposed seems to be a candidate for c&nter the static dielectric constant of CaTj@ large.(The radius
However, g values of the signals they estimated for theseand binding energy are estimated to 680 A and 1 meV,
centers are quite different from those for sighaland hy-  respectively, on the assumption that* =~10m3, €=
perfine structure concerning to Ti isotopes were not detected 35042 wherem*, mo, ande, denote effective mass, mass
in their studies. If the difference in thg values may be of electron and relative dielectric constant, respectively. If
explained merely by the crystal distortion of Cagi®imilar  polarizing effects are included, the radius will decrease and
signals should be observed in Srgi@nd BaTiQ except  the energy will increase somewhat because of an increase in
CaTiO;, because former two materials have almost ideal perthe effective massThis model seems to describe the present
ovskite crystal structure even at low temperatures. Howeveglectron-trapped-type centers semiquantitatively because the
similar signals were observed between Caédd SrTiQ,  binding energy estimated corresponds to the energy 1
not SITiO; and BaTiQ. Therefore, the detailed model for K, which is close to the temperature at which electrons start
centerA is still open question and further accurate analysis iso be localized at centd. According to the model, an elec-
needed for its determination. tron trapped at centd moves around-20 A away from its

To summarize the assignment of sigAakignalA results  central ion, supposedly the donor ion. Therefore, it seems to
from Ti®* center, at which an electron is tightly and deeply be inevitable that hyperfine structure due to donor nucleus
localized. The localized electrons are generated by the foriwas not observed and the feature of sigBak almost the
mation of oxygen vacancies but the position of the oxygersame in Y- and Nb-doped samples.
vacancies is unknown so far. However, the location of the In summary, signaB was tentatively assigned to the do-
oxygen vacancies is expected to be in the vicinity of ti& Ti  nor center that traps a conduction electron, at which an elec-
centers if not at the neighbor sites. tron is loosely localized moving around a donor at several A
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distance from its center. Although no obvious evidence tders are probably some of the conduction electrons, and the
determine the central ion is available so far, a donor ion, Y otecrease in the electrical conductivity is due to capture of
Nb ion, is most probable for the central ion under the conelectrons by centeB.
sideration of coulombic interaction. The concentration of the electrons trapped at ceBtens
roughly estimated to be-3x 10 c¢cm 3 in the x=10"2
samples without consideration of the skin effect. If the effect
is taken into consideration, the concentration would be
higher than the magnitude above. The ideal carrier concen-
1. Signal A tration for nominallyx=10"2 samples is~2x10?° cm™ 2.

The H,-reduced samples witk=10"* Y or Nb concen- The concentration of electrons trapped at ceieés some
tration show metallic behavior at low temperatures, and ndens percent of the ideal carrier concentration. On the other
remarkable change was observed in electrical conductivitynand, the carrier density for the samples-&0 K estimated
Although only signalA appears in the Rreduced samples by the Hall measurements previously wa$x 10'® cm™3,
and centeA traps an electron blow-100 K, no relationship ~ which is approximately four times smaller than the concen-
was found between temperature dependence of electriciation of centerB. The reason for these discrepancies is
conductivity and that of signal intensity. unknown so far. It implies, however, that a certain center

Signal A was observed in kreduced crystals with Y or undetectable by ESR may cause some compensation of car-
Nb concentrationx=10"* or 10 2, and the density of elec- riers, and the center would be related to oxygen excess that
trons for signal A in the reduced samples with 10 % was ~ Was discussed in the previous paper.
found to be~3x 10" cm™2 at low temperatures. The ideal The sample is still highly conductive even at 1.6 K. This
carrier density in nominallx=10"* samples is estimated to result suggests that the cenfeforms fairly shallow energy
be ~2x 10" cm~3 assuming that each donor completely level, from the bottom of the conduction band. Since metallic
generates a single electron. The ideal carrier density is comf2ehavior was observed at high temperatures, the level seems
parable to the electron density for signal However, the tO turn into a band-like state partially overlapping with the
carrier density experimentally estimated by the Hall meabottom of the conduction band. Since the conduction band of
surements for the samples at room temperature was a fe@aTiO; mainly consists of a Ti 3d band, the state for center
order of magnitude lower than that for signal Therefore, B at high temperature will be expressed as a hybridized state
these observations suggest that electrons trapped at centeA&tween orbitals of donors and Td3rbitals.
may not act as conduction electrons at high temperature.

It was observed that the intensity of sigrfaldecreased
with an increase in temperature. Probably, this temperature V. CONCLUSION
dependence of the signal intensity does not mean the release

or delocalization of the trapped electrons. The dependence E_SR measur(_aments were carried 9“t omeaxTiO?’ and
primarily originates from a decrease in the relaxation©@Th-xNBOs single crystals to clarify the carrier genera-
time, as observed in Ti-doped oxides such as tion and compensation mechanism in the materials. More-

AlL,O5:Ti,LINbO4: Ti, YAIO:Ti and so orf3~*5 Judging ©ver electrical conductivity of the crystal with=10"“ was

from the metallic behavior of these samples, the conductioﬁnehaswed down t0 1.6 K to re-examine the electr_oconductive
electrons in the samples seems to originate from another ceR€navior at low temperatures. From the analysis of the re-
ter, supposedly quite low density of cengrwhich is unde- sults, three assignments were concluded as follows with re-

tectable by ESR technique due to the small amount. spect to the signals obsgrved. . .
(1) Several types of signals were observed in the insulat-

ing single crystals ok=0, 10 4, and 10 2 in the ESR mea-
surements. Since the signals observed in the insulating crys-
The as-prepared sample wi=10 2 Y or Nb concen- tals disappeared after,Heduction treatments, which cause
tration shows metallic behavior at low temperatures down tahe generation of electrons, it was suggested that the para-
~25 K. However, re-examination of electrical conductivity magnetic centers for these signals are derived from some
at low temperatures clarified that semiconducting behavioacceptors.
appears below~25 K. Since the electrical conductivity is (2) Sharp signals were observed belewi00 K in the
generally defined by the product of the carrier mobility andreduced samples with low dopant concentration, and they
density, the decrease in the conductivity results from the dewere assigned to i centers related to oxygen vacancies.
crease of the carrier mobility or density. Suppose that th&harp shapes of the signals, observation of the hyperfine
temperature dependence of Hall mobility in Sr§i®ef. 46  structures of*’Ti and “°Ti, and the directions for the princi-
is similar to that in CaTi@, that is, the temperature depen- pal axes of theg tensor imply that the electrons trapped at
dence of Hall mobility in CaTi@is quite small below~10 the TF* centers are deeply and tightly localized at low tem-
K, the decrease in the electrical conductivity primarily origi- peratures.
nates from the decrease in the carrier density. (3) A broad signal was observed below20 K in the
Intensity of signalB observed in the samples increasessample with high dopant concentration. Since a correlation
with a decrease in temperature belev20 K. Its temperature between the electrical conductivity and signal intensity was
range almost coincides with the temperature range in whiclfiound in the low temperature range, the signal was tenta-
the electrical conductivity or carrier density decreasestively assigned to a donor-related center, at which some con-
Therefore, it is considered that electrons trapped at the cemluction electrons are loosely trapped over several Ti ions

B. Correlation between electrical conductivity
and ESR centers

2. Signal B
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around the central donors. The center forms a fairly shallow ACKNOWLEDGMENTS
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